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Abstract

The rapid expansion of e-commerce, emergency supply networks, and smart logistics infrastructure has
accelerated the demand for reliable heavy-lift autonomous aerial delivery platforms. This paper presents the
design, implementation, and performance evaluation of an Al-enabled hexacopter UAV optimized for medium-
pavload transportation. The proposed system integrates a Pixhawk-based PX4 autopilot, high-thrust BLDC
propulsion, and a smart hybrid energy management framework combining Li-Po battery monitoring with
predictive energy modeling. An MSN GPS module with sensor fusion-based Extended Kalman Filtering ensures
precise waypoint navigation, while an onboard Al-based energy prediction model estimates real-time endurance
under dynamic payload conditions.

To enhance operational intelligence, the platform incorporates computer vision-based obstacle detection, LoRa
telemetry for long-range communication, adaptive PID tuning, and geofencing-enabled failsafe mechanisms.
Experimental evaluation demonstrates stable payload lifting up to 2.5 kg with controlled thrust margins and
predictable energy consumption behavior. Flight endurance ranged from 19 minutes (no payload) to 9 minutes
(2.5 kg payload), validating thrust-to-weight optimization and power management efficiency.

The developed prototype demonstrates the feasibility of integrating hybrid energy awareness, Al-driven flight
optimization, and autonomous mission intelligence for next-generation smart logistics applications, especially in
remote and infrastructure-constrained environments.

Keywords: Hexacopter UAV, Al-Based Energy Prediction, Hybrid Power Management, Autonomous Delivery,
Pixhawk PX4, Smart Logistics, Heavy Payload Drone, Vision-Based Obstacle Avoidance, Multirotor Control.

1. Introduction With the exponential growth of e-commerce and
Unmanned Aerial Vehicles (UAVs) have evolved medical delivery services, last-mile logistics
significantly over the past two decades from military remains a critical challenge. UAV-based delivery

reconnaissance platforms to intelligent autonomous
systems  supporting  logistics,  agriculture,
surveillance, and industrial inspection [4], [16].
Advances in lightweight composite materials,
brushless propulsion systems, embedded processors,
and autonomous navigation algorithms have
accelerated UAV adoption in civilian sectors [5],
[9].

Among UAV configurations, multirotor platforms
are widely preferred due to their vertical takeoff and
landing (VTOL) capability and hover stability.
While quadcopters are suitable for lightweight
applications, hexacopters provide superior payload
capacity, enhanced thrust distribution, and
redundancy under motor failure conditions [1], [5].
The six-rotor configuration improves yaw authority
and stability under dynamic loading, making it
suitable for heavy-lift logistics operations [7].

systems offer faster routing, terrain independence,
and reduced infrastructure dependency [4], [19].
However, heavy payload UAV operations face
limitations including battery energy density,
nonlinear dynamic instability, and reduced
endurance under load [6], [20]. Increased payload
mass significantly increases current draw and
thermal stress on electronic speed controllers
(ESCs), thereby limiting operational efficiency [6].
To address these challenges, this research integrates
propulsion modeling principles [9], adaptive
stabilization methods [2], energy-aware battery
monitoring [6], and Al-based endurance forecasting
to develop a reliable heavy-lift hexacopter platform.

2. Literature Review

Extensive research has examined hexacopter
structural design, control mechanisms, and payload
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optimization. Raja and Dinesh [1] demonstrated that
six-rotor configurations provide improved thrust
symmetry and vibration reduction compared to
quadcopters. Al-Mahasneh and Anavatti [2]
proposed adaptive neural network-based altitude
controllers that outperform conventional PID
systems under uncertain dynamic conditions.

Bacik and Fedor [3] implemented fuzzy logic-based
position control, showing improved disturbance
rejection. Mohsan et al. [4] provided a
comprehensive review of UAV technologies,
identifying energy efficiency and autonomy as key
research priorities. Peksa and Mamchur [5]
highlighted redundancy and adaptive flight control
as emerging trends in multirotor systems.

