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Abstract. Drones have become common devices that are increasingly used, from toy mini drones to very advanced autonomous flying platforms
used in various industries. The safety of using engineering structures and the need to shorten the time of carrying out diagnostic activities, and
thus reduce costs, force the use of innovative tools to carry out an automated and unmanned process of assessing the technical condition of
existing engineering structures, especially large-size ones, including bridges strengthened with external FRP (fibre reinforced polymer) composite
overlays. There are conventional methods for assessing the technical condition of existing building structures conducted by inspectors and experts,
involving the use of typical inspection and diagnostic tools. During the research, it was found that it is possible to conduct an automated and
unmanned process of assessing the technical condition of engineering structures using an unmanned flying platform equipped with a thermal
imaging diagnostic device. The uniqueness of the presented solution is that the drone is equipped with a docking module that allows the drone to
be temporarily attached to the structure being diagnosed for the duration of diagnostic activities. To ensure appropriate conditions for structural
diagnostics, a unique system of automated diagnostic processes and a multi-stage structure of the control system in all phases of operation were
developed. The article presents a solution for the control system based on control consistent with the reference model. In particular, the focus
was on the difficult and dangerous issue of altitude control during the docking phase. Simulation tests conducted in the MATLAB/Simulink
environment, as well as laboratory and field tests on a real drone proved the correctness of the proposed solutions, which facilitated the undisturbed
operation of the diagnostic module.

Keywords: UAV diagnostic platform; automatic control system; drone; structural health monitoring.

1. INTRODUCTION
Nowadays, drones are increasingly being used to perform a va-
riety of tasks and have begun to conquer the market thanks to
dynamic technological development. Advances in material engi-
neering facilitate the creation of durable, lightweight structures.
Similar processes are observed in the area of high-performance,
energy-efficient propulsion units. Novel dedicated electronic
systems with a high scale of integration at low energy con-
sumption, high-performance power sources, high-accuracy sen-
sor systems, or fast and efficient radio communication protocols
are being developed [1–3].

UAVs (unmanned aerial vehicles) are tools that both extend
the range of services offered and significantly reduce operating
costs. Unmanned aerial vehicle technology has enormous po-
tential in the field of airport security systems, among others.
A single UAV can now be used to patrol an area in prevailing
standard weather conditions, whereas previously, several peo-
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ple were responsible for its protection. It is possible to define
an automatic flight path performed by the drone without an op-
erator in certain weather conditions and assign specific tasks to
be performed. A drone is also a tool that can effectively sup-
port human work while eliminating the human factor. However,
the effectiveness of UAVs is not evidenced by their possession
of the relevant services but by the dedicated software used in
UAVs. The combination of technology, software and the lack of
perception limitations typical of the human factor constitute the
advantage of this technology over existing solutions.

Advanced electronics, miniaturisation of devices and the ex-
panding range of UAV applications have explored the drone
market [4, 5]. Military technologies initially stimulated the de-
velopment of UAVs, but nowadays, drones also have wide civil-
ian applications. UAVs are used in almost all sectors of the
economy and many other areas. They have already become part
of everyday life and are being increasingly utilised.

Drone technologies are among the most dynamically devel-
oping technologies due to their expanding range of possible
applications. Among the most obvious, best-known applica-
tions are military ones. In addition, drones are used in envi-
ronmental protection, agriculture, electrical power engineering,
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mapping, aerial photography, medicine, and many other fields.
Using drones for military operations is related to reducing the
risk of losing soldiers and reducing the cost of military opera-
tions [6]. An important aspect of using drones for military tasks
is that they are more difficult to detect by radar systems due
to their flexibility of movement and relatively small size [7].
In environmental protection, unmanned aerial vehicles are used
to measure air pollution [8,9]. In agriculture, drones are widely
used for monitoring forest areas, monitoring forest and livestock
animals, identifying them, assessing their health and tracking
their migrations [10,11]. In electrical power engineering, drone
applications include high-voltage line inspections and line fault
detection (defects location) [12–14]. The mapping application
refers to the operation of drones in acquiring images from the
bird’s eye view of different resolutions and 3D light and distance
detection (LIDAR) point cloud data of different point densities.
These tasks mainly include two aspects: data acquisition and
processing [15–17]. In medicine, drones are mainly used to de-
liver medical supplies. During the COVID-19 pandemic, drones
were used in some countries to transport defibrillators and per-
sonal protective equipment (masks, gloves and more) [18]. In
some African countries, drones are used to deliver blood to
health facilities and other medical supplies, such as for malaria
treatment [19]. In medical transport, drones are an alternative
to road transport [20].

