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ABSTRACT: Quadcopters were also called as quadrotor helicoptet, is populatly
known as Unmanned Aerial Vehicles (UAV). Quadcopters have been widely used in
much of the civilian and military applications over the past few years due to its compact
size and high stability. Numerous studies are being conducted to investigate the potential
for employing these devices for different operations, such as delivery of packages,
construction work, hurricane hunting, 3D mapping, preserving wildlife, agricultural
operations, search and rescue, etc. Since these devices are unmanned vehicles, the
effectiveness of their navigation control system determines how well they operate. It is
however difficult to design robust controller for such systems. This is due to the fact
that quadcopters are highly sensitive to control inputs. The focus of this paper is to
design body frame and simulation of a quadcopter for planetary expedition. It uses a
linear proportional-derivative integral (PID) controller to control the quadcoptet’s
altitude, attitude, direction, and location in space. The created control system uses six
degrees of freedom (3 linear and 3 angular motions) to control both rectangular x, y, and
z positions as well as orientation. The body components of the quadcopter are designed
using AutoCAD and imported to Simulink/Matlab for assembly and petformance
evaluation considering the external environment with varying wind speed on earth and
mars. The results revealed that the designed quadcopter was reliable and capable of

adapting for exclusive wind disturbances.
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1. INTRODUCTION

A helicopter with four rotors is referred to as a quadcopter or quadrotor. The quadcoptet’s rotors ate arranged in a
square pattern with equal spacing from the centre of mass and are oriented upward. By changing the angular velocities of
the electric motor-driven rotors, the quadcopter may be maneuvered. Due to its straightforward construction, the
quadcopter is a common design for micro unmanned aerial vehicles (UAVs). Quadcopters are employed in multiple
applications, such as surveillance, search and rescue operations, aerial identification, architectural inspections, industrial
monitoring duties, and payload delivery missions [1], [2].

A quadcopter can be remotely controlled by a human operator or function autonomously. Autonomous vehicles are
driven by onboard computers programmed to perform either a narrow range of tasks or a broad set of operations. The
quadrotor is a highly nonlinear, multivariable system with six degrees of freedom (DOF) but only four actuators, making
it an underactuated system that presents significant challenges in control design [3]. Systems that are underactuated
possess fewer control inputs than the system’s degrees of freedom. Because of the nonlinear coupling between the
actuators and the degrees of freedom, they are inherently difficult to control. Researchers have devoted considerable
attention to quadcopters because of their complex dynamics, resulting in extensive investigations in modeling, control,
navigation, and autonomous operation. Most studies begin with the fundamental dynamic model of the quadcopter,
while more sophisticated aerodynamic effects have also been incorporated to improve model fidelity [4], [5]. Various
control strategies have been explored, including PID controllers [6]—[9], backstepping controllers [3], [10], nonlinear
controllers [11], linear quadratic regulator (LQR) controllers [9], and nonlinear controllers with layered saturations [12],
[13]. These control approaches rely on accurate position and attitude measurements obtained from sensors such as

gyroscopes, accelerometers, GPS modules, sonar sensors, and laser-based systems [14], [15].

In this paper, a PID-based control system is designed to regulate the six degrees of freedom of a quadrotor, comprising
three translational motions (x, y, and g) and three rotational motions (roll, pitch, and yaw). The mathematical model of
the 6-DOF quadrotor system is developed by considering both velocity and acceleration vectors, resulting in a nonlinear
model that closely represents the real system. The model is derived using the Euler—Newton formulation to describe the
three-dimensional motion of the rigid body [16]. The structural components of the quadcopter are designed using
AutoCAD, while the overall prototype is modeled and developed in MATLAB/Simulink using PID control techniques
[17], [18].

