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Abstract—Aerial manipulators have the potential to perform
various tasks with high agility and mobility, but the require-
ment of system parameters and the complicated dynamic model
impede the implementation in practice. To deal with uncertain
parameters and complexity of the coupled dynamic model, a
decoupling approach is presented in this article by utilizing the
adaptive/robust techniques and reinforcement learning approach
for the tracking control of quadrotors with position control on the
robotic arm. A reinforcement learning approach is proposed to
control the robotic arm ensuring minimal effect on the quadro-
tor dynamics while following the desired trajectory. With the
design of nominal inputs, the dynamic uncertainties from the
quadrotor, robotic arm, and payload are coped with by utiliz-
ing the proposed adaptive algorithms. In addition, the residue
of interactive force/torque after the use of DDPG is compen-
sated by robust controllers so that the stability and tracking
performance are guaranteed. Numerical examples and experi-
ments are illustrated to demonstrate the efficacy of the presented
aerial manipulator control structure and algorithms.

Index Terms—Adaptive tracking control, aerial manipulator,
decoupled dynamics, deep deterministic policy gradient (DDPG),
dynamics uncertainty, robustness.

TABLE OF NOMENCLATURE

Symbols Notations

¢ =[xy, )7 Position of quadrotor.

D =10,0, 1//]T Roll, pitch, yaw angles of quadrotor.

R Rotational matrix, z-x-y Euler
angles.

Vi Linear velocity.

wp Angular velocity.

T Translational matrix.

n=[m, nz]T Joint angles of robotic arm.

Xe = [Xe, Ve zelT End-effector position of robotic arm.

Xp Body frame of quadrotor.

Xw World frame.

B Input transformation matrix.
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Inertia matrix of aerial manipulator.
Coriolis matrix of aerial manipulator.
Generalized coordinate variables.
Potential energy.

Center mass position of the ith link
with Zw.

Center mass position of the ith link
with Xp.

Length of the ith link of robotic arm.
Exerted torque on quadrotor.
Exerted force on quadrotor.

Thrust moment toque.

Thrust force.

Rotational inertia with respect to x,
v, and z.

Exerted torque on quadrotor.
Modified rotational inertia.

Lifting force from the ith motor.
Rotational velocity of the ith motor.
Coefficient of the motor moment.
Coefficient of lifting force.
Interactive torque on quadrotor.
Interactive force on quadrotor.

Disturbances from interactive
force/torque.

Desired trajectory in quadrotor
position.

Desired Euler angles of quadrotor.
Desired joint angles of robotic arm.
Desired end-effector of robotic arm.
State in DDPG learning.

Action in DDPG learning.

Policy in DDPG.

Reward function.

Performance objective.

Loss.

Weights of target network of critic.
Weights of target network of actor.
Negative constant gains of reward
function.

Unit vector.

Nominal force input.

Nominal torque input.

Estimate of mass.

Estimates of rotational inertia.
Positive control gains.

Quadrotor tracking errors.
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s¢ Transformed error.

Dy, D, D, Wy Estimated of disturbances.
dwe, dwy, dwg, wy  Additional robust input.

d;, &; Robust control constants.

I1 Accumulated robust constant.

I. INTRODUCTION

ULTIROTOR unmanned aerial vehicles (UAVs) have

attracted great attention in the literature for a wide vari-
ety of applications resulting from their vertical take-off and
landing (VTOL) capabilities and simple structure for the past
decade [1]-[3]. With the advantages of high agility and mobil-
ity, UAVs have been demonstrated as a promising tool for
various applications in transportation, surveillance, and manip-
ulation [4]-[6]. More important, there is a great interest in
combining UAVs to a variety of tools with appropriate con-
trollers to realize aerial manipulation platforms in practice.
Various control techniques and intelligent control algorithms
have been extensively developed for the control of quadrotor
systems [7]-[9].

Recently, the combination of quadrotor mobility and robotic
arm versatility can significantly maximize the utility of mobile
manipulation. Preliminary research on aerial manipulation falls
into three main areas, namely: 1) quadrotors with cables;
2) grippers; and 3) robotic arms [2], [3], [10]-[12]. A cable-
suspended payload of uncertain mass was addressed by using
an adaptive controller for a UAV [2]. To perform trajectory
tracking of a cable-suspended payload, a reinforcement learn-
ing controller was subsequently presented in [3]. In [11],
a team of quadrotors was presented for cooperative trans-
portation and placement of plastic blocks using grippers
mounted on quadrotors. The sliding-mode control, Cartesian
impedance control, and backstepping-like control have been
presented for the control of quadrotors with a robotic
arm [13].

Aerial manipulators, the integration of robotic arm with
quadrotors, can provide not only good manipulability but
also high mobility, so several control algorithms have been
developed and applied on the aerial manipulator [13]. To
cope with the complexity of the complicated dynamic model,
the technique of linearization and assumption of negligible
terms have been explored in the design of the controller for
aerial manipulators. The Coriolis matrix was neglected in [14]
due to the fact that when in near-hover flight, the term of
the Coriolis matrix is very small. Another common practice
is to consider the dynamics of each part independently and
simplify the design of the controller. Decoupling dynamic
models requires less computational cost [15], but when con-
sidering each part independently, the net weight of the robot
arms should be relatively lighter than the net weight of
the quadrotor.

The dynamics model of aerial manipulators is highly cou-
pled and composed of both the aerial quadrotor and robotic
manipulator. Therefore, the resultant force between the motion
of quadrotors and robotic arms should be carefully con-
sidered in the design of the controller. Moreover, if the
internal force between the arm to the quadrotor is not well
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addressed, the stability of aerial manipulators would signifi-
cantly degrade due to the reaction forces. Therefore, an aerial
manipulator should be able to tolerate the interactive forces
from the object or external environment. The motion of the
robot arm during manipulation (e.g., grasping and releasing)
may adversely affect the stabilization of the quadrotor, and
lead, in turn, to positioning errors of the end effector of the
robot arm.

The problem of developing accurate and robust controllers
for aerial manipulator systems comprising quadrotors with
installed robot arms remains a significant concern [15], [16].
To deal with this issue, a decoupling method is proposed in
this article to control quadrotors and robotic arms separately.
First, a DDPG-based reinforcement learning is exploited and
implemented with the full dynamic model on the robotic arm
for the end-effector control. The approach of reinforcement
learning has been exploited for the control of quadrotors, but
only the autonomous landing and attitude control were consid-
ered [17], [18]. In this article, by using the simplified model,
the computational efficiency in the quadrotor part can remain,
and the robot arm can be controlled provided there is minimum
influence to the movement of the quadrotor. The reinforcement
learning controller is trained to give a high-level command
that can simplify the design of the reward function. With the
help of the virtual environment, we can adjust and tune the
reward function. Finally, the reinforcement learning controller
is accomplished to control the position of the end effector while
minimizing the disturbance to the quadrotor.