In addition to the abovementioned, drones are also used in
special, dedicated applications. One such example is a drone
dedicated to the diagnostics of building structures. This solu-
tion was developed at the Silesian University of Technology in
Gliwice.

The project aimed to develop a drone for inspection and di-
agnostics of building structures, including those strengthened
with fibre-reinforced polymer (FRP) overlays, which will allow
remote assessment of the risk of a construction failure. One of
the most popular methods used to strengthen structures is the
application of a composite FRP strengthening system. The use
of FRP for the strengthening of building structures entails pe-
riodic inspections. Currently, the quality of externally bonded
reinforcements of FRP is checked locally by using a pull-off
test, which does not allow for a reliable assessment of the entire
strengthening solution. An alternative to destructive techniques
is the innovative thermal method, which allows for the evalua-
tion of the strengthening without its disassembly. This method
uses thermal techniques to evaluate the quality of the strength-
ening. The thermal diagnostic method, described in detail in the
paper [21], facilitates using a drone for that kind of inspection.

The inspection of building structures with a drone requires a
highly skilled pilot. The entire operation is divided into stages,
which are described later in the paper. The use of drone technol-
ogy for a variety of specialised tasks requires operators to have
the proper licenses. European Union law requires registration
of UAV operators whose operations may pose risks, including
threats to public security, the protection of privacy and personal
data or the protection of the environment.

Due to the difficult manual manoeuvres of the pilot neces-
sary during the diagnostic process, especially the docking and
undocking, a module increasing the degree of autonomy of the

unmanned multi-rotor platform dedicated to the diagnostics of
building structures was developed. This paper aims to present the
drone automatic control system, ensuring autonomous flight, in-
cluding the phase of docking, conducting the diagnostic process
and undocking from the tested surface. The developed control
system relieves the drone pilot from burdensome and dangerous
air operations, which can be difficult to perform in direct contact
with the building structure.

The paper consists of six sections. After the introduction, in
Section 2, the drone design and control with a measurement sys-
tem are described. In the next section, the mathematical model
of a UAV with docking and heating modules is presented. The
structure of the control system oriented to altitude control in the
docking phase is described in Section 4. In Section 5, the simu-
lation results, as well as the results of laboratory tests conducted
using a real drone, are presented to prove the effectiveness of the
proposed approach. The last section briefly discusses the results
obtained and summarises and presents the novel achievements
of the solutions described, which may be of relevance to other
SHM (structural health monitoring) researchers and practition-
ers. The most important achievements presented in the work are
the author’s system and algorithms for controlling a multifunc-
tional diagnostic drone, with a unique function of docking under
the monitored surface of the building structure and an original
diagnostic module enabling the testing of FRP strengthening
quality.

2. SYSTEM CONFIGURATION

The construction of the flying platform capable of performing
the diagnostic process is shown in Fig. 1.

Fig. 1. Flying platform equipped with docking and diagnostic modules

The drone is equipped with a pneumatic docking module
(tagged in Fig. 1 as 1) on suction cups (2) attached to the bot-
tom surface of a hard-to-reach structural element. This tool is
designed to make an inventory of structural damage using the
installed inspection camera, collect the data necessary to deter-
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mine the condition of the structure, and in the case of structures
strengthened with FRP overlays – detach the strengthening lam-
inate from the surface concrete element – using an IR camera (3)
integrated with the filament of discharge lamps (4).

The inspection flying platform is designed in such a way that
it can also be equipped with a vision camera and humidity,
temperature and pH sensors, which would facilitate a compre-
hensive assessment of the hazards of building structures of any
type. The platform could then be used not only to assess the
condition of the structure but also to evaluate new buildings that
are difficult to access.

The diagnostic process of a building structure with the help of
a drone is divided into five stages. The most difficult stage of the
diagnostic process is to attach it to the test surface and detach
it from it. This process requires the pilot with high manual
skills, so it is advisable to develop a module to increase the
drone autonomy. For this purpose, the drone was equipped with
two additional sensors: distance sensor Sharp GP2Y0A21YK0F
(no. 6 in Fig. 1) and lidar TFMini Plus UART (no. 7 in Fig. 1).