Unlike conventional studies that focus solely on quadcopter stabilization, this work presents a mission-oriented
simulation framework for planetary exploration. The proposed framework integrates a 6-DOF nonlinear dynamic
model, a custom-designed FlameWheel-450-based airframe, PID-based trajectory tracking and attitude stabilization, and
environmental modeling for Earth and Mars conditions. The performance of the designed quadcopter is evaluated under
varying environmental parameters including gravitational acceleration, atmospheric density, aerodynamic drag, ambient
temperature, payload conditions, and wind disturbances. Furthermore, the study investigates the suitability of the
proposed platform for planetary sample collection missions by analyzing trajectory tracking capability, payload handling,
and flight stability under Earth and Mars operating environments. This provides a preliminary feasibility assessment
methodology for quadcopter-based planetary exploration systems.

2. DESIGN OF QUADCOPTER FOR PLANETARY EXPEDITION
2.1 Quadcopter Configuration and Flight Dynamics

A quadcopter features four propellers, that are setup either in a cross or plus configuration for flight. It is a huge
advantage for the quadcopter to be able to take off and land vertically since it reduces the need for a landing platform.
Additionally, it enables the quadcopter to hover in a place with considerable stability. The quadcopter’s hover stability
manages to keep it from crashing in the instance of a strong wind or owing to its weight.

The quadcopter’s six degrees of freedom are depicted in Fig. 1. In Fig. 1(a) x and y indicate translational motion along

the x and y-axes, tespectively, and ¢ represents yaw, the rotating motion about the z-axis. In contrast, ¢ represents roll,

977
Natural Resources for Human Health (NRFHH)

https://nrfhh.com



Natural Resources for
Human Health

elSSN: 2583-1194

the rotational motion about the x-axis, ¢ represents pitch, the rotational motion about the y-axis, and z represents

translational motion in the direction perpendicular to the ground. The front propeller is indicated with the label as 1.

(a) (b)

t—>
X Ground

Fig. 1: The six degrees of freedom of the quadcopter.

The quadcopter may hover using a hover control unit at a fixed height z (Fig. 1(b)), with the gyroscope stabilizing the
roll and pitch angles. The degree of difficulty will drop from six to only three since the operator at the command base
will only need to regulate the quadcopter’s movement along the x- and y-axes and its rotation about the z-axis. Despite
having six degrees of freedom (DOF), the quadcopter only has four propellers. Due to the structure of the quadcopter,
the four best controllable variables connected to the four fundamental movements that enable the quadcopter to achieve

a specific height and attitude may be selected such as throttle, roll, pitch and yaw.
2.2 Frame Architecture and Material Specifications

In this paper the body frame of quadcopter has been designed as per the specifications of FlameWheel 450 (F450) which
is a multi-rotor designed body frame. This can achieve hovering, cruising, even rolling and other flight elements. It can
also be applied for aerial photography, FPV and other acro-modeling activities. The dimension of the body frame, top
and bottom plate, cap and propeller system, BLDC motor designed dimension of quadcopter for planetary expedition is
as shown in Fig. 2.

The proposed quadcopter frame is based on the FlameWheel 450 (F450) platform, which is widely adopted in UAV
applications because of its lightweight structure, mechanical robustness, and ease of integration with flight control
systems. In practical implementations, F450-type frames are commonly fabricated using glass-fibre reinforced nylon and
carbon-fibre composite materials due to their high strength-to-weight ratio, corrosion resistance, and vibration damping
characteristics. Such lightweight composite materials are particularly advantageous for planetary exploration missions,
where maximizing payload capacity and flight endurance is critical. The present work focuses primarily on dynamic
modelling and flight-performance evaluation; therefore, detailed finite-element structural analysis of the frame is beyond
the scope of this study and is considered as future work [19], [20].
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DETAIL A
SCALE 2.1

Fig. 2: The designed body dimensions of the quadcopter for planetary expedition.
2.3 Six-Degree-of-Freedom Dynamic Model

The quadcopter is modeled as a rigid body with six degrees of freedom (6-DOF), consisting of three translational
coordinates (x, J, ) and three rotational coordinates (¢, 6, ¢), representing the roll, pitch, and yaw angles, respectively.

