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Abstract

This paper considers the guidance issue for attackers against aircraft with active defense in a two-on-two engage-
ment, which includes an attacker, a protector, a defender and a target. A cooperative line-of-sight guidance scheme
with prescribed performance and input saturation is proposed utilising the sliding mode control and line-of-sight
guidance theories, which guarantees that the attacker is able to capture the target with the assistance of the pro-
tector remaining on the line-of-sight between the defender and the attacker in order to intercept the defender. A
fixed-time prescribed performance function and first-order anti-saturation auxiliary variable are designed in the
game guidance strategy to constrain the overshoot of the guidance variable and satisfy the requirement of an over-
load manoeuver. The proposed guidance strategy alleviates the influence of external disturbance by implementing
a fixed-time observer and the chattering phenomenon caused by the sign function. Finally, nonlinear numerical
simulations verify the cooperative guidance strategies.

Nomenclature

a acceleration

R relative distance

7 terminal time

time-to-go

Uy control input normal to initial line-of-sight
Vv velocity

y distance normal to initial line-of-sight
b4 observer state

Zar zero-effort miss

7 zero-effort line-of-sight angle

A line-of-sight angle

y path angle

© state transition variable

T time constant

e prescribed performance state
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1.0 Introduction

As countries attach importance to aircraft penetration technology and establish anti-aircraft defense sys-
tems, single aircraft adopt traditional penetration strategies [1, 2], such as flares and chaff, which aren’t
able to guarantee the aircraft’s survival. Therefore, the cooperative penetration of multiple aircraft based
on the framework of three-player conflict [3], including an attacker, a defender and a target, has become
one of the feasible countermeasures [4]. The cooperation of multiple aircraft increases the success rate
of penetration, coping with the complex battlefield environment and accomplishing tasks that cannot be
completed by a single aircraft.

Cooperative guidance strategies [5—15] were proposed to study the three-player conflict problem
according to the differential game theory. The theory of differential games was developed by the
American scholar Isaacs [5] to address the problem of dynamic games involving two or more players
in conflict. Cooperative linear quadratic differential game (CLQDG) guidance strategies were presented
and the solutions for the differential game were given by Perelman et al. [6] for continuous and discrete
systems under the arbitrary-order adversaries’ dynamics. A cooperative pursuit-evasion game guidance
scheme with the time-constrained was proposed in Ref. (7) for the three-player conflict scenario, where
the attacker was intercepted by the defender at the desired impact time to safeguard the target. Based
on the framework of a three-player conflict, a cooperative active defense guidance scheme with lim-
ited observations was designed by Singh and Puduru [8] to complete the mission that the attacker was
pursued by multi-defender, which were visibility constrained. Liang et al. [9, 10] derived the CLQDG
guidance scheme to handle the three-player conflict issue that the attacker avoided the defender and hit
the target with lower fuel cost and no control saturation. The problem of multi-attacker against active
defense aircraft was considered by Liu et al. [11] to devise the CLQDG strategy, which guaranteed that
the multi-attacker avoided the defender and hit the target at the desired angle. Novel evasion guidance
strategies based on the CLQDG theory were developed by Yan et al. [12] to address the issue of the target
avoiding two attackers from the same direction. Tang et al. [13] studied the problem of the spacecraft
interception game with incomplete-information and presented the switching strategies according to the
CLQDG theory. The issue of robust multi-agent CLQDG and its application to cooperative guidance
were investigated by Liu et al. [14]. Cheng and Yuan [15], based on the CLQDG method, studied a new
adaptive pursuit-evasion game scheme for a multi-player confrontation scenario. A novel cooperative
interception guidance strategy with fast multiple model adaptive estimation was presented by Wang et al.
[16] to solve the issue of two pursuers intercepting an evasive target.

For three-player conflict, another research approach is cooperative line-of-sight (LOS) guidance,
which was proposed by Yamasaki et al. [17, 18] of Japan Defense University. The philosophy of the
LOS guidance is that the defender remains on the LOS between the target and the attacker for the sake of
intercepting the attacker. In recent years, many scholars have focused on the cooperative LOS guidance
problem. A novel cooperative LOS guidance strategy was proposed by Kumar and Dwaipayan [19, 20]
based on the sliding mode control (SMC) theory to complete the combat mission of the defender inter-
cepting the attacker and protecting the target. The approach of the input-to-state stability was utilised
in Ref. (21) to design a cooperative LOS guidance law for the three-player conflict scenario. A three-
player conflict problem was considered by Luo et al. [22, 23] in three dimensions based on high-gain
observers, which guaranteed that the defender maintained on the LOS of the attacker-target and inter-
cepted the attacker. Liu et al. [24] presented a cooperative guidance algorithm for active defense with
LOS constraint under a low-speed ratio. Based on the optimal control method, a cooperative LOS guid-
ance strategy was proposed in Ref. (25) for active defense aircraft and minimised the weighted energy
consumption. A type of three-dimensional trajectory approach was presented by Han et al. [26] based
on the LOS angle acceleration for aerial vehicles without range measurement. Muti-target assignment
issue was analysed by Liu et al. [27] to provide an overview, which classified the addressing method as
state multi-target assignment and dynamic multi-target assignment. By analysing the characteristic of
active defense combat, Liu et al. [28] proposed a cooperative guidance law with respective of a small
speed ratio to investigate the three-player problem.

https://doi.org/10.1017/aer.2024.145 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2024.145

The Aeronautical Journal 3

Since a two-versus-two combat involving four players enhances the diversity of battles compared
to a three-player conflict, it has become a focal point of research for many scholars. A new type of
cooperative guidance strategy, in which the target pair lured the pursuers into collision, was designed in
Ref. (29) by virtue of the optimal control theory for the two-on-two engagement scenario. Based on the
above research, a nonlinear model predictive control approach was used by Manoharan and Sujit [30]
to present a cooperative defense strategy for the scenario of luring two attackers into a collision. Liang
et al. [31] proposed the cooperative guidance scheme in a two-on-two engagement scenario where the
interceptor pursued an active defense spacecraft with the assistance of a protector capturing the defender.

