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Abstract

Formation flight can effectively reduce the drag of wingmen, thereby lowering fuel consumption and extending
the flight range. For unmanned aerial vehicle (UAV) formations, however, these benefits must be achieved
while satisfying obstacle-avoidance and flight-performance constraints. Since the relative formation position
affects both the lift-to-drag ratio and the positional stability derivatives, trajectory planning and formation shape
optimization should be considered together. This paper studies two-dimensional and three-dimensional trajec-
tory planning for a UAV formation using a leader-first strategy. The trajectory of the lead aircraft is planned by
the dynamic window approach (DWA), and the wingmen'’s trajectories are then generated according to the pre-
scribed formation geometry. In the three-dimensional case, climb angle and velocity constraints are introduced
into the planning process, and formation contraction, rotation, transformation, and recovery are used to support
obstacle avoidance. For the cruise phase, a formation shape optimization model is further established based
on the SACCON configuration. The vortex lattice method (VLM) is used to evaluate the aerodynamic perfor-
mance and stability derivatives, and NSGA-II is employed to obtain a Pareto front that balances aerodynamic
efficiency and formation stability. Simulation results show that the employed method generates feasible 2D
and 3D formation trajectories under flight-performance constraints. The optimized formation position increases
the lift-to-drag ratio from 15.8 for a single aircraft to 20.2 while maintaining favorable stability-derivative char-
acteristics, demonstrating the benefit of introducing formation position optimization into the formation planning
framework.
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1. Introduction

With the development of electronic warfare and cooperative air combat, unmanned aerial vehicle
(UAV) formations have been increasingly used in missions such as intelligence, surveillance, recon-
naissance, and precision strike. Formation flight can reduce the induced drag of trailing aircraft by
using the upwash generated by the wingtip vortices of leading aircraft, thereby improving fuel econ-
omy and extending flight range. Formation-flight studies have shown that an inverted-V formation
can provide notable fuel savings, and that the lateral and vertical spacing between aircraft has a di-
rect influence on the aerodynamic benefit obtained by the trailing aircraft [1, 2]. Therefore, trajectory
planning for UAV formations must not only ensure obstacle avoidance and formation keeping, but
also satisfy flight-performance constraints and preserve favorable relative positions during mission
execution.

Various methods have been applied to UAV path planning and formation obstacle avoidance. Artificial-
potential-field-based methods have been combined with genetic algorithms, virtual structures, leader-
follower architectures, and consensus mechanisms to support formation keeping, obstacle avoid-
ance, and trajectory smoothing in complex environments [3, 4, 5]. These methods are effective for
describing attractive and repulsive guidance effects, but the construction of suitable potential fields
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remains difficult when obstacle distributions are complex. Sampling-based and intelligent optimiza-
tion methods, including RRT-based planning, ant colony optimization, and reinforcement learning,
have also been used for three-dimensional route planning and dynamic obstacle avoidance [6, 7, 8].
These methods can handle multi-constraint planning problems, but their real-time performance, train-
ing cost, or direct incorporation of aircraft performance limits may restrict their application in formation
flight.

The dynamic window approach (DWA) provides a real-time planning framework in which candidate
velocity commands are sampled within the reachable dynamic window and evaluated through pre-
dicted trajectories. Obstacle clearance, target alignment, velocity preference, and other mission-
related criteria can be included in the evaluation function, while acceleration, speed, and angular-rate
limits are naturally imposed by the dynamic window itself. Improved DWA-based methods have been
combined with reciprocal collision avoidance to reduce path length and flight time, and DWA-based
formation planning has been used to adjust evaluation-function weights and follower positions dur-
ing obstacle avoidance and formation reconfiguration [9, 10, 11]. These results indicate that DWA
is suitable for formation trajectory planning where real-time decision making and flight-performance
constraints must be considered simultaneously.

Three-dimensional formation planning introduces additional constraints that are not present in pla-
nar planning, including climb angle limits, altitude separation, and vertical maneuvering capability.
Three-dimensional velocity obstacle methods and nonlinear-dynamic-inversion-based formation con-
trol have been used to resolve spatial conflicts and maintain formation geometry [12, 13]. Formation
reconfiguration has also been formulated through convex optimization, heuristic position allocation,
improved ant colony optimization, distributed predictive control, and affine transformations such as
rotation, scaling, and line formation transformation [5, 14, 15, 16, 17]. These studies show that adap-
tive formation transformation is necessary when a formation passes through constrained airspace,
but simultaneous trajectory planning for all aircraft still leads to high computational complexity.

