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Abstract 
Close-range 3D photogrammetric inspection of tall towers with quadcopters is degraded by wind, which pushes the vehicle 
off its scanning orbit and changes the camera-to-structure distance. Conventional flight controllers track a time-
parameterized trajectory, so wind-induced lag must be corrected in both space and time. This paper presents a cascaded 
geometric vector field (VF) guidance law combined with active yaw gaze-locking for helical tower scanning. The VF 
decouples spatial convergence from timing, an outer velocity PI loop rejects wind through its integral action by tilting the 
vehicle into the wind, and the yaw channel is dedicated to keeping the camera pointed at the tower axis. In 6-DoF 
simulations with a 4.5 m/s mean wind, gusts, and Dryden turbulence, 30 paired Monte Carlo runs with PSO-tuned gains 
show that the VF reduces the mean cross-track error by 70.6% relative to PID trajectory tracking and by 48.3% relative to 
nonlinear guidance logic (NLGL), and reduces the stand-off distance variation by 65.8% (p < 0.001). Because the gaze-
locking law uses the measured position, the camera pointing error remained about 0.8° for all guidance laws, showing that 
pointing accuracy is set by the yaw loop and is decoupled from path following. 
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Abstrak 
Inspeksi fotogrametri 3D jarak dekat pada menara tinggi menggunakan quadcopter terganggu oleh angin yang 
mendorong wahana keluar dari orbit pemindaian dan mengubah jarak kamera terhadap struktur. Sistem kendali 
penerbangan konvensional melacak lintasan berparameter waktu, sehingga keterlambatan akibat angin harus dikoreksi 
secara spasial dan temporal sekaligus. Artikel ini menyajikan hukum pemandu medan vektor (vector field, VF) geometris 
bertingkat yang dipadukan dengan penguncian tatapan yaw aktif untuk pemindaian heliks pada menara. VF memisahkan 
konvergensi spasial dari kendala waktu, kalang luar PI kecepatan menolak gangguan angin melalui aksi integralnya 
dengan memiringkan wahana ke arah datangnya angin, dan kanal yaw khusus digunakan untuk menjaga kamera tetap 
mengarah ke sumbu menara. Pada simulasi 6-derajat kebebasan dengan angin rata-rata 4.5 m/s, hembusan, dan 
turbulensi Dryden, 30 run Monte Carlo berpasangan dengan penguat hasil tuning PSO menunjukkan bahwa VF 
menurunkan galat cross-track rata-rata sebesar 70.6% dibandingkan pelacakan lintasan PID dan 48.3% dibandingkan 
nonlinear guidance logic (NLGL), serta menurunkan variasi jarak pandang sebesar 65.8% (p < 0.001). Karena hukum 
penguncian tatapan memakai posisi terukur, galat pembidikan kamera tetap sekitar 0.8° untuk semua hukum pemandu, 
yang menunjukkan bahwa akurasi pembidikan ditentukan oleh kalang yaw dan terpisah dari pengikutan lintasan. 

Kata Kunci: quadcopter, medan vektor geometris, penguncian tatapan yaw aktif, fotogrametri, kompensasi angin 
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1 Introduction 
Unmanned Aerial Vehicles (UAVs) have emerged as essential platforms across civil, industrial, military, and 
environmental sectors, performing critical tasks such as surveying, mapping, high-altitude photography, and 
infrastructure inspection [1],[2]. Among various UAV configurations, multirotor platforms, particularly 
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quadcopters, are highly preferred due to their outstanding maneuverability, ease of maintenance, vertical take-
off and landing (VTOL) capabilities, and hovering capacity [1],[3]. To inspect and reconstruct high-fidelity 3D 
models of tall structures like towers, wind turbines, and chimneys, a quadrotor must execute close-range 
helical or orbital flight paths around the target while capturing dense, multi-angle visual imagery [2],[4]. 
Initially, quadrotor research focused heavily on stabilizing the vehicle's fast and highly unstable attitude 
dynamics applying Proportional-Integral-Derivative (PID) control, backstepping, sliding mode control, and 
adaptive control [1],[5]. While attitude stabilization has been successfully addressed through various classical 
and advanced control techniques, the modern challenge has shifted toward high-precision trajectory control, 
path planning, and robust disturbance rejection [6],[7]. 

The trajectory control problem is conventionally addressed through two distinct paradigms: trajectory tracking 
and path following [6]. In trajectory tracking, the control objective is to force the vehicle to track a pre-
established path with a strict temporal schedule, where the desired references are expressed as a direct time-
varying coordinate vector [3],[8]. While trajectory tracking controllers can successfully achieve target setpoints 
in calm conditions [8], they exhibit severe degradation when subjected to realistic environmental disturbances 
such as wind gusts, shear, and localized turbulence [3]. In outdoor inspection scenarios, a lightweight 
quadrotor is highly sensitive to wind disturbances, which cause large position deviations from the desired path 
[3],[5]. Under a time-dependent trajectory tracking controller, the quadcopter is forced to chase a virtual, 
moving temporal point. When pushed off-course by wind drift, the vehicle expends massive control authority 
trying to correct both spatial coordinate deviations and temporal phase lags simultaneously [6], [9]. This often 
leads to actuator saturation, persistent tracking oscillations, and severe elliptical deformation of the scanning 
orbit [6],[10]. For 3D photogrammetric reconstruction, such tracking drift and oscillations are highly 
detrimental, as they cause motion blur, target clipping, and incomplete coverage of the scanned structure 
[2],[4]. Hence, a solid gaze alignment ensuring perfect overlapping frames is critical for high-fidelity 3D 
structural reconstruction [11]. 

To eliminate the limitations of temporal scheduling, modern research has shifted toward time-independent 
path-following (PF) control [6]. The PF framework removes timing constraints from the control loop, allowing 
the controller to prioritize spatial convergence to the path manifold over speed tracking [6],[11]. Among 
various path-following techniques, Vector Field (VF) guidance has emerged as an elegant and computationally 
efficient methodology [11],[12]. In a VF-based system, a set of virtual guidance vectors is placed around the 
desired path, commanding course inputs to the autopilot to guide the vehicle asymptotically toward the path 
perimeter [11],[13]. When integrated with a cascaded inner velocity loop, the integral action of the velocity 
controller acts as an active wind-drift estimator, allowing the vehicle to naturally crab into the crosswind and 
maintain path convergence with minimal control effort [12],[13],[14]. Furthermore, 3D circumnavigation 
control strategies have been developed to loiter or circle targets, transforming the orbital tracking task into a 
velocity tracking problem that can be stabilized using robust sliding mode or adaptive methods [15],[16]. 
Despite these advancements, integrating geometric vector field guidance with active camera pointing (gaze-
locking) for high-precision 3D vertical reconstruction remains an open challenge [17],[18],[19]. 

Combining path following with camera pointing is not new in itself. For fixed-wing UAVs, Rysdyk [20] derived 
wind-corrected orbit geometries that keep a ground target at a constant line-of-sight angle in the body frame, 
and Frew et al. [21] used Lyapunov guidance vector fields for standoff tracking of moving targets; a 
comparative analysis of the underlying path-following laws is given in [22]. In these works the aircraft heading 
is tied to its course, so the camera line of sight can only be held by reshaping the orbit or by a gimbal. A 
multirotor does not share this constraint, because its yaw can be commanded independently of its ground 
course. The contribution of this paper is therefore an engineering integration rather than a new control law: we 
(i) assign wind rejection entirely to the roll–pitch channel through the integral action of the outer velocity loop 
and dedicate the yaw channel to gaze-locking, (ii) provide a convergence analysis of the resulting vector-field 
and velocity-loop structure, and (iii) quantify, over randomized wind realizations and against two baselines, how 
wind-induced path error propagates into photogrammetric quality metrics such as stand-off distance variation 
and image-plane target offset. 

