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Sliding Mode Controller navigation algorithm
using tag-based fiducial marker detection

and fuzzy logic system

Mohammad Soleimani AMIRIo , Rizauddin RAMLIo and Ahmad BARARIo

Autonomous navigation of vehicles, especially drones, plays an essential role in Industrial
Revolution 4.0. Maneuvering drone in complex path especially indoor environment requires
stable and accurate navigation system. This paper investigates a navigation algorithm for ma-
neuvering a drone by Sliding Mode Controller (SMC) combined by fuzzy logic system, model
reference approach, and tag-based fiducial marker detection in an indoor environment. The SMC
parameters are tuned by the fuzzy logic system and model reference approach. A drone model is
simulated in a virtual indoor environment to validate the performance of the navigation system
with different home points and trajectories. The desired set-points of the control system are
obtained by AprilTag, which is a tag-based fiducial marker detection system. The stability of
the SMC was verified using the Lyapunov stability theory. The performance of proposed SMC
navigation algorithm validated by comparing to conventional controllers which represents the
effectiveness of SMC. It can be ascertained that the proposed SMC navigation algorithm is
applicable to maneuver the drone for various industrial tasks in indoor environment.
Key words: fuzzy logic, sliding mode controller, autonomous navigation, fiducial marker de-
tection

Copyright © 2025. The Author(s). This is an open-access article distributed under the terms of the Creative Com-
mons Attribution-NonCommercial-NoDerivatives License (CC BY-NC-ND 4.0 https://creativecommons.org/licenses/
by-nc-nd/4.0/), which permits use, distribution, and reproduction in any medium, provided that the article is properly
cited, the use is non-commercial, and no modifications or adaptations are made

M.S. Amiri (corresponding author, e-mail: soleimani@utem.edu.my) is with Department of Manu-
facturing Engineering Technology, Faculty of Industrial and Manufacturing Technology and Engineering,
Universiti Teknikal Malaysia Melaka, 76100 Durian Tunggal, Melaka, Malaysia.

R. Ramli is with Department of Mechanical and Manufacturing Engineering, Faculty of Engineering
and Built Environment, Universiti Kebangsaan Malaysia, 43600 Bangi, Selangor, Malaysia.

A. Barari is with Advanced Digital Design and Manufacturing and Advanced Digital Metrology Lab-
oratories (AD2M Labs), Department of Mechanical and Manufacturing Engineering, University of Ontario
Institute of Technology, Oshawa, Ontario, L1H7K4, Canada.

The authors would like to thank the Universiti Teknikal Malaysia Melaka (UTeM) for the financial
support received under grant scheme PJP/2024/FTKIP/PERINTIS/SA0022.

Received 7.02.2024. Revised 17.01.2025.

https://orcid.org/0000-0001-6364-6392
https://orcid.org/0000-0002-5907-3736
https://orcid.org/ 0000-0003-4273-4371
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:soleimani@utem.edu.my


2 M.S. AMIRI, R. RAMLI, A. BARARI

1. Introduction

Unmanned Aerial Vehicles or drones have been used in industries due to their
efficiencies in aerial photography and ability to access hazardous places in various
civilian and military applications [1,2]. Precise navigation of autonomous drones
scheme in disturbed environments has been developed in several works [3, 4].
Selma et al. [5] presented a novel tracking hybrid controller for a quadrotor drone
that combined a robust adaptive neuro-fuzzy inference system and particle swarm
optimization algorithm for navigation. In some works, Proportional-Integral-
Derivative (PID) is employed to navigate the drone in a specific trajectory [6, 7].
Babu et al. [8] utilized a gradient descent-based self-tuning PID controller for
flight control of an Augmented Reality (AR) drone. Similarly, Merheb et al. [9]
established a fault-tolerant PID-based controller for an AR drone in emergency
cases such as suffering damage to one actuator.

