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ABSTRACT

In order to solve the problem of COG (Center of Gravity) shift caused by grasping, handling and other tasks of
operational flying robot, this research proposes a working flying robot with COG adjustment mechanism. This
article also offers a COG adjustment control strategy. Through the kinematics derivation of the manipulator in
the operating device, the strategy dynamically calculates the change of the COG position of the compound
system during the motion of the manipulator. The paper calculates the rotation angle of the adjusting
mechanism by using the torque balance equation, which helps adjust the COG of the composite system. In
order to verify the effectiveness of the proposed control strategy, this paper studies the influence of manipulator
motion on the COG trajectory and fixed-point hovering position of the composite system with or without COG
adjustment control. Outdoor physical experiments are carried out to test the flying robot carrying load. This
study also analyzes the stability effect of the adjusting mechanism in the fixed-point hovering operation. The
experimental results show that under the control strategy, the COG adjusting mechanism can adjust the offset
of the COG of the compound system in real time during the operation of the flying robot, which verifies the

effectiveness of the control strategy.
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1. INTRODUCTION

In recent years, UAVs (Unmanned Aerial Vehicle) have been
the focus of research in the military and commercial fields due
to their stable structure, flexible maneuverability, and
autonomous flight. They are widely used in aerial surveys,
pesticide spraying, plant protection, and target tracking [1-3].
Compared with the mobile operation of ground mobile robots,
UAVs equipped with operating devices have expanded the
operating space to 3D (Three-Dimensional), broadening the
application fields of UAVs, handling dangerous goods in
complex environments, placing and recycling survey
equipment, and aerial target grabbing and other aspects have
broad application prospects. This kind of composite system is
called an operational flying robot [4].

In early research, researchers installed simple robotic grippers
on the bottom of the aircraft to grip and carry objects. This
kind of operating device has a simple structure and is easy to
control [5-7]. One review paper has exhaustively discussed
the many types of single and multi-UAV grippers [8]. In one
study, the researcher used passive mechanical compliance and
adaptive under-actuation in a gripper to allow for large
positional displacements between the aircraft and target
object [9]. However, these studies lack a sophisticated robotic
arm system. Therefore, their operational flexibility is limited,
which is not conducive to the completion of more complex
tasks. In order to meet the operational requirements of
different tasks, researchers installed special designed robotic
arms to complete tasks such as grasping and handling, placing
pipes, rotating valves, and opening doors and drawers. In
contact with the environment, the flying robot is affected by
the environment and the operated object, which shifts the
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COG of the composite system, causing the flying robot to be

unstable and even crash [10]. One research analyzed the
relationship between the stability of the aircraft and the
distance from the centroid of the system's COG and proved
that the larger the mass of the carried object, the smaller the
distance allowed by the carried object to deviate from the
centroid of the flying platform [11].

In view of the shift of the COG, one researcher proposed a
flying robot that collects plant tree crowns. The flying robot
had controllers, batteries, and other components at the rear of
the rotorcraft. The front end of the fuselage extends two rod-
mounted mechanical arms. Through reasonable assembly of
the components, the COG of the aircraft is controlled near the
geometric center of the aircraft. The method is only applicable
to the case where the operating device is relatively small
compared to the aircraft and the grasped object is relatively
small relative to the overall mass of the system. Another study
used the battery as a component to adjust the COG, and a
simple mechanism was installed in the middle of the fuselage
of the flying robot to enable the battery to move back and forth
parallel to the forward direction of the aircraft, thereby
adjusting the position of the COG in that direction. This
method adds a counterweight that can be moved horizontally,
but requires a large space under the fuselage, and has a limited
moving distance, slow movement, and untimely adjustment.
One study proposed a full-state LQR (Linear Quadratic
Regulator) control strategy. The results show that the LQR
controller has a good stabilization effect when the system is in
equilibrium and the manipulator moves in a small range, but
the controller cannot stabilize the system when the swing
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amplitude of the manipulator is large [12-13]. In another
research, by establishing the kinematics and dynamics model
of the system, the COG coordinate position is dynamically
calculated. Aiming at the COG compensation term, a dynamic
COG compensation control method based on inversion
method is proposed, which improves the performance of
position and attitude tracking of flying robot. One study
considered the motion of the robotic arm as a disturbance, and
proposed a gain-adjustable PID (Proportional Integral
Derivative) control. The results show that the method has a
good stabilization effect on the motion of the robotic arm, but
does not analyze the effect under different load conditions.
Another study treats the operating device as a part of the
aircraft for overall dynamics modeling, and proposes an
enhanced adaptive controller that uses an online parameter
estimation algorithm to enable the flying robot to complete
autonomous handling of unknown loads.

