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Abstract

Predefined-time formation reconfiguration of unmanned aerial vehicle (UAV) swarms requires simultaneous satisfaction
of a mission deadline, heterogeneous energy reserves, collision-separation constraints, actuator limits, and external
disturbances. This study develops an energy-constrained predefined-time reconfiguration framework in which a single
finite-horizon controllability Gramian is used consistently for both discrete slot assignment and continuous terminal
recovery. The assignment stage minimizes a state-of-charge- and mass-weighted maneuver index while screening
individual energy budgets and nominal pairwise separation. The online stage combines a receding minimum-energy
terminal correction, effective-disturbance observation, and a high-order control-barrier-function safety projection. Under
compound uncertainty, the method achieves a 0.00529 m formation-reference RMSE, a 0.00176 m deadline error, a
1.997 m minimum separation, and zero acceleration saturation. Relative to direct predefined-time mapping, reference
maneuver effort decreases by 75.9%, tracking RMSE by 90.3%, and model-based incremental propulsion energy by
15.8%. Thirty paired common-seed trials retain 100% deadline success and consistent improvement over the strongest
baseline. The results demonstrate that coupling deadline selection, energy-aware assignment, and receding terminal
control through the same finite-horizon energy metric provides a compact and analytically interpretable solution for
deadline-critical UAV-swarm reconfiguration.

1. Introduction

Formation-control research has progressed from static shape keeping to mission-driven assembly, reconfiguration, obstacle
interaction, and coordinated task execution [1]. Predefined- and prescribed-time methods allow the convergence time to be
selected explicitly and have been developed for UAV swarms and multi-agent systems under spatiotemporal constraints, directed
graphs, switching topologies, uncertainty, disturbances, faults, and heterogeneous dynamics [2]-[19]. These advances address
convergence-time specification effectively, but they do not by themselves resolve how a prescribed mission deadline should alter
the energetic cost of assigning individual vehicles to target slots.

Formation reconfiguration is also naturally a coupled discrete-continuous problem. Target assignment and control-input
optimization have been considered in two-stage and model-predictive frameworks [20], [21], while energy-aware cooperative
control is increasingly important because multirotor endurance depends strongly on thrust, speed, acceleration, vehicle mass, and
remaining battery charge [22]-[27]. A persistent gap is that deadline selection, heterogeneous energy reserve, slot assignment,
and online terminal correction are usually treated as separate design layers. Consequently, the assignment may be energetically
inefficient for the selected deadline, and the online controller may track a precomputed path without re-solving the finite-horizon
steering problem from the current tracking error.

This work adopts an outer-loop translational model consistent with established UAV dynamics and disturbance-aware control
practice [29]-[32], with the inner attitude dynamics assumed sufficiently faster than the formation layer. This separation enables
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the deadline-energy relationship to be derived analytically and keeps the proposed architecture suitable for real-time swarm
implementation.

Novelty. The central contribution is a unified deadline-energy co-design: the same finite-horizon controllability Gramian
determines both the assignment cost before reconfiguration and the receding minimum-energy terminal correction during flight.
This creates a direct analytical link between the user-selected completion time, heterogeneous vehicle energy reserve, discrete
slot allocation, and online deadline recovery, which distinguishes the proposed framework from existing predefined/prescribed-
time formation control [2]-[19], reconfiguration optimization [20], [21], and propulsion-energy evaluation [22]-[27].

The study makes three technical contributions: (i) a deadline-dependent slot-assignment criterion weighted by vehicle mass
and state of charge and constrained by per-UAV maneuver budgets and nominal pairwise separation; (i) a receding minimum-
energy terminal correction integrated with effective-disturbance observation and high-order control-barrier safety, so deadline
recoverability and collision avoidance are enforced within a common online control architecture; and (iii) a reproducible evaluation
protocol comprising component ablation, paired Monte Carlo trials, and deadline-sensitivity analysis, which separates the
contribution of assignment, disturbance rejection, terminal correction, and safety supervision.

