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Abstract

This study focuses on the situation where multiple vehicles simultaneously intercept
a maneuvering target with desired line-of-sight (LOS) angles and impact time in a
three-dimensional environment. A predefined-time cooperative guidance law is proposed,
which adapts to the switching communication topologies among the vehicles. To ac-
complish the task of adjusting the impact time by leveraging the multi-agent consensus
principle, a novel adaptive predefined-time consensus protocol is designed in the LOS
direction, which allows multiple vehicles to intercept the target at the desired impact
time, while ensuring that the impact times of all vehicles converge within a predefined
time. In the LOS normal direction, based on the error transformation function, a novel
predefined-time non-singular fast terminal sliding mode guidance law is proposed to
guarantee the convergence of the LOS angular rate within the predefined time, achieving
the simultaneous interception of the target by multiple vehicles at different terminal angles
and eliminating singularities. At the same time, the tracking error satisfies the prescribed
performance constraint. In particular, for scenarios where the target acceleration is un-
known, a predefined-time external state observer is employed to estimate disturbances and
compensate within the guidance law. The simulation results validate the effectiveness and
robustness of the proposed method.

Keywords: cooperative guidance law; predefined-time consensus; switching topologies;
impact time constraint; terminal angle constraint; maneuvering target; prescribed
performance

1. Introduction

With the continuous development of multi-vehicle systems, modern complex systems
are evolving toward information-driven and intelligent architectures. Single-vehicle guid-
ance systems are often limited in performance, leading to reduced accuracy. Multi-vehicle
cooperative strategies improve system performance and robustness, so cooperative guid-
ance has drawn much attention recently [1,2]. Also, to enhance lethality, vehicles often need
to hit the vulnerable parts of targets at the desired angles and the expected impact time.
Thus, studying high-performance cooperative guidance laws with multiple constraints is
crucial in engineering applications.

Research on multi-vehicle cooperative guidance can be broadly classified into two
categories. The first category focuses on specifying the cooperative impact time before
vehicles launch. By controlling each vehicle, multiple vehicles can intercept the target
simultaneously. The main design methods for guidance laws include proportional naviga-
tion guidance (PNG) law [3], optimal guidance law [4], sliding mode guidance law [5], and
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convex optimization [6]. The guidance laws allow multiple vehicles to intercept simultane-
ously, but there is no information exchange during guidance. External disturbances make
it difficult to accurately specify the impact time, and dealing with highly maneuverable
targets reduces guidance accuracy [7].

To boost multi-vehicle cooperative guidance robustness, the second method applies
multi-agent consensus theory. A communication protocol is introduced to transmit vehicle
information and make adjustments in real time, enabling the simultaneous interception
of the target without pre-setting impact time. In [8], for three-dimensional (3D) coop-
erative guidance of maneuvering targets, considering vehicle communication, a robust
cooperative guidance law was proposed to ensure cooperative performance under system
failures. Most studies assume ideal vehicle communication with a fixed topology. In reality,
this is unstable due to equipment and interference, leading to switching communication
topologies that affect cooperative performance [9]. In [10], a time-varying leader—follower
cooperative guidance law for maneuvering targets in formation with switching communi-
cation topologies wa designed; however, terminal angle constraints were ignored. There-
fore, it is important to study cooperative guidance laws with switching topologies and
angle constraints.

In certain complex scenarios, to optimize the effectiveness of cooperative engagement,
vehicles are required to intercept the target with a constrained terminal angle and an
adjustable impact time [11]. At present, there are only a few studies on guidance laws
considering impact time constraints. In [7], a time-consistent algorithm was designed
using the consistency error function and fixed time theory, which realizes terminal-angle-
constrained interception at a prescribed arrival time. However, the method does not
consider the interception of maneuvering targets. In [12], a collision-time-constrained
cooperative guidance law combining PNG and super-twisting theory was proposed in
2D, but its performance may degrade in 3D scenarios. In [13], an adaptive cooperative
guidance law was proposed to enable vehicles to achieve the interception of the target with
both arrival time and terminal angle constraints.

In practical scenarios, terminal guidance time is short, and traditional asymptotic
stability methods are insufficient [14]. Studying fast consensus of arrival time among
multiple vehicles can improve cooperative performance. In [15], based on finite-time
consensus theory, a 3D cooperative guidance law considering terminal angle constraints
was designed. In [16], when radial velocity was unknown, a 3D cooperative guidance
with fixed-time convergence and fixed topologies was proposed. However, terminal
angle constraints were not considered. In [17], the concept of predefined-time stability
was proposed, where the settling time can be adjusted as a controller gain to achieve
predefined-time convergence. This theory has been widely applied in various fields,
such as attitude control [18] and a transport robot [19]. In [20], considering 3D coupled
kinematics, a guidance law with predefined-time impact angle constraints was proposed.
In [21], a predefined-time cooperative guidance law considering switching topologies was
designed for simultaneous interception in a 2D environment. However, it does not consider
angle constraints.

In the guidance process, constraining the convergence of the LOS angle can be formu-
lated as a state-performance-constrained control problem. However, in existing studies on
terminal angle guidance, the tracking process is rarely explicitly constrained. In [22,23],
prescribed performance control (PPC) theory was proposed based on a pre-designed per-
formance function. It essentially employs a transformation function to map the constrained
tracking error into an unconstrained space, thereby ensuring that system states evolve
within predefined performance bounds. PPC is widely used in space attitude control [24].
In [25], the prescribed performance function (PPF) was used in a multi-vehicle intercep-
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tion problem, and a guidance law was proposed. However, the convergence time of the
designed performance constraint function is implicit.

Existing studies seldom address 3D cooperative guidance with simultaneous consid-
eration of impact time constraints, terminal angle constraints, switching communication
topologies, predefined-time convergence, prescribed performance, and interception of
maneuvering targets in a unified framework. Motivated by the above challenges, this
paper designs a non-singular predefined-time convergent cooperative guidance law for
multi-vehicle interception of maneuvering targets under multiple constraints, applicable to
switching communication topologies. Main contributions are:

(1) This study investigates a cooperative guidance strategy with multiple constraints
in 3D space, considering a complex nonlinear kinematic model under switching
communication topologies. Since inter-vehicle communication is inherently dynamic
in real-world scenarios, the proposed approach provides a more practical and realistic
framework for cooperative guidance applications.

