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Fault-Tolerant Control for Multirotor Aerial
Transportation Systems With Blade Damage
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Abstraci—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.

[. INTRODUCTION

VER the past decades, robots have been rapidly applied
to various fields [1], [2], [3], including medical industry,
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agriculture, transportation, etc. Intelligent transportation sys-
tems employing ground vehicles [4], vessels [S], 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, anonlinear 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', and S, denote the abbre-
viations of cos(6, ) and sin(6, ), respectively. sk(-) : R3 — s0(3)
is defined by the relation that sk(xz)y = x x y forallz,y € R3.
vex(+) : 50(3) — R3 is the inverse operation of sk(-). For a vec-
tor h € R”, define hlP! = [sgn(hy)|h|?, ... sgn(h,)|ha|?]T,
sen(h) = [sgn(ha), .-, sgn(hn)] ' |B] = [hals- . |hnl]T,
Cosh(h)=[cosh(h1),...,cosh(h,)]", Tanh(h) = [tanh(h,),
...,tanh(h,)]", Ln(h) = [In(hy),...,In(h,)]", and diag(h)
is a diagonal matrix with diagonal elements of hq,...,hA,.
An (%) and A, (%) denote the maximum eigenvalue and
minimum eigenvalue of matrix «, respectively.
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TABLE |

SYMBOLS AND DEFINITIONS OF THE SYSTEM

Symbol Definition

M,meR Mass of multirotor and payload
geR Gravitational acceleration

leR Cable length

J = diag([J1, J2, J3]) € R3*%3 Multirotor’s moment of inertia

R e S0(3) Rotation matrix from {B} to {Z}

Res = [Ri3, Ro3, R3] T
~y= [at:,y,z]—r e R3

® = [0,,0,]7 € R?

Yp = [zp, ypvzp]T eR3

q= [,YTVGT]TGRS
Q=[0,0,03]" €eR3

Ya = [%a,Ya,zq)| € R?

qq = [’ﬂ[,O,O]T € R5

Ry € SO(3)

Q4 eR3

Mc.(q) € R5*®

Ve(q,q) € RO*P

G(q) € RS

w = [fRes,0,0]" €R®
Fy,.. =[ds,dy,d.,0,0]T €R?
feER

T=[r,72,73]" €R3
TdiS:[dQ17dQQ7dQ3]T € ]RS

Last column of rotation matrix R
Multirotor position

Payload swing angle

Payload position

Generalized coordinate of outer loop subsystem
Angular velocity of multirotor in frame {8}
Desired multirotor position

Desired outer loop state

Desired rotation matrix

Desired angular velocity

Inertia matrix

Centripetal—Coriolis matrix

Gravity vector

Outer loop control input vector

Outer loop disturbance

Applied thrust generated by multirotor
Torque generated by multirotor

Inner loop disturbance

Unit vector

€3 = [07 0, ]"]T

Multirotor —

z

Blade Damage

Fig. 1. Aerial transportation system with blade damage.

Il. PROBLEM FORMULATION

The schematic diagram of the aerial transportation system
with blade damage is depicted by Fig. |, where {Z} 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,
ie., —m/2 < 0,(t),0,(t) <7m/2,Vt > 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-
shipin Fig. 1, the payload’s position can be expressed as v, (t) =
[ +1S,Cy,y + 1Sy, z —1C,Cy] ", where Cy,Cy, S, S, are
the abbreviations of cos(6),cos(d,),sin(f,),sin(6,). The

Lagrangian of the outer loop subsystem is expressed as
Lou = $ M4 + m¥, 4, — (Mgz + mgz,). The general-
ized force can be calculated by Q; = 6W/dq;,i = {1,...,5},
where dg; is the virtual displacement and dW = (fRes +
[dy,dy,d;])")" - 64 is the virtual work. Finally, based on the
Lagrange’s equation %65;;“ %qj“ =Q;,i=1{1,...,5}, the
outer loop dynamic model can be established as

Mc(q)q +Ve(q,9)q+ G(q) = u+ Fy,. S

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

R = Rsk(Q) )
JQ + sk(Q)JQ = 7 + Tgs. 3)

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

(M +m)& + ml (émczcy —6,8,5, — 25,0, — 62S,C,
~20,0,C.8, ) = fRas + do “)

(M + m)jj+mi (6,C, — 628, ) = [ Rag + d, )

(M + )% + mi (6,5,C, +0,Ca, + 02C.Cy + 62C,C,
~20,0,8.8,) = [Rss — (M +m)g + d. ©6)

mlEC,Cy + mizS,Cy + mi*0,C} — 2mi*0,0,C, S,
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+mglS,Cy =0 (7
— mliS, Sy +mlijCy +mlC,S, +mi*0, +mi*62C,S,
+mglC, Sy, = 0. ()

Similar to many Euler—Lagrange systems [10], [21], [22], itisnot
difficult to obtain that dynamic model (1) satisfies the following
property:

Property 1: M, and V, satisfy the skew-symmetric relation-
ship, i.e., n' (M. — V.)n =0, Vn € R®.

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 f; and rotation
speed v;(rad/s) can be presented as

H H
1
fi=2 §p(277vir)2 CLbdr:vfp(Zw)2CLb/ r?dr=vicr
0 0

where p is the air density, C/, is the lift coefficient, b denotes the

chord length of the blade, H represents the propeller radius, and

cr = p(2m)2CLb fOH r2dr. The torque of the propeller against

the body can be expressed as

H
r3dr=vic,

H

1
Tzi:/ 5p(27TUZ-7”)201:)57”(317":U?P(%T)QCDZ)/
0 0

where Cp s and ¢, = p(2m)?
Cpb fOH r3dr. As presented in Fig. |, at the same motor
speed, when the blade radius reduce A H, the coefficient of the

propeller thrust loss ¢y, and torque loss ¢, are

the drag coefficient,

¢ = vfp(Zw)QCLbfoH_AHTer _ (H-AH)?
I vfp(27r)2CLbf0Hr2dr H?
vfp(?w)zCDbfonAHr?’dr (H—-AH)*
CTzi = = H4 :

vizp(27r)2CDbf0Hr3dr

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

¥ Crer CracT Crser Cracr i
n| | Bdlper —Rdiper —Rdiger  Rdiper | |v?
2| | L2deyer  Ldeger  —Ldiger —2dger| |v3
3 CroiCr —GrooCr GrosCr —GroaCr UZ

where d stands for the half of motor-to-motor distance, (¢, cr
and (¢, ,cr, 0 = 1,2,3,4 are the mapping coefficients affected