The prescribed performance control (PPC) is a robust method for controlling systems with defined
performance objectives. It limits overshoot and maintains stability of the state variable performance. In
Ref. (32), a spacecraft formation scheme was investigated by Zhuang et al. by taking the input saturation
and prescribed performance constraints into account. Truong et al. [33] employed the SMC approach to
propose a fixed-time control strategy with prescribed performance for robots. A new type of prescribed
performance function (PPF) was studied in Ref. (34) to design the PPC scheme under the constraint
of input saturation, which solved the collision obstacle of the spacecraft formation. The guidance issue
of the attacker intercepting a stationary target was considered by Li et al. [35] to devise a guidance law
requiring field-of-view and impact-angle. However, the existing literature primarily examines spacecraft
formation and robot control, with limited research on the PPC of multi-aircraft cooperative guidance.

In this paper, a cooperative LOS guidance scheme is designed with prescribed performance and input
saturation in a two-on-two engagement by virtue of the SMC method, including an attacker, a protector,
a defender, and a target, which guarantees that the attacker hits the target when the protector maintains
on the LOS between the defender and the attacker to intercept the defender. As depicted in Fig. 1, the
attacker and the protector collaborate to defeat the attacker-defender team and accomplish the combat
mission. The main contributions of this paper are as follows:

1) Zero-effort miss (ZEM) and zero-effort LOS angle (ZEL) are utilised to design a novel cooper-
ative LOS guidance strategy in the two-on-two engagement. The performance of the guidance
strategy is improved since once on the sliding surface, guidance command isn’t needed to guar-
antee the interception in the nominal case with perfect modelling. In contrast to Refs (19, 20),
the guidance scheme that does not include the sign function is not affected by the chattering
phenomenon.

2) Compared to the traditional PPC, a fixed-time PPF is designed to limit the overshoot of the
guidance variable, using dual PPFs for upper and lower boundaries to improve stability and
symmetry.

3) The proposed guidance scheme is able to satisfy the overload requirements of the attacker and
the protector employing a first-order anti-saturation auxiliary variable during the engagement.

4) A novel fixed-time disturbance observer is proposed to estimate the unknown disturbance in the
guidance system, weakening the influence of unknown disturbance.

The paper is organised as follows: Section 2 elaborates on the preliminaries, including nonlin-
ear models, linear models and order reduction of the system in the two-on-two engagement scenario.
The development process of the cooperative guidance strategy is given in Section 3, composed of the
fixed-time PPF design, the fixed-time observer design, and the first-order anti-saturation auxiliary vari-
able design. The cooperative guidance strategy is validated in Section 4 through nonlinear numerical
simulations.

2.0 Preliminaries

The engagement relationship of each player in the two-on-two scenario is shown in Fig. 1. The problem
involves four players: an attacker, a protector, a defender and a target. When the target detects the
attacker, it deploys a defender to intercept the attacker in order to ensure its escape. In response, the
attacker deploys a protector to attack the defender, increasing the chance of the attacking aircraft
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Figure 1. The relationship of two-on-two engagement.
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Figure 2. Two-on-two engagement scenario.

successfully intercepting the target. The purpose of the guidance strategy is for the attacker to intercept
the target, while the protector remains on the line of sight between the defender and the attacker to
intercept the defender.

2.1 Nonlinear kinematics
As shown in Fig. 2, the LOS angles and the flight path angles of each player are respectively represented
as A;,j € {AT, AD, PD} and y;,i € {A, P, D, T}. The velocities and the accelerations of each player are
defined as V; and {A, P, D, T}, respectively. The relative distances between the players are described as
R;,j € {AT, AD, PD}.

The nonlinear kinematics of the players are respectively given as follows.

The closing velocities are represented as

RAT =Vrge =Va €oS(Ya — Aar) — Vrcos(yr — Aar) (1)
RAD = Vg, = Va €OS(Ya — Aap) — Vb cOS(¥p — Aup) )
RPD = Ve, = Vp cOs(¥p» — App) — Vp cOS(¥p — App) 3)
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Figure 3. Comparison between the proposed and the other PPFs.

The rates of LOS angles are

RAT)'"AT = VAAT = Vi sin(ys — Aar) — Vi sin(yr — Aar) 4
RAD).‘AD =Vip=Va sin(ya — Aap) — Vp sin(yp — Aap) (5)
RPDj\PD = VApD = Vp sin(yp — App) — Vp sin(yp — App) (6)

It is assumed that the dynamics of each player are arbitrary-order linear equations.
X =Ax;+bu,a;,=Cx;+du,,ic{AP,D,T} @)
The dynamics of the flight path angles are given by
J),»:%,ie{A,P,D,T} ®)

i

Define the LOS angle between LOS sp and LOSpp, as
)\. = )"AD + )VPD (9)

2.2 Linear kinematics

Suppose that the scene is located near the collision triangle, the velocities V;, i € {A, P, D, T}, and the
initial LOS angles A, i € {AT, AD, PD} are small to linearise the models (1)—(6) near the initial LOS
in Fig. 3. The initial LOS,, i € {AT, AD, PD} are parallel with the axis X. It is defined that y,r, yop and
Yep are respectively expressed as the displacement of the target normal to initial line-of-sight LOS sr,;
the displacements of the defender normal to initial line-of-sight LOS sp, and LOSpp, . The accelerations
and control inputs of the players perpendicular to the initial LOS are respectively represented as

A = a; Xi» Uin = Wi Xis Xi =C€08(Vio — Ao) , i € {A,P,D, T} (10)

where, the initial LOS angles of the players are expressed as A,. The subscript 0 indicates the initial state
of each player.
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The terminal time of engagement among the players can be calculated by
R,
tszv—’,je{AT, AD, PD} (11)
Rj

where, R; and VRj, Jj € {AT, AD, PD} are the relative distances and the closing velocities between the
attacker-protector team and the defender-target team.

The time-to-go between the attacker and the target, between the attacker and defender, and between
the protector and the defender is

t =1; —t,j € {AT, AD, PD} (12)
Differentiate the linearised form of equation (9) to obtain Equation (13) [25].