The fiducial marker detection system is an accurate technique to obtain the
position and orientation of a certain tag relative to camera [10, 11]. Because of
the affordability, accessibility, and accuracy of the marker detection technique,
the tag has been used in drone applications recently. For example, Kawabata et
al. [12] developed an obstacle avoidance algorithm based on visual navigation
to obtain the position information of the drone in indoor environments without
Global Positioning System (GPS) information. Malyuta et al. [13] utilized an
autonomous drone for precision agriculture applications. They employed the
drone for long-term monitoring missions without any human supervision through
the farmland by using AprilTag. Tang et al. [14] developed an algorithm powered
by a multi-sensor system including multiple cameras and a 2-D laser scanner
using the AprilTag array as the calibration target for drone application.

Developing an efficient control strategy has attracted much attention from
researchers. The classical control systems are largely utilized in the generality
of control systems [15]. In a complex mathematical model, this approach does
not conclude satisfactory performance [16]. Therefore, fuzzy logic has been
used for the real-time tuning of controller parameters in various works [17].
For instance, Navabi et al. [18] studied quaternion-based fuzzy gain scheduling
Proportional-Derivative (PD) controller. Similarly, Salabun et al. [19] investi-
gated a Proportional-Integral-Derivative (PID) controller online tuning by fuzzy
logic for a multi-input single-output crane relocating container with the external
distribution. Shi et al. [20] proposed a fractional-order Fuzzy-PID controller for
a practical inverted pendulum system, that improved the speed, acceleration re-
sponse, and stability time in comparing conventional PID control systems. Han
et al. [21] proposed an adaptive fuzzy control strategy integrated with barrier
Lyapunov function including event-triggered mechanism and spatial motion con-
straint for a hybrid spacecraft system.
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From literature [15–21], there are several types of controller strategies to im-
prove controller’s performance for nonlinear systems. The fuzzy logic system and
model reference approach are used to minimize the complexity of computation
and reduce processing time and computational burden. This paper presents an
Adaptive Sliding Mode Controller (SMC) integrated with fuzzy logic system and
model reference approach for precise navigation of a drone based on fiducial
marker detection. In general, the contributions of this paper are as follows:

• The investigation of SMC for drone navigation.
• The determination of SMC parameters by fuzzy logic system and model

reference approach in real-time.
• The utilization of AprilTag as a tag-based fiducial marker detection system

to set desired set-points for the control system.
The structure of this paper is outlined as follows: dynamic models of a drone

are presented in Section 2. Section 3 delves into the development of SMC and
discusses the stability of the control system. Stability analysis of SMC is detailed
in Section 4. Section 5 represents the performance and results of the proposed
SMC strategy in real-time navigation of a drone model within a virtual environ-
ment integrated with the Robot Operating System (ROS). The conclusion can be
found in Section 6.

2. Dynamic model

To analyze the system modeling including dynamic and motion equations, the
drone earth {𝐸} and body {𝐵} reference frames are introduced. The earth frame
reference is a fixed frame located in the ground. The body reference frame is
located at the center of mass and its axes are aligned with the sensor for reading
the altitude data. The equation of dynamic, developed by external forces applied
to a rigid body is given as follows [22]:

𝑀 ¤𝑉𝐵 + 𝜔 × 𝑀𝑉𝐵 = 𝐹𝐵, (1)
𝐼 ¤𝜔𝐵 + 𝜔 × 𝐼𝜔𝐵 = 𝜇𝐵, (2)

here 𝑀 and 𝐼 ∈ ℜ3×3 are the mass and inertia matrices, 𝑉𝐵 =
[
¤𝑥 ¤𝑦 ¤𝑧

]𝑇 (m/s)
and 𝜔𝐵 =

[ ¤𝜓 ¤𝜃 ¤𝜙
]𝑇 (rad/s) are linear and angular velocity vectors in the body

frame. Similarly, ¤𝑉𝐵 and ¤𝜔𝐵 represent linear and angular acceleration vectors in
body frame. 𝜇𝐵 is the torque that applies at the drone’s center of gravity. 𝐹𝐵 is
forces applied to the drone as

𝐹𝐵 = 𝐹𝐵𝑡 + 𝐹𝐵𝑑 + 𝐹𝐵𝑎 + 𝐹𝐵𝑔 , (3)
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where 𝐹𝐵𝑡 is the trust force that uplifts the drone and it is determined by the
summation of the angular velocity of the propellers. 𝐹𝐵