The control and management system consists of three subsys-
tems: the UAV fight control system (Pixhawk flight controller),
the management system of the diagnostic process – Raspberry
Pi 4 – integrated with the drone and the thermal diagnostic sys-
tem at the ground station. The heart of the flight control system
is the autopilot. It is an advanced controller that allows you
to perform flights in manual or automatic mode. The project
uses the commercially available Orange Cube flight controller
(previously known as Pixhawk 2.1), which, combined with the
Futaba FX20 RC apparatus, gives the operator full control dur-
ing the flight of the UAV. For the presented solution, the Robotic
Operating System (ROS) for communication between the Rasp-
berry Pi and the PixHawk autopilot was used. The advantage
is that the architecture of this software relies on the exchange
of information between programs via messages sent using the
P2P communication model. The P2P model uses the MavLink
communication protocol to exchange data with PixHawk. In
addition, the MavROS library was used, which has an API (ap-
plication programming interface) that allows for easy data ex-
change. The diagnostic process management system is used to
manage the heating module (4), pneumatic docking module (1),
vacuum sensors (8), distance sensor (6), lidar (7) and IR camera.

The thermal measurement data are sent to the ground sta-
tion, where they are processed and analysed. The control and
measurement system are graphically presented in Fig. 2.

The diagnostic process consists of sequential steps that the
platform performs autonomously. The drone operator flies under
the tested surface at a distance of est. 1 m.

The diagnostic procedure starts when the button on the RC
apparatus is activated. The diagnostic process is fully automatic
from the start of the diagnostic procedure. The process ends
when the drone returns to the starting position. When returning
to the starting position, the operator takes control of the flight and
can move to another place and make further measurements. The
entire diagnostic process is performed automatically, including
the following stages:
• Stage I – approaching the designated point of the structure

and sucking to the surface.

Fig. 2. Block diagram of the control and measurement system

• Stage II – turning off the motors in a free hover state.
• Stage III – heating the surface and thermographic data ac-

quisition.
• Stage IV – increase engine speed and return to weight bal-

ance.
• Stage V – detach and return to the starting position.

3. MATHEMATICAL MODEL OF A UAV WITH DOCKING
AND HEATING MODULES

Significant complexity of phenomena found in UAV flight re-
sults in highly nonlinear processes. This section presents the
UAV mathematical model, which reflects its most significant
behaviours. Details related to the modelling of the UAV plat-
form and identification of the propulsion system are presented
in [22]. The mathematical model of the multirotor is intended to
create a simulation environment for testing the designed system
that increases the degree of autonomy of the UAV during the
diagnostic procedure. Due to the complexity of the system, it
is necessary to make the following assumptions simplifying the
model [23]:
• The model is a rigid body (no blade flipping).
• The structure of the model is symmetrical.
• The centre of drone gravity is located at the centre of the

intersection of the multirotor frame arms.
• Due to the installation of additional accessories - the docking

module and the heating module – the centre of gravity is
shifted along the z-axis of the assumed coordinate system,
thus worsening its flight characteristics and reducing the
stability margin.

The design uses an eight-rotor platform known as an octorotor
(Fig. 3). The propellers (1, 3, 5, 7) rotate clockwise, and the
propellers (2, 4, 6, 8) rotate counterclockwise. To describe the
mathematical model, two coordinate systems are specified. The
first coordinate system 𝐹𝐸 is related to the earth and is described
by the ENU (East North Up) coordinate system. The second
coordinate system 𝐹𝐹 is related to the multirotor frame and is
located at its centre of gravity. The directions of rotation of the
Euler angles Φ, 𝜃, Ψ, which are related to the roll, pitch and yaw
of the octorotor, respectively, are marked in Fig. 3.
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Fig. 3. Octorotor configuration and coordinate systems

The multirotor platform is described by 12 state variables.

𝑥 =
[
𝑝, 𝑞, 𝑟, Φ, 𝜃, Ψ, 𝑥, 𝑦, 𝑧, ¤𝑥, ¤𝑦, ¤𝑧

]𝑇
, (1)

where 𝑝, 𝑞, 𝑟 – angular velocities of the platform around three
orthogonal axes; Φ, 𝜃, Ψ – Euler angles; 𝑥, 𝑦, 𝑧 – linear dis-
placement in individual axes; ¤𝑥, ¤𝑦, ¤𝑧 – velocities along 𝑥, 𝑦, 𝑧
axes.

The translational and rotational motion of the multirotor is
described by the following equations [23–25]

¤𝑝 =
𝐼𝑦𝑦 − 𝐼𝑧𝑧
𝐼𝑥𝑥

𝑞𝑟 +
𝜏Φ + 𝜏Φprec

𝐼𝑥𝑥
, (2)

¤𝑞 = 𝐼𝑧𝑧 − 𝐼𝑥𝑥
𝐼𝑦𝑦

𝑝𝑟 +
𝜏𝜃 + 𝜏𝜃prec

𝐼𝑦𝑦
, (3)

¤𝑟 =
𝐼𝑥𝑥 − 𝐼𝑦𝑦
𝐼𝑧𝑧

𝑝𝑞 + 𝜏Ψ
𝐼𝑧𝑧

, (4)