In this research, we address this critical gap by developing and formulating a Cascaded Geometric Vector Field 
(VF) Guidance Control System coupled with an Active Yaw Gaze-Locking algorithm for quadcopter-based tall 
structure scanning under high-wind conditions. The main contribution of this paper is the integration of a time-
independent 3D helical path-following manifold with an outer-loop velocity PI controller and an active camera 
gaze-lock. This architecture allows the quadcopter to maintain a precise, circular orbit around a tall tower while 
actively compensating for wind drift through coordinated crab maneuvers, while the yaw channel keeps the 
camera pointed at the tower axis. The explicit objective of this study is to mathematically formulate this 
hierarchical control system, implement it in a continuous-time simulation platform, and conduct a comparative 
performance evaluation against standard time-dependent PID trajectory tracking and the nonlinear guidance 
logic (NLGL) of [23] under identical wind realizations. By showing that the VF-guidance approach reduces 
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cross-track error and stand-off distance variation while camera pointing is maintained by the decoupled yaw 
loop, this work provides a control framework for high-precision autonomous UAV photogrammetry in windy 
environments. 

2 Method 
The development of the robust high-altitude scanning system relies on a rigorous mathematical framework 
mapping high-level geometric guidance command to low-level motor actuator inputs. This section details the 
complete 6-DoF quadcopter equations of motion, the cascaded attitude and velocity tracking controllers, the 
guidance laws (parametric helical tracking, geometric vector field, and the NLGL baseline) with a convergence 
analysis of the vector field, the active target gaze-locking algorithm and camera model, and the aerodynamic 
disturbance model. 

2.1 6-DoF Quadcopter Kinematics and Dynamics 
To describe the translational and rotational motion of the quadrotor, two principal coordinate systems are 
defined. First, the inertial world frame 𝑊𝑊 = {𝑋𝑋𝑊𝑊 ,𝑌𝑌𝑊𝑊 ,𝑍𝑍𝑊𝑊}, which is fixed to the earth with 𝑍𝑍𝑊𝑊 pointing upwards 
against gravity, the X-axis pointing East, and the Y-axis pointing North (East–North–Up convention). And 
second, body-fixed frame 𝐵𝐵 = {𝑋𝑋𝐵𝐵 ,𝑌𝑌𝐵𝐵 ,𝑍𝑍𝐵𝐵}, where the origin 𝑂𝑂𝐵𝐵 coincides with the quadcopter’s center of mass 
(CoM). The 𝑋𝑋𝐵𝐵 axis points toward the quadcopter’s forward direction, 𝑌𝑌𝐵𝐵 to the left, and 𝑍𝑍𝐵𝐵 upwards normal to 
the rotor plane. Lastly, rotation matrix 𝑟𝑟𝑊𝑊𝑊𝑊 translates body frame movements into inertia movement, see Figure 
1. 

 
Figure 1. Quadrotor coordinate system 

Let the absolute spatial position and translational velocities of the quadrotor in 𝑊𝑊 be denoted by 𝒑𝒑 = [𝑥𝑥,𝑦𝑦, 𝑧𝑧]𝑇𝑇 
and 𝒗𝒗 = [𝑥̇𝑥, 𝑦̇𝑦, 𝑧̇𝑧]𝑇𝑇 , respectively. The orientation (attitude) is defined by Euler angles 𝜼𝜼 = [𝜙𝜙,𝜃𝜃,𝜓𝜓]𝑇𝑇 
corresponding to roll, pitch, and yaw, respectively. Under small-angle assumptions around hover conditions, 
the angular rates in the body frame 𝝎𝝎 = [𝑝𝑝, 𝑞𝑞, 𝑟𝑟]𝑇𝑇  are assumed satisfy  𝜙̇𝜙, 𝜃̇𝜃, 𝜓̇𝜓 ≈ (𝑝𝑝, 𝑞𝑞, 𝑟𝑟). 

Using the Newton-Euler rigid-body formulation, the 6-DoF equations of motion are formulated as follows: 

 𝑥̈𝑥 =
𝑈𝑈1
𝑚𝑚

(cos𝜙𝜙 sin𝜃𝜃 cos𝜓𝜓 + sin𝜙𝜙 sin𝜓𝜓) −
𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑥𝑥

𝑚𝑚
 (1) 

 𝑦̈𝑦 =
𝑈𝑈1
𝑚𝑚

(cos𝜙𝜙 sin 𝜃𝜃 sin𝜓𝜓 − sin𝜙𝜙 cos𝜓𝜓) −
𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑦𝑦

𝑚𝑚
 (2) 

 𝑧̈𝑧 =
𝑈𝑈1
𝑚𝑚

(cos𝜙𝜙 cos 𝜃𝜃) − 𝑔𝑔 −
𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑧𝑧

𝑚𝑚
 (3) 

 𝜙̈𝜙 =
𝐼𝐼𝑦𝑦 − 𝐼𝐼𝑧𝑧
𝐼𝐼𝑥𝑥

𝜃̇𝜃𝜓̇𝜓 −
𝐽𝐽𝑟𝑟
𝐼𝐼𝑥𝑥
𝜃̇𝜃Ω𝑟𝑟 +

𝑈𝑈2
𝐼𝐼𝑥𝑥

 (4) 

𝑊𝑊 𝑋𝑋𝑊𝑊 

𝑍𝑍𝑊𝑊 

𝑌𝑌𝑊𝑊 

𝐵𝐵 

𝑋𝑋𝐵𝐵  

𝑌𝑌𝐵𝐵  

𝑍𝑍𝐵𝐵  

𝜙𝜙  

𝜃𝜃   

𝜓𝜓  

𝑟𝑟𝑊𝑊𝑊𝑊 
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 𝜃̈𝜃 =
𝐼𝐼𝑧𝑧 − 𝐼𝐼𝑥𝑥
𝐼𝐼𝑦𝑦

𝜙̇𝜙𝜓̇𝜓 +
𝐽𝐽𝑟𝑟
𝐼𝐼𝑦𝑦
𝜙̇𝜙Ω𝑟𝑟 +

𝑈𝑈3
𝐼𝐼𝑦𝑦

 (5) 

 𝜓̈𝜓 =
𝐼𝐼𝑥𝑥 − 𝐼𝐼𝑦𝑦
𝐼𝐼𝑧𝑧

𝜙̇𝜙𝜃̇𝜃 +
𝑈𝑈4
𝐼𝐼𝑧𝑧

 (6) 

Where 𝑚𝑚 is the total mass of the quadrotor, 𝑔𝑔 is the acceleration due to gravity, 𝐼𝐼𝑥𝑥 , 𝐼𝐼𝑦𝑦 , 𝐼𝐼𝑧𝑧  represent the principal 
moments of inertia along the body axes, 𝐽𝐽𝑟𝑟 is the rotor moment of inertia, and Ω𝑟𝑟 = −Ω1 + Ω2 − Ω3 + Ω4 is the 
residual motor spin speed. Then, 𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 represents the aerodynamics drag force vector. And lastly, 𝑈𝑈1,𝑈𝑈2,𝑈𝑈3,𝑈𝑈4 
are the primary control inputs: total vertical thrust, roll torque, pitch torque, and yaw torque, respectively. 

These control variables are mapped to the physical motor speeds (Ω𝑖𝑖) using the rotor thrust (𝑏𝑏) and drag (𝑑𝑑) 
coefficients, with arm length 𝑙𝑙, as result: 

 �

𝑈𝑈1
𝑈𝑈2
𝑈𝑈3
𝑈𝑈4

� = �

𝑏𝑏 𝑏𝑏 𝑏𝑏 𝑏𝑏
0 −𝑏𝑏𝑏𝑏 0 𝑏𝑏𝑏𝑏
−𝑏𝑏𝑏𝑏 0 𝑏𝑏𝑏𝑏 0
𝑑𝑑 −𝑑𝑑 𝑑𝑑 −𝑑𝑑

�

⎣
⎢
⎢
⎢
⎡Ω1

2

Ω22

Ω32

Ω42⎦
⎥
⎥
⎥
⎤
 (7) 

At every control step the mixer (7) is inverted to obtain the squared motor speeds, which are saturated to 
[0,𝛺𝛺𝑚𝑚𝑚𝑚𝑚𝑚2 ]; the yaw torque has the lowest priority and only uses the remaining motor headroom. The vehicle 
parameters used in the simulation are 𝑚𝑚 = 1.5 kg, 𝐼𝐼𝑥𝑥 = 𝐼𝐼𝑦𝑦 = 0.011 kg·m², 𝐼𝐼𝑧𝑧 = 0.022 kg·m², 𝐽𝐽𝑟𝑟 = 6 × 10−5 
kg·m², 𝑙𝑙 = 0.23 m, 𝑏𝑏 = 1.0 × 10−5 N·s², 𝑑𝑑 = 2.4 × 10−7 N·m·s², and a thrust-to-weight ratio of 2, which give 
hover and maximum motor speeds of 607 rad/s and 858 rad/s. 

