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Abstract: - The paper discusses using drones for monitoring and diagnosis of issues related to wind turbine
performance. The drone system helps find out why wind turbines aren't working as well as they should. It can
spot problems like broken parts or weather issues. Plus, it keeps an eye on birds around the turbines, checking
for nests on the structures. Using drones like this makes turbine maintenance and environmental checks much
easier and cheaper, and it's also safer than the old ways. To make sure the drone works perfectly, we used
MATLAB to create a model of it, using both PID and FOPID controllers to control the drone. Turns out, the
FOPID controller is more accurate and does a better job of keeping the drone stable than the regular PID

controller.
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1 Introduction

To days, it's tough to find problems with wind
turbines, especially when it comes to the blades.
And to make things more complicated, birds often
nest in and around the turbines. To help solve this,
we've started using drones to keep an eye on the
areas where the turbines are located, [1]. This makes
inspections faster and more effective.

It is important to understand how drones work,
before we dive in. These unmanned aerial vehicles
are pretty sophisticated, combining things like
aerodynamics, control systems and sensors to do all
sorts of jobs, [2].

If you think about what drones are capable of,
you start to get a sense of their potential and how
much clever engineering goes into making them
work so well. After reading a bunch of articles by
the pros [3], we have concluded that a drone or
UAV, for an Unmanned Aerial Vehicle is
essentially a fancy robot that can fly itself. To
makes them incredibly versatile for things like
surveillance, package delivery, and research, you
can control them remotely, or even program them to
fly autonomously.

The first thing you need to do is create a model
of how it works When you are trying to build a self-
flying drone. That means getting to grips with the
equations that describe how the drone moves and
responds. How good this model is will directly
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affect how realistic the simulation is, and ultimately,
how well your control system works.

Given the significant number of factors
affecting the dynamics of a quadrotor such as
acrodynamic effects, gravity, gyroscopic effects,
friction, and moment of inertia it is one of the most
complex flying systems.

A quadrotor is a type of VTOL (Vertical Take-
Off and Landing) drone, meaning it can take off and
land vertically, unlike airplanes, for example, which
require a runway to gain momentum. A quadrotor
consists of the following components: a cross-
shaped (X) or plus-shaped (+) frame, four propellers
attached to motors (most commonly brushless DC
motors) positioned at the ends of the structure, a
control board located at the center of the frame to
process sensor data and control the motors, one or
more batteries, and various sensors (such as
accelerometers, ultrasonic sensors, etc.). A
quadrotor is a type of VTOL (Vertical Take-Off and
Landing) drone, meaning it can take off and land
vertically, unlike airplanes, for example, which
require a runway to gain momentum. A quadrotor
consists of the following components: a cross-
shaped (X) or plus-shaped (+) frame, four propellers
attached to motors (most commonly brushless DC
motors) positioned at the ends of the structure, a
control board located at the center of the frame to
process sensor data and control the motors, one or
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more batteries, and various sensors (such as
accelerometers, ultrasonic sensors, etc.).

2 Dynamic Model of a Quadrotor

In conventional helicopters, the main rotor generates
a reactive torque as it spins, which causes the
aircraft to rotate on itself. To counteract this torque,
helicopters are typically equipped with a tail rotor
that produces lateral thrust or a second rotor paired
with the main rotor, rotating in the opposite
direction.

In the case of a quadrotor, to prevent the aircraft
from spinning on itself, it is essential for one pair of
opposing propellers on the arms to rotate in the
same direction, while the other pair rotates in the
opposite direction. This configuration counteracts
the reactive torque effect.

Figure 1 shows that a quadrotor is defined in
space by six degrees of freedom (6 DOF): three
rotations and three translations. To control these six
states, it is necessary to skillfully adjust the power
of the motors. The quadrotor is always leaning a bit
towards the rotor that's spinning the slowest. That
leaning action is actually how we control the drone's
angle, allowing it to tilt and move in the direction
we want it to go, [4]. Even though we only have
four rotors to control the drone, we need to keep
track of six different things to know exactly what it's
doing — things like where it is in space and which
way it's pointing. Because we have fewer controls
than things we need to control, engineers call the
quadrotor an 'underactuated' system, [5].

Fig. 1: The Six Degrees of Freedom of the
Quadcopter

Getting a realistic computer model of a
quadrotor drone in flight is a surprisingly difficult
problem. The way a quadrotor moves is incredibly
complex and sensitive (engineers call this 'highly
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nonlinear'), and all the different factors affecting it

are tangled up together.