Yap + Yapteoap . Yep + Vepleorp

}"Zj‘AD_i_).\PD: (13)
VRAD tgoAD VRPD tgszD
Let
A —1 A —l (14)
1= s 2=
VRAD t§<>AD VRPD t g,zfuPD
According to the above definition, (13) is rewritten as follow.
A= (yAD + )‘/ADtguAD) + 22 ()’PD + )"PngaPD) (15)
Select the following state of the linearised engagement:
. . . T
X = [yAT Yar x¥ x{ Yap  Yap xE Yep  YpPD xg )\] (16)
. T
XaAp = [xl Yap  Yap xg] an

wherein, the dimensions of x and x,p are n, + ny + np + np + 7 and n, + np + 2, respectively.
Equation (18) is able to be obtained by differentiating the state variable x with respect to time.
Xi=x

X, =arN — Aan

X1 =Arxt + Brum/xr

Xp =AxXa + By uan/xa

)'CnA+nT+3 = Xnp+n7+4

an+nT+4 = daaN — dpN (18)
Xp =Apxp + Bp upn/ Xp

anJrnTJrnDJrS = Xnp+nr+np+6

).CnA+nT+IlD+6 =dapN — dpN

Xp =Apxp + Bp upn/ Xp

A =2Xap + App = A1 (X) + Xoleoan) F Ao(Xipsnrts F Xiptnr+aleopD)

Assume that the linear guidance strategy is adopted by the defender. The specific form of the linear
guidance strategy is represented as follows:

upn = Kap(Z0ap)Xap + Kipy Uan 19
According to the above definitions, the equation of the state space is written as follows.

X’f =Ax +B[MAN UpnN ]T + BTuTN (20)

https://doi.org/10.1017/aer.2024.145 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2024.145

The Aeronautical Journal

where,
AAT 0(ﬂA+nT+2)><(n1)+np+5)
A= AI 02X(2+np) s B = [BA BP]
A, App
0)1 X On X 011 Xnj 0}1 X

O 1 lenT lenA ol o1 e 0!

0 0 c P 0 1 0., 0
Xt  —LlaXa

A — , App=| O 0 -C o |,
AT O"TXI onTXl Ar 0 PD pXp

0np>< 1 Onpx 1 AP Onpx 1

On x1 0n x1 On X AA
* : A As Mtern O 0

A U 01y 0 I Oy, |
_le(n'r+2) (Cs —dpkpy)xa —dpki —dpky —(Cp+ dpkp)xp 1
[ 0upcinsy BoAaxa/xo kibo/xo kebo/xpo  (Ap +kobp) |
012 01y 0 0 01,
A,=| 0, x(n1+2) deAXA dpk, dpk;, (Cp + deD)XD
Onp x(n1+2) 0(np+1)>< na O(np+ Dx1 Onp x1 O"P Xnp
L 0 (ir+2) 0, Ay Aalgonn | JO. N

BAZ[O —d, 01an ba/xa O (dA_deuAN) kuANbD/XD 0 deuAN 01x(np+l)]T,

T T
BP=[0|x<nA+nT+nD+5) —dp bP/XP 0] s BT:[O dr bT/XT le(nA+np+nD+5)]

2.3 Order reduction

In order to lower the complexity of the combat issue, ZEM [36] and ZEL are introduced to reduce
the system order, which means the miss distance and LOS angle if none of the adversaries in engage-
ment apply any control from the current time onward. The ZEM between the attacker and the target is
expressed as Z,r. The ZEL between LOS ,p, and LOSpp, is expressed as Z; according to (9) and (15).
The zero-effort quantities Z;, i € {AT, L} are acquired by virtue of the terminal projection transfor-
mation [37].
Z,=D(;, Dx, i € {AT,L}, j € {AT,PD} @1
wherein, D, i € {AT, L} are given by

DAT = [ 1 le(nA+nT+np+nD+6)] 5 DL = [le(nA+nT+np+nD+6) 1 ]

¢ is the state transition matrix of the state space equation (20)

P 0 @iz Qg @ P9 @0 Pn
¢= :
Qo1 0 Pz Pios 0 Pz 0 Py Pioio Pon
P o Pz Pua o Pug o Pue @i P
and satisfies
dr = —dt,; = —P(1,) = (15, 1) = P(1,,)A, Pty = 0) =1, j € {AT, AD, PD} (22)
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The following equations are derived according to the above definitions.
D,-(b(tg,,,) =D¢(t,,;)A, ie{AT,L}, je {AT,PD} (23)
Equation (21) can be rewritten by virtue of ¢ and A.
Qbi,l =0,
Gi2 = Qi1
¢i,3 =Crxr¢iz +AT¢,-,3 + Crx1¢i12,

(b,-,4 = —Caxa®i2 +AA(0,-,4 + (Ca — dpka) Xapis + I’N:(—gmfﬂm + dpka Xa®io
Gis = —de1€0i,6+%§0i,7 + dpki@iot+A@i11s

(/"i,s =Qis — de2§0i,6 + %(ﬂm + de2§0i,9 + )‘-ltgoAD(pi,ll, , ie{l,11} 24)
9,7 =—(Cp + dpkp) xp@is + (Ap + Bokp)@,;, + (Cp + dokp) xp@is,
Gis = M@,

Gio = Qig + Mateopp®ii1s
@10 =—Cpxp@io +Ap@®,

¢’i,11 = 0,
where, ¢,;,j€{1,2,---,11} are the matrix elements in the first line of the state transition matrix
Otrar, 1); 011 .7 € {1,2,- - -, 11} are the matrix elements in the eleventh line of the state transition matrix
o, D).

Remark 1. ZEM and ZEL in (21) are used to reduce the order of system (20). The order of the system is
changed from nr + na + np + np 4+ 7 to 1 in order to lower the calculation burden of the guidance issue.

2.4 Nonlinear form of zero-effort quantities
From (21), the expressions of the ZEM and the ZEL are represented as follows.

Z; =yxr®;1 + Yar@jz + @ 3XT + @;4XA + YaD@)s
+ Yap@is + @;7Xp + Yep@is + Vep@io + @ 10%p + A1 (25)
wherein, i € {AT,L},je {1, 11}.
The following assumption is imposed in order to give the nonlinear form of the zero-effort quantities.

Assumption 1. First-order strictly proper dynamics with time constants t;,i € {A,P,D, T} for the
attacker, the protector, the defender and the target are defined as

| —

1
aB[Z_a C[=1’ d,ZO,IG{A,P,D,T} (26)

i T

Equation (27) is obtained according to Ref. (38).

A;=

)

Yi +)‘1itgoi = V)»,'tgui, i € {AT’ PD} > YAD + yADlgoAD = _V)»ADtguAD (27)
where, V;, predefined in (4)-(6) is the relative velocity normal to the initial LOS and ¢,,; predefined in
(12) represents the time-to-go between the attacker-protector team and the defender-target team.

(25) is written as Equation (28) and Equation (29) under Assumption 1.