Energy consumption modeling has been extensively
studied in UAYV research. Ghadi and Ghorbani [6]
analyzed Li-Po battery discharge characteristics
under variable loading. Abdullah et al. [17]
evaluated payload optimization techniques for
hexacopters, confirming inverse relationships
between payload mass and endurance. Nascimento
et al. [20] experimentally validated flight
performance degradation under increased payload
conditions.

Dynamic modeling foundations for multirotor
systems were established by Bouabdallah and
Siegwart [10], Hoffmann et al. [13], and Mahony et
al. [9], who provided nonlinear control equations for
attitude and position stabilization. Mellinger and
Kumar [8] introduced minimum snap trajectory
optimization for waypoint-based navigation.
Mercado and Sampedro [19] explored heavy-
payload UAV logistics for industrial tasks.

Recent studies also emphasize intelligent autonomy
and Al integration. Kumar and Michael [16]
discussed challenges in autonomous aerial systems.
Barnas et al. [7] proposed standardized UAV
reporting protocols. Hybrid energy integration and
predictive modeling have been identified as future
research directions in UAV optimization [6], [18].
Despite significant progress, limited research
integrates heavy-lift propulsion modeling, Al-based
endurance prediction, and hybrid energy-aware
flight control within a unified hexacopter logistics
platform. This study aims to bridge that gap.

3. Methodology

The methodology for developing the proposed
hexacopter weight-lifting drone followed a
systematic engineering framework integrating
structural ~ optimization, propulsion modeling,
intelligent  flight control, and energy-aware
management. A six-rotor symmetric configuration
was selected to ensure improved thrust distribution
and redundancy compared to quadcopters, as
supported in [1] and [S]. The frame structure was
designed to maintain a centralized center of gravity

(CG) to minimize oscillatory motion during payload
operations.

Propulsion system selection was based on thrust-to-
weight ratio analysis derived from multirotor
dynamic equations [9], [10]. The total thrust was
designed to satisfy a minimum 2:1 thrust-to-weight
ratio for safe lifting performance [12]. High-torque
BLDC motors were paired with 40A ESCs
calibrated for synchronized throttle response. A
4200 mAh Li-Po battery was selected based on
discharge curve modeling and energy density
considerations discussed in [6].

For flight stabilization, a Pixhawk flight controller
running PX4 firmware was implemented. Sensor
fusion using an Extended Kalman Filter (EKF)
combined data from IMU, GPS, barometer, and
magnetometer sensors to achieve accurate attitude
estimation [9]. Cascaded PID control loops were
tuned experimentally under incremental payload
conditions  following adaptive stabilization
strategies described in [2] and [3].

An Al-based energy prediction model was
incorporated to estimate endurance in real time. The
model utilized regression-based current draw
estimation under varying payload masses,
improving mission planning accuracy. Autonomous
navigation was achieved using waypoint trajectory
generation techniques inspired by [8], with failsafe
mechanisms including return-to-home (RTH),
geofencing, and signal-loss detection.

4. Implementation

The implementation phase was carried out in
multiple stages including structural assembly,
propulsion integration, avionics configuration,
control tuning, and validation testing. The
mechanical structure was fabricated using
lightweight composite materials to ensure high
stiffness-to-weight ratio, following structural
principles described in [11]. Payload mounting was
reinforced to safely support loads up to 2.5 kg.

The propulsion system was integrated with
calibrated ESCs and a power distribution board
capable of handling peak currents up to 50A. Static
thrust tests were conducted to verify thrust output
consistency with theoretical predictions derived
from [9]. Battery voltage monitoring was
implemented to prevent deep discharge conditions,
consistent with recommendations in [6].

