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Abstract—Aerial transportation systems are important
ways for cargo delivery, especially in forest fire-fighting,
postdisaster rescue, etc. While the harsh working environ-
ments may lead to multirotor failure, such as blade damage.
Due to the inherent dynamic coupling existing between the
payload and the multirotor, the blade damage will not only
affect the dynamics of the multirotor and cause positioning
failure but also aggravate the payload sway motion. In order
to ensure the positioning accuracy and reduce payload
oscillations, a fault-tolerant control scheme for the aerial
transportation system is in urgent need. To this end, a
finite-time disturbance observer-based nonlinear hierarchi-
cal control scheme is designed for the aerial transportation
system to handle the lumped disturbance caused by blade
damage. Specifically, the following two control objectives
are achieved: 1) both the positioning of the multirotor and
2) the swing suppression of the payload with blade dam-
age condition. Lyapunov techniques and LaSalle’s invari-
ance theorem are utilized to prove the convergence of the
equilibrium point. Finally, simulation and experiment tests
are conducted to verify the excellent performance of the
proposed control scheme with different damage degrees of
blades. As far as we know, this article proposes the first
fault-tolerant controller for multirotor aerial transportation
systems to realize simultaneous multirotor positioning and
payload swing suppression even with blade damage.

Index Terms—Aerial transportation systems, antiswing,
blade damage, fault-tolerant control.

I. INTRODUCTION

OVER the past decades, robots have been rapidly applied
to various fields [1], [2], [3], including medical industry,

Manuscript received 24 July 2023; revised 8 October 2023 and 16
November 2023; accepted 9 December 2023. Date of publication 17
January 2024; date of current version 19 June 2024. This work was
supported in part by the National Natural Science Foundation of China
under Grant 62273187, Grant 62233011, and Grant 91848203, in part
by the Young Elite Scientists Sponsorship Program by Tianjin under
Grant TJSQNTJ-2020-21, and in part by the Haihe Lab of ITAI under
Grant 22HHXCJC00003. (Corresponding author: Xiao Liang.)

The authors are with the Institute of Robotics and Automatic
Information System, College of Artificial Intelligence, Nankai University,
Tianjin 300350, China, and also with the Tianjin Key Laboratory of
Intelligent Robotics, Nankai University, Tianjin 300350, China (e-mail:
yuhai@mail.nankai.edu.cn; szwu@mail.nankai.edu.cn; howei@mail.
nankai.edu.cn; liangx@nankai.edu.cn; hanjianda@nankai.edu.cn;
fangyc@nankai.edu.cn).

This article has supplementary material provided by the au-
thors and color versions of one or more figures available at
https://doi.org/10.1109/TIE.2023.3347848.

Digital Object Identifier 10.1109/TIE.2023.3347848

agriculture, transportation, etc. Intelligent transportation sys-
tems employing ground vehicles [4], vessels [5], and aerial
vehicles [6] have improved the transportation efficiency and
promoted the transportation industry. Particularly, for aerial
transportation systems, multirotor unmanned aerial vehicles
(UAVs) play an important role due to their vertical takeoff and
landing ability, hovering capability, excellent maneuverability,
and high flexibility.

Recently, cable-suspended aerial transportation systems have
been extensively studied [7], [8], [9], [10]. Based on the robust
integral of the sign of the error (RISE), a nonlinear control law [7]
is designed to implement multirotor trajectory tracking and
payload swing elimination under unknown turbulence. To pass
through windows and avoid obstacles, an aggressive payload
position and swing angle trajectory generation approach [8] is
designed by imposing payload acceleration limitations. Without
any time-scale separation, a path-following controller is devised
through the monolithic design approach [9], which can guarantee
that the payload converges to a given path and attains path invari-
ance. Aiming at constraining the position of the multirotor, an
adaptive control method is designed in [10] to effectively reduce
the multirotor positioning overshoots and suppress the payload
swing. However, the smooth application of the aforementioned
methods usually needs to ensure that the aerial transportation
system is free from any failure or damage, while aerial trans-
portation systems are extensively employed in such complex
and dangerous scenarios as forest fire-fighting, material delivery,
post-disaster rescue. Specifically, in the execution of the mission,
multirotors may collide with trees, walls, or other flying objects,
leading to blade damage. Besides, the swing of the payload
will increase due to the collision, which will further put the
transportation system in a risky state. Therefore, it is of great
importance for aerial transportation systems to deal with such
emergencies and ensure the safety of the payload.

Plenty of studies have been investigated to deal with multi-
rotor UAV failures over the last decade. In general, there are
mainly two types of fault-tolerant control (FTC) schemes [11],
passive FTC, and active FTC. Passive FTC [12], [13], [14],
is designed to be robust against a class of presumed faults
without the requirement of fault detection and diagnosis. In [12],
a nonlinear robust adaptive fault-tolerant altitude and attitude
tracking scheme is proposed to accommodate the actuators’
partial fault. To ensure fixed time estimation and finite-time
adaptation of actuator faults, a backstepping integral nonsingular
fast terminal sliding mode controller is designed in [13], which
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has the ability to accommodate faults quickly without loss of
performance. An adaptive neural network FTC scheme is de-
veloped in [14], which can handle nonparametric uncertainties
and be tolerant to unexpected actuation faults. Unlike passive
FTC, active FTC [15], [16], [17], [18], [19], [20], is designed
based on control signals reconfiguration with a fault diagnosis
scheme to detect and identify the system’s faults. In [15], a
fault-free control scheme and a nonsingular terminal sliding
mode control method are switched through fault detection and
isolation method to accommodate a complete rotor failure. To
minimize accidents from failures, Chung et al. [16] propose
an optimal control to reconfigure the multirotor thrust, which
maintains the controllability of altitude when the control output
cannot compensate for faults because of the motor saturation.
In [17], an adaptive sliding mode control scheme is presented to
handle several actuators’ control effectiveness loss with model
uncertainties, whose experimental results show the superiority
in fault-tolerant controller compared with the model-based fault
estimator and the conventional adaptive sliding mode control
strategy. Ke et al. [18] design a uniform fault-tolerant controller,
which does not require controller switching when a motor com-
pletely fails. By employing the broad learning system approx-
imation technique, a distributed fault-tolerant tracking control
algorithm is designed for the UAV formation systems to identify
the unknown lumped disturbances caused by actuator faults
and input constraints in [19]. To compensate for the changes
in multirotor dynamics due to motor faults and ensure flight
safety, a nonlinear observer is utilized in the sliding mode control
method to estimate the effect of motor faults [20]. Noteworthily,
despite the above researches have been carried out on the FTC of
multirotor UAV, it is difficult to extend these methods to the aerial
transportation systems due to the dynamic coupling caused by
payload swing. Compared to a single multirotor, the aerial trans-
portation system presents much more complex underactuated
characteristics due to the system’s degrees of freedom changing
from six to eight, while the control inputs remain unchanged
at four, which makes the control problem much more difficult.
Besides, the payload oscillation increases the dynamic coupling
and nonlinearity, and the blade damage will not only affect the
dynamics of the multirotor but also indirectly affect the motion
of the payload, causing unpredictable payload vibration, which
makes the precise control more challenging.