(2) To address the cooperative guidance problem, a novel adaptive predefined-time
consensus protocol is proposed in the LOS direction based on predefined-time con-
vergence theory and the multi-agent consensus principle. This protocol enables
multiple vehicles to achieve the simultaneous interception of maneuvering targets at
a prescribed impact time.

(3) To handle terminal angle constraints, a predefined-time non-singular terminal slid-
ing mode guidance law is developed in the LOS normal direction using prescribed
performance functions. It enables multiple vehicles to achieve simultaneous intercep-
tion at different terminal angles while satisfying prescribed performance constraints.
In addition, it removes singularities and alleviates chattering in sliding-mode control.

(4) To address the scenario where the target acceleration is unknown, a novel predefined-
time external state observer is proposed to estimate the target acceleration and com-
pensate for disturbances in the guidance law.

(5) In the proposed cooperative guidance method, the convergence time is an explic-
itly tunable parameter, and all error states are guaranteed to converge within the
predefined time.

The structure of this paper is as follows. Section 2 presents the preliminaries and
the problem formulation of cooperative engagement dynamics. Section 3 presents the
cooperative guidance law and predefined-time stability analysis. In Section 4, the numerical
simulation results validate the proposed method. Section 5 is the Conclusion Section of
this paper.

2. Preliminaries and Problem Formulation
2.1. Preliminaries

In the field of cooperative guidance, graph theory is used to represent a communi-
cation topology consisting of multiple vehicles, where the vehicles exchange their state
information. The communication network can be represented by an n-order directed graph
G=(v,0,A),v={vy,vy,...,0,} is the set of nodes in the graph, { C v X v is the set of
connecting lines in the graph, matrix A = [a;;] € R"*" represents the weighted connectivity
matrix; when vehicle i receives information from vehicle j, then a;; > 0; otherwise, a;; = 0.
If G is an undirected graph, then we have a;; = a;;.

Lemma 1 ([26]). The Laplacian matrix Lg = [l;] € R"*", corresponding to the undirected graph
G, is defined by
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] — i . # Z
ijr J

and, if the undirected graph G is connected, Lg has the following properties:

(1) Lgly =0y ie,1,=11,...,1T.

(2)  Ax(Lg) > 0is the algebraic connectivity of Lg.

(3) Foranyx = [x,%a,...,xn)" € R", thereis x" Lgx = % Yl 27:1 aij(xj — x;)>.

(4)  Foranyx = [xq,%a,...,xn|" € R" that satisfies 1Tx =0, then xTLgx > Aa(Lg)xTx.

Lemma 2 ([27]). For x1,x2,...,%, 2> 0,if0 < p <1, then

Lyl > (T x)P, 0<p<1 2
noal >l x)P, p>1

1=

Notation 1. Throughout this paper, || - || signifies the Euclidean norm. For a vector x =

[x1,...,x4)T and k € R, define sig(x) = [|x1|*sign(x1), ..., |xn|*sign(x,)]T, where sign(-)
represents the sign function.

Definition 1 ([17]). Consider a nonlinear system defined by the following equation:
x=f(x,A), x(0)=x 3)

where x € R", f(x(t)) : R" — R™" is a nonlinear function; A € R™ are tunable parameters. System
(3) exhibits predefined-time stability with convergence time T, if T(xo) < T. < oo for any initial
condition Vxg € R".

Lemma 3 ([28]). Given system (3), stability is guaranteed if there exists a continuous Lyapunov
function V (x), if it satisfies the following conditions:

. 7T _n Ui
V< _m@v(l 2) + pv(1+2) +2\/@V) 4)

where 0 < n <1, a,B,Tc > 0, and the system exhibits predefined-time stability with T¢.

Lemma 4 ([28]). Given system (3), it satisfies the following conditions:

. 7T _n n
Vg—m(av(l z)+ﬁv(1+z)+2\/@V)+A ®)

Based on Lemma3, if A > 0, then the system is stable within the predefined time \/2T., and the resid-
ual set of the solution of the system (3) is x € {V(x) < min{ (%)ﬁ, (Mjgin‘/@)ﬁ; } }

Lemma 5 ([29]). For the system (3), it satisfies the following conditions:

V< —%(aV” + vy (6)
c
where l, p, q,a, B are positive gains, and Ip < 1,1q > 1, and <y is

T(pu)T(qn) ("‘)pn

= B

TG —p)
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where p, = %, qn = l;%;, and T(-) is the Gamma function, which is defined as
I'(x) = 0+°° e 't*~1dt. The system (3) is predefined-time stable; T. is the predefined
convergence time.
Lemma 6 ([30]). Consider the following disturbance second-order nonlinear systems:
to(t) = f(#) +u(t) +d(t)

where x1(t) € R and x,(t) € R are the system states, u(t) is the control input, f(t) is the known
internal nonlinear term, d(t) is external disturbance. Assume that the external disturbance d(t)
and its first-order derivatives d(t) are bounded with |d(t)| < dy and |d(t)| < do, where dy and d;
are positive constants.

For system (7), a predefined-time external state observer (PTESO) is designed as follows:

=

1=x1— %

| = X2 + Ol &hpsoty + (1 — @)k pdsigh (7))

2= ftutd+ PLeRe % + (1 — D)kodsigs (%)
d = SLEn3 o 7 + (1 — @)kapsig® (%)

=

=

t
tfESO

where hgso = asec(5 ) is a time-varying function, a > 0, and tf pso is predefined time

4
of PTESO. l1 53,1 and & > 0 are the parameters to be designed, meanwhile y > 0, k, = apk],
wp >0,p=1,2,kz > 1,D(t) is the time-switching function of PTESO.

