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ABSTRACT: Thrust-vectoring UAVs can realize decoupling of position and attitude compared with
conventional quadrotors due to the ability to change thrust direction, and are used to perform various
complex indoor and outdoor missions. However, existing trajectory generation frameworks are mostly for
quadrotors with fixed thrust direction and a coplanar surface, and do not consider the dynamics of thrust-
vectoring UAVs. To address this, this paper proposes a multi-objective trajectory generation method for
thrust-vectoring UAVs in constraint space. By parametrically modeling the constraint space, the method
considers the effects of environmental boundary constraints and platform dynamics characteristics on the
collision constraints and motion decoupling of the trajectory, and comprehensively optimizes the
trajectory’s indicators of stability, speed, and safety to plan the states and input actions of the flight
trajectory. Meanwhile, a trajectory generation evaluation system is proposed, given that compared with the
conventional quadratic objective function, the proposed method is effective in reducing the attitude change
of the trajectory, improving the rapidity and safety, in which Ly and L, are reduced by 70.4% and
19.1%, respectively. Meanwhile, by comparing with the conventional quadrotor, the advantages of the
thrust-vectoring in decoupling motion are quantified, especially in reducing the attitude change during flight,
the pitch angle of the generated trajectory is reduced from +30° to within £20° degrees, which exerts the
motion decoupling advantages of the thrust-vectoring.

Keywords: Constraint space; Thrust vector vehicle; Trajectory generation; Multi-objective optimization

1. Introduction

With the development of multi-rotor UAVs, various types of multi-rotor UAV-related technologies
have received more and more extensive attention, including target detection [1], trajectory generation, and
autonomous navigation. Compared to conventional multi-rotor UAVs with fixed thrust directions, such as
quadrotors and hexrotors, thrust-vectoring UAV's capable of changing the orientation of thrust can improve
the characteristics of attitude and position coupling of underactuated rotor UAVs [2,3]. This improvement
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allows it to maintain positional stability with a certain tilted attitude while performing airborne maneuvers
and physical interactions, which greatly enhances its ability to carry out complex missions [4]. Meanwhile,
motion decoupling also gives the UAV a more flexible attitude adjustment capability during motion,
allowing it to select a more appropriate attitude to pass through narrow passages [5], thereby enabling it to
have a wider range of applications across various indoor scenarios.

The concept of thrust-vectoring aircraft first appeared in aerospace and is defined as the engine thrust
being produced by specialized devices (e.g., vector nozzles) that produce a change in direction, rather than
just along the engine axis. In this paper, it is applied to multi-rotor UAVs and is defined as the total thrust
generated by a rotor that produces a change in direction via a specialized device, not just along the direction
perpendicular to the airframe’s plane. Thus, the thrust vectoring vehicle defined in this paper is different
from the fully actuated vehicle defined by Rashad et al. [6], which generates thrust and torque in all three
directions, and is more like the multidirectional thrust (MDT) vehicle of Hamandi et al. [ 7], where the UAV
may still be underactuated [8]. According to the reason for thrust vector generation, thrust-vectoring UAVs
can be categorized into fixed inclination configuration, passive inclination configuration, and active
inclination configuration.

Fixed inclination configuration means that the orientation of a single rotor is fixed with respect to the
airframe, and different driving capabilities can be realized by designing the positions and orientations of
different rotors during the design process. In actual flight, the total thrust direction can only be adjusted by
changing the rotational speed configuration of different rotors. Typical configurations include the eight bi-
directional rotor Omni-directional Aerial Robot (ODAR) designed by Park et al. [9], the six-tilt-arm 12-
rotor UAV designed by Allenspach et al. [10], and the omni-directional eight-rotor UAV (OmniOcta)
designed by Hamandi et al. [11], as shown in Figure 1.

Figure 1. Typical Thrust Vectoring UAV in Fixed Inclination Configuration. (a) ODAR [9]. (b) Omnidirectional UAV [10]. (¢)
OmniOcta [11].

The passive inclination type, i.e., the platform is unable to actively change the direction of rotor thrust,
but rather changes the direction of thrust relative to the airframe by means of passive joints (including
gimbals and ball joints), is usually constructed by using several quadrotor modules spliced onto the airframe
[12,13]. There is also the servo-free dual-rotor unmanned Gemini II proposed by Qin et al. [14] in 2022.
These configurations are shown in Figure 2.
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Figure 2. Typical Passive Inclination Thrust Vectoring UAVs. (a) gimbals [12]. (b) ball joints [13]. (¢) Gemini II [14].

