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Abstract

This paper addresses prescribed-time cooperative guidance of multiple fixed-wing un-
manned aerial vehicles (UAVs) against a maneuvering aerial target in two-dimensional
interception scenarios under onboard-seeker field-of-view (FOV) constraints. A deferred
FOV mechanism is introduced to relax the boundary during the initial heading-adjustment
phase and to recover the standard FOV limit after a user-selected delay. Prescribed-time
disturbance observers estimate uncertainties caused by the target maneuver. Along the LOS
direction, a prescribed-time cooperative guidance law is designed to achieve attack-time
consensus. Meanwhile, a prescribed-time guidance law in the LOS-normal direction is
developed to drive the LOS angular rate toward zero. A control-barrier-function quadratic
program (CBEF-QP) filter is then constructed to minimally modify the nominal prescribed-
time acceleration commands while enforcing the deferred FOV constraint. Simulation
results for three UAVs show the effectiveness of the proposed cooperative guidance scheme.

Keywords: multi-UAV cooperative guidance; prescribed-time control; field-of-view
constraint; control barrier function; disturbance observer

1. Introduction

Cooperative interception by multiple fixed-wing UAVs provides a means of concentrat-
ing sensing and control resources against a maneuvering aerial target while coordinating
terminal conditions across spatially separated vehicles. In this setting, each UAV must
generate compatible high-level guidance commands using local relative measurements and
limited inter-UAV information, making distributed coordination essential [1,2]. Existing
fixed-wing multi-UAV studies have established coordinated path-following under nominal
and wind-disturbed conditions [3,4], constrained cooperative control [5,6], and formation
regulation based on relative information [7]. Cooperative guidance is nevertheless challeng-
ing because attack-time coordination, target-maneuver compensation, seeker visibility, and
feasible vehicle motion are strongly coupled. Rapid redistribution of the remaining flight
time can demand large heading corrections. At the same time, the target must remain inside
the onboard seeker FOV, and the coordination deadline must be met despite uncertain
target acceleration.

FOV-constrained guidance has therefore received sustained attention. Represen-
tative approaches include look-angle shaping for impact-angle and time control [8];
two-stage cooperative guidance [9]; sliding-mode guidance for maneuvering targets [10];
three-dimensional FOV-constrained interception [11]; barrier-Lyapunov-function formula-
tions for integrated guidance, bounded inputs, and prescribed-time coordination [12-14];
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generalized three-dimensional or multiple-constraint designs [15,16]; and recent asym-
metric barrier-Lyapunov-function formulations [17,18]. These studies demonstrate that
seeker visibility should be treated as a state constraint rather than checked only after
controller design. However, most methods impose the final FOV boundary throughout
the engagement, which can make the initial geometry-adjustment phase unnecessarily
restrictive. Target maneuvers introduce a second difficulty because unknown acceleration
enters both radial and angular relative dynamics. Disturbance-observer-based control and
active disturbance rejection provide systematic tools for estimating such lumped uncer-
tainties [19,20]. Prescribed-time extended-state observers further make the reconstruction
horizon assignable by design [21].

Convergence-time specification is another central issue in cooperative guidance. Finite-
time and fixed-time cooperative guidance laws guarantee convergence within bounded
horizons [22-24]. Related studies have further addressed delay-dependent stability [25]
and fixed-time synchronization under complex or delayed interactions [26,27]. In con-
trast, prescribed-time control allows the designer to select the convergence deadline in-
dependently of initial conditions [28-30]. This property has been extended to multiagent
consensus and containment [31], leader-following cluster consensus [32], prescribed-time
pinning-group cooperative guidance [33], and related three-dimensional finite- and fixed-
time cooperative guidance formulations [34,35]. For coordinated interception, an assignable
deadline is valuable because disturbance reconstruction and attack-time consensus must
be completed before the terminal phase. Existing results also indicate that convergence-
time design must be coordinated across the observer and guidance channels rather than
specified independently.

Control barrier functions (CBFs) offer a complementary mechanism for enforcing state
constraints while retaining a nominal performance controller. The CBF-QP framework
formulates safety as an online inequality constraint and minimally modifies the nominal
command when the safe-set boundary is approached [36]. In cooperative UAV research,
CBFs have been used for target search and tracking [37], collision avoidance in multi-
fixed-wing pursuit—evasion [38], and collision avoidance and geofencing for fixed-wing
aircraft [39]. Recent studies further discuss practical issues associated with input limits,
disturbances, sampled-data implementation, output feedback, and reduced-order safety
models [40,41]. For FOV-constrained cooperative guidance, this filtering structure is at-
tractive because it can preserve a prescribed-time nominal law while correcting only the
command component needed to maintain seeker visibility. Its integration with a deferred
FOV boundary, two-channel prescribed-time guidance, and target-maneuver disturbance
reconstruction remains a problem requiring a unified design.

These studies motivate the design of a cooperative guidance architecture that combines
prescribed-time attack-time coordination, maneuver compensation, and explicit seeker
constraints. Unlike [14], which integrates the barrier, controller, and observer in the LOS-
frame law, the proposed method separates the nominal prescribed-time channels from a
scalar CBF-QP filter and uses a deferred FOV boundary during initial geometry adjustment.

The main contributions are summarized as follows:

1. Adeferred FOV transformation is constructed to relax the initial constraint and recover
the standard FOV boundary at the user-selected time.

2. To address uncertainties caused by the target maneuver, prescribed-time disturbance
observers are designed.

3. Along the LOS direction, a prescribed-time cooperative guidance law is designed to
achieve attack-time consensus. Meanwhile, a prescribed-time guidance law in the
LOS-normal direction is developed to drive the LOS angular rate toward zero.
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4. A CBF-QP filter is constructed to minimally modify the nominal prescribed-time
acceleration commands while enforcing the deferred FOV constraint.