To make the problem manageable, researchers
often rely on simplifying assumptions. For example
(61, [7]:

- We assume the drone is perfectly balanced and
that its weight is centered and aligned with our
reference point.

- The drone's body is assumed to be a perfectly
rigid and symmetrical shape.

- The propellers are considered perfectly rigid,
allowing us to ignore any slight bending at high
speeds.

- We assume the lift and drag created by the
propellers increase proportionally to the square
of their rotational speed.

To achieve this, we will define two reference
frames: a fixed reference frame attached to the Earth
Km and a moving reference frame attached to the
quadrotor's center of gravity K. Instead, the moving
frame is attached to the drone and tracks its motion,
which makes it perfect for a more intuitive and
computationally efficient expression of aerodynamic
forces, motor thrust, and rotational dynamics. The
fixed frame, which is frequently Earth-centered,
offers an absolute reference for position and
orientation, enabling global trajectory planning,
navigation, and external force modeling, such as
gravity and wind disturbances.

Both frames must be used to accurately describe
the drone's motion. It is feasible to build control
techniques in the local frame and study the drone's
behavior in global coordinates by converting
variables between these frames. For example, to
estimate  position and  navigate,  sensor
measurements from an onboard IMU (Inertial
Measurement Unit) must be transformed from the
moving frame to the fixed frame. Similarly,
directives for the drone's actuators in the moving
frame must be converted from control inputs
calculated in the fixed frame.

F4 F1

Fig. 2: Fixed and Moving Frames of the Quadcopter
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The reference frames take place in modeling a
quadcopter drone as it is illustrated in Figure 2. The
four rotors, F1, F2, F3, and F4, are part of the drone.
Each rotor generates an upward thrust Fi and rotates
at an angular velocity wi. Km is the center of gravity
of the quadcopter. There are two coordinate
systems: the inertial (fixed) coordinate system K (x,
y, z) and the body (moving) coordinate system Km.
The inertial coordinate system gives a global
reference for position and orientation, something
essential for navigation and control, particularly in
quadcopters. The body frame shall be fixed to the
drone and shall move with it, thus simplifying the
analysis of forces and torques acting on the system.
The rotational motions of the quadcopter will be
defined by three Euler angles: roll (o), pitch (8), and
yaw (y), denoting rotations about the x, y, and z
axes, respectively. This dual-frame representation is
fundamental to the development of flight dynamics
models and control strategies aimed at stabilization
and trajectory tracking.

To transition from the fixed reference frame to
the moving reference frame, we define a
transformation matrix TR that represents the
position and orientation of the moving frame
relative to the fixed frame

_[K E
=X - 2
where,
K: the rotation matrix of the moving object.
E=[xyz] 2)

is the position vector.

To determine the elements of the matrix K, we
will use Euler angles. Initially, the moving reference
frame coincides with the fixed reference frame, then
it undergoes three rotational movements: a rotation
around the x-axis with a roll angle ¢, a rotation
around the y-axis with a pitch angle 0, and finally a
rotation around the z-axis with a yaw angle .

We assume that:
-g<®<§, -§<9<g, -t<¥ <t (3)

K=ROTz(¥).ROTy(0).ROTx(¢) (4)
C¥ —S¥Y 0][CO O SOI[CP O S¢
SY  cw 0[0 1 0[0 1 0](5)
0 o 1ll-se o cell-sg o co

CPCO SPSOSY — SWCP CPSOCY — SWSP

SWCH SPSHSW + CYCH c¢sesw-s®cw] (6)
=) S@Co CoCo

With : C:cos, S:sin.
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For the angular velocities, we define the
rotational velocities Q1, Q2, and Q3 in the fixed
frame. These velocities are expressed in terms of the
velocities® ,§ and ¥ in the moving frame. Initially,
the two frames coincide, and a roll rotation occurs.
Then, a pitch rotation follows, and the velocity
vector must be expressed in the fixed frame.
Therefore, we multiply the vector §by ROTy (@)
Finally, we have the yaw rotation, and to express
the wvelocity vector ¥ in the fixed frame, we
multiply it by[ ROTy(0)ROT«($)]", [6].

