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Abstract

Unmanned Aerial Manipulators (UAMs) have revolutionized industrial infrastructure inspection. But
when a drone deploys an extended manipulator arm to carry dense Non-Destructive Testing (NDT)
sensors, the payload severely shifts the system’s Center of Gravity (CoG). This forward shift generates
static pitch torques that can quickly overwhelm and saturate standard flight controllers.

To resolve this, this thesis presents the design, digital simulation, and experimental flight validation
of a novel aerial manipulator. The architecture features a 1-Degree-of-Freedom (1-DOF) parallel link-
age equipped with auxiliary tip motors. This system utilizes an Active Moment Compensation (AMC)
strategy, in which the tip rotors generate dedicated vertical lift to continuously counteract the payload’s
gravitational torque, fundamentally decoupling the manipulator’s reach from the primary quadrotor’s sta-
bilization limits. Before physical deployment, the control logic was validated in a high-fidelity Software-
in-the-Loop (SITL) digital twin using ROS 2 and Gazebo Harmonic. Crucially, the PX4 Control Allocator
was mathematically extended from a standard 4-rotor matrix to a custom 6-rotor geometry, enabling
the autopilot to natively map thrust across the system.

Extensive parametric flight testing proved the core kinematic hypothesis: because the parallel linkage
forces the tip-rotors to remain perfectly horizontal, the required compensation thrust is a mathematical
constant, completely independent of the arm’s pitch angle. Experimental data confirmed that the AMC
architecture neutralizes extreme CoG shifts while preserving the dynamic thrust headroom required
for stable flight. Additionally, vibration and telemetry analyses demonstrated that elevating the mech-
anism isolates it from the primary rotor downwash, reducing structural resonance and altering attitude
control performance. By successfully de-risking this active-thrust architecture, this research provides a
rigorously verified, scalable framework for deploying heavy industrial sensors at extended standoffs.
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Introduction

The integration of robotic manipulators with Unmanned Aerial Vehicles (UAVs) has led to the emergence
of Unmanned Aerial Manipulators (UAMs), allowing for active operations in hazardous or inaccessi-
ble environments. Aging civil and energy infrastructure, such as high-voltage transmission networks,
offshore wind turbines, and nuclear facilities, requires continuous monitoring to prevent catastrophic
failures that incur massive economic and environmental costs.

Traditionally, inspecting these structures relies on rope-access technicians, heavy scaffolding, or cranes,
which are expensive and pose severe human safety risks. While standard UAVs have revolutionized
passive visual inspection, they cannot deploy contact-based or proximity-restricted Non-Destructive
Testing (NDT) sensors. Bridging this gap through UAMs promises a paradigm shift in infrastructure
maintenance: drastically reducing operational downtime, eliminating human risk in hazardous zones,
and extending the operational lifespan of critical assets.

1.1. Motivation

Standard NDT with X-Ray relies on two distinct modules: a source and a detector. Currently, the com-
mon aerial approach involves flying these components on two separate drones [20, 16], a method that
requires complex mid-air alignment and introduces redundancy, as seen in Figure 1.1. Consolidating
both sensors onto a single drone using a long manipulator arm offers a much cleaner solution. However,
the development of these long-reach aerial manipulators is bottlenecked by the "Long-Reach Weight
Paradox”. Extending a dense NDT payload at the end of a rigid kinematic chain drastically shifts the
system’s global Center of Gravity (CoG) forward, generating significant static pitch torques at the root
joint [10].

Conventional solutions fail to address the root physics of this problem: heavy proximal joint servos
rapidly deplete battery endurance [13]; conventional passive sliding counterweights add complexity of
mechanism and dead mass [2, 26, 7]; and relying solely on the UAV’s default control method to reject
torque rapidly saturates the main lift rotors, leading to a catastrophic loss of control authority [15]. A
novel hardware and control architecture is required to decouple the manipulator’s reach from the UAV’s
torque limits.

This problem is part of the public project Shocking Precision: X-Ray Tech and Autonomous Drones
Power the Future of Grid Inspection, undertaken by a consortium of SpectX, TU/e, Avular, and TenneT
as part of the EFRO OP Zuid Subsidy program [6, 31]. The basic requirement is to create a drone-
based mechanism to carry the source and detector sensors, each weighing about 2.5 kg. The initial
requirement was set as a 2.5 m-long mechanism to carry this payload under the required inspection
conditions. To solve this problem, we decided to develop a small-scale prototype, validate ideas, and
carry over the insights to full-scale implementation.

To tackle this problem with a new approach, this thesis proposes the design, modeling, and rigorous
parametric validation of a novel long-reach aerial manipulator equipped with active distributed thrust.



1.2. Objectives and Research Questions 2

| X-Ray source

Figure 1.1: X-ray sensors with UAV flight test carried out by SpectX

Rather than relying on passive counterweights, the architecture utilizes a 500 mm parallel four-bar
linkage equipped with dual, counter-rotating auxiliary motors at the distal crossbar. By generating
a local vertical lift vector, these tip motors cooperatively offload root joint torque to achieve Active
Moment Compensation (AMC), thereby creating a dynamically compensated floating cantilever for a
stable, non-contact NDT deployment.

1.2. Objectives and Research Questions

The primary objective of this research is to solve the "Long-Reach Weight Paradox” inherent in aerial
manipulation. Traditional UAVs designed for NDT inspections struggle to carry extended manipulator
arms without experiencing severe center-of-gravity (CoG) shifts that compromise flight stability. To over-
come this, the thesis proposes an Active Moment Compensation (AMC) architecture that introduces
active rotor thrust at the end effector.

Using a Holybro X500 drone, this project aims to validate the kinematic stability and structural integrity
of this novel mechanism and establish a baseline control framework that can later be scaled up for
industrial implementation. To achieve this, the thesis addresses the following core research questions:

* Theoretical Model (Kinematics): How can the geometric advantage of a parallel four-bar linkage
(Figure 3.1) and thrust compensation concepts be leveraged and modeled to simplify flight control
for payload?

* Mechanism Prototype (Fabrication): What are the optimizations and design decisions for the
components to ensure the structural rigidity of the parallel linkage against the torsional roll loads
of the tip-rotors?

+ Digital Validation (Simulation): Before engaging in physical flight trials, how can a custom 6-
motor control allocation strategy be effectively integrated and validated within a high-fidelity PX4
[21] Software-in-the-Loop (SITL) digital twin?

* Real-World Dynamics (Experimental Validation): When subjected to physical flight testing
across a discrete parametric envelope (¢ = {0°,+15°,30°}), how do unmodeled physical forces,
such as aerodynamic cross-axis coupling and structural stress, affect the drone’s stability and the
limits of the standard flight controller?

1.3. Report Outline
This report is structured as follows: Chapter 2 reviews the current state of the literature on aerial ma-
nipulation and identifies gaps to address. Chapter 3 formulates the mathematical kinematics and AMC
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decoupling theory. The subsequent Chapter 4 delves into how the modeling is realized through mechan-
ical fabrication and the avionics architecture. Chapter 5 details the working of the control architecture
for the mechanism. Chapter 6 presents the creation and testing of the SITL simulation for the archi-
tecture. Chapter 7 analyzes empirical flight-test data across the parametric envelope. Finally, Chapter
8 concludes the research and outlines the trajectory for full-scale dynamic integration. The Appendix
expands on the technical details and parameters for Simulation work in Chapter A. It concludes with
Chapter B, which includes additional pictures from the thesis process and a detailed overview through
the Thesis Gantt Chart B.3.



[Literature Review

This chapter presents an assessment of current state-of-the-art methods and design ideas obtained
through a systematic literature search of the IEEE Xplore, Scopus, and Google Scholar databases. The
search strategy employed Boolean combinations of the following primary keywords: ("Unmanned Aerial
Manipulator” OR ”Aerial Manipulation”) AND ("Center of Mass” OR "Dynamic Coupling” OR "Weight
Compensation” OR "Distributed Thrust” OR "Non-Destructive Testing”). The inclusion criteria focused
on peer-reviewed journal articles and top-tier conference proceedings published, prioritizing empirical
studies that addressed payload limitations, CoG shifting, and novel actuation architectures. To coun-
teract CoG displacement, the literature reports several mechanical interventions, ranging from heavy
proximal servos and passive sliding counterweights to overactuated multirotors (Figure 2.1). The liter-
ature specifically related to distributed thrust and mechanisms with additional motors was found to be
limited. However, by following citation chains and using literature discovery tools such as Research
Rabbit, relevant studies were identified and systematically aggregated to provide the most comprehen-
sive review possible.

2.1. Operational Paradigms in Aerial Manipulation

Within the literature, UAM applications are broadly bifurcated into two operational paradigms: contact-
based physical interaction and non-contact spatial positioning. Contact-based manipulation requires
the end-effector to exert sustained forces against the environment for tasks such as tactile inspection or
grasping. In these applications, the primary engineering challenge is managing the complex reaction
wrenches transmitted from the environment to the floating aerial base.

Conversely, non-contact manipulation involves no physical interaction with the target infrastructure. In-
stead, the manipulator is used to spatially position sensitive diagnostic payloads at precise standoff
distances. While non-contact operations bypass environmental reaction wrenches, they pose a para-
doxical design challenge: achieving sufficient reach to safely penetrate occluded zones while maintain-
ing the stringent spatial stability required by non-contact sensors. The extension of long, rigid kinematic
chains induces massive Center of Mass (CoM) shifts and structural vibrations, rapidly saturating the
UAV'’s flight controller.

2.2. The Dynamic Coupling and CoM Shifting Problem

Unlike ground-based mobile manipulators, UAMs are highly susceptible to dynamic coupling between
the aerial platform and the extending mechanism. The standard Equations of Motion (EOM) explicitly
capture these coupling effects in the system inertia matrix, which contains off-diagonal terms represent-
ing inertial crosstalk between the arm and the drone [24]. As the manipulator extends, the system’s
CoM moves away from the UAV’s geometric center, generating undesirable static torques that directly
degrade the vehicle’s position, attitude, and stability [10].

To stabilize the platform, the literature details two primary architectural paradigms:
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Figure 2.1: Different aerial manipulator mechanisms discussed across the literature

Decoupled Control: This framework treats the UAV and the manipulator as independent systems, mod-
eling reaction torques merely as external disturbances to be rejected by the UAV’s flight controller.
While robust enough for quasi-static inspection tasks, decoupled schemes exhibit deteriorating track-
ing fidelity during high-dynamic maneuvers [15]. Because the controller treats CoM shifts as unmodeled
disturbances, it is forced to use a reactive stabilization strategy, which often leads to oscillation or motor
saturation under heavy payloads.

Coupled Control: Centralized architectures, such as Model Predictive Control (MPC), treat the UAM as
a holistic multibody system derived via Euler-Lagrange or Newton-Euler formulations [32], with nonlin-
ear techniques such as feedback linearization theoretically enabling simultaneous, high-fidelity control
of both the vehicle and the end-effector [25]. However, this approach is computationally intensive and
relies heavily on precise model identification; obtaining accurate parameters is often complicated by
unmodeled aerodynamic uncertainties, which can degrade stability if the model diverges from reality
[10].