Considering the aircraft and the operating device as a whole,
the design of the nonlinear control strategy based on the
dynamic model has significant impact, but the modeling is
difficult and the control is complicated. In order to simplify
modeling and control, this paper proposes a flying robot with a
COG adjustment mechanism and its control strategy. Based
on the kinematics and dynamics modeling of the flying robot,
the relationship between the change of the COG of the
composite system and the movement of the manipulator is
analyzed, and the position of the COG of the composite
system and the angle of rotation of the COG adjustment
mechanism are dynamically calculated. Physical experiments
verify the effectiveness of the COG control strategy.

The rest of the study is as follows: Section 2 presents the
mechanism design and various parameters of the composite
system. While, section 3 offers the kinematic modeling,
kinetic modeling, and the COG control strategy. Whereas,
section 4 deals with the testing platform, COG estimation, and
the physical experiment. Section 5 concludes the whole study.
Inthe end, section 6 presents the future work.

2. MECHANISMS DESIGN

The structure of the operational flying robot system with
gravity center adjustment mechanism proposed in this paper
is shown in Fig. 1. The total mass of the flying robot is 2.5 kg.
Table 1 shows the parameters of each part of the composite

system. 7 =

e ¥

FIG. 1. SYSTEM STRUCTURE OF THE FLYING MANIPULATOR

TABLE 1. PARAMETERS OF THE COMBINED SYSTEM

Iy Ix, Iy,
Name e 5 ,
(kg.mm?®) | (kg.mm®) | (kg.mm?)

Upper segment of manipulator 0.045 0.069 -0.003
Lower segment of manipulator 0.000 5.525 0.000
Mechanical claw 0.002 -0.003 0.001

Center of gravity adjustment
. 0.000 0.000 0.000
mechanism

The composite system is divided into two subsystems, namely
the quadrotor on the upper part and the operating device on the
lower part. The four-rotor aircraft has a wheelbase of 550 mm
and a rated take-off mass of 3.2 kg. Two KV700 brushless
motors are selected, and two pairs of 12-inch forward and
reverse propellers are used to provide power. The flight
controller uses 32-bit open source flight control hardware
Pixhawk based on ARM chip. The flight control device has a
built-in 3-axis accelerometer, gyroscope, magnetometer, and
barometer sensor, and an external GPS (Global Positioning
System) module is used to obtain aircraft position
information, and communicate with the ground station
through a 433 MHz wireless digital transmission device.

The operating device consists of a robotic arm, a COG
adjustment mechanism, and a mechanical claw, and wirelessly
communicates with the ground station through a ZigBee
module. The CC2530 chip on the module is used as the
processor of the COG adjustment controller, and the servo is
controlled by the serial port to RS485 bus module.

Compared with the parallel structure robot arm, the series
structure robot arm has a simpler structure, a larger working
space, mature modeling and control methods. Therefore, the
operating device in this paper uses a three DOF (Degree of
Freedom) series robot arm. The robot arm has a mass of 215 g
and a fully straightened length of 280 mm. It is responsible for
tasks such as grasping and handling. A single DOF gravity
center adjustment mechanism is designed to adjust the COG
shift generated by the composite system during the operation
of the robot arm in real time without hindering the work of the
robot arm. The COG adjustment mechanism uses the battery
as a counterweight, and adjusts the position COG of the
composite system based on the position movement calculated
by the COG adjustment controller. Considering the quality of
the steering gear, output torque, and control accuracy, the
joints of the operating device use RobotisDynamixel's RX-28
steering gear. The maximum output torque of the steering gear
is 2.8 Nm. The body and each part of the bracket are processed
by carbon fiber board and nylon according to different strength
requirements.

This paper designs a claw-shaped end effector, and uses 2
miniature DC motors to drive the mechanical claws for
expansion and contraction. The mechanical claw has areverse
self-locking function. After completing the task of grasping
objects, there is no need to provide additional driving force to
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maintain the gripping state. When the robot claw is fully
opened, the distance is 75 mm. When it is closed, the distance
from the wrist joint to the center of the claw is 55 mm.

3 MODELINGAND CONTROL
3.1 Kinematic Modeling

Assuming that the body is a rigid body, the base system {O,}
fixed on the ground is the inertial system, and {O,} is the body
coordinate system. The origin of the body coordinate system
{0,} is fixed at the centroid of the quadrotor. The positive
direction of the x, axis is the forward direction of the
quadrotor. The z, axis is perpendicular to the plane of the
quadrotor.