Active inclination thrust-vectoring UA Vs offer greater flexibility and have the most research associated
with them due to the use of actuators (usually servos) to actively change the direction of thrust. Further,
according to whether the change of thrust direction of different rotors is associated or not, they can be
further classified into synchronized inclination type and non-synchronized inclination type. The
synchronized inclination type usually achieves simultaneous changes in thrust direction across all rotors
via parallel mechanical structures or controllers, i.e., the thrust directions of different rotors are correlated.
Typical configurations include the parallel-link tilt-quadrotor designed by Sakaguchi et al. [15], the dual-
axis tilt-quadrotor TiltDrone designed by Zheng et al. [16], and FAST-Hex designed by Ryll et al. [17].
Non-synchronized inclination type, i.e., the thrust direction of multiple rotors can be changed independently
with a greater degree of freedom of control, including Voliro [18], the three-axis tilt-rotor flight platform
proposed by Cuniato et al. [19], and Quad3DV [20]. These configurations are shown in Figure 3.
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Figure 3. Typical active inclination thrust-vectoring UAVs. (a) Parallel-link tilt-quadrotor [15]. (b) TiltDrone [16] synchronized
inclination. (¢) FAST-Hex [17]. (d) Voliro [18]. (e) 3-axis tilt-rotor flight platform [19] Non-synchronized inclination. (f)
Quad3DV [20].

Existing trajectory generation methods mainly focus on coplanar underactuated UAVs, particularly
quadrotors. Representative open-source frameworks include Ego-planner [21] and Fast-planner [22], which
have been widely used in applications such as agile flight [23], narrow-space traversal [24], and exploration
in unknown environments [25]. However, unlike conventional quadrotors that generate 4D trajectories,
thrust-vectoring UAVs possess additional actuation degrees of freedom, requiring the simultaneous
planning of vehicle states and actuator configurations. Several studies have explored trajectory generation
for thrust-vectoring or over-actuated aerial vehicles. For example, Liu et al. [26-28] proposed trajectory
generation approaches based on quaternion parameterization and polynomial optimization, combined with
safe corridor generation and stereographic projection techniques for 6-DoF trajectory construction.
Hamandi et al. [29] introduced trajectory optimization with control input smoothing to improve tracking
performance, while Hachem et al. [30] employed a direct multiple shooting formulation to enhance
maneuverability for fully actuated aerial vehicles. Su et al. [31] proposed a VKC-based motion planning
framework for over-actuated UAV systems and later extended the approach using a two-step quadratic
programming formulation [32]. Other studies focused on specialized applications, including mixed-reality
trajectory generation [33], minimum-time trajectory optimization for articulated thrusters [34], and
trajectory planning in confined spaces for tilting bi-rotor UAVs [5]. These works demonstrate the growing
interest in trajectory planning for thrust-vectoring aerial vehicles. In addition to motion planning for aerial
robots, UAV trajectory optimization has also been widely studied in communication and data collection
systems. For example, Liu et al. [35] investigated UAV trajectory optimization for time-constrained
environmental monitoring and formulated the problem by considering both Age of Information (Aol) and
onboard energy constraints. They decomposed the problem into velocity and path optimization
subproblems and proposed an Aol-and-energy-aware trajectory optimization algorithm that combines
successive convex approximation (SCA) with a genetic algorithm (GA). Memos et al. [36] proposed an
optimized UAV-based data collection strategy for mobile wireless sensor networks (MW SNs). Furthermore,
Cui et al. [37] modeled UAV trajectory planning as a Markov decision process (MDP) in scenarios where
sensor locations and data volumes are unknown, and developed two model-free trajectory optimization
algorithms based on SARSA and Q-learning. These studies demonstrate the broad applicability of UAV
trajectory optimization across different application domains.
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Although several trajectory generation methods have been proposed for thrust-vectoring or over-
actuated UAVs, most existing work focuses on full trajectory optimization without explicitly accounting
for constrained corridor environments or the coupled influence of vehicle dynamics and spatial safety
margins. In addition, current studies usually rely on conventional quadratic objective functions and lack a
systematic evaluation framework for trajectory quality under constrained spaces. As a result, generating
dynamically feasible trajectories for thrust-vectoring UAVs while simultaneously considering safety,
stability, and efficiency in constrained environments remains insufficiently addressed. Based on this, the
main contributions of this paper are as follows: (1) A trajectory generation framework for UAVs operating
in pipe-shaped constrained environments; (2) A multi-objective optimization method for generating thrust-
vectoring aircraft trajectories is proposed, applicable to both thrust-vectoring aircraft and conventional
quadrotors; (3) It establishes a systematic trajectory generation evaluation metric. By comparing it with
conventional quadratic objective functions, this study demonstrates the superiority of this multi-objective
trajectory generation method. Furthermore, by comparing it with quadrotor flight performance, this method
illustrates how it leverages the motion-decoupling advantages of thrust-vectoring aircraft.

The remainder of this paper is organized as follows: Section 2 presents the proposed trajectory
generation framework for thrust-vectoring UA Vs in pipe-shaped constrained spaces, including the problem
formulation, thrust-vectoring UAV modeling, spatial constraint modeling, and the multi-objective
optimized trajectory generation method. Section 3 describes the simulation conditions and evaluation
metrics, followed by trajectory-generation results for the thrust-vectoring aircraft and comparisons with
conventional quadcopter UAVs. Section 4 discusses the characteristics and implications of the proposed
trajectory generation method. Finally, Section 5 concludes the paper.