To counteract CoM displacement without full dynamic modeling, algorithmic interventions such as Vari-
able Parameter Integral Backstepping (VPIB) [14] or active counter-balancing [2, 3] have been pro-
posed to adjust the UAV’s attitude or redistribute mass preemptively. However, relying solely on algo-
rithms or sliding batteries does not address the root mechanical limits of proximal joint torque under
extended lever arms.

2.3. Hardware Evolution: Rigid Arms to Distributed Actuation

The need to balance manipulation dexterity with flight endurance has been a central challenge in the de-
velopment of aerial manipulators. Historically, the field relied on a rigid integration” paradigm, wherein
standard industrial arms were mounted directly onto aerial platforms. Although offering kinematic stiff-
ness, the substantial mass drastically curtailed flight endurance, and the large moments of inertia ne-
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cessitated complex control compensation [13]. In response, contemporary literature has pivoted toward
"inertia-optimized” architectures:

Remote Actuation: By relocating servo actuators to the aerial base and transmitting motion through
cable or belt networks, researchers have significantly reduced the rotational moment of inertia of the
distal links [3, 19].

Parallel Linkages: Structural innovations, such as pantograph-inspired mechanisms, minimize struc-
tural weight while inherently preserving the UAV’s CoG alignment.

However, as noted by Yang et al. [35], conventional proximal actuation suffers from load accumulation,
making long-reaching aerial manipulation unfeasible with standard base motors due to exponential
torque scaling.

To address this fundamental scaling limitation, distributed thruster actuation has emerged as a transfor-
mative architecture. By installing propellers directly on the manipulator links to generate local lift, the
manipulator is freed from gravity’s constraints [12]. Modular thrust augmentation devices [27] and fully
articulated aerial skeletons [34, 35, 37] demonstrate that compensating for the gravitational moment of
each link individually effectively decouples the link length from the base joint’s torque limits, allowing
remarkable reach-to-weight ratios. Some of the relevant mechanisms are shown in Figure 2.2.
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Figure 2.2: Distributed thruster actuation mechanisms discussed across the literature

2.4. Non-Contact Inspection Regime

In infrastructure monitoring, avoiding contact is a strict requirement, particularly when working around
energized or complex assets. As a result, aerial inspection systems must maintain high spatial stability.
Adapting terrestrial NDT techniques to UAV platforms introduce several challenges. High-fidelity visual
inspection and thermography require super-long-reach articulated manipulators to project cameras into
hazardous zones without risking the UAV’s base [8]. Other methods, such as Electromagnetic Acoustic
Testing (EMAT) and X-ray imaging, place even stricter demands on positioning, requiring air gaps as
small as 3 mm or precise spatiotemporal synchronization [36].
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The transition to these dense NDT payloads significantly alters the system’s inertia tensor and increases
battery consumption. Additionally, the flexibility of extended, lightweight manipulator links amplifies
high-frequency motor vibrations, causing severe sensor blur [20]. Maintaining the required standoff
distance is further complicated by ground-effect turbulence and other dynamic disturbances, especially
since the system cannot rely on physical contact for stabilization.

2.5. Synthesis of Research Gaps

The transition from passive observation to active NDT positioning requires projecting heavy payloads
deep into occluded zones. The current literature fails to resolve this due to three critical gaps:

1. The Long-Reach Weight Paradox: Standard rigid-arm architectures impose a weight penalty that
rapidly saturates the base actuators. While mechanical balancing mitigates CoM shift, it does not
solve the exponential torque required at the proximal joint.

2. Inadequacy of Passive Hardware: Existing solutions rely on passive counterweights (adding dead
mass) or force the flight controller to reject massive inertial disturbances. There is a distinct lack
of hybrid architectures optimized for high-precision spatial regulation.

3. The Non-Contact Disturbance Regime: The vast majority of the literature focuses on regulating
wrenches with physical contact. The field lacks methods that address the structural elasticity and
stabilization of a long, floating cantilever in the presence of rotor-induced turbulence.

In response to these identified gaps, this research proposes the design and empirical validation of
an active-thrust parallel manipulator. By utilizing distributed thrust to offload joint torque and regu-
late the system’s global CoG, this architecture provides the dynamic headroom necessary for stable,
non-contact NDT deployment. The mathematical formulation proving this kinematic decoupling is es-
tablished in Chapter 3.



Modeling

This chapter details the force-torque calculations used to model the mechanism. The foundation of
this aerial manipulator mechanism is a 1-Degree-of-Freedom (1-DOF) parallel four-bar linkage (Figure
3.1). Unlike a rigid cantilever beam, the parallel linkage guarantees that the tip link and the attached
crossbar with tip motors remain completely horizontal relative to the drone chassis, regardless of the
boom’s pitch angle (9). For the scaled-down prototype, the linkage is defined by a primary boom length
of Lyoom = 500 mm. The system’s state can be defined by the root joint angle alone. The position of
the tip link in the drone’s local coordinate frame (x4, 21ip) is derived as:

Ttip = Lboom 008(0)7 Rtip = _Lboom sm(0) (31)

This parallel-link-induced geometric constraint simplifies the control architecture, as the control for tip
motors only needs to govern the rotational pitch axis, while the thrust vector of the tip motors remains
vertical.

3.1. Static Torque & Kinematic Decoupling

The primary disturbance introduced by an aerial manipulator is the massive pitching moment acting on
the drone’s center of mass. To prevent the primary flight controller from saturating its forward lift motors,
this architecture employs active tip rotors to achieve AMC at the root joint. Because the mechanism
utilizes a parallel four-bar linkage, the tip link remains geometrically parallel to the local drone inertial
frame F,. Being fixed to the tip link, the thrust vector of the dual tip-motors (F};,..s;) remains vertical
irrespective of the boom angle 6. A free body diagram of the mechanism is shown in Figure 3.1.

The static torque generated by gravity (7,) is a function of the horizontal projection of the moment arms:
Tg (9) = g Ccos 0 (msr(:dsrc + mdtrddtr + mboomdcm_boom) (32)
The counter-torque generated by the active tip rotors (7;) relies on the same horizontal projection:

Tt (9) = Finrust * (Lboom COSs 9) (33)

To establish the AMC, the sum of moments around the root pivot (3 7,,,:) must be equal to zero. The
total payload mass (M;,..; = 500 g) is distributed between two discrete nodes to minimize static torque:
a source node (mg;..) and a detector node (mg,,-). The equilibrium equation is formulated as:

Z Troot = Fthrust ‘ (Lboom COS 9) - (g cos (msrcdsrc + mdtrddtr + mboomdcm_boom)) =0 (34)

Where Fyj,,.s: is the combined upward aerodynamic force generated by the dual tip-motors. m,.. and
mgqy- represent the 250 g payloads. dg,.. and dgy,- are their respective moment arms, 100 mm and
350 mm. 7,.0m IS the inherent torque generated by the masses of the 16 mm diameter carbon fiber

8
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tube, bracket, crossbar, and motors. Solving for the required active compensation thrust yields the

following:

(msr(: g dsrc) + (mdtr *g- ddtr) + (mboom g dcm_boom)
Lboom

This mathematical cancellation of cos @ is the core architectural advantage of combining thrust compen-
sation with a parallel linkage. The required AMC thrust is proven as a kinematic constant, independent
of the pitch angle of the mechanism 6. Hence, the payload compensation logic is decoupled from the
arm’s trajectory, eliminating the need for complex feed-forward calculations within the flight controller.
Substituting and solving the Equation 3.5 yields the required Fy;,...; =~ 4.02 N or 205 g for a single
motor pull value.

(3.5)

Fthrust =

Fthrust

Figure 3.1: Simplified diagram of the forces on the mechanism

3.2. Dynamic & Theoretical Modeling

While static equilibrium prevents drone motor saturation during hover, the active thrust system must
maintain sufficient control authority, or headroom, to reject dynamic disturbances, such as wind gusts
or aggressive translational braking [22]. The system utilizes dual brushless DC motors mounted on
a 150 mm transverse crossbar in a counter-rotating, props-out configuration, with a maximum theo-
retical combined thrust capacity of F,,,,. Comparable counter-rotating multirotor configurations are
conventionally designed such that hover equilibrium falls within a 50-60% throttle band, reserving the
remaining capacity for control authority beyond static equilibrium [18]. The dynamic headroom margin
(H,,) can be expressed as a percentage of unused thrust capacity at static equilibrium:

H,, = (1 - F““““) -100 (3.6)
Greater headroom is desirable, as it provides greater thrust capacity to maintain stability under distur-
bances. If the value of F}j....; approaches that of F,,,,.., the tip rotors saturate, the AMC assumption
fails, and the resulting uncompensated torque would be transferred to the drone chassis.
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3.3. Parametric State definition for Baseline Validation

While the theoretical torque remains constant, altering the fixed boom angle ¢ introduces secondary
physical disturbances that must be empirically verified. The system is evaluated across a discrete
set of parametric angles: 6 = {0°,15°, —15°,30°}. As 6 increases, the horizontal displacement of the
payload mass (r, = Ly.om cos 0) decreases, causing the global Center of Gravity (CoG) of the vehicle
to shift up and inward toward the root joint. Moreover, the elevation of the tip rotors (2, = Lyoom sin 6)
alters their position relative to the main rotors. The parametric flight tests are designed to verify that the
PX4 attitude controller can reject dynamic CoG shifts and aerodynamic disturbances, while the AMC
tip rotors handle the static load.

3.4. Inertial Scaling to Full-System Dynamics
To safely validate the active Active Moment Compensation (AMC) architecture, the physical prototype
was constrained to a 1:5 linear scale and a 1:10 mass scale representation of the target heavy sensors.

Rather than applying a single isotropic geometric expansion (the square-cube law), the scaling fac-
tors were decoupled to accurately reflect the real-world constraints of aerial inspection. This follows
established distorted-similitude practices, treating mass, length, and inertia as independently derived
quantities [4].

For length, the full-size platform requires a 2.5 m standoff to ensure proper clearance during inspections.
By designing a 0.5 m prototype boom, a linear scale factor of k; = 1 : 5 is established. For mass,
the scaling was driven by the target NDT X-Ray suite’s actual weight (approximately 5.0 kg). This is
represented with a 500 g distributed dummy load on the prototype, yielding a mass scale factor of
km =1:10.

This decoupled scaling deliberately isolates the most critical dynamic threat to long-reach aerial manip-
ulation: the non-linear amplification of rotational inertia. Approximating the payload as a point mass,
the prototype’s moment of inertia (,,.:,) and the target moment of inertia (I;4.4c¢) relative to the root
joint scale according to:

Itarget - km . (kil)2 . Iproto

Substituting the established mass and length scaling factors yields:

Itarget =10- (5)2 ' Iproto = 250 - Iproto (37)

This calculation highlights exactly why the proposed active-thrust architecture is necessary. While
the absolute payload mass increases by an order of magnitude (10x), the rotational inertia increases
by a factor of 250. Scaling a traditional, passive, rigid arm to these dimensions would generate a
dynamic reaction torque that would far exceed the saturation limits of any commercial flight controller.
Hence, validating the AMC logic on this physical prototype will demonstrate the control methodology
required to arrest the massive 250x I,,,..+, inertial load of the intended full-scale industrial platform. The
construction of this physical prototype is discussed in the subsequent Chapter 4.