To reduce this complexity, a leader-first trajectory planning strategy is adopted in this paper. The
lead aircraft trajectory is planned by DWA, and the wingmen trajectories are generated according
to the prescribed formation geometry. In the two-dimensional case, the planning process considers
obstacle avoidance, target guidance, velocity preference, and flight-performance constraints. In the
three-dimensional case, climb angle and velocity constraints are further introduced into the DWA eval-
uation process so that feasible climbing trajectories can be generated within the aircraft performance
envelope. Formation contraction, rotation, line formation transformation, and recovery are used to
support adaptive obstacle avoidance. For the cruise phase, a formation shape optimization model is
established based on the SACCON configuration. The vortex lattice method is used to evaluate aero-
dynamic performance and stability-related derivatives, and NSGA-Il is used to obtain a compromise
solution that balances lift-to-drag improvement and formation stability.

2. Mathematical Models for Trajectory Planning and Optimization
2.1 2D Planning Method

The aircraft is modeled as a point mass. Let [x(t,) y(t,) 0 () v(tn) o)(t”)]T denote the state
vector at time 7, , where (x,y) represents the position in the two-dimensional plane, 6 is the heading
angle relative to the positive x-axis, and v denotes the flight velocity, ® is defined as the rate of
change of 6. Given that the maximum linear acceleration and maximum angular acceleration are
amax and ouax, respectively—with the minimum acceleration being the negative of the maximum.The
state update equations are

X(tyy1) = x(t,) +vcosO (t,)dt

V(tws1) = y(ta) +vsin® (2,)ds (1)

0 (tnt1) =0(1,) + dt

where U = [v m}T is the input value of system in 2D scenarios.
Given the time interval dz of the dynamic window, the set of all possible linear and angular velocities
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for the lead aircraft is first computed as follows:

V€ Viimir N [V(tn) - amaxdta V(tn) + amaxdt]
® € Opjimir N[O (t) — Omaxd?, ©(f,) + Olmaxd?]

()

The velocity ranges are discretized and combined pairwise to compute the reachable positions of
the lead aircraft. The simulation duration corresponds to the prediction horizon, which is typically
tens of times longer than the dynamic window time interval. Subsequently, the distance to the radar
(obstacle) is calculated, and any trajectories that fail to ensure obstacle avoidance are discarded. An
objective function is then evaluated for all remaining feasible trajectories, primarily consisting of the
following components:

a. Obstacle function: defined as the distance between the leader and the obstacles;
b. Velocity function: representing the absolute magnitude of the leader’s velocity;

c. Heading function: defined as the angle between the leader’s flight direction and the target
direction;

d. A* function[18]: utilized to facilitate escaping from local optima. These functions are aggregated
via a weighted sum;

Therefore, the 2D evaluation function can be expressed as:
Gap = WopsGobs + WGy +wpGp + waxGa 3)

The trajectory yielding the maximum score is selected as the optimal trajectory for the next time step.
Diverse trajectory behaviors can be obtained by adjusting these weights.
The formation configuration is represented by the formation information matrix

wlh b °

where each column represents the polar coordinate position of the wingman relative to the lead
aircraft.

2.2 3D Planning Method

Similarly, the aircraft is modeled as a point mass in three-dimensional space, neglecting rotational
motion around the three body axes. Let [x(1,) y(tx) z(ta) v(ta) O(ta) O(ta) 6(tn) qi(t,,)]T de-
fined as the state vector at time 7, , where (x,y,z) denotes the position of the aircraft in 3D space. 6
represents the angle between the velocity vector and the positive z-axis, while ¢ represents the angle
between the projection of the velocity vector on the XOY plane and the positive x-axis. The climb
angle is denoted by y, where y =n/2— 6, and the climb angle constraint is expressed as ¥ < Ymax-
Furthermore, 6 and ¢ denote the rates of change of 8 and ¢, respectively. Assuming the maximum
linear acceleration and corresponding angular accelerations are known (i.e., dmax, Omax, and Pmax),
and that the minimum acceleration is the negative of the maximum. The 3D state update equations
are

X(th+1) = x(t,) +vsin0 (1) cos ¢ (1,,)d¢

V(tys1) = y(t,) +vsin0 (2,) sin ¢ (¢,)d¢

Z(tns1) = z(ty) +vcosO (¢,)dt ()
0(tn+1) =0(1,) +06dz

O (tns1) = 0 (1) +0dt

. T . . . .

where U=1[v 6 ¢] isthe input value of system in 3D scenarios.

