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Abstract High-precision trajectory tracking control
of the powered parafoil (PPF) has been a challeng-
ing problem due to the nonlinear characteristics and
multiple internal and external disturbances. Consid-
ering the nonlinearity and the cross-coupling dynam-
ics between the control inputs of the PPF, the active
disturbance compensation-based sliding mode control
(SMC) strategy is proposed. The trajectory tracking
control of the PPF is decomposed into lateral and longi-
tudinal control channels, and the proposed controllers
for each channel are designed separately. By apply-
ing the linear extended state observer (LESO), the
nonlinear dynamics, cross-coupling effect and exter-
nal wind disturbances are estimated and compensated
as the total disturbance in each channel. To tackle the
residual estimation error of the total disturbance, the
SMC is applied. With the elaborately designed slid-
ing manifold, the proposed method only requires the
heading angle and altitude as feedbacks for the lateral
and longitudinal control channels, respectively, while
the angular velocity and horizontal velocity are not
required. Specifically, both control channels are proved
to be stable based on Lyapunov method. Simulation
and semi-physical experimental results are provided to
demonstrate the effectiveness of the proposed method
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Tianjin 300350, China
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and superior control performance over other existing
method.

Keywords Powered parafoil · Constraint analysis ·
Flexible-wing vehicle · Dynamic modeling · Sliding
mode control · Active disturbance rejection control

1 Introduction

In recent years, the powered parafoil (PPF), as shown
in Fig. 1, has been widely accepted for precise pay-
load delivery and field investigation [1–6]. The steer-
able parafoil makes the PPF different from the tradi-
tional parachute systems. Due to the outstanding aero-
dynamic characteristics of the parafoil, the PPF is suit-
able for long distance delivery of heavy payloads with
the advantages of high energy-efficiency, low costs,
soft-landing capability, and inherent stability. The com-
pact structure and foldable parafoil make the PPF easy
to transport before the deployment. Moreover, the glid-
ing characteristic of the parafoil ensures that the PPF
has no risk for crash.

The PPF is composed of the parafoil and payload,
and the payload is suspended strictly under the parafoil
via suspension lines. Compared with the traditional
parafoil airdrop systems [7–10], the PPF is more appli-
cable with the altitude control capability. The control
inputs for the PPF involve brake deflection and thrust,
which are used to control lateral direction and longi-
tudinal altitude, respectively. The asymmetric deflec-
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Fig. 1 Powered parafoil

tion of the brake causes the yaw motion of the PPF,
and the thrust effects the angle of attack of the parafoil
and thus controls the altitude. Accordingly, the trajec-
tory tracking problem can be decomposed into lateral
and longitudinal control problems for simplicity. How-
ever, the PPF has strong nonlinearity and is suscep-
tible to wind disturbances due to the low flight speed
and lightweight parafoil [11].Moreover, the payload of
the PPF swings during the flight since it is suspended
under the canopy. This structure makes PPF unable to
use the real-time state information measured by high-
precision inertial navigation system for control. The
cross-coupling effect between the lateral and longitu-
dinal control channels also makes the control problem
more complicated. Therefore, the PPF has attracted
considerable attention in academia, and many novel
results about the application of the parafoil have been
reported in the literature.

In the past decades, several control methods have
been applied to the trajectory tracking of the PPF [12–
15]. Garcia-Beltran [16] presented the development of
passivity-based control (PBC) algorithms to stabilize
an unmanned powered parachute aerial vehicle. Slegers
[17] proposed a model predictive control (MPC) strat-
egy for lateral heading control of the PPF, and a sim-
plified linear dynamic model of six degrees of free-
dom (DOF) was applied as the predictive model. Ochi
[18] and Li [19] employed a three-term PID controller,
including the asymmetric brake deflection, symmetric
brake, and thrust. These methods were developed and
validated based on the linearized dynamicmodel, while