Blade
Q lR Q | Damqge

Tis,
Desired FTDO /
14 T T /
Ha o Attitude B; Q4 /
Calculation {Aerial

Transpqrtation

TTM fy_ Multirotor Syste\a\

| . Thrust f—> _-
FTDO < Calculation e
T’Y 1.0, TR |

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 dj is
bounded and satisfies \dk| < Dy, where Dy, is the constant, for
k= T, Y, %, Qla QZa QS-

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

M~ = fRes — Mges + [dwvdyvdzf

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 e, = v — =4, thus,
the outer loop state error can be defined as e, = [e .07 ¢
R5. The multirotor’s attitude and angular Velomty trackmg
errors [32] are defined as ep = 2vex(R R—R"Ry)eq =
Q — R"T R Q. The control objective is to drive the multirotor
from its initial position to the constant desired one -y,, while
eliminating the payload swing even with blade damage, i.e.,

ey — 0341,0 — 02x1,e4 — O551,er — 03x1,e0 — O3y1.

The control structure is presented as shown in Fig. 2
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I1l. DISTURBANCE PROCESSING AND CONTROLLER DESIGN
A. Disturbance Observer

For the convenience of subsequent analysis, a virtual signal

m m
= —1 x ) — )
b x—’_M—s—mSny—’_M—i—mSy
m T
1
Z+M+ml( C,Cy)

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

X = ay + Qgis
where a,, = ﬁfReg — ges and agis = ﬁ[dx7dy7dz]T.
Subsequently, define auxiliary variables e, = x — ., €, =
Q — 6, where 6, and J, are obtained by integrating the
following equations:

+ ngegfx

[ax]

§y = ay +ca ex It &y )]

b6y = J 1 (T—sk(2)JQ) + co_ el + 5 el + £, (10)

w

the coefficients matrices ¢ , cg, , Ca,, Ca, € Riﬁ are positive
definite diagonal matrices, 0 < ay, o, < 1, By, B, > larepos-
itive parameters, §, and &, are intermediate variables to be
constructed. Then, define the sliding surface as

[Bx]

[

sy = ey +co e 1 el (1)
8w = €+ Ca el + e el (12)
and the disturbance observer of ag;s and 745 are designed as
agis = &y (13)
€ = (ax + Fax) 580(55), €x(0) = 030 (14)
Tais = J&u (15)
€, = (Mo + Kaw)580(50),€0(0) = 031 (16)

where 14y, Ky Ndw, Kaw € R3? are positive definite diagonal
matrices. The specific forms are

Ndx = dlag ([ndxv Ndy ndz]) s Ndw = dlag ([ndwl s Ndws ndwg])
Kay = diag ([Kaz, Kay, Kdz]) s Kdw = diag ([Kdw, s Kdws s Kdws))

wherein kg; satisfies kg; > ﬁDi, for i = x,y,z and Kqy,
satisfies rq,; > Dgq;, for j =1,2,3.
Lemma 1: Consider the following scalar system [33], [34],

[35]:
U= —cosgn(v)|v]* — cgsgn(v)|v|?, v(0) =

where c,, cg are positive constants, 0 < o < 1 and 3 > 1. The
equilibrium point of the above system is finite-time stable and
its settling time is bounded by: T < Tjax = — — L_1

co I—a T csg B-1°
Theorem 1: The disturbance observer (13)—(16) guarantees
that the disturbance estimation error of ay;s and T 4j; converge to

zero in finite-time, under Assumption 4 and the conditions

1 _
0<OéX, < 175)(’ Bw > 17 Kdi > mDh de], >JJ 1DQj

fori =x,y,zand j = 1,2, 3.
Proof: The time derivative of e, and e, with respect to time
are derived as follows:

ey =X — SX = agis — caxegél"] — 05Xe£?X] - &y

)
b =008, =J "Tg — ca el —cg el — g, (18)

w

Then, comparing (17) and (18) with (11) and (12), one can obtain
that s, = agis — &y, 8w = J ' Tais — €. Substituting (14) and
(16) into the time derivative of the sliding surface s, and s,
leads to

(May + Kay) sgn(sy) (19)

— &, = J Mrais — (Naw + Kaw) sgn(s,). (20)

Subsequently, selecting a positive Lyapunov function candidate

Vay = %s;sx, and substituting (19) into the differentiation of

Viy one has

8y = Qgis — &, = Qgis —

. 1.
Sw = J T dis

de - 3;'.5)( - 8; (adis - (de + de) Sgn(sx))

IN

(|(.1dis|T - [K’d;E7 K:dyﬂ%dz]) ‘SX| - [ndwandy7ndz]|sx|

ey

IN

7[77d3:7 Ndy ndz”sxl

which indicates the sliding surface s, converge to zero in

finite-time, i.e., s, = 031. Therefore, from (11), one achieves

éy = —Cay eg?x] —cg, egf)(]. Based on Lemma 1, the equilib-

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

(22)

lim e, =0

totry X 31
where t, represents the finite convergence time. Define the
estimation error of the disturbance agis as agis = agis — Qjs»
from (13) and (17)—(22), it is obvious that ag;s is bounded and

lim ddis = 03X1. (23)

t—=try
In an analogous method, for the inner loop subsystem, select
the positive Lyapunov function candidate as Vy,, = %szsw,
and define the estimation error of the torque disturbance T s
as Tgis = Tdis — Tdis- 1aking the time derivative of Vj,,, one
can obtain that Vi, < —[Ndw1, Mdw2s Ndws]|Sw|. Thus, Fas is
bounded and lim;_,; o Tdis = 03x1, where tyq represents the
finite convergence time. In summary, Theorem 1 is proved. W

B. Controller Design

To efficiently eliminate the payload swing, inspired by the
payload position 7y, = v + [1S,C,, 1Sy, —1C,C,] ", a virtual
desired multirotor position is constructed by introducing the
swing angle information, taking the following form as