For the 3D planning problem, the DWA evaluation function retains the obstacle, velocity, heading, and
A* terms used in the 2D case. In addition, a climb angle evaluation term is introduced to penalize
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candidate trajectories that approach or exceed the climb angle limit y,.x. Therefore, the 3D evaluation
function can be expressed as

G3p = WobsGobs + Wy Gy +wj, G, +wa G +wyGy (6)

where G, denotes the climb angle evaluation term. The candidate trajectory with the highest weighted
score is selected for trajectory propagation.
In 3D scenario, the formation configuration can be represented by the formation information matrix

P1 P2 - PN
Fg=(B1 B2 - Bwn (7)
2 2 W

where each column represents the cylindrical coordinate position of the wingman relative to the lead
aircraft.

2.3 Formation Reconstruction

Using the lead aircraft as the reference point, a local Cartesian coordinate system is established, and
the position of the formation can be represented by the matrix R:

rix Ty

R=1|... ... (8)

'nx Tny

During the flight, the formation needs to perform obstacle avoidance through maneuvers such as
rotation, scaling (contraction or expansion), and line formation.
Let the rotation angle be 6,. The rotation matrix is:

R(on) = | (©)

cosO; —sin6
sin@; cos0,

The transformed formation position is:
R =RR(6;) (10)

Let the contraction coefficient of the formation along the x-direction be k;, and the contraction coeffi-
cient along the y-direction be x,. The formation contraction matrix is:

Roo =[5 o) (1)

0 K2
The formation contraction transformation can be expressed as:
R' = RR(x) (12)

Assuming the spacing distance of the line formation is d, the position matrix after the line formation
transformation is:
AL YL

R — xp —dcosy yL —dsiny (13)
xp— (i—1)dcosy y,—(i—1)dsiny

where v is the direction angle of the line formation.



2D AND 3D TRAJECTORY PLANNING FOR UAVS FORMATION SYSTEM USING DYNAMIC WINDOW APPROACH

2.4 Formation Shape Optimization Method

For the cruise phase, the relative position of the wingman is optimized to balance aerodynamic effi-
ciency and formation stability. The design vector is defined as

x=[Ax Ay Az}T, (14)

where Ax, Ay, and Az are the dimensionless streamwise, lateral, and vertical spacings of the wingman
relative to the lead aircraft, respectively. These variables are nondimensionalized by the wingspan of
the lead aircraft and are constrained as

1<Ax<6, 0<Ay<2, —1<Az<I. (15)

For each candidate formation position, the aerodynamic coefficients are evaluated by combining AVL
and OpenVSP. AVL is used for the inviscid lifting-surface calculation and provides the lift coefficient C,
and induced-drag coefficient Cp, of the formation [19]. The Prandtl-Glauert compressibility correction
is enabled in AVL through the freestream Mach number setting. Since the viscous zero-lift drag is not
obtained from the vortex-lattice calculation in the present work, the total drag coefficient is constructed
by adding the zero-lift drag coefficient computed by OpenVSP:

CD(X) = CDi(X) + CDo (1 6)
Therefore, the lift-to-drag ratio used in the optimization is calculated as

L CL(X)

2(x) = — 2% 17

X o) + Co, (17)

The zero-lift drag coefficient is evaluated with the same reference area and flight condition as the
AVL calculation. Since the aircraft geometry is fixed during the relative-position optimization, Cp, is
kept constant for all candidate spacings, while the induced-drag component varies with the formation
position.

The stability-related objectives are based on the relative-position derivatives 9C,/dz, dC,,/dz, and
0C;/dy. These derivatives are obtained by perturbing the relative position and repeating the aerody-
namic calculation. For a generic aerodynamic coefficient C, the central-difference approximation is

g_TC]‘ - C(x+8nen)26nC(x 611911)’ S (18)
where §, is the perturbation step and e, is the unit vector in the corresponding spacing direction.
The optimization problem is solved as a multi-objective problem using the NSGA-II algorithm imple-
mented in pygmo, the Python interface of pagmo [20]. Each individual in the population represents
one candidate formation position x. During each fitness evaluation, the formation geometry is gener-
ated, the aerodynamic coefficients are calculated, and the objective vector is assembled as

T
1 d m a
min f(x) = [—% aa—CZL acz a—ff (19)
After nondominated sorting and crowding-distance selection, the Pareto front is obtained. The fi-
nal formation position is selected from the Pareto front as a compromise between lift-to-drag-ratio

improvement and favorable stability-derivative characteristics.