2.2 Cascaded Control Loop Design 
The highly non-linear, underactuated dynamics of the quadrotor are stabilized by separating the controller into 
a fast inner loop (attitude and rate stabilization) and a slower outer loop (translational tracking). Depending on 
the selected guidance algorithm, two distinct outer horizontal control structures are formulated to compute the 
virtual acceleration demands �𝑢𝑢𝑥𝑥,𝑎𝑎𝑎𝑎𝑎𝑎 ,𝑢𝑢𝑦𝑦,𝑎𝑎𝑎𝑎𝑎𝑎�. 

2.2.1 Inner-Loop Attitude and Altitude Stabilization 

The inner loop operates at as high frequency (500 Hz) to track the desired roll, pitch, yaw angles, and the 
vertical altitude. Since the desired angles are constant and with hovering assumption 𝜙̇𝜙, 𝜃̇𝜃, 𝜓̇𝜓 ≈ (𝑝𝑝, 𝑞𝑞, 𝑟𝑟), the 
error derivative 𝑒̇𝑒𝜙𝜙(𝑡𝑡) = 𝜙̇𝜙𝑑𝑑 − 𝜙̇𝜙(𝑡𝑡) can be simplified as 𝑒̇𝑒𝜙𝜙(𝑡𝑡) = −𝑝𝑝(𝑡𝑡). Hence the Proportional-Integral-
Derivative (PID) control laws are formulated as: 

 𝑈𝑈1 = 𝐾𝐾𝑃𝑃𝑃𝑃𝑒𝑒𝑧𝑧(𝑡𝑡) + 𝐾𝐾𝐼𝐼𝐼𝐼 � 𝑒𝑒𝑧𝑧(𝜏𝜏) 𝑑𝑑𝑑𝑑
𝑡𝑡

0
+ 𝐾𝐾𝐷𝐷𝐷𝐷𝑒̇𝑒𝑧𝑧(𝑡𝑡) + 𝑚𝑚𝑚𝑚 (8) 

 𝑈𝑈2 = 𝐾𝐾𝑃𝑃𝑃𝑃𝑒𝑒𝜙𝜙(𝑡𝑡) + 𝐾𝐾𝐼𝐼𝐼𝐼 � 𝑒𝑒𝜙𝜙(𝜏𝜏) 𝑑𝑑𝑑𝑑
𝑡𝑡

0
− 𝐾𝐾𝐷𝐷𝐷𝐷𝑝𝑝(𝑡𝑡) (9) 

 𝑈𝑈3 = 𝐾𝐾𝑃𝑃𝑃𝑃𝑒𝑒𝜃𝜃(𝑡𝑡) + 𝐾𝐾𝐼𝐼𝐼𝐼 � 𝑒𝑒𝜃𝜃(𝜏𝜏) 𝑑𝑑𝑑𝑑
𝑡𝑡

0
− 𝐾𝐾𝐷𝐷𝐷𝐷𝑞𝑞(𝑡𝑡) (10) 

 𝑈𝑈4 = 𝐾𝐾𝑃𝑃𝑃𝑃𝑒𝑒𝜓𝜓(𝑡𝑡) + 𝐾𝐾𝐼𝐼𝐼𝐼 � 𝑒𝑒𝜓𝜓(𝜏𝜏) 𝑑𝑑𝑑𝑑
𝑡𝑡

0
− 𝐾𝐾𝐷𝐷𝐷𝐷𝑟𝑟(𝑡𝑡) (11) 

With 𝐾𝐾𝑃𝑃𝑃𝑃 ,𝐾𝐾𝑃𝑃𝑃𝑃 ,𝐾𝐾𝑃𝑃𝑃𝑃 ,𝐾𝐾𝑃𝑃𝑃𝑃 are proportional gains for altitude, roll, pitch, and yaw errors. 𝐾𝐾𝐼𝐼𝐼𝐼 ,𝐾𝐾𝐼𝐼𝐼𝐼 ,𝐾𝐾𝐼𝐼𝐼𝐼 ,𝐾𝐾𝐼𝐼𝐼𝐼 are 
integral gains for altitude, roll, pitch, and yaw sum of errors. And 𝐾𝐾𝐷𝐷𝐷𝐷,𝐾𝐾𝐷𝐷𝐷𝐷 ,𝐾𝐾𝐷𝐷𝐷𝐷 ,𝐾𝐾𝐷𝐷𝐷𝐷 are derivative gains for 
altitude and angular rates. 𝑝𝑝(𝑡𝑡), 𝑞𝑞(𝑡𝑡), 𝑟𝑟(𝑡𝑡) are the angular rate gyroscope measurements. 

The tracking error terms (𝑒𝑒𝑧𝑧, 𝑒𝑒𝜙𝜙, 𝑒𝑒𝜃𝜃 , 𝑒𝑒𝜓𝜓) are defined as: 

 𝑒𝑒𝑧𝑧(𝑡𝑡) = 𝑧𝑧𝑑𝑑(𝑡𝑡) − 𝑧𝑧(𝑡𝑡) (12) 
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 𝑒𝑒𝜙𝜙(𝑡𝑡) = 𝜙𝜙𝑑𝑑(𝑡𝑡) − 𝜙𝜙(𝑡𝑡) (13) 

 𝑒𝑒𝜃𝜃(𝑡𝑡) = 𝜃𝜃𝑑𝑑(𝑡𝑡) − 𝜃𝜃(𝑡𝑡) (14) 

 𝑒𝑒𝜓𝜓(𝑡𝑡) = 𝜓𝜓𝑑𝑑(𝑡𝑡) − 𝜓𝜓(𝑡𝑡) (15) 

2.2.2 Outer-Loop 1: Position PID Controller (Trajectory Tracking Configuration) 
For the baseline standard trajectory tracking system, lateral translation is governed by a direct position-
tracking PID controller with derivative velocity feedback. This loop computes the virtual horizontal acceleration 
demands directly from position and velocity errors: 

 𝑢𝑢𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 = 𝐾𝐾𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑒𝑒𝑥𝑥(𝑡𝑡) + 𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 � 𝑒𝑒𝑥𝑥(𝜏𝜏) 𝑑𝑑𝑑𝑑
𝑡𝑡

0
+ 𝐾𝐾𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑣𝑣𝑥𝑥𝑥𝑥 − 𝑣𝑣𝑥𝑥) (16) 

 
𝑢𝑢𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 = 𝐾𝐾𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑒𝑒𝑦𝑦(𝑡𝑡) + 𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 � 𝑒𝑒𝑦𝑦(𝜏𝜏) 𝑑𝑑𝑑𝑑

𝑡𝑡

0
+ 𝐾𝐾𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷�𝑣𝑣𝑦𝑦𝑦𝑦 − 𝑣𝑣𝑦𝑦� (17) 

Where, 𝐾𝐾𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ,𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 and 𝐾𝐾𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 are the proportional, integral, and derivative gains for the position error, and the 
position error terms are 

 𝑒𝑒𝑥𝑥(𝑡𝑡) = 𝑥𝑥𝑑𝑑(𝑡𝑡) − 𝑥𝑥(𝑡𝑡) (18) 

 𝑒𝑒𝑦𝑦(𝑡𝑡) = 𝑦𝑦𝑑𝑑(𝑡𝑡) − 𝑦𝑦(𝑡𝑡) (19) 

 𝑒̇𝑒𝑥𝑥 = 𝑥̇𝑥𝑑𝑑 − 𝑥̇𝑥 = 𝑣𝑣𝑥𝑥𝑥𝑥 − 𝑣𝑣𝑥𝑥  (20) 

 𝑒̇𝑒𝑦𝑦 = 𝑦̇𝑦𝑑𝑑 − 𝑦̇𝑦 = 𝑣𝑣𝑦𝑦𝑦𝑦 − 𝑣𝑣𝑦𝑦 (21) 

  With 𝑣𝑣𝑥𝑥𝑥𝑥  and 𝑣𝑣𝑦𝑦𝑦𝑦 are desired velocities generated by guidance laws. 