2. Method
2.1. Problem Formulation

It is assumed that the world coordinate system is defined according to the Northeast sky, and the body
coordinate system of the UAV is x-axis facing forward, y-facing left, as well as z-facing up. In this paper,
the problem of trajectory generation and maneuver planning for a rotorcraft UAV is studied in the X0Z
plane. Due to the pipe-shaped constrained environment, the lateral motion of the UAV is significantly
restricted by the surrounding walls. As a result, the vehicle’s dominant motion occurs primarily in the
longitudinal plane of the pipe. Therefore, modeling the UAV motion in the XOZ plane captures the primary
translational and attitude dynamics relevant to trajectory generation in such environments, while
significantly reducing the complexity of the optimization problem. The trajectory generation problem is
formulated as a constrained optimization problem over a finite prediction horizon:

terminal

min  J(U)= ;aiLi +L

s.t. X, =f(X.U,)
g(env,Xk,Uk,params) <0
U, <U, <U

max
Xmin < Xk < X

max

)

where U = {u, Uy, ..., u,_1} denotes the sequence of control inputs to be optimized over the prediction
horizon p. The UAV state at step k is defined as Xj = [Xx, Zk, Ok, X Zk, Ok )T, Where x, and z
represent the UAV position in the horizontal and vertical directions, respectively. 8, denotes the pitch
angle, and %, z, and 6, represent the corresponding velocities. The control input at step k is defined as
Ux = [Fii Foio Biio B2 i)™, where Fy ;. and F,, denote the thrust generated by the front and rear rotors,
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respectively, and fB;, and f,, denote the corresponding servo tilting angles. For a conventional
quadrotor configuration, only the thrust inputs are considered, resulting in two control inputs. The variable
p denotes the prediction horizon. L; represents the i-th process cost with the corresponding weight «;,
and L;..,in denotes the terminal cost:

Lterminal ( ref )Qt ( end re/ )T (2)

where X.,q represents the terminal state of the generated trajectory and X, represents the desired
terminal state.

The process cost consists of four parts: the first part combines the optimization of safety and path length by
minimizing the difference from the ideal path, the second part minimizes the time consumption by minimizing
the distance to the end point at each step, and the third part reduces the attitude variation by minimizing the
attitude angle at each step, which will be presented in 2.4 Multi-Objective Trajectory Generation.

The constraints that need to be satisfied include the dynamics constraints of the UAV itself x = f(x,u),
the collision-free constraints with the environment g(env, x, u, params) < 0, the control input constraints
Unin < U < Uy, and the state constraints X,,;, < X < X400 - The collision-free constraints are
modeled as a function of the constraints on the spatial environment env, the state x, the control inputs u,
and other parameters params. The dynamics model is presented in Section 2.2. Thrust-vectoring UAV
Modeling, and the characterization of the constrained spatial environment and the construction of collision
constraints are presented in Section 2.3. Spatial Constraint Modeling. After this optimization problem is
constructed, it is solved using the SQP (Sequential Quadratic Programming) algorithm.

2.2. Thrust-Vectoring UAV Modeling

The tilt-tilt quadrotor thrust-vectoring UAV used in this paper is shown in Figure 4, and its structure is
similar to the platform proposed by Shu et al. [3]. The front two rotors are fixed on an arm that can tilt
around the Y-axis of the fuselage at an angle that conforms to the right-hand rule, and similarly, the rear
two rotors are fixed on a rotating arm. The four rotors are positioned at the four vertices of a square, and at
the same time, the four rotors have identical characteristics. Therefore, when the two rotors on the left and
right sides of each arm have the same rotational speed, the whole airplane can be simplified to a planar
forward flight model as in Figure 5a, while the conventional four-rotor Figure 5b can be regarded as a
special case of it (with both rudders swinging at 0°).

Rear-tilting axis

:
/ nB YB [ / ZW

DRVAY b

( &.

X,
/ f; OW w

/ / Forward-tilting axis

Figure 4. Tilt-rotor quadcopter thrust-vectoring UAV.
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(a) (b)
Figure 5. Simplified model in forward flight. (a) Tilt-rotor quadcopter. (b) Conventional quadcopter.

When simplified to a planar model, the whole system at this point is a 4-input, 3-output system with
the following dynamics model:

. Fsin(p, +6)+ F,sin(B, +6)

*= m

. Fcos(B, +6)+F,cos(f,+0)

Z= -
m

d— —Flcos f, + F,lcos 3,

g 3)

]YY

where F;, F,, B, and f3, are four inputs, which are the total lift provided by the two rotors on the frontside
and backside arms as well as the arm tilting angles of the frontside and backside arms, respectively. x, z,
and O are the longitudinal position, the vertical position, and the pitch angle, respectively. [ is half of the
center distance between the front and backside rotors, and the other shape parameters are the envelope
diameter of the duct rotor D as well as the envelope height H, which will be used to generate the collision
judgment point of the UAV. m is the mass of the whole aircraft, g is the gravitational acceleration, and
Iyy 1s the rotational inertia around the Y-axis.
For a single rotor blade, the following model is used to describe it:

F=k N
M =k, N’ @)
P=MN/9.55

where F is the rotor lift, M is the rotor torque, P is the rotor power, N is the rotor rotational speed, and
k; and k,, are the integrated lift coefficient and integrated torque coefficient of the rotor, respectively.