¤Φ = 𝑝 + 𝑞 tan𝜃 sinΦ+ 𝑟 tan𝜃 cosΦ, (5)
¤𝜃 = 𝑞 cosΦ− 𝑟 sinΦ, (6)

¤Ψ = 𝑞
sinΦ
cos𝜃

− 𝑟 cosΦ
cos𝜃

, (7)

¥𝑥 = sinΨ sinΦ+ cosΨ sin𝜃 cosΦ
𝑚

𝑛∑︁
𝑖=1
𝐹𝑖 , (8)

¥𝑦 = −cosΨ sinΦ+ sinΨ sin𝜃 cosΦ
𝑚

𝑛∑︁
𝑖=1
𝐹𝑖 , (9)

¥𝑧 = −𝑔 + cos𝜃 cosΦ
𝑚

𝑛∑︁
𝑖=1
𝐹𝑖 , (10)

𝐹𝑖 = 𝑏Ω
2
𝑖 , (11)

𝜏Φ = 𝑏

𝑛∑︁
𝑖=1
𝑙𝑥𝑖Ω

2
𝑖 , (12)

𝜏𝜃 = 𝑏

𝑛∑︁
𝑖=1
𝑙𝑦𝑖Ω

2
𝑖 , (13)

𝜏Ψ = 𝑑

𝑛∑︁
𝑖=1

Ω2
𝑖 (−1) (𝑖−1) , (14)

𝜏prec =


𝜏𝜃prec

𝜏Φprec

0

 =


−𝐽𝑟𝑞
𝑛∑︁
𝑖=1

Ω𝑖 (−1) (𝑖−1)

𝐽𝑟 𝑝

𝑛∑︁
𝑖=1

Ω𝑖 (−1) (𝑖−1)

0


, (15)

where 𝐼𝑥𝑥 , 𝐼𝑦𝑦 , 𝐼𝑧𝑧 – moments of inertia around 𝑥, 𝑦, 𝑧 axes,
respectively; 𝜏Φ, 𝜏Θ, 𝜏Ψ – torques acting around the 𝑥, 𝑦, 𝑧 axes,
respectively; 𝜏prec – precession (gyroscopic effect); 𝐹𝑖 – thrust
generated by the 𝑖-th rotor; 𝑛 – number of rotors (in our case
𝑛 = 8); 𝑏 – thrust coefficient; 𝑑 – drag coefficient; 𝑙𝑥𝑖 , 𝑙𝑦𝑖 – the
distance from the 𝑖-th rotor to the centre of gravity projected
on the 𝑥 and 𝑦 axes; Ω𝑖 – rotational speed of the 𝑖-th rotor; 𝑔
– gravitational force; 𝑚 – mass; 𝐽𝑟 – rotor inertia (motor and
propeller).

The presented equations of motion describe each multi-rotor
configuration; however, thrust and torque must be modified ac-
cordingly. The first step in determining the thrust and its effect
for a given multirotor configuration was to calculate the distance
of the motor from the given axis.

It is possible to determine the direction of rotation in a given
axis based on the position of the motor in the quadrants of the
system by utilising Fig. 4 [24].

Fig. 4. Determination of the distance between the motors
and the axis of rotation

The next step in creating the model was to determine the
moments of inertia, mass, arm length, motor inertia, thrust and
drag coefficient, as well as the time constant and gain of the
motor model. The Autodesk Inventor environment was used to
determine the moment of inertia. Docking and heating modules
were added to the drone model, along with material parameters,
as shown in Fig. 1. The determined physical parameters and
other parameters of the model are included in Table 1.

The block diagram of the octorotor is shown in Fig. 5.
The inputs to the system are signals that control the rotation

angles of the octorotor around the 𝑥, 𝑦, 𝑧 axes (𝑢Φ 𝑢𝜃 𝑢Ψ) and
the altitude through the thrust control signal (𝑢𝑇 ). These signals
form the following control vector

𝑢̄ =
[
𝑢𝑇 , 𝑢Φ, 𝑢Θ, 𝑢Ψ

]𝑇
. (16)
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Table 1
Octocopter parameters

