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This work develops an auxiliary control system based on sliding mode control in order to stabilize quadcopters
in the event of propeller failures, a significant challenge in the operation of unmanned aircraft. The proposed
approach includes the implementation of modern control techniques, extensively tested in both a nonlinear
simulator and a testing platform, allowing the reproduction of scenarios with up to 30% power loss in one of
the motors. The combination of detailed simulations and practical experiments demonstrates the efficiency of
sliding mode control, which is able to mitigate the effects of failures by reducing deviations in the ¢ and 6
angles by more than 80% at the initial moments and maintaining partial stability of the angle y. In addition

to surpassing other approaches in terms of efficiency, the proposed method preserves the aircraft’s autonomy,
offering a robust and practical solution for application in real operational environments, ensuring greater safety
and reliability in quadcopter control.

1. Introduction

With the advancement of automation, autonomous devices are in-
creasingly replacing repetitive, dangerous, or hazardous tasks, with
the aim of protecting human health and improving quality of life [1].
Among the most notable innovations are industrial robots, designed to
perform specific activities in industrial environments, and autonomous
vehicles, capable of operating and navigating without human interven-
tion. Unmanned aerial vehicles (UAVs), commonly known as drones,
stand out among these technologies. They are remotely controlled and
used in various fields, such as mapping, infrastructure inspection, and
delivery [2]. These aircraft, categorized into two groups based on their
flight mode (fixed-wing and rotary-wing) [3], have seen significant ad-
vancements, with applications ranging from military use to commercial
services [4].

Drones, which originated during the Cold War, are widely used in
fields such as reconnaissance, object transport, journalism, fire preven-
tion, environmental monitoring, and precision agriculture, replacing
conventional methods in several tasks [5-11]. However, their high
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acquisition and maintenance costs limit their adoption in certain ar-
eas [12], and losses due to crashes, sensor damage, and electrical
failures are common [13]. Such failures can compromise drone stabi-
lization, particularly if the conventional control system cannot manage
the resulting dynamic changes [14], leading to financial losses and
posing physical risks to people and animals [15]. In critical situations,
such as organ transport, drone loss can have severe consequences,
which requires increased safety measures [16].

Several strategies have been proposed to mitigate the impact of ro-
tor failures during flight, including fault-tolerant systems with
parachutes [17] and adaptive controls that maintain stability in octo-
copters even when a single rotor fails [18,19]. Zeghlache et al. [20]
developed algorithms based on fuzzy logic and neural networks to con-
trol octocopters with rotor failures, while Santos et al. [21] applied PID
control to hexacopters, reducing the impact of crashes, although failing
to prevent rotation around the z-axis. Nguyen et al. [22] used sliding
mode control (SMC) for stabilization, and Mazeh & Sahili [23] tuned
PID parameters using particle swarm optimization. In quadcopters,
Mueller & D’Andrea [24] and Morozov [25] used the linear quadratic
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Table 1

Synthesis of studies that addresses rotor failures.
Papers Year Number of Control Optimization

actuators technique process

Mueller and D’Andrea [24] 2014 4 LQR No
Merheb et al. [30] 2014 4 SMC Yes
Santos et al. [21] 2015 6 PID No
Wang and Zhang [18] 2017 8 Adaptive control No
Lee et al. [19] 2018 8 Adaptive control No
Zeghlache et al. [20] 2018 8 FUZZY and ANN Yes
Morozov [25] 2018 4 LOR Yes
Nguyen and Hong [29] 2019 4 PID No
Wu et al. [26] 2019 4 SMC Yes
Mazeh and Sahili [23] 2019 6 PID Yes
Nguyen et al. [22] 2019 6 SMC Yes
Baldini et al. [28] 2020 4 OCA Yes
Jung and Bang [27] 2021 4 Predictive control Yes

regulator (LQR) to stabilize despite rotor failures, while Wu et al. [26]
sacrificed yaw control around the z axis to maintain vehicle stability.

Jung & Bang [27] developed a computational model that applies
predictive control to adjust the parameters of the quadcopter, stabiliz-
ing the vehicle when the speed of a faulty rotor approaches nominal
levels. Baldini et al. [28] used the optimal control allocation (OCA)
technique to reconfigure the quadcopter model, mitigating the effects
of propulsor power loss on flight dynamics. Nguyen & Hong [29]
integrated PID control with rotor fault diagnosis in their model. Merheb
et al. [30] simulated the shifting of the quadcopter’s center of mass
to enable it to operate as a tricopter during flight. Table 1 presents
these studies chronologically, facilitating the analysis of the number
of actuators, control techniques, and optimization of the controller
parameters used.

The studies summarized in Table 1 address the challenge of thruster
failures in unmanned aerial vehicles, highlighting that as the num-
ber of thrusters decreases, the complexity of the problem increases.
Stabilizing quadcopters during failures, given their dynamics and the
limited number of actuators, remains an underexplored area. Except
for the theoretical work performed by Merheb et al. [30], which
proposes to change the center of mass in order to control the quad-
copter as a tricopter, none of the studies mentioned validates their
simulation results through practical experiments. This highlights a gap
in the development of control techniques to manage rotor failures
in quadcopters, ensuring equipment and payload integrity without
compromising autonomy or increasing system mass.

This work is justified by the proposal to investigate control tech-
niques for stabilizing quadcopters in the event of power loss in one
of the rotors. Based on this identified gap, the primary hypothesis
is formulated: If the failure of one engine occurs gradually and the
remaining three provide sufficient thrust to compensate for it, control
techniques can be used to stabilize the quadcopter, thereby preventing
its loss of lift.

The primary objective of this work is to develop an auxiliary control
system for quadcopters that operates during thruster failures, aiming
to prevent material damage and ensure safety within the device’s
operational area. Specifically, the objectives include: (i) designing a
three-dimensional test platform model, (ii) building the test platform
prototype according to this model, (iii) developing a simulator based
on the mathematical model of the quadcopter, (iv) integrating and
developing the control system within the simulator, (v) validating the
implemented test platform, (vi) analyzing scenarios of gradual failures
in the thruster using the test platform, and (vii) proposing an auxiliary
control system to mitigate the effects of failures and validating this
system based on the results of the test platform.

This work stands out for its originality in developing an auxiliary
control system that stabilizes quadcopters during rotor failures without
adding extra weight, thus preserving flight autonomy. The novelty
lies in the redistributing of the lift force among the three remaining
thrusters, minimizing the impact of power loss. The significance of this

study is its ability to offer a computationally efficient safety solution
that can be easily applied to any quadcopter without requiring struc-
tural modifications, simply by adjusting the existing control algorithm.
The structure of this work is as: Section 2 covers the theoretical foun-
dations, including the expressions governing the rotational movements
of the quadcopter. Next, Section 3 describes the proposed methodology
for the development of the auxiliary control system, including testing
and validation. Section 4 presents the results obtained from applying
the methodology. Finally, Section 6 concludes the work.

2. Theoretical background

This section presents the concepts and mathematical expressions
that underlie the motion of quadcopters, focusing on the generic model,
the dynamics of the vehicle and the forces and torques involved.
These elements, including aerodynamic forces and motor torques, are
necessary for developing control strategies that ensure stability and
maneuverability. Furthermore, the principles of sliding mode control
and system stability according to Lyapunov’s theory are discussed.

2.1. Quadcopter dynamics and its generic model

According to Bhargavapuri et al. [31], the mathematical model
of the quadcopter in the configuration of the + axis establishes the
relationship between the angular velocities p, ¢ and r and the body
frame of the quadcopter F,. In this context, p corresponds to the angular
velocity around the 7, axis, ¢ around the j, axis and r around the
k, axis. However, each angle is defined within a specific coordinate
system [32,33]. As discussed by Stevens et al. [34], the first-order
time derivatives of the orientation angles ¢, 6, and y, denoted by
¢, 6, and , respectively, can be correlated to the angular velocities
p, ¢, and r following the previously adopted rotation sequence. This
correlation is presented in (1), from which the relationship between
angular velocities p, g and r can be described in matrix form, as given
in (2) [32].

¢ = p+ gqsin(¢) tan(0) + r cos(¢) tan(6),

6 = qcos(¢) — rsin(¢), o
_ sin(¢p) + r&@)
cos(6) cos(0)
¢ 1 singtand cos¢tand| [p
01=10 cos ¢ —sing q (@3]
W 0 singpsec® cos¢psechd r

Based on Newton’s second law, the time rate of change in linear
momentum h; is related to the torque 7; of the system, both defined
in the inertial frame 7;, as given by (3) [35]. The analysis of angular
momentum follows a similar approach to that of linear momentum.
Therefore, (3) must be reformulated when transitioning from the iner-
tial frame 7; to the body-fixed frame 7, taking into account the Coriolis
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inertial force.! This results in (3) and (4), where h, represents the
angular momentum vector and 7, the torque vector on the quadcopter
due to the propellers, both defined in the body-fixed frame of the
quadcopter 7, [34]. The angular momentum h, in frame 7, is expressed
as Jo,;;, where J is the inertia matrix and ,; is the angular velocity
vector in frame F, [34,36]. To solve the expression (4), the Euler
equations for rigid bodies are used [35], as given by (5).

hi =1 3)
hy + @y X hy =74 4
Jd)b/i:_mb/ix‘,wh/i-'-rb (5)

According to Kleppner & Kolenkow [35], when the reference frame
F, is fixed at the center of mass of the quadcopter and the mass
distribution is symmetric, the inertia matrix J becomes diagonal, with
Jy, J,, and J, corresponding to the principal moments of inertia relative
to the X,, Y,, and Z, axes, respectively. When the X, and Y, axes
are aligned with the arms of the quadcopter, the matrix J becomes
symmetric and J, and J , are equal [37,38]. Considering w, i =Ip.a, T,
(5) can be rewritten in matrix form by isolating the term &, ;. Applying
the inverse of J and computing the cross product ®,; X Ja,,, the
expression (6) is derived, where 7, 7,5, and 7,, represent the torques
applied to the quadcopter [39]. This expression describes the dynamic
behavior of the quadcopter with three degrees of freedom (3DOF) and
the three rotational movements that it performs [31].

U=tar] ra,
) Te Ty
. Uz=J)rp o ©)
4 7, 7,
r Ux=Jy)-pq Iy
J Jz

z

2.2. Forces and torques applied to quadcopters

The quadcopter propulsion systems consist of three main compo-
nents: (i) propellers, (ii) motors, and (iii) speed controllers. Various
types of motor, particularly direct current (DC) motors, are used to gen-
erate the necessary thrust for the propellers [40]. Among the most com-
monly used motors in quadcopters are brushless direct current (BLDC)
motors, which are powered by low-voltage inverters with trapezoidal
waveforms [41]. Each of the four motors is individually controlled by
an electronic speed controller (ESC), although a single ESC can be used
to control all motors simultaneously [42]. The role of the ESC is to
convert the direct current from the battery into a trapezoidal direct
current with variable frequency and amplitude, which supplies it to the
motors [43].