In this article, a hierarchical control scheme is designed for
aerial transportation systems based on the finite-time distur-
bance observer (FTDO), which is employed to compensate for
the loss of the multirotor force and torque caused by blade
damage. Specifically, an enhanced-coupling signal containing
both the payload swing angle and multirotor position is utilized
to construct the outer loop controller, while the inner loop
controller is designed on the basis of the geometric control
scheme. Subsequently, the stability of the closed-loop system
is guaranteed by Lyapunov techniques and LaSalle’s invariance
theorem, together with the theory of cascading systems. Finally,
the performance of the proposed control law is verified by several
convincing experimental tests with cut blades. The major merits
of the proposed control scheme are summarized as follows.

1) Existing researches only study the FTC of the multi-
rotor [12], [13], [14], [15], [16], [17], [18], [19], [20];
however, due to the introduction of the payload, the
aerial transportation system has more complex dynamic
coupling existing between the payload motion and the
multirotor. The blade damage will not only affect the
dynamics of the multirotor but also indirectly affect the
motion of the payload, causing unpredictable payload
vibration. Besides, the payload oscillation will also pose
challenges to the FTC of the multirotor with blade dam-
age, which makes precise control much more difficult.
This article overcomes the above problem and presents
the first fault-tolerant control scheme for the aerial trans-
portation system to tolerate blade damage.

2) In fact, it is difficult to directly design an observer to
estimate the disturbance of the aerial transportation sys-
tem due to the underactuated characteristics. In this ar-
ticle, by introducing a well designed virtual signal, the
complex outer loop subsystem dynamic model is first
transformed, based on which, the finite-time disturbance
observer can be conveniently applied to the system. Thus,
the lumped disturbance caused by the blade damage can
be unbiased estimated in finite-time theoretically, which
brings great convenience to the subsequent controller
design.

3) Inspired by the payload position, an enhanced-coupling
error signal incorporating information on both multiro-
tor’s and payload’s motion is constructed for the controller
design. Since the payload swing angle signals are injected
into the control scheme, the state coupling between the
multirotor and the payload is increased. By utilizing
the enhanced-coupling signal, the control scheme not
only takes a concise form but also greatly improves
the transient performance in payload swing suppression.
As presented in the simulation and experimental results,
the proposed control method can effectively guarantee
the multirotor positioning as well as the payload swing
elimination simultaneously.

The rest of this article is organized as follows. The con-
trol problem for the aerial transportation system with blade
damage is formulated in Section II. Section III provides the
disturbance estimation, controller design and stability analysis.
Subsequently, in Section IV, two groups of experimental results
are provided to show the performance of the proposed control
scheme. Finally, Section V concludes this article.

Notation: Throughout this article,C∗ andS∗ denote the abbre-
viations of cos(θ∗) and sin(θ∗), respectively. sk(·) : R3 → so(3)
is defined by the relation that sk(x)y = x× y for allx,y ∈ R3.
vex(·) : so(3) → R3 is the inverse operation of sk(·). For a vec-
tor h ∈ Rn, define h[p] = [sgn(h1)|h1|p, . . . , sgn(hn)|hn|p]�,
sgn(h) = [sgn(h1), . . . , sgn(hn)]

�, |h| = [|h1|, . . . , |hn|]�,
Cosh(h)=[cosh(h1), . . . , cosh(hn)]

�, Tanh(h) = [tanh(h1),
. . . , tanh(hn)]

�, Ln(h) = [ln(h1), . . . , ln(hn)]
�, and diag(h)

is a diagonal matrix with diagonal elements of h1, . . . , hn.
λM (�) and λm(�) denote the maximum eigenvalue and
minimum eigenvalue of matrix �, respectively.
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TABLE I
SYMBOLS AND DEFINITIONS OF THE SYSTEM

Fig. 1. Aerial transportation system with blade damage.

II. PROBLEM FORMULATION

The schematic diagram of the aerial transportation system
with blade damage is depicted by Fig. 1, where {I} represents
the right-hand inertia frame, {B} is the body-fixed frame. The
symbols and definitions are listed in Table I. For practical
conditions, the following reasonable assumptions of the aerial
transportation system are widely made [7], [10], [21], [22].

Assumption 1: The payload is always beneath the multirotor,
i.e., −π/2 < θx(t), θy(t) < π/2, ∀t ≥ 0.

Assumption 2: The suspension cable is massless and always
taut.

A. Dynamic Modeling

The dynamic model can be divided into two subsystems as fol-
lows: 1) the inner loop subsystem is the rotation of the multirotor,
and 2) the outer loop subsystem is composed of the multirotor
translation and payload motion. Specifically, the loss of the con-
trol input caused by the blade damage is established as uncertain-
ties added on the system. According to the geometric relation-
ship in Fig. 1, the payload’s position can be expressed asγp(t) =
[x+ lSxCy, y + lSy, z − lCxCy]

�, where Cx, Cy, Sx, Sy are
the abbreviations of cos(θx), cos(θy), sin(θx), sin(θy). The

Lagrangian of the outer loop subsystem is expressed as
Lou = 1

2M γ̇�γ̇ + 1
2mγ̇�

p γ̇p − (Mgz +mgzp). The general-
ized force can be calculated by Qi = δW/δqi, i = {1, . . ., 5},
where δqi is the virtual displacement and δW = (fRe3 +
[dx, dy, dz]

�)� · δγ is the virtual work. Finally, based on the
Lagrange’s equation d

dt
∂Lou

∂q̇i
− ∂Lou

∂qi
= Qi, i = {1, . . ., 5}, the

outer loop dynamic model can be established as

Mc(q)q̈ + Vc(q, q̇)q̇ +G(q) = u+ F qdis . (1)

For the inner loop subsystem, since the cable is suspended on
the multirotor’s center of mass, the rotational dynamics is not
influenced by the payload. Thus, the inner loop subsystem stays
the same as the situation without suspended payload [10], [23],
which is represented as

Ṙ = Rsk(Ω) (2)

JΩ̇+ sk(Ω)JΩ = τ + τ dis. (3)

To facilitate subsequent analysis, the outer loop dynamic model
(1) can be expanded as follows [10], [24], [25], [26]:

(M +m)ẍ+ml
(
θ̈xCxCy − θ̈ySxSy − θ̇2xSxCy − θ̇2ySxCy

−2θ̇xθ̇yCxSy

)
= fR13 + dx (4)

(M +m)ÿ +ml
(
θ̈yCy − θ̇2ySy

)
= fR23 + dy (5)

(M +m)z̈ +ml
(
θ̈xSxCy + θ̈yCxSy + θ̇2xCxCy + θ̇2yCxCy

−2θ̇xθ̇ySxSy

)
= fR33 − (M +m)g + dz (6)

mlẍCxCy +mlz̈SxCy +ml2θ̈xC
2
y − 2ml2θ̇xθ̇yCySy
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+mglSxCy = 0 (7)

−mlẍSxSy +mlÿCy +mlz̈CxSy +ml2θ̈y +ml2θ̇2xCySy

+mglCxSy = 0. (8)

Similar to many Euler–Lagrange systems [10], [21], [22], it is not
difficult to obtain that dynamic model (1) satisfies the following
property:

Property 1: Mc and Vc satisfy the skew-symmetric relation-
ship, i.e., η�( 12Ṁc − Vc)η = 0, ∀η ∈ R5.

Remark 1: Similar to many cable-suspended systems such
as cranes and aerial transportation systems [7], [8], [9], [10],
[21], [22], this article focuses on the situation that the cable is
rigid. However, when the platform or payload is in unexpected
motion, the suspension cable may be slack. In this case, the
system dynamic model will be established as a differentially flat
hybrid system. In future studies, more applicable fault-tolerant
control algorithms will be designed for the aerial transportation
system with the consideration of the slack cable.

