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ABSTRACT Compared with traditional vehicle transportation methods, unmanned aerial vehicles (UAVs)
have many advantages in transporting cargo because they are not limited by factors such as road traffic.
To address practical applications, this paper presents a local obstacle avoidance control scheme for the
quadrotor with suspended payload, which is suitable for complex environments with dense obstacles and
external disturbances. Firstly, the overall dynamic model of the quadrotor-payload system is established
using Euler-Lagrange equations. Secondly, considering the envelope circle radius switching problem caused
by changes in the amplitude of the swing angles of the payload, an obstacle avoidance constraint of the
quadrotor-payload system is presented, and an R-function is introduced to improve the traditional artificial
potential field method, so as to achieve a less conservative obstacle avoidance. Thirdly, a cascade control
scheme based on sliding mode algorithm is designed for the quadrotor-payload system trajectory tracking
under external disturbances. Moreover, to avoid payload oscillations during flight, a feed-forward controller
is designed to suppress the swing of the payload. Finally, simulation results verify the effectiveness and
superiority of the proposed local obstacle avoidance strategy and control scheme.

INDEX TERMS Artificial potential field, feed-forward control, obstacle avoidance, quadrotor-payload
system, sliding mode control.

I. INTRODUCTION

Unmanned aerial vehicles (UAVs) have been widely used
in the civil, military and environmental protection fields in
recent years (such as [1], [2], [3], [4], [5], [6]). For example,
itfilm and television photography has been involved in
cargo transportation [3], film and television photography [4],
remote sensing mappingv [5], and precision agriculture [6].
Due to their flexibility and maneuverability, quadrotor UAVs
are well-suited to perform load-carrying tasks. Quadro-
tors usually transport payloads in two ways: robotic arm
grasping [7], [8], [9] and cable hanging [11], [12], [13].

The associate editor coordinating the review of this manuscript and
approving it for publication was Xiwang Dong.

The advantage of using a cable for payload transport is that
quadrotors do not need to consider the shape of the payload.
Meanwhile, the payload neither interferes with the attitude
response of the quadrotor nor shifts its barycentric position.
It is of great importance to promote the development of
UAV technology and research on local obstacle avoidance
control of the quadrotor with suspend payload in complex
environments.

In terms of modeling, quadrotors are more complex and
have the characteristics of multiple degrees of freedom,
high coupling, and nonlinearity [14]. Currently, the modeling
methods of the quadrotor-payload system are mainly divided
into two types: one modeling method is to model the overall
dynamics of the quadrotor-payload system and take the
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suspension load part as the increased degree of freedom,
another modeling method is to consider the suspension load
part as an external disturbance to the quadrotor system.
For example, Guerrero et al. [15] developed an overall
dynamical model for the quadrotor-payload system based
on the Euler-Lagrange equations, which takes into account
the integrated dynamics of the quadrotor and the payload.
Yang et al. [16] proposed a complete model of the quadrotor
suspended payload system with variable length cable based
on the Newton-Euler method, which consists of the motion
equations of quadrotor and payload with variable length
cable. Moreover, Pizetta et al. [17] modeled the UAV-load
system based on Euler-Lagrange equation and regarded the
load as a model disturbance in order to simplify the model
and controller design.

The swing of the payload will be transmitted to the
quadrotor through the cable, making it susceptible to
external disturbances and thus affecting the stability of
the quadrotor-payload system. Therefore, controller design
for the quadrotor-payload system is a problem deserving
research [18]. In this respect, common controllers include
backstepping control [19], PID control [20], and sliding
mode control (SMC) [21]. As far as sliding mode control
is concerned, it is robust to disturbances and uncertainties
of modeling. Safwat et al. [22] designed robust integral
sliding mode controller and robust backstepping sliding mode
controller for attitude loop subsystem and position loop
subsystem respectively, and verified that the quadrotor can
track the reference trajectory under external disturbances.
Zhou et al. [23] used PD and SMC to control the quadrotor-
payload system, and SMC was shown to have a strong
robustness to the disturbances caused by the payload. In this
paper, the SMC is used to control the position and attitude
of the quadrotor-payload system. In addition, a feed-forward
controller is designed to simultaneously suppress payload
oscillations.