the nonlinear dynamics were not considered. By intro-
ducing the neural network to approximate the dynamic
error, Liu [20] and Qian [21] proposed the nonlinear
flight control methods for the lateral-directional rela-
tive yaw angle control and the trajectory tracking con-
trol of the PPF, respectively. In recent studies, the robust
backstepping tracking control [22] and all-coefficient
adaptive control (ACAC) [23] methods were also pre-
sented. Considering the complexity features of PPF,
Xie [24,25] proposed an online subspace prediction
method to overcome the uncertainties and disturbances
and Sun [26] implemented the sliding mode control
(SMC) to the PPF. Aoustin [27] designed a nonlinear
control law for longitudinal motion control based on a
newmathematical model, whichwas constructed as the
system of two rigid bodies connected by an elastic joint
with four DOF. However, most of the aforementioned
methods depend on the linearized or precise models,
whichmay reduce their robustness and leadweak capa-
bility to attenuate external disturbances. Moreover, it is
easy to get accurate translational and angular velocity,
while that is not available or expensive in practice.

Since the PPF is a complex nonlinear system and is
susceptible to external wind disturbances, researchers
turned to active disturbance rejection control (ADRC)
methodology to enhance the robustness of the system
[28–35]. The proposed method has demonstrated sig-
nificant advantages in the control of nonlinear systems,
including but not limited to aircraft control. Tao [36,37]
applied the ADRC in the trajectory tracking control by
regarding the uncertainties and external disturbances as
the total disturbance witch can be estimated and com-
pensated actively. In the following studies, different
conditions such as insufficient initial altitude [38] and
various wind disturbances [39,40] are considered by
Tao. Tan [41,42] designed the lateral and longitudinal
controllers based on theADRCseparately and achieved
satisfying performance based on simulations. Sun [43]
proposed a hybrid control approach for PPF based on
ADRC by considering that the wind interference and
the unbalanced load on the actuators of its horizontal
controller can extremely reduce the control effect. Luo
proposed a lateral ADRC controller for the PPF based
on the wind compensation to reduce the impact of the
wind disturbance [44], and then the proposed method
was applied to trajectory tracking control of the PPF
based on wind identification [45]. The decoupling tra-
jectory tracking control was also proposed to reduce
the burden of ADRC by Luo [46,47]. However, when
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the non-diminishing disturbances are introduced to the
PPF, the estimation error of the total disturbance cannot
be attenuated to zero, resulting in the limitation of the
controller to achieve better performance. The asymp-
totic stability of the PPF was also not guaranteed.

In this paper, only GPS is selected to acquire the
position of the PPF for cost saving, and the sliding
mode control [48–51], which has shown strong robust-
ness to the nonlinear systems, is introduced to handle
the residual estimation error of the total disturbance
of LESO, and a novel control scheme is proposed to
ensure the asymptotic stability of the PPF. Consider-
ing the practice that the altitude and direction are the
only states that canbe controlled, the trajectory tracking
problem is decomposed into the lateral and longitudinal
control channels and the tracking controllers for each
channel are designed. The 3D trajectory can be decom-
posed into horizontal andheight targets according to the
characteristics of PPF. With the elaborately designed
sliding manifold, the proposed method guarantees the
asymptotic stability of the desired equilibrium point
even in the presence of unknown non-diminishing dis-
turbances. The asymptotic stability of the PPF is proved
by rigorous mathematical analysis based on Lyapunov
method. Specifically, the heading angles for the lateral
channel and the altitude for the longitudinal channel are
the only required state feedback,which can enhance the
robustness of the proposedmethod. That is, the PPF can
be stabilized to the desired trajectory without velocity
feedback. Moreover, the proposed method is validated
by simulations and semi-physical experiments.

The remaining parts of the paper are organized as
follows. Section2 presents the eight DOF dynamic
model of the PPF. Then, a complete analysis for the
proposed method is provided in Sect. 3. In Sects. 4 and
5, simulation and experimental results are provided to
evaluate the performance of PPF, respectively. The con-
cluding remarks are presented in Sect. 6.

2 Modeling of the powered parafoil

A practical PPF is shown in Fig. 1. Due to the aero-
dynamic characteristics of parafoil and the non-rigid
internal connections, the PPF has complex dynamic
characteristics. Therefore, themodeling problem of the
PPF is addressed firstly in this section.