2. Methodology and Algorithm Synthesis
2.1. Relative heterogeneous UAV model and problem statement

For follower i, let p; and v; denote the inertial position and velocity, respectively. The outer-loop acceleration command is u;.
A scalar b; captures unknown control-effectiveness variation caused by mass/propulsion mismatch, while d; contains wind and
unmodeled acceleration. The model used by the formation layer is

D=V, v.=Bu +d —c,(v.—v,), i=1...,N 1)

where ¢ is a small velocity-damping coefficient and (p;,, v;) is the virtual-leader state. With the relative variables 7; = p; -
p,and w; =v; - v,
L=D,—DP,, W=V,—V, L=W, Wizﬁiui_aL—}_di_chi (2)

1 1

A shape switch starts at t. Each vehicle must be assigned exactly one target slot g ; and satisfy
n@) =1 wt)=w, 5, +T,)=q,, w(t,+T,)=0 3)
where the predefined maneuver duration T, is selected before the maneuver and does not depend on the initial permutation.

2.2. Finite-horizon minimum-energy transfer

The first design question is the least squared-acceleration effort required to connect one vehicle to one candidate slot. For
the relative double integrator,

TP
J, (1) =min, [ llu()|f} dr @
Using
0 I 0
A= , B= (5)
od ol

the finite-horizon controllability Gramian is
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T , 3 2
W(T):f e"BB"e" dT = I1/3 1172
0

(6)
T°1/2 TI

Therefore, the minimum transfer effort for vehicle-slot pair (i, ) is

min - AT,
St = Ax;W NT AX,, Ax,=x,,—e x; (7)
When the relative boundary velocities are zero, this becomes

min 12 02 0

if :F”q/_’? ”2 fOI‘W’i :Wf,j:o (8)

The Tp‘3 law is important: the energy-feasibility margin deteriorates rapidly when the designer shortens the reconfiguration

time. This creates a direct analytical coupling between deadline selection and maneuver effort rather than treating energy as an
after-the-fact metric.

2.3. State-of-charge-weighted constrained assignment

Because vehicles do not necessarily start with equal mass or state of charge, the assignment objective weights the analytical
effort by an induced-power-inspired mass factor and available battery fraction:

(mi / 77—1)3/2 min

=] 9
Y max(SOC,,¢,) "’ ©

where m is the fleet-mean mass and & prevents division by a vanishing state of charge. The discrete optimization is

N
. :
7" =argmin, > Ci.ov (10)
i=1

subject to individual maneuver-budget and pairwise-separation feasibility:
JiI,I;I(li) <J. minfe[o,rp] | 7" (T)— ”j* (M ,Z de (11)

For N = 6, all N! permutations are evaluated, so the reported solution is globally optimal within the stated discrete model and
constraints. The same cost matrix can be passed to a linear-assignment or mixed-integer solver for larger fleets.
2.4. Minimum-energy predefined-time boundary trajectory

For the selected permutation, the boundary solution is a cubic polynomial,

B (r)=ay,+a,T+ aziTz + a3iT3 (12)
with coefficients

_ .0 . 0 . 2 0 . 3 0 2
Ay, =1 5y, =W, , a4y, =301 /T =2w, /T ,a,, = =201 /T, +w; /T, (13)

where D; = q ;) - rio. Its relative velocity and acceleration are
W' =a, +2a,7+3a,7°, a’ =2a,, +6a,T (14)
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The trajectory reaches the assigned final slot and zero relative velocity exactly at ¢ + T, in the nominal boundary model.
2.5. Receding minimum-energy terminal correction

A key change from a conventional trajectory tracker is that the remaining tracking error is treated as a new finite-horizon
steering problem. Define

e, =1—r", e =w —w, & =le T (15)
and the remaining time
tr:tS—FTp—t, O<tr§Tp (16)

For the double-integrator error dynamics, the minimum-energy correction that drives the current error state to zero at the
deadline is

1

SuMt = _B My (t. e 13 (17)
Substitution of the closed-form Gramian gives

SuM™ =—%e,.—ie',. (18)
t t

r r

Thus the position- and velocity-error gains are not selected independently of the deadline; they increase according to the
physically meaningful remaining-time horizon. In code, the last 0.30 s is regularized to avoid numerical blow-up under sampled
implementation and actuator limits, while a stabilizing feedback term remains active.