Fig. 1, adapted from Nekoukar & Dehkordi [44], illustrates the top
view of the quadcopter, highlighting the arrangement of the motors
in the propulsion system. Among the four BLDC motors, M, and M,
rotate clockwise, while M| and Mj; rotate counterclockwise. The torque
vector generated by these motors is given by (7) [32,45]. The torque
7, is generated by the difference in thrust between motors M, and
M,, while the torque 7, results from the difference in thrust between
motors M; and Mj. The torque 7,,, on the other hand, is influenced
by the combined effect of all four motors, depending on their rotation
directions. The torque z,, controls the roll motion and the torque 7, con-
trols the pitch motion, both responsible for tilting the quadcopter and
allowing translational movements. Finally, the torque 7,, regulates the
yaw motion, adjusting the orientation of the propellers and allowing
the quadcopter’s arms to rotate around its center.

1 The Coriolis inertial force, or Coriolis pseudoforce, is not a force in the
traditional sense; it is perceived only by observers in non-inertial frames
rotating relative to the inertial frame, particularly when moving toward or
away from the center of rotation.
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Fig. 1. Definition of rotational direction of each motor on the quadcopter.
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2.3. Sliding mode control in nonlinear systems

Nonlinear systems, such as quadcopters, can exhibit unexpected
behaviors due to parametric uncertainties or the simplification of the
nonlinear model during analysis [46]. According to Herrera et al. [47],
sliding mode control (SMC) is an effective technique for designing
controllers for both linear and nonlinear systems, and it is widely used
in various fields, such as electronics, robotics, and chemical processes.
SMC applies a control law that drives the system error e(f) and its
derivative é(7) to the sliding surface. Once these states reach the surface,
any disturbance that deviates the system from it is quickly corrected by
the switching process [48].

Ahmad et al. [49] explain that the design of SMC controllers can
be divided into two phases: (i) selecting the sliding surface and (ii) im-
plementing the control law that keeps the state variables on the sliding
surface. Thus, the first step in the SMC design is the selection of the
sliding surface s. The expression (8) represents the sliding surface, con-
sisting of a first-order linear differential equation, where A represents
its eigenvalue [50]. Furthermore, the time derivative of (8) yields (9).

s = Ae(t) + é(1) 8)

5= Aé(t) + é(t) (C)]

After selecting the sliding surface, the next step is to implement
the control law that drives the system states toward the equilibrium
region. According to Ahmad et al. [49], expression (10) is considered
a robust control rule, where the sign function snl(x) is defined as —1
for x <0, 0 for x =0, and 1 for x > 0. In (10), k; and k, are constants,
with k; controlling the sliding position and k, regulating the switching
amplitude once the system reaches the sliding surface [50].

$§ = —k;s — kysnl(s) (10)

Fig. 2, adapted from Vaidyanathan & Lien [48], illustrates the phase
plane of the system represented in the state space, where x;(r) = e(?)
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Fig. 2. Phase plan.

and x, = x(7). The red curve presents the system behavior from a
specific initial condition, x,(0) = —4 and x,(0) = 0. In this scenario, the
SMC guides the states toward the sliding region, where they remain
confined, continuously corrected by the switching process until they
reach the equilibrium point at (0,0).

Ullah et al. [51] state that the stability of the system can be analyzed
using Lyapunov’s theory, which checks whether the states converge to
the equilibrium point e(t) = 0 and ¢é(f) = 0. Lyapunov’s theory applies
to systems of the type x = f(x) with an equilibrium point at x = 0.
The function V(x) is considered a candidate Lyapunov function, and
the system is considered stable in the Lyapunov sense if: (i) V(x) = 0 if
and only if x = 0, (ii) V(x) > 0 for all x # 0, (iii) V(x) < 0, ensuring the
system is locally stable, and (iv) V(x) < 0 for all x # 0, which implies
that the system is asymptotically stable. According to Wu et al. [26],
assuming the Lyapunov candidate function as in (11), this function is
always greater than or equal to zero, and its derivative is given by (10).
Therefore, for the system under sliding mode control to be considered
asymptotically stable, V(s) must always be negative.

2
V(s) = 5 [€RD)

V(s) = $s 12)

3. Methodology

This section describes the methodology for developing and vali-
dating the auxiliary control system that reduces power in quadcopter
motors. The failure scenarios are defined, and the angles during failures
are collected and analyzed. Then a sliding mode control is developed to
stabilize the system. Finally, the control is tested and validated through
simulations and experiments to ensure its efficiency and reliability.

3.1. Auxiliary control for quadcopter stability

Quadcopters face stability challenges during electrical failures in
their propellers, which can lead to crashes and damage. Solutions
such as parachutes can mitigate these risks but reduce autonomy. This
methodology proposes an auxiliary control system that replaces current
control after detecting a power loss in a propeller, redistributing control
efforts to stabilize the angles ¢, 6, and y, enabling safe landing. The
system is evaluated using sliding mode control (SMC), with simulations
and bench tests to optimize performance and avoid destructive tests.
Fig. 3 illustrates the proposed methodology, divided into five main
tasks: (i) selecting the test platform, (ii) defining the simulation for the
failure, (iii) executing the failure on the platform and analyzing the
results, (iv) developing the auxiliary SMC control, and (v) validating
the auxiliary control system using SMC.

The test platform should provide a controlled environment that
allows the quadcopter to perform rotational movements with minimal
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interference in its dynamics, while maintaining the center of mass
in a fixed position. The methodology illustrated in Fig. 3 follows a
flow that, after validating the test platform, focuses on developing the
auxiliary control system. This process involves four main stages: first,
failure scenarios are defined to simulate adverse conditions of power
loss in the propeller. Then tests are conducted on the platform, where
data on the behavior of the angles are collected and analyzed. The
third stage involves developing the auxiliary control system using SMC,
which is tested in a nonlinear simulator. Finally, the proposed control
system is validated again on the platform, ensuring its efficiency and
functionality under real conditions.

3.2. Definition of failure scenarios

In real-world scenarios, quadcopter failures can occur due to exter-
nal factors, such as collisions with birds or trees, or internal factors,
such as overheating of the speed controller’s power converter. In this
study, power loss in a propeller is artificially simulated by reducing
its speed, a task carried out by a specifically developed algorithm.
The failure algorithm is activated when the control system (CR) is
operating and the angles ¢, 0, and y are stabilized. The algorithm
development requires several configurations: (i) identifying which pro-
peller will experience the failure, (ii) defining the failure initiation
time, and (iii) determining the magnitude of the failure. The choice of
propeller is arbitrary and does not affect the study since the quadcopter
is symmetrical, ensuring consistent results regardless of the selected
propeller.

After the propeller is selected to simulate the failure scenario, it is
used consistently across all experiments to standardize the results and
facilitate the analysis of its effects on the quadcopter’s dynamics. The
timing of initiation of the failure is then determined. The failure time
tp is defined as the interval between the activation of the PID control
system (current control) and the activation of the failure algorithm. Fig.
4 hypothetically illustrates the speed of the affected propeller, which is
reduced ¢, seconds after the control system is activated, initiating the
failure algorithm and marking the beginning of the failure region (FR).

Fig. 4 illustrates the control region CR and the failure region FR.
After selecting the propeller and determining the failure time, the next
step is to define the magnitude of the failure M, which controls the
percentage reduction in thrust of the chosen propeller. A reduction
of M in the original thrust of the propeller results in a decrease
of 2M — M;‘; in its original speed. The range analyzed is given by
Mp =10% : py% @ Mg, %], where pg is the interval step. In Fig.
4, the green curve in the FR region represents the propeller speed with
a failure magnitude of M = 10%, while the blue dotted line indicates
the expected propeller speed without failure. The parameter My is
determined experimentally and defines the threshold beyond which
the effects of power loss can be reversed, allowing the quadcopter to
stabilize.

With the propulsion system selected, tests are conducted to observe
the quadcopter’s behavior in response to power loss in one of the
propellers. The fault simulation algorithm is implemented in the quad-
copter’s controller, enabling controlled experiments. Each scenario,
varying the failure factor M, is analyzed to examine its effects on the
angles ¢, 0, y, and the stability of the quadcopter. To standardize the
experiments and facilitate comparison across different scenarios, the
initial conditions ¢;, 0;, and y; are manually set to be similar at the
moment the PID control system is activated. This ensures uniformity
in the results and allows for a detailed analysis of angle variations as
the magnitude of the failure increases. Furthermore, empirical tests are
necessary to determine My, the point at which the system becomes
unstable for at least one of the angles. The value of M gradually
increases in preliminary tests until the instability is identified.
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Fig. 3. Flowchart of the proposed methodology.
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Fig. 4. Hypothetical representation of thruster speed that has a failure with M, = 10%. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
3.3. Stability, convergence, and resilience in attitude control

Following the definition of the failure scenarios considered, it be-
comes necessary to formally evaluate the stability of the control system
under partial loss of propulsion. In this context, a theoretical analysis is
developed using a specific Lyapunov function capable of representing
the complete nonlinear dynamics of the quadcopter, including the
couplings among the roll ¢, pitch 6 and yaw y axes, even under adverse
conditions. The vector of error in angular velocity is defined as @ =
®,; — , where ® = [p,q,r]" denotes the actual angular velocities and
o, the reference values. Similarly, the attitude error vector is defined as
@ =@, — @, with @ = [¢,0,]T representing the actual attitude angles
and ¢, the desired values. The Lyapunov candidate function adopted
is given by (13), where J is the diagonal inertia matrix and k, > 0 is
the control gain. The function V is positive definite with respect to the
tracking errors.

V(@, p) = %@TJ@ + %k(p@T@ 13)

The time derivative of (13) is given by (14), considering the full
rotational dynamics of the quadcopter as described in (15), where
denotes the control torques and Az accounts for external disturbances
and uncertainties, such as asymmetries and partial actuator failures. To
mitigate the chattering phenomenon, the sign operator is replaced by
a saturation function, defined in (16). Consequently, the sliding mode
control law is defined by (17).

V=a"Jo+k,p" o 14

Jo+ox(Jo)=r1+ At 15)
1 ses/p>1

sat(s/p) =<s/p se|s/p| <1 (16)

-1 ses/p<-1

T = J(@y — i@ — k,sat(s/p) + @ X (Jo) 17

By substituting (14) into (17), one obtains (18). Assuming that
|Az| < §, and applying Young-type inequalities to the last two terms
of (18), inequalities (19) and (20) are derived, where ¢;,e, > 0 are
arbitrary constants. Consequently, the derivative of ¥V can be upper-
bounded as shown in (21). Through algebraic manipulation and the
redefinition of ¢ and ¢, one obtains (22) and, finally, (23). This result
ensures global asymptotic stability in the Lyapunov sense, provided that
& > 0, which can be guaranteed by an appropriate selection of ¢, ¢,
and the controller gains.