Let P =[x, y, z]' denote the position vector of the origin of the
coordinate system {O,} in the coordinate system {O,}, and ®
=[,0,y]" denote the attitude vector of the coordinate system
{O,} in the coordinate system {O,}, where ¢, 0, y denote the
roll angle, pitch angle and yaw angle respectively. Let V = [u,
v, w]" is the linear velocity of coordinate system {0, } relative
to coordinate system {O,} in coordinate system {O,}, Q=[p,q,
r]" is the angular velocity of coordinate system {O,} relative to
coordinate system {O,}. r, = [X¢, Y Zo]' is the offset vector of
the center of gravity of the composite system in coordinate
system {O,}. The rotation matrix from the body coordinate
system to the inertial coordinate system is:

cpyce — sQesys  —cpps  cwys + cl0sps
R =| clOs + cywsps coppc  syys — cyycls (M
— cpps R cpgc

Among them, ¢ and s respectively represent cos and sin
functions.

The D-H (Denavit-Hartenberg) method is used to model the
operating system. {O_} and {O,} (j = 1,2,3) represent the joint
coordinate system of the COG adjustment mechanism and
each joint coordinate system of the robot arm, and {O,} is the
coordinate system of the end effector, and its origin is fixed at
the machine center position when the claw is closed. Table 2
shows the D-H parameters of the operating system (0, d,, o,
a.,). {O,} and {O,} represent the mounting coordinate
systems of the robot arm and the COG adjustment mechanism,
respectively. 0, (j = 1,2,3) represents the rotation angle of each
joint of the robotic arm, and 6, represents the rotation angle of
the joint of the gravity center adjustment mechanism. The
rotation matrices of the mounting coordinate system of the
robot arm and the center of gravity adjustment mechanism to
the body coordinate system are:

0.707 0.707 0 x, 0.707 0707 0 x,
A | O 0 -1 yo| | 0 0 -1 vy,
710707 0707 0 z, [ 0707 0707 0 z,
0 0 0 1 0 0 0 1

TABLE 2. D-H PARAMETERS OF THE MANIPULATION SYSTEM

e_] Ol Q-1 d]

Number (0) ) (mm) (mm)
0-1 0, 0 0 0
1-2 0,-90 0 u 0
23 0, 90 0 "
34 0 0 0 N

Among them, x,=76.5 mm, y, =0, z, =-74.5 mm, X, = -76.5
mm, y, = 0, z, =-74.5 mm. Obtain the transformation matrix
of each sub-coordinate system to the body coordinate system
using:

b

Ti = AgA,..A, )

Among them, the transformation matrix A, from the
coordinate system {O,,,} to {O,} is as follows

cHJ.+1 —s9j+1 0 a;
_ s0;,ca; 0, co; —sa; -dsa; 3)
g+ sO. .so. cb. . sa. ca, -d.. ca.
JHIPT I J JHIET
0 0 0 1

A point p on the robotic arm is expressed as P’ in the sub-
coordinate system {O,} of each part of the robotic arm, then p
can be expressed as the body coordinate system {O, } as:

b_b j
Py ="T;P; 4)
Canbe expressed in the inertial coordinate system {O,} as:

i b
Pp =P+ RPp %)

3.2 Kinetic Modeling

Considering that the operating device remains static in the
non-working stage, it moves only when working on the object,
and the rotation speed of the joint is slow and adjustable, so the
influence of the operating device on the power system is
ignored and the system is regarded as a changing static state. In
summary, the dynamics of the composite system is modeled
under the static state, and its dynamic equation can be derived
from the Newton-Euler method.

m[P+Q><rG+QX(QXVG)]=G+RFP+RFe ©)

1,Q+Qx1, Q=Mpr; xFp+M, (7)

Where m is the mass of the composite system and I, is the
inertia tensor. A four-rotor aircraft generates lift by rotating the
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rotor. The lift and torque are related to the speed of rotation of
the rotor, which is modeled as:

2
F, = cro;

®)
(€))

Among them, c; and c, are lift coefficient and torque
coefficient, respectively, which are related to air density,
propeller area and propeller diameter, and can be obtained
through static thrust test. F, and M are the forces and moments
acting on the composite system from the external
environment, G = [0,0,-mg]" and F,= [O,O,fp]T are the gravity
and lift acting on the composite system, respectively. f=
F1+F2+F3+F4 is the resultant force generated by the 4
propeller in the z direction. M, =[1,,7,,7,]" is the torque acting
on the composite system, and / is the length of the force arm.
From this, the power distribution matrix of the composite
system can be obtained:

M. :CQW;Z

1

2

Sy ‘r ¢r  Cr  Cr |log
| |- cpl cpl cpl =l | @3 (10)
T, - el —cpl cpl  cpl m32
Tx g ¢ o oo

In order to simplify the analysis, this paper focuses on the
control of the shift of the COG when the manipulator carries a
load, so that F =0, M .=0. The system dynamics equations can
be obtained from Equations (1,6-9).