Lig=~4+79 [chzﬁ Syv 1- Cny]T

where ¥ € R is a positive constant. Based on I' 7, an enhanced-
coupling signal is utilized to design the outer loop controller in
the following manner as:

s=7-Tu=7=(va+0[5:Cy 81~ C:C,J)

—e, —9[5,Cy, 8,1 —CC,]"
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P (24)

where the payload swing angle information item g is defined
as p = 9[S,Cy, Sy, 1 — C,C,]". Taking the time derivative of
the composite signal (24) yields

ds_dey dp_dey [d(S:C,) dS, d(1-CiC))]"
dt dt dt dt dt 7 dt’ dt
0.CCy — 0,5,
S¢=é —fp=&, 0| 0,C, (25)
0.:5.Cy + 0,05,
from which one can obtain that
]l < 20, [|al] < 94/62 + 62 (26)

1) Outer Loop Controller Design: According to the outer
loop dynamic model (1) and theresult &, = q, €, = q, the open-
loop error dynamics can be expressed as

éq:Mc_l(u+quis_Vcéq_G)~

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

27

E = }e e My +mgl(l — C,.C,). (28)

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

. 1. ) )
E=é] <2Mcéq + Mcéq) + mgl (93659501, + eycmsy)
(1, . . .
= e; <2MC - Vc) ey + e;r (u+ Fy,) — e;G
+mgl (0:5.C, +0,C.,)
= e;r (u + Fq«|is) - (M + m)géz
T T
= [e,:, O ] ([fReg — (M + m)ge&(),()}T + quis)

= éI [fRes — (M + m)ges + (M + m)ag] - (29)

Utilizing the composite position signal (24), a nonnegative func-
tion E,, is constructed, whose time derivative is given as
E,=¢" [fRes — (M + m)ges + (M + m)agi)

= E+ Ey. (30)

Therewith, combining with (4)—(8), the expression of E.g can be
further written as

Ey= — i [fRes — (M +m)ges + (M + m)ags
= — (M + m)b, (£C,C, + £5,C,) — I(M + m)b,
X (8,8, +Cy+CoSy) 0 (0202 Cy ~6,8.5, )
xml(émCmCy— 0,5, S,y—625,C,—025,C,—26,6,C., Sy>
00, Cyml (8,C,—025,) =9 (0,5.C, +0,C..S, )

xml(B,.8,Cyt8,C 8,020, C 020, Cy~ 26,6, 5,.5))

- 0(M+m)z(ézéxcj—égéycysywyéy) +I(M+m)
%9 (0:8:Cy +0,C.8, ) — Imif, C, — = (éycy)
— oml (6,C,C, — 0,5,5 ) (9 C.Cy —6,5.5,)

— ol (6,5,C, + éyomsy) - (6.5.C, +6,C.5,)

_1 A p2ee g d,_
= SO0 +m)l <9ICy+9y)+19(M+m)g (1-C,C,)
1 . . 2 1
- §19mzi (emcwcy—eyswsy) —59m 1;1 (9 c)
1
—fﬁmld (9sc+ecs) 31)

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

1 . .
= SOMI (B2C2+62) + 0(M +m)g (1-CaC,) (32)

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

V = E, + k,Ln [Cosh(s)] (33)

where ky, = [kpa, kpy, kp-]" € R3 is a gain vector. Taking the
time derivative of (33) yields

V =<' [fRes— (M +m)ges+(M + m)ag+ K, Tanh()]
=& [fy+ fa— (M +m)ges + (M + m)ags

+ K, Tanh(s)] (34)

K, = diag(k,) € RY,
control input f, and the auxiliary vector
fa are given as f.,=(f/(ejR)Res))Raes, fa =
(f/(el R} Res))[(es R} Res)Re, — Rqes]. Based on the
idea of hierarchical control, vector fa reflects the coupling
between the multirotor’s translation and rotation, which can
be temporarily neglected. Thus, from (34), the virtual control
input f, is constructed as follows:

wherein the constructed

virtual

f=—K,Tanh(s) — K Tanh($) — M +m)aais+ M +m)ges

(35)

where Ky = diag([kag, kay, kd-])
diagonal matrix.

Afterward, according to the relation fy=
(f/(e3RjRes))Rqes, it is obvious that f, and Rges
have the same direction; thus, the desired unit direction
vector r3q = Rgez € R® can be obtained by calculating

€ R¥ is a positive definite

r3q = Raes = f./||f,|. So f., can be further arranged as
_fovH f“/ _If T _
o= FiRes ]~ Tihes = Frfes fr=1- £

which indicates that the scaler multirotor thrust can be calculated
by

f = f]Res. (36)
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S coupling term satisfies the growth restriction condition [10],
Observer <_€X (14) [41], [42].
a3 Theorem 2: Under the designed attitude controller (37) and
. . o FX the disturbance observer (15) and (16), the attitude error dynam-
ag;s  Translation I 5 Sliding .. .
Controller X e ics is bounded and converges to zero, i.e.,
aqis(0) (35) (11)
iy tlggc er = 03x1, hm eq = 03x1.
Aerial Transportation System With Blade Damage
T Proof: To prove Theorem 2, select the following Lyapunov
74s(Q) Rotation S Sliding function candidate for the rotational motion as:
_ Controller — Surface
dis 37 12 —1~
7 @ = SedTeatknZ(R,Ry) tockeat 5 (7 Fa) (T Fa)
Disturbance (38)
Observer |1 (16)
(15) where 2(R, Ry) = % tr[I — RT R} is the real-valued error func-
tion defined on SO(3) x SO(3), and p is a positive constant
Fig. 3. Block diagram of the calculation process of the finite-time Ak kphm (J)2

disturbance observer.

Thus, according to (35) and (36), the final scaler multirotor thrust
is
f = (~ K, Tanh(s) -

KdTanh(é) — (M + m)ddis

+(M +m)ges)" Res.