In the control of aerial manipulators, not only does the
interactive force/torque from the motion of the robotic arm
play an important role, but so does the knowledge of dynamic
parameters in stability and tracking performance. For the control
of quadrotors, an adaptive tracking controller is applied by
taking into account the parameter uncertainties resulting from
the dynamics and the motion of the robotic arm. It is noted
that the use of DDPG can minimize the interactive force/torque
to a small quantity, but they are not negligible. Hence, the
residues of the force/torque are considered as disturbances in
the quadrotor dynamics. Subsequently, a robust control law is
proposed to compensate the disturbances, which are residues
of interactive force/torque after the use of DDPG. Numerical
examples and experiments are illustrated to show the efficiency
and performance of the proposed approaches for the trajectory
tracking control of aerial manipulators.

The contributions of this article are listed as follows.

1) A decoupling approach for the control of aerial manipu-
lator is presented for the robotic arm and the quadrotor
system separately. By using the DDPG to regulate robotic
arms while minimizing the influence to the quadrotor,
the computational cost by using the proposed method is
improved significantly compared to previous methods.

2) Dynamic parameters and interactive force in the control
of the aerial manipulator are crucial for stability and
performance. Different from prior work, the proposed
adaptive control, with the new idea of nominal input,
can guarantee trajectory tracking without the knowl-
edge of dynamic parameters from the quadrotor and the
robotic arm.
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Fig. 1. Sketch and coordinates of the aerial manipulator, a quadrotor mounted
with a 2-DoF robotic arm.

3) To deal with the interactive force/torque from the motion
of robotic arms to the dynamics of the quadrotor after
using DDGP, a robust controller is presented to compen-
sate the residues of internal force. The control system is
demonstrated to be ultimately bounded, and if the control
parameters are exponentially decaying, the asymptotical
stability can be ensured.

4) Numerical examples and experiments are illustrated to
demonstrate that under the decoupling framework, the
use of DDPG for the robotic arm can ensure the efficiency
of the aerial manipulator without causing instability.
Moreover, the efficacy of the adaptive/robust controller
in trajectory tracking with a sudden change of mass from
picking up and dropping off the payload is guaranteed.

This article is organized as follows. The dynamic model of

the aerial manipulator and the model of disturbances result-
ing from the interactive force are addressed in Section II. The
design and theoretical analysis of the adaptive/robust tracking
controller and reinforcement learning approach are presented
in Section III. Numerical examples and experiments are illus-
trated in Section IV to show the efficiency of the proposed
aerial manipulator system. Finally, the conclusion and future
research direction are summarized in Section V.

II. PRELIMINARIES AND SYSTEM MODELING
A. Dynamics of Aerial Manipulator

The aerial manipulator system, as illustrated in Fig. 1, is
composed of a quadrotor system with a two-DoF robotic arm.
We consider ¢ = [x,y,z]7 € R3 and ® = [¢,0, ¥]T € R
as the position and orientation of the quadrotor body frame
Y p with respect to the world frame Xy . For the robotic arm,
the generalized coordinates are given as n = [nq, nz]T e R2
and X, = [x,, ye,ze]T € R3, where n is the vector of joint
angles and X, is the end-effector position of the robot arm
with respect to the quadrotor body frame ¥p. The two revolute
joints of the robotic arm are considered to rotate with respect
to the y-axis of Xp, so that y, = 0 for Xp. Therefore, the
two-DoF robotic arm is constrained to move on the x-z plane
of X¥p, and the end-effector positions x, and z, are controlled
by the joint angles n; and 71, as a planar manipulator.

Let us consider the generalized coordinates of the quadro-
tor with a robotic arm as g = [;T, o7, nT]T e R®, where
d® = [¢,06, W]T is the Euler angles of the quadrotor, and
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n = [m, nz]T € R? is the joint angles of the robotic arm.
The velocity of the coordinates between Xy to Xp can be
given as § = RVg and Q = Twg, where Vg, wg € R> are the
linear and angular velocities, respectively; R € R3*3 is the
rotational matrix; and T € R3*3 is the translational matrix.
The rotational matrix R € SO(3) is defined from Xp to Ty
with the use of z-x-y Euler angles, and given as

cfrcld — spsyrsd  —copsyyr sl + cOspsyr
cOsyr + cirspsd  cpcyr  sprsO — cfrchsgp (D
—cpso s¢ cpch

where the Euler angles are given with 6, ¢ € (—n/2, 7/2) and
Y € (—m, ) while s(j), c(j) denote sin(j), cos(j), respectively,
for j = {9, 0, y¥}.

The dynamic model of the aerial manipulator can be
expressed by the Euler-Lagrange equations and given as

M(g)g + Clg. 9)q + G(g) = Bt 2

where 7 € RO is the generalized force/torque input, B € R3*6
is the input transformation matrix, M(g) € R3%8 i the inertia
matrix, C(q, §) € R3*3 represents the Coriolis matrix, and
G(q) € R® denotes the vector of gravitational force. In the
dynamic model, the inertia matrix M(g) is given as

M(q) = M{ mgM; 4 + M} RIR"M, ,

R =

2
+ Y (M miMy i+ M, RR);RR) M, i} (3)
i=1
where M; 4, M, 4, My;, M,; € R3*8 are the matrices from
the velocity relationship [14], J; is the diagonal matrix of the
rotational inertia of the ith link, and R; denotes the rotational
matrix from the body frame to the center mass of the ith link.
Furthermore, the Christoffel symbols can be utilized to obtain
the matrix C(q, ¢), and the gravitational vector is obtained
from G(q) = 8U/dq with U = mygulc + S5 migulc,
where {iW is the center mass position of the ith link on Xy
defined as {iw =+ Rg“iB with ;iB being the position with
respect to the body frame ¥p. It is noted that {iW depends on
the joint angles 71 and 7, and the lengths of robotic links /;
and b>.

B. Modeling of the Quadrotor With Interactive Force

Although the Euler-Lagrange dynamics (2) can describe the
motion of the aerial manipulator, the accumulated dynamic
model is too complicated to design an efficient controller
with enhanced performance by considering the entire system
composed of the quadrotor and robotic arm. To relax highly
coupled dynamics that would cause computational complex-
ity, a decoupling approach is presented in this article to
control the trajectory tracking of the quadrotor and the
mounted robotic arm separately. The main objective is to
consider the coupling effect from the motion of the manip-
ulator as disturbances to the dynamics of quadrotor so that
the efficiency of control implementation can be enhanced
significantly.