V=-10"J& - k& J sat(s/p) + & At + k¢ & (18)
T L0, €1 2
@ At < —||®]|” + <[4z, 19)
2¢; 2
k@ < ==l + 22511 20)
v = 26, 2
. N 1 . 1. €120, ©2,0,.2
V< =lel* + — > + —ll®|* + =8> + =k 21
< -Alall 3, @l 3 loll™+ =87 + k1@l (21
1 1 €12, €222
=i-(—+—), e==28+2k , 22
¢ <2€| 2€2> €= =6+ Sk, ol (22)
V< =¢lal? +e (23)

To ensure that the system reaches the sliding surface s = é+4e = 0 in
finite time, the condition given by (24) is assumed, with k; > 0 and s(z)
being Lipschitz continuous. Under these conditions, convergence occurs
within a finite time. The maximum time 7, required to reach the sliding
surface is bounded by (26). This result enables a direct estimate of the
response time of the system as a function of the design parameters.
In the context of this work, k, can be expressed as a function of the
gains k; and k, used in the implementation of adaptive control. The
saturation function defined in (16) smooths the control action near the
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sliding surface and mitigates high-frequency oscillations, thus enhanc-
ing the feasibility of real actuators. Consequently, the simulations to
be performed are not expected to exhibit abrupt torque fluctuations,
indicating that chattering will be effectively reduced.

V< ksl 24
s
LT (25)

Finally, considering the presence of bounded external disturbances,
such as wind gusts or sensor noise, it is assumed that |Az(¢)| < §, with
6 being finite. Under this assumption, the derivative of the Lyapunov
function can be bounded as in (26). Applying the Young-type inequality
once again, the inequality (27) is obtained, with §’ > 0. This result
ensures that, although the system is not strictly asymptotically stable,
it remains uniformly bounded, as expressed in (28). Therefore, even
in the presence of finite-magnitude disturbances, the attitude errors
remain confined within a neighborhood of the equilibrium point. This
property formalizes the resilience of the system, reinforcing the practi-
cal applicability of the proposed controller in real-world scenarios.

Y < =¢lla)* + sl@ll (26)
V<-Ev+4 27)
5/
limsup V(¢) < z (28)
=00

3.4. Angle collection and analysis during failures

The tests conducted on the quadcopter generate data that are col-
lected and stored for analysis. Primary data include angles ¢, 6, v, and
signals transmitted by the controller to the four electronic speed con-
trollers (ESC): Sys1> Sy2> Su3» and Sy4. The timestamp of each sample
is important for constructing time series. After collection, the controller
collects C, samples of each variable and transmits them wirelessly to
the server, following a client/server architecture in which the controller
acts as the client and the software on the computer as the server. This
software stores all data in a MySQL database, facilitating data retrieval,
use, and manipulation to extract the necessary information. In the
analysis of results, the simulator is adapted and fed the mathematical
model, using the initial values from the experiments ¢;, 0;, y;, the
control start time ¢;, and the moment when failure occurs ¢; + 7.

This procedure aims to verify whether the developed nonlinear
simulator can accurately reproduce the dynamic behavior of the quad-
copter during a propeller failure. The simulator results are compared
with the data collected from the test platform to assess its accuracy in
representing the quadcopter in failure scenarios. For this analysis, the
mean square difference D MO0 given by (29) and the quadratic
percentage error EQ(w).(ﬂ).(w) given by (30) are used. In expression (29),
e o). (1) represents the error of the ith sample in the time series,
i is the first sample after the onset of the failure and N is the total
number of samples. This metric is chosen because it penalizes systems
with larger amplitude errors.

N
1 “\2
N-i > (eworm®) 29

i=iy

Dy Opm.ow

Vno,w.0.u) ~ VNg,@1.0.w)

E, = 30
Coow VNO,@)0.w) ©0)

Expression (30) calculates the percentage deviation between the
normalized angles obtained in the simulation Vy¢_4)0).) and those
from the platform experiment VNQ (#).(0).(w)- This expression allows for
measuring individual deviations EQ » Eg,s and EQ Data normaliza-
tion is performed using expression (31), where m1n(¢) (6), (w) represent
the individual minimum values of the angles, max(¢), (9), (y) represent
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Table 2
Parameters required for the implementation of the proposed SMC controller.
Angle Error Lyapunov
e(r) i k, k,
¢ ep=¢s — ¢ Ay kln, k2¢
0 ep =0, — 0 I k,, ky,
v ey =VWqg — Y Ay klw kzw

the maximum values, and Voo 3TC the normalized values within
the range [0, 1].

T CONCORUD)
max(¢), (6), (w) — min(e), (6), (w)

With the angles normalized between [0, 1], the global mean square
percentage error E, is calculated as the average of Eo i orn for
the angles ¢, 0, and y. The parameter «, is defined as the acceptable
threshold for variation between the simulator and the results of the
platform to consider the validation successful. If E g topar is less than
k,, the auxiliary control algorithm can be developed and tested in the
simulator before implementation on the test platform, accelerating the
development process by allowing multiple experiments to be carried
out in less time. Finally, an auxiliary control algorithm is proposed
to mitigate the negative impacts of power loss in the failed propeller,

allowing the quadcopter to partially restore its rotational angles.

(€19)

vV, =
NQg).0).)

3.5. Development of the auxiliary control system

The proposed methodology aims to analyze and address failures that
result in forces less than 1 — M of the expected propeller force and is
applicable only in scenarios where a propeller cannot be completely
shut down. However, failures that result in complete power failure
typically exhibit prior symptoms. Therefore, the approach focuses on
the early stages of such failures, allowing equipment control. When a
failure is detected, the auxiliary control system immediately activates,
with the aim of responding quickly enough for the controller to identify
the propeller issue and implement preventive measures.

The controller replaces the PID control algorithm with the SMC
algorithm to mitigate control efforts on the faulty propeller, adapting
the quadcopter to the new failure scenario. The interval between the
onset of the failure and its detection for the control switch is called
A,. From this point on, the auxiliary control system takes over and
this phase is termed the region with active auxiliary control (ACR).
Sliding mode control (SMC) is proposed to reduce the effects of failure,
particularly on the angles ¢ and 0, which are important for stabilizing
the quadcopter. The SMC is implemented independently, taking into
account the effects observed on ¢, 6, and w.

The control law used is given by (10), where the parameters 4,
k,, and k, are selected according to Lyapunov’s theory, ensuring the
asymptotic stability of the system. Table 2 lists the SMC parameters for
the individual control of each angle. The error signal e(?) for each angle
is defined as the difference between the desired value and the value
measured by the sensor. Thus, three sliding surfaces S,,, Sy, and Sy,
are used in the SMC, as defined in (8). Based on the expressions (6),
(9), and (10), the necessary torques to stabilize the angles of the system
are determined: torque Ty given by (32), torque 7, in (33) and torque
7,, given by (34).

15 = ~(Jy=I )00+ byt (Ay+k ey +T Ak ep+J ik, snl(s,) (32)
79 = —(J; =T )G + 1,0, + J,(Ag + k1 )ég + T, Aoy, eg+ T ky, sn1(s9) (33)

v = = I PO+T g +T (A +ky ey +T 4 k) e, +J -k, snl(s,) (34)

Expressions (32), (33), and (34) represent the conceptual structure
equivalent to that described in (16), (17) and (18). The function
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Fig. 5. Definition of S, §;,, Ss3 and S, depending on the failed thruster. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

snl(s(,) used in these expressions is analogous to the saturation func-
tion defined in (16), which serves the same purpose: to smooth the
control action near the sliding surface and reduce the chattering phe-
nomenon. Although different notations are used, both formulations are
based on the same underlying principles. Therefore, these expressions
can be interpreted as generalized and applied versions of the torque
expressions presented in (16), (17), and (18). Based on these torque
expressions, the control signal can then be adapted to act directly on
the propellers.

The expression (7) relates the torques to the propeller speeds. To re-
duce the load on the faulty propeller, maintain the total thrust applied
to all four motors, ensure altitude stability, and allow the methodology
to be applied to commercial quadcopters, three rules are implemented
in the auxiliary control system: (i) saturation of the faulty actuator,
(ii) removal of tilt control from this actuator, and (iii) redistribution
of the lift force among the other three actuators. The speed of the
faulty actuator is limited in amplitude to prevent overloading, which
could worsen the failure or extend the use of the defective equipment,
ensuring that the quadcopter remains controllable.

In this approach, the controller sends a control signal to the propul-
sion system with a maximum amplitude of a,,, = Uﬁ%, ensuring
that the actual thrust does not exceed 7 of the average thrust required
to sustain the quadcopter, where 7 is the coefficient related to the
percentage of the nominal power of the faulty propeller. To determine
Gy, the auxiliary control system needs to know the amplitude of
propeller failure, information obtained by comparing the current speed
with the desired speed. With the saturated actuator, the control of the
angle 0 is removed if failure occurs in propellers M; or Mj;, or the
control of the angle ¢ is removed if failure occurs in propellers M, or
M,. The signal sent to the defective propeller S, ; consists of the lifting
force and the torque 7,, to assist in controlling the angle y, as given by
(35), where 4, . represents the maximum value that the variable 4,,
can assume, and the subscript j indicates the corresponding propeller.

(I +mo, =4, +(=1Y4,

Mj= 1- Mg
When the angle control of ¢ or 0 is removed from the defective
propeller, this function is fully transferred to the propeller on the

(35)

opposite side. Fig. 5 illustrates the control signals sent to the propellers
depending on which propeller experiences the failure. The lift force
is redistributed among the other three propellers as follows: (i) the
variation in force to control ¢ or 6 is handled by the propeller opposite
the faulty one, and (ii) the natural force variation of the faulty propeller
is compensated. The variation in the lifting force for controlling ¢ or 6
is equally distributed between the propellers adjacent to the defective
one. In Fig. 5, the blue components represent the control of the angle ¢
or 6 performed by the opposite propeller, as well as its redistribution to
the adjacent propellers to balance the lift. The variation in the natural
lifting force caused by the failure of the propeller is equally divided
among the remaining propellers, as indicated by the red components.