Considering the relative motion between the canopy
and payload, a model with eight DOF is proposed. Fig-

Fig. 2 Coordinate systems

ure 2 shows the configuration of the PPF and threemain
coordinate systems are presented, including geode-
tic coordinate system (inertial coordinate system) �I ,
parafoil-fixed coordinate system �c and payload-fixed
coordinate system �p. These coordinate systems are
fixed to a fixed point at the ground, the center of grav-
ity (CG) of the parafoil and the CG of the payload,
respectively. Specifically, to facilitate the lift and drag
calculation of the parafoil, the rigging coordinate sys-
tem�r and wind coordinate system�w are established
as auxiliary coordinate systems. In Fig. 2, O , X ,Y , and
Z are origin, x-axis, y-axis and z-axis of the corre-
sponding coordination, respectively, and the sub-script
represents the corresponding coordination.CR ,CL and
Cm are the right suspension point, the left suspension
point, and the center of the two suspension points,
respectively. Note that all the coordinate systems are
right-handed.

By using the Lagrange approach, the basic equations
of motion for the payload in �p are given by

∂Pp
∂t + ωp × Mp = Fa

p + FG
p + Fth

p + Fte
p

∂Hp
∂t + Vp × Pp + ωp × Hp = Mte

p

(1)

where Pp, Hp, FG
p , F

a
p, F

te
p and Fth

p ∈ R3×1 are
momentum, moment of momentum, gravity, aerody-
namic force, tension of suspension line and the thrust
provided by the propeller, respectively. Mte

p ∈ R3×1
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is the moment of the tension of suspension lines. The
payload is assumed to be in a regular shape and the
moments of the gravity, thrust and aerodynamic drag
are neglected. The forces acting on the payload are
described in �p with the subscript p. The superscripts
a,G, te and th indicate different type of forces, respec-

tively. Vp = [
u p vp wp

]T
and ωp = [

pp qq rp
]T

are the velocity and angular rate of the payload, and
the superscript T here is the transpose symbol.

The basic equations of motion for the parafoil in �c

are

∂Pc
∂t + ωc × Pc = Fa

c + FG
c + Fte

c

∂Hc
∂t + Vc × Pc + ωc × Hc = Ma

c + Mte
c

(2)

where Pc, Hc, FG
c , F

a
c and Fte

c are momentum,
moment of momentum, gravity, aerodynamic force
and tension of suspension lines, which are represented
in �c, respectively. Mte

c ∈ R3×1 is moment of the
tension of suspension lines in �c and Ma

c ∈ R3×1

is the moment caused by aerodynamic force. Vc =
[
uc vc wc

]T
and ωc = [

pc qc rc
]T

denote the veloc-
ity and angular rate of the parafoil, where the subscript
c denotes the parafoil-fixed coordinate system �c.

Applying the velocity and force constraints between
the parafoil and payload, the dynamicmodel of the PPF

canbeproposed.Let ẋ = [
V̇ p ω̇p V̇ c ω̇c Fte

c mte
x mte

z

]T

be the time derivative of the state vectors, then 17 equa-
tions are obtained. Hereto, the motion of equations of
the PPF is described as

ẋ = M−1F (3)

where M and F derived from the dynamic and con-
straint equations. Specifically, the Fte

c , m
te
x and mte

z
are calculated as auxiliary states, which are useful in
mechanical analysis. The detailed descriptions of the
proposed model refer to Ref. [52].

3 Problem formulation and main results

The control inputs for the PPF involve lateral brake
deflection of the canopy trailing edge and thrust pro-
vided by the propeller, which are utilized to control
lateral direction and altitude of the PPF, respectively.
The main objective of this paper is to maintain trajec-
tory tracking control of the PPF. To this end, the control
laws of two inputs are designed.

3.1 Problem formulation

According to the structure of the PPF, the trajectory
tracking problemof the PPF can be solved by designing
the lateral and longitudinal control channels. Let ψl

and h, respectively, be the lateral direction angle and
longitudinal altitude, then the lateral and longitudinal
control channels can be described as
{

ψ̈l = bψ (x) δa + fψ (x)
ḧ = bh (x) Fth + fh (x)

(4)

where bψ (x), bh (x), fψ (x) and fh (x) are lateral con-
trol gain, longitudinal control gain, lateral nonlinear
dynamics and longitudinal nonlinear dynamics, respec-
tively. δa = δR − δL is the asymmetric deflection and
δR and δL are the deflection control of the right and left
trailing edge, respectively. Fth denotes the first term
of Fth

p . Then the control objective is decomposed into
tracking the desired altitude hd and tracking the refer-
ence heading angleψd . According to the practical con-
straints of the PPF, the horizontal tracking errors can
only be eliminated by control the course of the PPF.
Therefore, the reference of the lateral control channel
is designed as ψd = ψr + atan(ep/ke), where ψr is
the heading angle of the reference trajectory, ep is the
horizontal position error, and ke is a positive constant.