The dynamics of a quadrotor system is addressed by using
the Newton—Euler method. Under the assumption of a rigid
body and symmetric structure with negligible aerodynamic
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effects, the dynamic equations of a quadrotor are described
as [19]

m¢ = FexRpt3 — mgus )
JOB = Texi — Q2 x JQ 5)

where m denotes the mass of the entire system, including the
masses of the quadrotor my, robotic arm, m, = mj + my,
and carrying object m,, such that m = my + m, + m,,
¢ =[xy, 27 e R3 denotes the position of the quadrotor
with respect to the inertial frame 2w, Q € R3 denotes the
angular velocity of the quadrotor on Xp, g is the gravity con-
stant, 3 = [0, 0, 117, and J = diag{/,, I, I} R3*3 denotes
the total inertia matrix of the quadrotor and robotic arm with
respect to Xp, where diag{d;, d», d3} represents a diagonal
matrix. In addition, Fey; € R is the exerted force on Xp, and
Text = [Text,x» Text,ys reX[,Z]T € R3 denotes the torque exerted
on the quadrotor with respect to Xp. Since the decoupling
approach is used in this article, Fex; and tex¢ contain input
thrust from the four rotors and the interactive force/moment
from the movement of the robotic arm.

By assuming that the quadrotor operates within small roll
and pitch angles in R, Q can be approximated by the angular
velocity with respect to the inertial frame Xw [20]. Therefore,
the dynamic equations of the decoupled quadrotor can be
expressed as [16], [21]

% crsO + cOspsyr

¥ | = | s0sy —spctey |- —ule (6)
| Z cOcp mn
I Oyl Vr 1/, 0 0

6 |={0dy [+| 0O 1/, 0 |text (7)
|V Oy pb 0 0 /L

where ®; for j = {¢, 0, ¥} are given by Oy = (I, — I,)/I,
Oy = (I; — I)/Iy, and Oy = (I; — I;)/I;. It is noted that
Fext and 7oy are the resultant force and torque applied on the
quadrotor, including the equivalent force and torque from the
movement of robotic arms. Hence, the total force and torque
are given as Fext = Fy + Fint,r and Texe = 74 + Ting,r, Where
Fint,r and tjne, - are the interactive force/torque resulting from
the motion of the robotic arm on the quadrotor, and F, and
1y = [Tgx Tgys Tqz)| denote the thrust force and moment
torque from the rotors.

A quadrotor system is actuated by the rotational speed of the
four motors, which can be converted to the control input force
F, and moment torque 7, [21], [22]. Therefore, the force gen-
erated from each motor can be obtained by F; = kpwiz, where
F; are the lifting force of the ith motor, w; is the motor speed
of the ith motor, and kr > 0 as the lifting force coefficient. For
the moment resulting from the motor, we have that M; = kMWl2
fori =1, 2, 3,4, where M; is the moment from the ith motor,
and k) > 0 is the coefficient of the motor moment. By
denoting d as the distance from the rotor axes to the quadro-
tor epicenter, we obtain F, = ZL] Fi, tgx = d(Fy — Fy),
T,y =d(F3 — Fy), and 7, = Yt (=)t M.

For the decoupling dynamics, the thrust force and moment
torque from the rotors, F, and 7, are generated from the con-
trol design with the aforementioned transformation. However,
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Fig. 2. Block diagram of the proposed adaptive/robust control algorithms

with the DDPG controller for the aerial manipulator.

the interactive force/torque from the motion of a robotic arm,
Fint,r and Tine.r = [Tintrg» Tint,r0» Tine,ry )| » are relatively diffi-
cult to obtain precisely. By considering these interactive terms
as the disturbances to the dynamic of the quadrotor system, the
inputs to the quadrotor system in (6) and (7) can be rewritten as

F, F F; F,
ext _ fq + mtr .~ 4 + wr (8)
m m m m
Text,x Tg,x Text,r¢ Tg.x
_Tox | et Tox 9
Ix ]x Ix IX w¢ ( )
T y T T Tq,y
exty _ 4y lextrd . 24y + wp (10)
I, I I, I
Text,z Tq.z Text,ryr Tg,z
—_ =4 — = 4w 11
7 . I, 1. W 1D

where w;, wy, wy, and wy, € R are the interactive force/torque
exerted on the quadrotor from the motion of the robotic arm.

III. AERIAL QUADROTOR WITH ROBOTIC MANIPULATOR

In the decoupling approach for aerial manipulators, the
interactive force/torque from the robotic arm and the pres-
ence of dynamic uncertainties would significantly affect the
dynamics of quadrotors. In this article, the DDPG approach is
utilized to control the setpoint of the manipulator to minimize
the interactive force so that the decoupled dynamics and the
assumption of small roll and pitch angles can be valid. The
residues of the interactive force/torque after the use of DDPG
are considered as disturbances to the quadrotor dynamics, and
handled by a robust controller to ensure that the system is ulti-
mately bounded. In addition, an adaptive tracking controller is
presented to deal with unknown parameters on the dynamics
of the aerial manipulator so as to ensure stability and trajectory
tracking.

The control block diagram is illustrated in Fig. 2, where both
the adaptive/robust tracking controller and DDPG controller
are mentioned. In the proposed system, the adaptive/robust
control requires the desired trajectories for the quadrotor to
follow that are obtained from a trajectory generator accord-
ing to the applications and tasks [23]. The twice differen-
tiable desired trajectories ¢y, ¢4, 04, and Yy are fed into
the adaptive/robust tracking controller to ensure the posi-
tion/orientation tracking of the quadrotor in the presence
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of external/internal disturbance. Meanwhile, the desired end-
effector positions xeq and zeq and the current end-effector
position are included in the reward function of the DDPG
controller to generate the desired joint angles for the robotic
arm. Hence, the motors on the robotic arm regulate the joint
to the desired angles 114 and 124 so that the end effector can
be controlled to track the desired position xeq and zeq.

A. DDPG-Based Reinforcement Learning for Manipulator

When controlling the robotic arm and the quadrotor simul-
taneously, the quadrotor can be unstable if the robotic arm has
a wide range or rapid movements. To diminish the effect from
the motion of the robotic arm on the quadrotor dynamics, a
reinforcement learning approach is presented subsequently on
the control of the robotic arm. The angles of the manipulator
n1 and n; are regulated to the desired angles of the manipula-
tors 114 and 124 which are obtained from the learning approach
as illustrated in Fig. 2.