Then, on the basis of the obtained unit vector 734, selecting
an arbitrary vector r1,(t) € R3 not parallel to 73 4, the desired
attitude can be derived as Ry(t) = [r24 X T34; T24; T3 4], Where
Tog = % represents the second row of the desired rota-
tion matrix. Subsequently, the desired angular velocity can be
presented as 2, = vex(R] Ry4) [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:
T = —kregr — koeq — Tais
+sk(R)JQ — J (sk(Q)RTRde - RTRde) 37)

wherein kg, ko € 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 f A, 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

that satisfies 0 < min{kgq, Rt () + e (1 VEkrrm (J)}.
The Lyapunov function candidate (38) is proved to be posmve

definite [32], [36]. Taking the time derivative of the attitude and
angular velocity tracking errors, one has

érn=C (RjR) eq (39)
Jég =T + Tas — sk(Q)JQ
Iy (sk(Q)RTRde - RTRde) (40)
where C(RjR) = 3(tr[R"Rq)JI — RTR;) and satisfies

||C’(RdTR)|| < 1, for VRdTR € SO(3).
By substituting (39), (40), and (37) into the time derivative of
(38), and considering (15) and s, = J '74, — &, one obtains

V, = ehJéq + kreheq + oéreq + oepéq
+ (T )| (T Fa)
= — er;EeQ + oC (RdTR) egeg - QkRJ_leIT%eR

— okqJ 'epeq + (e, + oJ 'ef) Tais + S50

okr 2 okq
< —(kqg— eqll>— e + ——|le e
< ~(ka—0) lleal AM(J)n R e
+llealllTasl + 5 ( )IleRIIIITcusII
- [ndwlandw27ndw3]|sw|
okr 2 ok
< —(kq—0) |lea|*— e —|—7 erlllle

+ lleall[|7aill + 41

‘E SllexlI17as.

Further, define the generalized attitude error vector e; =
[lerll,|leall]”, (41) can be rewritten as

V., < —e[Wier + ||7as||Wser

< = hmW)ller|® + FasllWalller]  42)
where in W7 and W, take the following form as:

x gk(RJ) o zxgk?J) 0 !

O e ) [ T

—% ko —o A ()

Authorized licensed use limited to: NANKAI UNIVERSITY. Downloaded on March 30,2025 at 17:03:03 UTC from IEEE Xplore. Restrictions apply.



YU et al.: FAULT-TOLERANT CONTROL FOR MULTIROTOR AERIAL TRANSPORTATION SYSTEMS WITH BLADE DAMAGE

12725

Step 1: t < tyn. From (42), on one hand, when |e;|| >
AL‘YI/?/!) ||7ais||, it is obvious that V,. < 0, which means the
attitude error is decreasing progressively. On the other hand,
ller|l < HWMz/ Hl) ||74is || implies that the attitude error is bounded
since Tg;s is bounded. Therefore, when t < t;q, the rotation
error is bounded.

Step 2:t > tyn. Whent > tq, the disturbance estimate error

is zero, i.e., T4is = 03x1. Thus, (42) turns to

Ve < —Am(Wh)ller|®

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—00

T T T
[03><1’ 02><1’ 03><1’ 02><1]

) v

T@TeT@}

Proof: To prove Theorem 3, the Lyapunov function candidate
is chosen as
1
Vi=V+ §a§isadis. (43)

Then, substituting (35) into the time derivative of (43), and
noting (13) and s, = agis — &y yields

Ve =& [(M + m)ags — KqTanh($)] + @i ais
= — éTKdTanh(é) + gT(M + m)ags + sl Sx
< —¢"KyTanh($) + ¢ (M + m)adis — [Mdes Nay, Na=)|Sx|
< — ¢ KyTanh(¢) + ¢ (M + m)ag (44)

Subsequently, the analysis is divided into two steps as follows.
Step 1: 1 < ty,. From (44), one can derive that
Vi < = [[Kallll¢]* + (M +m)[|<]]]| @i

= ISl (Ealll[$]] = (M + m) [ @isl]) -

Based on the above inequality, two cases will be analyzed, i.e.,

161> 45 o and i 6] < 452 .

1) For the first case ||| > HKdH | @gis ||, it is obvious that
IEalllISIl — (M + m)||@ais|| > 0, which indicates that
V, <0. In this case, the outer loop error dynamics is
decreasing progressively.

2) On the flip side, the second case [|$]| < %H&disu
implies that the translation error is bounded since Qgis
is bounded.

In summary, when ¢ < t¢,, the translation error dynamics of
the system is bounded.
Step 2: t > ty,. Based on (23), (44) can be further deduced
as
V, =

— ¢"KyTanh(¢) <0 (45)

Integrating (45) with respect to time, one has

t
Vi(t) = Viltsy) —/ éTKdTanh(é)dT <Viltyy) < +00

trx
(46)
then combining with (28), (32), and (33) yields
Vi(t) € Loo = 6,4,%,05,0, € Lo (47)

Thus, with the result in (47) and (26), from (24), (35), and the
system models (4)—(8), one achieves v, 7, $ € L. Define a set
U = {(e,é,04,0,,0.,6,) | Vi(t) =0}, let A be the largest
invariant set in W. Subsequently, combining with (45), one can
conclude that

¢ = 03x1. (48)

From (48), it is derived

S =w1,8 =03 (49)

where ©o; = [wlz,wly,wlz]T represents an undetermined
constant vector. Then, substituting (35), (48), and (49) into
system models (4)—(6) and making some transformation yields

 [Vkps tanh(wis), Ukpy tanh(wyy ), Ukp, tanh(w:.)]
Y(M +m) +ml '
Assuming w1, # 0, w1y # 0, w1, # 0, one can conclude that
T — 00,y — 00,2 — 00 as t — oo, which conflicts with

the conclusion % € L. Therefore, the assumption wq, #
0,71y # 0,1, # 0 does not hold, and one can deduce that

(M +m)ges  (50)

(S

w1 =031 = ¢ =031, fy =
’;y:03><1:>éVZWQ

where ©oy = [wa,wzy,sz]T represents an undetermined
constant vector. In an analogous method, assuming coo, #
0,2y # 0,2, # 0, it can be derived that z — oo,y —
00,z — coast — oo, whichisinconsistent withy € L. Thus,

one has
wy = 0341 = €&, = 03x1. (52)

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

é.C.C, —0,5.S, =0,0,C, =0,0,5,C, + 0,C.S, = 0.
(53)
According to Assumption 1 and (53), it is obvious that
0, =0,6,=0=60,=0,6,=0. (54)
Substituting (52) and (54) into (7) and (8) achieves
mglS,Cy = 0,mglCySy =0= 0, =0,0, =0. (55)
Finally, substituting (55) into the result ¢ = 037 yields
~ = 03x1. (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:

t—00 v

. . - T T
lim [eT el,e’ e ,e;eg}

_ 0T T T T T T 1T
- [03><1’03><1702x1702x1703><1703><1] .