3.6. Testing and validation of the proposed auxiliary control

The proposed algorithm is tested using a simulator based on the
mathematical model of the quadcopter, allowing preliminary testing
without the need for physical components such as bearings and batter-
ies. This approach significantly reduces the time spent testing, analysis
of results, and reconfiguration of controller parameters, speeding up
the development of the auxiliary control system. The results obtained
with the auxiliary control are compared with those observed when only
the PID control system was in operation. To evaluate the performance
of the auxiliary control system and minimize the impact of failure, the
metric defined in (29) is used.

The parameter y is defined as the desired value of the difference
calculated by the metric (29) when comparing the simulation with the
auxiliary control and the results of the platform with the PID control.
If the results demonstrate a reduction greater than y, particularly in
the angles most affected by the failure, the auxiliary control system
that uses SMC is experimentally validated on the test platform. Vali-
dation occurs when the experimental results in the region with active
SMC control (RCA) closely match those obtained from the simulator,
reducing errors in the analyzed angles and improving the quadcopter
stabilization. The metrics given by (29) and (30) are used for this
analysis.
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Fig. 6. Prototype of the testing platform: (a) relative to the supports and the base and (b) relative to the base only.

To ensure that the experimental validation is consistent with real
operating conditions, the nonlinear simulator adopted in this study
incorporates constraints that more accurately represent the physical
behavior of the propulsion system. Sensor measurements account for
noise and latency, and significant delays are modeled in the communi-
cation between the control system and the ESCs. Moreover, changes in
propeller speed do not occur instantaneously after thrust redistribution
commands; instead, they follow a gradual transition limited by both
the ESC bandwidth and the motor dynamics. These features ensure
that rapid thrust reallocations remain within the physical limits of the
actuators, complying with real-world operational constraints.

4. Results

This section presents the results of applying the proposed methodol-
ogy, including tests to analyze the dynamic behavior of the quadcopter
during failures and the implementation of the auxiliary control system
to respond to a reduction in power in any of the four propellers. The
analysis includes comparisons between the simulated and experimental
results, followed by a discussion of the findings. The development of
the auxiliary control system was carried out in five stages, as detailed
in the methodology and illustrated in Fig. 3.

4.1. Testing platform used for analyzing the quadcopter

This work uses the test platform developed and validated by Bulhes
et al. [52] to simulate failure scenarios and analyze the behavior of
the quadcopter, with the objective of developing a control system
capable of mitigating the negative effects of power loss in one of the
propellers. Fig. 6 presents the test platform used to observe the dynamic
behavior of the quadcopter under these conditions. The platform al-
lows the quadcopter to perform rotational movements while restricting
translational movements. The roll and pitch angles are limited to the
operational range of ¢ = +25° and 0 = +25°, while yaw movement has
an unrestricted range of y = +180°.

Fig. 6(a) presents the components of the test platform: (i) quad-
copter, (ii) supports, and (iii) base. Fig. 6(b) presents the control board
and connectors: (i) Connector B, which connects the base to the support
via bearings, and (ii) Connector Q, which connects the support to the
quadcopter through bearings, allowing for tilt movements. The flight
controller used was the Esp 32, with inertial sensors from the GY-87

module, which includes accelerometers, gyroscopes, and magnetome-
ters with measurement of the three axes. Communication between
Esp 32 and the GY-87 Module occurs through the 12C protocol. The
PWM signals were generated using the PCA9685 controller module,
which receives commands from the Esp 32 via I2C and generates
the necessary PWM signals for the four electronic speed controllers
(ESC) [52].

4.2. Definition, analysis, and testing of failure scenarios on the test platform

For failure analysis, the propeller M, which rotates counterclock-
wise, was randomly selected. The experiments were divided into three
temporal regions: (i) control system off, UR region, in yellow, (ii) con-
trol system on and operating without failure, CR region, in green, and
(iii) control system on and operating with failure, FR region, in red. In
the UR region, corresponding to the initial stage of each experiment, the
control algorithm has not yet been executed and the errors at the angles
¢, 0, and y are not corrected. Next, in the CR region, the PID control
system is activated, stabilizing the quadcopter and eliminating errors at
the aforementioned angles. The FR region begins approximately ¢ =9
s after the transition from UR, at which point the failure is introduced,
reducing the propeller power M,. This time interval is sufficient to
stabilize the quadcopter before the failure is applied.

For standardization, ¢, = 0, §; = 0, and y,; = 0 were used.
Furthermore, all experiments were initialized with ¢; ~ 20°, 6, =~
20°, and y; =~ 90°. The last angle, y;, was more variable between
experiments due to the manual nature of holding the quadcopter in
the desired position before reaching the CR region, at which point
the quadcopter was released to avoid the influence of external forces
during the transient phase. Preliminary tests indicated that the system
maintained stable control up to My = 24%, a value assigned to the
parameter M . Therefore, the experiments were conducted with 0 <
Mp < Mg =24%, in increments of 2%, resulting in a total of thirteen
experiments with equally distributed values of M.

4.2.1. Data collection and analysis during failures

Fig. 7 presents the results obtained from the experiment in which
the failure was set to M = 0%, using the test platform. This scenario
represents the situation where no failure occurs throughout the experi-
ment and serves as a reference for the expected dynamics of the system
without failures. In Fig. 7(a), the measurements of ¢, 6 and y are shown
in brown, green, and purple, respectively. In the figure, the dashed red
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Fig. 8. Failure analysis with M, = 14%: (a) ¢, 6 and y, and (b) control signal sent to PCA.

vertical line indicates the moment when the failure occurs, in the FR
region. Once the control system is activated, the angles oscillate around
0°, keeping the error close to zero. The system stabilizes in less than 5 s,
and only minor variations are observed thereafter.

Fig. 7(b) presents the four signals sent to the PCA controller for
propeller control. Initially, there is a noticeable difference between
signals S, and S,; compared to signals S, and S,,, due to control
efforts to reduce angle error . After the system reaches steady state, all
four signals oscillate around a central value that controls the operating
altitude of the quadcopter, defined as v,, = 13 in this study, with
variations of approximately +2 around the mean. Fig. 8 presents the
results of the experiment with a failure of M = 14%. Fig. 8(a)
illustrates the behavior of ¢, 6, and y, demonstrating the change caused
by the failure of the angle 9, which deviates from the reference value
0,4, reaching values above 10°. The variations in ¢ and y were not
significant in this experiment.

Fig. 8(b) presents the behavior of the four signals sent to the PCA
controller for the propellers. After failure, the signal §,,, diverges from
the others, indicating that the control system, unable to resolve the
issue, requests more power from the faulty propeller. This, in turn,
affects the signal 3, which works in conjunction with S, to control
the angle 6. Fig. 9 presents the results of the experiment with a failure
of My = 24%. Fig. 9(a) presents the dynamic behavior of the angles
analyzed, where, after failure, the angle 6 changes slowly, slowly
decreasing from 20° over time. Furthermore, the angle y oscillates
outside the reference but stabilizes around ¢ ~ 35 s, which may be
related to the reduction in the angle error 6.

Fig. 9(b) displays the dynamic behavior of the four signals sent to
the PCA controller for the propellers. In this experiment, especially in
the moments immediately after failure, the signal S,, operated with
an amplitude above 16, reaching oscillations close to 18. This reflects
the controller’s attempt to increase the force on this motor to correct
the 6 angle. Furthermore, the signals S, and S, exhibited a similar
dynamic behavior, indicating that the failure had little influence on the
angle control ¢, as observed in Fig. 9(a). This experiment showed the
greatest power loss among all the tests, as for M = 26%, the system

completely lost control of y and 6, reaching the limits imposed by the
test platform for these angles, which complicated the interpretation of
the results. The average values observed in all experiments after the
onset of the failure are presented in Fig. 10.

Fig. 10(a) shows the average variation of the angles analyzed in
all experiments. The curves representing the error in ¢ and 0 exhibit
uniform variations in most experiments, with the exception of the error
curve y, which presents an outlier deviation in the experiment with
M = 24%. The error in ¢ remains nearly constant as the failure in
the propeller M, increases, similar to the behavior of the error y in
My < 22%. In contrast, the error in 6 increases almost linearly as the
failure intensifies in the experiments.

Fig. 10(b) displays the average values observed for signals S,
Sz, Sz and Sy4. Signals S, and Sy, decrease as M increases, in
an attempt to compensate for the torque 7,, and maintain control of
the angle y. Furthermore, as shown in Figs. 8(b) and 9(b), signal S,
increases as the controller tries to adjust the angle 8, which could over-
load the damaged propeller, as the control system demands more thrust
from this propeller. The signal 3, on the other hand, remains almost
constant throughout the experiments. After analyzing the quadcopter’s
behavior in each experiment, the mathematical model was evaluated
to verify if it adequately represents the rotational dynamics of the
quadcopter with a failure in one of the actuators.

4.2.2. Comparison between experiment and simulation

The Dyo o values obtained from the practical and simulated
experiments are presented in Table 3. The blue values indicate the
scenario with the smallest difference between the practical and sim-
ulated data, while the red values indicate the scenario with the largest
observed difference in the comparison of these parameters.

For angle ¢, the values D), remained close to 2° in almost all
failure scenarios, both in the simulator and in practice. The smallest
difference between the simulated and practical D,  values occurred
with a 8% failure, while the largest difference was observed with
a 24% failure. In the case of the angle 0, which was most affected
by the failure in M, during practical experiments, the values D,
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Table 3
Comparison between the Do) obtained in practical experiments and in simulations using PID control.
Angle Type My 1%]
2 4 6 8 10 12 14 16 18 20 22 24
Plat[°] 21 1.3 19 21 1.3 1.3 19 1.2 1.8 1.8 2.3 4.0
] Sim [°] 2.0 2.0 2.0 2.1 1.9 1.9 1.9 2.0 1.8 2.0 2.0 2.1
E% [%] 0.6 2.6 0.2 0.0 2.1 1.9 0.2 2.8 0.2 0.8 0.9 7.1
Plat[°] 24 20 37 43 57 74 88 9.6 117 134 158 18.4
0 Sim [°] 1.1 1.4 2.5 3.7 4.9 6.3 7.8 9.4 11.0 12.6 14.5 16.1
E,[% 49 23 42 20 24 34 30 06 1.8 2.2 3.3 5.5
Plat [°] 1.8 1.7 2.5 2.0 1.1 1.7 1.8 1.2 1.3 0.9 3.0 59.2
v Sim[ 21 18 16 13 1.2 09 07 06 0.6 0.7 2.3 47.2
E, [% 01 00 05 03 00 04 06 03 0.3 0.1 0.4 5.2

Iy

showed a gradual increase in both practical and simulated experiments
as the failure intensified. The largest difference between the simulated
and practical D,,,, values was observed with a 24% failure, with a
difference of approximately 2.3°, while the smallest difference occurred
with a failure 16%, differing by 0.2°.