The translational dynamics are governed by Newton’s second law:

mX = U;(cos¢ sinf cosy + sing siny) o)
my = U, (cos¢ sinf sinyy — sing cosy) 2
mzZ = U,cos¢ cosf —mg 3)

where  is the mass of the quadcopter, g is the gravitational acceleration, and Uj is the total thrust generated by the four

rotors.

The rotational dynamics are expressed using Eulet’s rotational equations:

Lé=(I,-1,)0¢+U, 4
Lo =, —L)$y+Us ©)
L= (L~ 1L)p6+U, ©)
The control inputs are defined as
Uy = kp(wf + 05 + i + ) 7
U, = lkp(wf — w3) (8)
Uz = lkp(wi — w?) )
Uy = kp(0? — w3 + 0% — w? (10)
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where I, I,, and I, denote the moments of inertia about the body-fixed axes, /is the distance from the center of mass to
each rotor, £is the thrust coefficient, &, is the drag coefficient, and w; is the angular velocity of the /~th rotor.

The complete nonlinear 6-DOF dynamic model used for simulation and controller design is fully described by (1)—(10).

3. Simulation of Quadcopter for Planetary Expedition

In order to implement the formulated quadcopter dynamics equations in Simulink, a level-2 M-file S-function API
(application programming interface) is used. This function allows using Matlab scripting language to create Simulink
custom blocks and specify their properties and behavior. All the formulated equations mentioned in the previous

chapter are written in Matlab script and linked to quadcopter block as shown in Fig. 3.

Design and Simulation of Quadcopter for Planetary Expedition

Envircnment

Scopa

o B Rutt—>( ) Somoriee

Maneuver Controller

Reference

Fig. 3: Simulink model of Quadcopter.

The maneuver control block shown in Fig. 4 implements the flight control strategy adopted for the proposed
quadcopter. The controller is responsible for regulating the position, altitude, roll, pitch, and yaw motions of the vehicle
while generating the corresponding motor thrust commands required for trajectory tracking and attitude stabilization.

Designed Quadcopter for Planetary Expedition

| -
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Fig. 4: Maneuver control block of quadcopter.

A cascaded PID control architecture is employed for position and attitude stabilization of the quadcopter owing to its
simplicity, low computational complexity, and proven effectiveness in UAV applications [17], [18]. The controller gains
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were determined through an iterative tuning procedure in MATLAB/Simulink. Initially, the proportional gains were
adjusted to obtain a satisfactory transient response, followed by derivative gain tuning to improve damping
characteristics and suppress oscillations. Finally, the integral gains were selected to minimize steady-state tracking errors.
The tuning objective was to achieve stable take-off, fast settling time, minimum overshoot, accurate trajectory tracking,
and satisfactory disturbance rejection under varying wind conditions. The tuning process was repeated for both Earth
and Mars environmental scenarios to ensure acceptable closed-loop performance throughout the simulation studies.

The Fig. 5a illustrates the designed and assembled quadcopter with body frame and propeller system for planetary
expedition along with the blocks of 6 degrees of freedom, wind and drag, camera, ground, gravity, load and electrical
parameters. Fig. 4 shows the maneuver control block of quadcopter for controlling position, altitude, yaw, pitch, roll of
quadcopter and motor mixer for thrust command. Fig. 5b depicts the Simulink model of quadcoptet’s propeller

evaluation considering the control parameters.
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(a) Simulink model of assembled quadcopter.
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(b) Simulink model to calculate maximum loading capacity of quadcopter.
Fig. 5: Simulink models used for planetary expedition analysis.
3.1 Mars Environmental Assumptions

The environmental parameters used in the Mars simulation are based on publicly available planetary data reported by
NASA and related planetary science literature [21], [22]. Compared to Earth, Mars possesses significantly lower
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atmospheric density and gravitational acceleration, which directly influence acrodynamic lift generation, vehicle stability,

and payload-carrying capability. The environmental parameters adopted in this study are summarized in Table L.