Zyr = VAATtguAT + ClTN@m + aAN‘Z)lA - VAAD%,@ + aDN‘ZJIJ + aPN(pal,lO (28)
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Z, = VAthguPD + aTN@ll,S + aAN¢11,4 - V}»AD Y116+ aDN¢11,7 + aPN(z)ll,lO +A (29)

where, ¢;; = @,;/xi. i € {A,P,D, T}, 1€ {1, 11},j€{3,4,7, 10}.
On differentiating (28) and (29), utilising the chain rule of differentiation and collecting similar terms,

we obtain
ZAT = V)\AngoAT + aTN@LS + ilAN@lA - VMn@lb + ilDN@u + aPN@l,lo
+ igoAT (VAAT + aTNQZm + aANé)lA - VAAD¢1,6 + aDNél] + aPNé)I,lO) (30)
ZL = élTN(;allﬁ + aAN¢11,4 - V)\AD</)11,6 + aDN@lm - VAPD(/)II,Q + dPNﬁall,lo + )\

+ igoPD (aTN(;)]IQ + aAN(élIA - V}»AD¢11,6 + aDN(;JIIJ - VApD¢11,9 + aPN‘;I],IO) (31)
wherein, the dynamics ¢;;,i € {1, 11},j € {3, - - , 10} of the state transition matrices are given in (24).

a, i € {A,P,D, T} are the acceleration dynamics of each player and satisfy

uin — aj .

an=——" +d,ie{AP,D,T) (32)

7; is a predefined time constant of each player, d; is a dynamic error of the system and external
disturbance, and satisfies

|dt| SdtM7l€{A7P7D’T} (33)

where, the upper bound of the dynamics error d; is defined as d;y,.
Take the time derivative of the nonlinear kinematics (1)—(6) and time-to-go (12) to yield the following
equations (34)—(37).

. V2 ]
Vi = RAI 4 ay sin(ya — Aa) —a;sin(y; — Ay) , [ € {T, D} (34)
y _ VRAI V)LAI
Vin=——5— —aacos(ya — An) +a;cos(y; — An) , L€ {T,D} (35)
Al
. V2
Ve = sz L+ ap sin(yp — Ap) — a;sin(y, — Ap) , [ € {T, D} (36)
y _ VRPI VAPI
Vi = — TR ap cos(yp — Ap) + a;cos(y; — Ap) , L€ {T, D} (37)
P
. RVi .
Fot = —1 Vle , i € {AT, AD, PD} (38)
R;

Bringing equations (34)—(38) into (30) and (31) the following equations are obtained.

ZAT =Fyr + MAN + — §01 L ——upx + dar (39)
Ta Tp
wherein,
RV, ar ,
Far= ATZ Rar |:VAAT + (a~ — aAN)tgoAT (ﬂ‘ﬂl 3+ —(ﬂl 4)+ (V)\AD)\AD + aan — aDN)‘Pl 6
VRAT Tr TA
Kk k kV; P . . ¢
AdAN T D:DN + K Vip (aDN o1 + dpN ‘Pl 10):| + _uTN
D Tr
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dar = (2)1,3dT + 92)1,4dA + ‘2’1,7d1) + @1,1odl>

ZLZFL+ (p”AMAN‘i‘ q)“’muPN‘I‘dL (40)
A Tp
wherein,
RopV, an . asn » .
FL= PDZ i [(aDN — apn)lgopn — (ﬂwllﬁ + ﬂfplm) — (Aap Vryp + aan — apn)@ii 6
Vieo Tr TA
k a +k a +k Vk ~ D
== D_L_DN 22D Qg =MV, + )szxpnil + _(p:j Urn
D T

dL = @11,3dT + @11,4dA + @11.7dD + éll,lodP

3.0 Design process of cooperative guidance scheme
3.1 Fixed-time PPF design
The dynamics of ZEM and ZEL are introduced in the previous section. In this subsection, we design
novel PPFs for the upper and lower boundaries, inspired by Ref. (33), to enhance the performance of the
guidance scheme and compare it with other PPFs.

The upper boundary of the PPF is
(0oi — Poc)(L = 1/ T )"/ 4 py 0<t<Ty,

Pui(t) = , 1€ {AT, L} (41)
Poois 1= Tdh

The lower boundary of the PPF is

(P11 = Poct)(1 =t/ T)""" ™ + poiy 0 <t < Ty,
pny=1" ’ " ie(aT,L) “2)
Pocis t Z Tdh

According to the proposed PPFs given in (41) and (42), the predefined range of the ZEM and
ZEL is

—pi(t) < Zi()sign(Zi(0)) <pu(t), i€ {AT,L} (43)
where, p,(f) and p;(f) are smooth and continuous functions, which satisfy liIP 0ui(t) = poe; and
t—Tyi

lirp 0ii(f) = Pooi- Pooi 18 the desired convergence boundary within a fixed-time period Ty, po; > p1; >
t—=>1yq;

Pooi > 0, by =y, — y, cos(trr /Ty), the positive constants y; and y, satisfy 0.5 <y, —y, < 1,05 <y, +
v, < 1. And 0 < |Z(0)| < p,:(0) is assumed.

Taking the derivative of the PPFs given in (41) and (42), we obtain

0 )1 — ei/(=bi) ( _bi _ Vo b .
sy | o1 =0T (=T - ), 0si<Ty w
0, t>Ty
— o )1 — Vil (=b) [ _bi _ W )
sy | 21 ped( =0T (=T - ). 0si<Ty )
0, 1> Ty
Remark 2. The traditional PPF in Ref. (39) is designed as
Pui() = (Poi = Poci)e™ ™ + Posi (46)
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where, p; =3, po; =5.17, poi = 0.1. The comparison between the novel PPFs given in (41), (42) and
the traditional PPF given in (46) is performed in Fig. 3 to illustrate the advantages of the novel PPFs. It
can be seen from Fig. 3 that, compared with the traditional PPF, novel PPFs have a better convergence
effect since the traditional PPF includes one function to form a performance boundary. The performance
region is not symmetric about zero for the upper boundary p,; and the lower boundary 8p;, 0 <4 < 1,
which greatly affects the convergence accuracy.

Remark 3. The specific form of the fixed-time PPF, which the recently proposed in Ref. (32), is

!p®%=mf @

Pui(D) = — P21 0ui(1) = Pocil“SIEN(Pui(1) — Poci) — P310ui() — Pocil”sigN(P.i(1) — Poci)

where, p, =5.17, p; =123, « =0.21, B=1.3, py; =5.17, ps; =0.1. Similarly, Fig. 3 demonstrates
the effectiveness of the novel PPFs by comparing them with fixed-time PPF (47). The convergences of
the upper and lower boundaries are guaranteed based on the fixed-time PPF. However, the chattering
phenomenon influences the performance of the fixed-time PPF due to the existence of the sign function.
The fixed-time upper boundary isn’t determined flexibly since the desired convergence period isn’t
included in fixed-time PPF (47).