When the quadrotor suspension payload performs trans-
portation tasks, it should have real-time autonomous obstacle
avoidance capability to avoid obstacles exist in the envi-
ronment [24]. Yang et al. [25] presented a path planning
algorithm based on Rapidly-exploring Random Tree (RRT)
for UAVs in an unknown and cluttered environment. How-
ever, due to the heavy computational load, it is difficult to
guarantee fast convergence of the method in practice. In [26],
Farid et al. proposed a modified heuristic-based A-star (A*)
formalism to avoid extra expanded nodes in 3D path search
to generate a dynamically feasible optimal trajectory for
quadrotors. The above methods can be viewed as global path
planning, which requires global obstacle information and
is suitable for tasks with known environments. In addition,
in the case of unknown environment, local obstacle avoidance
algorithm should be considered. A popular method is
employing the artificial potential field (APF), which is used
as a superposition of the attractive potential field of the
target location and the repulsive potential field of the obstacle
to generate an availability path [28]. Montiel et al. [29]
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proposed a method for UAVs to find optimal paths in static
and dynamic environments. Wang et al. [30] proposed an
obstacle avoidance method based on improved artificial
potential field. Both methods are mainly derived for obstacle
avoidance problems and can be viewed as local path planning.
Compared to global path planning, it has the advantage that
it does not rely on global information and only requires
real-time obstacle information detected by the UAV sensors
to avoid the nearest obstacle. However, when the APF method
is used for local obstacle avoidance of the quadrotor with
suspended payload, the obstacle avoidance detection distance
of the quadrotor-payload system is usually set to a fixed
value, ignoring the problem that the swing of the payload may
cause the change of the obstacle avoidance distance of the
system [31].

In this paper, to ensure the safe completion of flight
missions in environments with dense obstacles and external
disturbances, a local obstacle avoidance control scheme for
the quadrotor-payload system is designed. Firstly, the overall
dynamic model of the quadrotor-payload system, including
the dynamics of quadrotor position, attitude, and payload,
is established using the Euler-Lagrange equations. Com-
pared to the Newton-Euler modeling method, the modeling
process in this paper is relatively simple and accurately
describes the motion of the quadrotor. Secondly, in the
local obstacle avoidance module, considering that payload
swing may cause changes in obstacle avoidance distance, the
quadrotor-payload system is obstacle avoidance constrained
using the payload’s swing angles and the R-function. Then,
the traditional APF method is improved to enable the quadro-
tor to achieve low conservatism in obstacle avoidance detec-
tion, approaching and circumventing obstacles as closely as
possible while ensuring safety. Thirdly, in the control module,
a cascaded sliding mode controller is designed to enhance the
robustness of the suspended unmanned aerial vehicle system
under external disturbances, and an anti-swing feedforward
controller is designed to further suppress payload’s swing
angles. Finally, the autonomous real-time obstacle avoidance
of the quadrotor-payload system is achieved by combining
the local obstacle avoidance module and the control module.

The remaining parts of this paper are organized as
follows. The quadrotor-payload system model is established
in Section II. The improved local obstacle avoidance strategy
and the design of the controller are presented in Section III.
Section IV carries out the simulation experiment, the
comparison simulation results attest to the effectiveness of
the proposed scheme. Finally, some conclusions are presented
in Section V.

Il. MODELE OF THE QUADROTOR-PAYLOAD

SYSTEM WITH DISTURBANCES

The schematic of the quadrotor-payload system is shown
in Fig. 1. The payload can swing in the 3D space according
to its own dynamics, but the swing space is limited by the
cable length, which in turn affects the flight performance of
the quadrotor. To facilitate the development of a mathematical
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FIGURE 1. Schematic of the quadrotor-payload system (include reference
frames, forces and angles).

model of the quadrotor-payload system, the following
assumptions are made:

(a) The body of the quadrotor system is rigid and center-
symmetric.

(b) The cable attached to the quadrotor is considered rigid
and massless.

(c) The payload is considered as a particle, and the swing
angles o and B are bounded as follows:

b4 T !
—E<,B<E. (1)

b4 b4
——<a< -,
2 2
Before modeling the quadrotor-payload system, it is neces-
sary to establish appropriate coordinate frames. In this case,
{e} = {xe, Ye, z0} 1s the inertial frame, and {b} = {xp, y», 25}
is the quadrotor body frame whose origin Oy, coincides with
the center of mass of the quadrotor. In addition, a payload
frame {h} = {xp, yn, zn}, whose origin O, coincides with
the origin Op and orientation is parallel to the inertial frame
{e} is set up. In frame {h}, the location of the payload can
be obtained. In this article, configure system variables g =
(€ nul" e ®8*! where & = [x y z]” is the position vector
of the quadrotor in the inertial frame {e}, n = [¢ 6 ¥]7 is the
Euler angles vector of the quadrotor which represents roll,
pitch and yaw, respectively, and 1 = [« B ]T is the swing
angle vector of the payload in which « and 8 are the rotation
angles of the payload around the axes yj, and xj, in the payload
frame {h}.

A. PAYLOAD COORDINATE CALCULATION

Let & = [x, vy zp]T denote the position of the payload in
the inertial frame {e}, which is determined by the length of the
cable /, the swing angle u, and the position of the quadrotor &.
When the payload naturally droops at the initial moment, its
position in the frame {A} is expressed as

€, =1001]". )

VOLUME 11, 2023

When quadrotor moves, the position of the payload is ( [27])

gp = é: + Tpé:pos 3)
and
Ca SaSg  SaCp
Tp = Rot(ax)Rot(B)=| O cp —-sg |, 4

—Sa SpCq CaCp

where ¢; = cos(i), s; = sin(i), Rot(«x) and Rot(B) are the
rotation matrices around the axes yj and xj, in the frame {A4}.