The DDPG [24] is utilized in this article to deal with the
movement of the robotic arm by ensuring minimized influence
to the quadrotor motion. DDPG is one of the reinforcement
learning algorithms, making use of the recursive relationship
so-called Bellman equation described by

0" (st a1) = Es,HNe(n),a,Nn [r(st, ar) + )/IE[Q7r (St+1, at+l)]]

where s, is the state under € (77) distribution, a, is the behavior
of the agent defined by a policy m, r(s;, a;) denotes the reward
function, and y € [0, 1) denotes the discount factor. Since the
target policy is deterministic in a robotic arm, the Bellman
equation can be written as follows:

QM(St, a;) = Es,+1~e(7r)[r(st9 ar) + )/QM(SHI, l/«(st+1))]-

DDPG is an actor—critic method based on the DPG
algorithm [25]. The critic Q(ss, a;) is updated by con-
sidering a function approximator Q(s;, a;|p?), which can
be optimized by minimizing the loss given as L(p?) =
Es~e(n).r~EL(Q(st, a|p?) — 0?1, where p? is the weight
of the function approximator of the critic, and y; is defined
as yi = (s ar) + yQ(sr41, w(si+1)|p?). Subsequently, the
performance objective H () is defined as

H(r) = E[Z y"mk}.
k=1

Meanwhile, the actor w(s) is also updated by considering a
function approximator wu(s|p*), which can be updated by the
gradient of the performance objective H with respect to the
parameter p*

Vp“H(Tr) ~ Es,'ve(n) [Vpﬂ Q(st, al PQ) |a=,u(s,|p“)]

= Eg~en) I:VaQ<Stv al PQ) la=p(s) Vpr H«(St| pﬂ):l
(13)

12)

where p" is the weights of the function approximators of
the actor. Thus, the weights of the actor can be updated as
follows [26]:

Apt ~ aVyuH,
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Fig. 3. Training states of the proposed DDPG approach for the robotic arm
mounted on the quadrotor in V-REP. (a) Beginning period. (b) Prior period.
(c) Middle period. (d) Last period.

where « is a positive constant regarding the step size. When
using the nonlinear function approximators, the convergence
of learning tends to be unstable. The replay buffer was used to
address these issues in [24] and [27]. It is demonstrated that
the algorithm can learn in large state and action spaces, so the
use of the target network can greatly improve the stability of
learning. Hence, the target network can be updated as follows:

P aph (1= apt
p? —ap2+ (1 —ap?

(14)
(15)

where pQ/ is the weights of the target network of the critic, p“/
is the weights of the target network of the actor, and A < 1.

The DDPG algorithm is to control an agent to interact with
an environment, and the interaction will respond with a reward
to the system based on the defined reward function. The main
purpose of the DDPG algorithm is to obtain the highest reward
from the environment. Instead of learning to control the motor
torque of the robotic arm directly, we make the DDPG con-
troller learn to give the high-level command while neglecting
the changes of parameters on the manipulator. Hence, we can
simplify the problem to design the reward function. Since
the states of the quadrotor are taken into the design of the
reward function, if the movement of the manipulator causes
the quadrotor to be unstable, a relative smaller score will be
obtained from the reward function. Therefore, the learning
result would ensure a smooth motion of the manipulator to
reduce the impact to the quadrotor.

In this article, the DDPG controller is trained in a vir-
tual environment, where the training environment is built
based on the exact model of the aerial manipulator in the
real-world experiment in Section IV-B and accomplished in
the virtual robot experimentation platform (V-REP) [28] as
shown in Fig. 3. The states for observation are denoted by
& =160,x1, 21, Xe, Zes Xed, Zed] as shown in Fig. 1 with {xed, zZed}
as the desired position for the end-effector. Since the robotic
arm is a 2-DoF manipulator operating on the x-z plane, only
the pitch angle 8 would be influenced from the movement
of the robotic arm. By following the objective, the reward
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function is designed based on controlling the end effector of
the manipulator to the desired position while having slight per-
turbation to the quadrotor. Consequently, the reward function
can be defined as

HE) = By (hed — 5002 + (zea — 2)* + Balfl

where 81 and B are negative constant gains so that maximiz-
ing the rewards can lead to the desired performance. In order
to obtain the highest reward, the DDPG controller needs to
control the end effector to the desired position while having
relatively small perturbation to the quadrotor. The parameters
of the reward function 81 and S, need to be tuned and adjusted
based on the performance of the virtual agent. After the train-
ing section is complete, the trained DDPG controller can be
directly implanted to the real-world agent provided minimum
influence to the quadrotor with position control.

Remark 1: In the proposed decoupling approach, the
robotic arm and the quadrotor are continuous-time systems;
hence, the policy gradient algorithms are more appropriate to
provide a better training result. In addition, since the control
of an aerial manipulator for tracking desired trajectories is
not stochastic, a deterministic approach would be suitable for
this research objective. Therefore, deep deterministic policy
gradient algorithm (DDPG) is considered in this article.

Remark 2: A quadrotor system is an inherently unstable
system and the change of the dynamic parameters may be a
challenging issue in designing a controller [29]. Reinforcement
learning has the reward hacking problem and overfitting
issue [30], so the random exploration for control strategy
would cause robustness problem under varying system param-
eters in operation [31]. In addition, to control the quadrotor
of the aerial manipulator, the final learning results may be
unpredictable or even unstable. Therefore, to avoid the afore-
mentioned issues in practice, the identical aerial manipulator
system is built in V-REP to provide more realistic training (see
the supplementary material). Moreover, instead of using rein-
forcement learning to control the quadrotor, we consider the
adaptive/robust controller to guarantee stability and trajectory
tracking for the quadrotors.

(16)

B. Adaptive/Robust Tracking Controller for Quadrotors

For the control of a quadrotor, the dynamic parameters may
change when an object is attached to or detached from the
aerial manipulator; on the other hand, during the phase of
manipulation, the manipulator would also perturb the quadro-
tor. Since the dynamic parameters m, Iy, I, and I, are not able
to measure precisely, and the interactive force/torque is cru-
cial for the control of a quadrotor, adaptive and robust control
algorithms are presented and exploited in this section.

To cope with these issues, we exploit an adaptive control
for the quadrotor to follow a desired trajectory under dynamic
uncertainties. The uncertainties could contain the unknown
inertia of the quadrotor, and also the influence from the pay-
load of the robot arm. In addition, a robust controller is
presented to deal with the residues of interactive force from
the movement of the robotic arm with the use of DDPG. The
main purpose of the controllers focuses on ensuring stability
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and quadrotor tracking performance without the knowledge
of dynamic uncertainties, including payloads, and interactive
disturbance from the robotic arm.