1, t€l0tfEs0)
d(t) = ’ 9
® { 0, teltreso, ) ©)

where %1, %y,d are the observations of x1,x2,d, respectively. For system (7) with PTESO (8),
the error d = d — d can achieve convergence to 0 within the predefined time t F,ESO-

2.2. Problem Formulation

Concerning the issue of multiple vehicles’ cooperative guidance in a 3D space. Figure 1
vividly illustrates the relative geometric relationship of interest, where M; and T represent
the i-th vehicle and the target, respectively. MX;Y;Z;, MX Y Z] represent the inertial
coordinate system and LOS coordinate system, respectively. Vy, 0., ¢ (n = M, T) represent
the velocity, flight-path angle and heading angle of the vehicle or target. The distance
between the i-th vehicle and the target is denoted by R;, while 8} ; and ¢; ; represent the
elevation and azimuth angles of the LOS coordinate system, respectively.

The 3D engagement kinematics can be described as [31]

Ri=V, (10)

Oi = Ve, , (11)

—Ri¢ricos0p; =V, , (12)

R; — Rié%,i - Ric[}%/i cos? O ; = ary; — Apy (13)

Rifip; +2Rif1; + Ri7 ;sinf ;cos by ; = arg; — Ao, (14)
—R;fppi cos by ;i — 2Riy i cos Oy j + 2R;0p by i sin by ; = arg; — A, (15)

where Vi, Vy, ., Vy, ; are the relative velocities between the ith vehicle and the tar-
get in the LOS coordinate system. Moreover, ar = [aTr,i,aTg,,-,aT(P,i]T and ay =
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[Anr is Arg,is O Mq;,i]T denote the acceleration vectors of the target and ith vehicle in
the LOS coordinate system, respectively.

Figure 1. Three-dimensional vehicle-target interception geometry.

Assumption 1. The target acceleration is unknown but bounded, continuous, and differentiable,
and it is assumed that |at| < L, where L represents a positive constant.

Remark 1. As demonstrated in [16], the coordinate transformation matrix from the inertial
coordinate system OXY1Z; to the LOS frame OX Y Z can be expressed as

cosbpcospr  sinf;  —cosOrsingy,
Cr(6rpr) = | —sinfpcospr cosbp  sinbpsingr
singy, 0 cosQr,

The following section details the coordinate transformation matrix from OXYZ; to the vehicle
(M) or target (T) velocity coordinate system OXp1oYnmoZmo and OX1oYToZ Ty

cosbycospy,  sinb, —cosb,sing,
Cn(Ongn) = | —sinbycosp, cosb,  sinbysing, |(n=M,T)
singy 0 cos¢y,

This paper mainly addresses the problem of the simultaneous interception of a target
by multiple vehicles under multiple constraints, which can be summarized as follows:

Iim R; =0, 1lim 60;;—6;p; =0, lim P — =0
o Ri o OLi = 01D ) $ri — ¢PLD,i
where t(; is the impact time; 6, p ; and ¢; p ; are the desired elevation angle and azimuth
angle of the ith vehicle. To improve the maneuverability of the vehicles, it is necessary for
the vehicles to intercept the target at the prescribed impact time ¢, i.e,

tf,i = tf,j =1ty
For vehiclei,i = 1,2,...,N, define x;; = R;, xp; = R;, x3; = 01 —OLpi i — (PLD,Z'}T
X4 = [OL,,-, ([')L,i]T. Combining Equations (10)—(15), the three-dimensional guidance system

7

is presented as follows:
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X1, = X
.y Y 2
Xoi = X1,i0] ; + X1,iP] ; €OS"OL i — Apyi + ATy i (16)
X3 = X4,

X4; = A; + Bjapy, + D;

where
250,01, H R
Ao | T T ¢1 ;sinbp;cos b | am,
i 2x0,iPLi Vi P AMAG = Angs s
% + 20L,i¢L,i tan GL,i Me,i
1 are,i
J— _E 0 D = X1,i
i — 0 o 1 i = _ ATg,i
xlriCOSGL,,' XL,'COS@L’I'

3. Cooperative Guidance Law Design

In this section, the cooperative guidance law is designed, consisting of two parts.
Firstly, the LOS directional acceleration a4, ; enables multiple vehicles to intercept the
target simultaneously within a predefined time and attack the target at the desired impact
time t;. Secondly, the normal acceleration a1 i, 4p¢,i €nables interception at the desired
LOS angle within a predefined time. A strict stability proof is provided for the cooperative
guidance system. The flowchart of the guidance laws is clearly presented in Figure 2.

Cooperative guidance law with ! ! )
impact time constraints Desired impact time ty

\

< Do i Sec 3.1 Guidance law in LOS
% % direction(Eq.(23)—-Eq.(25))
Z3
Az
Sec 3.2 Guidance law in normal direction of
LOS(Eq.(50))

A

|

Multiple vehicles

Target 0.4, ST S %] Relative

(6,040,

Error Transformation ob
function(Eq.(40)—Eq.(44)) EEREE
A Cooperative guidance law with A Eq.21)
LOS and PPF constraints Eq.(46)
Tracking LOS error
Motion - s 7
Model |_R1 ’ 9L,i H ¢L,i H Ri H HL,i H ¢L,i b tgo.i J

Excepted LOS angle

Figure 2. Guidance law flowchart.

3.1. Guidance Law in the LOS Direction with Desired Impact Time
For vehiclei,i =1,2,..., N, the impact time ¢ fi of the ith vehicle is given by

tf,i = tgo,i +t (17)

where fg, ; is the time-to-go estimate, i.e., the remaining time before the target is intercepted.
teo,i is estimated by
R; X1,i
g0, Ri Xa
It can be seen from Equation (17) that t7; — tf; = tg,; — tg, ;. Therefore, if tg;
converges to unity, ¢ ; also reaches consensus.
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Taking the time derivative of ¢ ;, we obtain:
tf,i = tgo,i +1
2 42 2 2 209 .
oxbr X19r,c08" 0L xq; X1,i (19)
2 2 — 5 AMr,i + 5 ATy,
X2, X2, 2,i X2,

According to Assumption 1, there exists a positive constant L, ; such that the target
acceleration in the LOS direction, ar, ;, satisfies

lag,i| < Ly (20)

Firstly, based on Lemma 6, Equation (19) is constructed to estimate the target accelera-
tion ary ;:

€lri = X1 Z1ri

. L

Ziyi = Zori + OrlyCrhEsor(erri) + (1 — Dr)ky i 5ig3 (e1y,)

. Z 1

Zori = q’rb,r‘?%h%so,r (e1r,i) + (1 — Pr)ko,puy sigs (enr,i) 1)

)2 i2 2
+x1,i07 ; + X111 ;€OS”OLi — Apmy,i + Z3r,i
Z3pi = q)rl3,r§§h?gso,r (elr,i) + (1 - cI31')163,;']41'51’80 (elr,i)

where z,;,25.;,23,; are the estimates of x;;, xp; and ar,;, respectively. The parame-
ters hesor L1230 r kpr, p = 1,2,3, P, and ¢, are design parameters given in Lemma 6,
and y, > 0, ®, is the switching function of PTESO with ®, = 1, when t € [0, Tfr,ESO) ; oth-
erwise, @, = 0. Then, x1 ;, xp ; and ar; ; can be estimated by z;,;, zp, ; and z3, ;, respectively,
within a predefined time T¥, gso.