B. EULER-LAGRANGE FUNCTION

Then, the dynamic model of the quadrotor-payload system is
derived using the Euler-Lagrange method based on the energy
principle. The Lagrange function of the quadrotor-payload
system is

L(q,9) = K(q, 9 — V(g), ©)
where

K(q,9) = Ky + Kp
= (K7 @uav) + KRrotuav)) + KT (oad) + KRot(load))

_[Lyere Lo
- |gmére+ Jatia)
| VS
i [Ems,? o+ 51, (a2 + ﬂz)] (6)

is the total kinetic energy which can be expressed as the sum
of the kinetic energy Ky of the quadrotor and the kinetic
energy Kp of the payload. K7 (uav) and K7 (j0aq) are the kinetic
energy of the quadrotor and payload through translation, and
KRot(uavy and Kgot(10aa) are the kinetic energy of the quadrotor
and payload through rotation, respectively. M and m are the
mass of the quadrotor and payload. €2 is the rotation angular
velocity matrix of the quadrotor body which is related to 7 as
follow:

Q=[ow op ozl =Ry
1 0 —so[¢
=10 Co SpCo 0 5 (7)

0 —s¢ cpco| |V
and the moment of inertia matrix of the quadrotor is

L Ixy Iy,

=1 I, I, ®)
IZX Iyz IZZ
In (8), I is a symmetric matrix and Iyy = I,; = I,; = 0

for quadrotors with center symmetry [32]. [, € N, is the
moment of inertia of the payload. The total potential energy
function of the system

Vig) = Mg(—z) + mg(—zp) = Mg(—2) + mg(—z — lcacp)
&)

results from the sum of the potential energy of the quadrotor
and the suspended payload.
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Combining (5), (6) and (9), the Lagrangian function can be
written as

N 2 22
L. 3) = 5(M +m) (2 452+ )
1 .
+ 2 (Ixxsg + Iyycgsé + Izzcgcé) 1//2

1 . 1 . 1 .
+ E (Iyycé + [Zzsé) 92 + E]xx(f’z + Emlzﬁz

—mlcgf + %mﬂdﬂcg + %1,, (az + /3'2)

— Lixsp w¢ + (Iyy - Izz) C@Qﬁdﬂbé

—mlBSﬂ (Sax + cq2) + mldcg (coX — Sa2)

+ Mgz + mg (z + lcqcp) (10)

C. INPUT FORCES AND TORQUES
4
T = > crw;? is the total pull upward force produced by

i=1
the quadrotor, and @ and cr are the rotational speed and
aerodynamic coefficient of the propeller, respectively.
The vector

F=[F. F, F] =-re[0 o 1], D

represents the component of the forces acting on the axis
Xe, Ye, Ze in the frame {e} mapped by the rotation of the
quadrotor through the attitude angle, and

CoCy  CySpSo — CopSyr  CHCyrSo + SpSyr
Rp = | cosy  SpSoSy + CpCy  CpSosy — CySy (12)
—Sp SpCo CopCo

is the quadrotor rotation matrix from the frame {b} to {e}.

Evidently, the change of the attitude angle n affects the
forward thrust F' of the quadrotor, and the torques produced
by the propeller is

T
T = ['C¢ To ‘151/,]

V2 V2 V2 V2
—dcy ——dcr

2 2 2 2
=12 V2 V2 V2
—dCT —dCT

2 2 2

M —CM cM —CMm

< | 721 (13)

where d is the distance between the propeller and the center
of mass of the quadrotor, ¢y is the coefficient of torque.

D. DYNAMICS MODEL OF THE QUADROTOR-PAYLOAD
SYSTEM WITH DISTURBANCES

Applying the Euler-Lagrange formulation

d (aL<q, q)) _0L(g. §)
dat \ g dq

=BU+D (14)
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where U = [T 14 10 Ty ]T is the control input of the system,
and

_—(C¢C1/,S(9 + SpSy) 0 |

—(C¢S9S¢ — c¢s¢) 0

—(cgco) 0

0 1

0 0 (15)
0 0
0 0
0

0 0 O

SO~ OO OO
=l e lNeNeNele)

Entering (10) into (14), we obtain the equations for the
overall dynamics of the quadrotor-payload system, including
the position dynamics equation

Fy+d, =W +m)x + mlcycgd — mlsaslgﬁ
—2mls,3cadB — mlc,f;sadz2 — mlcﬂsaﬂ2
Fy+dy=WM +m)y — mlcﬁﬁ + mls,g,B2
F,+d; = M+m)i—mlsycpti — mlcaslgﬁ—i—Zmls,gsadﬁ
—mlclgcolde2 — mlc,gc,J,,B2 — (M +m)g
(16)
the attitude dynamics equation
Ty +dy = Lt — LeesoVr — (Iyy — IZZ) s¢c¢cgljf2
+ {—IXX¢CQ~|—(Iyy—IZZ) (9S¢C¢+WC9S?¢—¢C9C2)} 0;
T9 +dy = {Iyycé + Izzsé} 6+ {(Iyy — Izz)cec,/)s,/)} v
+ [IHILCQ—F (Iyy—IZZ) (—29s¢c¢+ &cecé —&cesi)} é
+sgcp (—Ixx + Iyysé + Izzcé) 1/}2;
Ty +dy = — XXSQ(Z; + Ly — IZZ)CQC¢S¢5