Proof: The stability analysis of the overall closed-loop sys-
tem with the consideration of the coupling term f A is taken into
account here. Define the generalized translation error vector as

eo =[e),e)]". Inserting Ryes = % and f = f Res into
Yy

7 %q
fa,and according to [32], one can conclude that

I£all = [1£+]]|(e3 Ry Res) Res — Raes||
< £+ llerll-

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 ||ag;s|| < 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

[FAIl < [ Kpsll + [ Kasll + (M +m)g + (M +m)a
< 2max (A (Kp), An(Kq)) - max(1,9) |[eo]]
+ (M +m)g + (M + m)a + 2k, max (A (Kp), Aar(Kq))

_ (||eo||+ (M +m)(g+a)+ 2k, max (An(Kp), )»M(Kd))>
2max (A (Kp), An (K g)) - max (1, 9)
. 2maX(AM(KP), )\,A](Kd)) . max(l, 19)
By setting e = 4max(An(K,), An(Kq)) - max(1,9),e =
(M+m)(g+a)+2k, max(ia (Kp),An (Kq))

21’11&)(()»1\/[(1(1)),)»1\4(Kd))~max(1,'l9) ’
virtual control vector f, satisfies the following property:

1£4(e0)] < {aeou

€e, for |eol| < €

(57)

one knows that the

for ||eo|| > € (58)

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

[Fall <1 f5[ el
<elleollllerll, for[leol| = €

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

Remark 5: Ttis 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 ¢, = [c, ¢y, C2, 0, 0], 44 = O5x1, Where cg, ¢y, C;
are constants. Thus, M.q, = 0. According to the form of the
centripetal-Coriolis matrix V,, one can calculate that V.q, = 0.

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

Mcéq +Mch+‘/ceq + chqd+G = u+quis
=&, =M (u+Fy —V.e,—G).

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

V. 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 = 0.625kg, m = 0.075kg, [ = 0.5m, g = 9.8 m/s?, J =
diag([0.01379,0.01379, 0.02507]) kg - m?, d = 0.225m, cp =
1.201 x 107°N/(rad/s)?, ¢, = 1.606 x 10~ "N - m/(rad/s)?.
The control gains of the designed control scheme are selected as
K, = diag([1.0,1.0,1.2])), K,=diag([2.5,2.5,2.8]), ¥=1.5,
kr =5.0, kg =0.6, co, = diag([5.0,5.0,5.0]), cg, = diag
([5.0,5.0,5.0]), cq, = diag([2.0,2.0,2.0]), cg, = diag([1.0,
1.0,1.0]), oy = 0.5, By =2, o, = 0.5, oy = 2, Ny, + Kay =
diag([0.5,0.5,15]), 74w + Kaw = diag([40.0,40.0,5.0]). The
initial and the desired position of the quadrotor are set as
Yo = [-0.5,1.3,1.0] "'m and ~4 = [0.5,0.3,1.5] "m. For the
sake of description, define [dw, ciy, czz]T = (M + m)agis,
[CZQl , 6292 , CZQS]T = T4is. 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.; combined with the designed finite-time
disturbance observer

fe1 = — KpTanh(e,) — K Tanh(e.)
+ (M + m)geg — (M + m)ddis

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

fe2 = —K,Tanh(s) — K,Tanh($) + (M + m)ges.

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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Results for blade damage during hovering. (a) Quadrotor position and payload swing angles. (b) Control inputs. (c) Estimated disturbance
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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
as M = 1.46kg, m = 0.18kg, [ = 0.98m, g = 9.8m/s?, J =
diag([0.0117,0.0120, 0.0184]) kg - m?. The parameters of the
control algorithm are selected as ¢ = 0.2, K, = diag([5.0, 5.0,

Time (sec)

10 1z 14 16 18

(b)

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

() (b) ()

(@

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]), Kq = diag([6.0,6.0,8.0]), kr = 1.92, kg = 0.3, ca, =
diag([5.0,5.0,5.0]), cp, = diag([5.0,5.0,5.0]), cq, = diag
([2.0,2.0,2.0]), cg, = diag([1.0,1.0,1.0]), a, =0.5, By =
2, a, =0.5, B, =2, Ny + ke, = diag([0.35,0.35, 3.50]),
Ndw + Kdw = diag([20.0,20.0,2.0]). The initial and the desired
position of the quadrotor are set as v = [0.0,0.0,1.5] "m and
~4 = [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.; com-
bined with the designed finite-time disturbance observer and
the enhanced coupling method f.o 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(¢) with tanh(k x ¢) 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/6yWFeBSmOgqs.

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 v = [0.0,0.0,1.5]"m and v4 = [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 lcm 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.; combined with the
designed finite-time disturbance observer and the enhanced cou-
pling method f.o 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 I1. 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 0.4956 m,
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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Results for comparison test. (a) Quadrotor position and payload swing angles. (b) Control inputs. (c) Estimated disturbance forces and

TABLE Il
QUANTITATIVE DATA OF COMPARISON TEST

Comparison Test eSteady—sta;e error (12) 7fRise ttime (St) Maximum value (°)
T y z x Y z & Y
Proposed method 0.0175 0.0184 0.0109 | 3.7 3.7 23| 87739 10.0986
Saturated PD + FTDO 0.0191 0.0174 0.0134 | 3.7 39 24 | 148995 16.0612
Enhanced coupling method | 0.0874 0.2078 0.4956 | 39 42 23 | 9.5731 9.1735

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 of D, 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.