/
i = —p(sine cosy +cos0 sin¢ siny )+ a,
m
Io (o o (1
V= —p(sme siny + cosO sin ¢ siny )+ a,
m
/
w=""cos0 cosdp — g +ay
m
P (R O (e R )
. 12
ST S NS S
a, = (q'—pr)xG —(p+qr Y +ZG(I’2 +q2)
b= Iyy_]xx qr+rx_yGfp
IXX [XX
q:Izz Ixxpr+ry_foP
Iy Iy (13)
I —1 i
. »yy XX z
F=——"—""pq+
IZZ pq [ZZ

3.3 Center of Gravity Control Strategy

The purpose of gravity center adjustment control is to control
the COG of the system near the z, axis of the body coordinate

system. In the composite system, the four-rotor aircraft is
symmetrical, and the operating device is installed
symmetrically about the y,0,z, plane and adjusted to the initial
equilibrium state. Therefore, the COG of the composite
system is shifted only when the robotic arm moves. In this
case, the COG adjustment controller obtains the required
rotation angle of the COG adjustment mechanism by
calculating the change in the position of the COG of each part
when the robot arm moves.

Fig. 2 is a flowchart of the data processing of the gravity center
adjustment controller. The data processing mainly includes
the following three steps:

Step-1 Initialization: The parameters mainly include the
initial state, the angle of the joint of the robotic arm, the
adjusting mechanism at the time of reset, the position of the
COG of each part of the robotic arm in the respective sub-
coordinate system, and the transformation matrix of each sub-
coordinate system to the body coordinate system.

Step-2 Compare: The main purpose is to judge whether to
process the sent data. If the target angle of the movement and
the current angle are smaller than a set value, i.e. when the
movement of the robot arm changes little, the system will
default the adjustment mechanism to perform no operation.

Step-3: Calculate. Obtain the transformation matrix from the
current sub-coordinate system to the previous sub-coordinate
system. Calculate the position of the COG of each part in the
body coordinate system {Ob} from Equations (2-5). Use the
balance Equation (14) to derive the expression (15) of the
controller of the adjustment mechanism, and calculate the
target position of the movement of the adjustment mechanism
of the COG. This information is updated each time the robot
arm moves, and at the same time, the new position information
is also fed back to the controller by the servo.

Ground Station

Computer

Wireless
Communication

Operational flight robot

Center of gravity
adjustment controler 9?

Inilializalinnl—‘ Compare I—‘Calculation

[Center of gravity

mechnism

"
| 0
~| Robot Arm

>

FIG. 2. FLOW CHART OF THE GRAVITY CENTER CONTROL
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MmX, +myx, +jZ3:l mx; =0 (14)
3
0 :@ £+arcsin—mgxg +‘/§1 Y
© m |4 a (15)

Among them, m, represents the weight of each part of the robot
arm, and m, and m, represent the mass of the COG adjustment
mechanism and the grasped object, respectively. x;, X, and X,
represent the positions of the COG of each part on the x, axis in
the body coordinate system, x, = ¢,("T;x, ), x, = ¢,("Tyx,, ) and
e, =[1,0,0,0], x,, is the x coordinate of the COG of the " part of
the robot arm in the coordinate system {O,}, x,, is the x
coordinate of the grabbing object in the coordinate system
{0,}, a, b are constants, It is related to the coordinates of the
COG and mass of the adjustment mechanism in {O,}. In this
design, a=156970 and b =0.725. When m, = 0, the joint angle
of the COG adjustment mechanism can be obtained without
load.

4. TESTSAND EXPERIMENTS
4.1 Testing Platform

Fig. 3 shows the structure of a testing system for a working
flying robot. The trajectory generator and position controller
generate the target position of the body & and attitude @ and
the target joint angle 0/ of the robot arm movement as system
inputs. ®,, »,, ®,, and o, are the rotation speeds of the four
brushless motors respectively. The attitude controller uses
PID control to adjust the attitude of the robot. Equation (10)
generates the lift force F, and torque M, that act on the
composite system. The operating device controller controls
the manipulator and the COG adjustment mechanism by
formula (15).