— Uy — Izz)llfcgs¢0¢] $ + LydcisgcsVr

+ ImlﬁchQ — (Iy .—Izz) (ésec¢s¢, +q3C9s§) —écecé)} 6
+ Imésace -2 (Iyys(zl, + Izzcé) ésece} fh;
(17)
and the dynamic equation of payload’s swing angles
P (—cacpX + sqcpZ + ZZdBcﬂsﬂ — gepsq)ml
(Ip + mi*cp)
B. . (SuspX + cgy + caSpZ + ldzc,gslg + gsgcq)ml
B (I, + mi?)
(18)

in which D = [d, dy d. dy dy dy 0 O]T is the vector of
external disturbances.

Equations (11) — (13) and (16) — (18) constitute
the mathematical model of the quadrotor-payload system
with external disturbances, and the matrix form can be
abbreviated as

M(q)q + C(q. 9)q + G(q) = BU + D, (19)
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FIGURE 2. Scheme of local obstacle avoidance and trajectory tracking control.

where M (q) is the inertia matrix, C(q, ¢) is the Coriolis and
centrifugal matrix, and G(g) is the gravitational vector ( [17]).
From the modeling analysis, it can be seen that the swing
of the payload will affect the motion state of the quadrotor,
which can be clearly illustrated by (16) and (18).

Ill. LOCAL OBSTACLE AVOIDANCE AND

TRAJECTORY TRACKING CONTROL

This section describes the design of local obstacle avoidance
module and control module, respectively (Fig. 2). In the
local obstacle avoidance module, a R-function is used
to describe the quadrotor-payload system to obtain the
maximum envelope radius. Then the traditional APF is
improved to obtain the feasible desired path. In the control
module, a position controller and an attitude controller with
strong anti-interference, as well as a feed-forward controller
are designed to suppress the swing angles.

A. LOCAL OBSTACLE AVOIDANCE MODULE DESIGN

The local obstacle avoidance module is designed to bypass
obstacles to obtain a safe flight path. The input information of
this module is the location of the target point £&7 = (x7 y7),
obstacle information, quadrotors related parameters, the real
flight trajectory £* = (x y), and the swing angles « and B
of the payload. The output is the reference trajectory &;* =
(x7 ¥45). The remainder of this part introduces obstacle
avoidance constraint, the traditional APF and the improved
APEF, respectively.

1) OBSTACLE AVOIDANCE CONSTRAINT

Assuming the quadrotor flies at a predetermined altitude in
an environment with multiple vertical obstacles, only the
shape of the quadrotor-payload system should be depicted
in the X-Y plane. Moreover, considering the swing of the
payload, the position of the payload &, is considered when
the quadrotor performs obstacle avoidance.

VOLUME 11, 2023

—

(b) Two possible envelope circular radii.

FIGURE 3. The obstacle avoidance constraint diagram of the
quadrotor-payload system.

The obstacle avoidance constraint diagram of the
quadrotor-payload system is shown in Fig. 3. To enable the
quadrotor to safely fly around obstacles, we consider the
problem of collision avoidance envelope circle switching
caused by the swing of the payload. When the payload
position exceeds the envelope range of the quadrotors body,
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the overall envelope radius of the system is r;; When the
payload position does not exceed the envelope range of the
quadrotors body, the overall envelope radius is r;, as follows

["1:\/12 (w%—f—w%) (20)

2 = ryay + Lyay,

where w1 = cgSq, W2 = $g, Tuay and Ly, tepresent the arm
length and propeller radius of the quadrotor, respectively.

To better describe the shape of the quadrotor-payload
system, the maximum envelope circular radius of the
quadrotor-payload system model can be obtained based on
the mathematical idea of the R-function as follows [31], [33].
Combining (3) and (20) yields the maximum envelope
circular radius

1
Rmaxzz(rl+r2+|r]_r2|) 21

Obviously, when performing collision detection, we
abstract the system into an envelope circle of radius Rpax,
which is more in line with the actual situation of quadrotor
flight. Moreover, considering the possible bias in the
quadrotor localization accuracy, an appropriate safety dis-
tance Adpin can be added to enable the system to safely avoid
vertical obstacles.