By following the notations stated in (8)—(11), the quadro-
tor dynamics can be modified by taking the disturbances into
account and given as

[ cyrsO + cOspsyr

V| = | sOsy — spchcyr (—q + w;) - y,gg a7
| Z cOcop mn

‘é ®¢9‘I,‘0 ‘Cq’x/Ix a)¢

0| =1 ©y |+ Tay/ly | + | we (18)
| Oy Po Tq.2/1; wy

By observing the input command to the quadrotor, the lift-
ing force and moment torque on the quadrotor are divided
by either the accumulative mass m or the equivalent rotational
inertia I, ; for i = {x, y, z}. To better handle the dynamic uncer-
tainties, we separate the mass/rotational inertia from the input
so that the parameters can be addressed by using adaptive con-
trol algorithms. With the concept of nominal input, the thrust
and torque inputs are rewritten as

Fo=mFy, tgx= LTy 1y = LTy, Tg; = 174, (19)

yvhefe Fq, fi{,x, T4y, and 7, . are the nominal inputs, and m,
Iy, Iy, and I, are the estimation of the accumulative mass
and equivalent inertia from quadrotor parameters and influence
from the robotic arm and the payload.

The control algorithm is proposed to ensure that without the
knowledge of dynamic parameters, the quadrotor can track a
desired trajectory denoted by the desired quadrotor position
La(t) € R3 and the desired Euler angles ®,4(7). It is noted that
£4(t) and ®4(¢) are bounded and twice differentiable, such as
the trajectory obtained by using the minimum snap trajectory
generation [23]. Hence, we define the tracking errors as

e1=¢—8, e=é +clel, es=¢— g (20
eq =e3+c3e3, es=60-—06;, ec=eés5+cses 2D
e7 =Y — Vg, eg=é7+cre7 (22)

where ¢; for i = {1, 3, 5, 7} are positive control gains, ey, e €
R3, and e3, eq, €5, ¢e6,¢7,e8 € R,

By denoting Ry = Ruj € R3 and s; = eng € R, the
nominal control inputs are given as

F, = sgl(eg(—m — 22+ g3 + G — c1é1 — @ Ry))

(23)
Tyx = —3 — Caes + Gy — €383 — Oyl — &y (24)
Tyy = —€5 — C6e6 + éd — c5€5 — (:_)gqu[f — g (25)
T,. = —e7 — cges + Vg — c767 — Oy db — oy (26)

where @¢, @)9, and (:)1/, are the estimates of unknown param-
eters as defined in (7), and &, @y, dg, and @y are the
estimates of the unknown disturbances according to (8)—(11),
after the utilization of DDPG. To cope with the uncertainties,
we propose the adaptive laws such that

27)
(28)

m= —pml_’qs;

A A

o
!

= —pxesTy, Iy = —pyecty, I, = —p;e87;
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Op = ppesdyr, Op = ppecdVr, Oy = pyegPt
where p; fori = {m, ¢, 6, ¥, x, y, z} are the positive estimation
gains.

In addition to the aforementioned nominal control inputs
and adaptive algorithms, the disturbances are coped with in
this article by using robust controllers. For the dynamics of
the quadrotor position, it is assumed that there exist a bounded
function w;o(¢) and a positive constant d; such that [|w;o —
w¢ || < d¢. Thus, the estimation of unknown disturbance in the
quadrotor position is given as &y = w¢o + dw;, where Sw; is
an additional input that is given as

(29)

depsip 1 Isell > &

a)§ = d[ (30)

s, if s <&
with ¢, as a positive control gain.

A similar design for the disturbance in the orientation of

the quadrotor dynamics with j = {¢, 6, ¥} can be given as
®j = wjo + dwj, where wjo(?) is a bounded function such that
lwjo — wjll < d; with d; as positive constants. For ¢; being
positive control gains and sy = es4, 59 = e, sy = eg, the
additional inputs dw; are given as
if [ > &
: (3D
if Jsill <&
for j = {¢,60,¢}. The presented adaptive and robust algo-
rithms are utilized to control the quadrotor under the frame-
work of the proposed decoupling approach.

C. Stability and Tracking Performance Analyses

The next theorem addresses the stability and convergence of
tracking errors for quadrotors under the influence of coupling
force from the robotic arm and dynamic uncertainties.

Theorem 1: Consider the quadrotor system, described
by (17) and (18), mounted with a robotic arm. With the use
of DDPG for the control of robotic arm, the nominal control
inputs in (23)—(26) with the adaptive laws described in (27)-
(29), and the robust control inputs in (30) and (31) ensure
that the aerial manipulator is stable and all states are ulti-
mately bounded by d;, ¢, dj, and ¢; for j = {¢, 0, ¥}. In
addition, if &; and &; are exponential decaying variables such
that &, = a; exp(—b¢1) and &; = a;exp(—b;t) with a¢, b, aj,
and b; being positive constants, then the position and velocity
tracking errors of the quadrotor system ej, e, e3, e4, €5, €g,
e7, and eg converge to the origin asymptotically.

Proof: The dynamics of the quadrotor with the coupling
effect from the robotic arm can be described by (17) and (18).
Let us consider the positive-definite Lyapunov function can-
didate as

~2 12
(Ze e,+Ze + —

i3 Pmin px]x
. pr e @ e’
L 2 e V) (3
oyly  pdy  py pp Py
where m = m — i, I; = I; — I; for i = {x,y,z}, and 0 =
©;—0); forj = {¢, 0, ¥} are the estimate errors of the enclosed
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signals. By taking the time derivative of V, we have

4 ~ A ~ A
LI, ©i0
V= Ze e,——+ e~e~—ﬂ—M
Pmimn i3 Oxlx Pe
dVpos v,
S Ll G0y . LL 6,0
+ Z@iéi__y L — — +Z€iéi—_z R A
i—s oxly Lo i—7 Pxlz Pyr
dV@ dVl//

(33)

Let us first focus on dV s, the position portion of the quadro-
tor in V. From the definition of e, and its time derivative, we
obtain that ¢; = e — crey and é, = €1 + c1¢1. Consequently,
dV;os with the substitution of ¢; and é; becomes

~ A

dVpos = €] (e2 — cre1) + €4 (§ — La+cre1) — (34)

miM
By considering the quadrotor dynamics (17) in the compact
form (4), we obtain
_ FextRu3
m