A transformation function is employed to convert the ZEM and ZEL, which is defined as

Z;= pi(DEi(e)
o 0.i(t) for sign(Z,(t)Z;()) >0 , i€ {AT,L} (48)
pi(1) = oi(t) for sign(Z(t)Zi(t)) < 0

where, k., >0, 0 <4, <1 are the positive constant, E;(e;)is the transformation function, and satisfies
—1 < E(g) <1, ¢, ie{AT, L} are the transformed variables.
Based on equation (48), we obtain

—pu() < Z(1) < pui(?) (49)
And the transformation function (50) is devised based on equations (48)—(49).

1434 1-46

Ef(g)= “ arctan (k,,&;) + 5 S ie{AT,L) (50)

The equation (51) is yielded according to equations (48) and (50).

JTZA(t) _ 71’(1—55,)
(L +8.)0()  2(1+8,)
_2nZ@) + (S, — Dpi®)

arctan(k,,&;) =

(G
2(1+6.)pi(2)
Taking the inverse of equation (51) and multiplying it by 1/k,,, we get
1 2w Z(t 8., — Dpi(t )
S (ﬂ (N +n (@, )p()>’le{AT’L} (52)
ke, 2(1 +6.)pi(1)

https://doi.org/10.1017/aer.2024.145 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2024.145

12 Wang et al.

Differentiate equation (52) to yield the following equation (53).

I (2720 + 75, — DA®) X 21 +8,)p(0)
X ‘COSZ<ZnZ[(t)+ﬂ(5gi—1)Pi(f)) X 4(1 + 85[)2,0,-2(0

2(1438¢;)pi(1)

é,‘z

4(1+ 8, p2(1)
1 y (”Zi(f)(l +8)pi(t) — wZ(t)(1 + Si)pi(t))

- (7B 2 2
R (1+8)°02(1)
! i)Pi

_(27Z(0) + 7@, — D)) x 2(1 + agim(r))

- 7 (Z(0)p1) = Z(D)pi(D))
ke (148,)p}(1)cos? (W>

2(148¢;)pi(1)

, i€{AT,L} (53)

Substituting equations (39) and (40) into (53), we acquire
N p(DP;4 Uan & N:()pi()P; 10

& =NOpOF; + AN T ——————UpN
A Tp
+NOp(OZ(t) +dy, i€{AT,L}, je{l, 11} (54
where, N,-(t) = PR )pIZ(I)COSZ <€nzi£2)li§<§221:;ﬂl(t)) s dil = Ni(t)pi(t)di.

3.2 Fixed-time disturbance observer design

In the guidance system, the external disturbance given in (54) consists of the players’ dynamic errors
and PPF variable. Thus, a new disturbance observer is proposed to reduce the impact of the external
disturbance on the guidance system.

Assumption 2. d;, of (54) is differentiable and bounded. Therefore, we suppose that it satisfies
“6.11'1 “ <duy, i € {AT,L}
wherein, d;;), is the upper bound of d;;, i € {AT, L}.

Theorem 1. Considering the system described by (54), the fixed-time disturbance observer (55) is
designed to estimate the unknown disturbance of the system within a fixed-time T..

f= vt — el 2 N(OpOF, + M0
MBI 4+ N PO ZAD), i€ {AT.L}, je{l.11  (55)
Zn= —V3W,

wherein, e, = Z;; — &;,p > 1, v, > +/2v, and v; > 4d,;,, are constants, ||e|| is the Euclidean norm of vector
or the induced norm of matrix.

Proof. Differentiate ¢; = z,; — &;, i € {AT, L} to obtain (56).

e =2 — &=— - Vzef”ei”p_l + 25— d; (56)

€;
e
Let z; = z5; — d;;, and take the derivative with respect to time to yield (57).

€;
e

ZL,' =25 — dil = - dz‘l (57)
And these completed the proof. O
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According to Assumption 2 and Ref. (40), ¢; and Zz; converge to zero within a fixed time, and the
settling time 7, is bounded by

nos (ot ) (1 ) (58)
T \np - Der! Vi (s = di)(1 = /2v3 /W)

wherein, v = (v, /v,)"/?*1/2_ Based on the definition of Z;, z,; converges to d;,,i €{AT, L}.

3.3 Cooperative guidance strategy design

In this subsection, a cooperative guidance strategy with a protection role, considering the anti-saturation
condition, is proposed based on the fixed-time SMC theory to reduce the Z,; and Z; . It is meaningful
to study an anti-saturation cooperative guidance strategy since the accelerations of the attacker and the
protector are bounded in practical combat.

Lemma 1. [41] Let x|, x5,...,x,>0,and 0 <& < 1. Then

n n E
Sz (Z x,—) (59)

Based on the above analysis, (54) can be rewritten as

é=F+MZ+Gu+d (60)

& N, F Nurf
e — AT  F= ATPATL AT M= ATI(.)AT
&L Nop FL Npopo,
NAT,OAT@M NATpAT‘/A)l,IO

w— UaN L G= T Tp Cd= Narpardar
UpN NLpL@i14 NLpL®11,10 NLpLdy

TA Tp

where,

sat(u;) is a saturated function to be devised as

U, U < u
sat(u;)) = { u;, —u™ <u; <u™ , (i=AN,PN) 61)
—u™, < —u™
Let
u, =sat(u), A\u=u —u, (62)

Define the sliding mode surface as

S=¢— kl tan(Z') (63)

4

28 pp+1) 2(8ep +1)
Choose the following fixed-time reaching law in Ref. (42) to weaken the chattering phenomenon
caused by the sign function.

T
— (Bepr—1)7 (86 =D
where, E = [L L ]

. S ‘s
S=—06,—— —0,S|S|I"" - / 6,04 (64)
BE 0 IS
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where, p; > 1, 6, > /265, and 6, > 0 are positive constants. The sliding mode manifold S converges to
zero in a fixed-time, and the settling time is bounded by

T < 1 + 291/2) (1 + 93 + dilM ) (65)
T\ b(py — Dot 0, (65 — d)(1 — /265/6,)

where, 0 = (6, /6,)/"1+1/2,

Theorem 2. For the system (60) with the acceleration constraint of the target and the defender, and
based on the disturbance observer designed in (55) and the first-order fixed-time anti-saturation auxil-
iary variable 1, the cooperative guidance strategy (66) is proposed to ensure that the sliding surface S
converges to zero within a fixed-time under Assumptions 1 and 2.