2) TRADITIONAL APF

The artificial potential field method was proposed by Khatib
in the 1980s [28]. The basic idea of traditional APF is to
design the unknown environment in which the robot moves
as a virtual force field. It assumes that the target point
and the obstacle generates an attractive force field and a
repulsive force field to the robot, respectively. The robot
eventually generates a safe obstacle avoidance path from the
starting position to the target position under the traction of the
attractive and repulsive forces in the virtual potential field.
The traditional APF algorithm can be expressed as follows:

1
Uatsuar = Skalp(Er, €, (22)
Fomuay = —grad [Uguav] = kap(Er, 5*)V:0(§T7 é*)v (23)
lk [ 1 1 ]2 -
kil ~ — — 1 Poi = PO;
Urepuavi =127 00i(6*, &oi) L0 ”
0, Poi > PO-
(24)
Frepuavi = —grad [Urepuavi] =
1 1
kil ———= — — 11— Vo™, &),
" ooiEF 8o po poitEFE) T T
Poi = P0;
Ov
Poi = PO
(25)
n
Fattuav = Farmuav + ZF repuavi (26)

i=1
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Among them, Ugyyay and Upepuayi are the target attraction
potential field function and the i-th obstacle repulsion
potential field function, respectively; Fasuay and Frepyavi are
the attractive force and the i-th repulsive force, respectively;
Failay is the resultant force. p,;(€*, &,;) is the actual distance
between the i-th obstacle and the robot, p(&7, &) is the
actual distance between the target point and the robot, pg
is the safe distance between the robot and the obstacle;
Vo&r, £*)and V p,i (%, &,;) are denoted as unit vectors from
&* to &r and from &,; to &*, respectively. k, and k,; are the
attraction and repulsion coefficients, respectively.

When performing local obstacle avoidance, APF does
not need to know all obstacle information, it only works
within the influence range of the nearest obstacle, and it is
highly adaptable to unknown environments. Therefore, the
APF method is well-suited to solve the real-time obstacle
avoidance problem of quadrotors in unknown environments.

3) IMPROVED APF FOR QUADROTOR-PAYLOAD SYSTEM
The traditional APF method has many advantages as a
local obstacle avoidance method, but when it is applied to the
obstacle avoidance of the quadrotor-payload system, if the
obstacle avoidance distance is directly defined as the cable
length (/), although the flight of the quadr is safer, it will cause
a waste of space. If only the radius of the quadrotor body
is considered, it cannot be used when the payload exceeds
the body, in which case there may be a risk of collision with
obstacles. Next, R4y is used to constrain the envelope of the
quadrotor-payload system and thus achieve less conservative
obstacle avoidance. Considering the real-time swing position
of the payload, the improved repulsive force function is
designed as follows:

1 1

1
kil - —=1 V 0oi(E*, €oi)s
" piE* o) P Pt EF B
Frepi = Poi — p* < 0;
Os
Poi — p* > 0;
p* = Rumax + 7oi + Adnin 27
n
Fait = Famyay + Z Frep[ (28)

i=1

where r,; is the radius of the i-th obstacle and R,,,y is the
maximum envelope circular radius of the quadrotor-payload
system.

Remark 1: The virtual force diagram of the improved
APF is shown in Fig. 4. The envelope circular is used
for obstacle avoidance constraints of the quadrotor-payload
system. Obviously, changing the original obstacle avoidance
distance g (00 = ! + roi + Admin) to IOE)‘< (,0(3)k = Rmax +roi +
Adpin) with the change of the swing angle can achieve less
conservative obstacle avoidance detection. The application of
the improved APF function for obstacle avoidance is closer to
the practical case of quadrotor-payload flight, which has the
advantage of improving the timeliness and safety of flying.
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The target position ()T—>x

FIGURE 4. Schematic of the virtual force of the improved APF.

Furthermore, the desired trajectory £;* = (x y};) of the
quadrotor can be obtained by using the force Fyy;.

As an effective obstacle avoidance method, the traditional
APF method has many advantages. However, in some cases,
the traditional APF may encounter the problem of getting
trapped in a local optimum [34], [35], [36]. Since the main
work of this paper is to verify the effectiveness of the
real-time obstacle avoidance method using the improved APF
for the quadrotor-payload system, we will not consider the
scenario where the UAV falls into a local optimum for the
time being.

B. CONTROL MODULE DESIGN

A cascade control scheme (Fig.2) based on sliding mode
algorithm is designed for the quadrotor-payload system
trajectory tracking under wind disturbances, which includes
position controller and attitude controller. The cascade
controller is to ensure the quadrotor track the desired
trajectory (xj, y, za) asymptotically. Meanwhile, F and F,
are virtual control inputs obtained by the position controller,
which can be used to derive the desired references of roll
angle ¢4 and pitch angle ;. T and 74 ~ 71y are used
to control the altitude and attitude of the quadrotor-payload
system. Moreover, considering the possible swing of the
payload, a feedforward controller is designed.