It is assumed that the quadrotor undergoes small
roll and pitch rotations, so we can approximate as
follows: cos(p) = cos(0) = 1 and sin(p) = sin(0) = 0.
Therefore, the angular velocity can be written as
follows:

@
Q=6
'

(7

A quadrotor's motion and stability are controlled
by several physical factors. Aerodynamic drag,
thrust, and gravity are the main forces affecting the
quadrotor. Aerodynamic drag inhibits motion and
lowers efficiency, whereas the thrust generated by
the rotors fights gravity to sustain lift. Apart from
these forces, the differential thrust between the
rotors causes moments or torques in the quadrotor.
The roll, pitch, and yaw motions produced by these
moments are crucial for regulating the orientation of
the quadrotor.

In the quadrotor’s dynamics, gyroscopic effects
play a notable role. The rotating rotors generate
gyroscopic forces that resist changes in the
orientation of the quadrotor, especially during rapid
rotations or movements. These effects must be
carefully considered in the control system, as they
can cause unintended changes in angular momentum
and impact stability, especially during aggressive
movements or in the presence of external
disturbances such as wind. To ensure the
quadrotor’s stability and performance ,you must be
understanding  these forces, moments, and
gyroscopic effects is critical for developing accurate
models and robust control strategies, [8].

One of the most popular approaches for robot
modeling is the Newton-Euler method, which is
explained in (8), [9].

(

E=v
J mE = Fy + F, + F ®
K = KA()
LI(Z = Mgm + Mg + Mg + Mg
where,
E: is the quadcopter's position vector. .
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m: the quadrotor's total mass..

€ : the vector of angular velocity represented in the
fixed frame.

K: the matrix of rotation.

I : the matrix of symmetric inertia .

I, 0 0
1=|0 1, 0 )
0 0 I,

A(Q) : The vector Q's antisymmetric matrix is
provided by,

0 —0; 2,
AQ=l0; 0 - (10)
-0, 0, 0

Fy: the total thrust force generated by the four rotors:

F=K[0 0 Yr,F]" (11)

F; : the drag force along the axes (x,y,z) is given as
follows:

_Gftxx
F = |~Greyy (12)
_GftZZ
F,: this is the force of gravigy, is given by:
FE=10 ] (13)

My: These are the moments due to the rotations of

the quadrotor on itself, they are described by the
following relationship:

Mg = QA JsQ (14)
with J: the inertia matrix of the system.
Mp: moment caused by thrust and drag forces
M,
M = |M, (15)
_MZ
M, : Aerodynamic friction induces moments:
Gfax @2
Mg = |Gpgy 62 (16)
Graz ¥°

with Gray, Grqy and Ggg, the aerodynamic friction
coefficients and @, 0 and ¥ the speeds angular.

Mgp: These are the Moments due to the rotations of

the propellers on their axes, they are defined as
follows:
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Mgp=3i{12ALI0 0 —1i+1w] (17)

with I, : Rotor inertia , Q=w;w,wsw,
wi : the rotation speed of the motors.

(18)

We can now pose a complete model governing a
quadcopter:

. Lo _. . U
— gyl _Jrpg  CGrexgo 4 72
0= BWT Ix.QB I 0° + I
N | _. . U
6=opw L~ _lpop_Cravgzy 3
]y Iy Iy ]y
o N -Ix_Iy ]T_. GfllZ'Z U4_
— cos¢sin6€os¥’+sin'¥’sin(2)U1 _ %x
. . m . m
— cos(bsm@smlll—sm(bcoslifyl _ ﬁy
m m
\ Z — cos@cosBUl _ G;:ZZ' —g
with,
Uil 1 B B B B
U|_.|l 0 —-LB 0 LB
u;[|-18 0 1B 0 (20)
vullD -D D -D

From the modeling
we concluded that the
underactuated system

obtained in equation (19),
quadrotor is a nonlinear,
with strong interactions
between its states. In the next party, we will
implement a control strategy using optimal
ordering.From the modeling obtained, we concluded
that the quadrotor is a nonlinear, underactuated
system with strong interactions between its states. In
the next party, we will implement a control strategy
using optimal ordering.

2.1 Drone Control
The goals of drone control are robustness, stability,

and accurate trajectory tracking in dynamic
situations. To manage disturbances, outside
uncertainties, and nonlinear system dynamics,

sophisticated control mechanisms must be put into
place. In a wvariety of applications, including
surveillance, industrial inspections, and autonomous
navigation, efficient control guarantees the best
possible drone performance. Two control methods,
PID and FOPID controllers, are getting a lot of buzz
in the drone world. That's because they can boost
stability, make the drone react faster, and adapt to
tough flying conditions, [10].