F,
— g3 = AR+ R —gus. (35)
From the design of the nominal input, F, = thq, and the
estimation error /i = m — i, we have that F, = mF, =
(m— m)F Subsequently, we obtain that Fy/m = Fy—Fym/m.
By substituting ; in (35) and F;/m into (34), we obtam that

dVpos = elTez — clelTel + €2T<<F — F )Rf + w¢ Ry

— gu3z —8a+crer ) — —.
Pmm

(36)

With the use of the proposed adaptive law (27), we have, as
F, and m/m are scalars, that

i - m
- €2F Rf_p_mz_Fq%sC_'_
m

Hence, dVpos becomes

ﬁ1pml_7qs;

Pmm

=0. (37

dVpos = 3{62 - 616{61 +FqS§ + we sy — egg,ug

— Ala+ciere. (38)

By rewritting dVpos With @, s;, we obtain

deos = elrez—clelTel —i—(l_’qs; —l—c?); St —eggu3—eg'§.d+clegé1)
+ (a); —a)g)S§. (39)

By utilizing the additional input w; in (30) and &; = w0 +

dw; to the last term in the above equation, we have that (w; —

w¢o — Sw;)sc is upper bounded by e:d; /4 [32]. Hence, by
substituting the nominal input (23) to dVpos, we obtain that

dVpes < e1 e — clelel + ( ¢Sc + w;s; - eng% egfd
. eed
+ 616261) + %
eed
= —clelTe] — czegez + id s 2 40)

4
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Next, let us consider the proof for the roll angle dV in (33).
From (18), the dynamics of the roll angle of the quadrotor with
disturbance is

. .. Tg.x
¢=®¢91ﬂ+1—+a)¢. 41)
X

By rewritting e4 in (24) and taking the time derivative of eq4,

we obtain é3 = e4 — czez and é4 = €3 + c3é3. Thus, dVy

becomes

5 . - Tgx .

dVy = ezeq — c3e5 + c3eqes + 64(®¢91/f + o +wy — ¢d)

X
i 9,0,

(42)
Py P

By using the adaptive laws for I, and C:)¢ with the substitution
that 7, x/I = Ty x — Tgxlx/Ix, we have that

dVy = ezeq — C3e% + 64(®¢9.1/./ — é§d +c3e3 + 74, + a)¢)
= e3e4 — Cge% + 64(®¢él/} - (ﬁd + c3e3 + 'Eq,x + 6?)45)
+ (a)¢ - é)¢)€4. 43)
For &y = wgo + dwy with the additional input (31), the last
term in the above equation is upper bounded by e4dy /4. With
the design of the nominal input for 7, ,, we further obtain that
Egdy
4
A similar mathematical derivation for the orientation tracking
and uncertainties on rotational inertia can be accomplished

for dVy and dVy, with the proposed adaptive laws and robust
controllers. Consequently, we have that

2 8
V< —Zcieire,- — X:cie,-2 + 11
i=1 i=3

where I1 = (e;d; +epdy + €9dy + €y dy) /4. By denoting the
augmented state vector X = [elT ezT e3 eq e5 e e7 eg]’ € R12,
the above equation V can be rewritten as

dvy < —C3€3 — C4e4 + (44)

(45)

V< —cminX X + 11
< —neminlXII* = (1 = neminlIX (1> + T

IA

—(1 = memnlXI* VIX|| = (46)

min

where cpin = min{¢;} fori=1,...,8,and 0 < n < lisa
constant. AS cmin, 17, and IT are bounded away from 0, for a
large value of || X]|, V < 0 VX # 0 [32]. Therefore, the trajec-
tories of the states of the quadrotor system with the influence
of disturbances from the robotic arm are ultimately bounded.

To prove for asymptotical stability, the constants in the
additional controls for disturbances can be replaced by expo-
nential decay variables such that &; = a; exp(—b;?) and ¢; =
aj exp(—b;t). Without loss of generahty, the convergence of 5;
and ¢; to the origin gives that V=— le | c,e e — Z 5 cie l ,
which is a negative semidefinite function. Therefore, we con-
clude that all the signals in the Lyapunov function candidate V
are bounded because V(r) < V(0). As e and e, are bounded,
el € Eoo Similarly, we have that é3, é5, and é7 € L.
Since {d, gd, e1, €1, and ey are bounded, we obtain that F
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is bounded by observing (23). Furthermore, we obtain that
Fy=iF, € Lo as i € Log from V(1) < V(0).

From the position dynamics (17), Fy being bounded leads
to that X, y, and Z are bounded, so does ¢ € Lo. Hence,
¢ = { — g is also bounded. By taking the time derivative
of ey, we obtain that é; = é; + c1é;. Moreover, the bound-
edness of ¢1,e; € Lo gives that ¢ is bounded. Since e3,
es5, and ¢7 are bounded, we further have that ¢3, 9, I/f € Lo
Consequently, we obtain T4, Tgy, and 74 are bounded which
leads to ¢,60,% € Lo from the orientation dynamics (18).
By analogous to the aforementioned analysis, we conclude
that é4, é¢, €g € Loo

By takmg the tlme derlvatlve of V again, we have that

221 1 Cie; Tor — 22 _3 cieié¢;. By following the afore-
mentloned analysis, we obtain that V is bounded, which
implies that V is uniformly continuous. Thus, we have
lim;_s oo V(t) = 0 so as lim;,e;(t) =0 fori =1,...,8
by invoking Barbalat’s lemma [33]. Therefore, the conver-
gence of the position tracking errors ey, e3, e5, and e7 to the
origin demonstrates that the quadrotor system can be guaran-
teed to go to the desired trajectories. From the definition of
e, eq, 6, €8, limy_,oe;(t) =0 for i = 1,...,8 ensures that
limy— o €;(t) = 0 for i = 1,3,5,7. Consequently, both the
position/orientation and velocities tracking errors convergent
to the origin so that the performance of the quadrotor tracking
system is guaranteed. |

Remark 3: During aerial manipulation, picking up and
dropping off an object are important operations. A sud-
den change of mass and rotational inertia, and interactive
force/torque from the gripper to the quadrotor would signifi-
cantly affect the motion and control performance of the aerial
manipulator. In this article, DDPG is presented to regulate
the robotic arm by minimizing the influence to the orien-
tation of the quadrotor that would lead to higher tracking
errors. For the dynamic parameters, resulting from the arm and
the attached/detached object, the adaptive/robust control algo-
rithms are proposed to handle the perturbation while ensuring
stability and trajectory tracking. The stability when grabbing
and dropping a payload can be well handled with the use of
the proposed algorithms and decoupling approach. Numerical
and experimental validations are addressed in the next sec-
tion to demonstrate the efficiency and efficacy of the proposed
system.