1) POSITION CONTROLLER DESIGN
From (16), the position dynamics model of the quadrotor-
payload system can be written as:

(M +m)i = Fy + fi + dy
(M +m)y = Fy + f> + d, (29)
M +m)37=F+f3+M+mg+d,

whereﬁ —mlcacﬁa + msas,gl,B + ml(,Bs,gca + cﬁsaa)a +
ml(ﬁcﬁsa + as,gca),B ih = mlc,gﬁ - mls,gﬁ 3 =
mlsaclga + mlcas;;ﬂ ml(ﬁs,gsa —acgey)o — ml(asgsqy —

,BCﬁCa)ﬁ fi ~ f3 can be viewed as the influences the
payload exerts on the quadrotor. dy ~ d, are the external
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wind disturbances,which are bounded (|dg(t)| < Xg), Ag s
a positive real number.

Firstly, define quadrotor reference position & =
[x;lk Vi zd]T and the actual position § = [x y z]T, then the
position tracking error and derivative are given as follows:

g =& —§.é =& —&. (30)

Take the design of x-direction position controller as an

example, the sliding mode error surface of the position is

Sy =crex + ey, (31)

where ¢ is a positive number.
The control inputs F, for the x-direction position is
designed as

Fy =M + m)(crex + %] + kiSx) — fi + kesat(Sy), (32)

and

1 Sy > A 1
sat(Sy) = 1 Sy IS <A , V= K
-1 S, <-A

where k1 and k, are control parameters which are positive
constants.
Select the Lyapunov function L; as

25)3, (33)
the time derivative of Ly is
. . . . Fy+fi+d .
Ly =88 =8« [Cl(x:;l< —X)— ﬁ ;] (34)
Entering control laws (32) into (34),
. —Sydy — kySysat(Sy)
Li= —kS? Ty e 35
1 1S5 + T +m (35)
Adjust the parameters k, > Ay,
Li <—ksS?<o0. (36)

Then, the x-direction position is asymptotically stable.
Similar to (32), the position controller in the y and z
directions position are designed as follows:

Fy = (M + m)(cyéy + V5 + kaSy) — fo + kysat(Sy)
= (M +m)(cze; + 74 + k3S; — 8) — f5 + kgsat(Sy),
(37)
where k2, k3, ky, k; are all positive numbers, and k, > Ay,
k; > X

Finally, the desired attitude ¢4, 6; and upward force T can
be solved as ( [16])

Yq = commandvalue

¢q = arctan ((Fxsw — Fyeya)co, )
F;
ed — arctan (M) (38)
F;

()
T = .
- ChuS6y
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2) ATTITUDE CONTROLLER DESIGN

Attitude control of the quadrotor is the crucial part for
stabilization and tracking. From (17), the attitude dynamics
model of the quadrotor-payload system can be written as

b =fi+gits +gidy

0 =fs+ gt + g4, (39)

¥ =Jfo+ 831y + &3dy.
where f4 to fg are known functions by (17), g1 = 1/1x, g2 =
1/ (Lycd + Los), 83 = 1/{Tusg + (e + Lys3)}; dg to
dy is the external wind disturbance vector,which is bounded
(|dy(®)| < Ay), Ay is a positive real number.

The desired attitude Angle n, = [ ¢4 04 64 17 is obtained

by the position controller. The attitude tracking error of the
quadrotor and its derivatives are given as

en:nr_n»én:ﬁr_ﬁ- (40)

Take the design of roll angle ¢ controller as an example,
the sliding mode error surface of the attitude angle is

Sp = cpep + ¢, 41

where ¢y is a positive number.
The control inputs 7 for the roll angle is designed as

T = [cpbp + Pa + kaSp — a1/ g1 + kgsar(Sg)  (42)
Select the Lyapunov function L, as
1

_ 2
L =3S;. (43)

the time derivative of L, is
Ly = S48¢ = Sp {coéy + ba — fo — 817¢ — g1dy} . (44)
Entering control laws (42) into (44),
Ly = — kS + {—Spdys — ksSpsat(Sy)} g1 (45)
Adjust the parameters ks > A4,
Ly < —kS; <0. (46)

Then, the roll angle is asymptotically stable.
Similar to (42), the attitude controller in the 6 and ¥ angles
are designed as follows:

T = [coép + 04 + ksSy — f51/ 82 + kosat(Sy)
Ty = [cyey + Vg + keSy — fo1/83 + kysat(Sy),
47)

where ks, k¢, ko, ky are all positive numbers, and kg > Ay,
ky > Ay.

3) FEED-FORWARD CONTROLLER DESIGN

When the quadrotor is carrying a payload for flight, severe
oscillations of the payload’s swing angles can affect the
stability of the quadrotor-payload system. According to
Equation (18), the dynamic of the swing angles « and 8
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TABLE 1. Parameters of the quadrotor [16].