Remark 2: Based on the blade-element theory [27], the im-
pact of the blade damage is first analyzed. The chord length and
setting angle of the blade-element are assumed to be invariable
along span direction, and one propeller has two blades. The
relationship between the ith propeller thrust fi and rotation
speed vi(rad/s) can be presented as

fi=2

∫ H

0

1

2
ρ (2πvir)

2 CLbdr=v2i ρ(2π)
2CLb

∫ H

0

r2dr=v2i cT

where ρ is the air density, CL is the lift coefficient, b denotes the
chord length of the blade, H represents the propeller radius, and
cT = ρ(2π)2CLb

∫H

0 r2dr. The torque of the propeller against
the body can be expressed as

τzi=2

∫ H

0

1

2
ρ (2πvir)

2CDbrdr=v2i ρ(2π)
2CDb

∫ H

0

r3dr=v2i cτ

where CD is the drag coefficient, and cτ = ρ(2π)2

CDb
∫H

0 r3dr. As presented in Fig. 1, at the same motor
speed, when the blade radius reduce ΔH , the coefficient of the
propeller thrust loss ζfi and torque loss ζτzi are

ζfi =
v2i ρ(2π)

2CLb
∫H−ΔH

0 r2dr

v2i ρ(2π)
2CLb

∫H

0 r2dr
=

(H −ΔH)3

H3

ζτzi =
v2i ρ(2π)

2CDb
∫H−ΔH

0 r3dr

v2i ρ(2π)
2CDb

∫H

0 r3dr
=

(H −ΔH)4

H4
.

Taking the X-shaped quadrotor as an example, the relation
between the motor rotation speed and control inputs can be
expressed as
⎡
⎢⎢⎢⎣

f

τ1

τ2

τ3

⎤
⎥⎥⎥⎦=

⎡
⎢⎢⎢⎢⎣

ζf1cT ζf2cT ζf3cT ζf4cT√
2
2 dζf1cT −

√
2
2 dζf2cT −

√
2
2 dζf3cT

√
2
2 dζf4cT√

2
2 dζf1cT

√
2
2 dζf2cT −

√
2
2 dζf3cT −

√
2
2 dζf4cT

ζτz1cτ −ζτz2cτ ζτz3cτ −ζτz4cτ

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣

v21

v22

v23

v24

⎤
⎥⎥⎥⎥⎦

where d stands for the half of motor-to-motor distance, ζficT
and ζτzicτ , i = 1, 2, 3, 4 are the mapping coefficients affected

Fig. 2. Diagram of the proposed control algorithm.

by blade damage, which are different from the original mapping
coefficients. The reduction of the mapping coefficients results
in the loss of force and torque of the quadrotor, which can be
regarded as lumped disturbances added to the system. Similar
to [20], [28], [29], and [30], treating faults as disturbances is a
common method in fault-tolerant control.

Based on the analysis in Remark 2, and similar to many
recent publications [20], [28], [29], [30], [31], the following
assumptions are made.

Assumption 3: The lumped disturbance caused by the blade
damage is bounded.

Assumption 4: The derivative of the disturbance ḋk is
bounded and satisfies |ḋk| ≤ Dk, where Dk is the constant, for
k = x, y, z,Ω1,Ω2,Ω3.

Remark 3: Compared with the dynamics of the single multi-
rotor, whose outer loop subsystem takes the following form:

M γ̈ = fRe3 −Mge3 + [dx, dy, dz]
�

the cable-suspended aerial transportation system presents a more
complicated outer loop dynamics due to the coupling between
the multirotor position and the payload swing angle as given
in (4)–(8). It is worth noting that the increased payload swing
dynamics cannot be directly controlled, so the outer loop subsys-
tem of the aerial transportation system is underactuated, which
is more complex than the dynamics of the outer loop subsystem
of a single multirotor.

B. Control Objective

The multirotor position error is defined as eγ = γ − γd, thus,
the outer loop state error can be defined as eq = [e�γ ,Θ

�]� ∈
R5. The multirotor’s attitude and angular velocity tracking
errors [32] are defined as eR = 1

2vex(R�
dR−R�Rd),eΩ =

Ω−R�RdΩd. The control objective is to drive the multirotor
from its initial position to the constant desired one γd, while
eliminating the payload swing even with blade damage, i.e.,

eγ → 03×1,Θ → 02×1, eq → 05×1, eR → 03×1, eΩ → 03×1.

The control structure is presented as shown in Fig. 2.
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III. DISTURBANCE PROCESSING AND CONTROLLER DESIGN

A. Disturbance Observer

For the convenience of subsequent analysis, a virtual signal

χ =

[
x+

m

M +m
lSxCy, y +

m

M+m
lSy,

z +
m

M +m
l(1− CxCy)

]�
is elaborately constructed for the outer loop subsystem, thus,
models (4)–(6) can be transformed into the following form:

χ̈ = aχ + adis

where aχ = 1
M+mfRe3 − ge3 and adis =

1
M+m [dx, dy, dz]

�.
Subsequently, define auxiliary variables eχ = χ̇− δχ, eω =

Ω− δω, where δχ and δω are obtained by integrating the
following equations:

δ̇χ = aχ + cαχ
e
[αχ]
χ + cβχ

e
[βχ]
χ + ξχ (9)

δ̇ω = J−1 (τ−sk(Ω)JΩ) + cαω
e[αω ]
ω + cβω

e[βω]
ω + ξω (10)

the coefficients matrices cαχ
, cβχ

, cαω
, cβω

∈ R3×3
+ are positive

definite diagonal matrices,0 < αχ, αω < 1,βχ, βω > 1 are pos-
itive parameters, ξχ and ξω are intermediate variables to be
constructed. Then, define the sliding surface as

sχ = ėχ + cαχ
e
[αχ]
χ + cβχ

e
[βχ]
χ (11)

sω = ėω + cαω
e[αω]
ω + cβω

e[βω ]
ω (12)

and the disturbance observer of adis and τ dis are designed as

âdis = ξχ (13)

ξ̇χ = (ηdχ + κdχ) sgn(sχ), ξχ(0) = 03×1 (14)

τ̂ dis = Jξω (15)

ξ̇ω = (ηdω + κdω) sgn(sω), ξω(0) = 03×1 (16)

where ηdχ, κdχ, ηdω, κdω ∈ R3×3
+ are positive definite diagonal

matrices. The specific forms are

ηdχ = diag ([ηdx, ηdy, ηdz]) , ηdω = diag ([ηdω1
, ηdω2

, ηdω3
])

κdχ = diag ([κdx, κdy, κdz]) , κdω = diag ([κdω1
, κdω2

, κdω3
])

wherein κdi satisfies κdi >
1

M+mDi, for i = x, y, z and κdωj

satisfies κdωj
> DΩj

, for j = 1, 2, 3.
Lemma 1: Consider the following scalar system [33], [34],

[35]:

ν̇ = −cα sgn(ν)|ν|α − cβ sgn(ν)|ν|β , ν(0) = ν0

where cα, cβ are positive constants, 0 < α < 1 and β > 1. The
equilibrium point of the above system is finite-time stable and
its settling time is bounded by: T < Tmax = 1

cα
1

1−α + 1
cβ

1
β−1 .