Parameter Symbol Value Unit

Mass 𝑚 10.34 kg
Moment of inertia of the 𝑥-axis 𝐼 𝑥𝑥 0.1598 kg·m2

Moment of inertia of the 𝑦-axis 𝐼 𝑦𝑦 0.248 kg·m2

Moment of inertia of the 𝑧-axis 𝐼 𝑧𝑧 0.1671 kg·m2

Moment of inertia 𝐼 𝑥𝑦 –3.077E-6 kg·m2

Moment of inertia 𝐼 𝑥𝑧 1.495E-6 kg·m2

Moment of inertia 𝐼 𝑦𝑧 –0.24E-3 kg·m2

Thrust coefficient 𝑏 3.13E-5 N·m2

Arm length 𝑙 0.386 m
Rotor inertia 𝐽 𝑟 6, 00E-5 kg·m2

Drag coefficient 𝑑 7.5E-7 N·m·s2

Rotor gain 𝑘 𝑟 0.936 –
Time constant 𝑇 0.178 s

Fig. 5. Block diagram of a multirotor syste

In the control allocation block, the distribution of control signals
to individual rotors, depending on the vector of control signals,
is determined. The control signal for the 𝑖-th rotor is described
by the following relationship [23]

𝑢𝑖 = 𝑢𝑇 −𝑢𝜃 cos
2𝜋(𝑖−1)

𝑛
−𝑢Φ sin

2𝜋(𝑖−1)
𝑛

+ (−1)𝑖𝑢Ψ . (17)

The rotor is treated as one module consisting of a BLDC (brush-
less direct-current) motor, a propeller and an ESC (electronic
speed controller) with a PWM (pulse width modulation) control
signal. A first-order transfer function describes the dynamics of
the rotor

𝐾 (𝑠) = Ω𝑖 (𝑠)
𝑈𝑖 (𝑠)

=
𝑘𝑟

𝑇𝑠+1
, (18)

where 𝑘𝑟 – rotor gain; 𝑇 – time constant of the rotor (depending
on motor response time and propeller inertia).

The measurement system consists of two subsystems:
• Classic, directly related to the flight and built into the au-

topilot system, which includes the AHRS system, GPS, and
pressure sensor.

• Dedicated to the docking task, and that is what we will now
focus on.

In the docking process, the key issue is the precise measurement
of the distance from the target suction surface – in this case, it
is the lower surface of the concrete bridge span. An important
parameter is the distance to the surface itself, which must be
continuously monitored. Two sensors were used in the project:

the first is the Sharp GP2Y0A21YK0F analogue sensor, which
measures with high accuracy but allows the detection of objects
at a short distance of 0.1 to 0.8 m; the second one is the Li-
dar TFMini Plus laser sensor, operating in the range from 0.1 to
12 m. The choice of two complementary distance sensors allows
increasing accuracy over the entire measuring range of 0.1 m –
12 m. The first sensor is more accurate for short distances, and
the second for long distances. A single distance measurement
result is possible thanks to the data fusion achieved based on
the complementarity of measurements. For this purpose, func-
tions 𝑎(𝑑1) and 𝑏(𝑑2) were created for each sensor individually,
determining the value of the normalised “reliability coefficient”
depending on the measured distance. Their values are presented
graphically in Fig. 6.

Fig. 6. Values of reliability coefficients as functions of distance

Distance measurement is divided into three zones:
• Up to 0.2 m, where the distance is determined by the Sharp

short-distance sensor.
• From 0.2 m to 0.8 m, where the importance of sensors

changes.
• From 0.8 m to 12 m, where the distance is determined using

the Lidar long-distance sensor.
The distance is determined according to the relation below

𝐷 = 𝐷 (𝑑1, 𝑑2) =
𝑎(𝑑1)

𝑎(𝑑1) + 𝑏(𝑑2)
· 𝑑1 +

𝑏(𝑑2)
𝑎(𝑑1) + 𝑏(𝑑2)

· 𝑑2 , (19)

where 𝑎(𝑑1) – reliability coefficient of the short-distance sensor,
𝑏(𝑑2) – reliability coefficient of the long-distance sensor, 𝑑1 –
a measured value of the short-distance sensor, 𝑑2 – a measured
value of the long-distance sensor.

The distance value determined in this way is used during
the platform docking manoeuvre to the object on which the
diagnostics are performed.

In the presented mathematical model of the UAV, the value
of the thrust force of a given rotor is a nonlinear function of
its rotational speed (equation (11)), while the dependence of
the rotational speed on the control signal is described by equa-
tion (18) (first-order inertia). The rotor is treated as one module
consisting of the ESC (electronic speed controller), engine and
propeller. The control signal for each ESC is the PWM signal
(cPPM in the newer implementation) and this is our control sig-
nal in equations (17) and (18). The ESC system is responsible
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for mapping the PWM signal to phase currents controlling the
motor. This is an off-the-shelf technical solution that is standard
in all UAV drives.