For angle v, the values Duo, ranged between 0.6° and 2.5° in
most of the scenarios analyzed. The smallest difference between the
simulated and practical Durg, values was observed with M = 10%,
while the largest difference occurred with My = 24%, resulting in
approximately 12.0°. The values of Eo o remained close to zero,
except in the scenario with M = 24%, where EQ¢, Eg, and EQw were
7.1%, 5.5%, and 5.2%, respectively. The global mean square percentage
error qum/m/, calculated as the average of E, » Ep, and EQw’ was
1.76%.

Fig. 11 presents the comparison of the results obtained for the
quadcopter prototype using the test platform and the proposed non-
linear mathematical model, both subjected to a failure of M = 12%.
Fig. 11(a) shows the comparison of the S, signal sent to the PCA
controller, where the brown curve represents the experimental result,
and the black curve represents the simulator result. Both curves exhibit
similar behavior throughout the analyzed interval. Fig. 11(b) presents
the comparison of the .S, signal sent to the PCA controller, with

10

the green curve representing the experimental result and the black
curve representing the simulator result. In both analyses, the dynamic
behavior observed in the experiment was successfully replicated by the
nonlinear simulator.

Fig. 11(c) shows the comparison of the .,; signal sent to the PCA
controller, with the purple curve representing the experimental result
and the black curve representing the simulator result. Similarly, Fig.
11(d) presents the comparison of the signal S,,,, where the yellow
curve represents the experimental result and the black curve repre-
sents the simulator result. These results indicate that in the studies
conducted, the control signals Sy, S0, Sy3, and Sy, generated by
the nonlinear simulator successfully describe the behavior of the real
signals sent by the onboard quadcopter controller to the PCA controller
in the failure scenario with M = 12%. Fig. 11(e) presents the behavior
of the angle ¢ for practical and simulated experiments. It is observed
that, both at the start of the control system and after failure initiation,
the curves representing the angle ¢ — experimental (in brown) and
simulated (in black) — exhibit similar behaviors.

Fig. 11(f) displays the behavior of the angle ¢ in both practical
and simulated experiments. The green curve represents the angle 6
in the experiment, while the black curve represents the simulated
angle 0. Both curves exhibit similar signal patterns, particularly during
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transitions when the PID control system is activated and when failure
begins. Furthermore, both signals exhibit a tendency for the 6 angle to
decrease over time in the failure region.

The comparison between the experimental and simulated angle
signals y is presented in Fig. 11(g). The purple curve represents the
experimental angle y, while the black curve represents the simulated
angle . It is observed that the transients of both curves exhibit similar
behavior and that the failure does not significantly alter the values
of this angle between the experimental and simulated curves. Fig. 12
shows the comparison between the results obtained for the quadcopter
prototype on the test platform and with the nonlinear simulator, both
subjected to failure of M = 22%. Fig. 12(a) presents the comparison of
the S, signal sent to the PCA controller. The brown curve represents
the experimental result, while the black curve represents the simulation
result. The brown and black curves are similar throughout most of the
analyzed interval, both in the control region and the failure region, with
small differences observed at certain moments, such as after r > 30 s.

Fig. 12(b) presents the comparison of the .S, signal sent to the PCA
controller. The green curve represents the experimental result, while

11

the black curve shows the simulation result. Similarly to Fig. 12(a),
the green and black signals exhibit a similar behavior over time, with
small differences observed at specific intervals, such as after ¢ > 30 s.
Fig. 12(c) compares the S, signal sent to the PCA controller. The
purple curve represents the experimental result, while the black curve
represents the simulation result. Both signals exhibit similar dynamics,
with no significant divergences between the curves in the analyzed
interval. Finally, Fig. 12(d) compares the S, signal sent to the PCA
controller, with the yellow curve representing the experimental result
and the black curve representing the simulator result.

Fig. 12(e) illustrates the behavior of the angle ¢ for the practical
experiment and the simulation using the nonlinear model. As observed
in Fig. 11(e), the simulated angle ¢ corresponds closely to the angle
¢ obtained experimentally, with no visible differences between the
signals after the onset of the failure, indicating that the failure does not
significantly influence the control of the angle ¢. Fig. 12(f) displays the
behavior of the angle 6 for the practical experiment and the simulation.
The green curve represents the experimental angle #, while the black
curve corresponds to the simulated angle 6. At the onset of failure, both
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signals exhibit significant changes; over time, the amplitude of 6 in both

the simulated and experimental signals gradually decreases.

The comparison between the experimental and simulated y signals
is presented in Fig. 12(g). The purple curve represents the experimental
angle y, while the black curve represents the simulated angle y. Upon
the occurrence of the failure, the purple curve deviates from its desired
value, reaching a maximum amplitude of approximately 10.0° before
returning after approximately 7 s, a behavior also observed in the
simulated curve. As shown in Figs. 11 and 12, the simulator produces
responses similar to those observed in practical experiments carried out
on the test platform. The global mean square percentage error Eqopar®
calculated for the 12 experiments listed in Table 3, is 1.76%. Given
that x, = 2% is the acceptable error threshold, it can be concluded
that the nonlinear simulator adequately represents the test platform
in propeller failure scenarios. Therefore, the simulator can be used for
the development of the SMC auxiliary control system, which operates
during failures to mitigate adverse effects.

12

4.3. System and operation of sliding mode auxiliary control

The parameter 4, is set to 2 s, ensuring that the flight controller
has enough time to detect the failure in real situations and allow
its effects to be observed at controlled angles. During this interval,
the controller identifies that the commands sent to the system are
not producing the expected results, indicating a failure in one of the
propellers. The control algorithm is then switched from PID to SMC,
in order to mitigate the effects of actuator failure M, focusing mainly
on the angle 6. After 2 s from the appearance of the failure, the PID
control is replaced by the SMC control, entering the region with active
SMC control, known as ACR.

Modern fault detection systems are capable of identifying anomalies
in less than 0.7 s, as demonstrated in recent studies [53-55]. Therefore,
the detection time 4; = 2 s adopted in this study is conservative
and can be reduced in practical applications, which may improve the
performance of the proposed auxiliary control system. The earlier a
fault is detected, the smaller the attitude deviations at the time of
corrective action, making stabilization more effective. It is important
to note that the objective of this work is not to diagnose the fault but
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Table 4
Parameters obtained for the proposed SMC controller.

Angle Lyapunov Adopted parameters

i k k, A k, k,
é 1p>0 ki, >0 ky, >0 5 5 0.3
0 Ag>0 ki, >0 ky, >0 10 6 0.3
v 2, >0 ky, >0 ky, >0 5 5 0.3

to ensure an effective response once a fault is present. To this end,
additional constraints were incorporated into the controller to reduce
the effects of propeller failure M,.

Additional constraints were imposed on the controller: (i) limiting
the maximum power requested from the propeller M, and (ii) increas-
ing the control efforts in M, and M, to compensate for the thrust
loss caused by failure. The goal of limiting the power requested from
the faulty propeller is to prevent the failure from worsening, further
compromising the device’s controllability. Thus, # = 0.1 is defined so
that the maximum value requested from the faulty propeller does not
exceed 10% of v,,. The increased control efforts in M, and M, help
balance the total thrust of the system, maintaining controlled altitude
during flight. During practical experiments, although the failure in M,
reduced the total thrust, the lift of the quadcopter was not affected
because the tests were conducted on the test platform, ensuring the
stability of the device without variation in altitude.

With the SMC control implemented, tests were conducted on the
nonlinear mathematical model to evaluate the behavior of the angles
¢, 6 and y during the failure of one of the actuators. These tests allowed
for the adjustment of the parameters presented in Table 4, with the goal
of ensuring a satisfactory response under adverse conditions. Once all
parameters were defined, the SMC control was implemented.? Table 4
presents the parameter limits for A, k;, and k, for each angle, which
meets the Lyapunov stability criterion. It is noted that due to the more
significant impact of the failure on the angle 6, the parameter 4, was
set to a value twice that of A and 4,,. The value of k, for the controllers
¢, 6 and y was kept close to zero to minimize the undesirable effects
of switching caused by the sign function.

The auxiliary control system parameters, k;, k,, and A, were empir-
ically determined based on simulations using the nonlinear simulator,
while ensuring compliance with the Lyapunov stability criteria. This
approach allowed the system’s convergence to be assessed under differ-
ent fault scenarios. However, the performance of the system could be
further improved by applying optimization techniques to automatically
adjust these parameters within the same simulation environment, en-
suring stability and efficiency under operational constraints. Once the
parameters were defined, quantitative comparisons were made between
the performance of the PID and SMC controllers at varying fault levels.

Table 5 presents the results D MOuow) obtained from the simulator
using PID and SMC controls. The blue values indicate the smallest dif-
ference obtained between D MOy the PID and SMC simulations,
while the red values indicate the largest difference. In the platform
experiment, the maximum value My  was 24% with PID control.
In the simulator, failures of up to M = 30% were possible for both
controllers. For the angle ¢, the value D,,, generated by the SMC
control was slightly higher than that obtained with the PID control,
the largest difference recorded at M = 30%, which was 1.4°.

For the angle 0, which is most affected by propeller failure M,
the value Dy, increases almost linearly in the simulator with PID
control, while with SMC control, the value D Mg, Temains nearly stable
at approximately 4.3°. In scenarios of minor failures, this parameter
alone may not justify the use of SMC control. However, SMC control

2 The routines containing the nonlinear simulator integrated with the
SMC control are available on the Code Ocean computational reproducibility
platform [56].
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improves the performance of the system when M > 10%, becoming
more efficient as the failure intensifies. On the platform, for the angle
v, where the values of Duo, with the PID control start to diverge
for My > 24%, the SMC control allows control up to My = 30%.
Furthermore, SMC control improves D MO, in most of the scenarios
analyzed, except between 16% < M < 20%, where PID control
outperforms SMC control for angle .

Fig. 13 presents the results obtained using the SMC control strategy
for My = 10%. In the figure, the dashed red vertical line marks the
moment of failure in the FR region, whereas the dashed blue line
indicates the activation of the auxiliary control in the ACR region.
Fig. 13(a) shows the S, signal sent to the PCA controller to activate
the propeller M,. The brown curve represents the practical behavior
observed with the PID control, while the turquoise curve represents
the value obtained with the SMC control. It is observed that in the
ACR region, where the SMC control is active, the S, signal remains
saturated at a,,,, ~ 16 for an extended period. This prevents the ESC
of the faulty motor from receiving a control signal S, > a,,,,, which,
for M = 10%, results in a force equivalent to 14.3, corresponding to
1 - Mp of g or 1 + n of the average thrust v,,, with n = 0.1 and
v, =13.