The Fractional Order Proportional-Integral-
Derivative (FOPID) controller is basically a souped-
up version of the regular PID controller. It uses
some advanced math, called fractional calculus, to
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give it extra capabilities, [11]. In contrast to the
traditional PID controller, which utilizes integer-
order integrals and derivatives as illustrated in (21),
the FOPID uses fractional-order operators, offering
two extra tuning parameters: the fractional
derivative order (n) and the fractional integral order
(M).(21) and (22) express the transfer function of
PID and FOPID controllers, respectively, H(s) and
F(s).

H(s)=G, + G;s™' + Ggs 21

F(s) = Gp + Gjs™ + Ggs*  (22)
where:

Gp: Proportional gain.

Gi: Integral gain.

Gq: Derivative gain.

A: Order of the fractional integral (0<A<1).

p: Order of the fractional derivative (0<p<l).

This enhancement offers greater flexibility and
accuracy in system control, particularly for complex
or nonlinear systems and provides the following
advantages, [12]:

Proportional Control (Gp): Reduces the rise time
and ensures a quick response to error. Fractional
Integral Control (Gjs™): Accumulates error over
time with fractional dynamics, improving steady-
state accuracy and reducing steady-state error.

Fractional Derivative Control ( Ggs" ):
Anticipates future error behavior with fractional
sensitivity, enhancing system stability and transient
response.

By tuning G, Gi, Ga , A , and p, the FOPID
controller offers superior performance in terms of
robustness, stability, and adaptability compared to
the classical PID controller. It is particularly
effective in controlling systems with nonlinearity,
time delays, or highly dynamic behaviors.

FOPID controllers are widely used in fields
such as robotics, aerospace, power systems, and
process control, where precise and adaptive control
strategies are essential.

3 Simulation and Results Analysis

In this section, we tested our system by applying
four inputs, namely x, y, z and vy, to verify that our
system stabilizes and converges towards the given
trajectory as illustrated in Table 1. We applied two
control strategies, the classical PID controller and
the FOPID controller, to determine the most
effective one.
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Table 1. The values of the FOPID and PID

command
X y z ¢ 0 ¥
PID Kp=100 | 100 | 98 10 10 1
Ki=21.6 | 23 276 | 0.4 0.7 0.4
Kd=20 24 27 0.56 | 1.8 0.65
FOPID | 2=0.5 06 | 098 | 0.8 0.65 | 0.98
p=0.4 04 1087075 0.7 0.87

l y
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Fig. 3: FOPID and PID Control Scheme for a Drone

The control architecture of a drone employing a
Fractional-Order PID (FOPID) or Proportional-
Integral-Derivative (PID) controller is shown in
Figure 3. Reference signals (xd,yd,zd,yd), which
indicate the drone's desired location and yaw angle,
are used by the system to track a predetermined
path. A PID or FOPID controller processes each
reference signal to produce the proper control
inputs. To guarantee precise trajectory tracking, the
controllers control the orientation angles (¢,0,y) and
position (X, y, z).

The control outputs are fed into the drone
model, which represents the dynamics of the UAV
(Unmanned Aerial Vehicle). The feedback loop
ensures continuous correction by comparing the
actual state variables with the desired values,
minimizing errors, and enhancing stability. The use
of FOPID controllers offers improved robustness
and flexibility compared to classical PID
controllers, particularly in handling dynamic
uncertainties and external disturbances.

Table 2 presents the values used during the
simulation of the system dynamics in Matlab-
Simulink.

Dasired y
FOPID

PID

Time{s)
Fig. 4: Response in position x
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Fig. 5: Response in position y
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Fig. 8: Angled response Pitch
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Time(s)
Fig. 9: Angled response Yaw

Tr
Trd

y(m) -2

*(m)
Fig. 10: control the route of the drone with the
defined route

Figure 4, Figure 5 and Figure 6 compare the
performance of a Proportional-Integral-Derivative
(PID) controller and a Fractional Order PID
(FOPID) controller in tracking the desired
trajectory, denoted as "Desired x." The x-axis
represents Time (s), while the y-axis indicates the
system output position, X (m), Y(m), and Z(m).

The green dashed line illustrates the reference or
desired output position, showing a sudden increase
at approximately t=20 s , indicating a step change in
the system's set point.

The response of the conventional PID controller
is represented by the orange solid line. It shows a
noticeable overshoot and a slower settling time,
taking longer to stabilize around the desired position

The response of the FOPID controller is shown
with the blue solid line. Compared to the standard
PID, the FOPID exhibits reduced overshoot and a
faster settling time, reaching the steady-state value
closer to the desired trajectory.