Mechanical Design, Fabrication and
Avionics

This chapter presents the decisions regarding hardware and electronics for implementing a functional
mechanism. The physical and dynamic limits of the selected test platform, the Holybro X500, influenced
the structural architecture of the parallel-link mechanism. The core mechanism uses carbon fiber (CF)
rods that extend 500 mm along the drone chassis. This extended projection, coupled with the payload,
results in a significant forward shift of the global Center of Gravity. To safely conduct the parametric
validation tests (0°, 15°, -15°, 30°) without saturating the primary flight controller, this static torque must
be entirely compensated by the dual 1505-KV3750 tip actuators. A concurrent engineering approach
was employed, in which tolerances and stress resistance of the 3D-printed linkages informed succes-
sive Computer Aided Design (CAD) iterations. The general workflow for designing a part, mentioned
in the Delft Design Guide [9], starts with a simple 2D sketch in CAD. After sketching parts with rough
dimensions and desired shapes, the structures were extruded into 3D shapes. Later, the parts are
refined to include features such as holes, tolerances, and fillets. Figure 4.1 shows the fully assembled
mechanism in Fusion360 CAD software [5].

The avionics-specific requirements needed to be factored into the part design and fabrication from the
start. The mounting holes for motors and ESCs were planned based on the datasheet specifications,
and the necessary clearances were provided for the wiring. The placement of the active tip actuators at
the distal end requires extending high-current electronic power and control signals across the 500 mm
longitudinal boom. This architecture must remain robust against mechanical vibrations while maintain-
ing operational reliability throughout the flight test. A custom electronics and telemetry architecture
was developed around the Holybro Pixhawk 6C Flight Management Unit (FMU). Because the system
integrates a standard quadrotor lift mechanism with auxiliary tip motors, it requires specialized signal
routing and control-allocation bypasses for flight testing. An overview of the power and signal flow is
shown in Figure 4.6, and the mechanism with the assembled circuit is shown in Figure 4.7.

4.1. Additive Manufacturing and Material Selection

Following the finalization of the kinematic CAD model, the custom joint and mounting brackets were
manufactured via Fused Deposition Modeling (FDM). The fundamental structures include the root link
(which anchors the four-bar mechanism to the drone’s baseplate) and the tip link (which houses the
crossbar and motors).

Polylactic Acid reinforced with Carbon Fiber (PLA-CF) was selected as the primary filament due to its su-
perior compressive strength [23], making it highly suitable for the dynamic load-bearing requirements of
the brackets and motor mounts. The slicer parameters were optimized to maximize anisotropic strength
and resist torsional shear forces generated by the tip rotors. The parts were printed with 6 perimeter
walls and a 35% infill. The Gyroid internal geometry was specifically chosen to ensure multi-directional
rigidity against both axial tension and lateral roll forces. For the less critical parts of source-detector mod-

11



4.2, Structure Assembly 12

Figure 4.1: Full CAD of the manipulator mechanism

els and holders, where flexibility is not an issue, Polyethylene Terephthalate Glycol-modified (PETG)
filament was used. All parts were optimally oriented on the print bed to minimize the need for support
material, preserving dimensional accuracy on critical mating surfaces and bearing pockets. For con-
necting links, most examples in the literature used metal bars. However, for aerial application, where
optimizing weight while maintaining considerable strength is essential, CF was chosen, particularly in
tube form, due to its ease of availability and versatility.

—

Figure 4.2: Multiple progressive iterations of Root and Tip links

4.2. Structure Assembly

The base and tip links underwent multiple rapid iterations, as seen in 4.2, to refine the attachment toler-
ances and secure the parallel linkage. To establish a robust connection to the X500 attachment plate,
the PLA-CF base link was retrofitted with brass threaded inserts as seen in Figure 4.3. These inserts
were installed by heat staking, a process that uses thermal melting to locally reflow the thermoplastic,
creating a permanent mechanical interlock upon cooling. This modularity allowed for rapid mounting
and dismounting of the mechanism between flight tests.

Figure 4.3: Brass inserts fused into PLA

Securing the 3D-printed joints to the smooth 16 mm pultruded carbon fiber tubes poses a risk of struc-
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tural failure and matrix delamination under flight vibration. In aerospace engineering, fastener place-
ment in composite structures is governed by the Edge Distance Ratio (¢/D), where ¢ is the distance
from the hole center to the free edge of the tube, and D is the hole diameter.

For carbon fiber matrices, the minimum recommended ¢/D ratio is > 3.0 [1] to prevent mechanical
tear-out. For this mechanism, using a D = 3 mm cross-pin, the minimum safe distance was calculated
to be 9 mm (3.0 x 3 mm). To introduce a conservative safety margin against dynamic pitch loading,
the edge distance was extended to 12 mm (4.0 x 3 mm). Specialized abrasive carbon fiber drill bits
were used to precisely place these 3 mm cross-pin holes at the 12 mm mark, without compromising
the structural integrity of the tube ends.

The structural assembly utilizes specific metric fasteners to secure the airframe components. M2x5
mm screws are used to mount the tip motors and propellers, while M3x10 mm screws fasten the root
link and payload attachments. Longer M3x50 mm screws allow the CF rods to interface and pivot with
both the root and tip links. Additionally, the crossbar is rigidly secured within the tip link cavity via an
interference fit. The modular design of all the structures facilitated ease of packing and quick assembly
at the drone lab at TU/e.

The 12 mm transverse CF crossbar housing the dual-tip actuators (Figure 4.4) required proper sizing.
An excessively long bar amplifies the torsional leverage on the main boom’s roll axis. In contrast, an
overly short bar risks propeller collision with the tip link and induces severe aerodynamic interference
between the overlapping tip vortices. To satisfy both constraints, the crossbar carbon fiber tubes were
cut to a total span of 152 mm using a specialized abrasive saw. This specific geometry provides optimal
horizontal clearance for the counter-rotating 4-inch propellers, ensuring clean airflow.

T Tr
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Figure 4.4: Front view of the transverse crossbar assembly, illustrating horizontal clearance for the 4-inch counter-rotating
propellers

4.3. Payload Distribution

To safely validate the active control logic, the payload masses of the X500 prototype were scaled
down to one-tenth of the intended full-scale heavy-lift application. The target mass distribution required
250 g loads on the CF rod around 100 mm and 350 mm, simulating detector and source models.
To achieve an exact mass distribution without introducing volumetric bulk, standardized steel wheel-
balancing blocks were used. These individual 5 g steel increments provided precise control over the
mechanism’s inertial properties. Up to 50 blocks were systematically stacked and secured to the 3D-
printed payload structures, creating an accurate, highly dense physical representation of the theoretical
distributed mass model as shown in Figure 4.5.

4.4. Actuation and Power Distribution

The tip motors were selected based on a systematic evaluation of the torque requirements under ex-
treme conditions. Specifically, the thrust had to compensate for the source and detector prototype
payloads at their maximum-leverage distances, with a conservative safety margin. Based on the static
equilibrium Equation 3.5 calculated in Chapter 3, the required compensation thrust per motor was es-
tablished at 205 g.

Initially, 1404 brushless motors were selected to provide this baseline, according to the datasheet,
which should be able to handle the load at 50%. However, initial physical flight tests at 0°-locked
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Figure 4.6: Signal and Power Flow diagram

pitch revealed a critical actuator limitation and a mismatch with the datasheet values. Overcoming
unmodeled aerodynamic disturbances and the forward shift in the center of gravity required up to 85%
manual throttle to manage a stable hover. This limits the available headroom, risking loss of control
authority and inducing disturbances, as detailed in sub-chapter 7.2. Consequently, the actuators were
upgraded to more efficient 1505 3750KV motors paired with 4-inch GF4024 propellers. According to the
manufacturer’s datasheet (Figure 4.8), this new configuration produces 206 g at 50% throttle and 281 g
at 60% throttle. This upgrade restores the critical dynamic headroom needed to handle disturbances
efficiently.

Power delivery to the dual motors is regulated by a T-Motor Velox V50A 4-in-1 Electronic Speed Con-
troller (ESC). The motor datasheets indicate a peak current draw of 18.0 A under maximum load, which
this ESC comfortably handles. More importantly, using a unified 4-in-1 ESC mitigates a structural threat
of mechanical shudder and torsional roll-twist possibility in case of a discrete ESC malfunction. The
4-in-1 architecture ensures precise, simultaneous thrust control across the transverse crossbar. Cen-
tralizing the logic and power distribution reduces the complexity of phase-wire telemetry.
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Figure 4.7: Fully assembled mechanism

4.5. Electronic Routing and Interconnects
Routing power from the chassis to the distal motors requires proper selection of conductor size to con-
trol voltage drop and prevent thermal overload along the extended boom. Based on the upgraded
1505 propulsion system, each motor is expected to draw a peak current of 18.0 A. Consequently, 18
AWG wire was selected as an appropriate compromise between current-carrying capability, electri-
cal efficiency, weight, and routing flexibility. The resistance of 18 AWG copper wire is approximately
20.95 mQ/m. With an estimated motor-to-ESC separation of 0.5 m, each motor phase conductor ex-
hibits a resistance of:

R = (20.95 x 1073Q/m) x 0.5 m = 0.0105 Q (4.1)

Assuming the peak motor current of 18.0 A, the corresponding voltage drop and resistive power loss
across a single conductor are:

Varop = I - R =18.0 A x 0.0105 Q ~ 0.19 V (4.2)

Poss =I* - R = (18.0 A)* x 0.0105 Q ~ 3.4 W (4.3)

This resistive loss represents slightly over 1% of the nominal 4S LiPo battery voltage (=~ 16.8 V), and just
over 5% of power consumed by the motor operating at 50% throttle, ensuring high electrical efficiency.
Routing phase wires across the entire length of the motor and ESC connections required approximately
5 m of wiring. The selected 18 AWG conductors, therefore, provide sufficient current capacity while
minimizing losses and preserving mechanical flexibility within the boom structure.

The critical electromechanical junction in the distal assembly is the connection between the ESC and
the 1505 motors, requiring six individual phase connections. Direct soldering between the motor and
ESC would be suboptimal; it prevents swapping in the event of motor failure or for a change in the
motor’s spin direction. MR30 three-pin connectors provided the needed modularity. These are natively
compatible with 18 AWG wire, have low resistance (~ 0.70 mQ2) and feature a mechanical lock that
withstands flight vibrations. The motor leads were terminated with male MR30 pins, while the extended
ESC power lines were terminated with female receptacles.
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MOTORS: 1505-KV3750

Technical Datas
KV 3750
Configu-ration 9N12P
Stator Diamter 21.3mm
Stator Length 9.5mm
Shaft Diameter 1.5mm
Motor Dimension(Dia.*Len) ®21. 3*16. 5mm
Weight(g) 11g
Idle current(10)@10V(A) <06A
No.of Cells(Lipo) 348
Max Continuous Power(W)60S 200w
Internal Resistance 96 mQ
Max Current(60S) 18A

Efficiency(g Temperature(in full

Cinch) v Eosdicurrency KA W)| Pullig) throttle load 1min
Prop Voltages Throttle Efficiency(g Temperature(in full
Cinch) [ % EosdCunencyicad W) Pulita) w) throttie load 1min)
50% 3.6 516 | 195 3.39
60% 5.2 832 | 253 3.04
2359, 70% 19 126.4 358 2.83
Fract s 50% 10.4 1664 | 434 2.61 618
0% 14.7 2352 | 513 2.44
100% 16.6 2656 | 590 22
50% 38 608 | 206 3.39
60% 5.4 6.4 | 281 25
= in 0% 8.7 1332 | 368 2.62
L 6.0 80% 15 1840 | 482 2.62 or.8
90% 153 2448 | &73 2.34
100% 18.0 288.0 | 63l 219

Figure 4.8: Datasheet of 1505 KV3750 motors used for tip rotors

4.6. Telemetry and Control Bypass Architecture

The default flight controller for the X500 platform is the Pixhawk 6C, which natively allocates four ESC
channels for the main quadrotor lift motors. The primary command link is maintained using a Radiomas-
ter TX16S transmitter operating on the 2.4 GHz FrSky D16 LBT protocol, in compliance with European
RF regulations. Drone reception is handled by a Radiomaster R88 V2 transceiver, configured to output
a digital Serial Bus (SBUS) stream. To minimize latency, this SBUS output is routed directly to the Pix-
hawk’s PPM/SBUS input terminal via a single-wire digital bus that carries all primary flight axes, mode
selections, and auxiliary overrides.