Theorem 1: The disturbance observer (13)–(16) guarantees
that the disturbance estimation error of adis and τ dis converge to
zero in finite-time, under Assumption 4 and the conditions

0<αχ, αω<1, βχ, βω>1, κdi>
1

M+m
Di, κdωj

>J−1
j DΩj

for i = x, y, z and j = 1, 2, 3.
Proof: The time derivative of eχ and eω with respect to time

are derived as follows:

ėχ = χ̈− δ̇χ = adis − cαχ
e
[αχ]
χ − cβχ

e
[βχ]
χ − ξχ (17)

ėω = Ω̇− δ̇ω = J−1τ dis − cαω
e[αω ]
ω − cβω

e[βω]
ω − ξω. (18)

Then, comparing (17) and (18) with (11) and (12), one can obtain
that sχ = adis − ξχ, sω = J−1τ dis − ξω. Substituting (14) and
(16) into the time derivative of the sliding surface sχ and sω
leads to

ṡχ = ȧdis − ξ̇χ = ȧdis − (ηdχ + κdχ) sgn(sχ) (19)

ṡω = J−1τ̇ dis − ξ̇ω = J−1τ̇ dis − (ηdω + κdω) sgn(sω). (20)

Subsequently, selecting a positive Lyapunov function candidate
Vdχ = 1

2s
�
χsχ, and substituting (19) into the differentiation of

Vdχ, one has

V̇dχ = s�χ ṡχ = s�χ (ȧdis − (ηdχ + κdχ) sgn(sχ))

≤ (|ȧdis|� − [κdx, κdy, κdz]
) |sχ| − [ηdx, ηdy, ηdz]|sχ|

≤ −[ηdx, ηdy, ηdz]|sχ| (21)

which indicates the sliding surface sχ converge to zero in
finite-time, i.e., sχ = 03×1. Therefore, from (11), one achieves

ėχ = −cαχ
e
[αχ]
χ − cβχ

e
[βχ]
χ . Based on Lemma 1, the equilib-

rium point of (17) is finite-time stable, i.e.,

lim
t→tfχ

eχ = 03×1 (22)

where tfχ represents the finite convergence time. Define the
estimation error of the disturbance adis as ãdis = adis − âdis,
from (13) and (17)–(22), it is obvious that ãdis is bounded and

lim
t→tfχ

ãdis = 03×1. (23)

In an analogous method, for the inner loop subsystem, select
the positive Lyapunov function candidate as Vdω = 1

2s
�
ωsω,

and define the estimation error of the torque disturbance τ dis

as τ̃ dis = τ dis − τ̂ dis. Taking the time derivative of Vdω, one
can obtain that V̇dω ≤ −[ηdω1, ηdω2, ηdω3]|sω|. Thus, τ̃ dis is
bounded and limt→tfΩ

τ̃ dis = 03×1, where tfΩ represents the
finite convergence time. In summary, Theorem 1 is proved. �

B. Controller Design

To efficiently eliminate the payload swing, inspired by the
payload position γp = γ + [lSxCy, lSy,−lCxCy]

�, a virtual
desired multirotor position is constructed by introducing the
swing angle information, taking the following form as

Γd = γd + ϑ [SxCy, Sy, 1− CxCy]
�

where ϑ ∈ R+ is a positive constant. Based onΓd, an enhanced-
coupling signal is utilized to design the outer loop controller in
the following manner as:

ς = γ − Γd = γ −
(
γd + ϑ [SxCy, Sy, 1− CxCy]

�
)

= eγ − ϑ [SxCy, Sy, 1− CxCy]
�
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= eγ − μ (24)

where the payload swing angle information item μ is defined
as μ = ϑ[SxCy, Sy, 1− CxCy]

�. Taking the time derivative of
the composite signal (24) yields

dς

dt
=

deγ
dt

− dμ

dt
=

deγ
dt

−ϑ

[
d(SxCy)

dt
,
dSy

dt
,
d(1−CxCy)

dt

]�

⇒ ς̇ = ėγ − μ̇ = ėγ − ϑ

⎡
⎣θ̇xCxCy − θ̇ySxSy

θ̇yCy

θ̇xSxCy + θ̇yCxSy

⎤
⎦ (25)

from which one can obtain that

‖μ‖ ≤ 2ϑ, ‖μ̇‖ ≤ ϑ
√
θ̇2x + θ̇2y. (26)

1) Outer Loop Controller Design: According to the outer
loop dynamic model (1) and the result ėq = q̇, ëq = q̈, the open-
loop error dynamics can be expressed as

ëq = M−1
c (u+ F qdis − Vcėq −G) . (27)

The energy of the outer loop system takes the following form:

E =
1

2
ė�q Mcėq +mgl(1− CxCy). (28)

Subsequently, according to Property 1, taking the time derivative
of (28), and inserting (27) yields

Ė = ė�q

(
1

2
Ṁcėq +Mcëq

)
+mgl

(
θ̇xSxCy + θ̇yCxSy

)

= ė�q

(
1

2
Ṁc − Vc

)
ėq + ė�q (u+ F qdis)− ė�q G

+mgl
(
θ̇xSxCy + θ̇yCxSy

)
= ė�q (u+ F qdis)− (M +m)gėz

= [ė�γ , Θ̇
�
]
(
[fRe3 − (M +m)ge3, 0, 0]

� + F qdis

)
= ė�γ [fRe3 − (M +m)ge3 + (M +m)adis] . (29)

Utilizing the composite position signal (24), a nonnegative func-
tion En is constructed, whose time derivative is given as

Ėn = ς̇� [fRe3 − (M +m)ge3 + (M +m)adis]

= Ė + Ėϑ. (30)

Therewith, combining with (4)–(8), the expression of Ėϑ can be
further written as

Ėϑ= − μ̇� [fRe3 − (M +m)ge3 + (M +m)adis]

= − ϑ(M +m)θ̇x (ẍCxCy + z̈SxCy)− ϑ(M +m)θ̇y

×(−ẍSxSy+ÿCy+z̈CxSy)−ϑ
(
θ̇xCxCy−θ̇ySxSy

)
×ml

(
θ̈xCxCy−θ̈ySxSy−θ̇2xSxCy−θ̇2ySxCy−2θ̇xθ̇yCxSy

)
−ϑθ̇yCyml

(
θ̈yCy−θ̇2ySy

)
−ϑ

(
θ̇xSxCy+θ̇yCxSy

)
×ml

(
θ̈xSxCy+θ̈yCxSy+θ̇2xCxCy+θ̇2yCxCy−2θ̇xθ̇ySxSy

)

= ϑ(M+m)l
(
θ̇xθ̈xC

2
y−θ̇2xθ̇yCySy+θ̇y θ̈y

)
+ϑ(M+m)

×g
(
θ̇xSxCy + θ̇yCxSy

)
− ϑmlθ̇yCy

d

dt

(
θ̇yCy

)

− ϑml
(
θ̇xCxCy − θ̇ySxSy

) d

dt

(
θ̇xCxCy − θ̇ySxSy

)

− ϑml
(
θ̇xSxCy + θ̇yCxSy

) d

dt

(
θ̇xSxCy + θ̇yCxSy

)

=
1

2
ϑ(M+m)l

d

dt

(
θ̇2xC

2
y+θ̇2y

)
+ϑ(M+m)g

d

dt
(1−CxCy)

