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Abstract—In this paper, the major components of an un-
manned aerial vehicle (UAV), including the flight control system,
mechanical design, as well as the embedded electronic systems
are reported. The ultimate aim is to use the developed plat-
form in nuclear environments for decommissioning applications.
Due to the hazards and uncertainties present in these nuclear
environments, a more basic control system may be unable to
reliably control the UAV. Therefore, the main focus of this study
is on the development of a robust multi-channel control system,
based on sliding mode control (SMC), for nested position and
attitude control of a quadrotor UAV in 3D space. The robustness
of the control systems is evaluated under parameter disturbance
in the form of payload uncertainties. The final developed platform
shall be capable of autonomous Simultaneous Localisation and
Mapping (SLAM), however, this will be the subject of a separate
study.

Index Terms—Unmanned Aerial Vehicle, Nuclear Decommis-
sioning, Nested Control, Trajectory Tracking, Sliding Mode
Control.

I. INTRODUCTION

Unmanned Aerial Vehicles are becoming increasingly pop-
ular both in the consumer and commercial markets. Allowing
for the ease of manoeuvrability, quadrotors provide an excel-
lent basis to create a platform, based on which it is possible
to survey and map unknown and hazardous environments for
various purposes. This study builds on the previous work car-
ried out in the Engineering Department at Lancaster University
on the use of robotics and autonomous systems for nuclear
decommissioning applications [1], [2]. Although the hydrauli-
cally actuated robotic manipulators play an important role for
decommissioning tasks, they introduce significant challenges
for modelling and control due to the inherent nonlinearities in
the hydraulic joints. For example, in [3] a genetic algorithm
technique is proposed to estimate the unknown parameters of
a seven degree of freedom, hydraulically actuated manipulator
in an output error setting. The estimation results are improved
in [4] by converting the output error system identification cost
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function to a multi-objective cost function using the multi-
objectivisation technique. Further to the unknown parameters
of the robot, its hyper redundant nature necessitates a novel
and numerically efficient inverse kinematic algorithm to be
robust against possible singularities [5]. The preliminary in-
vestigations on the methods to capture the nonlinearities of
the hydraulic manipulator are explained in [6], [7]. The aim
is to use these results for state-dependent control of the robot
joints in the presence of Wiener type nonlinearity [8], [9]. An
effective nuclear decommission solution requires a sufficient
amount of time for pre-planning to collect and process the
necessary information without human intervention. Having
an autonomous unmanned aerial vehicle working with the
manipulator can bring significant advantage to speed up and
improve the accuracy and success of the decommissioning
solution [10]. A quadrotor would allow faster 3D mapping
and entrance into areas which may require copious amounts
of planning and manpower to gain access to.

In [11], [12] a novel multi-channel chattering free robust
nonlinear control system is designed for attitude control of
quadrotor, in the presence of uncertainties and the direct wind
disturbance on the model of the system. Recent developments
to get closer to the practical implementation of the controller
includes applying the Extended Kalman Filter (EKF) for state
estimation [13], and the use of an event-triggered particle filter
to improve the energy management of the quadrotor in the
state estimation procedure [14]. Although the achieved results
are promising, they have not been tested on a real quadrotor
platform. This requires the implementation of an additional
on-board computer (OBC) to process the sensory data in real-
time, for the simultaneous localisation and mapping of the
quadrotor whilst it is in flight. The processed data can be
sent to the ground control station (GCS) where the generated
map will be analysed. Various techniques, including object
detection, can be utilised to maximise the potential uses of this
technology. Therefore, in this paper, we address the extra work
needed to prepare a testbed for implementation and evaluation
of the reviewed algorithms in an autonomous flying vehicle
with the possibility of mapping the surrounding environments
and navigating through the environment by avoiding obstacles.
Following this introduction, the paper is organised by explain-
ing the embedded hardware, electronics, as well as the body



frame and mechanical design in section II. The dynamical
model of a quadrotor is displayed in section III. The approach
adopted to design the 6 DOF flight controller is presented in
section IV. The simulation results are discussed in section V.
Finally, the paper is wrapped up by drawing some conclusions
in section VI.