TABLE I: Environmental Parameters Used for Earth and Mars Simulations

Parameter Earth Mars
Gravity (m/s?) 9.81 3.71
Atmospheric Density (kg/m?) 1.225 0.020
Mean Surface Pressure (Pa) 101,325 610
Average Temperature (°C) 25 —63

The significantly lower atmospheric density on Mars reduces the aerodynamic thrust generated by conventional
propellers. Consequently, larger propeller diameters and higher rotational speeds are generally required to produce
sufficient lift. The adopted simulation parameters enable a preliminary assessment of quadcopter flight performance

under representative Martian operating conditions.
4. Results and Discussion

The performance evaluation of designed quadcopter was carried out for the external environment of earth and mars
considering its air resistance, ambient temperature, gravity and varied wind speed. The trajectory path for quadcopter to
move along the reference path was pre-defined by using spline points and waypoints. The evaluating criteria was such
that initially the quadcopter has to take off from its starting point with the required thrust carrying the load and move
along the predefined spline points to the destination point with controlled pitch, yaw and roll. Then it has to drop off
the carried load to the ground and get back to the initial point. The evaluating parameters are as follows,

e  Positions and velocities of quadcopter chassis

e Trajectory of quadcopter in 3D space

e Current flow to BLDC motors and battery SOC
e Thrust, speed and torque of quadcopter propeller

4.1 Performance Evaluation of Quadcopter in Earth’s Environment

The following control parameters had been implemented to create earth’s environment for the designed quadcopter to

fly and number of cases has been considered to evaluate its performance by varying the wind speed.
Case I — Earth’s Environment:

propeller.Kthrust = 0.1072; % N

air_rho =1.225; % kg/m"3

air_temperature = 273+25; %K

gravity =9.80665; % m/s"2

wind_speed =0; % (m/s)

trajectory_path = round_trip_1;

Fig. 6a shows the plot of positions and velocities of quadcopter chassis when the Case I control parameters were
executed. The first column plots show the position of the quadcopter with respect to the xyz plane, the second column
represents the velocity of the quadcopter in the xyz plane, and the third column represents the roll, yaw, and pitch of the
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quadcopter. The red solid line represents the reference value and the blue solid line represents the measured value. Fig.
6b shows the actual quadcopter trajectory in 3D space. It can be observed that the quadcopter traced the predefined
path for zero wind speed and was able to reach the destination and return to its initial position.
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(a) Plot of positions and velocities of quadcopter chassis.

Quadcopter Trajectory
- Raf
Pamn
Loac
Wayports
— N
6 r \
/
- J
4 i

(b) Trajectory of quadcopter in 3D plane.

Fig. 6: Plot of positions and velocities of the quadcopter chassis and its trajectory in the 3D plane for Case I — Earth’s

environment.

Fig. 7a shows the measured battery SOC and battery temperature. It is evident that the battery charge reduced more
rapidly while carrying a load (simulation time: 0—75 s) than during the unloaded condition (simulation time: 75-150 s). A
similar trend is observed in the battery temperature. Fig. 7b shows the thrust developed by the propeller system of the
quadcopter. It can be seen that the thrust required by the quadcopter is greater when carrying a payload than when
operating without a payload under the same environmental conditions.
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(a) Measured battery SOC and battery temperature.
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(b) Thrust developed by the propeller system.

Fig. 7: Measured battery SOC, battery temperature, and thrust developed by the propeller system of the quadcopter for
Case I — Earth’s environment.

It was evident from the above performance evaluation that the quadcopter successfully traced the predefined path under
zero wind-speed conditions. The vehicle reached the destination, delivered the payload, and returned to its initial

position while accurately following the commanded trajectory.

p ——— e

() (e

(@@ @I @ x 1 | Tme

(a) Initial take-off and stabilization.
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(b) Payload transportation.

(c) Landing and mission completion.