2.2.3 Outer-Loop 2: Velocity PI Controller (Vector Field Path-Following Configuration) 
For the proposed Geometric Vector Field path-following system, the spatial guidance law directly outputs 
desired ground velocity references �𝑣𝑣𝑥𝑥𝑥𝑥 , 𝑣𝑣𝑦𝑦𝑦𝑦� rather than coordinates. To track these references, a dedicated 
velocity PI loop is utilized: 

 𝑢𝑢𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 = 𝐾𝐾𝑃𝑃𝑃𝑃(𝑣𝑣𝑥𝑥𝑥𝑥 − 𝑣𝑣𝑥𝑥) + 𝐾𝐾𝐼𝐼𝐼𝐼 � (𝑣𝑣𝑥𝑥𝑥𝑥 − 𝑣𝑣𝑥𝑥) 𝑑𝑑𝑑𝑑
𝑡𝑡

0
 (22) 

 𝑢𝑢𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 = 𝐾𝐾𝑃𝑃𝑃𝑃�𝑣𝑣𝑦𝑦𝑦𝑦 − 𝑣𝑣𝑦𝑦� + 𝐾𝐾𝐼𝐼𝐼𝐼 � �𝑣𝑣𝑦𝑦𝑦𝑦 − 𝑣𝑣𝑦𝑦� 𝑑𝑑𝑑𝑑
𝑡𝑡

0
 (23) 

Under constant crosswinds, the velocity error integral terms act as a passive aerodynamic force estimator. 
They steadily accumulate to generate pitch and roll tilt demands, forcing the quadrotor to adopt a constant 
“crab angle” into the wind to maintain the desired trajectory. 

2.2.4 Virtual Acceleration to Attitude Angle Mapping 

Regardless of which outer-loop controller configuration is used to compute 𝑢𝑢𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥  and 𝑢𝑢𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦, these virtual forces 
are translated to physical desired roll 𝜙𝜙𝑑𝑑 and pitch 𝜃𝜃𝑑𝑑 angles using the current yaw orientation 𝜓𝜓: 

 𝜙𝜙𝑑𝑑 =
1
𝑔𝑔
�𝑢𝑢𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 sin(𝜓𝜓) − 𝑢𝑢𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 cos(𝜓𝜓)� (24) 

 𝜃𝜃𝑑𝑑 =
1
𝑔𝑔
�𝑢𝑢𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 cos(𝜓𝜓) + 𝑢𝑢𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 sin(𝜓𝜓)� (25) 
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To ensure flight safety, small-angle approximation validity, and prevent altitude thrust loss, these commands 
are bounded to a maximum angle of 25𝑜𝑜  (0.43 rad) : 

𝜙𝜙𝑑𝑑,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = clip(𝜙𝜙𝑑𝑑,−0.43, 0.43),        𝜃𝜃𝑑𝑑,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = clip(𝜃𝜃𝑑𝑑,−0.43, 0.43) 

2.3 Guidance Laws and Orbit Generation 
To achieve close-range vertical scans of tall objects, three high-level guidance laws are evaluated: the time-
parameterized trajectory used as the conventional baseline, the proposed geometric vector field, and the NLGL 
as a baseline from the literature. 

2.3.1 Parametric Helical Trajectory Tracking 
In PID position control for trajectory tracking, the high-level mission control commands time-dependent spatial 
coordinates: 

 𝑥𝑥𝑑𝑑(𝑡𝑡) = 𝑥𝑥𝑡𝑡 + 𝑅𝑅 cos(𝜔𝜔0𝑡𝑡) (26) 

 𝑦𝑦𝑑𝑑(𝑡𝑡) = 𝑦𝑦𝑡𝑡 + 𝑅𝑅 sin(𝜔𝜔0𝑡𝑡) (27) 

 𝑧𝑧𝑑𝑑(𝑡𝑡) = 𝑧𝑧start + 𝑣𝑣𝑧𝑧𝑡𝑡 (28) 

Where (𝑥𝑥𝑡𝑡 ,𝑦𝑦𝑡𝑡) is the center of the tower, 𝑅𝑅 is the scanning radius (10 𝑚𝑚), 𝜔𝜔0 is the orbital velocity (0.15 𝑟𝑟𝑟𝑟𝑟𝑟/
𝑠𝑠), and 𝑣𝑣𝑧𝑧 is the slow climbing rate (0.4 𝑚𝑚/𝑠𝑠). 

The reference velocities serve directly as derivative feedforward terms in the standard position tracking loop: 

 𝑣𝑣𝑥𝑥,𝑑𝑑(𝑡𝑡) = −𝑅𝑅𝜔𝜔0 sin(𝜔𝜔0𝑡𝑡) (29) 

 𝑣𝑣𝑦𝑦,𝑑𝑑(𝑡𝑡) = 𝑅𝑅𝜔𝜔0 cos(𝜔𝜔0𝑡𝑡) (30) 

2.3.2 Geometric Vector Field (VF) Path Guidance 
Rather than forcing the quadcopter to be at a specific coordinate at a specific timestamp, the geometric vector 
field (VF) approach creates a spatial map of unit course directions that drive the quadcopter to converge onto 
the scanning orbit path while maintaining velocity using PI velocity controller [24].  

Let the distance to the tower center (𝑥𝑥𝑡𝑡 ,𝑦𝑦𝑡𝑡) be 𝑑𝑑(𝑡𝑡) = �(𝑥𝑥 − 𝑥𝑥𝑡𝑡)2 + (𝑦𝑦 − 𝑦𝑦𝑡𝑡)2, and the radial distance error be 
𝑑̂𝑑(𝑡𝑡) = 𝑑𝑑(𝑡𝑡) − 𝑅𝑅. The current phase angle of the quadrotor relative to the tower is defined as: 

 𝛾𝛾(𝑡𝑡) = atan2(𝑦𝑦 − 𝑦𝑦𝑡𝑡 , 𝑥𝑥 − 𝑥𝑥𝑡𝑡) (31) 

The commanded course angle 𝜒𝜒𝑐𝑐𝑐𝑐𝑐𝑐 is generated based on the radial path error [11]: 

 
𝜒𝜒𝑐𝑐𝑐𝑐𝑐𝑐(𝑡𝑡) = 𝛾𝛾(𝑡𝑡) + 𝜆𝜆 �

𝜋𝜋
2

+ tan−1 �𝑘𝑘0𝑑̂𝑑(𝑡𝑡)�� (32) 

Where 𝜆𝜆 ∈ {−1, +1} determines the orbit direction (clockwise or counterclockwise), and 𝑘𝑘0 > 0 is a 
convergence gain that governs the entry profile. 

As 𝑑̂𝑑 → ∞,  tan−1�𝑘𝑘0𝑑̂𝑑� → 𝜋𝜋/2, commanding the quadrotor to fly directly toward the center of the tower. When 
the vehicle is on the orbit boundary �𝑑̂𝑑 = 0�, tan−1(0) = 0, aligning the commanded course perfectly tangent 
(𝛾𝛾 + 𝜆𝜆𝜆𝜆/2) to the circle.  