2.6. Effective-disturbance observer and robust tracking command

The unknown control-effectiveness deviation can be written as part of an effective disturbance,
diEff =6, —Du, +d,, Yai = aimeas —(u, —c,w;) (19)

where a]"*°®® is an acceleration estimate obtainable from an inertial/state estimator. A first-order bounded observer is used:

(;li =N saty (v, _CZ') (20)
With the composite error
z,=e +\e (1)
the pre-safety command is

u! =a, +a’ +6u —K,e —Kpe, _‘2,- —k, tanh(z, / €) (22)
where the feedback gains and smoothing parameter are positive, and the hyperbolic tangent prevents chattering. The

terminal correction and fixed feedback are complementary: the former explicitly preserves deadline recoverability, while the
latter reduces transient sensitivity when the remaining time is still large.

2.7. Robust high-order control-barrier safety projection

Pairwise separation is expressed as
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h[j :” D; _pj ”; _dszafe (23)
For a relative-degree-two barrier,

_ 7 _n, T
Uy =hy; +auhy =2rv; t ok, (24)
and the robust second-order condition yields the linear acceleration inequality
2r) (u,—u,) > by ==2|v, " =2(y + )1 v, —aqouh, + 4|7, || d (25)

where d bounds each vehicle's acceleration disturbance. Stacking all commanded accelerations intou each violated pairwise
half-space is corrected by the Euclidean minimum-norm projection

[bk - Aku]+ AT

(26)
N4

Uu—u-+

The projection is applied sequentially for a small number of sweeps and only when a barrier inequality is violated. The final
per-UAV command is projected to the admissible acceleration ball:

=10, @) @0

‘max

2.8. Stability and optimality properties

Proposition 1. Equation (7) is the minimum squared-acceleration cost for the finite-horizon linear boundary problem, and (18)
is the corresponding receding minimum-energy terminal control for the instantaneous tracking-error state. The result follows from
the standard controllability-Gramian solution of the minimum-energy transfer problem.

Proposition 2. For N = 6, the assignment returned by exhaustive enumeration is globally optimal over the feasible
permutation set defined by (11). This claim is discrete and exact; it does not depend on a heuristic optimizer.

Proposition 3. When the actuator projection is inactive, the HOCBF inequalities are feasible, and the observer error is
bounded, the tracking dynamics are input-to-state practically stable with respect to the residual effective disturbance. A quadratic
function

V.= %gTPgi, P=P >0 (28)

can be selected for the regularized closed-loop error dynamics so that
V<X &I +e & a™ —d, | (29)

for suitable positive constants. Hence the tracking error enters a neighborhood proportional to the disturbance-estimation
error. In the nominal observer-perfect case, the terminal correction drives the error to zero at the selected terminal time.
2.9. Propulsion-energy evaluation

The analytical assignment constraint uses squared acceleration because it permits a closed-form optimal transfer.
Electrical/propulsion energy is evaluated independently. The required thrust magnitude is approximated by

F, = m, |u, + gej, (30)

and the multirotor power model is
54
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32
P =F +i—+_pCDAf v 13
ny2pA, 2

This model follows the structure of validated multirotor energy models [22]-[27]. Incremental maneuver energy above
hover is

(31)

l

14T,
Er = [ max(R - B, 0)dr (32)

s

This definition prevents the common hover component from masking differences between reconfiguration strategies.
2.10. Evaluation metrics and pseudocode

The primary metrics are

1 & N
eRMS(t):\/NZ”},;‘_r; ”ia eT:eﬁnal(ts+Tp) (33)
i=l
Separation and saturation are defined by
. 1
Ao =iy o 12— 25 by Ve = NK ;l{nuxk)umm}l()()% (34)