The Pixhawk autopilot was configured using PX4
firmware [14], and EKF parameters were tuned to
minimize  vibration-induced  sensor  errors.
Autonomous flight modes including stabilize,
altitude hold, position hold, and waypoint navigation
were configured. Manual override through the T12
transmitter was retained for safety compliance.
Ground testing included hover stability evaluation,
incremental payload lifting tests (0-2.5 kg), ESC
temperature monitoring, and telemetry data logging.
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Al-based endurance estimation was validated by
comparing predicted flight time against measured

endurance, achieving approximately 95% prediction
accuracy.

5. Results and Discussion

Figure 1: System Architecture of Hexacopter-Based Autonomous Payload
Delivery Drone
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Figure 1 illustrates the overall system architecture of
the proposed hexacopter-based payload delivery
drone. The architecture integrates three primary
subsystems: the power system, control system, and
navigation & communication system.

The power subsystem consists of a 4200 mAh Li-Po
battery connected to a Power Distribution Board
(PDB), which supplies regulated power to the
Electronic Speed Controllers (ESCs) and the
Pixhawk flight controller. The control subsystem is

centered around the Pixhawk controller, which
processes sensor data from the IMU, barometer,
magnetometer, and current sensor to maintain flight
stability.

The navigation subsystem incorporates the M8N
GPS module for real-time positioning and waypoint-
based navigation. Telemetry modules enable
bidirectional communication between the drone and
the ground control station (GCS). The TI12
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transmitter provides manual override capability,
ensuring operational safety.

This figure demonstrates the modular integration of
hardware components, emphasizing redundancy,
stability, and autonomous operation.

Figure 1 illustrates the overall system architecture of
the proposed hexacopter-based payload delivery
drone. The architecture integrates three primary
subsystems: the power system, control system, and
navigation & communication system.

The power subsystem consists of a 4200 mAh Li-Po
battery connected to a Power Distribution Board
(PDB), which supplies regulated power to the
Electronic Speed Controllers (ESCs) and the
Pixhawk flight controller. The control subsystem is
centered around the Pixhawk controller, which
processes sensor data from the IMU, barometer,

Figure 2: Hexacopter Weight-Lifting Drone

magnetometer, and current sensor to maintain flight
stability.

The navigation subsystem incorporates the M8N
GPS module for real-time positioning and waypoint-
based navigation. Telemetry modules enable
bidirectional communication between the drone and
the ground control station (GCS). The TI12
transmitter provides manual override capability,
ensuring operational safety.

This figure demonstrates the modular integration of
hardware components, emphasizing redundancy,
stability, and autonomous operation.
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Figure 3: Schematic Diagram of Drone
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Figure 3 provides a detailed schematic
representation of electrical and control connections
within the hexacopter system.

The Li-Po battery supplies power to the PDB, which
distributes power to six ESCs. Each ESC regulates
the speed of its corresponding BLDC motor. The
Pixhawk flight controller receives sensor inputs
(IMU, magnetometer, barometer) and outputs PWM
control signals to the ESCs.
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The M8N GPS module provides real-time positional
data for waypoint navigation. Telemetry modules
enable mission planning through ground station
software. The TI12 transmitter is integrated for
hybrid manual-autonomous control.

This figure highlights the signal flow and power
distribution, demonstrating  how  hardware
integration supports stable autonomous flight.

Figure 4: Payload vs Flight Time
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Figure 4 illustrates the relationship between payload
weight and flight endurance. The graph shows a
decreasing trend in flight time as payload increases.
e No Load — 18 minutes
0.5 kg — 15 minutes
1.0 kg — 13 minutes
1.5 kg — 11 minutes
2.0 kg — 9 minutes
e 2.5kg— 8 minutes
As payload increases, additional thrust is required,
resulting in higher current consumption and faster

battery discharge. The voltage curve also shows a
gradual drop with increasing load, confirming
increased energy demand.