Initial motor integration revealed a critical signal dependency; the Pixhawk 6C required uniform digital
protocols across all auxiliary pins to successfully pass the pre-arming checks. Consequently, the ESC
communication protocol was standardized to DShot, ensuring reliable telemetry and synchronous spool-
up of the tip motors.

To perform the initial tests, the architecture required independent, manual throttle control of the tip
actuators, entirely decoupled from the Pixhawk’s primary attitude-stabilization loops. Software configu-
rations were modified to bypass the standard PX4 Control Allocator, enabling direct radio control (RC)
passthrough. This isolation strategy was configured via QGroundControl as shown in Figure 4.9.

This bypass architecture successfully isolates the experimental variables. It allows the operator to
manually spool the tip motors to 205 g, establishing the AMC baseline before analyzing the main drone’s
log responses at varying parametric angles. (Depending on the experimental phase, this function can
be toggled back to autonomous Motor 5/6 control when closing the loop).



4.6. Telemetry and Control Bypass Architecture

17

Transmitter (TX16S)
Physical Input:
Potentiometer (S1/S2)
Mixer: Auxiliary Channel 9

RF Link

v

Receiver (RX)
Receives Channel 9
Signal Range: 1000 ps -
2000 ps

SBUS Signal

v

Pixhawk (FMU)
Input: SBUS Protocol
Internal Mapping: Ch 9 —
RC AUX 1

Internal Routing

v

Virtual Bridge (Passthrough)
Decoupled from Attitude
Loops

PWM Signal (1000-2000 ps)
PWM Outputs 5 and 6

v

Tip Motor ESC
Hardware Interface
Mirrors RC AUX 1

Figure 4.9: Passthrough configuration data flow



Control Architecture

This chapter explores the general control architecture of PX4 and its integration with the mechanism.
To translate the AMC kinematics into physical flight, the mechanism relies on the robustness of the PX4
control architecture. While the 4-bar parallel link mechanism decouples the tip actuator vector from the
boom angle, the aerial platform transitions from a standard 4-actuator multirotor into a coupled 6-rotor
system. This chapter details the overall control architecture, focusing on how the PX4 Autopilot’s Con-
trol Allocator (CA) is mathematically extended to manage redundant degrees of freedom and distribute
the stabilization load between the primary lift rotors and the auxiliary tip rotors.

5.1. Cascade Control Architecture

The Unmanned Aerial Manipulator (UAM) utilizes a cascaded feedback control architecture inherent to
the PX4 flight stack as seen in Figure 5.1. The architecture relies on a timescale separation between
the slow translational dynamics and the fast rotational dynamics.

1. Position Controller (Outer Loop): Generates target velocity and thrust vectors based on GP-
S/Odometry feedback to maintain the spatial hover location.

2. Attitude/Rate Controller (Inner Loop): A high-frequency loop that compares the estimated atti-
tude (from the extended Kalman filter) against the target attitude. It outputs normalized 3D torque
demands (7, 7,, 7.) and a collective thrust demand (F).

3. Control Allocator (The Mixer): The critical mathematical junction where the generalized 3D
torque and 1D thrust demands are mapped to normalized, individual actuator commands (u; ...ug).

5.2. Theoretical Formulation of the Control Allocator

In a standard quadrotor, the allocation matrix is square (and uniquely invertible) because there are
four actuators mapped to four outputs (Roll, Pitch, Yaw, Thrust). The addition of the dual-tip rotors

__________________________________
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Figure 5.1: Multicopter control architecture block [30]
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transforms the UAM into an overactuated system. The flight controller must algorithmically resolve
how to achieve the demanded pitch torque using an optimal combination of the main frame rotors and
the extended tip rotors.

The allocation problem is formulated as a linear mapping:

v =Bu (5.1)

Where:

v = [1;, 7y, T, F:]T is the vector of demanded torques and collective thrust.

u = [uy,us,us, usg, us, ug)” is the vector of normalized motor commands (0 < u; < 1).

B ¢ R**6 js the Effectiveness Matrix, which encodes the specific geometric leverage of every actuator.

To incorporate the AMC architecture, the standard PX4 Effectiveness Matrix was extended. For any
individual rotor 4, its column in the B matrix is defined by its geometric position (p, ;, py.i, P-.:), its thrust
vector alignment (A4, ;, A, ;A. ;), and its moment coefficient (£, ;). Assuming a linearized thrust map-
ping where F,,,.. represents the maximum thrust of an individual rotor, and assuming the auxiliary tip
rotors (i = 5, 6) are aligned purely vertically (4, = A, = 0), the vertical offset p, mathematically cancels
out of the cross-product. Therefore, the columns for the auxiliary tip rotors are defined solely by their
significant forward longitudinal offset, their lateral spacing, and their counter-rotating yaw moments:

Dy,5 ° Fmar Dy.6 * Fmar
_ _pr,S : Fmaz _pr,G : Fma:n
Bboom N km,5 : Fmaa: km,ﬁ . Fmaa: (52)
Az,5 . Fmaw AZ,G . Fmaw

Because the system is over-actuated (B is non-square), a unique solution for u does not exist. The
PX4 Control Allocator resolves this by computing the Moore-Penrose pseudo-inverse (B*) to find the
minimum-norm actuator commands that satisfy the demanded moments

u= Bty (53)

By explicitly embedding the forward offset of the tip rotors into the B matrix, the Control Allocator mathe-
matically models that Actuators 5 and 6 possess high pitch authority. When the forward-shifted Center
of Gravity (CoG) generates a static nose-down torque during flight, the pitch rate controller detects the
resulting steady-state error, and its integral winds up, demanding a continuous compensating pitch-up
torque. Because of this updated B matrix, CA’'s pseudo-inverse algorithm efficiently fulfills this demand
by biasing the thrust allocation heavily toward the tip-motors. This achieves Active Moment Compensa-
tion without requiring a separate, custom-coded PID loop, relying instead on the seamless integration
between the native rate controllers and the updated physics-based control allocation pipeline.

5.3. Dual-Mode Control Strategy for Parametric Validation

While closed-loop flight utilizing the integrated 6-rotor allocation scheme is the desired end-state con-
troller, applying it immediately would overlook aerodynamic phenomena, such as cross-axis coupling
and structural tension. To better isolate and study these effects during the parametric validation at
0°,4+15°, 30°, this thesis employs a dual-mode control strategy. These strategies were based on the
architectures from the literature as discussed in 2.2.

Mode 1: Open-Loop Passthrough (Isolated AMC)

In this mode, the PX4 Control Allocator is reduced to a 4 x 4 allocation matrix, effectively ignoring
the two boom-mounted tip rotors. An SBUS radio control (RC) bypass is used to map a transmitter
potentiometer directly to the auxiliary ESC PWM outputs.

This configuration isolates the AMC system from the PX4 attitude controller. By manually adjusting the
tip motors until the vehicle reaches a level hover, the static thrust required to maintain equilibrium and
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the onset of actuator saturation can be measured experimentally without interference from the flight
controller.

Mode 2: Closed-Loop Active Allocation

In this mode, the complete 4 x 6 pseudo-inverse control allocation matrix is enabled, allowing the
PX4 flight controller to command all six motors simultaneously. The transmitter can function in default
settings without any switch mapping.

This configuration is used to evaluate the competence of the B allocation matrix. Any differences
between the predicted control allocation and the observed flight response, such as steady-state pitch
errors or integrator windup, indicate dynamics that are not captured by the model. These may include
aerodynamic interference, structural effects, or cross-axis coupling at different boom angles.



Simulation

This chapter presents the details of the mechanism’s experimental setup in the simulation environment
and the results obtained. The extended beam mechanism introduces a severe center-of-gravity (CoG)
offset. Without active compensation from the tip rotors, the quadcopter might exhibit an uncontrollable
pitch moment during hover. Consequently, validating the active compensation architecture in a risk-free
environment was essential before deploying physical hardware.

Following the preliminary CAD phase, we constructed a high-fidelity Software-in-the-Loop (SITL) digital
twin to evaluate the manipulator’s static moment balance. This simulation stack couples the Gazebo
physics engine with the PX4 Autopilot flight stack, orchestrated via a ROS 2 Humble [17] launch in-
frastructure. To establish this environment efficiently, the existing ROS package, originally developed
by TU/e and SpectX for X-ray inspection simulations, was repurposed by replacing the legacy gimbal
attachment architecture with a custom parallel-link mechanism.

The primary engineering challenge within this digital twin was integrating the tip actuators into the PX4
Control Allocator (CA) module. To achieve this, the simulation environment was engineered to satisfy
the following criteria:

1. Rigid-Body Modeling: Model the complete rigid-body dynamics of the drone, arm, and rotor as-
sembly using CAD-derived inertial properties.

2. Aerodynamic Calibration: Analytically calibrate the tip rotors aerodynamic parameters directly
from motor-propeller datasheet curves.

3. Dual-Mode Architecture: Provide a configurable control architecture that permits both PX4-integrated
and independent ROS 2 control of the tip motors.

4. Control Allocation Extension: Extend the PX4 Control Allocator from a standard 4-motor quadrotor
to a custom 6-motor geometry, allowing the autopilot’s primary attitude controller to command the
tip motors directly.