The practical completion criterion is final-formation RMSE below 0.12 m for at least 0.5 s.
Algorithm 1 - One reconfiguration cycle

Input: current follower states, target slots, masses, states of charge, maneuver-energy budgets, T, dgqr., and
observer state.
(1) Compute ]{}”‘in and the SOC-weighted assignment costs.
(2) Enumerate/solve the assignment and reject budget/separation-infeasible candidates.
(3) At t, store the relative initial states and generate cubic boundary references.
(4) At each sample, update the remaining time and minimum-energy terminal correction.
(5) Update the effective-disturbance observer.
(6) Form the robust tracking command.
(7) Project violated HOCBF half-spaces.
(8) Apply the acceleration limit.
(9) Propagate the plant and update power, RMSE, separation, and energy metrics.

(10) Repeat until the maneuver is complete.
3. Simulation, Evaluation, and Discussion
3.1. Compound-uncertainty setup and fairness protocol

Six F450-class followers are simulated for 30 s with a 0.05 s sample period. Reconfiguration starts at t; = 10 s and the nominal
predefined duration is T}, = 8 s. The masses are [1.18, 1.32, 1.24, 1.38, 1.21, 1.29] kg and the initial state-of-charge fractions are
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[0.92,0.72, 0.86, 0.66, 0.80, 0.70]. The minimum separation is 1.75 m and the outer-loop acceleration limit is 6 m/s2. The leader
follows a smooth three-dimensional trajectory whose altitude is centered at 20 m.

The reported comparative evaluation focuses on the compound-uncertainty case, which combines stronger wind,
heterogeneous control-effectiveness factors [0.93, 0.88, 0.98, 0.86, 0.95, 0.90], stochastic acceleration, and a localized opposing
gust on a neighboring pair. Every compared method uses the same initial state, physical parameters, disturbance realization, and
actuator limit. The common baseline gains are fixed before the test, and no method-specific gain retuning is used within the four-
method comparison.

The four methods are: direct predefined-time mapping; energy-assigned predefined-time tracking; safe energy assignment
with disturbance observation; and the full proposed method with receding terminal correction plus safety projection.

Table 1. Main simulation parameters

Parameter Value Unit Role
Number of followers 6 - Swarm size
Sampling period 0.05 S 20 Hz control loop
Reconfiguration start 10 S Shape-switch time
Predefined duration 8 S Mission deadline
Minimum separation 1.75 m Safety constraint
Acceleration limit 6.0 m/s? Outer-loop actuator bound
Disturbance bound for HOCBF 0.90 m/s? Robust safety margin
Rotor radius 0.127 m Propulsion-energy model
Air density 1.225 kg/m? Standard atmosphere

3.2. Assignment result and energy feasibility

Table 2. Direct and proposed assignments

UAV SOC Mass (kg) Direct slot Proposed slot Jdirect Jproposed Budget
1 0.92 1.18 1 5 1.8984 0.1172 0.5661
2 0.72 1.32 2 4 0.6362 0.0302 0.5313
3 0.86 1.24 3 3 0.0302 0.0302 0.5556
4 0.66 1.38 4 2 0.9609 0.1172 0.5208
5 0.80 1.21 5 1 1.2857 0.4922 0.5452
6 0.70 1.29 6 6 0.4922 0.4922 0.5278

The direct mapping violates four of six maneuver budgets. The proposed permutation is [5, 4, 3, 2, 1, 6] in one-based slot
numbering and satisfies all six budgets. Total reference effort decreases from 5.3036 to 1.2791, a 75.9% reduction. This
improvement occurs before any feedback gain or disturbance compensation is applied.
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Figure 1. 3D formation reconfiguration under compound uncertainty

Altitude z (m)

Quantitatively, all six followers complete the reconfiguration before the 8 s deadline; the proposed run settles in 7.05 s and
retains a minimum pairwise separation of 1.997 m. This corresponds to an 11.9% deadline margin and a 14.1% separation margin

relative to the 1.75 m threshold, with 0% acceleration saturation.