Then, the horizontal reference velocities are computed using the desired ground scan speed 𝑉𝑉𝑑𝑑 (𝑉𝑉𝑑𝑑 = 𝑅𝑅𝜔𝜔0 =
1.5 m/s, so that all guidance laws scan at the same rate) and passed as inputs to the velocity tracking loops: 

 𝑣𝑣𝑥𝑥,𝑑𝑑(𝑡𝑡) = 𝑉𝑉𝑑𝑑 cos�𝜒𝜒𝑐𝑐𝑐𝑐𝑐𝑐(𝑡𝑡)� (33) 

 𝑣𝑣𝑦𝑦,𝑑𝑑(𝑡𝑡) = 𝑉𝑉𝑑𝑑 sin�𝜒𝜒𝑐𝑐𝑐𝑐𝑐𝑐(𝑡𝑡)� (34) 
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2.3.3 Convergence Analysis of the Vector Field 
Assume first that the velocity loop tracks its reference exactly, so that the horizontal ground velocity equals 

𝑉𝑉𝑑𝑑[cos(𝜒𝜒𝑐𝑐𝑐𝑐𝑐𝑐) ,  sin(𝜒𝜒𝑐𝑐𝑐𝑐𝑐𝑐)]𝑇𝑇. Using (32) and cos �𝜆𝜆 �𝜋𝜋
2

+ 𝑎𝑎�� = − sin(𝑎𝑎), the radial distance evolves as 

 
𝑑̇𝑑 = 𝑉𝑉𝑑𝑑cos(𝜒𝜒𝑐𝑐𝑐𝑐𝑐𝑐 − 𝛾𝛾) = −

𝑉𝑉𝑑𝑑𝑘𝑘0𝑑̂𝑑

�1 + 𝑘𝑘02𝑑̂𝑑2
 (35) 

With the Lyapunov candidate 𝑊𝑊 = 1 2⁄ 𝑑̂𝑑2, 

 
𝑊̇𝑊 = 𝑑̂𝑑 𝑑̇𝑑 = −

𝑉𝑉𝑑𝑑𝑘𝑘0𝑑̂𝑑2

�1 + 𝑘𝑘02𝑑̂𝑑2
< 0, ∀ 𝑑̂𝑑 ≠ 0 (36) 

so the orbit 𝑑̂𝑑 = 0 is asymptotically stable for every initial position except the tower center (𝑑𝑑 = 0), where 𝛾𝛾 is 
undefined. Near the orbit 𝑑̇𝑑 ≈ −𝑉𝑉𝑑𝑑𝑘𝑘0𝑑̂𝑑, i.e. the convergence is exponential with time constant 𝜏𝜏 = 1/(𝑉𝑉𝑑𝑑𝑘𝑘0), 
whereas far from the orbit the approach speed saturates at 𝑉𝑉𝑑𝑑. On the orbit the phase rate is 𝛾̇𝛾 = 𝜆𝜆𝑉𝑉𝑑𝑑/𝑅𝑅, so 
choosing 𝑉𝑉𝑑𝑑 = 𝑅𝑅𝜔𝜔0 gives the same scan rate as the time-parameterized reference (26)–(28). Now let the 
velocity loop have a tracking error 𝜀𝜀(𝑡𝑡) caused by gusts, turbulence, and loop dynamics, with radial component 
|𝜀𝜀𝑟𝑟| ≤ 𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚 < 𝑉𝑉𝑑𝑑. Then 

 

𝑊̇𝑊 ≤ −�𝑑̂𝑑�

⎝

⎛ 𝑉𝑉𝑑𝑑𝑘𝑘0�𝑑̂𝑑�

�1 + 𝑘𝑘02𝑑̂𝑑2
− 𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚

⎠

⎞ (37) 

which is negative whenever �𝑑̂𝑑� exceeds 

 
𝑑𝑑𝑢𝑢𝑢𝑢 =

𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚
𝑘𝑘0�𝑉𝑉𝑑𝑑2 − 𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚2

 (38) 

Hence 𝑑̂𝑑 is uniformly ultimately bounded after any time 𝑡𝑡0, �𝑑̂𝑑(𝑡𝑡)� ≤ max��𝑑̂𝑑(𝑡𝑡0)�,𝑑𝑑𝑢𝑢𝑢𝑢�. Because the integral 
terms of (22)–(23) remove the constant part of the wind disturbance, 𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚 reflects only its time-varying part. 
The analysis treats the velocity loop as a faster inner loop (time-scale separation). A complete proof for the full 
cascade including the attitude dynamics is beyond the scope of this paper. The bound is verified numerically in 
Section 3.3. 

2.3.4 NLGL Baseline 
As a baseline from the literature, the nonlinear guidance logic (NLGL) of Park et al. [23] is adapted to the orbit. 
A reference point is placed on the orbit at distance 𝐿𝐿1 ahead of the vehicle (or at the closest orbit point when 
the orbit is farther than 𝐿𝐿1), and 𝜂𝜂 is the angle between the commanded course 𝜒𝜒𝑑𝑑 and the line of sight to that 

point. The NLGL lateral acceleration 𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙 = 2𝑉𝑉𝑑𝑑
2 sin(𝜂𝜂)
𝐿𝐿1

 is converted into a course-rate command, as on the fixed-
wing platform for which NLGL was designed, 

 
𝜒̇𝜒𝑑𝑑 =

𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙
𝑉𝑉𝑑𝑑

=
2𝑉𝑉𝑑𝑑 sin(𝜂𝜂)

𝐿𝐿1
 (39) 

and the resulting velocity reference 

 𝑣𝑣𝑥𝑥,𝑑𝑑 = 𝑉𝑉𝑑𝑑 cos(𝜒𝜒𝑑𝑑) ,  𝑣𝑣𝑦𝑦,𝑑𝑑 = 𝑉𝑉𝑑𝑑 sin(𝜒𝜒𝑑𝑑) (40) 

is tracked by the same velocity PI loop (22)–(23) as the proposed method, so that NLGL and the VF differ only 
in the guidance law. 

2.4 Active Yaw “Gaze-Locking” Control 
For high-fidelity 3D photogrammetric reconstruction, the vehicle’s onboard camera, mounted on a two-axis 
gimbal that compensates roll and pitch, is aligned in yaw with the +𝑋𝑋𝐵𝐵 body axis and must remain oriented 
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orthogonally toward the central scanning axis [2],[18]. To maintain this gaze-lock on the tower center (𝑥𝑥𝑡𝑡 ,𝑦𝑦𝑡𝑡), 
the yaw command (𝜓𝜓𝑑𝑑) is updated dynamically based on real-time positional coordinates: 

 𝜓𝜓𝑑𝑑(𝑡𝑡) = atan2�𝑦𝑦𝑡𝑡 − 𝑦𝑦(𝑡𝑡), 𝑥𝑥𝑡𝑡 − 𝑥𝑥(𝑡𝑡)� (41) 

Since the physical position is continuously shifting due to orbital movement and wind drift, the yaw tracking 
error 𝑒𝑒𝜓𝜓 = 𝜓𝜓𝑑𝑑(𝑡𝑡) −𝜓𝜓(𝑡𝑡) is normalized within the range [−𝜋𝜋,𝜋𝜋] to avoid trigonometric wrap-around spikes: 

 𝑒𝑒𝜓𝜓,𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = mod�𝑒𝑒𝜓𝜓 + 𝜋𝜋, 2𝜋𝜋� − 𝜋𝜋 (42) 

This continuous gaze steering ensures that the tower remains centered on the optical sensor, eliminating 
target clipping and maintaining structural feature overlap between sequential video frames. 

The camera is modeled as a pinhole camera with a 36 mm × 24 mm sensor, a 35 mm focal length, and an 
image width of 𝑊𝑊 = 4000 px, which gives a horizontal field of view HFoV = 2tan−1(𝑠𝑠𝑤𝑤/2𝑓𝑓) = 54.4∘. A yaw 
pointing error 𝑒𝑒𝜓𝜓 shifts the tower axis in the image by 

 
𝛥𝛥𝛥𝛥 = 𝑓𝑓𝑝𝑝𝑝𝑝 tan�𝑒𝑒𝜓𝜓� ,  𝑓𝑓𝑝𝑝𝑝𝑝 =

𝑊𝑊/2
tan(HFoV/2) ≈ 3889 px (43) 

At the 10 m stand-off distance the frame spans 10.3 m horizontally. Because the camera is gimbal-stabilized 
in roll and pitch, the horizontal pointing error equals the yaw error. For a camera rigidly fixed to the body, the 
steady tilt into the wind adds a further pointing error, which is reported separately in Section 3.4. 

2.5 Simulation Environment and Wind Configuration 
The evaluation of all controllers is performed using a continuous-time simulation environment implemented in 
Python, execution at a fixed step-size of 2 𝑚𝑚𝑚𝑚 (500 Hz) to model the high-fidelity flight dynamics. All integrators 
are clamped to prevent wind-up: ±2 m·s for the position and altitude integrals, ±5 m for the velocity integrals, 
and ±1 rad·s for the attitude integrals. 