2. Problem Formulation and Preliminaries
2.1. Engagement Geometry and Relative Dynamics

Consider N fixed-wing UAVs cooperatively intercepting a maneuvering aerial target
in a two-dimensional inertial frame OXY. The pairs (x;, y;) and (x1, yT) denote the inertial
coordinates of vehicle i and the target, respectively. For the i-th vehicle, let r; denote the
relative distance, g; the line-of-sight angle measured from the positive X axis, v; the vehicle
speed, 0; the vehicle heading angle, vr the target speed, and 6 the target heading angle.
The relative kinematics are written as follows.

Each UAV and the target are modeled as planar point masses. The normal and
tangential accelerations are high-level commands. This abstraction retains the translational
geometry needed by the cooperative guidance design while leaving attitude, propulsion,
actuator, and inner-loop tracking dynamics outside the present theoretical model. The
sign conventions in the following equations are fixed by measuring both heading and LOS
angles counterclockwise from the positive inertial axis:

r; = vy cos(0r — q;) — v; cos(6; — q;) (1)

P sin(fr — ¢;) — v; sin(6; — 4;) )

i

Equations (1) and (2) define the relative kinematics. The vehicle and target speed and
heading dynamics are

. ap; .
= 0= ©
. ayr .
Or = —, 01 = a1 4)
or

where a;,; and a,; are the normal and tangential accelerations of the i-th vehicle, and 4, and
a,r are the target accelerations.

The inertial positions are propagated from the corresponding speeds and headings
for geometry reconstruction and trajectory visualization; they do not enter the subsequent
guidance-law derivation directly.

Equations (3) and (4) specify the acceleration inputs. By differentiating the relative
kinematics, the line-of-sight-frame second-order model can be expressed as

. 2

ri =71iq; — Uy + Wy (5)
: 2riq; _ Ugi | Wai

. —_— — —_— 6
i ri ri N ri ©)

where u,; and u,; are the radial and normal guidance commands in the line-of-sight frame,
and w,; and w,; are target-maneuver-induced lumped disturbances.

The radial and angular channels in Equations (5) and (6) expose the two lumped
disturbances. The original disturbance components are

wy; = azrcos(0r — q;) — ayrsin(0r — q;) @

Wyi = azrsin(01 — q;) + aprcos(Or — q;) 8)

The scalar acceleration mappings in the LOS frame are

Uy = a,;co8(8; — q;) — ap;sin(9; — gq;) )
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Ugi = azsin(0; — q;) + ay;cos(6; — q;) (10)

The acceleration transformation between the line-of-sight frame and the vehicle

[azi] _ [ COS(BI' — ql) sin(Gi — ql)‘| |fl,;| (11)

ay; —sin(0; —q;) cos(6; —q;) | |y

frame is

The rotation in Equation (11) maps the LOS-frame commands to vehicle-frame accel-
erations. This transformation separates the two functions used later in the design. The
LOS-direction (radial) command u,; directly enters the range-acceleration equation and
is therefore used to coordinate the predicted attack time. The LOS-normal-direction com-
mand u,; directly enters the LOS angular-acceleration equation and is used to regulate LOS
motion. The maneuvering target appears in the same two channels through w;; and wg;,
which motivates the pair of disturbance observers developed in Section 3.

Figure 1 illustrates the multi-UAV engagement geometry. Fixed-wing UAVs M;, M;,
and Mj approach the common maneuvering target T from different directions. Each solid
segment connects a UAV nose to the target tail and represents the corresponding line of
sight (LOS). The labels r;, r;, and ry denote relative ranges, while v}, v;, and vy denote vehicle
speeds. The LOS angle g; and heading angle 6; are shown for the representative UAV M;;
the target speed and heading are vr and 61. The communication graph is defined separately
in Section 2.2.

Yy

%

\ 4

o

Figure 1. Multi-UAV engagement geometry in the inertial frame.

2.2. Communication Graph and Cooperative Objectives

For a closing engagement with r; < 0, the remaining flight time is approximated by

7i

tooi R —— (12)
go,i P
Differentiating the approximation in Equation (12) gives
Rt war
tgo,i =—-1+ 1.21 - 1.21'1 r; l (13)
Ti Ti Ti
and the predicted attack time is
Ti
taj =t+ tgo,i =t- 7 (14)
i
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For numerical evaluation, the estimated time-to-go to,; = —7;/ r; is recorded directly.

Since the current time ¢ is common to all vehicles,
ta,i - ta,j = tgo,z‘ - tgo,j (15)

so either variable produces the same graph-based consensus error. The theoretical develop-
ment therefore uses £, ;, while the numerical time-history figure reports tg ;.
Differentiating ¢, ; yields

2
: req; ri
— 1771 1 1
toi=—7 — Ui+ ZWr (16)
T T T

Information exchange is represented by an undirected connected graph G = (V, E, A),
where V = {1, ..., N} is the node set, E is the edge set, and A = [al-j] is the weighted
adjacency matrix. The weight a;; = a;; > 0 if vehicles i and j exchange information
and a;; = 0 otherwise, with a;; = 0. Let D = diag (Z]-alj,...,zj aNj> and L=D — A.
Because G is connected, the Laplacian satisfies 0 = A1(L) < Ap(L)< - -+ <Apn(L). Hereafter,
A = Ao(L) denotes the algebraic connectivity. The predicted attack-time consensus error
is defined as

& = Z]Iil ;i (tai — to) (17)

Two coupled objectives are imposed. First, the vehicles must reach consensus on their
predicted attack times, equivalently on their remaining flight times, within the designer-
selected time T. Second, the target must remain inside the transformed seeker FOV through-
out the guidance interval and inside the standard FOV after the selected recovery time Tj.
The cooperative objective is therefore to drive ¢; to zero within T, while the LOS-normal-
direction channel satisfies the deferred FOV safety constraint. The LOS-direction and
LOS-normal-direction designs are developed separately in the LOS frame and then coupled
through the vehicle-frame command transformation and safety filter. Figure 2 illustrates
the transition from the deferred stage to the recovered standard-FOV stage. When the
target is outside the seeker FOV, r; and g; are supplied by external target indication such as
a data link.