3.3. Tracking and deadline accuracy

Method

Direct predefined-
time

Energy-assigned
predefined-time

Safe assigned +
DOB

Proposed EBPT-
HOCBF

Table 3. Compound-uncertainty comparison

gﬁcking Post-deadline Deadline error Settling (s) Incremental Mi!‘l. Saturation (%)
SE (m) RMSE (m) (m) energy (J) separation (m)
0.05437 0.03519 0.01654 7.35 65.49 0.225 0.00
0.05384 0.03519 0.01650 7.00 60.24 1.972 0.00
0.00621 0.00357 0.00415 7.05 55.48 1.997 0.00
0.00529 0.00346 0.00176 7.05 55.16 1.997 0.00

The proposed method obtains 0.00529 m formation-reference RMSE and 0.00176 m error exactly at the 8 s deadline. Relative
to direct predefined-time mapping, the RMSE reduction is 90.3% and the post-deadline RMSE reduction is 90.2%. Compared with
the safe-assigned observer baseline, the proposed terminal correction reduces the deadline error from 0.00415 m to 0.00176 m
while slightly reducing control effort and energy. No method saturates in this scenario, so the result is not produced by allowing

the proposed controller to use a larger actuator envelope.
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Figure 2. Formation-reference RMSE near the deadline

The proposed controller attains a formation-reference RMSE of 0.00529 m, compared with 0.00621 m for Safe assigned +
DOB and 0.05437 m for direct predefined-time mapping. This corresponds to a 90.3% RMSE reduction relative to the direct
baseline, while the external zoom confirms that the proposed curve remains lower around the deadline. The 14.8% reduction
relative to Safe assigned + DOB isolates the incremental accuracy benefit of the receding terminal correction.

Deadline-constrained formation completion External zoom
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Figure 3. Final-formation error at the deadline
At the predefined deadline, the proposed error is 0.00176 m versus 0.00415 m for Safe assigned + DOB, a 57.6% reduction.
The settling time is 7.05 s, leaving approximately 0.95 s of deadline margin without increasing the acceleration limit. The 1.76 mm
deadline error is only 1.47% of the 0.12 m completion threshold.
3.4. Safety, control effort, and propulsion energy

The direct mapping creates severe geometric conflict: minimum separation is only 0.225 m. Energy-aware assignment alone
increases it to 1.972 m, while both disturbance-observer methods maintain approximately 1.997 m. The proposed barrier

58


http://www.journalsmr.com/
mailto:journalsmr@gmail.com

]
Journal of Volume 01, Issue 01, October 2026 ]Ournal SM

Journal of Sustainable Multidisciplinary Research (JSMR)
www.journalsmr.com | editor@journalsmr.com

supervisor activates only two pairwise projections in the compound run and does not change the saturation ratio, confirming that
the nominal assignment carries most of the geometric safety burden while the barrier layer remains available for local correction.

Pairwise separation during reconfiguration External zoom
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Figure 4. Minimum pairwise separation

The proposed and Safe + DOB methods maintain a minimum separation of approximately 1.997 m, providing a 0.247 m
margin above the 1.75 m safety threshold; the energy-assigned baseline reaches 1.972 m, whereas direct mapping collapses to
0.225 m. The selected zoom therefore focuses only on the feasible methods near their closest approach. Thus, the proposed
minimum separation is 14.1% above the safety threshold, whereas direct mapping is 87.1% below it.