The entire control system design process was an iterative
process that was conducted based on the MBD (model-based
design) method, using the rapid prototyping methodology in
the controller tuning process. The starting point was the simu-
lation model described in the article and the default controller
settings provided by the commercial manufacturer of the Or-
ange Cube flight controller used in our project. The structural
changes introduced to our platform (attached diagnostic and
docking modules) resulted in the need to improve the regulator
settings. In tuning individual controllers, a method of closing
subsequent regulatory loops was used. After tuning the con-
trollers in off-line simulation conditions, online testing began
on a real platform in conditions similar to the future operation
of the device. In real tests, the controller settings were adjusted
iteratively, each time making appropriate corrections in the sim-
ulation model.

4. CONTROL SYSTEM STRUCTURE
The general structure of the control system (Fig. 7) consists
of two subsystems: the first one is attitude stabilisation around
hovering conditions, and the second is altitude regulation.

Fig. 7. Block diagram of the control system

A comprehensive discussion on the attitude stabilisation sys-
tem can be found in [26].

The next section focuses on the issue of altitude control during
the docking phase.

4.1. Statement of control problem
To design an altitude controller for the docking procedure let us
consider a nonlinear time-varying SISO system in the following
form

𝑥 (1) (𝑡) = 𝑤̄ (𝑥(𝑡), 𝑢(𝑡), 𝑡) , 𝑥(0) = 𝑥0 , (20)

𝑦(𝑡) = 𝑔 (𝑥(𝑡), 𝑡) , (21)

where 𝑥(𝑡) is the 𝑛-dimensional state vector, 𝑦(𝑡) is an output
and 𝑢(𝑡) is the control input. The elements of 𝑤̄ (𝑥(𝑡), 𝑢(𝑡), 𝑡)
and 𝑔 (𝑥(𝑡), 𝑡) are differentiable functions.

Output 𝑦(𝑡) can be differentiated 𝑚 times until the control
input appears. This leads to the following equation

𝑦 (𝑚) (𝑡) = 𝑓 (𝑥(𝑡), 𝑡) + 𝑏 (𝑥(𝑡), 𝑡) 𝑢(𝑡), (22)

where 0 < 𝑏(𝑥(𝑡), 𝑡) ≤ 𝑏max, ∥ 𝑓 (𝑥(𝑡), 𝑡)∥ ≤ 𝑓 max.

In this case, the value 𝑦 (𝑚) depends explicitly on the input
𝑢(𝑡). The value 𝑚 is a relative order of the system (21) and (22)
concerning the output 𝑦(𝑡) (or so-called the order of a relative
higher derivative).

The differential equations (2)–(18)), presented in the section
dedicated to the UAV mathematical model, provide basic infor-
mation about the drone dynamics and, thus, about the relative
order of the system.

The approach to docking the drone should be smooth without
overshooting. Otherwise, the docking module may be damaged.
In the control system with the controller containing the integral
action and without protection in the form of the anti-windup
system, overshoot in combination with a rigid spatial limitation
in the form of the bridge surface may lead to the destruction
of the drone. Therefore, in this work, a control in accordance
with the reference model was introduced, thanks to which it is
possible to define the aperiodic character of the docking process.

The significant feature of this approach is that the control
problem was stated as a problem of determining the root of an
equation by introducing a reference differential equation whose
structure complies with the structure of the plant model equa-
tions. Thus, the control problem can be solved only if the be-
haviour of the 𝑦 (𝑚) fulfils the reference model, which is given
in the form of the following stable differential equation

𝑦
(𝑚)
𝑀

(𝑡) = 𝐹𝑀 ( 𝑦̄(𝑡), 𝑟 (𝑡)) , (23)

where 𝐹𝑀 is called the desired dynamics of 𝑦(𝑡), 𝑦̄𝑀 (𝑡) =[
𝑦𝑀 , 𝑦

(1)
𝑀
, . . . , 𝑦

(𝑚−1)
𝑀

]𝑇
, 𝑟 (𝑡) is the reference value, and the

condition 𝑦 = 𝑟 takes place at an equilibrium point.
The reference value can be either at the constant level above

the ground or a trajectory defined for docking and undocking
manoeuvres. Thus, equation (23) has a form of linear differential
equation

𝑦
(𝑚)
𝑀

(𝑡) = −
𝑚−1∑︁
𝑖=0

𝛼𝑖𝑦
(𝑖) +

𝑛∑︁
𝑗=0
𝛽 𝑗𝑟

( 𝑗 ) , (24)

where 𝛼𝑖 , 𝛽 𝑗 are constant coefficients and 𝑚 ≥ 𝑛.
Let us denote

Δ𝐹 = 𝐹𝑀 ( 𝑦̄(𝑡), 𝑟 (𝑡)) − 𝑦 (𝑚) (𝑡), (25)

where Δ𝐹 is the error of the desired dynamics realisation.
As a result of (20)–(25), the behaviour of 𝑦(𝑡) will be provided

if the following condition is fulfilled

Δ𝐹 (𝑥(𝑡), 𝑦(𝑡), 𝑟 (𝑡), 𝑢(𝑡), 𝑡) = 0. (26)