Before constructing the collision inequality constraints under the pipeline boundary constraints, it is
necessary to set the collision determination rules for the UAV. In this paper, the UAV is constructed as a 3
rectangular rigid body, then its 12 vertices are used as the set of judgment collision points. Py 4y, which is
the mapping of states as well as inputs. For a quadrotor UAV, it can be simplified as a rectangle of length
(21 + D) and height H. The rectangle can be used to determine the collisions of the UAV.

Poar ={piy (x,2,0, B, 8,) e R?| i=1,...,12} )

2.3. Spatial Constraint Modeling

In this paper, the constraint space is defined as a region surrounded by bounding rectangles and curves,
and a typical pipeline constraint space is shown in Figure 6, which contains the range boundaries of the
coordinates as well as the shape boundaries of the pipeline, and can be defined in the following
mathematical form:
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21 The area inside the
S edge (x,z)<0N < pipeline
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91!
A edge, (x,z) =0
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Figure 6. Parametric modeling of constraint spaces.

env={(x,z)|x,, <x<x,_ .,z . <z<z

max > “min

Viedl,...,n},edge (x,z) <0} (6)

max ?

where env denotes the set of points in the feasible region of the constraint space, which needs to satisfy
the range constraints of the coordinates as well as the boundary judgment conditions. edge;(x,z) = 0
denotes the curve equation corresponding to the boundary i of the pipeline. The uniform definition of
edge;(x,z) < 0 indicates that within this boundary, it is a feasible region. n denotes the number of
boundaries, and to simplify the problem and without loss of generality, this paper studies the case of the
case of n = 2 is studied.

After defining the environmental parameters env and the vertex coordinate set of the UAV Py 4y, the
inequality constraint of the corridor boundary under a given safety distance d,f, canbe expressed as follows:

p. ePUAV,je{l,..,n},—d(pi,edgej)+d5@%SO )

where d(pi, edg ej) represents the minimum distance from the point p; to the boundary edge;(x,z) = 0.
The boundary curve is discretized into N; points &;, and the minimum distance between p; and these
points are computed as follows:

. 2
d(pi,edge,-)ﬂlré{g/lll Di—qlh,where £, = {(xk,zk)e R7| edge;(x;,z;) =0,k =1,...,N_,~} ®)

2.4. Multi-Objective Optimized Trajectory Generation

During the trajectory generation process, it is necessary to comprehensively consider factors such as
trajectory safety, stability, and rapidity. Based on the optimization framework established in Section 1, this
section provides a detailed introduction to the trajectory cost function. First, the first part of the cost function is
defined as the deviation between the generated and reference trajectories, using the multi-edge wheel distance
evaluation method in PoLis [1]. The deviation between two trajectories is defined by the following metric:

1 & 1o .
L =D(T,R)=Z;rrgl7g lle; —rlh 7;@3 lIr; —elh ©)

The symbols used in the formula are defined as follows: e; € R? denotes the i-th sampled point on
the generated trajectory, belonging to the set of generated trajectory points T; 1; € R? denotes the j-th
sampled point on the reference trajectory, belonging to the reference trajectory point set R; g and r are
the numbers of points in the generated and reference trajectories, respectively, i.e., |T| = q, |R| =7; lIll,
denotes the Euclidean norm, representing the distance between two points. Ideally, the trajectory should be
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located at the centerline of the corridor boundary and should move synchronously within the corridor during
trajectory generation. The corridor curve defined in this paper is symmetric and parallel to the central axis,
where the central axis is defined as the trajectory obtained by translating or scaling the symmetric curve by
half of the corridor width. Since the distance between the central axis points and the corridor boundary is
usually the largest, this metric is used to evaluate the safety of the generated trajectory.

The second part of the cost function minimizes the deviation between the predicted terminal position
and the target position at each prediction step, so as to guide the vehicle to reach the target state more
quickly. This term takes the form of a standard quadratic function, and its expression is as follows:

P

L= (x-1)" 0, (x-r) (10)

i=1

The third part of the cost function minimizes the control effort, aiming to reduce energy consumption
and thus achieve the goal of energy efficiency. Its expression is as follows:

14
Ly= ZuTRpu (11)
i=l

The fourth part of the cost function is the average pitch angle of the planned trajectory, penalizing
excessive attitude changes during motion. Its expression is as follows:

Li==>6, (12)

where 0; denotes the pitch angle at each prediction step.