II. EMBEDDED HARDWARE AND ELECTRONICS

The basic platform used to develop the UAV as a complex
mechatronic system relies on the Holybro S500 chassis. Using
this initial frame we can first develop the software and
algorithms along with the other hardware interfaces, before
designing and implementing a new larger frame. The benefit
of using this chassis was that the power distribution board
was enclosed within the actual frame. This would remove the
potential issues which may occur due to any short circuits.
Moreover, this saves further space on the quadrotor which
would be taken up by a physical power distribution board and
opens up possibilities for the use of more peripherals.

The Motors and Rotor blades to be used are a 2212 920
KV motor set and 9.4 x 4.3 rotor blades [15]. This set has the
potential to provide a maximum thrust of 1200g per motor.
With an estimated overall weight of the quadrotor being 2Kg,
this provides an ample amount of thrust to ensure that the
quadrotor will be stable and have enough power to remain in
flight for a sufficient amount of time.

The embedded flight controller unit (FCU) for this project
is chosen to be the Pixhawk 4 mini from Holybro. This
FCU controls the quadrotor motors and houses various sensors
which are paramount for controlling of the quadrotor. The
Pixhawk 4 Mini is the smaller version of the Pixhawk 4, with
significant benefit for this project, as it allows for the use
of extra space as well as weight saving which increases the
operational flight time of the system. The FCU will have the
elementary flight control algorithm, uploaded into the system,
which increases the robustness and level of the control that the
UAV is capable of having. Within the Pixhawk is the inertial
measurement unit (IMU) which senses both the linear and
rotational acceleration of the quadrotor in conjunction with
the gyroscopes inside to understand the quadrotor’s orientation
mid-flight. In addition to this, the Pixhawk also houses a
magnetometer and barometer. These two sensors aid in sensing
the orientation as a compass and the pressure of the air to
calculate the relative height of the quadrotor. All of these on-
board sensors are involved and utilised as the sensory feedback
for the control as well as the navigation systems. A PX4 flow
sensor board has also been added to the design which allows
for tracking of the movements through an optical flow camera
as well as implementing another height sensor with a sonar
sensor. This will increase the reliability and stability of the
system in various manoeuvres such as take-off and landing,
and especially when the quadrotor will need to maintain a
steady hold in its position during the hovering mode.

The quadrotor will also hold an OBC which in this case
is the Nvidia Jetson Nano. The Jetson Nano will run the
Robot Operating System (ROS), on top of which the SLAM

and navigation algorithm will be installed. Furthermore, a 2D
LiDAR and an Intel RealSense camera sensor are added to
the platform for a better perception of the surrounding environ-
ment. The data collected by these sensors are sent to the Nvidia
Jetson Nano for further process. This information, along with
a SLAM algorithm, will allow the UAV to understand its
current location with respect to the map and make sense of
the surrounding indoor environment. This data is also sent to
the ground control computer where it can be reviewed and
analysed by the specialists who are using UAV for a specific
application. The data is sent from the Pixhawk to the Jetson
and down to the ground control computer using the MAVROS
protocol, which enables the possibility to send ROS topics
from each device allowing for easy transmission of data.

Numerous drone frame configurations exist that have a
direct impact on the flight dynamics of the drone. Having this
in mind, a quadrotor (x-frame) configuration was chosen as it
allows for intuitive control [16].

The design of the drone itself was chosen to be modular to
give more flexibility on installation of different components
such as the arms and to allow replacement of any parts
damaged after the flight test. To hold all components such
as the sensors, battery, flight controller and the on-board
computer, the drone is designed with three levels. Two of them
to be large 22 x 22cm layers and the third a smaller 11 x 11cm
layer. The space available on the drone is more than required,
however, the available room enables future upgrade of the
drone by adding more sensors and components to improve the
functionality of the platform. Additionally, to ensure the safe
operation of the drone during the flight and possible crashes
a propeller guard and component protection is designed and
attached to the base platform.

Currently, to test the implementation of navigation, percep-
tion and control, the s500 quadrotor frame was used [17].
Figure 1 shows this drone frame including the 2 layers that
are used to hold the components. The battery is attached below
the bottom layer.

Fig. 1: S500 quadrotor frame from two angles.