𝑑
is the drag force acting

on the body of the drone in X-axis and Y-axis. 𝐹𝐵𝑎 is the air resistance force
proportion to the squared linear velocity of the body. 𝐹𝐵𝑔 is the gravitational force
in Z-axis. These forces are represented as follows:

𝐹𝐵𝑡 = 𝑏 ·
𝑛∑︁
𝑖=1

Ω2
𝑖 𝑒3 , (4)

𝐹𝐵𝑑 = −𝐶𝑑 ×𝑉𝐵, (5)

𝐹𝐵𝑎 = −1
2
𝐶𝑎𝐴𝜌𝑉

𝐵2
, (6)

𝐹𝐵𝑔 = −𝑔𝑅𝐵𝐸𝑀𝑒3, (7)

where 𝑏 (N·s2) is the trust constant for actuators of the drone. Ω𝑖 is the angular
velocity of each propeller and 𝑛 is the number of propellers. 𝑒3 =

[
0 0 1

]𝑇 is
the basis vector that expresses the downward direction of drone. 𝐶𝑑 represents
the drag constant. 𝐶𝑎 and 𝜌 (kg/m3) are dimensionless friction constant and the
density of air. 𝐴 (m2) ∈ ℜ3×3 is the cross-sectional area matrix of the drone.
Therefore, the state vector is represented as follows:

𝜂 =
[
𝑥 𝑦 𝑧 𝜙

]𝑇
. (8)

3. Development of SMC for drone navigation

SMC is a robust non-linear control strategy designed to manage uncertainties
and disturbances in dynamic systems which has been derived based on variable
structure control. he main objective of SMC consists of two key elements i.e.
initially, it involves formulating a control law to guide the error vector towards
a predefined decision rule, referred to as the sliding surface, during the reach-
ing phase. In this phase, the control switches across various sides of the sliding
surface. Subsequently, once the error vector is constrained within the sliding sur-
face, the controller follows the dynamics dictated by the equations characterizing
the sliding surface. This latter part of the controller is denoted as equivalent
control.

In this paper, a SMC for navigation of drone in indoor environment is deter-
mined by setting a desired set-points of the control system that can be obtained by
using AprilTag. The feedback control is adjusted based on the difference between
the actual and desired drone position, orientation, and targeted values obtained
from AprilTag. The control system is divided into three stages: SMC, which is the
control law, fuzzy logic system and model reference approach, that are utilized to



SLIDING MODE CONTROLLER NAVIGATION ALGORITHM USING TAG-BASED
FIDUCIAL MARKER DETECTION AND FUZZY LOGIC SYSTEM 5

tune the parameters of SMC. The drone’s motion in the forward, backward, left,
right, upward, or downward directions is controlled by the SMC’s output signals.
Figure 1 shows the block diagram of the SMC strategies.

Desired

𝜏
𝐷𝑟𝑜𝑛𝑒

𝜂

𝑆 = ¤𝑒 + Λ𝑒
𝜂𝑑

𝜏 = 𝐾 𝑓 𝑆
𝑆

Fuzzy logic system
𝑆, ¤𝑆

𝐾 𝑓

+

−

𝜂𝑚

Reference model

𝑒𝑚𝑒𝑚𝜂𝑚−𝜎́
𝑑Λ
𝑑𝑡

= −𝜎́𝜂𝑚𝑒

Figure 1: Block diagram of SMC integrated with fuzzy logic system and model
reference approach

The control law for SMC is given as follows:

𝜏 = 𝐾 𝑓 𝑆, (9)

where 𝜏 is the output of the controller. 𝐾 𝑓 is the controller parameter and 𝑆

represents the sliding filtered steady-state error given by:

𝑆 = ¤𝑒 + Λ𝑒, (10)

where Λ ∈ ℜ4×4 is the symmetric positive constant gain matrix; 𝑒 and ¤𝑒 are
steady-state error and its derivative as follows:

𝑒 = 𝜂𝑑 − 𝜂, (11)

where 𝑒 =
[
𝑒𝑥 𝑒𝑦 𝑒𝑧 𝑒𝜙

]𝑇 is the error vector; 𝜂𝑑 =
[
𝑥𝑑 𝑦𝑑 𝑧𝑑 𝜙𝑑

]𝑇 is desired
vector. The controller parameters 𝐾 𝑓 and Λ are determined in real-time by fuzzy
logic system and model reference approach respectively.