The cost function is designed to balance multiple objectives involved in UAV motion within pipe-
shaped constrained environments. Specifically, the trajectory smoothness terms are introduced to ensure
dynamically feasible and smooth motion, while the control-related terms are used to limit excessive actuator
maneuvers and improve tracking stability. In addition, distance-related terms are incorporated to maintain
safe clearance from obstacles and the pipe boundary. These objectives jointly reflect the key requirements
of trajectory generation in constrained environments, including safety, smoothness, and maneuverability.

The resulting trajectory generation problem is nonlinear and nonconvex due to the UAV dynamics and
obstacle-avoidance constraints. In this work, a sequential quadratic programming (SQP) solver is adopted to
handle the nonlinear constrained optimization problem. To improve convergence reliability, the optimization
is initialized using the centerline of the pipe-shaped corridor, which provides a feasible initial trajectory. In
the tested scenarios, the solver consistently converges to feasible solutions without numerical instability. In
addition, the spatial constraint formulation is based on smooth geometric representations, ensuring that the
distance function remains continuous and avoiding severe discontinuities during optimization.

3. Results

3.1. Simulation Conditions and Evaluation Metrics

The trajectory optimization simulations were implemented in MATLAB, and the nonlinear constrained
optimization problem was solved using the Sequential Quadratic Programming (SQP) algorithm. The
sampling time is T; = 0.1 s, and both the prediction horizon and control horizon are set to 50 steps. The
main parameters of the thrust-vectoring aircraft used in this study are shown in Table 1.
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Table 1. Main parameters of the thrust-vectoring aircraft.

Parameter Symbol Value
Total mass of aircraft m 2.5kg

Gravitational acceleration g 9.8 m/s?
Maximum thrust of front/rear rotor Fax 285N

Moment of inertia about y-axis Ly 6.7 X 1072 kg/m?
Half distance between front and rear rotors l 0.2m
Ducted rotor outer diameter D 0.2m
Ducted rotor height H 0.05m
Thrust coefficient kr 1.23 X 1077 N/rpm?
Torque coefficient ky 2.22 X 107° N - m/rpm?

Average power of servos (both 2) Pservo 22W

The main optimization parameters used in the trajectory generation framework are summarized in
Table 2. These parameters were selected based on empirical tuning to balance trajectory smoothness,
control effort, and obstacle avoidance performance. In all tested scenarios, the optimization solver
consistently converged to feasible solutions without numerical instability. The optimization typically

converges within several seconds on a standard desktop computer.

Table 2. Main optimization parameters.

Parameter Description

Value

Optimization solver Nonlinear programming solver

Sequential Quadratic Programming (SQP)

State dimension UAV state vector dimension 6
Control dimension (quadrotor) Number of control inputs 2
Control dimension (tilting UAV) Number of control inputs 4
Prediction state weight matrix (@) State tracking weight during prediction horizon diag(1,1,10,0,0,0)
Control weight matrix (R,)) Control effort weight diag(1,1)
Terminal state weight (Q,) Terminal state penalty diag(1,1,1,1,1,1)
Terminal control weight (R;) Terminal control penalty 0

Initial trajectory Initial guess for optimization

pipeline centerline

Optimization type Problem formulation Nonlinear constrained optimization
Sampling time (T§) Discrete sampling time 0.1s
Prediction horizon (N,) Prediction steps 50
Control horizon (N,.) Control steps 50
Simulation time Total simulation duration 5s
Safety distance (dgqfe) Minimum obstacle clearance 0.4m
Maximum solver iterations Maximum iterations of optimization 50

The simulation conditions are set as follows: according to the above configuration, three types of

corridor spaces are constructed as shown in Figure 7. The start and end points are specified, and the multi-
objective trajectory generation method proposed in this paper is applied. The generated trajectories are used
to plan and evaluate the path of the thrust-vectoring aircraft under different spatial constraints.
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Figure 7. Three typical pipeline scenarios. (a) Horizontal transition radius. (b) Vertical transition radius. (¢) S-shaped transition radius.

Referring to the evaluation framework for ground vehicle trajectories proposed by Shu et al. [38], this
paper establishes the following metrics to evaluate the generated trajectories:

1. Proximity to the ideal trajectory: This index measures how closely the generated trajectory matches the
ideal reference path. The notation is defined as D(T, R), and its calculation method is consistent with
the previously defined L.

2. Attitude variation: This term includes the range of pitch angle variation A@ and the integral average
pitch angle 8, which are calculated as follows:

Af = gmax _gmin

— t

0 =1j |6l dz (13)
tJo

where 0,,,, and 0,,;, represent the maximum and minimum pitch angles, respectively, and t is the total
time duration. The comprehensive attitude variation index Lg is defined as the combination of the two
terms, given by:

Ly=A0+6 (14)
3. Total Energy Consumption: For the thrust-vectoring aircraft, the total energy consumption W consists

of the energy consumed by the rotors and by the servos. Assuming the servo power remains constant
during operation, the instantaneous total power P can be expressed as:

P=P

rotots

1 + ProtorsZ + Rvervo (1 5)

where P,y0,53 (i = 1,2) denotes the power of the front and rear rotors, respectively. Based on the
previously established propulsion system model, the rotor power is calculated as:

1.5 =
R’otors{i} = #F > 1= 1’2 (16)
. T

The total energy consumption W is then given by:

1 rt
W_;J'OPdr 17

4. Time to Reach Target: The time to reach the target, denoted as t,.,., is defined as follows to
characterize the rapidity of the trajectory:
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t min{t[e[O,t]|‘v’tj 21, D(t;)< 9, /\Eg(tj)sde} (18)

reach —

where D(t) = \/ (x(t) —x4)? + (z(t) — z4)? represents the distance between the current position and the
target position, &, is the predefined position tolerance, and E4(t) = |8(t) — 64| denotes the pitch angle
error. g is the specified pitch angle tolerance.

5. Trajectory Safety: Trajectory safety is characterized by the minimum distance D,,;, and the average
distance D between the UAV and the constraint boundaries, defined as follows:

D,

min

=min D, (R, ,env)

EziiD[(PUAV,env) (19)
=

where D;(Pyav, env) represents the distance between the UAV and the surrounding environment at the i-
th prediction step. Similar to the definition above, each collision-checking point in the UAV point set Py,
is used to calculate the minimum distance to the environmental boundary. During optimization, the curve
distance is discretized into a sequence of points, and the SQP algorithm is used to find the minimum distance
between the trajectory point and the implicit surface function representing obstacles. For comparison, a
trajectory risk index L,y is defined as follows:

(20)

6. Radar Chart Area: Finally, the indicators D(T,R), Lg, W, t,eqen, and L,y are used to evaluate the
stability, economy, rapidity, and safety of the generated trajectories. Since all indicators are designed
such that smaller values correspond to better performance, they are normalized for comprehensive
comparison. According to these five indicators, a radar chart is plotted, and each indicator is normalized
as follows:

. L
L =—!
=7 @1

imax

where L; represents the value of the i-th indicator under the current condition, and L;,,,, denotes the
maximum value of the indicator among all test cases. For t,,,., if the target condition is not reached during
the simulation, the corresponding value is set to half of the total simulation time. After normalization, all
indicators fall within the range [0, 1], and the radar chart is plotted with evenly distributed angles. The total
area is computed as a polygon area.

3.2. Trajectory Generation Results of the Thrust-Vectoring Aircraft

To verify the effectiveness of the proposed multi-objective trajectory generation method, a comparison
is made with a conventional quadratic objective function. The conventional quadratic cost function includes
only the process-related terms L, and L3, as well as the terminal cost term, expressed as:

L = aZLZ + a3L3 + L/er/m'nal (22)
Other simulation conditions remain consistent. The generated trajectory diagrams (Figure 8), state change

sequences (Figures 9 and 10), input change sequences (Figure 11), evaluation metrics (Table 3), and radar
charts (Figure 12) under the aforementioned three operating conditions are shown in the figure below.
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Figure 12. Radar Chart Comparison. (a) Horizontal pipeline. (b) Vertical pipeline. (¢) S-shaped pipeline. (d) Comprehensive results.

Table 3. Summary of Evaluation Indicators.

Method Pipe D(T,R) Ly  A6/)° 8/)° W/  treaan/S Lysx Dpm/m D/m

a 0.28 245 154 9.1 2701 2.7 3.62 0.34 1.47

Proposed b 0.79 272 176 9.6 2616 2.3 2.38 0.73 0.99

c 0.7 29 16 13 2496 2.7 2.48 0.7 0.95

Average 0.59 182 1153 6.67 2604  2.57 2.83 0.59 1.14

a 0.36 744 371 373 2789 - 4.73 0.25 1.37

Comventional b 0.83 794 432 362 2752 - 2.52 0.7 0.92
c 0.76 305 156 149 2526 - 3.24 0.46 0.94

Average 0.65 6143  31.97 2947 2689 - 3.5 0.47 1.08

(3R]

Note: t,eqcn being “-” indicates that the requirement was not met within the simulation time.