Fig. 8: Visualization of the quadcopter performance for Case I.
Case II — Earth’s Environment:

propeller.Kthrust = 0.1072; % N

air_rho =1.225; % kg/m"3

air_temperature = 273+25; %K

gravity =9.80665; % m/s"2

wind_speed = 20; % (m/s)

trajectory_path = round_trip_2;

Fig. 9a shows the plot of positions and velocities of quadcopter chassis when the Case II control parameters was
executed. Fig. 9b shows the actual quadcopter trajectory in 3D plane tracing the predefined path and can be seen that
there was lot of wobbling and deviation in the actual quadcopter trajectory due to increased wind speed and was not able
to reach the destination and flip out from the reference path.
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Fig. 9: Plot of positions and velocities of quadcopter chassis and its trajectory in 3D plane for Case 11 — Earth’s

environment.

(a) Measured battery SOC and battery temperature.
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(b) Thrust developed by the propeller system.

Fig. 10: Measured battery SOC, battery temperature and thrust developed by the propeller system of quadcopter for
Case II — Earth’s environment.

It was proved from the above quadcopter performance evaluation that it didn’t trace the pre-defined path and can be
seen that there was lot of wobbling and deviation in the actual quadcopter trajectory due to increased wind speed and
was not able to reach the destination and flip out from the reference path in spite of taking all commands given and
interpreted. Hence it was evident from the above performance evaluation that the designed quadcopter was capable of
cartying load to the destination point in presence of vatiable wind speed up to 15 m/s in earth’s environment wherein
for the predefined paths taken as per number of cases considered. Beyond that the quadcopter wasn’t reach the
destination due to presence of excessive wind resulted in wobbling and flip out from the reference path.

l@]m

(a) Initial flight condition.

E.'FM

(b) Mid-flight condition.

rm o

CROCAY 3
(c) Final flight condition.

Fig. 11: Visualization of performance of quadcopter for Case II.
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4.2 Evaluation of Designed Quadcopter Propeller for Earth’s Environment

Figure 12a shows the plot of propeller harness test indicating the speed, torque and thrust developed by the propeller
system of the designed quadcopter for earth. It was observed that as and when the propeller stars to rotate, its speed,
torque and thrust were gradually increased and attains a stable state in order to move the quadcopter to the required
location. It was evident from the Figure 12b that the calculated maximum load of 2.136 kg can be carried by the
designed quadcopter in the earth environment as per the performance evaluation.

Speed

Torque

......

(a) Propeller harness test showing speed, torque and thrust characteristics.

| 2_136"1— Load Thrust Throst T thr

Max Load (kg) Calculate SO

Max Load (“3%.) Thrustand Drag
l
Propeller
Commanded L
Speed
torque
P meas
Control

Ej + ‘ Inertia
o + \

Battery ()T 3%&[} ) Motor

=
A> :;“, A +—fix) = 0
Ambient Convection —— ,‘\- ltf

Temperature -

(b) Simulink model used to calculate the maximum loading capacity of the quadcopter.

Fig. 12: Propeller evaluation and maximum loading capacity of the designed quadcopter in Earth’s environment.
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4.3 Performance Evaluation of Quadcopter in Mars Environment

The following control parameters had been implemented to create mars environment for the designed quadcopter to fly

and number of cases was considered to evaluate its performance by varying the wind speed.
Case I — Mars Environment:

propeller.Kthrust = 2.872; % N

air_rho =0.020; % kg/m”"3

air_temperature = 273-63; % K

gravity = 3.721; % m/s™2

wind_speed =0 % (m/s)

trajectory_path = round_trip_1;

Fig. 13a shows the plot of positions and velocities of quadcopter chassis when the Case 1 control parameters was
executed. Fig. 13b shows the actual quadcopter trajectory in 3D plane tracing the predefined path and can be seen that
there was no deviation in the actual quadcopter trajectory due to zero wind speed but still it was able to reach the

destination and return to its original position successfully.
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(a) Plot of positions and velocities of quadcopter chassis.
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(b) Trajectory of quadcopter in 3D plane.