3.2 Controller design

To facilitate the analysis, the lateral and longitudi-
nal control channels are designed to share the control
schemes. Themodel of both channels can be simplified
as
{

ξ̇1 = ξ2
ξ̇2 = bξu + fξ

(5)

where ξ1 = ψl , ξ2 = ψ̇l , bξ = bψ , fξ = fψ and
u = δa for the lateral channel and ξ1 = h, ξ2 = ḣ,
bξ = bh , fξ = fh and u = Fth for the longitudinal
channel. In order to estimate the total disturbance of
each channel with LESO, the system Eq. (5) can be
augmented as
⎧
⎨

⎩

ξ̇1 = ξ2
ξ̇2 = b0u + ξ3
ξ̇3 = w

(6)

where ξ3 = fξ + (
bξ − b0

)
is the augmented state,

which is called the total disturbance, and w is the
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derivative of total disturbance. Then, the LESO can
be designed as
⎧
⎨

⎩

ż1 = z2 + β1ε1
ż2 = b0u + z3 + β2ε1
ż3 = β3ε1

(7)

where ε1 = ξ1 − z1 is the estimation error and
zi (i = 1, 2, 3) is the estimated value of ξi (i = 1, 2, 3).
The estimation error of LESO can be expressed as
⎧
⎨

⎩

ε̇1 = ε2 − 3ε1
ε̇2 = ε3 − 3ε1
ε̇3 = w − ε1

(8)

where ε2 = ξ2 − z2 and ε3 = ξ3 − z3. In particular, the
observer gains can be selected as

[β1, β2, β3]
T =

[
3ωo, 3ω

2
o, ω

3
o

]T
(9)

withωo > 0 for simplicity. If ξ1 (i.e.,ψl or h) is the only
feedback state and to achieve the trajectory tracking of
the PPF via SMC methodology, the sliding manifold
can be elaborately designed as

σ = c0e1 + ε2 +
∫ t

0
kssgn (e1) ds (10)

where e1 = ξ −ξd and ε2 = z2− ξ̇d . ξd is the reference
second order differentiable and ξ̇d is the derivative of
ξd , respectively. sgn(z) denotes the standard sign func-
tion, which is defined as

sgn (z) =
⎧
⎨

⎩

1, z > 0
0, z = 0
−1, z < 0

(11)

To ensure that ε1 converges to zero asymptotically, the
control law of system (5) can be designed as

u = 1

b0
(−c0ε2 − k1σ − k2sgn (σ ) − kssgn (e1)

−z3 − β2ε1)

(12)

where c0, k1, k2, ks are positive parameters.

3.3 Stability analysis

Due to practical constraints, the PPFworks in a domain
of interest of D = {ξ |‖ξ‖ ≤ δ}, where ξ = [ξ1, ξ2]T

and δ is positive constant. The stability of the proposed
control strategy will be analyzed within D. Before pro-
ceeding with the subsequent analysis, the following
assumption is made.

Assumption 1 The derivative of ξ3 is bounded within
D and

|w| ≤ Lw (13)

where Lw is a positive constant.

To facilitate the subsequent stability analysis, a com-
pact set Bε is defined as

Bε = {ε|‖ε‖ ≤ δε}
where ε = [

ε1 ε2 ε3
]T

and δε is a positive constant.
The LESO states are initialized to ensure that ‖ε (0)‖
is within Bε.