From Equation (17), it can be seen that the impact time of the vehicle is related to ay; ;
in the LOS direction. Therefore, when considering the impact time constraint, only ay, ;
needs to be designed.

The error between the desired impact time ¢, and the actual time ¢ ; of the vehicle is
defined as

e = tf,i — 1ty (22)

It follows from Equation (22) that when t¢ ; reaches consensus, ¢; also achieves consen-
sus. Then, the guidance law can be designed as:

2 2 2 5
Apr,i = X107 ; + x1,i7 j c08™ O i + 23, + 7y, i (23)
P
where z3, ; is the estimation of the target acceleration ag, ; in the LOS direction, obtained by
the PTESO (21), and

7T r N
pi= | &Nz sig!~) P
U, T Ja B |f¥ 7 sig <]§a]( £ f,:))
] 3 24
+pysig!t ) (Z aii (1 - tﬂz’)) +2y/arpr (Z i (t - tf,i))] @)
j=1 j=1

+ w,,isig(tfri — td)

Wy, = g‘tf,i - td|2 (25)

where a; > 0,5, > 0,T, > 0and 0 < 7, < 1; N denotes the number of vehicles. ;\2 is
the minimum eigenvalue of the communication topology matrix L. If the vehicle commu-
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nication topology is time-varying, then Ay = min[Ay(L1),A2(Ly), ..., A2(Lm)]; otherwise,
A = Ma(L).

Remark 2. The communication topology is allowed to switch arbitrarily, and each topology is
connected at any time instant.

Theorem 1. For system (19) and PTESO (21), based on the guidance law (23)—(25), the time error
e; is quaranteed to reach consensus within a predefined time, and the vehicle achieves interception of
the target at the desired time t 4.

Proof. According to the PTESO (21), the estimation error can be described by

. L2
é1ri =€zpi — Drly 1 CrhEsorerri — (1 — O )k 7 sig3 (e14,i)

. 2 1
bari =31, — Pplo E Mg 17 — (1 — Pr )kt sig (e1y,) (26)
é3ri =01 — Prl3 15 s e1ri — (1 — Dy )ks pirsig® (exy )

where ey, ; = X1 — Z15,€2r; = X2,i — Z2r,i,€3r,i = ATy — Z3r,;- Based on Lemma 6, the estima-
tion error converges to zero within a predefined time Ty, rso, and Ty, 5o is the switching
time of ®,.

Substituting the guidance law ayy, ; in (23) into (22), we obtain:

7T

o o a
=t =gy [ (Bl
N N
+Bysig ) (Z i (7, - fﬂi)) +2y/arpr (Z (7~ 11:) )] )
j=1 j=1
. x ]
- w,,iszg(tf,i - td) + f (a1r,i — zar,i)
2,

The Lyapunov function is established:

&8, 1y,
=5 ;ei + i;wr,i (28)

Taking the derivative of V,, we obtain:
N 1 N
V=) eibi+ 5 ) wity,
i=1 [

N
- _ T (1=7r) .
TR o [arZestzg (z (trs- ff,z))

i= =1

N N N
+Br Z eisig(l-‘rﬂr) (Z ajj (tf,]' — tf,i)) +2+/a; By Z e; (Z ajj (tf,j — tf,i) )]
i1 i- i1 \j=1

2 N 2 (29)
— Wy Z ‘el| aTrz ZSr,i) + Zwr,i|ei‘
21 i=1
1 N N 4 NIF
7T ;-1
< aNZ a? (e-—e-)
20T Aa/nfy | (2]21 AN >

o N\ 1T N N )
+ﬁr (Z Z {11] (ef,j — 3f,i> ) + 24/ arﬁr (Z Z ajj (tg/]' — te,i) )

i=1j=1 i=1j=1
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Define WB = Zfil bl](Ef,] - 3f,i>2/ WC = ZlIil Ci]'<ef,j — Ef,i)z, and WD =

T _1 _Ir_q .
YN, dij(ef; — ef,,-)z, where b;; = al’]Z ,bij = a;; * and ¢;; = a;;. According to Lemma 1,

then we can obtain Wy = 2eTLge, We = 2¢TLce, and Wp = 2eTLpe, where Lg, L¢,
and Lp are the graph Laplacians of G(B), G(C), and G(D). Because the graph G(B), G(C),
and G(D) are connected, then

Wg > 2A5(Lg)e’e, Wc >2Ax(Lc)e’e, Wp > 2A5(Lp)e’e (30)

Define Q)(e;) = % Zfil elz, then (29) can be reduced to

. 1 7T ir. 1-1r
Vip < —o [, N¥ (40,0(e;)) "
! 2 277rTr/\2\/ “rﬁr [ ’ ' (31)
—nr Ir
BN (41:0(e)) T F 42/ B, (4020(e))) |
where A, = min[A;(Lg), A2(Lc), ..., A2(Lp)]- Based on (28) and Q(e;), then

nr

1-1r -7
Vot = |0 + & IN o) (32)
1+’71 1+’77r
V,, t = {Q(ei) + 21725\] wf,l}
Then, based on Lemma 2, we can obtain
N
1 -7 1 2 q1_1r
Q)™ 2V * ~ 57 ;wm-] 2 (33)
N R N S R o
[Qen)] T2 222V, % —[Z) wr ]2 (34)
i