6.1. PX4-ROS-Gazebo Architecture

The simulation environment is built upon a tripartite architecture: Gazebo Harmonic handles the rigid-
body physics and aerodynamic rendering, PX4 Autopilot manages the flight controller firmware and
control allocation, and ROS 2 Humble orchestrates inter-process communication. The digital twin is
built using a hierarchical XACRO architecture. It links the base X500 quadrotor frame to the arm’s
inertial links, with a conditional flag to include the dual 1404 3850KYV tip rotors. To prevent coordinate
mismatches, all spatial coordinates are properly aligned between Gazebo'’s Forward-Right-Down (FRD)
convention and PX4’s native North-East-Down (NED) body-fixed frame. The tip rotors are positioned
at (+0.678,+0.12, —0.045) m relative to the global Center of Gravity, aligning them perfectly with the
end of the mechanism rods. The complete system architecture is illustrated in Figure 6.1.
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Figure 6.1: System architecture and dual-mode signal routing. Mode 1 utilizes a dedicated ROS 2 bridge for isolated ground
testing, while Mode 2 fully integrates the 6-motor geometry (Airframe 4012) into the PX4 Control Allocator via the internal
GZMixinglnterfaceESC
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6.2. Rotor Integration and Mathematical Calibration

To ensure accurate simulation, the inertial properties were rigorously mapped from the Fusion 360
CAD assembly. The rigid arm geometry was imported as an STL mesh (base_link.stl) and scaled
accordingly. To align the CAD’s longitudinal axis with the body-frame X-axis, a —90° yaw rotation was
applied to the visual origin. Crucially, because the CAD environment utilized a Y-forward convention,
the inertia tensor was mathematically transformed via a 90° rotation about the Z-axis to match the
Gazebo X-forward frame:

Inody = R.(—90°) - Icap - R.(—90°)" (6.1)

This transformation accurately swaps the I, and I, principal moments while mapping the off-diagonal
1,. term to I,.. The resulting arm mass, with all payloads and links attached, is 728 g in Fusion 360
(which accurately aligns with the actual physical weight of 732 g), representing approximately 27% of
the total vehicle mass and inducing a forward CoG offset (=8 cm) that drives the active compensation
requirement. By decoupling the visual origin from the inertial center of mass, the simulation easily
accommodates translational shifts to test various physical mounting configurations without altering the
underlying mesh. Iterative adjustments verified the proper alignment of the links relative to the physical
prototype.

The simulation fidelity relies on the accuracy of the Gazebo MulticopterMotorModel plugin, which gov-
erns the following equations:

Thrust:
F=kp cw? (62)

Reaction torque:

7=y F = by - by - w? (6.3)
Motor dynamics (first-order lag):

1
W= ———(Wemd — W) (6.4)
Tup/down

where w is the angular velocity in rad/s, w.nq is the commanded velocity, and 7,,,,, T4ownr are the spin-up
and spin-down time constants respectively. The parameters for the dual 1404 3850KYV tip rotors with
GF4024 propellers at 16.0 V were derived directly from the manufacturer’s shaft-power analysis.

The mechanical shaft power Pnech is derived by subtracting the copper (12 R) and estimated iron losses
from the electrical input power [11] at the 60% throttle operating point:

Prech = VI — I’R — (Vigieligie) = 118.4 — 7.78 — 6.0 ~ 104.7 W (6.5)

Accounting for an under-load speed droop factor nsji, = 0.75, the rotational shaft speed wrea and result-
ing torque 7 are calculated as:

2

real = Ky -V -6 - gip - = ~ 2002 rads (6.6)
Precn  104.7

= = ——=~0.0361N-m 6.7

! Wreal 2902 (6.7)

Given a measured thrust F' = 2.315 N at 60% throttle, the moment constant k,,, (torque-to-thrust ratio)

IS:
T 0.0361
b = = 5o ~ 0.016m (6.8)

For the simulation plugin (following the default PX4 convention of wmaxsim = 1000 rad/s), the thrust
constant kr sim at the 45% throttle hover point (Fiover = 1.834 N) and the corresponding rotor drag
coefficient Cy,.4 are defined as:

F hover

kT sim = 5 ~9.2x107° (6.9)

(§hover . Wmax,sim)

Clrag = km - kr.sim = 0.016 x 9.2 x 107% ~ 1.47 x 1077 (6.10)
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Table 6.1: Overview of the Calibrated Parameters

Parameter Symbol Value Unit
Thrust coefficient kr 9.2x107%  N-s?/rad?
Moment coefficient kum 0.016 m

Rotor drag coefficient Clrag 1.47 x 10-7 N-m-s?/rad?
Spin-up time constant Tup 0.008 S
Spin-down time constant Tdown 0.025 s

Maximum angular velocity Winaz 1000 rad/s

Rotor mass (motor + prop) my 0.0115 kg

Rotor inertia (about spin axis) 1. 1.9x107%  kg-m?

The complete calibrated parameter set is summarised in table 6.1.

The spin-up time constant (0.008 s) is significantly shorter than that of the main rotors (0.0125 s),
reflecting the lower inertia and higher KV rating of the 1404 motor compared to the 5010-920KV main
motors.

The tip rotor inertia was accurately scaled from the known X500 main rotor values using a mass-ratio
and radius-ratio approach:

2
T —7 Mboom Tboom
boom = dmain X X

Mmain Tmain

6.11)

Thoom = 2.65 x 107° x

0.0115 « 0.051
0.016 0.165

2
> ~1.9x107%kg-m?
where r4,0m = 0.051 m (4-inch propeller radius) and 7,4, = 0.165 m (13-inch propeller radius).

The drone in the simulation environment, with the mechanism attachment and tip rotors, is shown in
Figure 6.2.

Figure 6.2: X500 drone with parallelax mechanism of additional tip propellers in RViz

6.3. PX4 Control Allocator Extension

The PX4 Control Allocator mathematically resolves the abstract torque and thrust setpoints generated
by the attitude rate controller into normalized, individual motor commands. While the standard X500
airframe (PX4 ID 4001) relies on a rigidly defined 4-rotor effectiveness matrix, this topology is insufficient
for an over-actuated system. Therefore, building upon the theoretical framework established in Section
5.2 earlier, a custom 6-rotor airframe configuration was implemented to explicitly embed the tip-rotors
as controllable actuators within the primary attitude loop.
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By extending the base multirotor geometry to include the forward and lateral geometric offsets of the
distal motors (modifying the CA_ROTOR_* parameters in the airframe file), the Control Allocator’s Moore-
Penrose pseudo-inverse solver can automatically compute the optimal thrust allocation across all six
motors. This enables the flight stack to dynamically treat the tip-rotors as pitch-compensation actuators
without requiring external ROS 2 override commands.

6.4. Dual-Mode Control Architecture for Simulation

The control software was developed and validated in progressive stages. Actuator control compensa-
tion was first tested in isolation to bypass the overhead of the full PX4 flight stack. Upon functional
verification, the control logic was integrated into the PX4 architecture and expanded to support two
mutually exclusive operating modes, as discussed in 5.3.

Mode 1 - Independent ROS 2 Control (Open-Loop)

The tip motor plugin subscribes to a dedicated Gazebo topic, boom/command/motor_speed, separate
from the main rotor command topic, and drives the motors directly via velocity commands from custom
ROS 2 nodes. PX4 operates with the standard 4-motor geometry (airframe 4001) and is unaware of
the tip rotors. This mode isolates the motor thrust compensation from the drone’s internal PID loops,
serving as a baseline for characterizing the mechanism’s thrust authority.

Mode 2 - PX4 Control Allocator Integration (Closed-Loop)

In this mode, the boom motor plugins share the same command/motor_speed topic as the main rotors.
PX4 operates with a custom 6-motor geometry (airframe 4012) and the Control Allocator actively com-
mands all six motors through its attitude control loop. The Control Allocator automatically computes the
optimal thrust allocation across all six motors to satisfy the demanded torques and thrust, enabling the
tip rotors to provide active pitch compensation for the arm-induced CoG offset. The actuator settings
page of QGroundControl software (Figure 6.3) confirms the updated airframe file.

Figure 6.3: The custom airframe 4012 configuration displayed in QGroundControl software

6.5. Validation

The Digital Twin simulation was validated through Closed-Loop flight testing (Mode 2) in a local Ubuntu
22.04 environment powered by a GTX 1650. The Gazebo physics engine maintained a highly effi-
cient average Real-Time Factor (RTF) of 0.95. This computational performance ensures that the high-
frequency motor dynamics, specifically the 0.008 s spin-up time constant of the 1404 tip motors, were
accurately simulated without physics step-clipping.

During simulated arming, all six motors successfully achieved synchronous idle speeds. In flight, the
Control Allocator successfully leveraged the expanded matrix to autonomously command higher sus-
tained thrust from the distal rotors, thereby counteracting the forward CoG offset. The vehicle achieved
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Figure 6.4: Drone in tracing the simulated flight path accurately with the functional tip rotors

a highly stable hover and accurately tracked the simulated flight paths (Figure 6.4). Later attempts were
made to implement the movable parallel linkage within the simulation environment. However, this re-
vealed a critical limitation of the URDF representation in handling cyclic joints, and it was deemed more
efficient to prototype the parallel linkage in hardware.

Mode 2 flight tests successfully validated the preliminary AMC architecture, confirming the thrust au-
thority of the tip rotors and effectively de-risking upcoming physical flight tests. While these simulations
cannot capture every nuance of real-world hardware, this phase was vital for verifying the control logic
and building the core codebase, which ultimately required only minor adjustments prior to physical
deployment.



Experimental Validation (Flight Tests)

In this chapter, the real flight experiments with the mechanism and the results are discussed in detail.
Following the Software-in-the-Loop (SITL) simulations, physical flight trials were conducted within the
controlled flight arena at the Eindhoven University of Technology (TU/e) Drone Lab. The objective
of this experimental phase was to empirically validate the theoretical Active Moment Compensation
architecture and evaluate the system’s structural and kinematic responses.

To isolate the variables of static torque, thrust headroom, and cross-axis coupling, the experimental
methodology was structured as a discrete parametric sweep. The parallel manipulator mechanism
was mechanically locked at four distinct kinematic states: 6 = {0°,15°, —15°,30°}. The flight tests
first evaluate Open-Loop (manual RC passthrough), then focus on the Closed-Loop (Control Allocator-
driven) architecture to map the control boundaries of the tip rotors. The quantitative data, including Root
Mean Square Errors (RMSE) for attitude tracking, and tip motor headroom margin (H,,), extracted
from the PX4 messages in the logs, are compiled in the Table 7.1. It is important to note that the
initial and final seconds of the graphs capture the transient dynamics of takeoff and landing, where
the uncompensated payload induces a severe pitch-forward moment. To ensure rigor, the RMSE data
compiled in Table 7.1 strictly bounds the stable flight phase, excluding these transient takeoff and
landing spikes.

7.1. Phase 1: System Integration and Open-Loop Baseline (§ = 0°)
Before autonomous flight, the mechanism’s electromechanical integrity was verified via Open-Loop
manual control, in which the boom-mounted tip rotors are independent of the PX4 flight controller’s
internal stabilization logic.

Initial flight tests were conducted with the parallel link mechanism fixed at § = 0°, without the simulated
source and detector masses to establish a baseline (FT-01). Using the manual RC passthrough, stable
hover was achieved at approximately 30% throttle input, maintaining a tightly bounded Pitch RMSE of
0.556°. This result empirically validated the baseline structural mass of the carbon fiber components
(mpoom ) and verified the 4-in-1 ESC signal synchronization.

Subsequently, masses were introduced for flight test under loaded conditions (FT-02). The source and
detector masses, each 220 g, were fixed at the designated distances of 100 mm and 350 mm from the
pivot point. Under Open-Loop control, achieving a level hover required a manual tip-rotor throttle input
of approximately 85%. Figure 7.1, where the AUX2 rotary switch, plotted in blue, mapped from -1 to 0,
controls the input transmitted to the tip rotors.