@) Deferred stage, 0 <t<Tn (b) Standard FOV, t > Tn
O<wn)<1 wn(t)=1

#y/on®

4

LOS

\ 4
~
~
Y

7

—y/wn(®
Figure 2. Deferred boundary establishment and recovery of the standard field of view: (a) deferred
stage and (b) standard-FOV stage.
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2.3. Prescribed-Time Preliminaries

Lemma 1 ([30]). Consider the time-varying function ur(t) = T/(T — t). If a continuously
differentiable positive function V: [0, T) — [0, +o0) satisfies

V(t) < —kur(HV(£)+]d(t)] (8)

where d(t) is an unknown perturbation satisfying ’d (t) ‘ < d withd > 0, and k is a positive constant,
then V(t) is bounded for t € [0, T) and converges to zero as t — T.

Lemma 2. Consider the nonlinear system x = f(x, t). If there exists a continuously differentiable
positive-definite Lyapunov function V(x) satisfying

V(x) < — ﬁch exp(V(x)P)V (x)1 P + g (19)

where Te > 0and 0 < B < 1, then, for ay = 0, the origin is strictly globally prescribed-time stable
and its settling time does not exceed T for any initial condition.

Lemma 1 supplies the comparison argument used by time-varying prescribed-time
gains, whereas Lemma 2 supplies the Lyapunov template used in the observer proofs. The
proof of Lemma 1 is available in [30].

Proof of Lemma 2. Let t; = inf{t > 0: V(¢) = 0}. If V(0) =0, then t; = 0. Otherwise, V() >0
for 0 <t < t;. Define the strictly increasing function ®(V) =1 — exp(—Vﬁ). Using (19) with
ag =0 gives, for 0 <t <,

d(V) = Bexp(—VA)VF 1V < —Ti.

c

Integrating over [0, t] yields ®(V(t)) < ®(V(0)) — t/T.. Since ®(V(t)) > 0 before the
first hitting time, this inequality cannot hold beyond T.®(V(0)). Therefore,

ts < T D(V(0)) = Te[1 — exp(—V(0)P)] < T,

for every nonzero initial condition, while ¢; = 0 at the origin. Positive definiteness and
£(0, t) = 0 make the origin invariant thereafter. Hence, the system reaches and remains at
the origin before T, proving prescribed-time convergence. [

3. Prescribed-Time Disturbance Observer Design
3.1. State Reconstruction and Assumption

To establish prescribed-time convergence of the disturbance estimates, first reconstruct
the planar relative-motion model as two scalar second-order subsystems. This reconstruc-
tion preserves the radial/angular decomposition of Section 2.1 and identifies exactly which
unknown term must be estimated in each channel. Define the state variables

X1j = Ti, Xoi = i, X3; = i, X4; = {; (20)
The relative dynamics become

T
X1j = Xoj, Xoj = X1;Xg; — Uy + dy (21)
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. . Ugi
X3i = Xaj, Xa; = —2Xgi— — P dyi (22)
1

where d,; = w,; and dy; = wy;/1;.

Assumption 1. The target acceleration is continuously differentiable and has bounded variation.
The lumped disturbances dg(t) and d,;(t) are continuously differentiable and strictly bounded, that
is, there exist known positive constants ©q and O, such that |dg(t)|< Oy and |d,;(t)|< ©, over
the global time domain.

The known bounds in Assumption 1 are determined from the target’s maximum
acceleration capability. The bounded-target-acceleration assumption is commonly adopted
in guidance and disturbance-observer design [10,14,19-21].

The quantities treated as directly measured in the guidance model are the relative
range, LOS angle, range rate, LOS angular rate, vehicle speed, and heading angle. The
radial and angular lumped disturbances d,; and d,; are estimated by the prescribed-time
observers, while only neighboring predicted attack times are exchanged through the
communication graph.

3.2. Relative-Distance Disturbance Observer

For the radial state x,;, define the observer state £; and the aggregate-disturbance
estimate d,;. The prescribed-time observer is

Roi = X1iX%; — Uy + dyi (23)

~

1
di’i = ﬁrTC eXp (

where e,; = xo; — %; is the radial observation error, T, > 0,0 < B, < 0.5, and @, > O,.

e, 12Pr ) ey | 1725ng1n(eri) + ©,sgn(e,;) (24)

Theorem 1. For the relative-distance subsystem, under Assumption 1 and with the observer gain
selected as ®, > ©,, the observer guarantees that the relative-velocity observation error e,; and the
corresponding disturbance-estimation error d,; — d,; converge globally to zero within the prescribed
time Tk.

