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ABSTRACT With the widespread informationization in modern warfare, higher requirements are required
for monitoring the high-value target’s movement state and the corresponding attack conditions. Since the
impact-angle constraint guidance law can improve the striking effect of a missile, the study of the hitting
conditions and corresponding angle range of the attack angle constraint guidance law has become particularly
important. This paper proposes a relationship between the missile’s line-of-sight and flight-path angle under
terminal conditions and defines the line-of-sight selection region. Then, we analyze the selection method
of the line-of-sight restriction at the end of the missile’s terminal phases. Additionally, Cauchy’s inequality
is used to derive the mathematical expressions for line-of-sight selection region under extreme and ideal
conditions when employing the developed guidance law to intercept non-maneuvering targets. Finally,
a thorough analysis and numerous simulations demonstrate that the line-of-sight angle always falls within
the extreme selection region during the entire flight and before hitting the target at the expected impact angle.
Compared with a head-on interception, the line-of-sight selection region of the tail-chase case is broader,
and the selection region range increases with the upward trend of the acceleration limit.

INDEX TERMS Impact angle constraint, line-of-sight selection region, acceleration limit, tail-chase attack,
head-on interception.

I. INTRODUCTION selection region under the impact-angle control guidance law
Intercepting moving targets at the desired impact angle is helps solve the target interception failure problem at the ter-
a challenging and formidable task for missiles in dynamic minal phase due to inappropriate motion conditions [8], [9].
engagement scenarios. In the framework of realistic engage- When the target is outside the line-of-sight angle selection
ment, the missile accurately detects and intercepts the region, even if the missile is guided by the maximum accel-
target, assisted by the seeker under certain constraints. eration or a guidance law limited by the impact angle, it may
Then, by selecting the appropriate impact angle, the missile not be able to intercept the target at the desired impact angle
ensures that the target does not exceed the field-of-view [10], [11]. Spurred by this problem, this paper explores the
limit [1], [2], [3], [4]. However, the missile must intercept line-of-sight angle selection region of the guidance law while
the target at the desired impact angle while not exceeding the meeting the acceleration limitations and desired impact angle.
available acceleration due to the available missile accelera- In recent years, extensive and in-depth research has been

tion limitations. Therefore, the missile’s and target’s position conducted on guidance laws that control the terminal impact
restrictions and the relative motion state conditions are vital angle and field-of-view [3], [4], [5]. For instance, [12] stud-
[5], [6], [7]. Nevertheless, exploring the line-of-sight angle ied the three-dimensional nonsingular collaborative guidance
law under various field-of-view limitations for multiple mis-
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and [14], [15] explored the guidance strategy considering the
minimum field-of-view angle limit and the field-of-view con-
straint of the jet linkage seeker. In [16], the authors utilized the
state-related Riccati equation to analyze the uniform appli-
cability of impact angle control guidance, and [17] analyzed
the lead-angle-based angle restriction interception. In [18]
and [19], the authors studied the impact time constrained
guidance law considering the field-of-view limitations.

Furthermore, the literature also focused on the guidance
law in the direction of capturability and attack region. For
example, [20], [21], [22], [23] analyzed the capturability
in different scenarios for pure proportional guidance, true
proportional guidance, and re-verse augmented proportional
navigation guidance, while [24] investigated capturing the
line-of-sight angle constraint guidance law of fixed targets.
Mukherjee et al. [25] dis-cussed several variants of tradi-
tional cyclic pursuit and proposed an improved heteroge-
neous cyclic pursuit scheme to capture moving targets. Ghosh
et al. [26] analyzed the capturability of augmented propor-
tional navigation guidance for a time-varying maneuvering
target. Reference [27] analyzed the field-of-view constraints’
guidance capability by transforming the auxiliary variables’
guidance equations. Overall, the existing literature reveals
that research on the line-of-sight angle selection region
guided by the impact angle constraint is rarely investigated.

Spurred by the current research gap, this study consid-
ers non-maneuvering targets and studies the line-of-sight
angle selection region of the impact-angle constraint guid-
ance law. According to the closed-loop analytical solution of
the impact-angle constraint guidance law of [28], we attempt
to explore the line-of-sight angle range se-lection. Specifi-
cally, this paper’s main contribution is that, combined with
the Cauchy inequality and trigonometric function transfor-
mation, we aim to study the influence of the impact-angle
constraint guidance law on selecting the desired impact angle.
Additionally, we analyze the line-of-sight angle selection
region under acceleration limitations, thus providing a refer-
ence to design the guidance law.