The vehicle is subjected to a realistic compound aerodynamic model. The total drag force acting on the 
quadcopter frame is proportional to its translational velocity relative to the local wind velocity: 

 𝐅𝐅𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑚𝑚 𝑐𝑐𝑑𝑑(𝐯𝐯 − 𝐯𝐯𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤) (44) 

Where 𝑐𝑐𝑑𝑑 = 0.25 s−1 is the linear drag coefficient per unit mass. 

The simulated wind vector consists of three components, 

 𝐯𝐯𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤(𝑡𝑡) = 𝐯𝐯𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 𝐯𝐯𝑔𝑔(𝑡𝑡) + 𝐯𝐯𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑡𝑡) (45) 

- Steady Mean Crosswind: A constant 4.5 m/s wind coming from a 45𝑜𝑜 azimuth (North-East), i.e. blowing 
toward the south-west; in the Monte Carlo study of Section 3.3 the direction is drawn uniformly from [0°, 
360°). 

- Dynamic Gusts: A low-frequency sinusoidal drift 𝑣𝑣𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔(𝑡𝑡) = 1.5 sin(0.2𝑡𝑡) m/s along the mean wind 
direction. 

- Turbulence: the Dryden continuous turbulence model in the low-altitude form of MIL-HDBK-1797 [25], 
generated by passing unit-variance white noise through the forming filters 

 
𝐻𝐻𝑢𝑢(𝑠𝑠) = 𝜎𝜎𝑢𝑢�

2𝐿𝐿𝑢𝑢
𝜋𝜋𝜋𝜋

 
1

1 + 𝐿𝐿𝑢𝑢
𝑉𝑉
𝑠𝑠
 (46) 

 
𝐻𝐻𝑣𝑣(𝑠𝑠) = 𝜎𝜎𝑣𝑣�

2𝐿𝐿𝑣𝑣
𝜋𝜋𝜋𝜋

 
1 + 2√3 𝐿𝐿𝑣𝑣

𝑉𝑉
𝑠𝑠

�1 + 2 𝐿𝐿𝑣𝑣
𝑉𝑉
𝑠𝑠�

2 (47) 

and 𝐻𝐻𝑤𝑤 has the same structure as 𝐻𝐻𝑣𝑣 , using 𝐿𝐿𝑤𝑤 and 𝜎𝜎𝑤𝑤. Below 1000 ft, with ℎ in ft, 

 
𝐿𝐿𝑢𝑢 = 2𝐿𝐿𝑣𝑣 =

ℎ
(0.177 + 0.000823ℎ)1.2 ,  2𝐿𝐿𝑤𝑤 = ℎ (48) 
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𝜎𝜎𝑤𝑤 = 0.1𝑊𝑊20,  𝜎𝜎𝑢𝑢 = 𝜎𝜎𝑣𝑣 =

𝜎𝜎𝑤𝑤
(0.177 + 0.000823ℎ)0.4 (49) 

where 𝑊𝑊20 is the wind speed at 20 ft (6 m). Because the airspeed of the quadcopter during the orbit is small, 
the mean wind speed is used as the advection speed 𝑉𝑉 (frozen-turbulence assumption). We use 𝑊𝑊20 = 4.5 
m/s and evaluate the scales at the reference altitude of the helix (with ℎ ≥ 10 ft), which gives 𝜎𝜎𝑢𝑢 = 𝜎𝜎𝑣𝑣 from 
0.88 to 0.72 m/s and 𝜎𝜎𝑤𝑤 = 0.45 m/s over the 2–50 m altitude range. The turbulence components act along 
the mean wind (𝑢𝑢), across it (𝑣𝑣), and vertically (𝑤𝑤). 

To test the robust convergence of the controllers, the quadcopter is initialized at a significant offset location 
𝒑𝒑0 = [12,−2,0]𝑇𝑇 m, placing it outside the desired scanning orbit, and is commanded to ascend and lock into 
the 10-meter orbit radius. Each run lasts 120 s (about 2.9 orbits), during which the vehicle climbs from 2 m to 
50 m. 

3 Results and Discussion 
To evaluate the performance of the proposed Geometric Vector Field (VF) guidance law against classical 
cascaded Proportional-Integral-Derivative (PID) trajectory tracking and the NLGL baseline, a series of 
continuous-time numerical simulations were carried out under identical, severe environmental conditions. The 
simulations model the quadcopter performing a 3D helical scan of a tall structure (tower) located at coordinate 
(0,0,0) with a target radius 𝑅𝑅 = 10 𝑚𝑚, a slow climb rate of 0.4 𝑚𝑚/𝑠𝑠, and an orbital speed of 0.15 𝑟𝑟𝑟𝑟𝑟𝑟/𝑠𝑠. The 
quadcopter is launched from a significant initial offset coordinate (12,−2,0) to test the entry and convergence 
characteristics of all flight algorithms. 

The cascaded inner-outer loop controllers gains are shared by all controllers as shown in Table 1. 

Table 1. Inner-outer loop control parameters  

No. Control Parameters Description Value 

1 𝐾𝐾𝑃𝑃𝑃𝑃 ,𝐾𝐾𝑃𝑃𝑃𝑃 Proportional gain on attitude and rate  8.0 

2 𝐾𝐾𝐼𝐼𝐼𝐼 ,𝐾𝐾𝐼𝐼𝐼𝐼  Integral gain on attitude and rate 0.01 

3 𝐾𝐾𝐷𝐷𝐷𝐷 ,𝐾𝐾𝐷𝐷𝐷𝐷 Derivative gain on attitude and rate 0.8 

4 𝐾𝐾𝑃𝑃𝑃𝑃 Proportional gain on the yaw control 6 

5 𝐾𝐾𝐼𝐼𝐼𝐼 Integral gain on the yaw control 0.01 

6 𝐾𝐾𝐷𝐷𝐷𝐷 Derivative gain on the yaw control 0.6 

7 𝐾𝐾𝑃𝑃𝑃𝑃 Proportional gain on the altitude tracker 10 

8 𝐾𝐾𝐼𝐼𝐼𝐼 Integral gain on the altitude tracker 0.1 

9 𝐾𝐾𝐷𝐷𝐷𝐷 Derivative gain on the altitude tracker 5 

 

3.1 Transient Performance and Orbit Convergence 
The transient response represents a critical flight phase where the vehicle transitions from free positioning to a 
stable loitering manifold. Under calm conditions, all controllers successfully guide the quadrotor to the starting 
altitude of 𝑧𝑧 = 2 𝑚𝑚 and onto the 10 𝑚𝑚 radius circle. However, their transient trajectories exhibit distinct 
behaviours when subjected to identical initial conditions. All controllers were tuned with a global-best particle 
swarm optimization (PSO) using the same evaluation budget. Each particle position contains the three outer-
loop parameters of one controller, and its cost is the RMS of the radial error 𝑑̂𝑑 over a 60 s run, averaged over 
three wind realizations (Section 2.5) whose seeds are not reused in the evaluation runs of Section 3.3. The 
PSO settings and search bounds are listed in Table 3 and the resulting gains in Table 2. Several gains reached 
the limits of the search space; these limits keep the outer loops at least about 2.5 times slower than the 
attitude loop, whose natural frequency is about 27 rad/s. Because the simulation contains no position-sensor 
noise, higher gains are not penalized, so the absolute errors reported below should be read as lower bounds. 
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Table 2. PSO-optimized outer-loop parameters  

No. Control 
parameters Description Value 

PID position control trajectory tracking 
1 𝐾𝐾𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 Proportional gain on Position control 10.0 

2 𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 Integral gain on Position control 4.28 

3 𝐾𝐾𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 Derivative gain on Position control 7.31 

PI velocity control geometric vector field 
1 𝑘𝑘0 Transition rate gain to orbit path 2.00 
2 𝐾𝐾𝑃𝑃𝑃𝑃 Velocity error gain 5.45 
3 𝐾𝐾𝐼𝐼𝐼𝐼 Velocity integral gain (rejects wind drift) 5.00 

NLGL baseline [22] with the velocity PI loop of (22)–(23) 
1 𝐿𝐿1 Look-ahead distance (m) 1.00 
2 𝐾𝐾𝑃𝑃𝑃𝑃 Velocity error gain 7.16 
3 𝐾𝐾𝐼𝐼𝐼𝐼 Velocity integral gain (rejects wind drift) 5.00 