The solution to the control problem (26) is based on the appli-
cation of the higher order output derivatives jointly with high
gain in the controller. Control law in the form of a stable dif-
ferential equation is constructed in such a way that its stable
equilibrium is the solution of equation (26). Such an equation
can be presented in the following general form [26]

𝜇𝑞𝑢 (𝑞) +
𝑞−1∑︁
𝑗=0
𝜇 𝑗𝑑 𝑗𝑢

( 𝑗 ) = 𝑘Δ𝐹 , 𝑢(0) = 𝑢0 , (27)
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where 𝑢(𝑡) is controller output, 𝜇 is a small positive parameter,
𝑑0, . . . , 𝑑𝑞−1 controller parameters and 𝑘 is gain.

Considering equations (23), (24) and (27), the following dy-
namic control law was obtained

𝜇𝑞𝑢 (𝑞) +
𝑞−1∑︁
𝑗=0
𝜇 𝑗𝑑 𝑗𝑢

( 𝑗 ) = 𝑘


𝑛∑︁
𝑗=0
𝛽 𝑗𝑟

( 𝑗 ) −
𝑚∑︁
𝑖=0
𝛼𝑖𝑦

(𝑖)
 . (28)

Remark 1. It is assumed that the relative order of the system
(20), (21), determined in (22), and the order of the controller
equation (28) is the same as 𝑚.

Remark 2. Assuming that 𝑞 ≥ 𝑚, then, the control law (28) is
proper.

Remark 3. Assuming that 𝑑0 = 0 in equation (28), the controller
includes integration, and it provides that the closed-loop system
is type I with respect to the reference signal.

Remark 4. To determine the order 𝑚 of the reference model,
the knowledge of drone dynamics is required.

4.2. Altitude control in the docking phase

The control law in the form of (28) facilitates the creation of
desired output dynamics for nonlinear and nonstationary plants
despite incomplete information about the possible changes in
system parameters and external disturbances. Despite its many
advantages, there are also some drawbacks. Calculation of the
output derivatives could cause problems. This paper proposes
a modification of the control law (28). Namely, if it is possible
to measure signals, which are derivatives of the process vari-
able, or if it is possible to estimate the required signals, then
we can use them directly in the control loop. Modification of
the control law (28) relies on the replacement of higher deriva-
tives in the controller through the multi-loop (cascade) system
with lower-order controllers for respective signals, which are the
derivatives of the process variables. Equation (28), containing
the higher order output derivatives, was decomposed into a set
of differential equations at most second. This approach reduces
the problem, presented in Section 4.1, to structural design with
higher-order derivatives in feedback. The proposed modification
can be presented in the following general form

𝑢𝑇 = ℎ0
©­«

𝑚∏
𝑗=0
𝐾𝑅, 𝑗

ª®¬−
𝑚∑︁
𝑖=0

ℎ (𝑖)
©­«

𝑚∏
𝑗=1
𝐾𝑅, 𝑗

ª®¬ , (29)

where 𝐾𝑅, 𝑗 controller in 𝑗-th control loop, 𝑚 – relative order of
the system.

In a generalisation, KR, J has the following form

𝜇2𝑢
(2)
𝑇

+ 𝜇𝑑1𝑢
(1)
𝑇

+ 𝑑0𝑢𝑇 = 𝑘


2∑︁
𝑗=0
𝛽 𝑗ℎ

( 𝑗 )
0 −

2∑︁
𝑖=0
𝛼𝑖ℎ

(𝑖)
 . (30)

The advantages of this approach are:
• The order of individual controllers is relatively low.

• Parameters of the first and second dynamical systems have
very well-known physical meanings, and their particular val-
ues can be easily specified.

• There is ease of implementation, rapid prototyping of par-
ticular controllers and commissioning of the whole control
system.

The idea of structural design with higher derivatives in feedback
loops is depicted in Fig. 8.

Fig. 8. An idea of structural design with higher derivatives
in feedback loops

5. FLIGHT TESTS AND RESULTS

The tests were divided into two stages. The first stage aimed to
verify through simulation the correct operation of the designed
control system module of the automatic diagnostics procedure of
the bridge surface strengthened with the FRP composite overlay.
In the second stage, the effectiveness of the designed control
system was verified in laboratory tests of a real drone.