Fig. 13: Plot of positions and velocities of quadcopter chassis and its trajectory in 3D plane for Case I — Mars
environment.
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Fig. 14a shows the measured battery SOC and battery temperature. It was evident that the charge of battery drastically
reduced with carrying load (simulation time: 0-75s) than without load (simulation time: 75-150s) and also for the
temperature of the quadcopter battery employed. Fig. 14b shows the plot of thrust developed by the propeller system of
the quadcopter. It can be seen that, the thrust required by the quadcopter was more for carrying load than the
quadcopter without carrying load for the same external environment.

SCC

Temparatuore

(a) Measured battery SOC and battery temperature.
lhl\vlsl 1, Thrust 2. ”\I’USIYJ_ Ihrust 4

Thrust 2
Thrust 3
Theust 4 |

o

(b) Thrust developed by the propeller system.

Fig. 14: Measured battery SOC, battery temperature and thrust developed by the propeller system of quadcopter for
Case I — Mars environment.

It was evident from the above quadcopter performance evaluation that it traced the predefined path for zero wind
speed. It was able to reach the destination and drop off the carrying load and returned to its initial position successfully
and took all commands given and interpret them effectively and little wobbling was observed.
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(c) Landing and mission completion.

Fig. 15: Visualization of performance of quadcopter for Case I — Mars environment.
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Case 11 — Mars Environment:
propeller. Kthrust = 2.872; % N
air_rho = 0.020; % kg/m”"3
air_temperature = 273-63; % K
gravity = 3.721; % m/s™2
wind_speed = 85; % (m/s)

trajectory_path = round_trip_2;

Fig. 16a shows the plot of positions and velocities of quadcopter chassis when the Case II control parameters was

executed in which the first column plots show the position of quadcopter with respect to xyz plane, second column

represents the velocity of quadcopter in xyz plane, third column represents the roll and yaw in degrees and pitch of

quadcopter. The red solid line represents the reference value and blue solid line represents the measured value. Fig. 16b

shows the actual quadcopter trajectory in 3D plane tracing the predefined path and can be seen that there was lot of

wobbling and deviation in the actual quadcopter trajectory due to increased wind speed and was not able to reach the

destination and flip out from the reference path.
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(a) Plot of positions and velocities of quadcopter chassis.
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(b) Trajectory of quadcopter in 3D plane.

Fig. 16: Plot of positions and velocities of quadcopter chassis and its trajectory in 3D plane for

environment.
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(b) Thrust developed by the propeller system.

Fig. 17: Measured battery SOC, battery temperature and thrust developed by the propeller system of quadcopter for
Case II — Mars environment.

The simulation results demonstrate that the proposed quadcopter maintained acceptable trajectory tracking and flight
stability under the assumed Martian environmental conditions for wind speeds up to 85 m/s. Howevet, this obsetvation
is based exclusively on the developed simulation model and should not be interpreted as experimental validation of flight
capability under such extreme atmospheric disturbances. Additional investigations incorporating high-fidelity
aerodynamic models, hardware-in-the-loop testing, and experimental validation are necessary before practical operation
under comparable Martian wind conditions can be confirmed.

(a) Initial flight condition.
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(c) Final flight condition.
Fig. 18: Visualization of performance of quadcopter for Case I — Mars environment.
4.4 Evaluation of Designed Quadcopter Propeller for Mars Environment

Figure 19 illustrates the propeller harness test conducted for the designed quadcopter under Mars atmospheric
conditions. The plots show the variation of propeller speed, motor torque, and thrust with time. It can be observed that
the propeller speed increases linearly from 0 to 10,000 RPM, while the corresponding torque and thrust increase
gradually with rotational speed. A brief transient response is observed at the start of operation, after which the motor-
propeller system reaches stable operating conditions. The generated thrust increases nonlinearly with propeller speed and
reaches approximately 6.6 N at 10,000 RPM, demonstrating the capability of the propulsion system to generate sufficient
lift in the low-density Martian atmosphere.
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Fig. 19: Propeller harness test showing speed, torque and thrust characteristics in Mars environment.