3.1. Fuzzy logic system

Fuzzy logic consists of three main parts including fuzzification, fuzzy infer-
ence, and defuzzification [23].
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• Fuzzification
Fuzzification serves as the input for the fuzzy control system, generating a

fuzzy quantity through the transformation of membership sets for fuzzy inference.
If we designate 𝐴 as a fuzzy set, the membership function can be defined as
follows:

𝐴 = {𝑥, 𝜇(𝑥) |∀𝑥 ∈ 𝑋, 𝜇(𝑥) ∈ [0, 1]}, (12)

where 𝑋 is the universal base set. 𝛼 is the subset of set 𝐴, which is represented by:

𝐴𝛼 = {𝑥, |𝜇(𝑥) ­ 𝛼, 𝛼 ∈ [0, 1]}. (13)

Several typical membership functions, such as triangular, trapezoidal, and
Gaussian, exhibit distinct shapes in their graphs. In such instances, where the
sensitivity of the membership function to shape variations is not crucial, simpler
membership functions prove to be convenient.

• Fuzzy Inference Machine
The fuzzy inference machine combines the data derived from fuzzification

with the specified linguistic IF-THEN rules. Serving as the core of fuzzy logic,
fuzzy inference processes the input antecedent through linguistic rules and de-
duces the corresponding output consequently.

• Defuzzification
Defuzzification is the procedure of transforming the linguistic outcomes of

fuzzy inference into tangible, meaningful crisp values, representing the output of
the fuzzy logic control. This conversion can be accomplished through different
methods, including the center of gravity, weighted average, center of the largest
area, and centroid methods.

The real-time determination of 𝐾 𝑓 is achieved through fuzzy rules. Fuzzifica-
tion’s membership function is constructed based on the sliding filtered steady-state
error and its derivative, denoted as 𝑆 and ¤𝑆. Additionally, a set of membership
functions is defined for defuzzification. Consequently, fuzzy inference involves
two inputs, namely 𝑆 and ¤𝑆, and one output, which is 𝐾 𝑓 . The subsets for fuzzifi-
cation membership functions are Negative Large (NL), Negative Medium (NM),
Zero (ZE), Positive Medium (PM), and Positive Large (PL) [24]. Similarly, sub-
sets for defuzzification membership functions are ZE, PS, PM, PB, and PL. In
Table 1, the linguistic rules for 𝐾 𝑓 are outlined.

The fuzzy logic rules are defined as follows:

if 𝑠𝑖 = 𝐿𝑖 & ¤𝑠 = 𝐻𝑖 then 𝐾 𝑓 = 𝑇𝑖 . (14)

In this context, 𝐿𝑖 and 𝐻𝑖 denote labels for input fuzzy subsets, while 𝑇𝑖 repre-
sents output fuzzy subsets. Specifically, two examples of fuzzy logic rules are
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Table 1: Fuzzy logic rules for 𝐾 𝑓

𝑆

¤𝑆
NL NM ZE PM PL

NL PL PL ZE PS PS
NM PL PB ZE PS PS
ZE PB PM ZE PM PM
PM PM PM PS PB PL
PL PL PS PS PB PL

formulated as follows:

if 𝑠𝑖 = 𝑁𝐿 & ¤𝑠 = 𝑍𝐸 then 𝐾 𝑓 = 𝑍𝐸, (15)
if 𝑠𝑖 = 𝑃𝑀 & ¤𝑠 = 𝑁𝑀 then 𝐾 𝑓 = 𝑃𝑀. (16)

In defuzzification center of gravity technique and Zadeh fuzzy synthesis method
are used [25].

3.2. Model reference approach

Model reference approach, which is a gradient-based optimization method,
is utilized to improve the performance of SMC. It determines the tracking error
𝑒 by comparing a reference model to the actual drone position and orientation
states. It tunes Λ by minimizing the tracking error to zero in real-time. Therefore,
dΛ
d 𝑡 is established based on the tracking error 𝑒, which is the difference between

the actual position and orientation state 𝜂, and the reference model 𝜂𝑚.