5.1. Test results in a simulation environment

Simulation of the diagnostic process is the first stage of exam-
ining the platform behaviour after increasing the autonomy of
the unmanned multi-rotor platform dedicated to the diagnos-
tics of bridge structures. Flight analysis in the simulation is a
safe form of testing and is devoid of consequences as a result
of failure. The tests were conducted in the MATLAB/Simulink
environment.

A dangerous stage of the diagnostic process is the moment of
touch and detachment from the analysed surface. Approaching
the tested surface at too high a speed may cause the docking
module to hit the surface, which creates a real threat to flight
stability and may cause damage to the docking module and the
structure of the entire platform. The control system must fulfil
several criteria: the system must be stable, provide a type I
system, and ensure zero overshoot when approaching the test
surface.

In the designed system, the control task is conducted in accor-
dance with a predefined reference model. According to (23) and
(30), the reference model is a second-order low-pass filter. The
parameters were selected so that the response of the reference
model was aperiodic (Fig. 9). In the simulation, it was assumed
that the platform was in the centre of the coordinate system at a
height of 3 m and the distance from the surface was 1 m.

Figure 10 shows the position of the flying platform on the
𝑧-axis during the entire diagnostic process, performed automat-
ically, including all stages. The response of the system coincides
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Fig. 9. Reference model response

Fig. 10. Position of the platform in the 𝑧-axis

with the reference model. The common control signal of all mo-
tors is shown in Fig. 11. Two critical moments during the entire
process, namely the suction stage and the detach stage, are shown
in Fig. 12 and Fig. 13, respectively.

Fig. 11. Common control signal

Fig. 12. Stage I – docking the drone to the surface

Fig. 13. Stage V – detaching the drone from the surface

5.2. Test results in a simulation environment

After mounting the pneumatic docking module and the heating
module on the flying platform, the first tests with a real drone
were conducted on a reinforced concrete slab in the laboratory
at the Faculty of Civil Engineering of the Silesian University
of Technology. During laboratory and in situ tests, different
types of surfaces on which the drone docked were tested. The
variability included surface roughness, defects, cleanliness and
slope. After several trials in which uneven pressure in the suction
cups was noticed, a proprietary suction control algorithm was
developed to equalise the pressures, eliminating the observed
problem and allowing standard conditions for a safe take-off.
The entire diagnostic process covering all five stages was suc-
cessfully conducted. Figure 14 shows the drone after docking to
the structure, while Fig. 15 shows the heating phase of the tested

Fig. 14. Drone after docking to the surveyed surface

Fig. 15. Diagnostics – warm-up phase
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surface. The test confirmed the correctness of the operation of
the automatic control system managing the diagnostic process.

6. CONCLUSIONS

The paper presents an automation solution for a unique UAV-
based device specialised in diagnosing building structures, par-
ticularly those strengthened with external FRP overlays. The
main aim of this paper was to develop and design the drone
automatic control system, ensuring autonomous flight, includ-
ing the docking phase, conducting the diagnostic process, and
undocking from the tested surface.

The device carries the original diagnostic module to verify
the degree of integration of the FRP strengthening solution with
the concrete surface. This module uses the thermographic tech-
nique consisting of a thermal imaging camera and a heating
module. Both the heating module and the thermographic device
require considerable proximity to the structure for the time of
the local examination. The quality of the reading, which can be
considered dependable, requires uninterrupted operation of the
diagnostic module. The above premises influenced the construc-
tion of a drone with the possibility of docking on the bottom sur-
face of the building structure. A complex system of controlling
the free flight phase, the process of approaching the structure,
docking on various types of surfaces, turning the engines off,
performing diagnostic tests and then undocking and free flight
to the next diagnostic location, required the development of a
unique structure of dedicated control system.

Such a control system was elaborated analytically, based on
theoretical assumptions, and confirmed then in a numerical envi-
ronment. In this paper, the issue of altitude control in the difficult
phase of docking to a building structure was discussed in detail.
The developed control law is based on control consistent with
the reference model and leads to a structural design that involves
replacing higher derivatives in the controller with a multi-loop
system with simpler controllers, at most second order, for appro-
priate signals that are derivatives of the process variable. These
solutions were improved after assessing the diagnostic drone
in laboratory conditions and verified in field tests on several
types of building structures, including a real bridge structure.
The tests confirmed the legitimacy of the adopted solutions. The
developed structure results in sudden and fast control when a
disturbance occurs in the control loop. This important property
will be used in control during emergencies, such as suction cup
detaching, which will be the topic of subsequent research.
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