Theorem 1 The estimation error of the observer pre-
sented in Eq. (8) is bounded and

lim
ωo→∞,t→∞ ‖ε‖ = 0. (14)

Proof Let ηi = εi
ωi
o
(i = 1, 2, 3), then Eq. (8) can be

rewritten as
⎧
⎪⎨

⎪⎩

η̇1 = η2 − β1η1
η̇2 = η3 − β2η1
η̇3 = w

ω3
o

− β3η1

(15)

And Eq. (15) can be reformulated as

η̇ = Aηη + Bη

w

ω3
o

(16)

for simplicity, where η = [η1, η2, η3]T and

Aη =
⎡

⎣
−3 1 0
−3 0 1
−1 0 0

⎤

⎦ , Bη =
⎡

⎣
0
0
1

⎤

⎦ (17)

It is clear that Aη is Hurwitz. Then, there exists a unique
positive definite matrix Pη which satisfies a Lyapunov
equation AT

η Pη + PηAη = −Qη. By choosing the
Lyapunov function candidate as V (η) = ηT Pηη, the
derivative of V (η) can be written as

V̇ (η) = −ωoη
T Qηη + 2ηT PηBη

w

ω3
o

≤ −ωoλmin
(
Qη

) ‖η‖2 + 2Lwλmax
(
Pη

) ‖η‖
ω3
o

(18)

Considering V (η)

λmax(Pη)
≤ ‖η‖2 ≤ V (η)

λmin(Pη)
, inequality

(18) can be rearranged as
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V̇ (η) ≤ −ωoλmin
(
Qη

)

λmax
(
Pη

) V (η)

+2Lwλmax
(
Pη

)

ω3
o

√
λmin

(
Pη

)
√
V (η) (19)

Let W = √
V (η), then Ẇ = ˙V (η)

2
√
V (η)

can be derived.

Inequality (19) can be rewritten as

Ẇ ≤ −ωoλmin
(
Qη

)

2λmax
(
Pη

) W + 2Lwλmax
(
Pη

)

ω3
o

√
λmin

(
Pη

) (20)

Applying theGronwall–Bellman inequality, oneobtains

W ≤ −
⎛

⎝ 2Lwλ2max
(
Pη

)

ω4
o

√
λmin

(
Pη

)
λmin

(
Qη

) − W (t0)

⎞

⎠

e
− λmin(Qη)

2λmax(Pη)
(t−t0) + 2Lwλ2max

(
Pη

)

ω4
o

√
λmin

(
Pη

)
λmin

(
Qη

)

(21)

which indicates that when t → ∞, one gets

‖η‖ ≤
√
V

√
λmin

(
Pη

)

≤ 2Lwλ2max

(
Pη

)

ω4
oλmin

(
Pη

)
λmin

(
Qη

)

= Me

ω4
o

(22)

Since Pη and Qη are independent from ωo, Eq. (22)
indicates that

lim
ωo→∞,t→∞ ‖η‖ = 0 (23)

which together with ηi = ei
ωi
o
(i = 1, 2, 3) yields

lim
ωo→∞,t→∞ ‖ε‖ ≤ lim

ωo→∞,t→∞ ω3
o ‖η‖ = 0 (24)

Furthermore, if ωo is tuned to ensure that Me
ωo

≤ δε,
the estimation error of the LESO can always be limited
within the compact set Bε. This completes the proof. �	
Theorem 2 Regarding the system (5), the proposed
control law (12) guarantees that the tracking error con-
verges to zero asymptotically.

Proof For clarity, the proof of Theorem 2 is com-
pleted within two steps. It is first demonstrated that
the designed control law can drive the error state to
the desired manifold. And then, the convergence of the
error state is proved.

Step 1:To analysis the convergence ofσ , a Lyapunov
function candidate can be designed asV1 = 1

2σ
2. Then,

by substituting the proposed control law (12), the time
derivative of V1 can be written as

V̇1 = σ σ̇

= σ (c0e2 + b0u + z3 + β2ε1 + kssgn(e1))

= σ (c0ε2 + c0ε2 + b0u + z3 + β2ε1 + kssgn(e1))

= σ (−k1σ − k2sgn(σ ) + c0ε2)

= −k1σ
2 − k2|σ | + σc0ε2

(25)

With k2 ≥ c0δε, Eq. (25) can be rewritten as

V̇1 ≤ −k1σ
2 − k2|σ | + σc0ε2

≤ −(k2 − c0δε)|σ |
= −kσ |σ |
= −kσV

1
2
1

≤ 0

(26)

where kσ = (k2 − c0δε) is a positive constant. Equa-
tion (26) indicates that σ is asymptotically convergent.
Moreover, Eq. (26) also shows that σ converges to zero
in finite time.