IV. VERIFICATION RESULTS
A. Numerical Examples

The validation results of the proposed aerial manipulator are
illustrated in this section via numerical examples. The model
of DJI-F450, identical to the quadrotor in the experiments, is
considered and built for simulations. The physical parameters
are given as my = 1.2 kg, I, =5 x 10_3,Iy =5x 1073, and
I. = 9x 1073 kg-m2. The robotic arm is considered as a 2-DoF
manipulator, whose length of the two links is /; = 0 135 m
and /, = 0.105 m with m; = 0.08 kg, X1—23><10 Iy =
2.3 x 1079, and Iy = 5 x 107 6 kg- m for the ﬁrst link,
and my = 0.06 kg, I,1 = 2.3 x 1075, I;; = 2.3 x 10_5,
and I.; = 5 x 107° kg-m? for the second link. It is noted
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Fig. 4. Structure of DDPG training in V-REP with the model of an F450
quadrotor system using the robotic arm.
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Fig. 5. 3-D tracking of the quadrotor position and the end-effector position
of the robotic arm by using the proposed decoupling approach with DDPG
and adaptive/robust controller.

that the dynamic parameters are given for simulation, and in
the proposed control algorithms, the knowledge of quadrotor
parameters, robotic arm, and object payload is not required.

To train the DDPG policy, the dynamic model of the F450
quadrotor and robotic arm from the experiments are accom-
plished in V-REP, which is illustrated in Fig. 4. The motor
controller of the manipulator is accomplished by the regular
servomotor controller built in the V-REP environment, where
the servomotor is set with a torque saturation of 4.5 N-m. The
proposed DDPG controller is trained to give high-level com-
mands to the rotor controller via 114 and 724. The learning
rates are 10~* for both actor and critic, and the training sec-
tion performs 1000 episodes with 500 steps in each episode.
Moreover, the discount factor y is 0.9, and the reward con-
stants are f1 = —95 and B = —50. The quadrotor is
controlled to hover at £; = [0.5, 0, 1] m for 160 s, and then the
robotic arm is trained to track the target position. The train-
ing states of the motion of the robotic arm mounted on the
quadrotor are illustrated in Fig. 3. In the last period of learn-
ing, the manipulator is able to track any end-effector position
assigned to the controller (see multimedia attachment).

1) Simulation of Aerial Manipulator: The proposed
quadrotor system with a robotic arm is presented to show the
efficiency and performance by tracking a 2-D lemniscate tra-
jectory. The quadrotor takes off from z = 0 mto z = 1 m in the
beginning, and then starts to track the lemniscate trajectory on
the xy-plane while keeping a fixed height on the z-axis. Since
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Fig. 7. Quadrotor orientation and tracking errors by using the proposed

decoupling approach.

the dynamic parameters and interactive force are unknown to
the system, both the adaptive and robust controller are utilized
in the tracking control of the quadrotor. In addition, the trained
DDPG policy in V-REP is utilized to control the motion of the
robotic arm. Meanwhile, in order to validate that the controller
can ensure trajectory tracking with changes of system param-
eters, the quadrotor is planned to grab a payload of 0.1 kg in
the midway during the tracking mission.

In the simulation, the manipulator starts from 7n;(0) = 4.71
rad and 72(0) = O rad, and to track a trajectory described
by nia(t) = 4.71 4 0.0175¢ rad and n4(r) = 0.0175¢
rad for t+ = 0 to 35 s, and reverse for r = 35 to 70 s.
The control gains are given as ¢; = diag{0.63, 0.54, 0.03},

¢ = diag{11.97,12.06.6.97}, ¢3 = 1892, ca = 15.1,
cs = 18.2, c¢ = 17.5, ¢; = 184, and ¢g = 11.1. For
the adaptive controller, the update rates are p, = 7.07,

px = 055, py = L1, p, = 15, pg = 53, pp = 4.2,
and py = 3.4 with initial conditions /m(0) = 0.02 kg and
Ty x(0) = Ir.y(0) = I;.(0) = 0.001 kg-m”. In addition, the
robust control gains are selected as &; = 3 and d; = 0.01. With
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Fig. 9. 3-D tracking of the quadrotor position and the end-effector position

of the robotic arm by using the proposed decoupling approach with DDPG
and adaptive/robust controller.

the aforementioned modeling and parameters, the simulation
results are shown in Figs. 5-9.

Fig. 5 illustrates that with the proposed adaptive/robust con-
trollers, the quadrotor can track the desired trajectory while
the robotic arm picks up a payload suddenly at r = 35 s,
and drops the payload at t+ = 45 s. The quadrotor tracking
performance and errors are shown in Fig. 6, where the errors
are bounded and closed to the origin, as stated in Theorem 1.
For the robotic arm, the joint angles and tracking errors in
the end effector are illustrated in Fig. 8. Without the knowl-
edge of dynamic parameters and internal interacting force,
the proposed adaptive/robust controller can guarantee track-
ing performance with the estimations of system parameters as
illustrated in Fig. 9. It can be observed that when the object is
picked up and dropped out, the estimation of the entire mass is
slightly increased and the interactive force is also respond to
the changes. The unknown dynamic parameters and stability
during grabbing and dropping the payload are demonstrated.
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TABLE I
COMPUTATIONAL TIME OF TEN CONSECUTIVE LOOPS AND AVERAGE
LooP TIME DURING AERIAL MANIPULATOR TRACKING. IT Is NOTED
THAT [13] AND [14] REQUIRE THE KNOWLEDGE OF DYNAMIC
PARAMETER OF THE QUADROTOR SYSTEM, AND THE PROPOSED
APPROACH NEEDS NOT

H Computational Time (sec) H Proposed ‘ [13] ‘ [14] H
Ave. time/loop (sec) 0.0059 0.1174 | 0.0206
Ave. frequency (1/sec) 169.49 8.52 48.47
12
1
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Fig. 10. Quadrotor system with a robot arm in tracking a minimum snap
trajectory by using the proposed decoupling approach. (a) 3-D quadrotor
position. (b) Roll and pitch angles.