Figs. 13(b), 13(c), and 13(d) present the responses to S,, i3, and
Sy 4, respectively. The green curve represents the S, signal, the purple
curve represents the ;5 signal, and the yellow curve represents the ;4
signal, all collected on the test platform using the PID controller. The
turquoise curves correspond to the signals sent to the PCA controller to
control the fault-free propellers. It is observed that in the ACR region,
the turquoise curves exhibit greater oscillation compared to the signals
collected with the PID control. This behavior can be attributed to the
switch induced by the sign function snl(x).

Fig. 13(e) presents the behavior of the angle ¢. The brown curve
indicates the behavior of this parameter with the PID controller, while
the turquoise curve represents the simulated behavior using the SMC
control, initiated 2 s after the onset of the failure. The results of
the nonlinear simulator showed similar characteristics between the
performance of the PID control and the SMC control. Fig. 13(f) presents
the behavior of the angle 6. The green curve represents the data
collected on the test platform with PID control, while the turquoise
curve represents the angle response 0 obtained with the SMC control. It
is observed that the error in the variable § was mitigated by the efforts
of the SMC controller.

The response of the variable y for the control of the SMC is
presented in Fig. 13(g). The purple curve represents the experimental
angle y with the PID control, while the turquoise curve represents the
SMC control after the failure was diagnosed. No significant changes
were observed in this variable when using the SMC control. Fig. 14
presents the results for the SMC control with M = 24%. Fig. 14(a)
shows the .S, signal sent to the PCA controller for the propeller M,
with the brown curve representing the practical behavior under PID
control and the turquoise curve representing the SMC control. It is
observed that in the ACR region, where the SMC control is active, the
Sy signal remains saturated at a,,, ~ 19 for some moments. This
prevents the faulty motor from receiving a control signal Sy, > a4y
which, for My = 24%, corresponds to a control force equivalent to 14.3,
representing 1- M of a,,,, or 1+ of the average thrust v,,, with y = 0.1
and v,, = 13.

Figs. 14(b), 14(c), and 14(d) present the responses of Sy, Sy3»
and Sy, respectively. The turquoise curve represents the signals sent
to the PCA controller for the fault-free propellers, while the other
curves represent the signals collected from the quadcopter prototype.
In addition to the oscillations in the SMC control signals, caused by
the switching phenomenon, there is also a noticeable difference in the
behavior of the practical curves between the beginning and the end
of the experiment. This can be attributed to the nature of the control
applied in each region. Fig. 14(e) illustrates the behavior of the angle
¢. The brown curve represents this parameter using the PID controller,

max
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Comparison between the D100 obtained in the simulations using the PID control and the SMC control with = 10%.

Angle  Type Mr
4 6 8 10 12 14 16 18 20 22 24 26 28 30
p PID 2.0 2.0 2.0 2.1 1.9 1.9 1.9 2.0 1.8 2.0 2.0 2.1 1.4 2.4 4.0
SMC 2.6 2.5 2.6 2.7 2.5 2.7 2.6 2.6 2.6 2.6 2.6 2.5 2.5 2.6 2.6
0 PID 1.1 1.4 2.5 3.7 4.9 6.3 7.8 9.4 11.0 12.6 14.5 16.1 18.2 19.0 19.7
SMC 4.4 4.3 4.3 4.4 4.3 4.3 4.2 4.3 4.3 4.2 4.2 4.1 4.2 4.1 4.1
PID 2.1 1.8 1.6 1.3 1.2 0.9 0.7 0.6 0.6 0.7 2.3 47.2 315.0 503.5 742.2
v SMC 0.9 0.9 0.5 0.5 0.5 0.6 0.6 0.7 0.8 0.8 1.3 3.0 8.3 16.8 19.3
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Fig. 13. Comparison between practical experiment with PID control and simulated with SMC control for M = 10%: (a) S§;;, (b) §2, (€) Ss3, (d) Sy4, (€) ¢, () 6 and (g) . (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

while the turquoise curve represents the behavior with the SMC control
2 s after the failure onset. Similarly to the results in Fig. 13(e), the angle
¢ was not significantly affected by the introduction of the SMC control.

Fig. 14(f) shows the behavior of the angle §. The green curve
presents the data collected on the test platform with PID control, while
the turquoise curve represents the angle response § with SMC control.
Angle error § was reduced by the efforts of the SMC controller, similar
to the observation in Fig. 13(f). The value of DMQH obtained on the

14

platform was 18.4°, while in the simulation with SMC control, D Mo,
was 4.1°, maintaining control of y for this failure magnitude.

The curves illustrating the behavior of the variable y are pre-
sented in Fig. 14(g). For a failure with M = 24%, the SMC control
demonstrated significant results, effectively mitigating the divergent
behavior of y after the failure. In the CR region, the turquoise curve
corresponds to the PID control and when the failure is introduced, the
variable y deviates from the desired value. The SMC control corrects
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for this divergence before the signal becomes unstable. The value D,
obtained on the test platform was 59.2°, while the simulated value wi
SMC control was 3.0°, maintaining control of y at this magnitude of
failure. Furthermore, the observed deviation in y occurred before the
auxiliary control system became active, two seconds after the failure in
M, and this deviation was mitigated as soon as the controller regained
authority over ¢, which was the most affected by the failure in M,.
To support these findings and assess the consistency of the results, a
statistical analysis was performed using the 7-student distribution with
a confidence level 95%.

To further assess the performance of the proposed control strategy,
25 simulations were conducted for three different failure levels: M =
8%, 16%, and 24%. To verify the suitability of using the t-student test
for the estimation of the confidence interval, the Kolmogorov-Smirnov
test was applied to evaluate the adherence of the data to a normal
distribution. The results confirmed the null hypothesis of normality,
validating the statistical approach adopted. Fig. 15 presents the analysis
of the empirical cumulative distribution functions for Mg 24%,
comparing the PID controller and the proposed auxiliary controller for
the variables D Moy Dy and D MO, The blue curves represent the

15

empirical cumulative distributions obtained from the simulations, while
the red curves correspond to the standard normal cumulative distri-
bution function. The close alignment between these curves reinforces
the statistical consistency of the results and supports the use of the
inferential methods employed.

The confidence intervals for D MO0y VETE obtained from 25 sim-
ulations for three different failure levels M = 8%, 16% and 24%. Table
6 presents the sample means u, standard deviations o, and confidence
intervals C; for each controller and each attitude angle. The standard
deviations were low in most cases, except for y under M = 24%, which
showed a higher dispersion and thus a wider confidence interval [32.85°
to 42.73°].

Comparing the performance of the proposed auxiliary controller and
the PID controller, it is observed that for angle ¢, the mean values and
standard deviations were similar in all three failure levels tested. For
0, the auxiliary controller produced mean values approximately twice
as low as those of the PID for M = 16%, and nearly four times lower
for M = 24%, while maintaining slightly lower standard deviations.
Finally, for y, both controllers performed similarly in My = 8% and
16%, but in M = 24%, the mean of the auxiliary controller was about
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Table 6
Confidence interval with 95% significance for 25 simulations of Dy, .
Angle Type Mg
8 16 24
u c G 1z o G 1z 4 G
® PID 1.99 0.054 1.97 2.01 2.01 0.072 1.98 2.04 2.33 0.097 2.29 2.37
SMC 2.68 0.075 2.64 2.71 2.68 0.052 2.65 2.70 2.71 0.072 2.68 2.74
0 PID 3.74 0.082 3.71 3.78 9.39 0.044 9.37 9.41 16.27 0.072 16.24 16.30
SMC 4.42 0.040 4.40 4.43 4.33 0.036 4.32 4.35 4.21 0.049 4.19 4.23
PID 1.31 0.058 1.29 1.34 0.64 0.034 0.63 0.65 37.79 11.973 32.85 42.73
v SMC 0.59 0.065 0.56 0.62 0.70 0.056 0.68 0.73 3.43 0.589 3.19 3.68

ten times lower than that of the PID, with reduced variability. These
results statistically reinforce the effectiveness of the proposed control
strategy.

In general, scenarios with failures of M > 10% demonstrated
significant attenuation at angles ¢ and y. The values of Do, remained
below 5°, allowing better control of the aircraft even with a faulty
propeller. By setting y = 0.5° to ensure the attenuation of failure effects
and considering the angle 6 as the most critical parameter, the SMC
control meets the condition D)y, < y for failures with My > 10%.
Therefore, the SMC control can be experimentally validated on the test
platform, as proposed in the methodology.

4.3.1. Validation of the auxiliary control on the test platform
Following the analysis of the simulator tests and the validation of
the results obtained on the test platform with PID control, tests with

SMC control can be conducted on the platform to validate performance
in scenarios involving failures in one of the actuators. Table 7 presents
the values Dymogonm and Eo o obtained from both the simulator
and the test platform using the SMC control. The blue values indicate
the smallest difference between the simulator and the platform results,
while the red values indicate the largest difference.

For angle ¢, the smallest difference between the simulated and
practical values D,  occurred at M = 28%, with a variation of 0.4°,
while the largest difference was 1.7° at M = 14%. In all experiments,
the practical values D,  were lower compared to the simulated ones.
The value of E, remained below 7% in all tests, demonstrating the
simulator’s ability to accurately represent the quadcopter system.

For angle 6, the smallest difference between the simulated and prac-
tical values Dy, was 0.1° at M = 24%, while the largest difference
occurred at My = 20%, with a variation of 1.3°. Furthermore, at M =

16
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Table 7
Results obtained for D and E, through the simulator and the test platform using the SMC control with 7 = 10%.
MO0 Qwow
Angle Type Mr
4 6 8 10 12 14 16 18 20 22 24 26 28 30
Sim [°] 2.6 2.5 2.6 2.7 2.5 2.7 2.6 2.6 2.6 2.6 2.6 2.5 2.5 2.6 2.6
¢ Plat [°] 1.9 1.7 1.9 1.3 1.7 1.4 0.9 1.1 0.9 1.0 1.4 1.5 1.6 2.2 2.1
E% [%] 2.5 3.0 2.5 5.1 2.9 4.7 6.2 5.4 6.0 5.8 4.2 3.8 3.4 1.7 1.9
Sim [°] 4.4 4.3 4.3 4.4 4.3 4.3 4.2 4.3 4.3 4.2 4.2 4.1 4.2 4.1 4.1
(4 Plat [°] 3.9 4.1 3.7 4.0 3.7 4.1 3.5 3.7 3.6 5.5 4.3 4.2 4.0 4.9 4.6
E, [%] 2.0 0.9 2.1 1.2 1.9 0.8 2.4 2.0 2.3 4.3 0.6 0.1 0.5 2.7 1.6
Sim [°] 0.9 0.9 0.5 0.5 0.5 0.6 0.6 0.7 0.8 0.8 1.3 3.0 8.3 16.8 19.3
74 Plat [°] 2.0 1.8 1.6 1.6 1.8 1.8 1.8 1.7 1.6 3.6 5.3 5.3 17.0 26.9 22.1
E% [%] 0.6 0.4 0.5 0.6 0.6 0.6 0.6 0.5 0.4 1.5 2.2 1.2 4.6 5.1 1.4
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Fig. 16. Results obtained using SMC control on the platform for M = 14%: (a) ¢, (b) 6, (c) y and (d) control signals.