Parameter Value Units
M 1.25 kg
m 0.25 kg
g 9.81 m/s?
Lix 0.0087 kg - m?
Iy 0.0087 kg - m?
I 0.016 kg - m?
I, 1.00e-6 kg - m?
[ 1.00 m
Tuav 0.10 m
Luav 0.18 m
0.7
0.6
05
E
Z 04f
[}
5 031
Q
8 02
=
g
32 041
X7}
a
of
0.1
02 : : : . :
0 5 10 15 20 25 30
Times(s)

FIGURE 5. The wind disturbances in simulation.

have a direct relationship with the position acceleration of
the quadrotor. The feed-forward controller are designed as
follows:

U = aia
uy = azB (48)
uz = a1 + a2 B,

where a; and ap are control parameters which are positive
constants. Combining the feedforward controller (48) with
the control scheme designed in this paper, the quadrotor can
not only achieve accurate trajectory tracking, but also restrain
the payload’s swing.

IV. SIMULATION
Simulation experiments are carried out in MATLAB/
SIMULINK to verify the effectiveness of the improved
local obstacle avoidance algorithm and the proposed control
scheme. The parameters of the quadrotor-payload system
used in the simulation are shown in Table 1. (As the direction
of the gravity is specified to be the positive direction of the
z-axis when modeling, the payload coordinates are mapped
below the quadrotor in the simulation for easy observation.)
Simulation experiments are mainly carried out in two
groups. In group 1, the quadrotor with the suspension
payload flies in an obstacle-free environment and we compare
cascade sliding mode control algorithm designed in this paper
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Z. Zhang et al.: Real-Time Local Obstacle Avoidance and Trajectory Tracking Control I E E EACCGSS

4 5
3 R — 4 —[- e - s — s
— —~3l
A4 : € —
= ; _—— Xy >2f -—-— Yy
%, 1 Yo
0 I I | ; T 0 I I I | I
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Times(s) Times(s)
6 1
L S o
5 P4
4 5 - = %
S =1
N -— - Z g’
2 d ©
1 z 3>
4 I S N R =i C I
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Times(s) Times(s)
3 1 r . - ? 05
14 X v
= 05 =
1<5) --— EY _——
[0}
E-, 0 r\-‘T % 0
@ (S
< -05 >
2 ©
[ . | . \ I > 05 I | | . \
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Times(s) Times(s)
1 ‘ 1
— —
-— = A — —
03— — = == — = — — — = o 503 A; —————————— By |
A g
5.0.3 . 203
-1 : -1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Times(s) Times(s)

FIGURE 6. Simulation results: cascade sliding mode control with feed-forward.

Actual trajectory of the quadrotor ?;luai lfaiedory' OI: the q:ﬂddwlor ?;luai UGJECIOW' of the q::ac:’rolor
The trajectory of the payload e trajectory of the payloa e trajectory of the payloa

(b)

FIGURE 7. The 3D trajectory diagram of the quadrotor carrying payload. [ Fig. 7(a) Traditional cascade PID control without feed-forward; Fig. 7(b)
Cascade sliding mode control without feed-forward; Fig. 7(c) Cascade sliding mode control with feed-forward.]

TABLE 2. Obstacle information.

obstacle X-axis y-axis height radius of the i-th obstacle safe distance
(m) (m) (m) Ti (M) Adyin (M)
obs1 3.00 -0.22 4.00 0.30 0.10
obs2 6.00 0.50 4.00 0.20 0.10
obs3 5.00 1.20 4.00 0.30 0.10
obs4 4.00 -1.00 4.00 0.30 0.10
obs5 8.00 -0.40 4.00 0.30 0.10

with the traditional PID control algorithm, followed by the with suspension payload flies in an environment crowded of
feed-forward controller added to verify the suppression effect obstacles, and the improved APF in this paper is compared
on the payload’s swing angles. In group 2, the quadrotor with the traditional APF to verify the performance of the
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FIGURE 8. Simulation results: tracking based on the traditional APF method.

local real-time obstacle avoidance. Meanwhile, an external
wind disturbances always exist during the simulation. The
disturbance torques generated by the wind field used in the
numerical simulations are as follow [37]:

di=dy=d, =dy =dp =dy
— 0.14sin(1.57¢ — 3.0) — 0.05 sin(2.07r¢ + 7.0)
+ 0.08 5in(0.677¢ — 4.0) + 0.09 sin(0.37¢ + 5.0)
—0.10sin(3.07r¢ + 3.5) + 0.23 (49)

which is shown in Fig. 5.

A. GROUP 1: PAYLOAD TRANSPORTATION IN AN
ENVIRONMENT WITHOUT OBSTACLES
The quadrotor UAV carries the payload and takes off from
the origin to the target position §; = (3 4 5). There are
no obstacles during the flight, and the participation of the
obstacle avoidance module is not needed. The simulation
results of cascade sliding mode control with feed-forward are
shown in Fig. 6. The swing angles o and g are all within
0.3 rad and the swing angles of the payload tends to be zero
after 5s. The 3D trajectories of the three schemes are shown
in Fig. 7.

Through comparing the simulation results in Fig. 6, the
proposed method has better performance in position control,
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attitude control, and suppressed the payload swing angles.
Furthermore, from Fig. 7, it is clear that 3D trajectories of
the quadrotor and payload under the proposed control scheme
are smoother, and the payload’s swing angles are smaller
than that of cascaded PID control scheme. Moreover, the
addition of feed-forward controller can further reduce the
payload swing, as well as the sliding mode controller can
effectively improve the robustness of the system against wind
disturbance.