2) Comparisons With Prior Work: One of the advantages of
the proposed decoupling approach is the reduction of compu-
tational time. To see the efficiency, the computational time
is obtained by using the proposed approach and the prior
work on the coupled aerial manipulator (2) to track a tra-
jectory and pick up an object. The simulation programming
is accomplished in MATLAB R2019a with the ROS library
to emulate a real communication architecture. The function of
the stopwatch timer is utilized in the simulation to measure the
elapsed time for each of the simulation loop. The elapsed times
for a ten consecutive loops with the proposed and coupled
dynamics [13], [14] during the trajectory tracking of aerial
manipulator are listed in Table I. The consequence shows
that the computational time can be dramatically reduced, even
without the knowledge of dynamic parameters, to avoid insta-
bility in controlling quadrotors system with low frequency
by using the proposed decoupling approach. Since low com-
putational frequency could lead to instability of a quadrotor
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Fig. 11.  Comparison results of the quadrotor system without a robot
arm in tracking a minimum snap trajectory by using the parameter-required
controller [34]. (a) 3-D quadrotor position. (b) Roll and pitch angles.

system, the proposed approach with lower computational time
is superior to previously developed methods.

Several control schemes have been proposed for position
and altitude control under the assumption that the system
parameters are precisely obtained [34]-[36]; however, it is
difficult to measure the accurate system parameters, which
could change during the operation. The comparison results to
a previously proposed tracking controller are presented subse-
quently for a minimum snap trajectory. With the decoupling
approach, the simulation results are shown in Fig. 10, where
the robotic arm is controlled by using DDPG and pick up an
object at t = 25 s. Since the robotic arm is controlled to min-
imize the influence to the quadrotor, and the adaptive/robust
algorithms are utilized to cope with dynamic uncertainties and
interactive force from the arm, the tracking performance is
satisfactory with stable orientation control.

However, if the scenario is implemented in a previously
developed controller without a robotic arm [34], which
requires the precise information of the dynamic parameters, the
tracking performance is not guaranteed as illustrated in Fig. 11.
It can be observed that the quadrotor with the use of the
previous controller may encounter a non-negligible error in the
altitude tracking due to imprecise mass parameters. An obvi-
ous oscillation is observed in the tracking of the pitch and yaw
angles, which results from inaccurate moment inertia, even
without a robotic arm. Thus, unprecise system parameters in
the previous schemes may degrade the tracking performance of
the control system and even destabilize the aerial manipulator.
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Fig. 13.  3-D quadrotor position tracking in the experiment of the aerial
manipulator.

The comparison results demonstrate the superiority of the
proposed decoupling approach and adaptive/robust algorithms.

B. Experiment Verification

1) Hardware Setup: The proposed aerial manipulator con-
troller is implemented on a DJI-F450 quadrotor mounted with
a 2-DOF robotic manipulator, as shown in Fig. 12. The quadro-
tor has a net weight of approximately 1.25 kg with a Pixhawk
flight controller, where the manipulator consists of two links
driven by Dynamixel XH430-W350-T servomotors [37]. The
robotic arm is fabricated by using a 3-D printer (Flux Delta+),
and the lengths of two links are /{ = 0.13 m and , = 0.105 m.
The manipulator has a net weight of approximately 0.4 kg.
The position and attitude of the quadrotor and robotic arm
during aerial manipulation were obtained by using the motion
capture (MOCAP) system consisting of IR cameras (Optitrack
Flex 13) is used to track the 3-D pose of the quadrotor and
arm within the venue of the experiments. The motion track-
ing frequency is set at 120 Hz. In the experiment, due to the
hardware limitation, the proposed torque control and the corre-
sponding moment of inertial estimation were not implemented.
Nevertheless, the attitude controller built in the Pixhawk flight
control board is utilized to control the attitude of the quadrotor.

In this experiment, the quadrotor performs trajectory track-
ing while the manipulator moves autonomously by using
DDPG during the flight. It is noted that the arm moves during
the flying operation, but no object is attached to or detached
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Fig. 16. Errors of Euler angles and estimate of mass in the experiment of

the aerial manipulator.

from the robotic arm in this case. The tracking performance
of the quadrotor and the trajectory of the end effector are
shown in Fig. 13. The proposed adaptive/robust controller
ensures the trajectory tracking of the quadrotor in Fig. 14,
and the desired set-point angles of the robotic arm are obtained
from the DDPG-based reinforcement learning as illustrated in
Fig. 15. The Euler angles of the quadrotor are illustrated in
Fig. 16, which shows that the movement of the manipulator
causes only small disturbance to the pitch angle. The adaptive
estimation of uncertain mass, with the use of the projection
operator [38] for the upper bound and lower bound as 1.8 and
0.8 kg, is shown in Fig. 16.
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Fig. 18. Position trajectories and tracking errors of the quadrotor in the

experiments of the aerial manipulator while picking and dropping an object
during the operation.
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Fig. 19. End effector of the robotic arm, without picking or dropping an
object, in the experiment of the aerial manipulator while picking and dropping
an object during the operation.

Suddenly attaching and detaching an object without the
information of mass and rotational inertia is a crucial research
topic in the control of aerial manipulators. The aerial manipu-
lator to pick up and drop off an object at the final destination is
implemented subsequently. The experimental results by using
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the proposed approach are illustrated in Figs. 17-20. Since
the quadrotor is moving and [x., z.] is defined according to
Yp, the desired position of the end effector of the robotic
arm is obtained with respect to the position of the object to
the quadrotor. In the experiment, several markers have been
attached to the object so that the desired position of the object
is available for the control of robotic arm to pick up, as shown
in the multimedia attachment and Fig. 19. It is shown that the
adaptive/robust controller and DDPG reinforcement learning
can deal with the sudden change of mass and inertia pro-
vided stability and good tracking performance. The errors of
Euler angles and the estimate of mass are illustrated in Fig. 20.
The results demonstrate the robustness and performance of the
proposed methods in real-time applications (see multimedia
attachment).

V. CONCLUSION

Due to the complex and coupled dynamic model of aerial
manipulators, proposing an efficient and effective control algo-
rithm is significant to the communities of robotics, control, and
cybernetics. The motion of the robotic arm and the change
of system parameters may perturb the quadrotor and degrade
trajectory tracking, especially in the absence of parameter
information. In this article, by decoupling the quadrotor and
robotic arm, the DDPG-based reinforcement learning approach
was presented to ensure that the influence from the motion of
robotic arm to the quadrotor is diminished. In addition, an
adaptive/robust control with the design of the nominal input
was presented for the quadrotor to follow a desired trajec-
tory in the presence of dynamic uncertainties. The efficiency
and efficacy of the proposed system are valid via simulations
and experiments, which demonstrated the computational time
can be reduced in order to ensure better performance com-
pared to conventional methods. Future work encompasses the
cooperative transportation of multiple aerial manipulators and
robustness to unknown external disturbance. The utilization
of emerging reinforcement learning methods on the robotic
arm in the decoupling approach would also require further
investigation.
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