S
~G ' |F+z+MZ+kn+6,— +6,S|S|"" + / Oy ——— (©) dt (66)
L ISl
_ ' ()
1=~k koS8 — ks~ P [k
1K w @)l
where, z = [ZZAT 7o ]T is the fixed-time observer state given in (55).
Proof. The following Lyapunov function is given to prove the Theorem 2.
1 1
=-S"S+-n"y (67)

2 2
Differentiating the V with respect to time and substituting (60) and 75, we get
V=S'"S+n"i=S"[F+MZ+Gu+d]+1n"j
=S"[F+MZ+Gu, +d+Gu—Gu|+n"q

S S
=5"| -6, - —6,8|S|I"" —/ 0, (©) dv —k,n+GAu | —k,n'n
NE IS
1 t
3 7(7)
+hk 'S +nAu—kon® —k ||17||”'—21T/ k4s———dt
' ” " o @l
| 0 S@
<681} —o.lSI — / o dr — k" — S"GAu
‘ ’ W IS@OI 5
+ndu— kol — ksl — gt / o 10 68)
ATTER]

In light of Young’s inequality,
T 1 T T 1 T

1 1
S?WW§S+§AfAu (69)

1 1
N Au < EnTn + EAuTAu (70)
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(68) is able to be written as following inequations based on the above analysis and Lemma 1.

o ! 9,5 1
v5_§||G||ZsTS—91||S||§—92||S||”‘ /9% T <k'“_§) m

IS
—kpllnll” — Kyl — " fk”ZE—g” r

s—elnsni—ezusnf"—sT/m' ”SE ;” k,,zllnllé—knsllnll”‘—nT/t:kM%df
S_k""'v”i_k@”v”g_STf,OI ||:Et;n‘” ”Tf,ork ||ZE ;ndt—o 7y

where, k,; are positive constants. According to the above analysis, the boundary of the total settling time
T,=T,+T,+T.is

1 2k 41/2 ks + dim
T, < + — 1+ e (72)
’ (knl(pl — Den-! 6, (kys — du)(1 — \/2ky3 [ k)

where, k,, = (kn./knz)l/(ﬂﬁl/”.

Based on the above derivations and equation (63), the sliding surface converging to zero is proven
to yield equation & = t tan (E). The prescribed performance function variable & < 0 is concluded by
choosing the parameters k, > 0 and 0 <4, <1, i € {AT,L} since tan(e) is the increasing function.
Therefore, the state variables Z;, i € {AT, L} converge to zero and satisfy the prescribed performance
constraint.

And these completed the proof. U

It can be indicated that the ZEM between the attacker and the target, and the ZEL between LOS,p
and LOSpp, are reduced to zero according to the definition of sliding surface S. Therefore, the protector
remains on the LOS between the defender and the attacker to intercept the defender.

Based on Ref. (43), the target adopts the following optimal avoidance guidance law to evade the
interception of the attacker.

ury = —sign [(p] 3/1’T] sign [Zur(2)] ury (73)

where, @3, Tr and Zur(7) are predefined in (24) (26) and (28), up* is the maximum manoeuver of the
target.

Remark 4. The LOS guidance strategy proposed in this paper is a cooperation between the attacker
and the protector against the defender-target team to reduce ZEM and ZEL while maintaining a stable
communication connection. The development of the LOS guidance strategy, which controls the conver-
gence of the LOS angle from a specific side (the attacker or the protector), can be inspired according
to the design process of the cooperative LOS guidance strategy. For example, when the protector con-
trols the LOS angle, the ZEL and the derivative are rewritten as Zp, = Z; + ft’”’D WII’—:(E)MAN(S)dS and

Zo =F + «31;};10 upy + dy . By virtue of the SMC theory, the guidance scheme of the protector controlling
the LOS angle is able to be devised for the above ZEL system.

4.0 Simulations

The feasibility and superiority of the cooperative guidance strategy (66) are illustrated by nonlinear
numerical simulation in this section. The information required for the participants’ guidance scheme is
assumed to be obtained by sensors onboard. The defender adopts the proportional navigation guidance
law to intercept the attacker in the nonlinear simulations.
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Trajectories
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Figure 4. Trajectories of the guidance strategy (66).

4.1 Simulation of the cooperative guidance scheme

The cooperative LOS guidance scheme (66) is verified in this subsection, which describes that the protec-
tor remains on the LOS between the defender and the attacker and intercepts the defender. The simulation
parameters are listed in Table 1.

The parameters of (66) are separately chosen as 6, =3.7,0, =3.7,0, =3.05,k, = 0.1, k, =0.001,
ky =0.6,k,=2.05k,; =5.05,k,y =0.11,p, = 1.5, ut> = 150m/s?, u2* = 150m/s?, um™ = 170m/s?%;
the prescribed performance parameters of (66) are respectively selected as poar =465.17, pjar =
465.05, pooiar = 0.5, piar =465.05,y, =0.8,y, =0.1, po. =3.71, pi. =3.75, poo. =0.01, Tyar =T =
3.26s, k, =15, §,,, = 8., = 1. The parameters of the fixed-time disturbance observer designed in (55)
are v; = 15, v, =22,v; =0.001, p = 1.2. Without loss of generality, the initial values of the observer are
given as zero.

The engagement trajectories of the players for the guidance strategy (66) are shown in Fig. 4. As
can be seen from Fig. 4, the attacker is able to capture the target with the assistance of the protector
intercepting the defender, which demonstrates that the engagement purpose is achieved.

Figures 5 and 6 indicate the time evolutions of the zero-effort quantities Z;, i € {AT, L}. It can be seen
from Fig. 5 that the ZEM Z,; increases and converges to Om in the upper boundary of the convergence
time T, = 3.6369s, which illustrates that the target is intercepted by the attacker; p,r and p;ar converge to
Pooar 0 a fixed-time boundary T, = 3.26s. Based on Fig. 6, the phenomenon that the ZEL Z; converges
to Odeg in the upper boundary of the convergence time 7, = 3.6369s is observed to demonstrate that
the protector maintains on the LOS of the defender-attacker and captures the defender to guard the
attacker. p,. and p; converge to p.. in a fixed-time boundary T,; = 3.26s, which ensures the prescribed
performance of the cooperative guidance strategy.