 

Table 3. PSO settings and search bounds 

No. Symbol Setting Value 
1 𝑛𝑛𝑝𝑝 Swarm size 30 

2 𝑛𝑛𝑖𝑖𝑖𝑖 Iterations 20 
3 𝑤𝑤 Inertia weight 0.4 
4 𝑐𝑐1 Cognitive coefficient 1.7 
5 𝑐𝑐2 Social coefficient 1.7 
6 𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚 Particle velocity limit 20% of search range 
7 𝐽𝐽 Cost: RMS of 𝑑̂𝑑 over 60 s, mean of 3 tuning winds – 
8 – Bounds, PID (𝐾𝐾𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, 𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼, 𝐾𝐾𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷) [0, 10], [0, 5], [0, 10] 

9 – Bounds, VF (𝑘𝑘0, 𝐾𝐾𝑃𝑃𝑃𝑃, 𝐾𝐾𝐼𝐼𝐼𝐼) [0.05, 2], [0.1, 10], [0, 5] 
10 – Bounds, NLGL (𝐿𝐿1 in m, 𝐾𝐾𝑃𝑃𝑃𝑃, 𝐾𝐾𝐼𝐼𝐼𝐼) [1, 19], [0.1, 10], [0, 5] 

 

The standard trajectory tracker commands coordinate relative to a moving temporal clock, 𝐩𝐩𝑑𝑑(𝑡𝑡). Because the 
quadcopter is launched from an initial distance offset of approximately 2.8 m from the reference start 
coordinates, the standard controller generates high virtual acceleration demands to catch up with the moving 
virtual point on the path. This results in an overshoot of 0.27 m inside the orbit at 𝑡𝑡 ≈ 1.4 s for the PID tracker 
(0.28 m at 𝑡𝑡 ≈ 2.0 s for NLGL), whereas the VF enters the orbit without overshoot and settles within ±0.25 m 
after 1.4 s, as shown in Figure 2. 

 
Figure 2. Cross-track error comparison: no wind (𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜) 
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In contrast, the Geometric Vector Field guidance law commands course headings 𝜒𝜒𝑐𝑐𝑐𝑐𝑐𝑐 based purely on spatial 
distance from the orbit path boundary, completely removing any time dependence. As illustrated in the top-
view flight profile, see Figure 3 , the VF controller guides the quadrotor along a highly smooth, direct asymptotic 
curve the merges into the orbit path seamlessly without the prominent initial oscillations typical of time-
constrained trackers. After convergence in calm air, the residual radial error is 15 mm for PID, 8 mm for NLGL, 
and 4 mm for the VF; these residuals arise because none of the outer loops includes a centripetal acceleration 
feed-forward. 

 
Figure  3. Top-down orbit paths  

3.2 Trajectory Tracking in Wind Disturbances 
The primary objective of the simulation was to assess the disturbance rejection capability on typical outdoor 
atmospheric conditions at working altitude of (10 - 50 m) near tall structures such as towers. Hence, all control 
loops are exposed to a 4.5 m/s mean wind from the north-east (45° azimuth, which couples both horizontal 
axes along the circular orbit), a sinusoidal gust of ±1.5 m/s, and Dryden turbulence. The results for a 
representative wind realization (turbulence seed 0) are shown in Figure 4.  

 
(a) (b) 

Figure 4. Top-Down Orbit Paths under Wind Drift: (a) orbit shape with magnified radial deviation, (b) radial deviation  
around the orbit 

Under wind, all three controllers remain on the orbit to within a few centimeters once the entry transient has 
decayed (Figure 4 and Figure 5b). The radial error is mostly positive, i.e. the vehicle flies slightly outside the 
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orbit, because none of the outer loops includes a centripetal acceleration feed-forward; superimposed on this 
offset are fluctuations driven by the gusts and the Dryden turbulence. The time-parameterized PID tracker 
shows the largest deviations, up to 41 mm in this realization, because the wind delays the vehicle with respect 
to its moving reference point and the controller must correct a spatial and a temporal error at the same time. 
Variations of the radial error change the camera-to-tower distance and therefore the ground sampling distance 
(GSD) of the images, which is relevant for 3D reconstruction. 

 
(a) (b) 

Figure 5. Cross-Track Error Comparison (𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜) under wind: (a) entry transient, (b) after convergence (zoomed) 

The VF guidance law keeps the smallest deviation, with a maximum of 15 mm after convergence in this 
realization (26 mm for NLGL). Because the VF commands course directions that bend toward the orbit based 
on the actual radial offset, it does not have to resynchronize with a moving reference, and because its 
commands are tracked by the velocity PI loop, the integral action estimates the steady part of the wind force 
and tilts the vehicle into the wind (a mean tilt of about 7.6° in this realization) while the ground course stays 
on the circle. During the entry transient under wind, the PID tracker overshoots 0.90 m inside the orbit, NLGL 
0.42 m, and the VF 0.09 m (Figure 5a). 

3.3 Quantitative Performance Comparison 
To assess statistical significance, each controller was evaluated in N = 30 paired Monte Carlo runs. In run 𝑖𝑖 all 
controllers experience the same wind realization: the mean wind direction is drawn uniformly from [0°, 360°) 
and the Dryden turbulence uses noise seed 𝑖𝑖. Each run lasts 120 s, and the metrics are computed after 𝑡𝑡 = 10 
s to exclude the initial convergence. Table 4 reports the mean ± standard deviation over the runs, and the 
differences were tested with a two-sided Wilcoxon signed-rank test on the paired runs (𝛼𝛼 = 0.05). Figure 6 
shows the distributions of the main metrics. 

Table 4. Monte Carlo performance metrics under wind (mean ± SD over N = 30 paired runs) 

Performance metric PID NLGL [22] VF (proposed) Reduction vs 
PID 

Reduction vs 
NLGL 

Mean cross-track error (mm) 15.32 ± 1.11 8.72 ± 0.58 4.51 ± 0.28 70.6%* 48.3%* 
Maximum cross-track error 

(mm) 36.87 ± 4.72 24.97 ± 3.22 14.01 ± 1.90 62.0%* 43.9%* 

Stand-off distance SD (mm) 10.48 ± 1.22 6.69 ± 0.51 3.59 ± 0.25 65.8%* 46.4%* 
Mean altitude tracking error 

(mm) 15.19 ± 2.57 15.54 ± 2.62 15.52 ± 2.62 −2.2%* 0.1% 

Mean yaw pointing error  
(deg) 

0.794 ± 
0.009 

0.791 ± 
0.007 

0.786 ± 
0.002 1.0%* 0.7%* 

Maximum yaw pointing error 
(deg) 

0.867 ± 
0.014 

0.862 ± 
0.014 

0.853 ± 
0.007 1.5%* 1.0%* 

Maximum image-plane offset 
(px) 58.8 ± 1.0 58.5 ± 1.0 57.9 ± 0.5 1.5%* 1.0%* 

Mean pointing error, body-fixed 
camera  

(deg) 
4.44 ± 0.48 4.45 ± 0.47 4.45 ± 0.47 −0.2% 0.1% 

Roll/pitch command rate RMS 
(rad/s) 

0.022 ± 
0.001 

0.021 ± 
0.001 

0.022 ± 
0.001 0.0% −4.4%* 

Reduction = 1 − VF/baseline (positive: VF lower). * p < 0.001, two-sided Wilcoxon signed-rank test on the 30 paired runs. 
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The VF guidance law reduces the mean cross-track error by 70.6% relative to PID trajectory tracking (from 15.3 
mm to 4.5 mm) and by 48.3% relative to NLGL, and it reduces the stand-off distance variation, which 
determines the GSD consistency of the images, by 65.8% and 46.4%, respectively (all p < 0.001). The 
improvement over NLGL, which uses the same velocity PI loop, isolates the contribution of the guidance law 
itself. The absolute errors are small for all controllers because the PSO drove the outer-loop gains to the limits 
of the search space in a simulation without sensor noise; with the earlier manually tuned gains (PID 
1.5/0.01/1.8, VF 0.3/3.0/0.5), the same Monte Carlo study gives mean cross-track errors of 0.481 m and 
0.206 m (−57.2%), so the ranking does not depend on the tuning. The mean altitude tracking error is 
practically identical for all controllers (15.2–15.5 mm): the proposed method changes only the horizontal 
guidance, all configurations share the same altitude loop (8) and climb reference (28), and the vertical channel 
is disturbed mainly through attitude coupling and vertical turbulence, which are the same for all controllers. 
Likewise, the roll/pitch command rate, a measure of actuator jitter, does not differ between the VF and PID. 