REFERENCES
[11 H.Wang, H. Ni,J. Wang, and W. Chen, “Hybrid vision/force control of soft
robot based on a deformation model,” IEEE Trans. Control Syst. Technol.,
vol. 29, no. 2, pp. 661-671, Mar. 2021.
C. Yang, Y. Jiang, W. He, J. Na, Z. Li, and B. Xu, “Adaptive parameter
estimation and control design for robot manipulators with finite-time
convergence,” IEEE Trans. Ind. Electron., vol. 65, no. 10, pp. 8112-8123,
Oct. 2018.
S. Yang and B. Xian, “Energy-based nonlinear adaptive control design for
the quadrotor UAV system with a suspended payload,” IEEE Trans. Ind.
Electron., vol. 67, no. 3, pp. 2054-2064, Mar. 2020.
P. Kumar, I. Bensekrane, and R. Merzouki, “Power consumption modeling
of wheeled mobile robots with multiple driving modes,” IEEE Trans. Ind.
Electron., vol. 70, no. 10, pp. 10282-10291, Oct. 2023.
L. Chen, R. Cui, C. Yang, and W. Yan, “Adaptive neural network control
of underactuated surface vessels with guaranteed transient performance:
Theory and experimental results,” IEEE Trans. Ind. Electron., vol. 67,
no. 5, pp. 4024-4035, May 2020.
M. Xu, A. Hu, and H. Wang, “Image-based visual impedance force control
for contact aerial manipulation,” IEEE Trans. Autom. Sci. Eng., vol. 20,
no. 1, pp. 518-527, Jan. 2023.
B. Xian and S. Yang, “Robust tracking control of a quadrotor unmanned
aerial vehicle-suspended payload system,” IEEE/ASME Trans. Mecha-
tron., vol. 26, no. 5, pp. 2653-2663, Oct. 2021.
G. Yu, D. Cabecinhas, R. Cunha, and C. Silvestre, “Aggressive maneuvers
for a quadrotor-slung-load system through fast trajectory generation and
tracking,” Auton. Robots, vol. 46, no. 4, pp. 499-513, 2022.
A. Akhtar, S. Saleem, and J. Shan, “Path following of a quadrotor with
a cable-suspended payload,” IEEE Trans. Ind. Electron., vol. 70, no. 2,
pp. 1646-1654, Feb. 2023.
X. Liang, Y. Fang, N. Sun, H. Lin, and X. Zhao, “Adaptive nonlinear hier-
archical control for a rotorcraft transporting a cable-suspended payload,”
IEEE Trans. Syst., Man, Cybern. Syst., vol. 51, no. 7, pp. 4171-4182,
Jul. 2021.

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

Authorized licensed use limited to: NANKAI UNIVERSITY. Downloaded on March 30,2025 at 17:03:03 UTC from IEEE Xplore. Restrictions apply.



12730

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 71, NO. 10, OCTOBER 2024

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

B. Jiang, K. Zhang, C. Liu, and H. Yang, “Fault diagnosis and accommo-
dation with flight control applications,” J. Control Decis., vol. 7, no. 1,
pp. 24-43, 2020.

R. C. Avram, X. Zhang, and J. Muse, “Nonlinear adaptive fault-tolerant
quadrotor altitude and attitude tracking with multiple actuator faults,” JEEE
Trans. Control Syst. Technol., vol. 26, no. 2, pp. 701-707, Mar. 2018.

S. Mallavalli and A. Fekih, “A fault tolerant control design for actuator
fault mitigation in quadrotor UAVS,” in Proc. Amer. Control Conf., 2019,
pp. 5111-5116.

Y. Song, L. He, D. Zhang, J. Qian, and J. Fu, “Neuroadaptive fault-
tolerant control of quadrotor UAVs: A more affordable solution,”
IEEE Trans. Neural Netw. Learn. Syst., vol. 30, no. 7, pp. 1975-1983,
Jul. 2019.

Z. Hou, P. Lu, and Z. Tu, “Nonsingular terminal sliding mode control for
a quadrotor UAV with a total rotor failure,” Aerosp. Sci. Technol., vol. 98,
2020, Art. no. 105716.

W. Chung and H. Son, “Fault-tolerant control of multirotor UAVs by
control variable elimination,” IEEE/ASME Trans. Mechatron., vol. 25,
no. 5, pp. 2513-2522, Oct. 2020.

B. Wang, Y. Shen, and Y. Zhang, “Active fault-tolerant control for a
quadrotor helicopter against actuator faults and model uncertainties,”
Aerosp. Sci. Technol., vol. 99, 2020, Art. no. 105745.

C. Ke, K.-Y. Cai, and Q. Quan, “Uniform fault-tolerant control of a
quadcopter with rotor failure,” IEEE/ASME Trans. Mechatron., vol. 28,
no. 1, pp. 507-517, Feb. 2023.

M. Qian, Z. Zhang, Z. Zheng, and C. Bo, “Sliding mode control-based
distributed fault tolerant tracking control for multiple unmanned aerial
vehicles with input constraints and actuator faults,” Int. J. Robust Nonlinear
Control, vol. 33, pp. 9150-9173, 2022.

K. Ahmadi, D. Asadi, A. Merheb, S.-Y. Nabavi-Chashmi, and O. Tut-
soy, “Active fault-tolerant control of quadrotor UAVs with nonlinear
observer-based sliding mode control validated through hardware in the
loop experiments,” Control Eng. Pract., vol. 137, 2023, Art. no. 105557.
M. Zhang and X. Jing, “Model-free saturated PD-SMC method for 4-
DOF tower crane systems,” IEEE Trans. Ind. Electron., vol. 69, no. 10,
pp. 10270-10280, Oct. 2022.

B.Zhao, H. Ouyang, and M. Iwasaki, “Motion trajectory tracking and sway
reduction for double-pendulum overhead cranes using improved adap-
tive control without velocity feedback,” IEEE/ASME Trans. Mechatron.,
vol. 27, no. 5, pp. 3648-3659, Oct. 2022.

K. Sreenath, T. Lee, and V. Kumar, “Geometric control and differential
flatness of a quadrotor UAV with a cable-suspended load,” in Proc. 52nd
IEEE Conf. Decis. Control, 2013, pp. 2269-2274.

Z.-Y. Lv, Y. Wu, and W. Rui, “Nonlinear motion control for a quadro-
tor transporting a cable-suspended payload,” IEEE Trans. Veh. Technol.,
vol. 69, no. 8, pp. 8192-8206, Aug. 2020.

D. Hashemi and H. Heidari, “Trajectory planning of quadrotor UAV with
maximum payload and minimum oscillation of suspended load using
optimal control,” J. Intell. Robot. Syst., vol. 100, no. 3/4, pp. 1369-1381,
2020.