− 1

2
ϑml

d

dt

(
θ̇xCxCy−θ̇ySxSy

)2

− 1

2
ϑml

d

dt

(
θ̇yCy

)2

− 1

2
ϑml

d

dt

(
θ̇xSxCy+θ̇yCxSy

)2

. (31)

Therefore, integrating (31) with respect to time, Eϑ can be
chosen as

Eϑ =
1

2
ϑMl

(
θ̇2xC

2
y+θ̇2y

)
+ ϑ(M +m)g (1−CxCy) (32)

which is positive obviously. Furthermore, construct the follow-
ing positive definite function:

V = En + k�
p Ln [Cosh(ς)] (33)

where kp = [kpx, kpy, kpz]
� ∈ R3

+ is a gain vector. Taking the
time derivative of (33) yields

V̇ = ς̇� [fRe3−(M +m)ge3+(M +m)adis+KpTanh(ς)]

= ς̇� [fγ + fΔ − (M +m)ge3 + (M +m)adis

+KpTanh(ς)] (34)

wherein Kp = diag(kp) ∈ R3×3
+ , the constructed

virtual control input fγ and the auxiliary vector
fΔ are given as fγ = (f/(e�3R

�
dRe3))Rde3,fΔ =

(f/(e�3R
�
dRe3))[(e

�
3R

�
dRe3)Re3

−Rde3]. Based on the
idea of hierarchical control, vector fΔ reflects the coupling
between the multirotor’s translation and rotation, which can
be temporarily neglected. Thus, from (34), the virtual control
input fγ is constructed as follows:

fγ=−KpTanh(ς)−KdTanh(ς̇)−(M+m)âdis+(M+m)ge3
(35)

where Kd = diag([kdx, kdy, kdz]) ∈ R3×3
+ is a positive definite

diagonal matrix.
Afterward, according to the relation fγ =

(f/(e�3R
�
dRe3))Rde3, it is obvious that fγ and Rde3

have the same direction; thus, the desired unit direction
vector r3d = Rde3 ∈ R3 can be obtained by calculating
r3d = Rde3 = fγ/‖fγ‖. So fγ can be further arranged as

fγ =
f
∥∥fγ

∥∥
f�
γRe3

· fγ∥∥fγ

∥∥ =
f · fγ

f�
γRe3

⇒ f�
γRe3 · fγ = f · fγ

which indicates that the scaler multirotor thrust can be calculated
by

f = f�
γRe3. (36)
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Fig. 3. Block diagram of the calculation process of the finite-time
disturbance observer.

Thus, according to (35) and (36), the final scaler multirotor thrust
is

f = (−KpTanh(ς)−KdTanh(ς̇)− (M +m)âdis

+(M +m)ge3)
� Re3.

Then, on the basis of the obtained unit vector r3d, selecting
an arbitrary vector r1a(t) ∈ R3 not parallel to r3d, the desired
attitude can be derived asRd(t) = [r2d × r3d; r2d; r3d], where
r2d = r3d×r1a

‖r3d×r1a‖ represents the second row of the desired rota-
tion matrix. Subsequently, the desired angular velocity can be
presented as Ωd = vex(R�

d Ṙd) [10], [32], [36], [37].
2) Inner Loop Controller Design: For the inner loop of the

system, the following nonlinear attitude controller is described
by moment vector as follows:

τ = − kReR − kΩeΩ − τ̂ dis

+ sk(Ω)JΩ− J
(

sk(Ω)R�RdΩd −R�RdΩ̇d

)
(37)

wherein kR, kΩ ∈ R are positive constants.
Similar to other disturbance observers in [38], the main calcu-

lation process of the finite-time disturbance observer is provided
in Fig. 3.

Remark 4: Due to the underactuated characteristic caused by
the payload swing motion, the direct derivation of the backstep-
ping controller will be much complicated. In this article, based
on the theory on cascade systems, the controller designs are
carried out for the inner loop and outer loop subsystems, respec-
tively. Compared to the control scheme based on backstepping
technique [39], [40], the proposed method has a concise form
and greatly simplifies the design difficulty.

C. Stability Analysis

In this section, by neglecting the coupling term fΔ, the stabil-
ity of the inner loop and outer loop subsystems are first proved,
respectively. Then, based on the theory of cascade systems, the
stability of the closed-loop system is obtained by proving the

coupling term satisfies the growth restriction condition [10],
[41], [42].

Theorem 2: Under the designed attitude controller (37) and
the disturbance observer (15) and (16), the attitude error dynam-
ics is bounded and converges to zero, i.e.,

lim
t→∞ eR = 03×1, lim

t→∞ eΩ = 03×1.

Proof: To prove Theorem 2, select the following Lyapunov
function candidate for the rotational motion as:

Vr=
1

2
e�ΩJeΩ+kRΞ(R,Rd)+�e

�
ReΩ+

1

2

(
J−1τ̃ dis

)�(
J−1τ̃ dis

)
(38)

whereΞ(R,Rd) =
1
2 tr[I −RT

d R] is the real-valued error func-
tion defined on SO(3)× SO(3), and � is a positive constant

that satisfies � < min{kΩ, 4kΩkRλm(J)2

k2
ΩλM (J)+4kRλm(J)2

,
√

kRλm(J)}.
The Lyapunov function candidate (38) is proved to be positive
definite [32], [36]. Taking the time derivative of the attitude and
angular velocity tracking errors, one has

ėR = C
(
R�

dR
)
eΩ (39)

J ėΩ = τ + τ dis − sk(Ω)JΩ

+ J
(

sk(Ω)R�RdΩd −R�RdΩ̇d

)
(40)

where C(R�
dR) = 1

2 (tr[R
�Rd]I −R�Rd) and satisfies

‖C(R�
dR)‖ < 1, for ∀R�

dR ∈ SO(3).
By substituting (39), (40), and (37) into the time derivative of

(38), and considering (15) and sω = J−1τ dis − ξω, one obtains

V̇r = e�ΩJ ėΩ + kRe
�
ReΩ + �ė�ReΩ + �e�RėΩ

+
(
J−1τ̃ dis

)� (
J−1 ˙̃τ dis

)
= − kΩe

�
ΩeΩ + �C

(
R�

dR
)
e�ΩeΩ − �kRJ

−1e�ReR

− �kΩJ
−1e�ReΩ +

(
e�Ω + �J−1e�R

)
τ̃ dis + s�ω ṡω

≤ −(kΩ−�) ‖eΩ‖2− �kR
λM (J)

‖eR‖2 + �kΩ
λm(J)

‖eR‖‖eΩ‖

+ ‖eΩ‖‖τ̃ dis‖+ �

λm(J)
‖eR‖‖τ̃ dis‖

− [ηdω1, ηdω2, ηdω3]|sω|

≤ −(kΩ−�) ‖eΩ‖2− �kR
λM (J)

‖eR‖2 + �kΩ
λm(J)

‖eR‖‖eΩ‖

+ ‖eΩ‖‖τ̃ dis‖+ �

λm(J)
‖eR‖‖τ̃ dis‖. (41)

Further, define the generalized attitude error vector eI =
[‖eR‖, ‖eΩ‖]�, (41) can be rewritten as

V̇r ≤ − e�I W1eI + ‖τ̃ dis‖W�
2 eI

≤ − λm(W1)‖eI‖2 + ‖τ̃ dis‖‖W 2‖‖eI‖ (42)

where in W1 and W 2 take the following form as:

W1 =

[

kR

λM (J) − 
kΩ

2λm(J)

− 
kΩ

2λm(J) kΩ − �

]
,W 2 =

[
�

λm(J)
, 1

]�
.
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Step 1: t < tfΩ. From (42), on one hand, when ‖eI‖ ≥
‖W 2‖

λm(W1)
‖τ̃ dis‖, it is obvious that V̇r ≤ 0, which means the

attitude error is decreasing progressively. On the other hand,
‖eI‖ < ‖W 2‖

λm(W1)‖τ̃ dis‖ implies that the attitude error is bounded
since τ̃ dis is bounded. Therefore, when t < tfΩ, the rotation
error is bounded.