Il. PROBLEM STATEMENT
A. PROBLEM FORMULATION
Consider a planar engagement scenario, as illustrated in
Fig. 1, where the target is denoted by subscript T and moves
at a constant speed V; without maneuvering. The missile is
denoted by subscript M and moves toward the target with a
speed of V,,,. This work considers the following assumptions:
Assumption 1: The missile is faster than the target, i.e.,
n = V;/Vy < 1, and the tar-get is not maneuvering.
Assumption 2: The angle of attack is small enough to be
neglected.
The nonlinear engagement kinematics can be represented
as:
= V,cos(6; — q) — Vjycos o
. Visin(6y — q) + Vyysino
§= (1)

3 r
O :am/Vm
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FIGURE 2. Stable collision geometry.

where r denotes the relative distance, 6; and 6,, are the
flight-path angle of the target and missile, respectively, and
ap, is the missile’s acceleration perpendicular to the velocity
vector. The field-of-view o is defined by rotating the angle
from the di-rection of the missile velocity to the line-of-sight
(LOS) angle ¢:

o=q—0y (2)

In order to analyze the missile’s line-of-sight angular selec-
tion range, it is essential to define interception:

Definition 1: Given an allowable miss distance Ry;ss, the
target is intercepted when the range becomes less than R,
at the terminal time tz, i.e., ¥ (tr) < Ryigs-

To intercept the target with a stable collision geometry,
the missile and the target should form a collision route that
maintains a constant LOS angle when the missile approaches
the target (Figure 2).

Thus, from Eq. (1), the impact geometry constraint is [22]:

1 sin(6; — qr) + sin(gr — Opr) =0 3)

where gr and 6,,r indicate the LOS angle and the flight-
path angle of the missile at the final time, respectively. gr
is obtained from Eq. (3) by 6,,r, 6;r and the velocity ratio
n, according to the relative position relationship between the

VOLUME 11, 2023



X. Sun et al.: Analysis of Line-of-Sight Angle Characteristics for Intercepting a Non-Maneuvering Target

IEEE Access

Line-of-sight
direction

Linc-of-sight
direction

FIGURE 3. Schematic diagram of the vertical interception field-of-view at
the final time.

target and missile. 8, can be expressed as:

gr + arcsin(y sin(d; — ¢r))
if |gp — Opr| < 7/2
O = ar = nr| <7/ @
qr + arcsin(n sin(6; — gr)) — 7
if |gr — Owr| > /2
Considering that the seeker’s field-of-view has a symmet-
ric configuration such that orpy € (—0lim, Olim), and that
typically the seeker’s field-of-view range does not exceed
/2 [29],1i.e., olim < /2, Eq. (4) can be simplified to:

Omr = qr + arcsin(n sin(@; — gr)) )

The missile’s flight-path angle at the final time can be
expressed as:

Omr = 6; £ 0, (6)

where 6, is the angle between the missile and the target speed
directions when the missile intercepts the target. By combin-
ing Egs. (5) and (6), the desired collision angle gF is:

sin(6; + 6,) — n sin 6;

arctan if 6, = 6; + 6,
_ cos(6; + 6,) — ncos b mk ! ¢
ar = sin(; — 0,) — nsinf,
arctan if b r =6; —6,
cos(6; — 6,) — ncos b
)

For the particular case of vertical interception, i.e., 8, =
T / 2, and Eq, (7) can be simplified to:

1
qr = 0; £ arctan — (8)
n

This way, the missile’s field-of-view during the terminal
encounter is illustrated in Fig.3.

B. GUIDANCE LAW WITH IMPACT ANGLE CONSTRAINT
Combined with the optimal form proposed in [1] and [28],
the form of the guidance law with an impact angle constraint
is as follows:

ac =2(n+2)V,q+ (n+ D +2)Vi(g — gr) ©

teo

where N1 = 2(n + 2) is the proportional conduction factor,
N> = (n+ 1)(n + 2) is the impact angle control gain, ‘Vr

‘Vm — \7,‘ = Vi /1 + 0% — 2ncos(6,, — 0;) is the relative
velocity between the missile and target, gr is the desired line-
of-sight angle, and #, is the remaining flight time.
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FIGURE 4. Range of the final line-of-sight (LOS) angle.