Proof. The radial observation-error dynamics are explicitly obtained as

ey = Xoi — x21
= (xlixi‘ — Uy +dyp) — (x11x41 Ui + dn) (25)
= dy(t

) —

Substituting the observer injection gives

e = BT T exp(leyi 12P7)|e,i 117 2Prsgn(e,;) — Orsgn(ey) + dyi(t) (26)
Define V,; = ¢%/2. Its derivative is
V= /srch exp(lesi 1267 ey 127267 — @yleyi| + ey @7)
Furthermore,
—O,lei| +eidyi < —Orleyi| + Orlesil <0 (28)
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because ©®, > ©,. Hence,
. 1 26, 226,
Vi< — T exp(|e,l~| )leril (29)
ric
Using le,; | = V)2 yields
' 21Fr 1B
Vi< = ep@P Vv (30)

Since 0 < B, < 0.5, 21=f* > 1 and exp(2F fo’) > exp(Vf?'). A conservative relax-
ation gives

Vi < exp(V )V, P (1)

1
BrTe
By Lemma 2, V,; and e,; reach zero within T, yielding d;=d,. 0

Once ¢,; = 0 is reached, invariance of the sliding set requires e,; = d,; — d,; = 0 almost
everywhere. Because ®, > @), the robust injection can generate the equivalent value
that balances the disturbance, and hence d,; = d,; in the Filippov sense. Thus, the ideal
sign-based observer reconstructs the disturbance exactly, whereas the smooth numerical
implementation yields practical convergence.

The radial observer supplies the disturbance quantity required by the attack-time
derivative without measuring the target acceleration components directly. Because
d,; = wy;, the physical radial disturbance estimate is w,; = d,; and enters the LOS-direction
guidance law.

3.3. LOS-Angle Disturbance Observer

Analogously, for the LOS angular-rate state x4;, define the observer state £4; and the
aggregate-disturbance estimate tfqi. The prescribed-time observer is

x Xoi  Ugi 5
Rgj = —2w4i—— — — +dg (32)
X1 X1 1

i =
q ,Bch

where eqi = Xaj — X4; 18 the angular observation error, T, > 0, 0 < f; < 0.5, and @, > @q.

exp (qui |215f7> legil 1725'7sgn(eqi) + @gsgn(ey;) (33)

Theorem 2. For the LOS-angle subsystem, under Assumption 1 and with the observer gain selected
as ©g > O, the observer guarantees that the observation error eqi and the disturbance-estimation
error dg; — zfqi converge globally to zero within the prescribed time Tk.

Proof. The angular observation-error dynamics are

egi = Yaj — X
. Uy . Ugj A
= (—23(41‘% — 71 + dqi) — (—23(41‘% — TZ: + dqi) (34)
= dqi(t) - dqi

Substitution of the observer injection gives

. 1 -
egi = “BT, exp(leg! 2bq) leg| ! 2ﬁqsgn(eqi) +dgi(t) — Oysgn(ey;) (35)
qg-c
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Define Vql- = 651‘/ 2. Then
. 1 _
Vyi= _ﬁch exp(leg! 2Ba) leg; | 2-2pg 4 eqidgi(t) — Ogsgn(ey;)e,i (36)
Under Assumption 1 and ©, > ©,
—Oylegi| + egidgi < —Oylegi| + Ogleg] <0 (37)
Therefore,
. 217/3[7 B 1-B
Vi< — T exp(2P V)V (38)
Since 0 < B; < 0.5, a conservative relaxation gives
: 1 Bayy 1P
Vi < _ﬁch exp(ti )ti (39)

This differential inequality has the standard form of Lemma 2. Thus, V,; and ey
converge to zero within T¢, and the original disturbance d,;(f) is reconstructed within the
prescribed time. [

The angular observer is structurally parallel to the radial observer, but it estimates
the range-normalized disturbance in the LOS-rate dynamics. After the observation error
converges within T_c, the physical disturbance components required by the guidance laws
are recovered as follows:

Using the variable mapping in Section 3.1 and xy; = 7;, the observer outputs and the
physical LOS-frame disturbances satisfy

Dyi = dyi, Wy = 1idy (40)

The multiplication by r; in the angular channel reverses the normalization dqi = Wp; /7.
The estimates developed in Sections 3.2 and 3.3 can therefore be used directly by the
two guidance channels in Section 4.

4. Cooperative Guidance Design and Analysis
4.1. LOS-Direction Attack-Time Consensus Guidance

With the target-maneuver terms reconstructed, the LOS-direction channel is designed
to make the predicted attack times ¢, ; reach consensus within the selected time T. Define
g = Z]-Iil ai]-(ta,i — t,z,]-). The first two terms of the following command cancel the known
radial coupling and the reconstructed maneuver term, while the graph-dependent term
drives the local attack-time disagreement. The LOS-direction guidance command is

.2
2 r;
Uy = 1iq; + Wy + leriwmsi (41)
where A, is the algebraic connectivity defined in Section 2.2, and
A, 0<t<T,
o(t) =4 1 - a>0 (42)
a, t>T,

https:/ /doi.org/10.3390/ electronics15204632
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Theorem 3. Under Assumption 1, if the communication graph is connected and 0 < T, < T, the
nominal LOS-direction guidance law drives the predicted attack-time consensus error to zero no
later than T.