The variation tendencies of fixed-time observer states z,;, i € {AT, L} with respect to time are illus-
trated in Fig. 7. Note that the states z,5r and z,; decrease and converge to 0 in the upper boundary of
the convergence time 7,= 1.8535s. Based on Theorem 1, the fixed-time observer eliminates the external
disturbance to improve the performance of the guidance system, according to Fig. 7.

The simulation results of the attacker-protect team’s accelerations ap and a, with time are shown in
Fig. 8. It is worth noting from Fig. 8 that the acceleration ap increases and converges to Om/s?, and sat-
isfies the constraint of the control input saturation. The attacker’s acceleration a, reduces and converges
to Om/s?, and meets the requirement of control input. The combat mission is completed according to
the variation of the accelerations.

https://doi.org/10.1017/aer.2024.145 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2024.145

The Aeronautical Journal

Zero-Effort Miss

500
+ZAT
PuaT
E
% o
N /
0.5
PiA 0
05—
4.499 45 4501
-500 1 2 5 6 7
i(s)
Figure 5. ZEM between the attacker and the target.
Zero-Effort LOS angle
4-
_“_ZL.
3_
I:)uL
2
1 L
>
@
=
)
N \
R
0
00—
448 45 452
3 4 5 6 i

t(s)

Figure 6. ZEL between the protector and the attacker-defender.
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Figures 9 and 10 illustrate the time evolutions of a, and ap for different u}** and up™, which demon-
strate that the accelerations a, and ap satisfy the input saturation constraint and converge to Om/s? for

for different u}** and up™*.

4.2 Comparison studies

The following scenarios are established to compare with the other guidance schemes in order to validate

the superiority of the guidance strategy.

Case 1.

To illustrate the LOS guidance approach, the guidance schemes in Refs (19-21) are compared to the
proposed guidance strategy. In Case 1, the engagement of the attacker intercepting the target is ignored
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3 Fixed-Time Observer State
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Figure 7. Fixed-time observer state z,;,i = AT, L.
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Figure 8. The accelerations of the attacker-protector team.

for better comparison since the guidance schemes in Refs (19-21) are presented based on the three-
player conflict scenario. Define the LOS angle error between the attacker-protector and the defender as

€= App — Aap.
The specific form of the guidance strategy in Refs (19, 20) is

. aszFl _ azFl _ SVRAD)‘"AD 74
aA—z—sz’aP—_ 2 sz’aD— _ (74)
a; + aj a; + aj cos(¥p AD)

where,

a = cos (Ya — Aap) _ cos (¥p — App) T— @Wa
: Rap T Rpp ’ wp
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Figure 9. The acceleration ay for different u}™.
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Figure 10. The acceleration ap for different uy™.

_ 2VRPD)."PD . 2VRAD).‘*AD

F + Ce + Msign(S,)
T R Rap £
S, =eé+ Ce
The cooperative LOS guidance scheme designed in Ref. (21) is
P P ;
GAZ—M&, ap=(1—p) E, ap=Vp (_VD+)\AD+)\AD) (75)

where,

2VRPD V}LPD 2VRAP VAAP 2 1 .
P=-— o + o +(1—-Kk)e+ 2"1"‘@ (é+ke)
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Table 1. Simulation parameters

Parameters Attacker Protector Defender Target
Initial position /m (0,0) (0,0) (2,000,0) (3,000,0)
Initial course /(o) 10 10 160 160
Velocity /(m/s) 300 200 300 300
Time constant /(s) 0.1 0.1 0.1 0.1

Table 2. Simulation parameters in Case 1

Parameters Attacker Protector Defender
Initial position /m (0,0 (500,0) (4,000,0)
Initial course /(o) 5 10 150
Velocity /(m/s) 200 300 300

Table 3. Simulation parameters in Case 2

Parameters Attacker Protector Defender Target
Initial position /m (0,100) (200,100) (3,000,100) (4,500,100)
Initial course /(°) 8 10 170 170
Velocity /(m/s) 310 310 310 320
Time constant /(s) 0.1 0.1 0.1 0.1

COS (Ya — Aap) cos (¥p — App)  €OS (¥p — Anp)
o= s ’3 = +
RAP RPD RAP

The simulation parameters in Case 1 are listed in Table 2.

The parameters of the guidance strategy (66) are selected as 6, =4.7, 6, = 1.7, 6; =4.05, k, = 0.3,
k,=0.001, k,; =0.62, k,, =2.05, k5 =3.05, ks =0.2, p; = 1.5, upy* = 150m/s?; the prescribed per-
formance parameters of (66) are respectively selected as po. = 6.01, p;p. = 6.05, p,o. =0.01, y; =0.7,
v, =0.1, Ty =2.05s, §,,, =6, = 1.The parameter selection for the fixed-time disturbance observer is
the same as in Subsection 4.1.

The guidance parameters in (74) and (75) are respectively chosenas C = 12, M = 0.5, w, =2, wp = 3,
a™ =150m/s?, ap™ = 150m/s?; k; = 1, § = 10, u = 0.68, '™ = 150m/s?, a™™ = 150m/s?.

The engagement trajectories between the attacker-protector and the defender are shown in Fig. 11.
The different guidance strategies are able to guarantee that the protector maintains on the LOS of the
attacker-defender and intercepts the defender to guard the attacker based on Fig. 11. Compared with
guidance strategies (74) and (75), the guidance scheme proposed in this paper has a better collision
triangle to complete the interception mission.

The time evolutions of the ZEL between the protector and the attacker-defender are illustrated accord-
ing to Fig. 12. It can be seen from Fig. 12 that Z; converges to 0 deg faster and satisfies the prescribed
performance condition more stable in contrast to e in (74) and (75), which demonstrates the superiority
of the proposed guidance strategy.

The simulations in Fig. 13 compare the attacker’s accelerations over time for different guidance
strategies. Based on Fig. 13, the guidance strategies (65), (73) and (74) are able to guarantee that the
acceleration a, converges to Om/s? with respect to time. The acceleration a, in (73) satisfies the overload
requirement with no control chattering according to the first-order fixed-time anti-saturation auxiliary
variable. The acceleration a, in (74) has the chattering phenomenon occurs due to the existence of the
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Figure 11. Trajectories of the guidance strategies in Case 1.
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Figure 12. LOS angles between the protector and the attacker-defender.

a slower rate.
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sign function. Compared the attacker’s accelerations in (66) and (74), a, in (75) converges to Om/s* at

Figure 14 shows the variation tendency of the protector’s accelerations with respect to time.
According to Fig. 14, the accelerations of the protector ap in (66) (74) and (75) increase and converge
to Om/s?, satisfying the overload constraint. The acceleration of the protector ap in (74) exceeds the
limitation of the manoeuver due to the chattering phenomenon from the sign function. The acceleration

ap in (75) has a slower convergence speed for the protector.