For the VF, the largest radial velocity-tracking error after 𝑡𝑡 = 20 s was 𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚 = 0.046 ± 0.005 m/s, which gives 
𝑑𝑑𝑢𝑢𝑢𝑢 = 15.5 ± 1.7 mm from (38). The observed maximum radial error over the same window, 13.1 ± 1.5 mm, 
remained below 𝑑𝑑𝑢𝑢𝑢𝑢 in all 30 runs, which confirms the ultimate bound of Section 2.3.3. 

 
Figure 6. Monte Carlo distributions (N = 30 paired runs) of the mean cross-track error, the stand-off distance standard 

deviation, and the mean yaw pointing error 

3.4 Camera Pointing and Photogrammetry Implications 
For high-altitude 3D photogrammetric reconstruction, maintaining the target structure at the exact center of 
the camera's optical frame is as critical as keeping the vehicle on its flight path. Any rapid oscillations or 
tracking drifts in yaw can lead to rotational image blur, target clipping, and poor overlapping sequences, which 
severely degrade the subsequent structure-from-motion (SfM) feature matching algorithms. 

 
Figure 7.  Yaw pointing error and stand-off distance in the representative wind realization 
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Figure 7 shows the yaw pointing error and the stand-off distance in the representative realization. In contrast 
to the path errors, the pointing error is practically the same for all controllers: about 0.79° on average and 
below 0.87° at its maximum (Table 4). The gaze-locking law (41) computes the yaw reference from the 
measured position, so a path deviation changes the reference but does not create a pointing error; the 
residual error is the lag of the yaw loop as the line of sight rotates at the orbital rate 𝜔𝜔0. With the camera 
model of Section 2.4, a 0.87° error shifts the tower axis by about 59 px, or 1.5% of the image width, which is 
far from clipping the tower out of the 10.3 m wide frame. For a camera rigidly fixed to the body, the tilt into the 
wind (about 7.6° on average) dominates instead and produces a mean pointing error of 4.4° for every 
controller, which motivates the gimbal assumption of Section 2.4. 

Figure 8 shows the 3D helical paths under wind; the orange arrows are the camera optical axes of the VF 
controller, plotted every 2 s, and remain directed at the tower axis throughout the climb. The benefit of the VF 
for photogrammetry is therefore not a better pointing accuracy but a more constant camera-to-tower distance, 
and thus a more uniform GSD and image overlap, while the pointing accuracy is preserved by the decoupled 
yaw loop. 

 
Figure 8.  3D helical scan under wind; the orange arrows show the camera optical axis of the VF controller every 2 s 

3.5 Discussion on Physical Rejection Mechanisms 
The physical reason for the lower path error of the Geometric Vector Field controller lies in its time-decoupled 
guidance formulation. In a standard trajectory tracking structure, a reference specified in time is tracked, 
where the references of the path are given by a temporal evolution of each space coordinate. Under external 
wind forces, the vehicle is pushed away from the reference coordinate, generating a spatial tracking error and 
a temporal phase-lag. The PID loop tries to correct both simultaneously, leading to overshoot during the entry 
and larger residual deviations. 

By removing time-dependence, the Vector Field guidance law defines a stable manifold in space. The set of 
vectors is virtually placed around the path in such a way that if the vehicle follows the direction of those vectors 
it will converge to the path, generating desired course inputs to the lower-level controller. Once close to the 
path, the controller focuses exclusively on keeping the cross-track error to zero, permitting the forward ground 
speed to vary naturally to counteract headwind or tailwind components. 

Furthermore, by translating the spatial vector field commands into desired ground velocity target �𝑣𝑣𝑥𝑥𝑥𝑥 , 𝑣𝑣𝑦𝑦𝑦𝑦� 
rather than direct attitude tilt angles, the guidance system leverages a hierarchical, cascading velocity control 
architecture. Under persistent crosswind conditions, the integral component of the outer-loop velocity PI 
controller (∫ 𝑒𝑒𝑣𝑣𝑑𝑑𝑑𝑑) functions as a passive aerodynamic force estimator. Because aerodynamic drag �𝐅𝐅𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑� 
retards the quadcopter’s lateral motion, the velocity error integral continuously accumulates and stores the 
unmeasured aerodynamic force offset. In accordance with the internal model principle in control theory, this 
accumulation continues until the virtual acceleration demands generate a control force that precisely balances 
the steady-state wind drag �𝑚𝑚 ∙ 𝑢𝑢𝑎𝑎𝑎𝑎𝑎𝑎,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ≈ −𝐅𝐅𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤�. Consequently, the system implicitly reconstructs 
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and counteracts external wind forces in real time without requiring additional physical sensors, such as pitot 
tubes or onboard anemometers. 

This implicit force estimation translates directly into physical tilt demands (𝜙𝜙𝑑𝑑,𝜃𝜃𝑑𝑑), enabling an automatic, 
coordinated crab maneuver or wind correction angle. By maintaining a steady-state roll and pitch tilt into the 
oncoming wind vector, a horizontal component of the quadcopter’s rotor thrust is redirected to cancel out 
lateral atmospheric drift, maintaining a precise ground path along the circular orbit boundary. Crucially, 
because translational wind rejection is handled entirely through roll and pitch body tilts via the velocity integral, 
the vehicle’s yaw heading (𝜓𝜓) is completely decoupled from path-following guidance. This structural 
decoupling allows the active gaze-locking controller to independently steer the camera’s optical axis directly 
toward the central axis of the object without compromising aerodynamic drift compensation. The Monte Carlo 
results confirm this decoupling: the pointing error is the same for all three guidance laws, whereas the path 
and stand-off errors differ significantly. 

4 Conclusion 
This paper presents a robust cascaded control system integrating Geometric Vector Field (VF) guidance with 
active Gaze-Locking yaw control to enable precise, close-range 3D helical scanning of tall structures under 
aerodynamic disturbances. By decoupling spatial convergence from temporal constraints, the time-
independent VF controller allows the vehicle to focus its control authority exclusively on path convergence 
rather than adhering for rigid temporal schedules. Comparative 6-DoF continuous-time simulating studies 
under a challenging aerodynamic profile (consisting of a 4.5 m/s mean wind, sinusoidal gusts, and Dryden 
turbulence) show that the proposed method significantly outperforms a time-parameterized PID tracker and 
the NLGL baseline in path accuracy. 

Over 30 paired Monte Carlo runs with PSO-tuned gains, the VF reduced the mean cross-track error from 15.3 
mm (PID) and 8.7 mm (NLGL) to 4.5 mm, i.e. by 70.6% and 48.3%, and reduced the stand-off distance 
variation by 65.8% and 46.4% (p < 0.001). The camera pointing error, in contrast, was about 0.8° (below 60 
px) for all guidance laws, because the gaze-locking law uses the measured position and is decoupled from path 
following; a gimbal is needed to keep the tilt into the wind out of the camera line of sight. A Lyapunov analysis 
gives asymptotic convergence of the vector field and an ultimate bound on the radial error that was satisfied in 
all runs. These findings show that geometric path-following guidance with a cascaded velocity loop 
compensates wind passively through coordinated crab angles, and that its main benefit for photogrammetry is 
a more constant stand-off distance rather than better pointing. 

For future work, the authors recommend validating the mathematical formulations and control loops on 
physical quadrotor hardware, such as an open-source PX4 or Ardupilot research platform, in outdoor test 
facilities, together with position-sensor noise and latency, which limit the achievable outer-loop gains. 
Additionally, exploring the scaling of this geometric vector field framework to accommodate multi-UAV 
cooperative scanning configurations would be highly beneficial. This would allow a decentralized swarm of 
autonomous agents to divide a single structure into multiple synchronized altitude sectors, accelerating the 
data collection process while maintaining tight inter-agent separation distances and robust collision avoidance 
in turbulent wind environments. 
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