From the radar charts and evaluation data, it can be observed that when using the objective function
proposed in this paper, the radar chart areas decrease on average across all working conditions, with a mean
reduction of 6.7%. Meanwhile, all performance indicators improve to varying degrees, indicating that the
overall quality of the generated trajectories is enhanced. Specifically, D(T,R) decreases by 9.2%,
suggesting that the dynamic trajectories generated are closer to the corridor centerline. Furthermore,
differences in trajectory shape and attitude variation are smaller, indicating smoother, more stable motion.
Under the vertical-radius-changing condition, trajectories generated by the proposed objective function are
closer to the corridor’s centerline in the constricted section, particularly in the shrinking region, thereby
significantly improving trajectory safety. The proposed pitch variation index Ly is considerably reduced
compared with the conventional quadratic objective function, by 70.4%. Specifically, A@ decreases from
31.97° by 11.53° (a 63.9% reduction), and 8 decreases from 29.47° by 6.67° (a 77.4% reduction). It can
also be seen that, under all test conditions, the upper and lower bounds of the pitch angle appear at
approximately the same time (0-2 s). Both the proposed and the conventional cost functions maintain the
same timing characteristics, but the pitch-angle extremes in the proposed method are smaller. This shows
that the proposed objective function reduces unnecessary oscillations, leading to smoother attitude
transitions and improved flight stability. The total energy consumption W decreases by 3.1%. Since the
propeller thrust varies smoothly under all conditions, this demonstrates that the proposed method achieves
more efficient energy use than the conventional quadratic objective. Regarding the time to reach the target,
t.cacn Shows a smaller deviation; when using the conventional quadratic cost, the average convergence time
is 2.57 s, whereas the proposed method converges in 2.1 s, indicating faster trajectory convergence. The
trajectory risk index L, decreases by 7.1%, indicating that the generated trajectories have better safety
margins and smoother proximity to the corridor boundaries. The minimum distance D,,;,, increases by an
average of 0.12 m, and the average distance D increases by 0.06 m, showing that the generated trajectories
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maintain safer clearance from obstacles. In summary, the objective function proposed in this paper
effectively reduces attitude variation, improves the trajectory’s approach speed to the target state, and

enhances overall stability, rapidity, and safety during flight.

3.3. Comparison with Quadcopter UAV's
For comparison, the trajectory diagrams (Figure 13), state change sequences (Figures 14 and 15), input
change sequences (Figure 16), evaluation metrics (Table 4), and radar charts (Figure 17) of a quadcopter

under the same parameters across the aforementioned three operating conditions are shown below.
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Figure 15. Angle and angular velocity planning results. (a) Pitch angle variation. (b) Pitch angular velocity variation.
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Figure 17. Radar Chart Comparison. (a) Horizontal pipeline. (b) Vertical pipeline. (¢) S-shaped pipeline. (d) Comprehensive results.

Table 4. Summary of Evaluation Indicators.

Platform Pipe D(T,R) Loy 40/° 0/° W/]  treacn/S Ly  Dpin/m D/m

a 0.28 24.5 15.4 9.1 2701 2.7 3.62 0.34 1.47

Thrust-vectoring b 0.79 27.2 17.6 9.6 2616 2.3 2.38 0.73 0.99
c 0.7 2.9 1.6 1.3 2496 2.7 2.48 0.7 0.95

Average 0.59 18.2 11.53 6.67 2604 2.57 2.83 0.59 1.14

a 0.21 118.4 54.6 63.8 2481 3.5 3.44 0.36 1.5

Quadrotor b 0.71 111.3 56.1 55.2 2418 3.8 4.85 0.26 1
c 0.76 30.8 17.7 13.1 2374 3 3.35 0.44 0.93
Average 0.56 86.83 42.8 44.03 2424 343 3.88 0.35 1.14

From the radar charts and comparison data, it can be seen that under all test conditions, the radar chart
area corresponding to the thrust-vectoring aircraft proposed in this paper is smaller than that of the
conventional quadrotor. The average radar chart area decreases by 52.8%, indicating that the proposed
thrust-vectoring aircraft achieves better trajectory performance. Specifically, the difference in D(T,R)
between the two platforms is small, indicating that both trajectories remain close to the ideal reference path.
However, the thrust-vectoring aircraft exhibits smoother directional changes during motion, enabling more
flexible, continuous trajectory transitions. From the lateral and vertical trajectories, it can be observed that
the thrust-vectoring aircraft’s trajectory transitions are more gradual. The vehicle naturally adjusts its pitch
angle when moving along curved paths, aligning its body axis with the reference trajectory and achieving
smoother turns compared with the quadrotor, whose pitch motion lags behind slightly. For the S-shaped
path, the thrust-vectoring aircraft’s trajectory closely follows the ideal path with smoother curvature
transitions, while the quadrotor deviates more in the middle and end segments. Moreover, the thrust-
vectoring aircraft shows a significant reduction in the attitude variation index Ly, decreasing by 79.0%.
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Specifically, A8 and @ are reduced by 73.1% and 84.9%, respectively, indicating a large reduction in
attitude variation and improved overall stability. The pitch-angle variation curves further confirm this result:
the quadrotor’s pitch angle changes rapidly within 0—1 s, while the thrust-vectoring aircraft’s pitch remains
within +5° after 1 s, maintaining steady flight. In contrast, the quadrotor continues to oscillate around £20°,
with the oscillations persisting for more than 2 s. Additionally, from the pitch rate curves, the thrust-
vectoring aircraft’s angular velocity fluctuations are smaller, typically within £100°/s, whereas the
quadrotor exhibits pitch rate peaks exceeding 300°/s, suggesting that the thrust-vectoring configuration
achieves smoother and more controlled motion. Regarding energy consumption, the thrust-vectoring
aircraft maintains an average thrust of around 25 N, without any overshoot observed in the quadrotor. The
thrust-vectoring aircraft also demonstrates better energy efficiency and smoother power transitions between
rotors, while maintaining a similar reduction in total energy consumption of 7.1%. For flight safety, the
minimum distance D,y,;,, increases by 0.14 m, and the average distance D increases by 0.07 m, indicating
better obstacle clearance and higher safety margins. The trajectory risk index L, decreases by 27.1%,
showing that the generated paths under the thrust-vectoring configuration are safer and more robust against
potential collision risks. In summary, the thrust-vectoring aircraft outperforms the conventional quadrotor
in terms of trajectory smoothness, energy efficiency, and safety. The proposed design effectively reduces
attitude variations and enhances stability, rapidity, and safety during flight.