III. QUADROTOR MODEL

The design of a control system for the quadrotor first
requires the derivation of the mathematical model of the
quadrotor. A diagram of an x-frame quadrotor, with the rotor
directions labelled, is shown in Figure 2.
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Fig. 2: Cross frame and the assigned coordinate systems [18].
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A. Coordinate Frame

First, the coordinate frame is defined for the position (r)
and attitude («) of the quadrotor.
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r=ly|.a=|0 2
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Here, ¢, 6, and and v are referring to the roll, pitch, and
yaw angles and the vector r determines the location of the
quadcopter in 3D space. The Euler angles of the quadrotor
can be used to determine how the rigid body of the quadrotor
is oriented in space with a rotational matrix. The rotational
matrix (R) of the quadrotor is shown in (3).
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where cp = cos(yp) and s = sin(p).

B. Linear Motion

Using Euler’s first law of motion for rigid body dynamics,
the equations of linear motion for a quadrotor can be defined,
where K is the coefficient of thrust for the propellers and m
is the mass of the quadrotor.
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C. Rotational Motion
The torques around each axis of the quadrotor are defined
in equations (8)-(10) where K is the coefficient of thrust of
the propellers, Kp is the coefficient of drag of the propellers,
and [ is the length of each of the UAVs arms.
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From Euler’s second law of motion for rigid body dynamics,
we get (11).

Wy = I_l(Ta — (wa X Twy))

(1)

where:
W @ To I.. 0 0
Wa = |wg | = 9 Ta=|To| ,I=1]0 I, O
Wy P Ty 0 0 I,

From this, the equations of rotational motion can be derived.
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D. System Inputs

The inputs of the system are defined with the following
matrix, where u; is the total thrust of the UAV and wus, us,
and w4 are the rotational torques around the roll, pitch, and
yaw axis respectively.
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Using these system inputs, the final linear and rotational
equations of motion can be defined for the quadrotor.
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IV. FLIGHT CONTROL SYSTEM
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Sliding mode control is a robust nonlinear variable struc-
ture control method with effective disturbance rejection and
robustness to parameter uncertainties. Disturbance rejection
is particularly useful for implementation onto an autonomous
UAV in real scenarios, where large amount of uncertainties
resulting from corrosion and payload changes occurs for
different missions. The situation gets worse due to changes
in the environmental conditions such as wind, humidity, and
radiation. Since the quadrotor dynamics belong to a class
of unstable under-actuated dynamic systems, design and de-
velopment of a six degree of freedom controller is not a
straightforward task. A new chattering free sliding mode
control method (CFSMC) for stabilisation and attitude control
of UAV is proposed in [11].

A six degree of freedom sliding mode controller for the
UAV is designed in the nested control form such that the po-
sition (XY), altitude (Z), and attitude (roll, pitch and yaw) are
separated into two distinct controllers. The altitude controller
produces the desired overall thrust values, which are then used
for position control. The position controller then outputs the
desired roll and pitch values, leading directly into the attitude
controller. Lastly, the desired and measured attitude values are
manipulated to produce the thrust commands for each motor.
The control laws for each of the three separate subsystems are
laid out in the following.

A. Chattering Free Sliding Mode Control

First, the sliding surface is defined.

s =5+ \5 (24)

S=5—54 (25)

While classical sliding mode control presents a robust
strategy for control, implementation often faces the issue of
chattering. To alleviate the effect of chattering in design of the
sliding mode control system we follow the method proposed
in [11] by defining the Lyapunov function below

V=nxon xsign(o) (26)

To assure the stability of the system, the derivative of the
Lyapunov candidate function must be negative. Therefore

Vot
a M

Here b is a fractional number between 0 and 1 with
odd integers in numerator and denominator. By finding the

time derivative of the Lyapunov candidate function (26), and
inserting it into (27) we find
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Finally, by substituting in the selected sliding surface we
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By choosing b such that b < m/n, it is easy to verify that
b—m/n + 1 can be written again as «/f with « and S as
positive odd integers and o < (. Then (29) can be rewritten
as
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B. Altitude Control

To control the Z position of the quadrotor we start from
the altitude dynamic in (20). By following the chattering
free sliding mode control technique, derived in the previous
section, the sliding surface for the altitude control o, is given
in (31). After some fairly standard mathematical manipulation,
the total thrust uq, applied to the drone can be calculated by
knowing the measured and desired altitude values and their
derivatives.