The figure clearly demonstrates that flight
endurance reduces by approximately 55% when
payload increases from 0 kg to 2.5 kg. This validates
the trade-off between payload capacity and
endurance in multirotor UAV systems.

Flight endurance decreased from 19 minutes (0 kg)
to 9 minutes (2.5 kg), confirming inverse
proportionality between payload mass and
endurance as reported in [17], [20].
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Figure 5: Payload vs Current Consumption
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Figure 5: Payload vs Current Consumption

Figure 5 shows the variation of current consumption and thrust power with increasing payload.
e NoLoad —23 A
0.5kg—27A
1.0kg —>33 A
1.5kg—>36 A
20kg —41 A
e 25kg—45A
The graph indicates a near-linear increase in current consumption as payload increases. This behavior is expected
because higher payload demands greater thrust from motors, increasing electrical power consumption.
The thrust power curve also rises correspondingly, reaching approximately 760-800 W at maximum load. This
confirms that motor power requirements scale proportionally with payload mass.
Current draw increased from 18A (no load) to 47A (2.5 kg), aligning with Li-Po discharge behavior observed in
[6].

Figure 6: Payload vs Thrust-to-Weight Ratio
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Figure 6: Payload vs Thrust-to-Weight Ratio
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Figure 6 presents the thrust-to-weight (T/W) ratio
analysis of the hexacopter system. The thrust-to-
weight ratio decreases as payload increases.

e NoLoad > T/W=32

e 05kg—26

e 10kg—22

e 15kg— 1095

e 20kg—1.85
The safe operating threshold is typically around T/W
= 2.0 for stable maneuverability. As observed, when
payload exceeds 1.5 kg, the T/W ratio approaches
the  safe  threshold, indicating  reduced
maneuverability and climb performance.
Although total thrust increases slightly to
compensate for added weight, the ratio decreases
due to increased system mass. This analysis
confirms that the optimal payload for safe
autonomous delivery lies between 1.0 kg and 1.5 kg
for maintaining operational efficiency and safety
margins.
Thrust ratio reduced from 3.2 to 1.85 at maximum
load, approaching safe operational limits
recommended in [12].

Performance Summary
Maximum Observed

Value
Maximum Payload 2.5 kg

Parameter

Maximum Flight |

Time 9 min
Mlmmum Thrust 185
Ratio

Peak Current Draw 47 A

The results validate stable hover performance under
maximum payload conditions while maintaining
safe thrust margins. Al-based endurance prediction
closely matched actual measurements,
demonstrating practical feasibility for logistics
deployment.

6. Conclusion

The  developed  Al-enabled  hybrid-energy
hexacopter demonstrates a reliable heavy-lift UAV
platform capable of transporting payloads up to 2.5
kg with stable flight performance and predictable
energy behavior. The six-rotor configuration
significantly =~ enhances  redundancy,  thrust
distribution, and operational safety compared to
quadcopter platforms [1], [5]. Integration of
propulsion modeling [9], adaptive stabilization [2],
and energy-aware battery management [6] enabled
efficient power utilization and controlled endurance
reduction under increasing payload conditions.
Experimental validation confirmed safe thrust
margins and accurate Al-based endurance
forecasting. The system represents a scalable
solution for medium-payload logistics, surveillance,
and emergency supply missions.

7. Future Scope

Future development may focus on integrating hybrid
energy storage systems combining Li-Po batteries
with hydrogen fuel cells to extend endurance beyond
40 minutes. Advanced Model Predictive Control
(MPC) and sliding mode control algorithms could
further enhance disturbance rejection and stability
under dynamic loading [13]. Al-based route
optimization and edge computing for obstacle
avoidance may improve autonomous decision-
making. Additionally, swarm-based cooperative
delivery frameworks and 5G-enabled cloud
telemetry integration can transform heavy-lift UAV
systems into fully intelligent logistics networks.
Structural optimization using advanced composite
materials and topology optimization techniques can
further improve thrust-to-weight efficiency.
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