Combining Equations (31), (33) and (34), then

. 1 r _nr
Vo < T [vcrN T (40aV,0)

2 277rTr/~\2 AV “r,Br (35)
iy i
—i-,BrNTi7 (4/\2Vr,2)1+ 7+ 2/ arBr (4A2Vr,2)} + @

Ir 1-Ir /i 1+
where ® = %m[aer (4A0)' 77 + BN (4Agv) T2 +2w/arﬁ,(4/\2v)}, and

V= 2% YN wf’i, thus @ > 0.
Define W, = 4A,(L)V;, then take the derivative of W5,
: T o -1 e 140 .
Wzg—[ocN2W 24+ BN W 2+2\/a5w2}+q>
anr Tr,Br r 2 r 2 rPr

T —Ir = Ir = s
= [&rwzl 2 +,BrW21+2 +2 &rﬁrw2:| +&

_UrTr\/;Br

where &, = vcrN%r, [Sr = ,BrN_%r, d = 4A,®, and & > 0. Based on Lemma 4,

Vio is predefined-time stable, and the residual set of the solution is ¢ &
& ~ 7 2 & — 2

{v) < min{ (B8 (20l o |

As a result, combining (35) and (36), the error ¢; between the desired impact time and

(36)

the actual time of the vehicles converges to a small residual set within the predefined time
T,1 = v/2T,, and the t f,i of the multi-vehicles converges to unity within the predefined
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time T, = T, + Tt eso- By appropriately selecting the design parameters, the size of the
residual set can be made arbitrarily close to zero. Theorem 1 is proven. [J

3.2. Guidance Law in the Normal Direction of LOS with PPF

In this section, a guidance law ay, ; is designed, which enables vehicles to intercept
the target at desired LOS angles to achieve the maximum destruction effect on the target.
From Equation (16), the guidance model for the LOS angle constraint is

X3 = X4 (37)
X4 = Aj+ Bjapy; + D;

To guarantee the convergence of the LOS angle error within the preset steady-state
error range, the prescribed performance function (PPF) with predefined time convergence
is designed in the following form

pi(t) = [ L=t [Fsign(35=) (00 — Poo) + Peojy if t< T,
/ Poo,j Zf t> T,

(38)

where j = (01, ¢1), k > 2, pgj is the initial value of the PPF satisfying po,; > [x3,(0)|, x3 ;(0)
denotes the initial value of the tracking error, po, ; denotes the steady state error. T is the
predefined convergence time; x denotes the speed of convergence.

The system error is guaranteed by the prescribed performance controller (PPC) to
satisfy the following equation:

—1jpj(t) < x3;(t) <pj(t), if x3;(0) >0, (39)
—pj(t) < x3i(t) <ypi(t), if x3;(0) <O
where 0 < 1; < 1, and ¢jp;(t) represents the maximum amount of overshoot.
Inspired by [23], the error transformation function is
In(4205), i x,(0) 20
(1) = LJ§1+2]<t)§ . (40)
h’l(ﬁ), Zf x3’](0) < 0
where z;(t) = x;ég)
Taking the time derivative of 1 j(t) in Equation (40),
1+l]' . :
. . (t . >
i (6) = 4 GEON=T0) (%3(8) + 9j(D)x3(t)), if x34(0) >0, .
(’sz(t))(“f]zj(f))ﬂj(t) (43,() + 9(D)x3j(1)), if x3j(0) <0
where §(t) = f%, and hl,j(t) can be rewritten:
h1,j(t) = @;j(t)haj(t)
1+l/‘ . ) >
;(t) = (Lj+zj(t))1(_1~.7_zf(t))Pj(f)’ if x34(0) 20, (42)
/ i lf x3,j(0) <0

(lj*Zj(t)) (1+Z](t))P](t) !
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where hy j(t) = %3 () + ¢;(t)x3 j(t). Take the time derivative of hy ;(t).

hoj(t) = &3j(t) + pi(£)x3 j(£) + (1) %3;(t) (43)

Based on the error transformation function Equations (40)—(43), the guidance model
(37) can be rewritten:

. . , (44)
hy; = A; + Bijayp,i + D+ 9 (t)x3; + 9, (t)x3;

{ I = @ihy,
where @; = [(DQL,I"(D‘PL,{]T; P;(t) = [I/JGL,," lPQDL,i]T'
According to Assumption 1, there is a positive constant L, ; for which external distur-
bance D; satisfies
|D;| < Ly, (45)

Then, based on Lemma 6 and Equation (37), a PTESO is designed to estimate D;

€1 = X3, T 210

zipni = 220 + PaliaahEsoein + (1 — q’/\)kl,)\}lis%% (e1p,i)

fori = PabalihEso 010+ (1 CI’A)kz,/\léSig $(eins) (46)
+A; + Biap; + 23,

230 = Palaalihigo reini + (1= Pa)ksapasig® (1)

where z1, ;, 225 i, 23, ; are the estimations for x3;, x4 ; and D;. The parameters hgso A, 11231,
7y kp, r P =1,23,®, and {, are the parameters to be designed according to Lemma 6, ®,
is the swithcing function of PTESO with ®, = 1, when t € [0, Ty, gso), otherwise @, = 0.

To make the system Equation (44) coverage to zero within a predefined time,
a predefined-time non-singular terminal sliding mode (PTNTSM) is designed as

s n
Si=hy; + wrF(hy ;) + 27 Brsigh ™ (hy ;) +24/arBahy i 47
i =hy, ZA(@i)WATA\/m( AF(hy,) Basig 1 (ha;) ABA 1,1) (47)
where S; = [s1;,5,]7, A(®;) is the minimum eigenvalue of @;, and ay > 0,8, > 0,

0 <y <1,Ty>0, F(hy) = [f(hig, i), f(hig,i)]"

|xi|'asign(x;),  |xi] > 6
f(xi) = ) 2. ) )
rx; +roxysign(x;), |x;| <6

where r; = (14 1#,)0, and r, = —1,6~ 1+, § is a small normal number.
Taking the time derivative of the PTNTSM,

7T

2A (@) 1aTar/wrBa

where F(hy;) = [f(hleL,i)/f(hl(pL,i)]T'

Si=hy; + (MF(hl,i) +278 BA(1+y2) B3 + 2 “Aﬁ/\hl,i) (48)

X+ 2r|xilx, x| <0

flxi) = { (L=m) x| M, x>0

A predefined-time sliding mode reaching law is designed to drive the system onto the
PTNTSM within a predefined time:
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. Is .
§i = = (ws|Sil” + BslSil*) "sign(s;) (49)
S

where a5 > 0, Bs, ps > 0,495 > 0,15 > 0 also need to satisfy the conditions lsps < 1, lsgs > 1;
vs is defined the same as in Lemma 5.