Step 2: When the sliding manifold is reached and
σ = 0 is maintained, it can be inferred from Eq. (10)
that

e2 = ε2 + ε2 = −c0e1 −
∫ t

0
kssgn (e1) ds + ε2 (27)

where e2 is the derivative of e1. Substituting Eq. (27)
into the equation of ė1 = e2, one gets

ė1 = −c0e1 −
∫ t

0
kssgn (e1) ds + ε2 (28)

and it can be reorganized as
⎧
⎪⎨

⎪⎩

ė1 = −c0e1 + zγ

żγ = −kssgn (e1) + ε̇2

= −kssgn (e1) + ε3 − β2ε2

(29)

To proceed the analysis, the Lyapunov function candi-
date can be designed as

V2 = 1

2

(
c0e1 − zγ

)2 + (1 + α)

∫ e1

0
h (s) ds + α

1

2
z2γ

(30)

whereα is a positive constant and h (e1) = kssgn (e1)−
ε3 + β2ε2. Note that e1h (e1) ≥ 0 is ensured with
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Table 1 Characteristic parameters of the PPF

Symbol Description Value

b Wing span 11.18/m

c̄ Mean aerodynamic chord 2.23/m

t Thickness 0.34/m

μ Rigging angle -7/◦

Sc Wing area 24.97/m2

lc Oc to Om 6.28/m

l p Om to Op 0.5/m

l Om to OR(OL ) 0.25/m

mc Mass of parafoil 6.9/kg

mp Mass of payload 76.5/kg

Sp Payload area 0.6/m2

ks ≥ (1 + β2) δε. Then, V2 is positive definite. Dif-
ferentiating V2 gets
V̇2 = (

c0e1 − zγ
) (
c0ė1 − żγ

) + (1 + α) h (e1) ė1

+ αzγ żγ = −c0
(
c0e1 − zγ

)2 − αe1h (e1)

≤ 0.

(31)

Therefore, it is proved in Eq. (31) that e1 converges to
zero asymptotically. Moreover, further analysis yields
that e2 = 0 when e1 is kept at zero. The proof is com-
pleted. �	

4 Simulations analysis

To evaluate the performance of the proposed method,
numerical simulation analysis is presented in this sec-
tion. The dynamic model of the PPF is formulated as
aforementioned in Sect. 2, and the physical character-
istics of a certain type of the PPF are listed in Table 1.

The proposed dynamicmodel of the PPF is validated
by experiment, and the analysis is presented in [52].
The control parameters of the proposed controller are
listed in Table 2.

As a comparison, the conventional LADRC is
applied in the analysis. The control law is given by

u = kpe1 + kdε2 − z3
b0

(32)

and the control parameters of the two control channels
are shown in Table 3. Note that the control parameters
of the conventional LADRC are quite different with
the equivalent parameters of the proposed method. It
is tested that the conventional LADRC controller with
similar parameters as the proposed method revealed
unstable control performance.

Table 2 Control parameters of the proposed controller

Control channel c0 k1 k2 ks b0 ωo

Lateral 1.9 0.1 0.05 0.02 0.8 10

Longitudinal 0.05 0.45 0.1 0.1 0.12 20

Table 3 Control parameters of the comparative controller

Control channel kp kd b0 ωo

Lateral 0.19 2 0.8 10

Longitudinal 0.022 0.5 0.12 20

0 50 100 150 200 250 300 350

x-axis/m

-50

0

50

100

150

200

250

y-
ax

is
/m

Fig. 3 Circular trajectory—trajectories in the horizontal plane
(solid line: reference, dashed line: the proposed method, dotted
line: LADRC)

4.1 Circular trajectory

The PPF is controlled to track a circular trajectory with
a fixed altitude in this case. The reference trajectory is a
circle with a radius of 120m and the reference altitude
is 160m. In the simulation settings, the initial veloci-
ties are set as Vc = Vp = [8 0 1.5]T m/s and the initial
position of the CG of �c is set as L p = [0 0 230]Tm.
The other states are set to be zero for simplicity. Con-
sidering that the wind has severe impact on the control
performance of the PPF, the wind Vw = [1 2 0] m/s is
added to the simulation at 200s to evaluate the robust-
ness of the controllers. The simulation time is set as
400s, and the results are shown in Figs. 3, 4, 5, 6. Note
that the control inputs are zero in the first 20 s to make
sure that the PPF has maintained steady state.
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Fig. 4 Circular trajectory—lateral tracking errors and deflec-
tions (solid line: the proposed method, dashed line: LADRC)