3. Results and Discussions

The trajectory planning problem considers a UAV formation composed of five aircraft, including one
leader and four wingmen. All aircraft in the formation are UAVs and are assumed to have the same
flight-performance limits. The formation is assigned a penetration mission from the prescribed start
point to the target point while avoiding enemy threat zones. The 2D case is used to examine pla-
nar obstacle avoidance and formation contraction, whereas the 3D case further considers altitude
variation, climb-angle limitation, and formation transformation. The simulation parameters used for
trajectory planning are listed in Table 1. The weights of the evaluation function determine the relative
importance of obstacle avoidance, velocity, target heading, global guidance, and climb angle limita-
tion. The same parameter set is used in the following 2D and 3D simulation cases unless otherwise
specified.
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Table 1 — Simulation parameters used in trajectory planning

Parameter Symbol Value
Obstacle function weight Wobs 0.02
Velocity function weight Wy 0.12
Heading function weight W 0.10

A* function weight Wa 0.30
Climb angle limit weight Wy 0.05
Time step At 0.3s
Maximum velocity Vinax 500 m/s
Maximum heading angular rate  Gmax 0.3 rad/s
Maximum polar angular rate Omax 0.47 rad/s
Start point Py (0,0,0) km
Target point P, (200,200,10) km

3.1 2D Results

In the 2D case, the formation is initialized in a wedge configuration. The threat environment con-
sists of two circular anti-aircraft threat zones. As illustrated in Figure 1, the 2D trajectory planning
demonstrates that the formation automatically contracts to pass through the narrow corridor created
by the air defense zones. Initially, the formation heads directly toward the target. After advancing a
certain distance, the weight of the obstacle avoidance function becomes significant, prompting the
entire formation to execute a left turn to evade the threat areas. As the formation approaches the
target, the weight of the heading function becomes dominant, causing the formation to turn right to
realign with the destination. The 2D simulation results indicate that decoupling the trajectory planning
of the leader and wingmen enables the formation to successfully avoid enemy air defense zones and
accomplish the penetration mission while satisfying flight performance constraints.

40

35+

——Target

—+— Start

——Leader 20

——Wingman1

——Wingman2
Wingman3j5 -

—Wingman4

0 5 16 1A5 21) 25 36 3.5 40
km
Figure 1 — Two-dimensional trajectory planning for
one lead aircraft and four wingmen

3.2 3D Results

In the 3D case, the same UAV formation is initialized in an inverted-V configuration. The mission
requires a climb from Point A to Point B at a higher altitude, and the threat zones are modeled as
spheres. Using the two-stage decoupled planning strategy described in Section 2, the leader’s three-
dimensional trajectory is first generated, and the wingmen'’s trajectories are then derived accordingly.
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Figure 2 — Three-dimension formation flight ~ Figure 3 — Longitudinal profile of 3D formation
path planning flight path

The resulting formation trajectory is shown in Figure 2. After departure, the formation executes a
turning maneuver to align with the target bearing. Following the turn, the formation first contracts
laterally via the scaling matrix R(x), then transitions to a line formation to pass through the narrow
gap between the spherical threat zones on the right. Once clear of the danger zone, the formation
reverts to its initial inverted-V configuration.

The longitudinal profile is obtained by projecting the leader’s trajectory onto the vertical plane, as
shown in Figure 3. The profile exhibits a two-phase climbing pattern under the prescribed climb-angle
limit ymax. The first climb occurs at approximately 90 km, where the formation ascends to the cruising
altitude of approximately 10 km; this position coincides with the turning maneuver. The formation then
maintains level flight until approximately 110 km before the target, where the second climb raises the
formation to the target altitude. The two-phase pattern arises because a single continuous climb
would violate the maximum climb angle given the horizontal distance available and the intervening
obstacle avoidance maneuvers. This demonstrates that the DWA evaluation function automatically
generates segmented climbing trajectories that satisfy the aircraft’s performance envelope without
explicit waypoint specification.

Figure 4 and Figure 5 further quantify the evolution of the leader’s control parameters and climb ve-
locity. During the first 700 steps, the climb angle y converges from approximately 0.5rad to 0.1 rad
under the ymax constraint, while the heading angle ¢ adjusts slightly from 0.8 rad to 1.0 rad, indicating
minor directional corrections during the climb phase. At step 700, v drops sharply to zero and ¢
exhibits a step decrease from 1.0rad to 0.68 rad, corresponding to the turning maneuver upon reach-
ing the target altitude. Concurrently, the climb velocity rises from 17 m/s to a peak of approximately
59 m/s before rapidly decaying to zero, confirming the transition to level flight. The brief velocity rise
around steps 1300—1500 reflects a minor altitude adjustment for precise target arrival. These profiles
are fully consistent with the two-phase climbing strategy and turning maneuver described above.