Proof. Lett, =[ty1, -+, tan]T. To prove prescribed-time convergence of the consensus
error, define
V, =tlLt, (43)

Its time derivative is

2:2

) . N N g Tillyp Wyl

v, = zttha — ZZizl Z]’:l al-j(tm» — tuj) <lzl _ 1.2” + r; 1) (44)
T 7 T

Substitution of the controller in Equation (41) gives

. N N 'd\) 7 W1
V,= 221.21 ijl aij<tai — taj) <_ :; r_ Ewsi -+ V; l> (45)

The design uses 0 < T < T so that exact disturbance reconstruction is established
before the consensus deadline. For T, < t < T, it follows that

. N N 1 a
Vo=-2) ijl ;i (tai — taj)mr[i_tfi (46)
Therefore,
. 1 a N o
Va < 7)\727,1_, — tZizl & (47)
Noting that
1N\ /1
Yo =126 | L[ L2t | > AotlLt, = A2V, (48)
one obtains .
Vo < —ﬁva (49)

Direct integration from T, gives

T—t
T—-T,

Va(h) < vm)( ) T<t<T (50)

so V; and the nominal consensus error approach zero as t — T~ . For the nominal subsystem

andt > T,
R
r; 2 r; (51)
< - 7‘1211'\11 5?
It follows further that
Vo < —aV, (52)

Since V,(T) =0, V,(t)=0,vt > T. O
The proof follows the physical sequence of the design: disturbance compensation

reduces the predicted-attack-time dynamics to a graph-consensus channel, algebraic con-
nectivity converts the local disagreements into a bound on V;, and the singular gain fixes
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the convergence deadline. This sequence also explains why T, < T is required: exact
reconstruction must be available before the LOS-direction attack-time consensus surface
is reached.

4.2. LOS-Normal-Direction Prescribed-Time Guidance

For effective interception, the LOS-normal-direction channel must drive qi to zero. At
the same time, the target should remain inside the seeker FOV during the terminal phase.
The nominal controller is first constructed without the safety correction so that its LOS-rate
convergence mechanism can be stated explicitly. The prescribed-time LOS-rate command is

U™ = =2riq; + 1i@q (t)q; + Wy (53)

where
a

—, 0<t<T,
T USt<ilg

@y(t) =
aq, t>1Tg,

g >0 (54)

Theorem 4. Under Assumption 1,0 < T, < Ty, and angular-disturbance reconstruction for t > T,
the nominal LOS-normal-direction guidance law drives q; to zero no later than Ty.

Proof. Define the Lyapunov function

.2
Voi=4q; (55)
Its derivative is
Vo —ons —og (2 _ Ve Wi (56)
qz1 qlql ql rl rl rl

Substitution of the prescribed-time controller in Equation (53) gives

- . 2riq;  2riq; . W Wy .
Vi =24 (—1‘71 + I g — "’) — 2,4 (57)
¥i Ti T Ti
ForT. <t< Tq,
: 244
Vi=— T, (58)
Integration from T, gives
’1"[7 _ t 2{Zq
Vq,i(t) = Vq,i(Tc) <T _T ) T <t < Tq (59)
q c
and therefore V, ; approaches zero as t — T, . For the nominal subsystem and ¢ > T,
Voi < —2a,V,; (60)

Because lithTq Vq,i = 0, it follows that V; ;(t) = 0, Vt > T4, and hence q; =0,Vt > T;
for the nominal pre-filter subsystem. [

After angular-disturbance reconstruction, cancellation of the known kinematic cou-
pling and target-maneuver term reduces the ideal LOS-normal channel to scalar prescribed-
time LOS-rate dynamics. This nominal command becomes the performance input to the
deferred-FOV CBF-QP safety layer developed in Sections 4.3 and 4.4.

https:/ /doi.org/10.3390/ electronics15204632
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4.3. Deferred FOV Constraint

To maintain effective tracking and interception while the LOS rate is regulated, in-
troduce the velocity lead angle and a deferred FOV constraint. Define the velocity lead
angle as

Yi=4qi — 0i (61)

The standard field-of-view constraint is defined by the constant seeker limit
lril <7 (62)

To avoid overly strict early-stage constraints, introduce the time transformation

42
1—exp (%), t < Ty,
1, £> T,

o = (©3)

and impose the deferred field-of-view constraint
@ylyil <7 (64)

Att=0, @, =0, so the final seeker boundary is inactive during the initial geometry-
adjustment instant. For 0 <t < Ty, @;(t) increases smoothly and establishes the FOV
boundary; for t > Tj, @, (t) = 1, and the standard FOV constraint is recovered. In both
panels of Figure 2, the horizontal black ray is the vehicle velocity direction v;, the slanted
black segment is the LOS from the UAV nose to the target tail, and v; is the angle from
v; to the LOS. Figure 2a shows the deferred bounds £ /@j(t) together with the standard
bounds £ for 0 < t < T;;, whereas Figure 2b shows the standard FOV after 0, (t) = 1.

In (62)-(64), v denotes the allowable upper bound of |+;1, Ty is the prescribed FOV-
recovery time, a > 0 is the rate parameter governing the transition of @, (t), and @y(t) is the
dimensionless transformation factor that increases from zero to one.

Using
_or Sin(ji —0r) LU Si?(%‘) (65)

1 1

X4i = 4; =

the deferred FOV construction is associated with the following transformed LOS-rate interval

A S @yxg < Ay (66)
where in( or) in(7)
oTSsmmig; — 0; SIn
/\],i — T jl T _ 1 P r)/ (67)
1 1
U sin(g; —fr) | visin(7) (69)

Ti Ti
Since 0 < v < 71/2 and v;/r; > 0 during the engagement, it follows that A;; < A, ;;
therefore, the transformed LOS-rate interval is nonempty.
The original deferred FOV requirement is subsequently enforced directly through the
barrier functions introduced in Section 4.4.