The cumulative commanded-acceleration effort of the full method is 37.28 compared with 47.49 for direct mapping. The
independently evaluated incremental propulsion energy decreases from 65.49 J to 55.16 J, corresponding to a 15.8% reduction.
The reduction relative to the energy-assigned baseline is 8.4%, which isolates the benefit of disturbance estimation and the
terminal-recovery law after the discrete assignment has already been improved.
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Figure 5. Cumulative control effort

The proposed cumulative control effort is 37.28, compared with 47.49 for direct mapping and 39.56 for energy-assigned
predefined-time control. Thus, the proposed method reduces control effort by 21.5% relative to the direct baseline and remains
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slightly below the Safe + DOB case (37.35). It is also about 0.2% lower than Safe + DOB, showing that the accuracy gain is not
obtained by increasing total acceleration effort.

Model-based incremental propulsion energy External zoom
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Figure 6. Incremental propulsion energy above hover

The proposed incremental propulsion energy is 55.16 J, compared with 65.49 J for direct mapping and 60.24 J for energy-
assigned predefined-time control. The reductions are 15.8% and 8.4%, respectively, while the terminal zoom shows that the
proposed curve remains marginally below Safe + DOB through the final interval. Relative to Safe + DOB (55.48 J), energy is
0.58% lower while deadline error is reduced by 57.6%.

3.5. Ablation study

The ablation uses one fixed common seed (121) for all configurations; Table 4 should therefore be interpreted by paired within-
table differences rather than by comparing its absolute values with Table 3.

Table 4. Component ablation under the compound case

Confiquration Tracking Post Deadline Control Incremental Min.
9 RMSE RMSE error effort energy separation
Full proposed 0.00523 0.00338 0.00164 37.26 55.16 1.997
Without terminal correction [HOCBF g 44514 000349 0.00383 37.33 55.49 1.997
projection
Without DOB and safety projection 0.05379 0.03519 0.01640 39.55 60.37 1.973
Without energy/safety assignment 0.05432 0.03518 0.01644 47.44 65.60 0.220

Removing the terminal/safety layer increases tracking RMSE from 0.00523 to 0.00611 and more than doubles deadline error
from 0.00164 to 0.00383 m. Removing the disturbance observer increases RMSE by roughly one order of magnitude. Removing
the energy/safety assignment leaves the deadline tracker active but collapses minimum separation to approximately 0.22 m and
increases both control effort and propulsion energy. The ablation therefore separates the contributions instead of attributing all
improvement to one tuned feedback gain.

60


http://www.journalsmr.com/
mailto:journalsmr@gmail.com

]
Journal of Volume 01, Issue 01, October 2026 ]Ournal SM

Journal of Sustainable Multidisciplinary Research (JSMR)
www.journalsmr.com | editor@journalsmr.com

3.6. Thirty-trial Monte Carlo robustness

Table 5. Thirty common-seed trials under compound uncertainty (mean * standard deviation)

Method Tracking Post RMSE Mean deadline Deadline Worst. min. Mean incremental
RMSE (m) (m) error (m) success (%) separation (m) energy (J)
Dirct predefined-time oo " oot 0.01651 100 0.220 66.06
Safe assigned + DOB 069883851 06(.)883341 0.00403 100 1996 55.97
Proposet | OoaTE oTE 000173 100 1.996 55.69

The proposed method maintains 100% deadline success over seeds 101-130. Its mean post-deadline RMSE is 0.00347 m
with standard deviation 0.00005 m, and the worst observed minimum separation is 1.996 m. The common-seed design ensures
each method sees the same random realization in each trial.

Thirty-trial paired Monte Carlo improvement over the strongest baseline
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Figure 7. Paired Monte Carlo improvement over Safe + DOB.

Across all 30 paired seeds, the proposed method improves on Safe+DOB in every realization. The mean paired differences
(Proposed - Safe+DOB) are -0.880 + 0.008 mm for tracking RMSE, -2.298 + 0.017 mm for deadline error, and -0.282 + 0.012 J
for incremental energy, where the intervals are 95% confidence half-widths. The consistent negative sign in 30/30 trials shows
that the gain is not seed-specific.
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3.7. Sensitivity to the predefined time

All deadline cases use the same compound-disturbance seed (131), and the nominal 8 s assignment is held fixed so that the
comparison isolates sensitivity to the selected deadline.