𝑒 = 𝜂 − 𝜂𝑚 . (17)

Thus, the following cost function is minimized:

𝐽 (Λ) = 1
2
𝑒2
𝑚 . (18)

The changes in Λ a in the direction of the negative gradient of 𝐽 is given by:

dΛ
d𝑡

= −𝜎 𝜕𝐽
𝜕Λ

= −𝜎𝜕𝐽
𝜕𝑒

𝜕𝑒

𝜕Λ
. (19)

The negative sign indicates that Λ undergoes changes to minimize 𝐽, where
𝜕𝑒

𝜕Λ
represents the sensitivity derivatives of the tracking error. The symbol 𝜎
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denotes the speed of adaptation. Therefore,

𝜕𝐽

𝜕𝑒
= 𝑒. (20)

Thus, equation (19) is rewritten as follows:

dΛ
d𝑡

= −𝜎𝑒 𝜕𝑒
𝜕Λ

. (21)

The schematic of the drone model in the frequency domain is represented by:
𝜂

𝜏
= 𝐾𝐺 (𝑠), (22)

where 𝐾 is an unknown gain and 𝐺 (𝑠) is the transfer function of drone model in
frequency domain. The model reference is given as follows:

𝜂𝑚

𝜂𝑑
= 𝐾0𝐺 (𝑠), (23)

where 𝐾0 is a constant. Sensitivity derivatives of tracking error is given by:

𝜕𝑒

𝜕Λ
= 𝐾𝐺 (𝑠)𝜂𝑑 . (24)

Consequently, equation (21) is reconsidered as:

dΛ
d𝑡

= −𝜎𝑒𝐾𝐺 (𝑠)𝜂𝑑 . (25)

However, 𝐺 (𝑠)𝜂𝑑 cannot be obtained directly, thus, rearrangement of equa-
tion (23) is derived,

𝐺 (𝑠)𝜂𝑑 =
𝜂𝑚

𝐾0
. (26)

Therefore,
dΛ
d𝑡

= −𝜎𝑒 𝐾
𝐾0
𝜂𝑚 . (27)

We define 𝜎́ = 𝜎
𝐾

𝐾0
. Thus,

dΛ
d𝑡

= −𝜎́𝑒𝜂𝑚 . (28)

Equation (28) represents the adjustment of controller parameter Λ over time.
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4. Stability analysis

The stability of the system using the proposed SMC is examined through
the Lyapunov stability theory. Let’s consider the general dynamic equation as
follows:

𝜏 = 𝑀 ¥𝜂 + 𝐶 ( ¤𝜂, 𝜂) ¤𝜂. (29)

Let’s assume that 𝜂𝑑 is constant in equation (11). Therefore,

¤𝑒 = − ¤𝜂, ¥𝑒 = − ¥𝜂. (30)

Thus equation (29) is rewritten as follows:

𝜏 = −𝑀 ¥𝑒 − 𝐶 ¤𝑒, (31)
¥𝑒 = 𝑀−1𝜏 + 𝑀−1𝐶 ¤𝑒. (32)

Equation (10) is rewritten by:

𝑆 = 𝐷

[
𝑒

¤𝑒

]
, (33)

where 𝐷 is given as follows:

𝐷 =

[
Λ𝐼 0
0

]
, (34)

whereΛ is a positive constant matrix, 𝐼 ∈ ℜ4×4 is a identity matrix. Equation (33)
in state space is described as follows:

¤𝑆 = 𝐷

[
¤𝑒
¥𝑒

]
, (35)

¤𝑆 = 𝐷

[
¤𝑒

𝑀−1𝜏 + 𝑀−1𝐶 ¤𝑒

]
, (36)

¤𝑆 = 𝐷

[
0 𝐼

0 𝑀−1𝐶

] [
𝑒

¤𝑒

]
+ 𝐷

[
0
𝑀−1

]
𝜏, (37)

¤𝑆 = 𝐷

[
0 𝐼

0 𝑀−1𝐶

]
𝐷−1𝑆 + 𝐷

[
0
𝑀−1

]
𝜏, (38)