The controlled horizontal trajectories of the PPF are
shown in Fig. 3. And Fig. 4 shows the horizontal track-
ing errors and the corresponding control inputs. It can
be seen that both the proposed and the comparative
controllers can achieve the control objective with the
position errors less than 1m. The performance of the
proposed controller is similar with the LADRC dur-
ing the first 200s. When the wind disturbance is added
to simulation at 200s, Fig. 4 shows that the maxi-
mum horizontal position error of the proposed con-
troller in wind environment is 0.65 m and that of the
LADRC controller is 0.97 m, which indicates that the
proposed method can achieve better performance than
the LADRC. According to Fig. 5, the PPF is stabilized
at the reference altitude under the control of both pro-
posed and LADRC controllers. The simulation results
in the first figure of Fig. 5 indicate that the proposed
controller can maintain the altitude of 160mwith a set-
tling time of 76.32 s, while that of the LADRC is 89.47
s. When the wind is added to the simulation, both con-
trollers can compensate the disturbance actively and
keep the altitude unaffected. Therefore, the control per-
formance of the proposed method is validated.

4.2 S-path trajectory

To facilitate mathematical description, the reference
trajectory of the PPF is usually composed of lines and
arcs. In this case, the trajectory tracking simulation of
the S-path with three line segments is provided. With
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Fig. 5 Circular trajectory—altitude and thrust (solid line: refer-
ence, dashed line: the proposed method, dotted line: LADRC)
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Fig. 6 S-path trajectory—trajectories in the horizontal plane
(solid line: reference, dashed line: the proposed method, dotted
line: LADRC)

the aim to evaluate the performance of controllers under
strict conditions, the line segments in S-path are con-
nected directly and the arcs are not used. The simulation
settings are the same with circular trajectory except the
wind. After completing the simulation, the results are
recorded in Figs. 6, 7 and 8.

The reference and controlled horizontal trajectories
are shown in Fig. 6, and the comparative results of
the lateral channel are illustrated in Fig. 7. Unlike the
quadrotors, the PPF cannot track the trajectories with
sharp corners due to the limited control inputs. There-
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Fig. 7 S-path trajectory—lateral tracking errors and deflections
(solid line: the proposed method, dashed line: LADRC)

fore, as shown in the subplot 2 of Fig. 7, the lateral
position errors occur at every corner of the reference.
It is also seen that the lateral position errors can con-
verge to zero. Comparing the proposed controller and
LADRC, it can be seen that the position errors of the
proposed controller is stabilized to zero from 20mwith
a settling time of 54.38 s, while that of the LADRC is
84.56 s. The comparison of Fig. 7 indicates that the
proposed method is superior to LADRC in the lateral
channel. In the longitudinal channel, the altitude is well
controlled even at the reference corners. The thrust out-
put of both the proposed and comparative controllers
yields oscillations due to the coupling effect between
the lateral and longitudinal control channels when the
reference is changed to another line segment at corners.
Figure 8 indicates that both controllers show good con-
trol effect in steady state, while the proposed controller
achieves better transient performance than the compar-
ative one with less settling time. More precisely, the
settling time of the proposed method is 79.45 s, while
that of the LADRC is 91.27 s.

4.3 Robustness verification

The robustness is an important objective of controller
development. In order to verify the robustness of the
PPFwith the proposed controller, theMonte-Carlo sim-
ulation technique is applied in this paper. Consider-
ing the practice that the PPF is applied to take various
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Fig. 8 S-path trajectory—altitude and thrust (solid line: refer-
ence, dashed line: the proposed method, dotted line: LADRC)

loads, the mass of the payload is set to vary uniformly
with ±30%. The MC simulation results with 50 sets
of stochastic payloads are investigated and the results
are shown in Figs. 9 and 10. The circular reference
is applied, and the wind is also added as external dis-
turbances. It can be found in the figures that the lat-
eral position errors and longitudinal altitude errors are
influenced by the changing of payload. Compared with
Fig. 4, Fig. 10 shows that the maximum lateral position
error is expanded from 1m to 6m. It is also seen that
the settling time of the longitudinal channel is varied
from 73.52 to 82.39 s with the payload. However, all
the simulation results show that the lateral and longitu-
dinal tracking errors are driven to zero by the proposed
controller. Then, the robustness of the proposedmethod
is verified by the Monte-Carlo simulations.