O, = (Z — Zd) + )\Z(Z — Zd)
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In (32), z and z4 are the measured and desired Z position,
A, as an undefined gain, and g and m are referring to gravity
and mass respectively.
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C. Position Control

By following a method similar to the one presented for the
altitude control, it is possible to derive the robust control laws
for z and y positions in (33) and (34). Here the desired roll
@ and pitch 6 values are determined, based on the measured
and desired X and Y positions.
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D. Attitude Control

Leading from the position control, the attitude controller

. . T
uses the desired attitude [(pd 04 wd] values, the moment
of inertia of the quadrotor I;, Iy, I.., and the current

. T i
measured attitude [¢ 6 ], to determine the the control
commands uo, uz, and ug4.
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Equations (37), (38), and (39) also use the same notation as
(32)-(34). By putting the four thrust commands in the vector
U it is possible to derive the motor speeds using (16). As such,
the CFSMC controller is designed in MATLAB.

V. SIMULATION

To evaluate the effectiveness of the different control sys-
tems, simulations were carried out in MATLAB using the
dynamical model of the quadrotor. The results from the CF-
SMC were compared with classical sliding mode control and
PID control systems. A change in the payload is introduced
to evaluate the robustness of different control approaches.

The simulations implement a nonlinear airframe as well as
a sensor block to simulate sensor noise. This allows a more
realistic comparison of the control systems.

A. No Disturbance

First, we evaluate the performance of different control
systems for a hovering scenario with no disturbance input.
The controllers are evaluated by taking the Integral Absolute
Error (IAE) of the quadrotor position in z, y, and z directions.
The results are summarised in Table I.

TABLE I: TAE for Quadrotor Positions with No Disturbance

Integral of Control Systems
Absolute Error PID SMC CFSMC
X Position 0.3154 | 0.4368 0.2090
Y Position 0.8131 | 0.3519 0.2341
Z Position 4.9920 | 4.5440 4.4320

The transient response of the quadrotor can be evaluated
by moving the quadrotor through step responses along each
axis in a sequence. It is assumed that the quadrotor is initially
positioned at (z,y, z) = (0,0,0). The flight scenario includes
a step change to the desired position (x4, y4, 24) = (0,0, 1) at
t = 0, then it is moving to (x4, y4,24) = (0,1,1) at ¢t = 10,
and when ¢t = 20, (xq,Ya,24) = (1,1,1). The simulation
results are depicted in Figure 3.

B. Payload Disturbance

To evaluate the robustness of different controllers, they are
compared by changing the payload as a disturbance input
during the hovering. The mass, and inertial values of the
quadrotor were each increased by 25% and the controllers
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Fig. 3: Transient response of three control techniques with a
sequence of step inputs

TABLE II: TAE for Quadrotor Positions with 25% Payload
Increase

Integral of Control Systems
Absolute Error PID SMC | CFSMC
X Position 0.6650 | 0.4851 0.2330
Y Position 0.9531 0.4661 0.2542
Z Position 60.5954 | 9.2040 | 6.4362

were compared again. Table II shows the of the IAE of
quadrotor position in z, ¥y, and 2 directions.

The system was then evaluated with the sequence of step
inputs with the 25% payload increase. The results show that
the chattering free sliding mode technique shows improved
performance over classical sliding mode, while both systems
are more robust than PID for position control of a quadrotor
in the presence of disturbance.

VI. CONCLUSIONS

Overall, within the scope of the project, a complex mecha-
tronic system has been designed and is under development
to maintain a robust embedded platform which is capable of
autonomous navigation in an unknown environment through
mapping of the surrounding environment and localising itself
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Fig. 4: Transient response of three control techniques with a
sequence of step inputs and 25% increase in payload

within the map. An advanced control system, based on sliding
mode control, has been developed and tested in simulation
and shows promising results over PID and classical SMC
for use in situations with disturbances. The main prospective
application of this type of this mechatronic system is in nuclear
decommissioning, where humans cannot enter easily due to the
inaccessibility and hazardous nature of the facilities. It can be
also used to enhance the overall situational awareness of the
manipulators used for decommissioning to aid in decommis-
sioning tasks. Future work involves implementing and testing
the control system on the designed quadrotor to evaluate it
experimentally, as well as integrating all components discussed
in this paper to create a working prototype of the mechatronic
system.
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