While stable vertical flight was achieved, an 85% static throttle limits the dynamic headroom margin, as
established in Equation 3.6 from Chapter 3. With only 15% of thrust capacity remaining, the tip-motors
lacked the control authority to handle disturbances. The telemetry from FT-02 reflects this: Yaw Rate
RMSE spiked to 12.59°/s. This limited control authority may explain the observed yaw-axis instability
during liftoff.

27
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Figure 7.1: Plot showing steady state throttle input close to 85% needed for stable flight

7.2. Phase 2: Closed-Loop Autonomous Evaluation (9 = 0°)

Following the manual baseline, the custom 6-motor airframe geometry is loaded as the Pixhawk 6C’s
airframe. This allows the Control Allocator to incorporate the tip-rotors into the control effectiveness ma-
trix, enabling it to distribute commanded torques across all six rotors as part of the PX4 flight controller’s
internal stabilization logic.

In the unloaded configuration (FT-03), the drone achieved a highly stable, smooth flight envelope across
all axes, with no manual RC input to the tip rotors. The Rate Controller’s integral loop computed the
compensating torque needed to nullify the forward Center of Gravity (CoG) shift, which the Control
Allocator then mapped to the appropriate thrust distribution across the rotors.

Despite the visually stable flight performance, post-flight telemetry analysis of the unloaded test re-
vealed a persistent steady-state error between the Pitch Estimated (actual attitude) and the Pitch Set-
point (demanded attitude), yielding a Pitch RMSE of 7.76°, as illustrated in Figure 7.2.

Pitch Angle

— Pitch Estimated |
— Pitch Setpoint

deg]

420 430 440 450 500 510 520
Pitch Angular Rate

Pitch Rate Estimated |
— Pitch Rate Setpaint
PitchRAelintegral [-30, 30] |
v vy

| B

420 430 440 450 500 510 520

Figure 7.2: Pitch Estimated vs Setpoint offset obtained from logs

This offset indicates a physical discrepancy between the drone’s actual CoG and the geometric center
assumed by the control allocation geometry. Because the drone was visually stable but mathematically
offset, the I-term (Integral) of the pitch rate controller continuously wound up to counter a static mechan-
ical imbalance, generating a correcting torque that the baseline feedforward model cannot inherently
predict.

For the next test, when a 440 g total payload was reintroduced under Closed-Loop control (FT-04),
the system failed to lift off, exhibiting severe yaw translation around the landing gear, forcing an abort.
Post-flight analysis of the Actuator Outputs (Figure 7.3) revealed a critical divergence in the tip rotor
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Figure 7.3: Motor outputs of the drone under full weight with 1404 motors

commands: the signal to Motor 6 spiked to a high output, while Motor 5 dropped unexpectedly low.
This failure prompted verification of the default values for all motor-related parameters. Also, given the
limited capability of 85% static thrust requirement to manage the massive pitch torque and stabilize the
roll/lyaw axes simultaneously, it was deemed appropriate to upgrade the tip motors for the subsequent
tests.

7.2.1. System Upgrade and Parameter Resolution

To overcome the 85% throttle requirement limitation observed with the 1404 motors, the tip motors were
upgraded to the 1505 3750KV motors on the next flight test day. During the initial tests with zero load
(FT-05), there was noticeable difficulty taking off and controlling the drone with the mechanism. Logs
revealed a massive Pitch RMSE of 20.85° and a Pitch Rate RMSE of 134.56°/s. Analysis revealed an
impending issue in the custom 6-rotor mixing geometry: the default PX4 Control Allocator assumes all
rotors have identical thrust profiles and coefficients.

According to the motor datasheets, the AIR22161l main rotors with 10-inch propellers produce a max-
imum thrust of 1332 gf. Conversely, the upgraded 1505 tip motors with 4-inch propellers deliver a
maximum thrust of 637 gf. To correct this thrust asymmetry in the software, the thrust coefficient pa-
rameters for the tip rotors (CA_ROTOR4_CT and CA_ROTOR5_CT) were remapped. By linearly scaling the
coefficient from the default value of 6.5 to 3.0, the Control Allocator was informed of the reduced thrust
authority at the airframe’s tip. Following this parameter update (FT-06), the unloaded flight control im-
proved drastically, and the Pitch RMSE plummeted to just 0.885° (Figure 7.4). This convergence of
Estimated and Setpoint values held across unloaded tests locked at +15° and 30°, as shown in Figure
7.5.
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Figure 7.4: Plot of Pitch Angle and Pitch Angular Rate
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Figure 7.5: Plots of Pitch Angle and Angular rates at parametric 6 angles under no load

7.2.2. The Loaded Anomaly: Unmodeled CoG Translation

Subsequent closed-loop flight testing of the 1505 motors was carried out progressively: first at half
load (250 g, FT-07), then at full payload (500 g, FT-10). Post-flight test log evaluation confirmed that
the tip motors successfully handled the full load, operating at an efficient 50.3% average dynamic
headroom margin (H,,,%) and maintaining a stable hover across the kinematic states (Figure 7.6). This
demonstrated that the upgraded mechanism had sufficient dynamic headroom to manage cross-axis
coupling without risking control saturation.

However, despite the tip rotors successfully maintaining the active moment, the introduction of the
payload caused the steady-state pitch offset to abruptly reappear, with Pitch RMSE jumping from 0.88°
(unloaded) to 13.11° (500 g load).

The re-emergence of this anomaly highlights a limitation in the default flight controller architectures.
While the tip actuators effectively cancel the static gravitational torque (7, = 7prust) 10 prevent the
drone from pitching over, they cannot alter the physical mass distribution. Adding 500 g along the
500 mm boom physically translates the Center of Gravity (CoG) significantly forward (+Ax.,). As
illustrated in the PX4 actuator control pipeline Figure 7.7, the Control Allocation (CA) module computes
specific motor commands based on a rigid, hardcoded geometry matrix, assuming the CoG remains
perfectly aligned with the geometric center of the primary quadrotor frame.

To mathematically define this tracking error, let m,, . represent the mass of the unloaded X500 chassis
and my,.q represent the 500 g payload located at the projection distance Ly,..,- The forward translation
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Figure 7.6: 1505 motor output while balancing a full load of 500 g
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Figure 7.7: Overview of the Mixing Pipeline [29]

of the physical CoG (Az.,) along the longitudinal axis is defined as:

Mioad Lboom (71)

Ax., =
g
Mpase Mioad

When mapping the commanded pitch torque setpoint (7, .,s:) to the main quadrotor lift motors, the CA
assumes symmetrical longitudinal moment arms (l,;) for both the front and rear rotors. If T,,,: and
T,.qr represent the combined thrust of the front and rear main rotor pairs, the software anticipates the
resulting physical pitch torque to be:

Ty,soft = lg (Tfront - Trear) (72)
However, because the physical CoG is translated forward by Az, the true rotational pivot point of the
drone has shifted. The physical moment arm of the front rotors is reduced to (I, — Az.,), while the rear

rotors’ moment arm is extended to (I, + Az.,). The actual physical pitch torque (7, ,n,s) €xerted on
the airframe is:

Ty,phys = (la: - chg>Tfront - (lm + Axcg)Trear (73)

Expanding this equation reveals the exact source of the tracking anomaly:

MAIN 1, PWM_MAIN_FUNC1
MAIN 2, PWM_MAIN_FUNC2
MAIN 3, PWM_MAIN_FUNC3

AUX 1, PWM_AUX_FUNC1
AUX 2, PWM_AUX_FUNC2
AUX 3, PWM_AUX_FUNC3

ESC 1, UAVCAN_EC_FUNC1
ESC 2, UAVCAN_EC_FUNC2
ESC 3, UAVCAN_EC_FUNC3

Servo 1, UAVCAN_SV_FUNC1
Servo 2, UAVCAN_SV
Servo 3, UAVCAN_SV_FUNC3

FUNC2
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Ty,phys — lac (Tfront - Trear) - A"Izcg (Tfront + Trear) (74)

Substituting the software-assumed torque (7, s.r:) and defining the total main rotor lift as Tr,4in =
Ttront + Trear, the relationship between the commanded software torque and the physical reality sim-
plifies to:

Ty,phys = Ty,soft — Amcg . Tmain (75)

This formulation explains the re-emergence of the steady-state tracking error. The term Az, - Train
represents a continuous, unmodeled nose-down pitching moment that is proportional to the total lift gen-
erated by the main rotors. To maintain a stable hover (7, ,4,s = 0), the flight controller must constantly
output a positive pitch command (7 505 > 0).

Because the software’s feed-forward model is unaware of the Az, translation, a steady-state pitch
tracking error emerges as the I-term compensates for the newly asymmetric moment arms. Hence,
informing the model about the Az, translation would lead to resolution. Dynamically updating the
Control Allocator’s geometric matrix, specifically shifting the main rotor longitudinal coordinates relative
to the new CoG, would realign the software model with physical reality, generating asymmetric feed-
forward thrust commands and directly eliminating the tracking offset.

7.3. Phase 3: Parametric Kinematic Evaluation

(c) & = 15° (Elevated) (d) & = —15° (Depressed)

Figure 7.8: In-flight operation of the mechanism
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With the actuator saturation risk resolved, the discrete parametric sweep was conducted using the
redesigned PLA-CF brackets for root and tip links, locking the parallel linkage at § = {15°, —15°,30°}
(seen in Figure 7.8). Because the AMC thrust requirement was theoretically established as a constant
in Chapter 3, these tests were designed to evaluate the flight controller’s ability to handle horizontal
CoG translation, aerodynamic interference, and structural stress.

7.3.1. Theoretical Validation: The cos # Decoupling

A cross-examination of the Actuator Output (RCOUT) logs (plotted in Figure 7.9) across all tested
angles produced the absolute validation of the thesis. As detailed in Table 7.1 for the full 500 g payload
configuration, the mean headroom margin (H,,, %) stabilized at 50.36%, 49.99%, 50.08%, and 51.07%
for tests FT-10 (0°), FT-13 (15°), FT-16 (—15°), and FT-19 (30°), respectively.

This minimal variance of approximately +0.5% explicitly proves that the tip-actuator effort required to
maintain the Active Moment is mathematically decoupled from the pitch angle 6. This confirms the
kinematic parallel-linkage hypothesis: because the tip link always remains perfectly horizontal, the
vertical thrust completely cancels the active gravity moment regardless of boom elevation.

Motor Qutputs Motor Outputs
1 1

0s 0s
Motor 5 Motor 5
N = Motor 6 B Motor 6

-05 05

(a) & = 0° (Horizontal Baseline) (b) 6 = 30° (Maximum Elevation)

Motor Outputs Motor Outputs
1 1

0s 0s
Motor 5 Motor 5
N — Mbtor 6 B — Motor 6

(c) & = 15° (Elevated) (d) & = —15° (Depressed)

Figure 7.9: Motor Outputs across the discrete parametric sweep. Note the consistent baseline effort of approximately 50%
throttle for Motors 5 and 6 across all kinematic states.

7.3.2. Elevated State Evaluation (¢ = 15°)

Flight tests conducted with the mechanism locked at 15° (FT-11,12,13) revealed an improved attitude
control relative to the 0° baseline. Reviewing the 500 g Pitch Angular Tracking logs and plots (Figure
7.10), the steady-state error between the Pitch Estimated and Pitch Setpoint dropped.