X. Liang, Y. Fang, N. Sun, and H. Lin, “Dynamics analysis and time-
optimal motion planning for unmanned quadrotor transportation systems,”
Mechatronics, vol. 50, pp. 16-29, 2018.

G. J. Leishman, Principles of Helicopter Aerodynamics With CD Extra.
Cambridge, U.K.:Cambridge Univ. Press, 2006.

K. Guo, W. Zhang, Y. Zhu, J. Jia, X. Yu, and Y. Zhang, “Safety control
for quadrotor UAV against ground effect and blade damage,” IEEE Trans.
Ind. Electron., vol. 69, no. 12, pp. 13373-13383, Dec. 2022.

X. Wang, S. Sun, E.-J. van Kampen, and Q. Chu, “Quadrotor fault tolerant
incremental sliding mode control driven by sliding mode disturbance
observers,” Aerosp. Sci. Technol., vol. 87, pp. 417-430, 2019.

B. Wang, X. Yu, L. Mu, and Y. Zhang, “Disturbance observer-based adap-
tive fault-tolerant control for a quadrotor helicopter subject to parametric
uncertainties and external disturbances,” Mech. Syst. Signal Process.,
vol. 120, pp. 727-743, 2019.

X. Wu, Y. Zhao, and K. Xu, “Nonlinear disturbance observer based sliding
mode control for a benchmark system with uncertain disturbances,” I1SA
Trans., vol. 110, pp. 63-70, 2021.

T. Lee, M. Leok, and N. H. McClamroch, “Geometric tracking control of a
quadrotor UAV on SE(3),” in Proc. IEEE 49th Conf. Decis. Control, 2010,
pp- 5420-5425.

D. Jiang, G. Wen, Z. Peng, J.-L. Wang, and T. Huang, “Fully distributed
pull-based event-triggered bipartite fixed-time output control of heteroge-
neous systems with an active leader,” IEEE Trans. Cybern., vol. 53, no. 5,
pp- 3089-3100, May 2023.

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Z. Zuo and L. Tie, “Distributed robust finite-time nonlinear consensus
protocols for multi-agent systems,” Int. J. Syst. Sci., vol. 47, no. 6,
pp. 1366-1375, 2016.

Y. Yang, L. Tang, W. Zou, J. Guo, and C. K. Ahn, “Dynamic event-
triggered design with fixed-time performance and input dead-zone,” IEEE
Trans. Circuits Syst. II, Exp. Briefs, vol. 69, no. 11, pp. 4344-4348,
Nov. 2022.

T. Lee, “Robust adaptive attitude tracking on SO(3) with an application
to a quadrotor UAV,” IEEE Trans. Control Syst. Technol., vol. 21, no. 5,
pp. 1924-1930, Sep. 2012.

F. A. Goodarzi, D. Lee, and T. Lee, “Geometric adaptive tracking control
of a quadrotor unmanned aerial vehicle on SE(3) for agile maneuvers,” J.
Dyn. Syst., Meas., Control, vol. 137, no. 9, 2015, Art. no. 091007.

S. Li, J. Yang, W.-H. Chen, and X. Chen, Disturbance Observer-Based
Control: Methods and Applications. Boca Raton, FL, USA:CRC Press,
2014.

C. Ott, Cartesian Impedance Control of Redundant and Flexible-Joint
Robots. Berlin, Germany:Springer, 2008.

G. Yu, D. Cabecinhas, R. Cunha, and C. Silvestre, “Nonlinear backstepping
control of a quadrotor-slung load system,” IEEE/ASME Trans. Mechatron.,
vol. 24, no. 5, pp. 2304-2315, Oct. 2019.

F. Kendoul, “Nonlinear hierarchical flight controller for unmanned rotor-
craft: Design, stability, and experiments,” J. Guid., Control, Dyn., vol. 32,
no. 6, pp. 1954-1958, 2009.

B. Zhao, B. Xian, Y. Zhang, and X. Zhang, “Nonlinear robust adap-
tive tracking control of a quadrotor UAV via immersion and invariance
methodology,” IEEE Trans. Ind. Electron., vol. 62, no. 5, pp. 2891-2902,
May 2015.

S. Wang, J. Chen, and X. He, “An adaptive composite disturbance rejection
for attitude control of the agricultural quadrotor UAV,” ISA Trans., vol. 129,
pp. 564-579, 2022.

B. Ghalamchi, Z. Jia, and M. W. Mueller, “Real-time vibration-based pro-
peller fault diagnosis for multicopters,” IEEE/ASME Trans. Mechatron.,
vol. 25, no. 1, pp. 395405, Feb. 2020.

C. Song, C. Wei, F. Yang, and N. Cui, “High-order sliding mode-based
fixed-time active disturbance rejection control for quadrotor attitude sys-
tem,” Electronics, vol. 7, no. 12, 2018, Art. no. 357.

R. Puchalski, A. Bondyra, W. Giernacki, and Y. Zhang, “Actuator fault
detection and isolation system for multirotor unmanned aerial vehicles,” in
Proc. 26th Int. Conf. Methods Models Automat. Robot., 2022, pp. 364-369.
Z. Lv, Y. Wu, X.-M. Sun, and Q.-G. Wang, “Fixed-time control for a
quadrotor with a cable-suspended load,” IEEE Trans. Intell. Transp. Syst.,
vol. 23, no. 11, pp. 21932-21943, Nov. 2022.

T.-I. Yeam and D.-C. Lee, “Design of sliding-mode speed controller
with active damping control for single-inverter dual-PMSM drive sys-
tems,” IEEE Trans. Power Electron., vol. 36, no. 5, pp.5794-5801,
May 2021.

J. Hu, Q. Sun, R. Wang, B. Wang, M. Zhai, and H. Zhang, “Privacy-
preserving sliding mode control for voltage restoration of AC microgrids
based on output mask approach,” IEEE Trans. Ind. Inform., vol. 18, no. 10,
pp. 6818-6827, Oct. 2022.

Z. Echreshavi, M. Farbood, and M. Shasadeghi, “Fuzzy event-triggered
integral sliding mode control of nonlinear continuous-time systems,” /[EEE
Trans. Fuzzy Syst., vol. 30, no. 7, pp. 2347-2359, Jul. 2022.