4.4. CBF-QP Safety Filter

To enforce the deferred FOV constraint, introduce two control barrier functions, one
for each side of the symmetric seeker aperture:

hopi=@yri+720 (69)
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hoypi=—@yyi+7 >0 (70)

For positive CBF gains ¢ ; and @, ;, sufficient forward-invariance conditions for the
FOV safe set can be written as [36]

v

h'y,l,i —0,ih 1, (71)

Vv

hyni > —0pihy0; (72)

Using the relative-motion equations gives

o = @y(q; — 0;) + @y (q; — 6;)

; Y sin (0 —a- ) ) 73
_ ‘DU(UT sin(6r qz)ri visin(6;—q;) ﬂ?h;) + @y (Qi —0) > *ﬁl,ihy,l,z’ (73)
and
- hypi = @y (=4 + 6;) + @y (—4i + 6;) 74)
= @, (—UT Sm(eT_qi)ri_vi sin(0—q:) 4 %;) + @y (—qi +6;) > =0l
Here,
at(2T,; 1) _a?
@y =14 M=’ eXp(Tv—f>’ E<Ty (75)

0, t>T,

Let a;,; denote the nominal normal acceleration obtained by transforming the LOS-
direction and nominal LOS-normal-direction commands into the vehicle frame. The cor-
rected command aj; is the solution of the scalar CBF-QP

* : - 2
ay,; = argmin|ay; — @y,
ap€R
: in(67—q;)—v; sin(6;—q; i :
subject to @, (—2LMa)tsnO0) L 8) 1 o) (—gi+6;) > ~Orilni ()
o (vr sin(6r—q;)—v;sin(6;—q;) %1) + @17 (qi—6;) > =By 11

Ti

—ap,max < api < h,max

For t > 0, @, >0, and the two constraints are equivalent to the interval

s

v; . v o -
i~ @7:7 ((Dﬂqi + COW’YI' - 192,ih"/,2,i> <ap < (Di; (6’0;7!11- + (Dq’)/i + 191,1']’1%1,1‘) = ay; (77)

With the input-amplitude constraint, the bounded feasible interval used by the QP is
Ii(t) = [ﬂhi/ Ehi] N [_ah,maxrah,max]-
On the safe set, ..
Ap — ap; = (71 (01,ihy 1, + B2y 24) >0 (78)
n

Att=0,@0; = cb,] = 0and hy1;=hy; =, so both CBF inequalities are automatically
satisfied. With the acceleration bound in (76), the feasible set of the QP is the intersection of
the CBF-admissible interval and the actuator interval [—ay, jax, 4, max]- When this intersec-
tion is nonempty, the QP selects the feasible acceleration closest to the nominal command,
and the resulting a;; is applied to the vehicle.

Proposition 1. For t > 0, suppose the transformed state is safe and the nominal normal acceleration
satisfies a; € Z;(t). Then the unique solution of (76) is aj; = ay;. Thus, the CBF-QP leaves the
nominal prescribed-time command unchanged whenever that command satisfies the FOV-related
CBF inequalities and the acceleration bound.
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Proof. The scalar QP projects a;; onto Z;(t). If ay; is feasible, the unique minimum is
zero at ay; = ay; hence, the vehicle- and LOS-frame commands are unchanged, and
Theorems 3 and 4 are retained. Otherwise, the projection enforces the CBF condition;
Section 5 evaluates the resulting closed loop. Thus, under the stated feasibility condition,
the nominal prescribed-time convergence guarantees are preserved. [

The prescribed consensus and FOV-recovery times are therefore selected so that the
safety correction is completed within the prescribed interval.

Remark 1 (limitations and real-time implementation). The main limitations of the present study
are its two-dimensional engagement model and ideal-communication assumption. Consequently,
the theoretical guarantees established here do not directly extend to three-dimensional engagement
geometry or networks subject to communication delays and packet loss. Addressing these effects
requires corresponding extensions of the relative-motion model and convergence analysis. The
nominal controller is analytical, and the CBF safety filter is the scalar QP in (76), so the resulting
online computation remains suitable for real-time implementation.

5. Simulation Results
5.1. Simulation Setup and Numerical Implementation

The simulations are conducted in MATLAB/Simulink R2025b for the high-level guidance
layer of three fixed-wing UAVs and one maneuvering aerial target in a two-dimensional plane.
Each simulated UAV has local relative-state information and exchanges the predicted attack-
time variable only with its graph neighbors. Ideal communication and ideal tracking of the
commanded normal and tangential accelerations are assumed; no six-degree-of-freedom
airframe or autopilot dynamics are included. The communication topology is the three-
vehicle chain

A= (79)

o = O

1
0
1

O = O

The chain topology is undirected and connected, satisfying the graph condition in
Theorem 3. Vehicles 1 and 3 exchange information through vehicle 2. Their distinct
initial positions, speeds, and headings produce different ranges and remaining flight times,
thereby activating both timing coordination and LOS-normal regulation.

The initial conditions are listed in Table 1.

Table 1. Initial conditions.

Object Initial Position (xp, yp) (m) Speed (m/s) Heading Angle (Rad)

M1 (1000, 3000) 160 0.2
M2 (1200, 2000) 170 0.2
M3 (1500, 1000) 165 0.3
Target (4000, 1500) 50 0.0

Table 2 lists the main controller parameters used in the numerical simulation.
The maneuvering target uses constant tangential and normal accelerations

a7 =0.1m/s?, ayr = 0.1 m/s? (80)

Although the target accelerations are constant, their projections onto the vehicle-
dependent LOS frames vary with the engagement geometry. The observer inputs d,; and
dg; are therefore time-varying.
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The simulations use the variable-step, variable-order odel5s solver for stiff differential
equations over 0 < t < 29.56s, with a maximum step size of 0.1s, a relative tolerance of
1075, and automatic absolute-tolerance scaling. The scalar QP is solved by quadprog with
the active-set algorithm and a maximum of 100 iterations.