The empirical data at this elevated state directly corroborate the CoG translation anomaly, as defined
mathematically in subsection 7.2.2. At 0°, the 500 g payload exerts its maximum horizontal lever arm,
maximizing Az.,. However, as the boom pitches to 15°, the horizontal projection is geometrically
reduced to L cos(15°) ~ 483mm. This 17 mm reduction in horizontal leverage directly decreases the
asymmetric torque burden (Axz., - Tr,q:n) Placed on the primary quadrotor motors.

Additionally, the Vibration Metrics (Figure 7.11¢) showed slight stabilization compared to 0°, as the tip
rotors began to elevate out of the immediate aerodynamic wake of the main chassis. In an Acceleration
Power Spectral Density (PSD) plot, bright, solid horizontal lines represent the blade passage frequency
(motor RPM x number of blades) and its harmonics. The more yellow an area is, the higher the
frequency response at that time and frequency [28]. At 15°, the high-frequency bands show slight
broadening compared to 0°, but they remain cohesive. The control allocation matrix manages the
center-of-gravity shift without severely dividing motor effort.
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Figure 7.10: Plots of Pitch Angle and Angular rates at parametric 6 angles under full load
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Figure 7.11: Plots of Vibration Metrics and Spectral Density at parametric 6 angles under full load
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7.3.3. Depressed State Evaluation (§ = —15°)

To validate the system’s response to symmetrical horizontal loading but asymmetrical vertical loading,
the mechanism was inverted to —15° (FT-14,15,16). Mathematically, the horizontal CoG shift is identical
to the elevated state (L cos(—15°) = Lcos(15°)). The pitch tracking logs exhibited the same high-
precision tracking and reduced steady-state error observed in the +15° test.

While the kinematics are mathematically symmetric to the +15° state, the dynamics are different. At
—15°, the tip actuators are physically lower than the main chassis. Reviewing the Vibration Metrics
(Figure 7.11d) for the —15° reveal that the Accel 0 and Accel 1 vibration levels are relatively higher than
the +15° state, but still operating within the safe 6 to 10 m/s? range.

The PSD plot in this case shows the sudden emergence of prominent, oscillatory mid- to low-frequency
bands. This signature indicates structural resonance specific to the depressed mechanism angle. This
low-frequency noise forces the flight controller to counteract mechanical vibrations actively. This effect
was evident during FT-16, where the flight controller required noticeably longer settling time for a stable
hover.

7.3.4. Maximum Elevation State Evaluation (¢ = 30°)

The 30° locked state represented the maximum theoretical shift for the physical tests. The horizontal
projection is minimized to L cos(30°) ~ 433mm. This substantial 67 mm reduction centralizes the
drone’s mass, allowing the primary PID loops to operate at maximum symmetric efficiency. When
evaluating the 250 g payload data (FT-18), Pitch RMSE reached its lowest loaded value across the
entire sweep at just 3.03°.

Most critically, the 30° elevation provides absolute aerodynamic free-stream isolation. Because the 30°
angle elevates the tip-rotors and the transverse crossbar exactly 250 mm (L sin(30°)) above the main
drone chassis, they are completely extracted from the turbulent horizontal wake of the primary quadrotor
blades. Reviewing the Vibration Metrics (Figure 7.11b), the vibration levels visibly drop, peaking at only
5-6 m/s” with a noticeably cleaner acceleration PSD, confirming increased aerodynamic efficiency.

7.4. Discussion and Implications for Dynamic Control

The discrete parametric sweep successfully mapped the absolute control boundaries of the active aerial
manipulator. By isolating the mechanism at discrete kinematic states (0°,+15°,30°), the experimen-
tal dataset (Table 7.1) proves that the 1505 motor upgrade provides uniform, uninterrupted dynamic
headroom across the required operational envelope.

The dataset provides empirical proof of the cos 8 kinematic decoupling theory derived in Chapter 3. As
established in subsection 7.3.1, the minimal variance in H,,,% (~50.5%) across all 500 g payload states
validates the cos 6 kinematic decoupling theory. Because H,,,% never drops below 48.5%, the control
allocator retains ample thrust authority to correct dynamic disturbances without risking the actuator
saturation that doomed the FT-04 baseline test.

Analyzing the closed-loop tracking errors also revealed a distinct decoupling in the system’s manage-
ment of induced strain. As the distal payload increases, the resulting static torque manifests almost
entirely in the longitudinal axis. Despite the steady-state error, there was no observed loss of stability
in flight performance across the path. In the baseline horizontal state (0°), increasing the payload from
0 g (FT-06) to 500 g (FT-10) degrades the Pitch RMSE from 0.885° to 13.119°, with pitch rate errors scal-
ing accordingly. While the introduction of the distal payload induced these steady-state pitch-tracking
errors, analysis confirmed that the errors are due to a geometric mismatch. This anomaly can be di-
rectly resolved in software by realigning the Control Allocator’s static geometry matrix parameters with
the physical CoG translation (Az.,). Furthermore, the system structurally isolates this stress: Roll
RMSE remains exceptionally tight, fluctuating only marginally between 0.56° and 1.15° across all test
conditions. This mathematically validates the torsional rigidity of the 16 mm carbon fiber boom and
the synchronous signal delivery of the 4-in-1 ESC, ensuring that longitudinal mass asymmetry does
not seep into lateral instability. Yaw RMSE exhibits minor cross-axis coupling -rising from 1.93° to
5.34° under maximum load, but remains highly manageable, proving the counter-rotating tip-actuators
effectively neutralize reactive torque.
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During the —15° depressed state (FT-14,15,16), the distal mechanism is subjected to turbulent down-
wash from the primary base rotors. While the pilot observed that flight control felt marginally stiffer at this
angle (FT-15), the telemetry reveals a Pitch RMSE of just 2.71° for the 250 g load. This indicates that
the AMC architecture effectively suppresses these aerodynamic wake disturbances, keeping structural
vibrations within the Pixhawk 6C IMU’s safe operational margins. The designed PLA-CF joints exhib-
ited good rigidity under these challenging conditions, effectively resisting delamination and resonance
amplification.

Figure 7.12: Pre-flight static resting posture at § = 30° due to CoG displacement.

An important physical constraint observed during testing is the pre-flight static resting posture. Un-
der maximum payload, the severe forward-shifted CoG forces the drone to rest with the distal tip link
grounded, except during the —15° state. Despite this extreme initial asymmetry at liftoff- most pro-
nounced at # = 30° (Figure 7.12) and reflected in the initial transient spikes of the pitch plots -the
controller achieves stable flight. This transient recovery demonstrates the system’s robustness in re-
jecting ground-effect and unmodeled disturbances.

Having empirically proven that the static thrust requirement remains mathematically decoupled from the
boom angle and that the airframe can autonomously reject the induced geometric torque offsets, the
physical and software architectures are fully validated. These locked baseline tests successfully clear
the architecture for the final phase of development: unlocking the mechanical joints, integrating real-
time 0 telemetry via absolute magnetic encoders, and closing the loop for fully dynamic, variable-pitch
manipulation.



Table 7.1: Refined Test Log and Results with RMSE Data and H,,, %
ID Payload Hardware S/W Config Objective Parameters P_RMSE PR RMSE Y RMSE YR RMSE R_RMSE RR_RMSE H,,% Critical Insight
State (0) = 0° (Horizontal)
FT-01 Unloaded 1404 3850KV ~ Open-Loop Validate mechanism Default 0.556 3.822 0.818 2.626 0.493 3.533 - Stable flight
operation
FT-02 440g 1404 3850KV  Open-Loop Baseline Static Default 0.992 8.085 4.05 12.599 0.923 6.992 - Stable flight. Tip rotor
Moment Comp. throttle close to 85%
FT-03  Unloaded 1404 3850KV  Closed-Loop  Validate mechanism Default 7.767 50.573 1.38 4.685 0.647 4.095 67.101 Stable Flight. Offset
operation observed in Pitch
graphs
FT-04 440¢g 1404 3850KV  Closed-Loop  Test mechanism Default 4.455 29.351 5.75 16.702 0.671 5.862 74.285  Takeoff failed
working
FT-05 Unloaded 1505 3750KV  Closed-Loop  Validate the Default 20.859 134.564 7.264 19.684 1.254 3.769 60.674  Takeoff with uneven
upgraded motors thrust
FT-06  Unloaded 1505 3750KV  Closed-Loop  Verify thrust 0.885 5.337 1.934 5.311 0.563 3.267 67.694  Better flight stability
allocation CA_CT_4/5=3
FT-07 2509 1505 3750KV  Closed-Loop  Check flight 3.34 21.619 2.659 9.484 0.692 3.875 60.755  Stable flight
operation CA_CT_4/5=3
FT-08 500¢g 1505 3750KV  Closed-Loop  Check flight 12.864 83.097 3.506 10.935 0.596 4.907 52.399 Less stable at takeoff
operation at full CA_CT_4/5=3
payload
FT-09 500¢g 1505 3750KV  Closed-Loop  Quick takeoff attempt 14.507 93.413 5.419 15.885 1.156 4.309 48.506  Unstable liftoff, but
CA_CT_4/5=3, stability overtime
_HOVER=0.6
FT-10 500g 1505 3750KV  Closed-Loop  Slower takeoff 13.119 85.015 5.347 16.055 1.032 4.669 50.365  Stable liftoff and flight
attempt CA_CT_4/5=3, control
_HOVER=0.6
State (0) = 15° (Elevated)
FT-11 Unloaded 1505 3750KV  Closed-Loop  Check flight 0.652 4.101 0.941 6.65 0.76 3.322 67.481  Stable flight
operation CA_CT_4/5=3,
_HOVER=0.6
FT-12 2509 1505 3750KV  Closed-Loop  Check flight 3.253 20.708 3.207 11.117 1.02 6.25 59.716  Stable flight
operation CA_CT _4/5=3,
_HOVER=0.6
FT-13 500¢g 1505 3750KV  Closed-Loop  Check flight 12.295 79.626 2.61 7.524 0.711 4.839 49.997  Stable flight
operation CA_CT_4/5=3,
_HOVER=0.6
State (0) = -15° (Depressed)
FT-14  Unloaded 1505 3750KV  Closed-Loop  Check flight 0.649 4.667 1.102 8.948 0.909 3.432 69.078  Stable Flight
operation CA_CT_4/5=3,
_HOVER=0.6
FT-15 250¢g 1505 3750KV  Closed-Loop  Check flight 2717 17.563 1.784 6.247 0.709 3.888 60.268  Flight Control harder,
operation CA_CT_4/5=3, but overall stable
_HOVER=0.6
FT-16  500¢g 1505 3750KV  Closed-Loop  Check flight 12.356 80.013 2.84 7.903 0.674 6.633 50.084  Marginally stable flight
operation CA_CT_4/5=3,
_HOVER=0.6

State (0) = 30° (Extreme Elevation)

Continued on next page...
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Table 7.1: Refined Test Log and Results (Continued)

ID Payload Hardware S/W Config Objective Parameters P_RMSE PR RMSE Y RMSE YR_RMSE R _RMSE RR_RMSE H..% Critical Insight
FT-17  Unloaded 1505 3750KV  Closed-Loop  Check flight 0.795 4.922 0.969 4.537 0.663 3.592 67.885  Stable flight
operation CA_CT _4/5=3,
_HOVER=0.6
FT-18 250g 1505 3750KV  Closed-Loop  Check flight 3.032 19.362 3.759 12.106 1.003 4.615 60.181  Stable flight
operation CA_CT_4/5=3,
_HOVER=0.6
FT-19 500g 1505 3750KV  Closed-Loop  Check flight 14.02 88.014 5.706 16.022 0.898 5.868 51.074  Stable flight takeoff
operation CA_CT_4/5=3,
_HOVER=0.6

[011U0D OTUIRUA(] 10] suoneordw] pue uoissnosiq ¥’/

6€



Conclusion

This thesis conceptualized, modeled, and validated a novel active-thrust parallel manipulator designed
to solve the payload-reach limitations inherent to non-contact aerial inspection. By rejecting traditional
passive mass balancing in favor of distributed thrust compensation, the project demonstrated a highly
scalable architecture that maintains UAV flight stability during severe Center of Gravity (CoG) shifts.
Based on the work, the research questions can be answered as follows:

+ Kinematic Decoupling Proof: The mathematical derivation proves that a parallel-link geometry
ensures the active thrust vector remains perfectly vertical, thereby rendering the required Active
Moment Compensation (AMC) thrust a kinematic constant independent of the manipulator’s pitch
angle. This proof led to simplified flight control, with the tip motors requiring ~ 50% thrust across
all the pitch angles.