Step 2: t ≥ tfΩ. When t ≥ tfΩ, the disturbance estimate error
is zero, i.e., τ dis = 03×1. Thus, (42) turns to

V̇r ≤ −λm(W1)‖eI‖2

which indicates the attitude error dynamics will be exponentially
stable [32], [36].

Collecting up the above two steps’ analysis, one can conclude
that Theorem 2 holds.

Theorem 3: The designed controller (35) and the disturbance
observers (13) and (14) guarantee that the tracking error of the
outer loop subsystem is bounded and converges to zero, i.e.,

lim
t→∞

[
e�γ ,Θ

�, ė�γ , Θ̇
�]�

=
[
0�
3×1,0

�
2×1,0

�
3×1,0

�
2×1

]�
.

Proof: To prove Theorem 3, the Lyapunov function candidate
is chosen as

Vt = V +
1

2
ã�

disãdis. (43)

Then, substituting (35) into the time derivative of (43), and
noting (13) and sχ = adis − ξχ yields

V̇t = ς̇� [(M +m)ãdis −KdTanh(ς̇)] + ã�
dis
˙̃adis

= − ς̇�KdTanh(ς̇) + ς̇�(M +m)ãdis + s̃�χ ˙̃sχ

≤ − ς̇�KdTanh(ς̇) + ς̇�(M +m)ãdis − [ηdx, ηdy, ηdz]|sχ|
≤ − ς̇�KdTanh(ς̇) + ς̇�(M +m)ãdis. (44)

Subsequently, the analysis is divided into two steps as follows.
Step 1: t < tfχ. From (44), one can derive that

V̇t ≤ − ‖Kd‖‖ς̇‖2 + (M +m)‖ς̇‖‖ãdis‖
= − ‖ς̇‖ (‖Kd‖‖ς̇‖ − (M +m)‖ãdis‖) .

Based on the above inequality, two cases will be analyzed, i.e.,
i) ‖ς̇‖ ≥ M+m

‖Kd‖ ‖ãdis‖ and ii) ‖ς̇‖ < M+m
‖Kd‖ ‖ãdis‖.

1) For the first case ‖ς̇‖ ≥ M+m
‖Kd‖ ‖ãdis‖, it is obvious that

‖Kd‖‖ς̇‖ − (M +m)‖ãdis‖ ≥ 0, which indicates that
V̇t ≤ 0. In this case, the outer loop error dynamics is
decreasing progressively.

2) On the flip side, the second case ‖ς̇‖ < M+m
‖Kd‖ ‖ãdis‖

implies that the translation error is bounded since ãdis

is bounded.
In summary, when t < tfχ, the translation error dynamics of

the system is bounded.
Step 2: t ≥ tfχ. Based on (23), (44) can be further deduced

as

V̇t = − ς̇�KdTanh(ς̇) ≤ 0. (45)

Integrating (45) with respect to time, one has

Vt(t) = Vt(tfχ)−
∫ t

tfχ

ς̇�KdTanh(ς̇)dτ ≤ Vt(tfχ)  +∞
(46)

then combining with (28), (32), and (33) yields

Vt(t) ∈ L∞ ⇒ ς, q̇, γ̇, θ̇x, θ̇y ∈ L∞. (47)

Thus, with the result in (47) and (26), from (24), (35), and the
system models (4)–(8), one achieves γ, γ̈, ς̇ ∈ L∞. Define a set
Ψ = {(eγ , ėγ , θx, θy, θ̇x, θ̇y) | V̇t(t) = 0}, let Λ be the largest
invariant set in Ψ. Subsequently, combining with (45), one can
conclude that

ς̇ = 03×1. (48)

From (48), it is derived

ς = 	1, ς̈ = 03×1 (49)

where 	1 = [�1x, �1y, �1z]
� represents an undetermined

constant vector. Then, substituting (35), (48), and (49) into
system models (4)–(6) and making some transformation yields

γ̈ = − [ϑkpx tanh(�1x), ϑkpy tanh(�1y), ϑkpz tanh(�1z)]

ϑ(M +m) +ml
.

Assuming �1x �= 0, �1y �= 0, �1z �= 0, one can conclude that
ẋ → ∞, ẏ → ∞, ż → ∞ as t → ∞, which conflicts with
the conclusion γ̇ ∈ L∞. Therefore, the assumption �1x �=
0, �1y �= 0, �1z �= 0 does not hold, and one can deduce that

	1 = 03×1 ⇒ ς = 03×1,fγ = (M +m)ge3 (50)

γ̈ = 03×1 ⇒ ėγ = 	2 (51)

where 	2 = [�2x, �2y, �2z]
� represents an undetermined

constant vector. In an analogous method, assuming �2x �=
0, �2y �= 0, �2z �= 0, it can be derived that x → ∞, y →
∞, z → ∞ as t → ∞, which is inconsistent withγ ∈ L∞. Thus,
one has

	2 = 03×1 ⇒ ėγ = 03×1. (52)

Subsequently, with the result in (48) and (52), it is found that

θ̇xCxCy − θ̇ySxSy = 0, θ̇yCy = 0, θ̇xSxCy + θ̇yCxSy = 0.
(53)

According to Assumption 1 and (53), it is obvious that

θ̇x = 0, θ̇y = 0 ⇒ θ̈x = 0, θ̈y = 0. (54)

Substituting (52) and (54) into (7) and (8) achieves

mglSxCy = 0,mglCxSy = 0 ⇒ θx = 0, θy = 0. (55)

Finally, substituting (55) into the result ς = 03×1 yields

eγ = 03×1. (56)

In summary, (52), (54), (55), and (56) show that Theorem 3
holds. �

After the stability analysis of the inner loop and outer loop
subsystems without considering the coupling term as presented
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in Theorems 2 and 3, the characteristics of the coupling term
will be further analyzed in Theorem 4.

Theorem 4: The proposed control law (35) and (37) and the
disturbance observers (13)–(16) can drive the multirotor to the
desired position, while suppressing the payload swing even with
blade damage, implying the following result:

lim
t→∞

[
e�γ , ė

�
γ ,Θ

�, Θ̇
�
, e�R, e

�
Ω

]�
=

[
0�
3×1,0

�
3×1,0

�
2×1,0

�
2×1,0

�
3×1,0

�
3×1

]�
.