Case 2.

The advantage of the cooperative guidance scheme (66) is verified by comparing it with the guidance
strategies (74) and (75) in Case 1. However, the comparison simulation in Case 1 can’t demonstrate
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Figure 14. The accelerations of the protector.

the superiority of the two-on-two engagement since the simulation scenario is established in the three-
player conflict. To overcome this drawback, a simulation study in Case 2 is presented in contrast to the
two-on-two engagement.
The specific form of the two-on-two guidance law in Ref. (31) is
Up = _i [(KIIZAT + KIZZAD + KISZPD)®A1 + (KZIZAT + KZZZAD + K23ZPD)®A2]
Up = — ﬂ_12(K3IZAT + K32ZAD + K33ZPD)®P3
up = —51—3 (K21 Zar + KnZap + K23 Zep) Oy + (Kz1 Zar + KspZap + K33Zpp)Ons]
Ur = _i(KIIZAT + K]ZZAD + K13ZPD)®TI

(76)

where,
®il = Tﬂﬁ (tgoAT/ri) ||ulr_nax ) ®j2 = Tﬂﬂ (tgoAD/Tj) ||u]r_nax s 813 = tlw (tgoAD/Tl) ||u;'nax | s NS {A’ T}9
j€(AD},1(P,D},y(e)=c" + x — 1K) =[diag(1 fa, —1/ay 1/as) + [ Mdr]”'
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Figure 15. Trajectories of guidance strategies in Case 2.
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matrix K(1).

The simulation parameters are listed in Table 3.

Choose the parameters of the guidance strategy (66) as 6, =2.7,0,=3.7,0,=4.05,k, =0.5,
k,=0.001, k, =0.72, k,, =3.05, k3 =4.05, k,; =031, p; =1.5, i =60m/s?, up>™=60m/s?,
up® =100m/s?; the prescribed performance parameters of (66) are respectively selected as poar =
110.17, piar = 110.05, pooar = 0.1, po. = 8.35, pp. =8.305, poar =0.01, pop. =0.01, y, =0.7, y, =
0.1, Tyar =T,y =3.16s, k, = 14, §,,, =8, = 1. The parameters of the fixed-time disturbance observer
are chosen as v, = 14, v, =21, v; =0.001, p = 1.4.

The parameters in the guidance law (76) are selected as o3 = 14.8, o, =4.2, 3 = 14.8, B, =3, B, =
1.78, B; = 8.8, B4 = 14. The maximum acceleration is u}** = 50m/s?, up™ = 50m/s?, up™ = 80m/s?,
up™ =100m/s>.

Figure 15 shows the engagement trajectories of the players for the guidance strategies (66) and (76). It
is evident from Fig. 15 that the attacker is guided by the protector to intercept the defender in the proposed
guidance scheme. Based on Fig. 15, the attacker is intercepted by the defender when the protector is
unable to capture the defender, illustrating that the guidance strategy cannot fulfill the combat mission.

The time evolutions of the ZEM Z,; and the ZEL Z; are illustrated in Figs 16 and 17. According
to Fig. 16, Z,r increases and converges to Om within the upper boundary of the convergence time
T, = 3.4446s and satisfies the prescribed performance constraint, demonstrating that the attacker inter-
cepts the target at the terminal time. Based on Fig. 17, Z; converges to 0 deg in the upper boundary of
the convergence time 7, = 3.4446s and satisfies the prescribed performance, which validates that the
protector maintains on the LOS of the attacker-defender and intercepts the defender.

The graph in Fig. 18 illustrates the changes in the states zy;, i € {AT, L} of the fixed-time disturbance
observer over time. It shows that the unknown disturbance (60) is estimated by the fixed-time disturbance
observer by virtue of z,, =0, i € {AT, L}, and the upper bound of the convergent time is 7,= 1.591 1s.

Figures 19 and 20 illustrate the time evolutions of the accelerations a, and ap in (66) and (76), which
demonstrate that the accelerations of the attacker and the protector satisfy the input saturation constraint
and ay, ap in (66) converge to Om/s? in contrast to a,, ap in (76).
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Figure 17. ZEL between the protector and the attacker-defender.

The ZEMs between the attacker-protector team and the defender-target team with time are shown in
Fig. 21. It can be seen from Fig. 21 that the ZEM Z,;, converges to Om, and the guidance strategy isn’t
able to guarantee the convergence of the ZEMs Z,r, Zpp. Therefore, the defender evades the intercep-
tion of the protector and captures the attacker, which causes the failure of the attacker-protector team’s
combat mission.

5.0 Conclusion

In this paper, the cooperative guidance strategy with prescribed performance and input saturation has
been designed by virtue of the sliding mode control and line-of-sight guidance methods in the two-
on-two engagement. The guidance strategy guarantees that the attacker intercepts the target when the
protector captures the defender. The conclusions are elaborated as follows:
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(1) The cooperative guidance strategy addresses the combat issue that the attacker intercepts the
target with the assistance of the protector maintaining on the line-of-sight of the defender-attacker
to capture the defender. The chattering phenomenon doesn’t affect the guidance performance

since the sign function isn’t included in the proposed guidance scheme.

(2) The guidance strategy has developed a new type of fixed-time prescribed performance func-
tion to ensure that the zero-effort miss and zero-effort line-of-sight angle meet the prescribed
performance constraint using dual prescribed performance functions for the upper and lower

boundaries.

(3) The proposed guidance scheme has met the constraint of the attacker-protector team’s input

control by means of the first-order anti-saturation auxiliary variable.
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Figure 21. ZEMs in the guidance scheme.

(4) The unknown disturbance of the guidance system has been estimated by virtue of presenting a
novel fixed-time disturbance observer in the cooperative guidance strategy, which weakens the
influence of the external disturbance.

The two-on-two line-of-sight guidance strategy proposed in this paper can be used as a framework
to expand the game combat between multiple aircraft in a cluster by virtue of the line-of-sight guidance
method. Furthermore, by considering the constraints, such as the terminal interception angle and field-
of-view, the line-of-sight guidance strategy is designed to ensure that the attacker-protector team satisfies
the field-of-view conditions and intercepts the target-defender team at the desired angle.
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