» Advanced Structural Prototyping: This research fabricated a lightweight, modular, and rigid
1:10 scaled carbon-fiber prototype, using PLA-CF brackets and optimized composite fastener
ratios to mitigate localized stress concentrations against torsional forces induced by the tip rotors
and other factors on the mechanism.

+ Digital Twin Integration: A rigorously calibrated PX4-ROS2 and Gazebo SITL environment were
developed. The PX4 Control Allocator was extended to a 6-motor geometry, and the tip-motor allo-
cation and dual-mode routing architecture were successfully tested in simulation prior to physical
deployment. The developed Simulation-to-Real workflow serves as a base for custom PX4-based
drone mechanisms in general.

» Real-World Experimental Validation: The tests successfully isolated the variables of static
torque, structural tension, and aerodynamic cross-axis coupling from the noise of closed-loop
sensor dynamics. Experiments yielded insights into data trends, the flight controller’s limits, and
corrective measures. The aerial manipulator achieved the primary goal of stable flight across the
structured physical flight-test matrix (6 = 0°, +15°, 30°)

This research bridges the gap between theoretical kinematics concepts and real-world control imple-
mentation. By proving that the required thrust compensation can be achieved as a constant, inde-
pendent of manipulator angle, this thesis eliminates the need for complex control modes to manage
the static torque. The successful mitigation of unmodeled geometric offsets across challenging tests,
combined with structural validation of the components, demonstrates the viability of the Active Moment
Compensation (AMC) concept.

Beyond the scope of the scaled X500 prototype, the findings presented hold implications for the broader
field of aerial robotics. The ability to manage an extended payload without affecting the base drone’s
stabilization limits effectively resolves the "Long-reach Weight Paradox.” This method provides a path-
way to deploying aerial manipulators for industrial NDT without requiring a massive drone chassis.
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Future Outlook

While this thesis successfully validated the static kinematic and structural foundation of the active com-
pensation architecture, critical steps remain to transition the system to a deployable industrial applica-
tion. The current control stack needs further optimization to handle unmodelled load and CoG shifts
effectively. The next task is to develop a dynamic geometric matrix update and identify additional PX4
parameters for better stability.

The subsequent phase of research would focus on unlocking the physical root joint and integrating an
AS5048A absolute magnetic encoder directly into the flight stack. Using the baseline PID data from
the locked parametric tests, a dynamic control loop could be implemented to stabilize the mechanism
at discrete angles.

Furthermore, to deploy actual NDT payloads, such as penetrative X-ray tubes, the 1:10-scale proto-
type must be scaled to the target 2.5m heavy-lift platform. As the physical scale of the carbon fiber
linkage increases, the boom’s structural elasticity will inherently amplify the high-frequency vibrations
induced by the tip rotors. To prevent critical sensor blurring during non-contact imaging, future iter-
ations should explore integrating piezoelectric (PZT) sensors with localized active vibration-damping
algorithms distributed along the manipulator links.

Ultimately, the theoretical models and empirically validated baseline architecture established in this
thesis serve as a blueprint for a new class of dexterous, heavy-lift aerial manipulators capable of safely
performing critical industrial interactions.
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SITL Software Configuration
Architecture

This appendix details the specific software architecture, configuration parameters, and execution pipeline
utilized to construct the Software-in-the-Loop (SITL) digital twin discussed in Chapter 6. While the pri-
mary manuscript focuses on the theoretical derivation of the active compensation kinematics and the
mathematical extension of the Control Allocator, this section provides the technical details of the frame-
work necessary for system reproducibility.

A.1. ROS 2 Workspace and Package Structure

The custom ROS 2 workspace (drone_gimbal_simulation) contains three primary packages:

1. drone_gimbal_gz — Gazebo model definitions (URDF/XACRO), launch files, configuration YAML
files, and the launch_utils.py orchestration module.

2. gz_control_scripts — ROS 2 nodes for boom rotor control and telemetry.
3. control_drone_gimbal_msgs — Custom message definitions for the gimbal control interface.

A.2. PX4 Airframe Geometry and ESC Mapping

Custom Airframe: 4012_gz_x500_boom
A new airframe init script was created at the PX4 firmware path:
ROMFS/px4fmu_common/init.d-posix/airframes/4012_gz_x500_boom

This script extends the base multirotor geometry (CA_AIRFRAME = 0) from 4 to 6 rotors by declaring two
additional rotors with the following geometry parameters:

Table A.1: Overview of the Geometric Parameters set in CA

Parameter Rotor 4 (CCW) Rotor 5 (CW) Description

CA_ROTOR_PX +0.678 +0.678 Forward offset from CG (m)
CA_ROTOR_PY -0.12 +0.12 Lateral offset from CG (m)

CA_ROTOR_PZ -0.105 -0.105 Vertical offset below CG (m)
CA_ROTOR_KM +0.05 -0.05 Yaw moment coeff (sign = spin direction)
CA_ROTOR_AZ -1.0 -1.0 Thrust axis (upward in NED) — default

The positive KM value indicates counter-clockwise rotation (viewed from above) and the negative value
indicates clockwise rotation. The counter-rotating arrangement ensures that equal thrust from both
boom rotors produces zero net yaw torque.
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ESC-to-Gazebo Bridge Mapping

The PX4 Gazebo bridge (GZMixingInterfaceESC) publishes a single gz.msgs.Actuators message
containing a velocity array with one slot per active ESC channel. The mapping is configured through
SIM_GZ_EC_FUNC parameters

Table A.2: Overview of Function Mapping

ESC Chan Output Function MotorIndex Gazebo Slot Physical actuator

1 101 (Motor 1) 0 velocity[0] Main rotor O
2 102 (Motor 2) 1 velocity[1] Main rotor 1
3 103 (Motor 3) 2 velocity[2] Main rotor 2
4 104 (Motor 4) 3 velocity[3] Main rotor 3
5 105 (Motor 5) 4 velocity[4] Boom rotor 0
6 106 (Motor 6) 5 velocity[5] Boom rotor 1

Each Gazebo MulticopterMotorModel plugin instance subscribes to the same command/motor_speed
topic and selects its command from the array using the configured motorNumber parameter. This con-
tiguous indexing scheme is required by the GZMixingInterfaceESC implementation, which counts ac-
tive outputs sequentially.

The ESC minimum values for the boom channels are set to 500 (compared to 150 for the main rotors),
providing an idle spin speed when armed that reduces the spool-up latency for the Control Allocator.

A.3. Launch Configuration and Dual-Mode YAML

The simulation is orchestrated by a single ROS 2 launch file (combi_drone_gimbal.launch.py) that
reads a YAML configuration file and executes the following sequence:

1. Gazebo server and client — Launched with the selected world file and headless/GUI configura-
tion.

2. Model spawning — The composite XACRO model is processed with the appropriate arguments
(gimbal model, boom enabled, PX4 mode) and spawned into the running Gazebo world.

3. PX4 SITL process — The PX4 binary is started with PX4_SYS_AUTOSTART set to the configured
airframe ID and PX4_GZ_MODEL_NAME set to the spawned model name. PX4 waits for the Gazebo
spawn to complete before initializing.

4. ROS-Gazebo bridges — ros_gz_bridge instances are created for odometry, joint states, and
gimbal command topics. In Path A, an additional bridge is created for the boom rotor topic; in
Path B, this bridge is suppressed to avoid conflicts with PX4’s internal Gazebo bridge.

5. Telemetry forwarding — MAVProxy is started for telemetry forwarding to ground control stations.

6. RViz — An optional RViz instance is launched for real-time visualization of the robot model and
TF tree.

The XACRO processing pipeline generates two robot descriptions from the same source file: one
for Gazebo (using Gazebo-relative mesh paths) and one for RViz (using ROS package-relative mesh
paths). This dual-description approach avoids path resolution conflicts between the Gazebo model
system and the ROS resource locator. The full launch process is visualized in Figure 6.1.

Mode Selection
The mode is configured through the launch YAML file:

# Path B (recommended):
boom_enabled: true
boom_px4_mode: true
px4_autostart: '4012'

# Path A (bench testing):
boom_enabled: true
boom_px4_mode: false
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9 # px4_autostart defaults to '4001'

The launch system passes boom_px4_mode as an XACRO argument, which conditionally selects the
commandSubTopic and motorNumber values in the boom motor plugin definitions. The px4_autostart
parameter overrides the PX4 SYS_AUTOSTART environment variable to select the appropriate airframe
init script.

A.4. Verification

The geometric consistency was thoroughly verified, with systematic cross-check between the Gazebo
model (model . xacro), the configuration of the PX4 airframe (4012 _gz _x500 _boom), and the schema
of the parameters of the PX4 CA module (module.yaml). The verification confirmed:

+ All rotor positions (PX, PY, PZ) in the airframe match the corresponding XACRO properties to
millimeter precision.

» The yaw moment coefficients (KM) correctly encode the counter-rotating arrangement (CCW =
+0.05, CW = —0.05).

» The thrust axis defaults (AX = 0, AY = 0, AZ = -1) correctly specify upward-pointing thrust in the
NED frame.

» The thrust coefficient (CT = 6.5, default) is identical for all six rotors, which is correct because
the CA normalizes relative effectiveness - the physical thrust difference between main and boom
rotors is handled by the specifically defined Gazebo motor constants.

» The ESC channel-to-motor-function mapping (101-106) is contiguous and within the valid range
defined by output_functions.yaml (Motor start = 101, count = 12).

» The GZMixingInterfaceESC bridge correctly sizes the velocity array to the number of active ESC
channels (6) and performs a 1:1 index mapping from the output buffer to the Actuators message.

» The Gazebo environment maintains an average Real-Time Factor (RTF) of 0.95 throughout these
simulation runs, proving the validity of the SITL.



Pictures during the process

(a) Preliminary CAD render (b) Final model attached

(c) Mechanism aligning in the RViz (d) Motors and propellers before alignment
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