Proof: The stability analysis of the overall closed-loop sys-
tem with the consideration of the coupling term fΔ is taken into
account here. Define the generalized translation error vector as
eO = [e�q , ė

�
q ]

�. Inserting Rde3 =
fγ

‖fγ‖ and f = f�
γRe3 into

fΔ, and according to [32], one can conclude that

‖fΔ‖ = ‖fγ‖
∥∥(e�3R�

dRe3
)
Re3 −Rde3

∥∥
≤ ‖fγ‖ ‖eR‖ . (57)

Since the lumped disturbance is caused by blade damage, and the
disturbance observers (13) and (14) can estimate the disturbance
unbiasedly in finite-time, thus according to Assumption 3, define
the upper bound as ‖âdis‖ ≤ a, where a is a positive constant.
Based on the result in (26), and the fact that | tanh(·)| < | · |,
the virtual control input (35) satisfies that

‖fγ‖ ≤ ‖Kpς‖+ ‖Kdς̇‖+ (M +m)g + (M +m)a

≤ 2max(λM (Kp), λM (Kd)) ·max(1, ϑ) ‖eO‖
+ (M +m)g + (M +m)a+ 2kλ max (λM (Kp), λM (Kd))

=

(
‖eO‖+ (M+m)(g+a)+2kλ max (λM (Kp), λM (Kd))

2max (λM (Kp), λM (Kd)) ·max (1, ϑ)

)

· 2max(λM (Kp), λM (Kd)) ·max(1, ϑ).

By setting ε = 4max(λM (Kp), λM (Kd)) ·max(1, ϑ), ε =
(M+m)(g+a)+2kλ max(λM (Kp),λM (Kd))

2max(λM (Kp),λM (Kd))·max(1,ϑ) , one knows that the
virtual control vector fγ satisfies the following property:

∥∥fγ(eO)
∥∥ ≤

{
ε‖eO‖, for ‖eO‖ ≥ ε

εε, for ‖eO‖ < ε
. (58)

Then, substituting the result of (58) into (57), the coupling term
can be further deduced as

‖fΔ‖ ≤ ‖fγ‖ ‖eR‖
≤ ε‖eO‖ ‖eR‖ , for ‖eO‖ ≥ ε

which means that the coupling term fΔ satisfies the growth
restriction condition. Thus, as shown in [10], [41], [42], the
stability of the overall system can be proven. �

Remark 5: It is worth noting that the proposed control scheme
can not only achieve multirotor positioning but also realize
constant velocity trajectory tracking. When tracking a con-
stant velocity trajectory, the time derivatives of the desired
trajectory are q̇d = [cx, cy, cz, 0, 0], q̈d = 05×1, where cx, cy, cz
are constants. Thus, Mcq̈d = 0. According to the form of the
centripetal–Coriolis matrix Vc, one can calculate that Vcq̇d = 0.

Therefore, the open-loop error dynamics of the outer loop sub-
system can be arranged as

Mcëq +Mcq̈d + Vcėq + Vcq̇d +G = u+ F qdis

⇒ ëq = M−1
c (u+ F qdis − Vcėq −G) .

Then, the subsequent controller design and analysis process is
similar to the process of regulation problem.

IV. SIMULATION AND EXPERIMENTAL IMPLEMENTATION

In this section, simulation and experimental tests are im-
plemented to verify the feasibility of the proposed tracking
controller.

A. Numerical Simulation and Analysis

Numerical simulation tests are first carried out in MAT-
LAB/Simulink to verify the designed control law’s performance.

1) Blade Damage During Hovering: The physical
parameters of the aerial transportation system are set as
M = 0.625 kg, m = 0.075 kg, l = 0.5m, g = 9.8m/s2, J =
diag([0.01379, 0.01379, 0.02507]) kg ·m2, d = 0.225m, cT =
1.201× 10−5N/(rad/s)2, cτ = 1.606× 10−7N ·m/(rad/s)2.
The control gains of the designed control scheme are selected as
Kp = diag([1.0, 1.0, 1.2]), Kd=diag([2.5, 2.5, 2.8]), ϑ=1.5,
kR = 5.0, kΩ = 0.6, cαχ

= diag([5.0, 5.0, 5.0]), cβχ
= diag

([5.0, 5.0, 5.0]), cαω
= diag([2.0, 2.0, 2.0]), cβω

= diag([1.0,
1.0, 1.0]), αχ = 0.5, βχ = 2, αω = 0.5, βω = 2, ηdχ + κdχ =
diag([0.5, 0.5, 15]), ηdω + κdω = diag([40.0, 40.0, 5.0]). The
initial and the desired position of the quadrotor are set as
γ0 = [−0.5, 1.3, 1.0]�m and γd = [0.5, 0.3, 1.5]�m. For the
sake of description, define [d̂x, d̂y, d̂z]

� = (M +m)âdis,
[d̂Ω1

, d̂Ω2
, d̂Ω3

]� = τ̂ dis. The blades of the first and the second
propeller are damaged at 10 and 20s . The first one is broken
by 30%, and the second one is broken by 20%. According
to Remark 2, the lift and torque coefficients of the first
propeller will suddenly decrease by 65.7% and 75.99%, and
the lift and torque coefficients of the second propeller will
suddenly decrease by 48.8% and 59.04%, respectively. Two
control schemes are chosen for comparison to demonstrate the
proposed method’s payload swing elimination capability and
disturbance rejection ability, respectively. One is the saturated
PD controller f c1 combined with the designed finite-time
disturbance observer

f c1 = −KpTanh(eγ)−KdTanh(ėγ)

+ (M +m)ge3 − (M +m)âdis

the other is the enhanced coupling method f c2 without the
designed finite-time disturbance observer

f c2 = −KpTanh(ς)−KdTanh(ς̇) + (M +m)ge3.

The control gains of the two control schemes are selected the
same as the proposed method. The simulation results are illus-
trated in Fig. 4, from which one can find that when the blades are
suddenly damaged, the payload of the saturated PD controller
with the designed finite-time disturbance observer produces
large oscillations, and the quadrotor of the enhanced coupling
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Fig. 4. Results for blade damage during hovering. (a) Quadrotor position and payload swing angles. (b) Control inputs. (c) Estimated disturbance
forces and torques.

Fig. 5. Results for flight under blade damage. (a) Quadrotor position and payload swing angles. (b) Control inputs. (c) Estimated disturbance
forces and torques.

Fig. 6. Experimental platform.

method has significant positioning errors. On the contrary, the
proposed method has shown good results in both quadrotor
positioning and payload swing suppression, which indicates the
designed controller can effectively overcome blade damage and
ensure system safety. Specifically, as shown in Fig. 4(c), the
designed finite-time observer can quickly estimate the lumped
disturbances to their actual values.

2) Flight Under Blade Damage: To further verify the
performance of the proposed method, this part refers to
the hardware platform and selects the physical parameters
asM = 1.46 kg, m = 0.18 kg, l = 0.98m, g = 9.8m/s2, J =
diag([0.0117, 0.0120, 0.0184]) kg ·m2. The parameters of the
control algorithm are selected as ϑ = 0.2, Kp = diag([5.0, 5.0,

Fig. 7. To comprehensively verify the performance of the proposed
method, four different types of blade damage are imitated. (a) Two
opposite blades damage. (b) Two adjacent blades damage. (c) Three
blades damage. (d) One blade damage.