D. Yang, T. Li, X. Xie, and H. Zhang, “Event-triggered integral sliding-
mode control for nonlinear constrained-input systems with disturbances
via adaptive dynamic programming,” [EEE Trans. Syst., Man, Cybern.
Syst., vol. 50, no. 11, pp. 4086-4096, Nov. 2020.

C. Wu, A. vander Schaft, and J. Chen, “Robust trajectory tracking for incre-
mentally passive nonlinear systems,” Automatica, vol. 107, pp. 595-599,
2019.

Z. Xing, Y. Zhang, and C.-Y. Su, “Active wind rejection control for a
quadrotor UAV against unknown winds,” IEEE Trans. Aerosp. Electron.
Syst., vol. 59, no. 6, pp. 8956-8968, Dec. 2023.

R. R. Nair, L. Behera, and S. Kumar, “Event-triggered finite-time inte-
gral sliding mode controller for consensus-based formation of multirobot
systems with disturbances,” IEEE Trans. Control Syst. Technol., vol. 27,
no. 1, pp. 3947, Jan. 2019.

S. Ahmed, H. Wang, and Y. Tian, “Adaptive high-order terminal sliding
mode control based on time delay estimation for the robotic manipulators
with backlash hysteresis,” IEEE Trans. Syst., Man, Cybern. Syst., vol. 51,
no. 2, pp. 1128-1137, Feb. 2021.

X. Sun, Y. Xiong, J. Yang, and X. Tian, “Torque ripple reduction for a 12/8
switched reluctance motor based on a novel sliding mode control strategy,”
IEEE Trans. Transport. Electrific., vol. 9, no. 1, pp. 359-369, Mar. 2023.

Authorized licensed use limited to: NANKAI UNIVERSITY. Downloaded on March 30,2025 at 17:03:03 UTC from IEEE Xplore. Restrictions apply.



YU et al.: FAULT-TOLERANT CONTROL FOR MULTIROTOR AERIAL TRANSPORTATION SYSTEMS WITH BLADE DAMAGE 12731

[571

[58]

[59]

[60]

S. Xie, Q. Chen, and Q. Yang, “Adaptive fuzzy predefined-time dynamic
surface control for attitude tracking of spacecraft with state constraints,”
IEEE Trans. Fuzzy Syst., vol. 31, no. 7, pp. 2292-2304, Jul. 2023.

M. Labbadi and M. Cherkaoui, “Robust adaptive nonsingular fast terminal
sliding-mode tracking control for an uncertain quadrotor UAV subjected
to disturbances,” ISA Trans., vol. 99, pp. 290-304, 2020.

N. Harl and S. N. Balakrishnan, “Impact time and angle guidance with
sliding mode control,” /EEE Trans. Control Syst. Technol., vol. 20, no. 6,
pp. 1436-1449, Nov. 2012.

A. M. Parrany and A. Alasty, “Decentralized aggregation and leader-
following control of a swarm of quadcopters with nonlinear under-actuated
dynamics,” Aerosp. Sci. Technol., vol. 107, 2020, Art. no. 106317.

Hai Yu (Graduate Student, Member) received
the B.S. degree in automation from Jilin Uni-
versity, Changchun, China, in 2020. He is cur-
rently working toward the Ph.D. degree in con-
trol science and engineering with the Institute
of Robotics and Automatic Information System,
Nankai University, Tianjin, China.

His research interests include nonlinear con-
trol of unmanned aerial vehicles.

Shizhen Wu (Graduate Student Member, IEEE)
received the B.S. degree in information and
computing science from the School of Mathe-
matics, Hefei University of Technology, Hefei,
China, in 2019. He is currently working toward
the Ph.D. degree in control science and engi-
neering with the Institute of Robotics and Au-
tomatic Information System, Nankai University,
Tianjin, China.

His research interests include hybrid dynam-
ics and control, safety verification, and coordi-

nation of multiple underactuated robotics.

Wei He received the B.S. degree in intelligent
science and technology, in 2019, from Nankai
University, Tianjin, China, where he is currently
working toward the Ph.D. degree in control
science and engineering with the Institute of
Robotics and Automatic Information System.

His research interests include motion plan-
ning, state estimation and intelligent control of
robots, especially unmanned aerial vehicles and
aerial manipulation systems.

(;37‘

Xiao Liang (Member, IEEE) received the B.S.
degree in intelligence science and technology
from the Hebei University of Technology, Tianjin,
China, in 2013, and the Ph.D. degree in control
theory and control engineering from Nankai Uni-
versity, Tianjin, in 2018.

He is currently an Associate Professor with
the Institute of Robotics and Automatic Infor-
mation System, Nankai University. His research
interests include motion planning and nonlinear
control of unmanned aerial vehicle systems.

Jianda Han (Member, IEEE) received the Ph.D.
degree in mechatronic engineering from the
Harbin Institute of Technology, Harbin, China, in
1998.

He is currently a Professor with the Institute
of Robotics and Automatic Information System,
Nankai University, Tianjin, China. From 1998 to
2003, he was a Visiting Scientist with the City

o, AL University of Hong Kong, Hong Kong; Michi-
gan State University, East Lansing, MIl, USA;
and Cornell University, Ithaca, NY, USA. His re-

search interests include nonlinear estimation and control, robotics, and
mechatronics systems.

Yongchun Fang (Senior Member, IEEE) re-
ceived the B.S. and M.S. degrees in control the-
ory and applications from Zhejiang University,
Hangzhou, China, in 1996 and 1999, respec-
tively, and the Ph.D. degree in electrical engi-
neering from Clemson University, Clemson, SC,
USA, in 2002.

He is currently a Professor with the Institute
of Robotics and Automatic Information System,
Nankai University, Tianjin, China. From 2002 to
2003, he was a Postdoctoral Fellow with the
Sibley School of Mechanical and Aerospace Engineering, Cornell Uni-
versity, Ithaca, NY, USA. His research interests include nonlinear control,
visual servoing, control of underactuated systems, and atomic force
microscopy (AFM)-based nanosystems.

Dr. Fang was the recipient of the National Science Fund for Distin-
guished Young Scholars of China. He was an Associate Editor for the
ASME Journal of Dynamic Systems, Measurement, and Control.

Authorized licensed use limited to: NANKAI UNIVERSITY. Downloaded on March 30,2025 at 17:03:03 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