5 Semi-physical experimental analysis

5.1 Experimental setup

Due to the GPS positioning accuracy andmeasurement
noise, the trajectory tracking performance of the PPF
will be influenced in practical applications. To further
investigate the effectiveness of the proposed method,
the semi-physical platformwith the self-designed flight
controller unit and the proposed dynamic model is
designed and the experiment is performed on it. The
dynamic model is applied to simulate the PPF and to

123



15032 P. Tan et al.

Fig. 9 Monte-Carlo test—trajectories in the horizontal plane

Fig. 10 Monte-Carlo test—lateral and longitudinal tracking
errors

generate the GPS data encoded by GPGGA format.
In the flight controller unit, the ARM microprocessors
STM32F407 and STM32F103 are used as themain and
auxiliary processor, respectively. The proposedmethod
is programmed and implemented in themain processor,
and the rudders and the thrust motor are controlled by
the auxiliary processor for safety. This structure ensures
the computing capacity as well as reliability of the PPF.
Figure 11 shows the control system of the PPF. The
positions and heading angles are measured with a sam-
ple frequency of 1 Hz from the dynamic model and
transmitted to the flight controller via serial port. Then,

Fig. 11 Rudders and flight controller unit

the control inputs are calculated in the main processor
and send to the dynamic model.

5.2 Experimental results

The initial conditions of this experiment are config-
ured as the simulation of the circular trajectory, and
the corresponding experimental results are recorded in
Figs. 12, 14. Figures 12 and 13 show that the proposed
method and LADRC can attenuate the lateral position
errors and maintain the trajectory tracking objective.
Compared with Fig. 4, it is seen from the subplot 2
of Fig. 13 that lateral position errors of the proposed
method and LADRC are larger than that of the simula-
tion due to the discretization of the controller. It also can
be found that the proposed method can achieve faster
convergence of the lateral errors than LADRC before
the wind is added. During 200–400s, it is shown in
Fig. 13 that the proposed method can achieve smaller
lateral position errors than the LADRC. The same con-
clusion can be drawn from the comparison in Fig. 14.
Specifically, it can be found that the proposed method
has a overshoot of 5.62 m and a settling time of 154.33
s, which are much lower than that of the LADRC.
The experiment and comparative analyses show that
the proposed method can achieve better transient and
stable performance than LADRC inwind environment.

6 Conclusion

In this paper, a novel SMC method for the PPF was
proposed based on the disturbance compensation. By
deriving the dynamic model of the PPF, the trajectory
tracking problem was decomposed into the lateral and
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Fig. 12 Experiment—trajectories in the horizontal plane (solid
line: reference, dashed line: the proposed method, dotted line:
LADRC)
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Fig. 13 Experiment—lateral tracking errors and deflections
(solid line: the proposed method, dashed line: LADRC)

longitudinal control channels. The nonlinear dynam-
ics of each channel and the coupling effect between the
two channels were considered as the total disturbances,
which were estimated and compensated actively. With
the elaborately designed slidingmanifold, the proposed
control law ensured the asymptotic convergence of the
PPF. Specifically, the heading angle and the altitude
were the only required feedback states in the proposed
control scheme. The closed-loop stability of the PPF
was proved by rigorous mathematical analysis based
on Lyapunov techniques. Finally, the numerical simu-
lations of different reference trajectories, Monte-Carlo
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Fig. 14 Experiment—altitude and thrust (solid line: reference,
dashed line: the proposed method, dotted line: LADRC)

test, and experiment were performed to evaluate the
performance of the proposed method. Through com-
parative analysis, it is shown that the proposed method
achieved better tracking performance than theLADRC.
In the future, we will seek to implement the proposed
method to the practical PPF platform with better con-
trol performance. In the meanwhile, wind resistance
and steerability performance need to be further stud-
ied.
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