B. GROUP 2: NAVIGATING IN AN ENVIRONMENT
CROWDED OF OBSTACLES

The simulation of autonomous local trajectory planning and
multi-obastacle avoidance for quadrotor payload system is
developed. The specific environment we are considering is
a forest, characterized by multiple vertical obstacles (tree
trunks with canopies) and wind interference. The tree canopy
is dense, making it impossible for UAVs to fly directly over
it. In order to accomplish the rescue mission, the UAV will
fly below the tree canopy and carry the payload through
a cable to the location of the injured person (coordinates
& = (100 2) known through the GPS) to complete the
rescue mission. The quadrotor will maintain a fixed altitude
below the tree canopy during its flight, which will prevent
collisions with ground vegetation and other obstacles, and the
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FIGURE 9. Simulation results: tracking based on the improved APF method.
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(a) Tracking under traditional APF.
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(b) Tracking under improved APF.

FIGURE 10. The 3D trajectory diagram of the quadrotor carrying payload for real-time obstacle avoidance.

main obstacles in the navigation environment are the vertical
obstacles (tree trunks), and an external wind interferences are
always present in the flight environment. Meanwhile, five
obstacles are established in the simulated environment and
obstacle information is shown in Table 2. The cascade sliding
mode control scheme with feed-forward is adopted.

The simulation results of local real-time obstacle avoid-
ance based on the traditional APF are shown in Fig. 8.
We observe that the payload’s swing angles (¢ and pB)
amplitude of the payload are within 0.4 rad, and the swing

VOLUME 11, 2023

angles tend to be zero after 20s. It takes about 13s for
the quadrotor to reach the target position. The simulation
results of the local real-time obstacle avoidance based on
the improved APF are shown in Fig. 9. The swing angles
(o and B) of the payload are within 0.3 rad and tend to be
zero after 15s. Moreover, the quadrotor needs about 10s to
reach the target position.

The 3D trajectory diagram and 2D plane diagram
of the quadrotor with suspended payload for real-time
obstacle avoidance are shown in Fig. 10, Fig. 11
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FIGURE 11. The 2D plane diagram of the quadrotor carrying payload for
real-time obstacle avoidance based on the traditional APF method.
[The green shade indicates the tree crown.]
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FIGURE 12. The 2D plane diagram of the quadrotor carrying payload for
real-time obstacle avoidance based on the improved APF method.
[The green shade indicates the tree crown.]

and Fig. 12, respectively. As can be seen from Fig. 10,
the improved obstacle avoidance path is shorter than the
traditional path, enabling the quadrotor using a smaller
turning radius and thus saving space resources. Furthermore,
comparing Fig. 11 with Fig. 12 shows that the improved
obstacle avoidance strategy enables the quadrotor-payload
system to achieve obstacle avoidance with a lower degree
of conservatism, which enables the quadrotor to fly as close
to and around obstacles as possible while ensuring safety.
At the same time, it is clear that the trajectory of the payload
is smoother.

Through the above experimental analysis, it can be seen
that the combination of the improved APF and the control
scheme makes the movement trajectory of the quadrotor
shorter and more efficient, as well as can ensure real-time
obstacle avoidance and trajectory tracking at small range.
At the same time, the quadrotor can reach the target position
in a faster time, which improves the timeliness of the rescue.
Furthermore, the shortening of the path and the reduction of
the swing angles of the payload save the space utilization rate
of the quadrotor-payload system and somewhat reduces the
occurrence of unexpected situations in the field environment.

V. CONCLUSION

This paper presents a local obstacle avoidance control
scheme for the quadrotor with suspended payload, which
is suitable for complex environments with dense obstacles
and external disturbances. Firstly, the overall dynamic
model of the quadrotor-payload system is established by
Euler-Lagrange equations, which contains the dynamics of
the quadrotor and payload. Secondly, to address the issue
of envelope circle radius switching caused by changes in
the amplitude of the payload’s swing angles, an obstacle
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avoidance constraint for the quadrotor-payload system is
proposed. This constraint incorporates an R-function to
enhance the traditional Artificial Potential Field method. The
improved APF approach achieves less conservative obstacle
avoidance, resulting in shortened flight paths and improved
transportation timeliness. Thirdly, a cascade sliding mode
control scheme is designed for the quadrotor-payload system
trajectory tracking under external disturbances. Additionally,
a feed-forward controller is designed to effectively suppress
the payload’s swing. Finally, simulation results shows that
the proposed scheme can make the quadrotor-payload system
complete the obstacle avoidance task in a short time and
on a short path in complex environments, and the designed
controller not only has good trajectory tracking performance
but also can better suppress external disturbances. In the
future, trajectory planning and obstacle avoidance for dynam-
ically moving obstacles in the environment will be further
developed as our next research direction of quadrotor-payload
system.
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