The inset in the figure provides a magnified
view of the transient response between t=20s, and
t=25s. This detailed section highlights the
performance  difference  between the two
controllers.The PID controller overshoots before
converging, whereas the FOPID controller tracks
the intended trajectory with little deviation.
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In terms of transient response, the figure shows
that the FOPID controller performs better than the
conventional PID controller, providing increased
accuracy, less overshoot and quicker convergence to
the target position.

Figure 7, Figure 8 and Figure 9 show how the
Roll, Pitch, and Yaw angles respond (in radians)
over time (in seconds) for a control system that
compares two controllers: Proportional-Integral-
Derivative (PID) and Fractional Order Proportional-
Integral-Derivative (FOPID). A dashed green line
indicates the desired yaw angle (y). The results
show that the FOPID controller achieves a faster
settling time and a reduced overshoot compared to
the PID controller, as seen from the main plot. The
transient response during the first one-second period
is highlighted in the zoomed-in section. It shows
that the PID controller shows a noticeable overshoot
and slower convergence to the desired value,
whereas the FOPID controller demonstrates a
smoother and faster response, closely following the
desired yaw angle. These findings underscore the
superior performance of the FOPID controller in
terms of precision and stability when compared to
the conventional PID controller.

Figure 10 illustrates a three-dimensional
trajectory comparison for a drone's path, displaying
two curves:

Tr (blue): Represents the actual trajectory

followed by the drone.
Trd (red): Depicts the desired or reference
trajectory.

The actual trajectory (Tr) indicates a complex
movement, starting with a spiral ascent or descent
before aligning with the circular reference trajectory
at a specific altitude.

The desired trajectory (Trd) is a smooth, well-
defined circular path in the horizontal plane,
representing the intended navigation route.

The initial deviations between Tr and Trd
suggest potential errors, disturbances, or delays in
the drone's ability to follow the desired trajectory
during the early phase.

In the final phase, the actual trajectory (Tr)
converges toward the desired trajectory (Trd),
demonstrating improved control performance and
stabilization over time.

3.1 Stability Analysis

The simulation results prove that the PID controller
dynamically adjusts the motor rotation speed in real-
time to correct deviations in orientation or position.
For instance, if the drone tilts forward, the controller
will increase the speed of the rear motors to bring it
back to a horizontal position. The proportional,
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integral, and derivative actions work together to
ensure a rapid response, eliminate residual errors,
and anticipate variations, thereby ensuring effective
drone stabilization, [13].

In summary, the PID as well as the FOPID
controller is crucial for drone stabilization, as it
dynamically adjusts motor commands based on
measured errors, thereby ensuring stable and
controlled flight as shown in Figure 4, Figure 5,
Figure 6, Figure 7 and Figure 8 that have validated
that the system is stable, [14].

This analysis highlights the drone's ability to
correct deviations and adhere to the intended
trajectory, which is critical for evaluating the
effectiveness of the guidance, navigation, and
control systems.

Table 2. Values of the system

Parameter Value

m 1 kg

g 9.8 m/s?

L 0.25m

B 2984.10-N/rad/s

D 3.2320x10"N/rad/s

Jr 2.8385x10kgm’?

Ix 3.8278x103kgm?

Iy 3.8278x103kgm?

Iz 7.6566x10-kgm?
Gfax 5.5670x10-4N/rad/s
Gfay 5.5670x10-4N/rad/s
Gfaz 6.3540x10*N/rad/s
Gftx 5.5670x10“N/m/s
Gfty 5.5670x10“N/m/s
Gftz 6.3540x10“N/m/s

4 Conclusion

The study found that the performance of Fractional
Order  Proportional-Derivative  (FOPID) and
Proportional-Integral-Derivative (PID) controllers in
drone systems are widely used for stability and
trajectory control. The results highlight the
following:

The PID Controllers are easy to implement and
tune, offering adequate performance in standard
conditions. However, in dynamic or nonlinear
environments, they may face difficulties.

The FOPID Controllers are Provide enhanced
robustness and adaptability due to fractional
calculus, leading to better handling of disturbances
and uncertainties. But, they are more complex to
design and compute.

FOPID controllers perform better in situations
that call for accuracy and stability, particularly when
there are outside disturbances present. Building on
the results, using these controllers to improve
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environmental monitoring systems is a promising
direction for further study.

In particular, wind turbines can be monitored in

challenging environmental conditions using drones
fitted with FOPID controllers.
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