_ Is .
ayy; = —B;! {Ai + %s (as|SilP* + Bs|Si|™ ) “sign(S;) + 23,
S

- F(hy) +22 oy ) (50)
+2)‘(‘Di)’7ATAm (“Ap(hlﬂ) +22 Ba(1+na)hyih i + thl,z)

+1p;(t)x3 + ;(t)%s3,]

Theorem 2. Under the guidance law (50) apy ; and PTESO (46), the LOS angle error and LOS
angular rate can achieve convergence to zero within predefined time, i.e., multiple vehicles are
capable of intercepting the target at the desired LOS angles. Meanwhile, the error x3 ; conforms to
the prescribed performance constraint that is presented in (39).

Proof. Owing to the structural similarity between PTESO (46) and (26), the detailed proof
of the former is omitted for brevity. Based on Lemma 6, the error of estimation converges
within a predefined time Tf) gso-

The Lyapunov function is defined as follows:

Vs = Sisign(S;) (51)
Substituting the guidance law ay;, ; (50) to (48). Take the derivative of V; ;:

Vii = Sisign(S;)
. 7T
— | Aj + Biapgn; + Di + ;(£)xs, + (1) 23, +
- i iAMA,i i Iljz( )x3,z l[JZ( )x3,z ZA(@i)UATAm -
. 1 . . )
'(MF(hl,i) +27 By (1 + )i+ 2y Mﬁ)\hl,i)} sign(S;)

= [~ (wslSilP + Bslsil®) sign($i) — (D - Z%i)} sign(Si)
S

When t > Ty, gso, the error D; — z3, ; = 0. Equation (52) can be rewritten

. Is .
Ve < = (as[Sil" + sl i) sign(s,)
) (53)

< *%(“svs,ips + Bs Vi)
S

Therefore, based on Lemma 5, Equation (44) can achieve convergence to the sliding-
mode manifold S; = 0 within the predefined time Ts.

Once the system reaches the sliding mode manifold (47), i.e., S; = 0, then in the sliding
stage, we get

7T
hy; =

1 20(@i)7aTa /%A

Define the Lyapunov function as

Ul .
(arF() +27% Basigh () +2v/maBals) - (54)

Vai=hi (55)

(1) Case1:If |hy ;| > 6, taking the derivative of V) ;, and based on Lemma 2,
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Vyi = 2hi by
TTW; A
= —h{; : (“Asiglw(hl,‘) +27 Bysigh T () + 2 0‘/\,3)\’11,)
P M@) A Tr\/ 2B ' ' !
(56)

2 -4 2 1+ 2
42 2 2 2
- a, hi; + Ba hi; +2/aprBa hi;
A Txv xpBA (; Ll) (];1 111) ]; v

7T ]+'7A
= - OCAV +,B,\ 2 +2\/Dé/\‘3/\V)L,'>
WATA\/“/\,BA< Ad l

According to Lemma 3, the system state can achieve convergence within the predefined
time T).

(2) Case?2:If |hy ;| < ;, where the state entered in |y ;| < J; within the predefined time
T), take the derivative of V) ;, and based on Lemma 2

. (5*77A 2
V< ————= he+ 10 W2, — 871y |k
l UAT/\\/D‘/\,BA <2 e (2 l ]; v
5 7]A 2 (57)
Ty D‘/\,B <¥ )
Hence, the error |h, ;| satisfies
7T 1—1, Ly 1+17)
|| < 0 8; M+ 22 B8+ 2 /an g (58)
T 2M(@) M Ta /@ ( l l Z)

Therefore, the transformed error |h; ;| achieves convergence to 0 within the predefined
time Ty = Ty + Ts + T),es0; the system state of LOS angle error and LOS angular rate can
converge within Ty. This completes the proof of Theorem 2. [

In summary, based on guidance system (16), multiple vehicles are able to intercept the
maneuvering target at desired LOS angles based on the designed non-singular predefined-
time guidance law with prescribed performance constraint (50) in the normal direction
of LOS; the designed guidance law (23) in the LOS direction allows vehicles to intercept
the target with the desired impact time. Thus, the designed guidance law can achieve
simultaneous interception of a maneuvering target by vehicles with multiple constraints.

Remark 3. Different from conventional terminal sliding-mode surfaces, the proposed predefined-
time non-singular terminal sliding-mode surface does not contain negative fractional power terms of
the error variables, thus avoiding singularities when the LOS angle error approaches zero. Moreover,
continuous nonlinear power terms are adopted instead of the discontinuous sign function, thereby
reducing the switching amplitude and alleviating chattering.

4. Simulation

To validate the proposed 3D cooperative guidance law with predefined-time multiple
constraints (3D-PfTCG), simulations were conducted under a switching topology. First,
the efficacy of the proposed algorithm was substantiated with respect to different adjusted
impact times. Then, its superiority was demonstrated by comparing it with the fixed-time
cooperative guidance (FXTCG) method proposed in Ref [31].

The guidance laws designed in Equations (23) and (50) were used to intercept ma-
neuvering targets. The key guidance parameters are presented below. The parameters
in Equation (23) were selected as:
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Ky = 5, ’Br = 4, 71}’ = 068, Tr =5 (59)
In guidance law Equation (50), the parameters are chosen as:
Ky = 5, ‘3,\ = 4, Ha = 0.68, T/\ = 20, Ps = 0.5,
1 (60)
gs =3, ls=15 was=1, /3:“—, T, =20, 6=0.01
S
The parameters of the PTESO (21) and (46) are selected as follows:
ha=hy,=6 Dbr=h,=8 1Iy=1I3,=02
g)x:‘:r:4/ ‘ur:10, ]l/\:0.5
ksr =11, ksp =15 ky, =334k (61)
Koy =53k, ki =3.34kY73, ko = 5337
T
hpso = 0.1 SeC(E o ), Tfreso = Tfreso =5
The parameters of PPF (38) and (39) are selected as:
k=3 T.=10, po=20, pe=01 =09 (62)

The acceleration of the vehicle is limited to 20g, where ¢ = 9.81m/s?.