Table 6. Deadline sensitivity of the proposed method

Tp (s) Tracking RMSE Deadline error Settling (s) Control effort Incremental energy (J) Min. separation (m)
6 0.00469 0.00263 5.30 30.80 52.13 1.995
7 0.00522 0.00086 6.15 36.59 52.05 1.997
8 0.00524 0.00171 7.05 37.30 56.29 1.997
9 0.00526 0.00063 7.95 36.60 73.70 1.997
10 0.00520 0.00158 8.85 36.16 81.82 1.997

The controller reaches the 0.12 m completion band before each tested deadline from T, = 6 to 10 s. Tracking RMSE remains
below 0.0053 m. The non-monotonic propulsion-energy trend is expected because the reported quantity includes the time-varying
wind response over the entire reconfiguration interval, whereas the analytical reference-effort term follows the T,[,‘3 law. This
distinction is why the paper reports both the analytical maneuver index and the propulsion-energy estimate.

Deadline sensitivity matrix (raw values; row-wise normalized color)

Tracking RMSE (mm)

o
[

Deadline error (mm)

T
o
o

Within-metric performance score (1 = best)

Control effort

T
<
S

Incremental energy (J)

o
]

Min. separation (m)

0.0

6s 7s 8s 9s 10s
(nominal)

Predefined reconfiguration time T,

Figure 8. Deadline-sensitivity matrix
Across T, = 6-10 s, tracking RMSE remains within 4.69-5.26 mm and minimum separation within 1.995-1.997 m. The nominal
T, = 8 s case gives 5.24 mm tracking RMSE, 1.71 mm deadline error, 37.30 control effort, and 56.29 J incremental energy. The
matrix also shows that T,, = 7 s uses less energy (52.05 J), whereas T, = 9 s gives the smallest deadline error (0.63 mm);

therefore, no single deadline minimizes all metrics. The result characterizes the selected deadline as a multi-objective mission-
design variable rather than a parameter with one universal optimum.
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3.8. Discussion and synthesis

The numerical evidence identifies distinct roles for the proposed architecture. The Gramian-based assignment removes
energetically expensive and geometrically unsafe mappings before flight, thereby reducing reference effort and avoiding
unnecessary safety intervention. Effective-disturbance observation suppresses model mismatch and wind-induced acceleration
error, while the receding terminal correction directly restores the finite-horizon boundary condition from the instantaneous tracking
state. The HOCBF layer then acts as a minimally invasive safety supervisor. Because all compared methods share the same
initial states, disturbance realizations, actuator limits, and baseline gains, the improvements are attributable to these structural
mechanisms rather than method-specific retuning. The paired Monte Carlo results further show that the terminal-correction benefit
is systematic across random realizations, and the deadline-sensitivity study confirms that the selected reconfiguration time is a
genuine mission-design variable that trades terminal accuracy, control effort, and propulsion energy.

4. Conclusion

An energy-constrained predefined-time formation-reconfiguration framework for heterogeneous UAV swarms has been
established by coupling deadline-dependent Gramian assignment, receding minimum-energy terminal recovery, effective-
disturbance observation, and HOCBF safety. The principal result is the use of one finite-horizon energy metric across both the
discrete and continuous layers: the mission deadline therefore enters the slot-allocation problem and the online correction law in
a consistent analytical form. In the compound-uncertainty case, the method achieves 5.29 mm tracking RMSE, 1.76 mm deadline
error, 1.997 m minimum separation, and zero acceleration saturation. Relative to direct predefined-time mapping, reference
maneuver effort decreases by 75.9%, tracking RMSE by 90.3%, and incremental propulsion energy by 15.8%. Thirty paired
common-seed trials retain 100% deadline success, while the ablation study confirms that energy/safety assignment governs
feasibility and effort and that disturbance observation with receding terminal correction provides the dominant accuracy gain.
These results support the proposed Gramian-coupled architecture as an analytically transparent and computationally compact
approach to energy-aware, deadline-critical swarm reconfiguration.
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