¤𝑆 = 𝐴𝑆 + 𝐵𝜏, (39)

where

𝐴 = 𝐷

[
0 𝐼

0 𝑀−1𝐶

]
𝐷−1, 𝐵 = 𝐷

[
0
𝑀−1

]
. (40)
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If a positive definite matrix 𝑃 ∈ ℜ8×8 exists, the following equation is satis-
fied,

𝐴𝑇𝑃 + 𝑃𝐴 = −𝑄, (41)

where𝑄 ∈ ℜ8×8 is a positive definite symmetric matrix. Then a positive-definite
Lyapunov function candidate is chosen as follows:

𝑉 =
1
2
𝑆𝑇𝑃𝑆. (42)

Integrating equations (40), (41), and (42) yields

¤𝑉 =
1
2
¤𝑆𝑇𝑃𝑆 + 1

2
𝑆𝑇𝑃 ¤𝑆, (43)

¤𝑉 =
1
2

(
𝑆𝑇 𝐴𝑇 + 𝜏𝑇𝐵𝑇

)
𝑃𝑆 + 1

2
𝑆𝑇𝑃(𝐴𝑆 + 𝐵𝜏), (44)

¤𝑉 =
1
2

(
𝑆𝑇 𝐴𝑇𝑃𝑆 + 𝜏𝑇𝐵𝑇𝑃𝑆 + 𝑆𝑇𝑃𝐴𝑆 + 𝑆𝑇𝑃𝐵𝜏

)
, (45)

¤𝑉 = −1
2
𝑆𝑇𝑄𝑆 + 1

2
𝜏𝑇𝐵𝑇𝑃𝑆 + 1

2
𝑆𝑇𝑃𝐵𝜏. (46)

Therefore,
¤𝑉 ¬ 1

2
𝜏𝑇𝐵𝑇𝑃𝑆 + 1

2
𝑆𝑇𝑃𝐵𝜏. (47)

The controller output determined by SMC is constrained within a bound,
specifically |𝜏 | ¬ 𝜎, where 𝜎 is a positive constant. Matrices 𝐵 and 𝑃 are
assumed to be positive definite. The variable 𝑆 depends on the steady-state error
𝑒 and its derivative ¤𝑒. As time approaches infinity (𝑡 → ∞), the steady-state error
diminishes (𝑒 → 0), and its derivative becomes negative ( ¤𝑒 < 0). Consequently,
𝑆 < 0. Therefore, we have:

1
2
𝜏𝑇𝐵𝑇𝑃𝑆 + 1

2
𝑆𝑇𝑃𝐵𝜏 < 𝛾. (48)

In this context, where 𝛾 is a positive constant, it is deduced that ¤𝑉 < 𝛾,
indicating that the rate of change of a certain variable is bounded within a specific
range. This result serves as proof of the asymptotic stability of the control system.

5. Results and discussion

The performance of SMC navigation algorithm is validated for hovering ex-
periment. To assess the navigation system, a drone model is constructed within
a virtual environment called Gazebo, integrated with ROS [26–28]. In this envi-
ronment, the actual parameters of gravitational force, aerodynamic factors, and
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propellers are simulated. The tag marker is attached to a vertical bar and the drone
flew from the home point to the front of the target. A camera is attached to the
drone body to capture the tag data. In this experiment, The AprilTag integrated
with ROS is employed to obtain the position of the drone regarding the tag marker
located at the target point.

The navigation system is programmed in Python and runs in the base station,
which is a PC with an Intel Core i3 CPU and 16 GB RAM. Table 2 expresses the
parameters of the virtual environment and the drone.

Table 2: Parameters of the virtual environment and the drone

Parameters Symbols (unit) Values
Gravitational acceleration 𝑔 (m/s2) 9.81
Mass of drone 𝑀 (kg) 4
Inertia 𝐼𝑥𝑥 (Kgm2) 0.01152
Inertia 𝐼𝑦𝑦 (Kgm2) 0.01152
Inertia 𝐼𝑧𝑧 (Kgm2) 0.0218
Trust constant 𝑏 (Ns2) 0.013
Density of air 𝜌 (kg/m3) 1.225
Drag constant 𝛼 0.05
Dimensionless friction constant 𝐶𝑎 0.07

Three different home points are defined to validate the performance of the
navigation system with different home points and trajectories. Figure 2 shows
the drone’s body frame trajectories related to the earth frame in the virtual
environment model, while the tolerance for lengths is 0.1 m and 𝜙 is 10◦.