Table 2. Main controller parameters used in the numerical simulation.

Category Parameter Value Description
Attack-time consensus T 5s Prescribed consensus time
Attack-time consensus a 2 Dimensionless gainin @ =a/(T — t)
Disturbance observer T, 4s Prescribed observer convergence time
Disturbance observer Br, By 0.1,0.1 Dimensionless observer exponent parameters
Disturbance observer Oy, O, 0.1,50.6  Observer robust gains (model-consistent units)
LOS-normal-direction control Ty 5s Prescribed LOS-rate convergence time
LOS-normal-direction control ag 2 Dimensionless gain in @q = aq/ (Tq — 1)
Deferred FOV Ty 2s Delay time for restoring the standard FOV boundary
Deferred FOV ¥ 0.4rad Final field-of-view boundary
CBF-QP %, % 10,10s~!  CBF gains used in the implementation

The radial and angular disturbance observers use ©,sgn(e;;) and ©gsgn(e,;), respec-
tively, in the theoretical analysis. To suppress high-frequency switching in the numerical
simulation, Simulink implements the two robust terms as

e\ ©q Cqi
®,tanh(07>, ritanh<0'01) (81)

The simulations replace the observer sign functions with hyperbolic-tangent boundary
layers; the resulting observer errors therefore exhibit practical rather than exact convergence.

For quantitative reporting, the consensus settling time is the earliest recorded instant
after which max; l¢;| < 1072 holds for the remainder of the simulation. The deferred-FOV
margin is 7 — max;|@,7;|, whereas the post-delay standard-FOV margin is 7 — max;|7;|
for t > T,. The 102 threshold is used to report sampled simulation signals, whereas the
analytical convergence results refer to the ideal nominal model.

For the finite-actuation case, in (76), a 6 g bound followed by a first-order acceleration
response was used with a 0.1 s time constant. The corresponding acceleration-loop response
is reported in Section 5.2. The 2% settling time is about 0.4 s. The minimum deferred-FOV
margin is 0.001816 rad, the peak realized acceleration is 5.665 g, and the final maximum
attack-time consensus error is 1.181 x 1078 s.

5.2. Coordination, Observation, FOV, and Control Responses

Figures 3-8 report the attack-time coordination, observer errors, FOV response, com-
mand histories, planar engagement trajectories, and acceleration-loop response.

Figure 3 presents attack-time coordination. Figure 3a shows the consensus-error
transient over 06 s, with the dashed line marking T = 5s. At the 102 reporting threshold,
the measured settling time is 4.998 s, and the final maximum absolute consensus error is
1.05 x 10~8. Figure 3b shows the estimated time-to-go trajectories over 0-8 s; they approach
a common value with a final spread of 6.41 x 1077 s. Because pairwise differences in t, ;
and fg, ; are identical, these histories also support predicted attack-time consensus.

Figure 4 shows the disturbance-observer transients over 0-1.2 s: Figure 4a gives the
radial errors and Figure 4b the angular errors; the prescribed value T, = 4s lies outside
this zoomed interval. The final maximum angular-channel error is 2.56 x 107°. The
radial-channel error decreases substantially and remains bounded, with a final maximum
magnitude of 1.09 x 102.
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Figure 3. Attack-time coordination: (a) attack-time consensus errors and (b) estimated time-to-
go trajectories.
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Figure 4. Disturbance-observer errors: (a) radial observer errors and (b) angular observer errors.

Figure 5 focuses on the 0-6 s interval. Figure 5a gives the LOS angular rates with
T4 = 5s marked by the dashed line, while Figure 5b gives the transformed lead angles @y;
and bounds +v with T), = 2s marked. The complete trajectory yields a minimum deferred-
FOV margin of 0.00194 rad, a minimum post-delay standard-FOV margin of 0.0948 rad, and
a maximum absolute LOS angular rate of 0.0227 rad/s. Figure 5c reports the actual velocity
lead angles. Their maximum absolute value is 0.6636 rad during the deferred stage; this
early excursion is permitted by the relaxed boundary, while all three trajectories remain
within the standard 0.4 rad limit after the 2 s recovery time.

Figure 6 gives the vehicle-frame commands over 0-6 s. Figure 6a shows the normal
accelerations and Figure 6b the tangential accelerations, with the dashed line marking
T = 55. Their maximum absolute values are 110.78 m/s? and 74.21 m/s?, respectively.

Figure 7 shows the complete planar trajectories of the three vehicles and the maneuver-
ing target, illustrating how the vehicles approach the common target region from different
initial positions.

Figure 8 shows that the first-order response keeps the realized normal accelerations
within 6 g and the deferred-FOV quantities below 0.4 rad.
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Figure 5. LOS-rate and deferred-FOV responses: (a) LOS angular rates, (b) transformed velocity lead
angles and FOV bounds, and (c) actual velocity lead angles and standard FOV bounds.
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Figure 6. Vehicle-frame guidance commands: (a) normal accelerations and (b) tangential accelerations.
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Figure 7. Planar interception trajectories. Green circles and the black square indicate the initial
positions of the UAVs and the target, respectively.
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Figure 8. Acceleration-loop response: (a-c) commanded and realized normal accelerations of UAVs
1-3 and (d) deferred-FOV quantities and constraint.

5.3. Quantitative Summary

Table 3 summarizes the numerical indicators reported with Figures 3-7.

Table 3. Quantitative results for the three-UAV numerical case.