Trajectory
Generator

Attitude
Controller

Brushless
Motor

Fp Mp
Operating c) dov ‘;Z
. Device
9 T

O

Center of
gravity

controller

4
Robotic Arm
Controller

FIG. 3. STRUCTURE OF THE TESTING SYSTEM

Quadrotor

The overall maneuverability of the operational flying robot
system is tested. In the initial state of the robot, the joint angle
of the robot arm 6, =—80",6,=125",0,= 0, and the joint angle

of the adjustment mechanism 6, = 57°. In the three
experiments, the testing system made the flying robot take off
in 2s, and the roll, pitch, and yaw signals were input in 3
experiments within 0-16 s. Experiments show that the PID
controller can stably track the desired attitude and altitude in
the absence of operation.

4.2 Center of Gravity Estimation

In the air operation system, m, represents the mass of each part
of the manipulator, m, represents the mass of the body, m,
represents the mass of the COG adjusting mechanism, and m,
represents the mass of the grasped object. As described in
Section 3, the joint coordinate system of the manipulator and
the joint coordinate system of the COG adjusting mechanism
are represented by {O;} and {O,} respectively. The position of
the COG of each part in the body coordinate system {O,} and
the inertial coordinate system {O,} can be calculated by
Equations (4-5). The COG of the composite system can be
obtained from the centroid solution theory of multi-body
mechanics.

3
m.p. +mgpg + zmipi
j=1

3 (16)
M. +mg + 2 m;
=0

T, +

In the experiment, the joints of the manipulator are made to
move according to the formula (17) given in Equation (17):

0, =1r-90
0,=90-70<7<180 (17
0, =1-90

First, we test the composite system when the COG is adjusted.
When the manipulator moves, the COG adjustment
mechanism makes corresponding movements according to the
angle calculated by the center adjustment controller, and
controls the COG to change near the z, axis of the body
coordinate system. The maximum deviation distance is 0.1062
mm, the minimum deviation distance is 0.1036 mm, and the
change range is 0.0026 mm. Then, we test the composite
system without COG adjustment control. At this time, the
manipulator moves and the COG adjustment mechanism
maintains the initial stationary state. In this state, the COG of
the composite system changes significantly. The maximum
deviation distance from the z, axis is 20.4535 mm, the
minimum deviation distance is 13.8334 mm, and the variation
range is 34.2896 mm. Comparing the two results, it can be seen
that the COG adjustment mechanism can better control the
COG shift of the composite system.

4.3 Physical Experiment

Conduct outdoor physical experiments to test the actual
impact of the flight robot manipulator on the composite
system. In the experiment, the attitude information and
altitude information of the flying robot are fed back to the
ground station in real time through the wireless data
transmission device, and the flight controller records the flight
data. Using a 2 cm diameter and 100 g tube as a load, the swing
arm experiment was performed during aerial work. Fig. 4 is a
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comparison diagram of fixed-point hovering swing arm with
and without COG adjustment control under load. The robotic
joint steering gear moves from 6,=—-80,0,=125,0,=0t0 0,=
0,=0,=0, and then moves to 6, =25 ata speed 0f 40 r/ min.,0,
=0,=0. In Fig. 4(al-6), the time interval is 0.8 s and the flying
robot is hovering near the starting point of the swing arm
motion. Fig. 4(b1-6) show that when the time interval is 0.7 s
and the flying robot uses only flight control for adjustment, the
flying robot drifts with the movement of the manipulator and it
is difficult to stabilize in the original position.

(b) NO CENTER OF GRAVITY ADJUSTMENT CONTROL
FIG. 4. HOVERING COMPARISON WITH OR WITHOUT THE GRAVITY
CENTER ADJUSTING CONTROL

5. CONCLUSION

This paper designed a kind of operational flying robot with
COG adjusting mechanism and established its kinematics and
dynamics model. Based on the COG adjustment mechanism,
this study proposed a COG adjustment control method.
Through the analysis of the motion of the manipulator, the
change of the COG position of the composite system was
dynamically calculated, and the rotation angle needed to
control the COG adjustment mechanism was obtained. The
effectiveness of the design was verified by comparing the
influence of the manipulator motion on the trajectory of the
compound COG and the fixed-point hovering position with or
without COG adjustment control. Outdoor experiments were
carried out. It was preliminarily verified that the COG
adjusting mechanism can better maintain the stability of the
composite system during operation. Compared with the
existing control methods and adjusting mechanisms, the
modeling and control of the mechanism with COG adjustment
was simple and feasible, the response was fast, and the
manipulator had a large operable load.

6. FUTURE WORK

In the future, the platform control will be further optimized
from the flight control algorithm, airborne cameras will be
installed and visual servo systems will be introduced to realize
the automatic grasping of the target object by the operating
device.
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