4.1. Effectiveness and Robustness Verification of 3D-PfTCG

In the simulation scenario, a switching topology that better reflects practical scenarios

waa employed to validate the effectiveness and robustness of the proposed algorithm.

The initial states of the vehicles and the target are detailed in Table 1. The target accelerations

is given as:

ar, = 10 +10sin(t)m/s?, agp = 10sin(0.7t) m/s?, ary = —30 m/s?

Figure 3 shows the communication topology among the vehicles. During the simu-

lation, the topology changes every 1s, starting from the topology depicted in Figure 3a.

The corresponding weighted coefficient matrix are as follows:

011
1 0 1 |andAy =
1 10

o = O

1
0
1

o = O

0 0
andA.=| 0 0
1 1

Figure 3. Switching communication topology between vehicles.

The desired impact times are T; = 20 T; = 30 and T; = 35. The simulation outcomes

are illustrated in Figure 4, Figure 5 and Figure 6, respectively. From Figures 4-6, multiple

vehicles successfully intercept the target at the desired impact times; the miss distance
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R is 0. Meanwhile, Figures 4c,d, 5c,d and 6c,d illustrate the vehicles’ time-to-go and
radial rate. The time-to-go achieves consensus, while the radial rate converges within the
predefined time. Figures 4e-h, 5e-h and 6e-h illustrate the evolution of the LOS angle and
its angular rate. The LOS angles converge to the desired angle, while the LOS angular rate
converges within the predefined time. Figures 4i-k, 5i—k and 6i-k show the acceleration
of vehicles in three directions. It can be seen that, due to the topology switching, slight
oscillations occur in the initial phase. These oscillations are caused by the communication
topology switching. In practical scenarios, the switching frequency of the communication
topology is not high, and the oscillation frequency of the cooperative guidance law is
also reduced. Therefore, these oscillations do not significantly affect the vehicle guidance
performance. Figures 41, 51 and 61 show that the disturbance observer can converge to
the actual values within the predefined time Ty, rso, Tf eso, then the guidance law is
compensated effectively, verifying the effectiveness of the PTESO. The results indicate that
the proposed 3D-PfTCG can achieve the interception of maneuvering targets with high
precision under the desired constraints. Figures 4m-o, 5m-o and 6m-o show the tracking
errors of 0; and ¢ under the performance constraint function, showing that the errors
evolve within the desired performance bounds.

Table 1. Initial conditions between vehicle M; and target T (i=1, 2, 3, 4).

R(m/s)

—750-

—800-

-85

MAIT (%9, 2) v 6,1t (0) Pt (0) J95) ¢LD
! (km) (m/s) (°) (°) (°) (°)
My (—1,0,0) 680 60 90 25 40
M, (1,0,0) 600 60 90 30 60
M; (2,0,0) 780 60 90 40 70
T (8,8,—10) 200 0 90
_— 30‘ : _—
M, 25 : M,
‘ 0f %T' ) ’
| 10 | \
_— " 10,000 2 ‘ © ] 5 3 \
5000 0 ) 0 . ) ) \
0 5 10 15 20 0 5 10 15 20
X(m) t«s) t(s)
(b) (c)
75
0F-==-- e
65 ,.,.f"’
= 60:_:-!******»"""""""';}[f
-
st My
45
4F=-====="=
20 35
15 20 0 5 10 15 20 0 5 10 15 20
t(s) t(s)
(e) ()

Figure 4. Cont.
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(a) Trajectories of vehicles and target.

(b) Relative vehicles—target distance. (c) Vehicles’ time-to-go. (d) Radial vehicles—target velocities.
(e) Elevation LOS angle. (f) Azimuth LOS angle. (g) Elevation LOS angle rates. (h) Azimuth LOS
angle rates. (i) Vehicles” acceleration commands ap,. (j) Vehicles acceleration commands ap;g.

(k) Vehicles” acceleration commands apy.

(1) Actual values and estimations of disturbance.

(m) M 1 LOS angle tracking error. (n) M 2 LOS angle tracking error. (o) M 3 LOS angle track-

ing error.
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Figure 5. The results for 3D-PfTCG with T;
(b) Vehicles-target relative distance. (c) Vehicles’ time-to-go’ (d) Vehicles-target radial velocities.
(e) Elevation LOS angle. (f) Azimuth LOS angle. (g) Elevation LOS ang]le rates. (h) Azimuth LOS
angle rates. (i) Vehicles” acceleration commands aps,. (j) Vehicles” acceleration commands ayg.

(k) Vehicles” acceleration commands apjp.
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(a) Trajectories of vehicles and target.

(1) Actual values and estimations of disturbance.

(m) M 1 LOS angle tracking error. (n) M 2 LOS angle tracking error. (o) M 3 LOS angle track-

ing error.

https://doi.org/10.3390/aerospace13070638


https://doi.org/10.3390/aerospace13070638

Aerospace 2026, 13, 638

19 of 23

\\
-10,000 L

—20,000 0

Z(m)
(@)

—35

——

—

_—
—

<
— 5000

X(m)

—400 -

450
_-500
550

R(m/s

—600;
—650;

—-700¢

75

25 30 35

0 (deg/s)

0 5 10 15 20

t(s)

(8)

200

25 30 35

150

100

2
aMa(m/s )
(=]

—50
-100

—15Q

t(s)

()

25 30 35

16
_MI
14 »:,\:: -,
12 ‘Q,:.\ ----- M,
BN
10 \x:
0 Y
£y N
R RN .
6 N
E
4
b
2 (s)
0
0 5 10 15 20 25 30 35
t(s)
45
Ml
- _haz
E” """ M;
2
—~
>
20
0 5 10 15 20 25 30 35
t(s)
(e)
10
_MI
__.M2
st - M,
»
K3
o0
&
=
=
SN
-5
-1
0 5 10 15 20 25 30 35
t(s)
200
1 —M,
1
1505 oo
wof M\ - M,
)
R 50
'
R
2 1
1 Pl
S50 L
il
_100 |\/ !,I
'I
-150 il {
i
—200—*-=
0 5 0 15 20 25 30 35