Figure 20 shows the Simulink model developed to evaluate the maximum payload carrying capability of the designed

quadcopter in the Mars environment. The model integrates the battery, motor, propeller, thrust and drag, and control

subsystems to estimate the available lifting force. Based on the thrust generated by the four-propeller configuration

under Martian atmospheric conditions, the maximum payload that can be safely transported was calculated to be

approximately 1.428 kg. The reduction in payload capacity compared with the Earth environment is primarily due to the

significantly lower atmospheric density on Mars, which requires higher thrust generation to produce the necessary lift.
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Fig. 20: Simulink model used to estimate the maximum payload carrying capacity in Mars environment.
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Therefore, the propeller performance evaluation confirms that the designed quadcopter is capable of generating
adequate thrust for stable flight and can carry a maximum payload of 1.428 kg in the Mars environment.

5. CONCLUSION

A unique class of unmanned aerial vehicle that may be used for a variety of purposes is the quadcopter. In this project
design of body components of quadcopter using AutoCAD as well as simulation of quadcopter for planetary expedition
was catried out by Simulink/MATLAB. The Linear Proportional-Detivative-Integral (PID) controller was used to
control altitude, attitude, heading, and position of quadcopter in the free space. The performance evaluation of designed
quadcopter was carried out for the external environment of earth and mars with varied wind speed in order to determine
the suitability of designed quadcopter to collect the material samples during the planetary expedition. It was evident
from the performance evaluation of designed quadcopter that the quadcopter was capable of carrying 2.136 kg of sample
material in earth’s environment and 1.428kg of sample material in mars environment during the planetary expedition.
The capability of designed quadcopter to carry the load to the destination to drop off and return to its initial position
yielded that it could complete the task up to the wind speed of 15m/s in earth’s environment and up to wind speed of
85m/s in mars environment. Therefore, it can be concluded that the designed quadcopter was well suited for mars
planetary expedition by taking all the commands given and interpreted them effectively to carry the maximum load of
1.428kg in the presence of wind speed up to 85m/s to collect and transpott the samples from far away distance which

are inaccessible for land rovers to the space shuttle landed on mars surface.

The present study is limited to simulation-based validation and does not include experimental flight testing or hardware-
in-the-loop verification. In addition, structural integrity of the proposed frame has not been assessed using finite-element
analysis, and higher-order aerodynamic effects such as rotor wake interactions and blade flexibility have not been
considered. Furthermore, sensor noise, communication delays, actuator nonlinearities, and advanced control strategies
were not explicitly investigated. Nevertheless, the developed framework provides a useful preliminary platform for
evaluating the feasibility of quadcopter-based planetary exploration missions.
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  m   x ¨ =   U 1  ( cos 𝜙   sin 𝜃   cos 𝜓 + sin 𝜙   sin 𝜓 )


  m   y ¨ =   U 1  ( cos 𝜙   sin 𝜃   sin 𝜓 − sin 𝜙   cos 𝜓 )


  m   z ¨ =   U 1 cos 𝜙   cos 𝜃 − m g


    I  x   𝜙 ¨ =  (   I  y −   I  z )   𝜃 .     𝜓 . +   U 2


    I  y   𝜃 ¨ =  (   I  z −   I  x )   𝜙 .     𝜓 . +   U 3


    I  z   𝜓 ¨ =  (   I  x −   I  y )   𝜙 .     𝜃 . +   U 4


    U 1 =   k  f  (   𝜔 1 2 +   𝜔 2 2 +   𝜔 3 2 +   𝜔 4 2 )


    U 2 = l   k  f  (   𝜔 4 2 −   𝜔 2 2 )


    U 3 = l   k  f  (   𝜔 3 2 −   𝜔 1 2 )


    U 4 =   k  m  (   𝜔 1 2 −   𝜔 2 2 +   𝜔 3 2 −   𝜔 4 2 )