8%, the value Dy, obtained on the bench with the SMC control was
4.0°, lower than the value obtained with the PID control, indicating that
the SMC control performs better for failures of this magnitude. The E,,
remained below 5% in all experiments, demonstrating the accuracy of
the simulator in representing the quadcopter system.

For angle y, the smallest difference between the simulated and
practical values Dy, was 0.9° at My = 4%, while the largest differ-
ence occurred at M = 28%, with a variation of 9.9°. This variation
in My = 28% may have been influenced by external factors in the
practical experiment, since the value of D Mo, did not follow the
growth pattern observed in similar scenarios. The E, remained below
6% in all experiments. Fig. 16 presents the results of the SMC control
for M = 14%. Fig. 16(a) shows that the SMC control kept the angle ¢
stable at approximately 0°. Fig. 16(b) shows the behavior of the angle
0, where it is observed that, after switching to the SMC control, the
amplitude was reduced, demonstrating the desired performance for this
variable.

Fig. 16(c) shows the behavior of the angle yw, which remains sta-
ble with oscillations around approximately 0° after the transition to
the SMC control. Fig. 16(d) presents the control signals sent by the
controller to the four ESCs. It can be seen that, in the CR region, the
PID control adjusts these signals to stabilize the system, keeping them
nearly constant after 10 s. When failure is introduced in the FR region,
the PID control modifies these signals in an attempt to correct the error,
and in the ACR region, the SMC control takes over, as indicated by the
switching of the signals to restore the stability of the quadcopter.

Fig. 17 presents the results obtained for the SMC control with M =
20%. Fig. 17(a) shows that the SMC control kept the angle ¢ stable.
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In Fig. 17(b), it is observed that the failure initially caused the angle
0 to vary by more than 20.0°. After switching to the SMC control, the
amplitude of this angle was reduced to approximately 4.0°, representing
an attenuation of approximately 80% compared to the peak observed
at the end of the FR region and the beginning of the ACR region.

Fig. 17(c) presents the behavior of the angle y, where after the
failure in M, it begins to diverge, but stabilizes with the SMC control.
In Fig. 17(d), the control signals sent by the controller to the four ESCs
indicate that, at the beginning of the ACR region, the S, signal is
saturated at a,,,, ~ 18, preventing the faulty motor from receiving high-
amplitude signals that could exacerbate failure in real scenarios. Fig.
18 presents the results for the SMC control with M = 26%. Fig. 18(a)
shows that although the SMC control kept the ¢ angle stable, it starts
to be affected, diverging approximately 10.0° from the desired value
in the FR region. Fig. 18(b) shows that the failure caused a variation
of nearly 30.0° in the angle 6, which was attenuated to approximately
5.0° in the region ACR with the use of auxiliary control.

Fig. 18(c) presents the behavior of the angle y, where the failure in
M, causes a variation, but with the activation of the SMC control, the
rate of increase is reduced. After approximately 3 s with active SMC
control, the angle y stabilizes and begins to return to the desired value
of y, = 0°. Fig. 18(d) presents the control signals sent to the four ESCs,
indicating that, at the beginning of the ACR region, the .S, signal is
saturated at q,,,, ~ 20 and remains at this value until the system can
restore the angle y to its desired value.

Fig. 19 presents the phase planes for the experiment with M, =
26%, highlighting the behavior of the error and its derivative for each



J.S. Bulhdes et al.

E=UR :JCR =FR DACR - -¢4 —Plat ]

T
30 ]
5 (]
- 20 —t
< (|
Q | 1
ED 10 | |
< 0 ‘
—10 1 : | |
0 10 20 30
Time [s]
(a)
120 [EEUR =CR =FR IACR - 4 —Plat |
| 1
— 90 o
L | 1
= 60 “ :
) [
E” 30 B
< 0fF---—-- S | : ——e —_—
-30 L
0 10 20 30
Time [s]

(c)

Robotics and Autonomous Systems 194 (2025) 105162

[EUR=CR =FRACR - -4 —Plat |

Angle 6 [°]

20

== e
= O 00
.

[
(&)

Control signal
=
[e=}

2]

Time [s]

(d)

Fig. 17. Results obtained using SMC control on the platform for M = 20%: (a) ¢, (b) 6, (c) y and (d) control signals.

[EURCR PR ACR - -¢4 —Plat |

Angle ¢ [°]

T
|
L
I
I
|
|
-
I
|

20

0 10 30
Time [s]
(a)
120 [EUR =CR =FR —=ACR - -4 —Plat |

I

— 90 L

e [

= 60 : :

<

E) 30 : ;

< 0f----- —

—30 — !
0 10 20 30
Time [s]

()

[EEUR oCR=ZFRDACR - -0, —Plat |

Angle 6 [°]

[EUR=CR |:|FR DACR —MI M2 —M3__Md4|
= 21 : :
ER |
§ 15 f\ |
E 12 T \VA dvhvp w 1",4,““‘“ “'.'Mq, (&“4 ”ﬂ ‘AM&M «"‘U‘«Uﬁ‘
S b N |

0 10 20 S
Time [S]

(d)
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angle. The yellow, green, red, and turquoise curves correspond to the
UR, CR, FR, and ACR regions, respectively. In Fig. 19(a), the phase
plane for the angle ¢ is shown. After the start of the CR region, the
curve shifts from ey(r) = —22° to ¢,(1) ~ 0°/s to oscillate between
ey(t) £ —5° and é,(r) £ 15°/s. When failure is introduced, ¢,() reaches
approximately —30°/s, driving e, (7) to approximately —10° at the end
of the FR region. In the ACR region, the signal returns to oscillating
between e, (1) £ —5° and é,(f) + 15°/s.

Fig. 19(b) displays the phase plane for the angle 6. In the CR region,
the curve starts from ey(t) & —25° with é,(f) ~ 0°/s and oscillates
between e,(r) + —5° and é,(f) = 10°/s. When failure is introduced,
éy(1) reaches approximately —60° /s, twice the value observed for ¢,(7),
significantly increasing the error to e,(r) # —30° in the FR region. In the
ACR region, the SMC control causes the states e,(r) and é,(7) to follow
a spiral trajectory of damped direction, with e,(¢) oscillating between
—6° and —4° and ¢,(r) between +12°/s.
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Fig. 19(c) presents the phase plane for the angle w. In the CR
region, the curve progresses from e, (f) ~ —100° with ¢,(t) ~ 0°/s to
e, (t) ~ 12° and ¢, (1) # —3°/s, indicating that the error has not yet been
fully eliminated by the integrative component of the PID controller.
When failure is introduced, ¢, () reaches approximately —20° /s, a lower
value than observed for ¢,(7) and é,(7), resulting in e, (f) ¥ —20° at the
end of the FR region. In the ACR region, the SMC control drives the
states e, (f) and ¢,,(7) toward the sliding surface, and upon reaching it,
both converge to approximately 0° and 0°/s, respectively.

4.3.2. Analysis under asymmetric inertia matrix and non-equilibrium initial
conditions

To evaluate the resilience of the auxiliary control system under
more realistic conditions, tests were conducted considering two addi-
tional scenarios: (i) asymmetry in the inertia matrix, with J, # J,
and (ii) operation outside the equilibrium region. For the first case,
J, = 1.2J, was adopted to simulate the effect of a nonuniform mass
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distribution, which is common in real quadcopters. For the second, the
desired angles were initially set at ¢, = 10° and 6, 10°, removing
the vehicle from the equilibrium point. Once failure is detected, the
auxiliary control system is activated, and the desired angles are reset
to ¢, = 0, = 0° to stabilize the aircraft under fault conditions.

Fig. 20 illustrates the dynamic response of angles ¢, 6, and y under
a fault condition with M = 18%, for both PID and SMC controllers.
It can be observed that the angles ¢ and y exhibit similar behavior
in both cases. However, despite the asymmetric inertia and the system
starting from a tilted configuration, the auxiliary controller effectively
mitigated the impact of failure on angle 6, maintaining the stability of
the aircraft.

Table 8 presents the values of D MO0 obtained from simulations
with J, = J, and J, = 12J,, at different fault levels. The results
indicate that the SMC controller maintained consistent performance for
0 even under inertia asymmetry, strengthening its structural resilience.
For y, the SMC controller prevented the instability observed with the
PID controller at M = 24%, where the error reached 42.0° with PID,
compared to only 1.8° with SMC.

These results suggest that the proposed controller maintains sta-
bility even outside the vicinity of the equilibrium point, indicating

19

a sufficiently large domain of attraction to accommodate significant
perturbations in the initial conditions. Although no formal proof of
global stability was performed, the simulation results demonstrate that
the system remains stable under a wide range of inertial and angular
disturbances, reinforcing the practical applicability of the proposed
method.

5. Discussion

The empirical and computational foundation developed throughout
this study supports a structured analysis of the performance of the
proposed sliding mode control strategy. This section discusses the main
advances in relation to the specialized literature, the challenges faced,
and the operational conditions that define the applicability of the sys-
tem. Finally, it presents methodological limitations and opportunities
for improvement, along with directions for future research.

Although sliding mode control forms the basis of the implemented
solution, it is not the central contribution of this work. Instead, it serves
as a component within a wider resilient control strategy. The originality
of the proposed approach lies in the explicit redistribution of control
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Table 8
Comparison between the D040, obtained
simulations with J, = J, and J, = 1.2J,.
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with the PID control and the proposed auxiliary control, for

Angle  Type My
0 2 4 6 8 10 12 14 16 18 20 22 24
b PID 2.1 2.1 2.0 2.1 2.3 2.1 2.1 2.1 2.1 1.9 2.2 2.1 2.4
SMC 2.7 2.6 2.6 2.7 2.8 2.6 2.7 2.5 2.6 2.6 2.7 2.6 2.6
0 PID 2.4 1.8 1.6 2.5 3.6 4.8 6.0 7.5 9.1 10.7 12.3 141 15.9
SMC 4.6 4.7 4.3 4.3 4.4 4.3 4.3 4.3 4.3 4.3 4.2 4.2 4.1
PID 1.9 1.9 1.6 1.5 1.2 1.0 0.8 0.6 0.6 0.6 0.7 1.6 42.0
v SMC 1.1 1.5 1.4 0.9 0.7 0.6 0.6 0.7 0.7 0.7 0.7 0.9 1.8

efforts under partial actuator failures, including the deactivation of the
tilt contribution from the faulty propulsor and the dynamic reallocation
of the remaining torques, ensuring system stability even under severe
asymmetries. The sign function is replaced by a saturation function
to smooth the control action and ensure compatibility with real ac-
tuators. The entire framework can be adapted to alternative control
laws that meet the established criteria for convergence and robustness,
highlighting the generality and practical applicability of the proposed
solution.