3.3 Formation Shape Optimization

During cruise, the aerodynamic benefit of formation flight depends on the relative spacing between
aircraft. Therefore, the formation shape optimization method described in Section 2 is used to se-
lect a compromise wingman position. The lead aircraft and wingman adopt the same SACCON
configuration [21], and the positional stability derivatives 0C;/dz, dC,,/dz, and 9C;/dy are used as
stability-related indicators [22, 23]. This subsection reports the resulting Pareto front, the selected
design point, and the corresponding aerodynamic and stability characteristics.

The optimization results are shown in Figure 6 and Figures 7—10. The Pareto front indicates that the
aerodynamic efficiency and the formation stability derivatives cannot be improved independently. A
point with a smaller value of —L/D corresponds to a higher lift-to-drag ratio, while smaller values of the
three positional stability derivatives correspond to better formation stability in the present formulation.
Therefore, the final formation geometry is selected from the Pareto front as a compromise between
these two requirements, rather than as a single-objective optimum.
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The selected objective vector is
[-L/D 9Cp/0z 9C,/dz 0C;/dy] =[-20.2287 —0.0062 —0.0017 —0.0252], (20)
and the corresponding dimensionless design vector is
[Ax Ay Az] =[2.3053 0.7132 0.0100]. (21)

For the stability-related objectives, the selected point gives dC;/dz = —0.0062, dC,,/dz = —0.0017, and
0C;/dy = —0.0252. These values show that the chosen solution does not simply pursue the largest
aerodynamic benefit. Instead, it accepts a slight reduction in lift-to-drag ratio so that the stability-
related derivatives, especially the pitching moment derivative, remain at more favorable values under
the present optimization criterion. The individual distributions in Figures 7—10 also show that the
best aerodynamic region does not exactly coincide with the most favorable stability-derivative region.
The selected configuration is therefore suitable for the cruise phase, where the formation should
retain aerodynamic benefit over a long duration while remaining robust to small relative-position dis-
turbances.

Figure 11 shows the spanwise wing-loading distributions of the leader and wingman. The wingman
has higher wing loading over part of the span, with the increase mainly concentrated around the
midspan region. This indicates that, at the optimized relative position, the main load-bearing region of
the wingman is affected by favorable aerodynamic interference. In terms of aerodynamic coefficients,
the lift coefficient increases from 0.19 for the leader to 0.22 for the wingman, while the induced-drag
coefficient decreases from 0.005 to 0.0039. With the same zero-lift drag coefficient, Cpyp = 0.00702,
the wingman lift-to-drag ratio is approximately 20.2, higher than the leader value of approximately
15.8. Therefore, the direct reason for the improvement in the wingman’s lift-to-drag ratio is that the
lift increases while the induced drag decreases. This improvement mainly comes from the favorable
influence of the upwash induced by the leader’s wingtip vortex. The upwash increases the local
effective angle of attack of the wingman, increasing the wing loading in the midspan region; it also
reduces the effective downwash associated with lift generation, thereby reducing induced drag.

4. Conclusions

This paper studied two-dimensional and three-dimensional trajectory planning for a UAV formation
system using the dynamic window approach. A two-stage decoupled strategy was adopted, in which
the leader’s trajectory is planned first and the wingmen'’s trajectories are then generated according to
the prescribed formation geometry. The main conclusions are summarized as follows:

a. The 2D simulation results show that the formation can avoid circular threat zones during a pen-
etration mission. Through formation contraction, the aircraft pass through the narrow corridor
between the threat zones and then realign with the target, indicating that the proposed method
can generate feasible 2D formation trajectories under flight performance constraints.

b. In the 3D scenario, the climb angle v is constrained in the DWA-based planning process. The
formation completes turning, lateral contraction, line formation transformation, and recovery to
the inverted-V configuration while avoiding spherical threat zones. The segmented climbing
trajectory and the corresponding angle and velocity histories confirm that the generated path
satisfies the aircraft climb performance limitation.

c. For the cruise phase, a formation shape optimization model was established by combining
the SACCON configuration, the vortex lattice method, and NSGA-Il. A compromise solution
was selected from the Pareto front to balance aerodynamic efficiency and formation stability,
increasing the lift-to-drag ratio from 15.8 for a single aircraft to 20.2 in the optimized formation.
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