Compared with conventional quadratic cost formulations, the proposed multi-objective trajectory
generation framework offers greater flexibility for balancing trajectory smoothness, control effort, and
obstacle-avoidance performance. By explicitly introducing multiple cost components, the optimization
process can better adapt to constrained environments, resulting in smoother trajectories that maintain a safer
distance from obstacles. In addition, the proposed formulation enables a unified optimization framework
applicable to different UAV configurations, including conventional quadrotors and tilting UAVs, thereby
demonstrating broader applicability than existing trajectory generation methods. These results demonstrate
the effectiveness of the proposed approach in generating dynamically feasible trajectories in constrained
pipeline environments.

4. Discussion

This paper proposes a trajectory generation framework for thrust-vectoring aircraft operating in
constrained spaces. By constructing constraint-space parameters, the environmental boundaries are
combined with the aircraft’s acrodynamic model to form a constrained optimization problem that accounts
for multiple performance indicators. The resulting optimization problem is solved using the SQP algorithm.
In simulation experiments across three representative corridor types, the results demonstrate that the
proposed method can effectively balance the trade-offs among trajectory rapidity, stability, safety, and
energy efficiency. The trajectories generated under this framework exhibit smoother, more coordinated
motion and better positional and attitude tracking performance. Compared with the conventional quadratic
objective function, the proposed method achieves a significant overall improvement across five key
evaluation dimensions. Specifically, the trajectory risk index L,;; and total energy consumption W are
reduced by 70.4% and 19.1%, respectively. Meanwhile, t,,,., showed significant improvement. While
conventional quadratic objective functions failed to converge within the simulation time, the proposed
method achieved convergence in 2.57 s (out of a total simulation time of 5 s). These results indicate that
the proposed approach significantly enhances the overall dynamic stability of trajectory generation and
improves trajectory smoothness and flight safety. Furthermore, the proposed approach provides a unified
solution framework for thrust-vectoring trajectory generation in constrained environments, making it
adaptable to multi-rotor UAVs. Based on the results, the generated trajectories exhibit reduced attitude
fluctuations: A8, 8, and Ly are reduced by 79.0%, 25.1%, and 27.1%, respectively, corresponding to a
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maximum attitude change reduction from +30° to +20°. The minimum safety distance D,,;, increases
by an average of 68.6%, demonstrating improved safety margins.

Future research will focus on the following aspects: (1) Generalization of the constraint space:
Extending the constraint space from two-dimensional ducts to other types of constraint spaces in three-
dimensional domains; (2) Incorporation of disturbances: The mutual interference between near-surface
effects and the aircraft flow field within the actual constraint space introduces significant uncertainty in
motion. How to account for such disturbances in trajectory generation remains an urgent research topic; (3)
Universality of the trajectory generation framework: Validating the proposed framework’s applicability
across different thrust-vectoring vehicles, including the three typical categories mentioned in the
introduction; (4) Algorithm refinement: Enhance the treatment of objective functions and constraints within
the algorithm, particularly the computation and evaluation of distances to environmental boundaries.
Consider adopting more efficient computational approaches (e.g., improvements to signed distance fields);
(5) Experimental validation: Develop a physical prototype, implement the trajectory generation method,
and conduct experimental validation within a real-world constrained space environment.

5. Conclusions

This paper proposes a multi-objective optimization-based trajectory generation framework for thrust-
vectoring aircraft operating within constrained spaces. The proposed method comprehensively considers
both environmental boundary constraints and the dynamic characteristics of thrust-vectoring aircraft,
addressing multiple performance objectives, including safety, stability, rapidity, and energy efficiency.
Compared with the conventional quadratic optimization approach, the proposed method significantly
reduces attitude variation and trajectory risk, with Ly and L, decreasing by 70.4% and 19.1%,
respectively. Meanwhile, the aircraft’s attitude states converge to the desired condition within the
prescribed time. When compared with a conventional quadrotor, the proposed thrust-vectoring aircraft
achieves further improvements, with Lg, t..., and L,y reduced by 79.0%, 25.1%, and 27.1%,
respectively. The trajectory exhibits smaller attitude variations and generates more optimized flight paths,
fully leveraging the decoupling advantages of thrust-vectoring aircraft. Future research will focus on
extending the framework to more complex constrained-space modeling, enhancing algorithms, and
conducting experimental validation.
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