Quantity Reported Value Interpretation
Consensus settling time at 102 s threshold 4998s  Within selected T=55s
Final maximum consensus error 1.05 x 1078 s Numerical agreement
Final time-to-go spread 6.41 x 107% s Numerical agreement

Final maximum angular observer error
Final maximum radial observer error
Minimum deferred-FOV margin
Minimum standard-FOV margin after T
Maximum absolute LOS angular rate

Maximum lay; | / lay; |

2.56 x 107 rad/s
1.09 x 1072 m/s

Below reporting threshold
Practical attenuation

0.00194rad  Positive over full simulation
0.0948 rad  Positive after boundary recovery
0.0227 rad/s Bounded in evaluated case

110.78/74.21 m/s?

Simulated control demand

Table 3 shows that the attack-time disagreement crosses the selected threshold before
T, both FOV margins remain positive, and both observer errors decrease. The radial error
remains slightly above the selected threshold, while the acceleration extrema quantify the
simulated control demand.

5.4. CBF-QP Ablation and Validation Under Nonideal Conditions

Table 4 isolates the CBF-QP effect under otherwise identical settings. Removing the
projection raises the maximum deferred-FOV quantity to 0.425610 rad and causes a 0.475 s
violation; the complete method remains below 0.4 rad.

Figure 9 evaluates the sinusoidal target normal acceleration ar ,(t) = 9.42947sin(7tt/12
— /4 m/ s2. No deferred-FOV violation is detected at the 10~? rad numerical tolerance.
The three minimum miss distances are 0.01036, 0.01148, and 0.02371 m, and the maximum
interception-time difference is 0.002 s.

The ablation identifies the CBF-QP contribution, while the remaining cases assess
strong target maneuvering, measurement noise, and finite acceleration response.
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Table 4. CBF-QP ablation under identical baseline conditions.

Maximum . 1. . Minimum Largest Vehicle-Wise
Case Deferred-FOV Quantity Vlolatlolzs;Duratlon Deferred-FOV Margin Minimum Miss Distance
(Rad) (Rad) (m)
Complete method 0.398119 0 0.001881 13.279971
Without CBF-QP 0.425610 0.475 —0.025610 44.521892
(b) ——owi
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Figure 9. Strong-maneuver response: (a) target normal acceleration, (b) planar trajectories,

(c) deferred-FOV quantities and constraint, and (d) absolute attack-time consensus errors.

Table 5 summarizes five fixed-seed measurement-noise runs and the acceleration-

loop case. Independent zero-mean Gaussian noise is applied to range, LOS angle, speed,

heading, range rate, and LOS rate with standard deviations of 1.0 m, 5 x 10~* rad, 0.1 m/s,
5x 10 *rad, 0.1 m/s,and 5 x 10~° rad/s, respectively.

Table 5. Measurement-noise and acceleration-loop cases.

Case

Setting

Minimum Deferred-FOV

Margin (Rad)

Final Maximum
Consensus Error (s)

Additional Indicator

Measurement noise

Acceleration loop

Five fixed seeds

0.10 s; £6 g normal limit

0.001935 =+ 0.000236;
0/5 violations

0.001816; no violation

0.00906 + 0.00206

1.181 x 108

Largest minimum miss
distance: 13.14 £ 0.41 m
Peak realized normal
acceleration: 5.665 g

6. Conclusions

This study developed a prescribed-time cooperative guidance framework that com-
bines disturbance observation, attack-time consensus, a deferred FOV transformation, and
CBEF-QP safety filtering. The disturbance observers and nominal guidance subsystems
admit prescribed-time convergence proofs, while the barrier conditions define the filtered
normal command. In the three-UAV simulation, the attack-time disagreement fell below
the selected threshold within 5 s, the deferred-FOV margin remained positive, and the
smoothed observers attenuated the lumped-disturbance errors. Future work will consider
three-dimensional guidance and nonideal communication.
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Nomenclature

Symbol Meaning

N,i,j number of vehicles and vehicle indices

(xi, yi), (x1, y1) inertial-plane coordinates of vehicle i and the target
Ti, q; vehicle-target range and line-of-sight (LOS) angle
v;, 0; speed and heading angle of vehicle i

or, 01 target speed and heading angle

Azis Api; AT, ApT
Ui, Ugi

vehicle and target tangential /normal accelerations
LOS-frame radial and normal guidance commands

Wy, Wi target-maneuver-induced radial and angular lumped terms
X1—X4i reconstructed states r;, 7;, q;, and g;
i, dgi aggregate radial and angular disturbances used by the observers
R0, R4 observer states for 7; and g;
Cris Cgi radial and angular observer errors
Br, By, Or, Oy observer exponents and robust gains
0,0, known bounds on the aggregate disturbances
teoirta; estimated time-to-go and predicted attack time
G, A D, L communication graph, adjacency, degree, and Laplacian matrices
An algebraic connectivity of G
Al Ao lower and upper transformed LOS-rate bounds
g local predicted-attack-time consensus error
T, T, Tq prescribed observer, consensus, and LOS-rate convergence times
_ velocity lead angle, standard FOV bound, delay transformation, and
Vi U @y, Ty recovery time
@, @y prescribed-time gains for radial consensus and LOS-rate regulation
a,aq positive design constants in the prescribed-time gains
By 1ishoyni FOV control barrier functions
01,5, Op positive CBF gains
ap, ay; nominal and CBF-QP-corrected normal accelerations
ap;, Ap; lower and upper CBF-QP acceleration bounds
ufiom/app, ulr;l.om/ PP nominal/applied LOS-frame commands
ay max, Z;(t) normal-acceleration amplitude bound and bounded QP feasible interval

A dot denotes differentiation with respect to time; a hat denotes an observer estimate; and an overbar

denotes either a prescribed bound or a nominal command, as indicated by its subscript.
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