Figure 2: Drone trajectories in 3D using proposed tag-based navigation algorithm with different
home points
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Drone took off from three different home points, 𝐴 = [0,−3, 0, 0◦], 𝐵 =

[0, 0, 0, 0◦], and 𝐶 = [0, 3, 0, 0◦], toward the target point located in front of tag
marker. Firstly the drone took off and moved in the 𝑦-direction of the body frame
to adjust itself to the front of the tag marker then it moved in the 𝑥-direction of the
body frame to hover in front of the tag marker. Figure 3 represents the comparison
of SMC, Fuzzy Logic Controller (FLC), and conventional PID controller with
constant parameters.

(a) (b)

(c) (d)

Figure 3: Comparison of SMC, FLC, and PID performance: X-axis of tag frame (a), Y-axis of tag
frame (b), Z-axis of tag frame (c), 𝜙 of the tag frame (d)

In Figure 3, the navigation system with SMC converged faster to the desired
points. The performance of the FLC is more efficient than the PID controller. It
shows the superiority of the fuzzy controller over the conventional PID controller
for the navigation system. The controller’s parameters are tuned based on the
fuzzy rules in real time. Therefore, it showed faster response and convergence
and the drone reached the target point faster. Figure 3d) shows the drone is kept
in front of the AprilTag marker for PID and SMC, although the angular trajectory
target is passed faster. Figure 4 represents the changes in Λ while the drone was
moving forward to the target point.

Figure 5 represents the changes in 𝐾 𝑓 , 𝑆, and ¤𝑆, while the drone was moving
forward to the target point to demonstrate the variation of 𝐾 𝑓 based on ranges of
𝑆 and ¤𝑆 by rules of the fuzzy logic system.
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Time (s)
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Figure 4: Changes ofΛ, determined by model reference approach during
the navigation
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Figure 5: 3-Dimensional illustration of 𝐾 𝑓 over 𝑆 and ¤𝑆, determined by
fuzzy logic system

In Figure 5, the 𝐾 𝑓 is adjusted in real-time over the changes of the 𝑆 and ¤𝑆
by rules of the fuzzy logic system. When the drone is located far from the target,
the SMC parameters obtained the greatest value. While it reaches closer to the
target, the controller parameters varied to move the drone slower to the target.
Figure 6 illustrates the velocity of the drone while it is moving forward to the tag
marker.

The velocity decreased while the drone is reaching closer to the target. Three
different home points are defined to validate the performance of the naviga-
tion system with different home points and trajectories. Figure 7 represents the
convergence of trajectory error in 𝑥, 𝑦, 𝑧, and 𝜙.
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Time (s)

𝑉𝐵
𝑥

Figure 6: Velocity of the drone moving forward to the tag marker
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Figure 7: Trajectory error based on the camera frame: X-axis of tag frame (a), Y-axis of tag
frame (b), Z-axis of tag frame (c), 𝜙 of the tag frame (d)

6. Conclusion

This paper presented an SMC navigation system, which worked by the com-
bination of fuzzy logic system, model reference approach, and tag-based fiducial
marker detection to maneuver the drone in the indoor environment. The pa-
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rameters of SMC were determined by fuzzy logic system and model reference
approach. The desired set-points of the control system were obtained by AprilTag.
The results represented the satisfactory performance of the SMC to navigate the
drone from home to the target point. In addition, it demonstrated higher accu-
racy and reliable performance of the algorithms to accomplish various designed
trajectories.

While the proposed method demonstrates efficiency, there are certain limita-
tions to consider. One such limitation is that the tag marker must remain within
the camera’s field of view for the drone to track the desired trajectory. In future
endeavors, it is suggested to explore intelligent algorithms that can determine
the desired trajectory, representing the minimal path to the target while avoid-
ing obstacles. This enhancement could contribute to a more versatile and robust
navigation system.
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