8.0]), Kd = diag([6.0, 6.0, 8.0]), kR = 1.92, kΩ = 0.3, cαχ
=

diag([5.0, 5.0, 5.0]), cβχ
= diag([5.0, 5.0, 5.0]), cαω

= diag
([2.0, 2.0, 2.0]), cβω

= diag([1.0, 1.0, 1.0]), αχ = 0.5, βχ =
2, αω = 0.5, βω = 2, ηdχ + κdχ = diag([0.35, 0.35, 3.50]),
ηdω + κdω = diag([20.0, 20.0, 2.0]). The initial and the desired
position of the quadrotor are set as γ0 = [0.0, 0.0, 1.5]�m and
γd = [1.0, 1.2, 1.8]�m. The blades of the second propeller are
damaged at the beginning, resulting in a 10% breakage, which
leads to a decrease of 27.1% in lift coefficient and 34.39%
in torque coefficient. The saturated PD controller f c1 com-
bined with the designed finite-time disturbance observer and
the enhanced coupling method f c2 are selected as the com-
parison methods, whose control gains are chosen the same as
the proposed method. The simulation results are presented in
Fig. 5, from which one can find that under the blades damage,
the comprehensive performance of the proposed method for
quadrotor positioning and payload antiswing is superior to the
other two methods.
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Fig. 8. Results for basic performance test. (a) Quadrotor position and payload swing angles. (b) Control inputs. (c) Estimated disturbance forces
and torques.

B. Experimental Implementation

To further validate the performance and superiority of the pro-
posed control scheme, in this section, two groups of experiments
are carried out on the self-built hardware experiment platform.

1) Experimental Platform: As shown in Fig. 6, the experi-
mental platform contains the aerial transportation system, the
Qualisys motion capture system, the ground station and the
data transmission center. The aerial transportation system is
built through a multirotor and a cable-suspended 3-D-printed
payload. Specifically, an F450 quadrotor is selected as the
multirotor to complete the experiment, which is equipped with
a PixHawk flight controller connecting to the onboard com-
puter through MAVROS-based communication protocol. Qual-
isys motion capture system with eight cameras is employed
to measure the quadrotor’s translation motion, the yaw angle,
and the payload swing angles by identifying the markers on the
quadrotor and the payload. The ground station runs the 64-bit
Ubuntu 18.04 operating system, which is utilized to send the
desired position of the quadrotor with the support of the Robot
Operating System. The data transmission center is supported
by a router, which is responsible for exchanging all data in the
experiment process.

It should be noted that in order to reduce the severe chatter-
ing caused by the sign function appearing in the disturbance
observer, we replace sgn(ι) with tanh(k × ι) during the exper-
imental implementation, where k is chosen as 10. The physical
parameters and control gains are same as in Section IV-A2. The
control frequency of the experiment is 100 Hz. In the following
two sections, a basic performance test as well as a comparison
test is implemented on the experimental platform. To verify the
performance of the proposed method under different conditions
and lengths of blade damage, several kinds of blade damage
cases are imitated as illustrated in Fig. 7. As these cases can bring
different disturbance effects, the performance of the control
scheme will be more comprehensive. The experimental video
is available in https://youtu.be/6yWFeBSmOqs.

2) Basic Performance Test: This part presents the basic
performance verification for the designed control scheme. The
control objective is to drive the quadrotor to the desired position
while suppressing the payload swing simultaneously with dam-
aged blades. The initial and the desired position of the quadrotor
are set as γ0 = [0.0, 0.0, 1.5]�m and γd = [1.0, 1.2, 1.8]�m.
Three different conditions are tested as shown in Fig. 7(a)–(c),

including the damage of two opposite blades, two adjacent
blades, and three blades. The damaged blade is obtained by
cutting 1cm from each side of the normal propeller in this
experiment. The experiment curves are presented in Fig. 8, from
which one can figure out that even under different levels of blade
damage, the designed control law can drive the quadrotor to the
desired position while suppressing the payload swing fleetly.
Therefore, from the experimental results, one can conclude that
the designed fault-tolerant control scheme can compensate for
the loss of the quadrotor force and torque, and deal with different
situations of blades damage effectively.

3) Comparison Test: To further illustrate the performance
of the proposed method, a comparative experiment is given in
this part. The saturated PD controller f c1 combined with the
designed finite-time disturbance observer and the enhanced cou-
pling method f c2 without the designed finite-time disturbance
observer are selected as comparison in the experiment, and the
control gains of the two controllers are selected the same as
the proposed method. The initial and the desired positions of
the quadrotor are set the same as the basic performance test. In
this test, only one propeller is damaged as shown in Fig. 7(d),
which is obtained by cutting 2 cm from each side of the normal
blade. Fig. 9 provides the curves of the proposed controller
and the comparative ones. It should be noted that when the
aerial transportation system hovers, the gravity of the system
is equal to the lift force generated by the multirotor. Thus,
the final control input signals of the three methods are almost
the same. Besides, the explicit quantified data are recorded in
Table II. From the rise time, one knows that the response speed of
the three methods is almost the same. Under the similar response
speed, the proposed method and the enhanced coupling method
can effectively suppress the payload swing, while the saturated
PD method combined with the designed finite-time disturbance
observer has large payload oscillations. However, although the
enhanced coupling method can suppress the payload swing, it
cannot drive the quadrotor to the desired position, especially
for the altitude, whose steady-state error reaches 0.4956m,
which further verifies that the designed disturbance observer
can cope with blade damage efficaciously. In summary, at the
similar response speed, compared with the other two meth-
ods, the proposed controller can deal with blade damage and
realize payload swing suppression and quadrotor positioning
simultaneously.
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Fig. 9. Results for comparison test. (a) Quadrotor position and payload swing angles. (b) Control inputs. (c) Estimated disturbance forces and
torques.

TABLE II
QUANTITATIVE DATA OF COMPARISON TEST

Remark 6: Considering the following two aspects: 1) the
safety concerns and 2) comparison experiments require the same
degree of blade damage. Therefore, it is hard to imitate blade
damage in the actual flight process, so the damaged blades are
directly utilized for experimental implementation similar to [28],
[29], [43], [44], [45], and [46]. Due to the sudden blade damage,
the upper bound of the time derivative of disturbance is high, so
the range ofDk that we can select is relatively wide. Besides, the
Lyapunov-based control design and analysis are conservative by
nature, thus, the proposed control method may also work well
in practice even if Assumption 4 is not rigorously satisfied.

Remark 7: In practice, the actual experimental platform can-
not respond to the rapid changes in control inputs caused by sign
functions, which leads to chattering phenomenon. As widely
done in many literatures [31], [47], [48], [49], [50], [51], [52],
[53], [54], [55], [56], [57], [58], [59], [60], the sign function is
replaced by the hyperbolic tangent function in the experiment,
which can greatly reduce input chattering.

V. CONCLUSION

To deal with the inevitable problem of blade damage in prac-
tical application, this article proposed a fault-tolerant control
scheme for the cable-suspended aerial transportation systems.
Particularly, by rewriting the form of the outer loop system
model, a finite-time disturbance observer could be deliberately
designed to estimate the disturbance caused by blade dam-
age. Subsequently, an enhanced-coupling signal containing both
payload swing angle and multirotor position was utilized to
construct the outer loop control law, which greatly improved
the payload antiswing performance. Under the framework of the
cascade systems, Lyapunov techniques and LaSalle’s invariance
theorem were utilized to guarantee the stability of the closed-
loop system. Experimental results demonstrated the remarkable
performance of the proposed control scheme in swing suppres-
sion and multirotor positioning. In the ensuing research, we will

concentrate on designing more advanced control schemes to take
care of uncertainties and measurement errors with theoretically
robustness analysis and tend to develop fault-tolerant control
methods for aerial transportation systems at the motor level
capable of handling complete motor failure. Besides, we will
further attempt to improve our observer to achieve stable control
when the real-time signal feedback frequency is low.
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