5.1. Main contributions and comparison with the literature

The development of techniques to mitigate the impacts of propeller
failures in quadcopters has been the focus of numerous studies, given
the importance of maintaining the stability and safety of these aircraft
in adverse situations. This work presents a significant advancement in
this field by proposing a sliding mode control (SMC) approach to sta-
bilize quadcopters during propeller failures. The results demonstrated
a reduction of more than 80% in the negative effects caused by loss
of power in one of the propellers, particularly in controlling the angles
¢, 0, and . The ability of SMC to maintain aircraft stability even with
failures of up to 30% indicates its robustness and efficiency, positioning
it as a promising solution for practical applications where safety and
reliability are paramount.

In terms of alignment with the existing literature, this work is
consistent with the findings of Baldini et al. [28], who also investi-
gated advanced control techniques for propeller failures. Both studies
employ control strategies to mitigate the effects of quadcopters failures,
demonstrating the effectiveness of these approaches in maintaining the
stability of the aircraft. However, while Baldini et al. focus on fault
detection and fault-tolerant control without providing a specific success
metric in percentage terms, this study extends the applicability of SMC
control, showing its effectiveness under more severe conditions, with
failures up to 30%. This extension of operational conditions represents
a significant contribution to the field, as it expands the applicability
limits of quadcopters under adverse conditions. Furthermore, unlike the
approach proposed by Merheb et al. [30], which relies on modifying
the center of mass to compensate for failure, the SMC approach does
not require structural modifications of the aircraft, thus avoiding the
addition of weight and preserving vehicle autonomy.

However, significant divergences also emerge compared to other
studies. For example, the works by Wu et al. [26] and Mueller &
D’Andrea [24] choose to sacrifice control of the angle y, allowing the
aircraft to rotate freely around the axis z during failures, at the cost of
increasing the load on the other actuators. Although this approach is
effective in maintaining flight stability in critical situations, it can com-
promise maneuverability and overall control of the aircraft, especially
in environments where precise control of all angles is important. In
contrast, the proposed study demonstrated that SMC control is capable
of maintaining complete control, including angle y, without requiring
such trade-offs, which can be vital in complex operations or in confined
spaces.

The main gap identified in the literature is related to the difficulty of
maintaining full control of the quadcopter during significant propeller
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failures without resorting to structural modifications or sacrificing
some degree of control. The contribution of this work lies precisely in
overcoming this limitation by providing a solution that preserves the
vehicle’s structural integrity while ensuring its stability and control,
even in failure scenarios. However, this work is not without chal-
lenges and limitations. One of the difficulties encountered was the need
to precisely calibrate the SMC control for different failure scenarios,
which requires detailed knowledge of the aircraft dynamics and the
operational limits of the actuators. Furthermore, while SMC control is
effective, it can exhibit oscillations and chattering behavior in abrupt
failure situations, which may compromise control precision.

5.2. Validation, applicability and operational constraints

However, this work is not without challenges and limitations. One of
the main difficulties was the need for precise calibration of the sliding
mode control in different failure scenarios, which requires detailed
knowledge of the aircraft dynamics and the operational limits of the
actuators. Moreover, although the SMC strategy proved effective, it
can exhibit oscillations and abrupt switching behavior under sudden
failure conditions, potentially compromising control accuracy. Opera-
tional aspects such as the energy impact of thrust redistribution, the
physical constraints of the experimental platform, and the tolerance of
the actuators to saturation also represent critical factors in evaluating
the applicability of the proposed system.

In this context, the use of the test platform proposed in [52],
which limits the rotation angles to ¢ = +25° and 6 +25°, does
not compromise the validity of the stability results. This choice was
driven by operational safety concerns and prototype instrumentation
limitations. However, the observed results are not artificially enhanced
by these limitations. The simulations performed with the full dynamic
model, without any constraints on the rotation angles, exhibited be-
havior consistent with the experimental data, as illustrated by the cyan
curves in Figs. 13 and 14. Therefore, the stability achieved is not a
consequence of the physical limitations of the test platform, but rather
of the ability of the auxiliary control system to mitigate failure effects
under broader operating conditions.

In the most severe scenario considered in this study, corresponding
to a failure of M = 30%, the remaining three propellers must compen-
sate by redistributing approximately 10% additional power relative to
nominal operation. For this compensation to be feasible, each propeller
must operate under normal flight conditions with at least a 10% margin
below its actuator saturation threshold. This margin is consistent with
typical operating regimes of commercial quadcopters, in which motors
rarely run continuously at full power due to the demands of fine
stability and hovering maneuvers [57,58]. Consequently, the proposed
power redistribution strategy remains within the physical limits of the
actuators, provided that this operational reserve is accounted for in the
design of the propulsion system. Although a formal analytical proof is
not presented, saturation conditions can be avoided for My < 30% as
long as the required power margin is ensured in advance.

The methodology adopted in this study assumes partial failures in
a single propeller, with progressive performance losses not exceeding
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30% of nominal power. This threshold was defined based on the pro-
gressive degradations observed in the power control units, particularly
linked to the thermal deterioration of the ESC and gradual rotor faults,
in which the motors continue to operate partially before complete
shutdown [59,60]. Within this range, simulations indicate that the
sliding mode control system maintains vehicle stability and provides
sufficient time for safe landing maneuvers.

However, no experimental measurements of electrical current, tem-
perature, or energy consumption were conducted under failure condi-
tions, which limits the assessment of the system’s thermal and electrical
reliability in real-world scenarios. Furthermore, the proposed strategy
has not been validated for cases of total failure (100%) or multiple
simultaneous failures, which would require additional control mech-
anisms or mechanical redundancy. Therefore, the feasibility of the
system remains restricted to single and partial failure scenarios. De-
termining the maximum cumulative failure threshold that preserves
global stability requires further studies, including thermal modeling,
torque analysis under variable load conditions, and integration with
fault prediction mechanisms.

Another relevant aspect regarding the generalization of the pro-
posed approach concerns the representation of vehicle orientation. This
study adopts Tait-Bryan angles to describe the attitude of the aircraft,
which is adequate for the operating regimes evaluated, where the
inclination angles remain significantly far from the critical condition
0 = +90°. However, this parameterization has well-known limitations,
such as the gimbal lock, which may occur during acrobatic maneu-
vers or extreme tilting. For applications involving full rotations or
inverted flight, it is recommended to adopt a representation based on
quaternions, which ensures mathematical continuity and eliminates the
singularities associated with Euler angle parameterization [61,62].

Although the experimental platform used in this study does not
allow maneuvers with angles approaching +90°, the transition to a
quaternion-based representation is already considered promising. Fu-
ture implementations of the auxiliary control system may adopt quater-
nions to ensure compatibility with more aggressive flight scenarios.
The application of sliding mode control within the quaternion space
is feasible and can be incorporated without loss of generality, provided
that the error signals and sliding surfaces are properly reformulated
in this new reference frame. This mathematical enhancement, along
with complementary investigations on parametric uncertainties and
alternative control strategies, defines the scope of the perspectives
discussed in the following section.

5.3. Limitations and perspectives for future research

In addition to the aforementioned mathematical adaptations, an-
other critical aspect to be further explored involves the influence
of parametric uncertainties on controller performance. Future inves-
tigations will include sensitivity analyses to quantify the impact of
such uncertainties. Variations in parameters such as mass, moment of
inertia, motor efficiency, and aerodynamic coefficients will be evalu-
ated to understand how these fluctuations affect system stability and
attitude tracking accuracy. This approach will enable a more precise
estimation of operational margins and enhance the resilience of the
control strategy under real-world conditions, where minor structural
and environmental variations are unavoidable. The implementation of
these analyses is planned as a complementary stage of this study.

Furthermore, it is acknowledged that SMC, although well estab-
lished in the fault-tolerant control literature, is not the only recent
advancement in the field. Modern techniques such as adaptive con-
trol, reinforcement learning, and hybrid architectures that incorporate
active disturbance rejection and multilayer neurocontrol have been
successfully explored in high-order nonlinear systems subject to un-
certainties. In this study, SMC was selected because of its structural
simplicity, immediate applicability to the experimental platform, and
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proven resilience to abrupt disturbances. However, comparative evalu-
ations involving alternative fault-tolerant control strategies represent
a promising direction for future research, both in simulation and in
practical implementation. Systematic assessments involving approaches
such as self-tuning adaptive control and deep reinforcement learning
will be considered in subsequent stages to extend the applicability
of the proposed system to broader levels of dynamic uncertainty and
operational complexity.

To overcome these limitations, future research could explore the
integration of SMC control with machine learning techniques, allowing
the system to adapt more efficiently to a broader range of failure
conditions. Furthermore, implementing fault prediction mechanisms
that allow SMC control to anticipate and mitigate impacts before they
become critical could further enhance the system’s robustness and
reliability. The combination of these approaches could potentially set
new standards for safety and performance in quadcopters, expanding
their applications in areas where failure is not an option.

6. Conclusions

In this work, a sliding mode control (SMC) auxiliary system was
developed and validated for quadcopters, focusing on mitigating the
impacts of propeller failures. Given the importance of maintaining the
stability of these aircrafts in adverse situations, the research concen-
trated on simulations and practical tests to evaluate the efficiency of
SMC control in critical scenarios, such as a 30% power loss in one
of the propellers. This study contributes to the literature by demon-
strating the ability of SMC control to maintain aircraft stability under
severe conditions without sacrificing control over any of the orientation
angles.

The primary hypothesis of the study, which suggested that the
SMC control would be capable of stabilizing the quadcopter in failure
scenarios, was corroborated by the results obtained. The established
objectives were fully achieved, as indicated by the validation of the
nonlinear simulator and the convergence of the experimental results
with the simulated ones, which showed differences of less than qu[m, <
2° for the variables ¢, § and . This consistent performance between
simulations and practical tests confirms the robustness and efficiency
of the proposed SMC control.

The most significant results include the reduction of more than 80%
of the negative effects caused by power loss at the angle of 0, the
preservation of control over the angles of ¢ and vy, and the validation
of the nonlinear simulator as an accurate tool for representing the
dynamics of the system in failure scenarios. Therefore, it is concluded
that the SMC control developed in this study is an efficient and robust
solution to maintain the stability of quadcopters in propeller failure
scenarios, with potential for real-world applications.
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