Figure 6. Cont.

t(s)

75

E N
ES) 1
< - - M,
_____ M3
35
0 5 0 15 20 25 30 35
t(s)

200
_MI

150
I - .M2
woof == M

30 35

i
100 < Thpso™

% €Ty 0=
E T j
o 1
-1 1
0 5 10 15 20 25 30 35
1(s)
1
i
3 . J
£ T
= |
-1 1
0 5 10 15 20 25 30 35

https://doi.org/10.3390/aerospace13070638


https://doi.org/10.3390/aerospace13070638

Aerospace 2026, 13, 638

20 of 23

Y(m)

6, tracking error(deg)

4, tracking error(deg)

0
9, error

6, tracking error(deg)
6, tracking error(deg)

°

8000

6000 -

4000

2000

°

— 6 error

&, tracking error(deg)
&, tracking error(deg)

>~
5000
>
“10.000
15,000

Z(m)

0

(@)

-20
0

Figure 6. The results fo 3D-PfTCG with T; = 35.
(b) Relative vehicles—target distance. (c) Vehicles’ time-to-go. (d) Radial vehicles—target velocities.
(e) Elevation LOS angle. (f) Azimuth LOS angle. (g) Elevation LOS angle rates. (h) Azimuth LOS
angle rates. (i) Vehicles acceleration commands ayy,. (j) Vehicles” acceleration commands apyg.
(k) Vehicles” acceleration commands app. (1) Actual values and estimations of disturbance.
(m) M 1 LOS angle tracking error. (n) M 2 LOS angle tracking error. (o) M 3 LOS angle track-
ing error.

(a) Trajectories of vehicles and target.

4.2. Comparison with Other Reference

To illustrate the outstanding performance and superiority of the algorithm we pre-
sented, a comparative study was conducted with the fixed-time cooperative guidance
(FXTCG) presented in Ref. [31]. The parameters of the guidance law were configured
according to Ref. [31]. The scenarios involving the vehicles and the target are consistent
with Table 1.

In Ref. [31], the convergence of the vehicles’ states depends on the initial condi-
tions and parameter settings. The simulation results for the scenario are shown in
Figure 7. The figure shows that the vehicles intercept the desired angles. By comparing
Figures 47, the performance of the guidance law proposed in Ref. [31] is slightly infe-
rior to the guidance law proposed in this paper. Specifically, compared to 3D-PfTCG,
the time-to-go in Figure 7c takes longer to converge, indicating that the guidance system
requires more time to adjust the flight trajectory to achieve cooperative target interception.
Additionally, from Figure 7e-h, it can be seen that the LOS angle and angular rate converge
just before intercepting the target. Compared to Figure 7e-h, the guidance law in Ref. [31]
exhibits slower convergence. This suggests that the guidance system’s ability to track and
adjust to the target is insufficient during the final approach phase, potentially affecting
interception accuracy.

R(km)

Figure 7. Cont.
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Figure 7. The results for Ref. [31]. (a) Trajectories of vehicles and target. (b) Relative vehicles—target
distance. (c) Vehicles” time-to-go. (d) Radial vehicles—target velocities. (e) Elevation LOS angle.
(f) Azimuth LOS angle. (g) Elevation LOS angle rates. (h) Azimuth LOS angle rates. (i) Vehicles’
acceleration commands apy,. (j) Vehicles” acceleration commands apg. (k) Vehicles” acceleration

commands apg,.

Table 2 presents the interception time, miss distance, and LOS angle errors for 3D-
PfTCG and the guidance law from Ref. [31]. The results show that the impact time of
Ref. [31] is 24.46 s, the mean vehicle distance is 0.274 m, and the mean errors of 0; and
¢ are 0.0272° and 0.0333°, respectively. Therefore, the 3D-PfTCG proposed in this paper

demonstrates superior performance compared to the algorithm in Ref. [31].

Table 2. Interception times, miss distances, error of angle for the two algorithms.

Initial M Interception Miss Error of Error of

Condition ' Time (s) Distance (m) 01 (°) ¢r (°)

T; =20 M; 20 0.256 0.0167 0.0330
M, 20 0.239 0.0156 0.0264
M; 20 0.231 0.0242 0.0217
Mean 20 0.242 0.0188 0.0270
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Table 2. Cont.

Initial M Interception Miss Error of Error of

Condition ! Time (s) Distance (m) 0r (°) ¢ (°)

T; =30 M, 30 0.256 0.0364 0.0630
M, 30 0.249 0.0153 0.0260
M3 30 0.231 0.0339 0.0780
Mean 30 0.245 0.0285 0.0557

T; =35 M, 35 0.221 0.0363 0.0134
M> 35 0.206 0.0152 0.0156
M3 35 0.199 0.0312 0.0317
Mean 35 0.208 0.0276 0.0202

Ref. [31] M, 24.46 0.260 0.0318 0.0323
M, 24.46 0.375 0.0267 0.0220
M3 24.46 0.189 0.0230 0.0456
Mean 24.46 0.274 0.0272 0.0333

References

5. Conclusions

With a 3D nonlinear guidance model as the theoretical basis, this paper proposes a
predefined-time cooperative guidance law for vehicles intercept the maneuvering target
with multiple constraints, under the switching communication topologies. In the LOS
direction, an adaptive predefined-time consensus protocol is designed to manage the
impact time of multiple vehicles, ensuring the simultaneous interception of the target at
the desired impact time. In the normal direction of LOS, based on the error transformation
function, a PTNTSM guidance law is employed to ensure that the LOS angles converge
to their desired values within the predefined time; meanwhile, the error converges in
accordance with the prescribed performance. To address the issue of the unmeasurable
acceleration of the target, a PTESO is utilized for target estimation. Notably, the convergence
time of the system is an explicit adjustable parameter. The simulation results validate the
effectiveness, robustness, and superiority of the proposed algorithm.
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