Ill. LINE-OF-SIGHT ANGLE SELECTION REGION
ANALYSIS

A. EFFECT OF THE SEEKER FIELD-OF-VIEW RESTRICTION
ON THE LINE-OF-SIGHT ANGLE AT THE FINAL TIME

When the missile enters the final guidance phase, the target
falls within the seeker’s field-of-view, that is, go—6,,0 = 0¢ €
(—01im, 01im)- However, due to the impact angle limitations of
the final time imposed by the guidance law, to ensure that the
seeker does not lose the target at the final time, we employ
Eq. (5) and obtain the following:

oF = qF — Opr = — arcsin(n sin(6; — gr)) (10)

where or € (—01im, Olim)-

Solving Eq. (10) yields a range of values for the impact
angle under the seeker viewing angle’s limitations, as pre-
sented in Eq. (11) and Fig. 4.

sin oj;
qr € (0, — 1, 0; — m + arcsin (ﬂ))
n

. [ sinoj; . {sinoy;
U (9, — arcsin ( hm) , 0; + arcsin ( hm))
n n

. sinojim
U(Q,—i—n—arcsm( ),9,+n) (11
n

To ensure that the missile does not lose the target at the
final time when the speed ratio of the target and missile is
satisfied with the seeker’s field-of-view:

y = HOlm (12)
0
that is
Sin ojim > 7 (13)

It can be guaranteed that regardless of the desired line-of-
sight angle, the final time target is always within the seeker’s
field-of-view. If the relationship does not meet Eq. (13) within
the range g € (6; —m, 6; 4 1), the desired line-of-sight angle
must be within the limit range shown in Fig. 4. Otherwise, the
target will exceed the field-of-view range at the final time.
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In order to successfully intercept the target with the desired
impact angle, the line-of-sight angle at the initial position
should be correctly selected. Combined with the missile’s
maneuverability and considering the missile’s flight stability
requirements, the following two line-of-sight angle selection
region types are defined: the extreme line-of-sight angle
selection region and the ideal line-of-sight angle selection
region.

Definition 2: From the perspective of the missile’s maneu-
verability, we define the set

A = {(gmin 0> gmax0)19(®) € [gmin(?), Gmax(?)]
for Vt € [1, lf]s V(lf) < Rpiss, lam(H)| < ammax}

as the extreme line-of-sight angle selection region of the mis-
sile M at time fy during the flight, with an acceleration of no
more than a,, max for target T. In this region, all line-of-sight
angles that meet these conditions guarantee that the missile
can theoretically intercept the target with maneuverability
that does not exceed the maximum acceleration.

Definition 3: When the missile’s acceleration is lower
than the maximum acceleration, for the ideal missile inter-
ception scenario, we hope that during the stage where the
missile approaches the target, the initial moment acceleration
is the maximum acceleration of the entire flight process, i.e.,
vt € [10, tr], am(to) > am(t). Thus, we call the collection

B = {(gmin0> 9max0)1q(?) € [qmin(t), gmax(®)], am(t) < an(to)
for Vt € [1g, l}”], V(ff) < Ryiss}

as the ideal line-of-sight angle selection region of missile M to
the target T at time #y. The definition of the ideal line-of-sight
angle selection region indicates that when a missile wants to
intercept a target in the extreme selection region but outside
the ideal selection region, the acceleration command should
exceed the current command value.

B. THE LINE-OF-SIGHT ANGLE SELECTION REGION OF
THE IMPACT-ANGLE CONSTRAINT GUIDANCE LAW UNDER
OPEN-LOOP CONDITIONS
From Eq. (5), we derive the missile’s flight-path angle at the
final time so that at the initial moment 7y, we can get the
average rate of change of the flight-path angle in the 17 — #g
time: 0 p
ém _ mF — Um0 (1 4)
tr — 1o
Since the change in the flight-path angle is related to the
missile’s speed and acceleration, by combining Egs. (1) and
(8), the flight-path angle rate of the initial moment #j is:
: ., Nalg—
by = Ny + 224~ 4r) (15)
IF — 1o
Using the Cauchy inequality and giving for function f'(x)
the maximum boundary fmax or the smallest boundary fiin,
we obtain:

i < = D F(=) = fmax (16)
i=1

where 7 is a positive integer.
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By synthesizing Eqs. (14), (15), and (16), it is possible to
obtain the extreme line-of-sight angle selection region at any
time, meeting:

. Tdmax
O — 06 sin D) <
[(Om mF) sin (g + ®1)| < V.V,

(a7

where

tan @, = 1080 = 08 On (18)
nsinf; — sin6,,
where @ is the auxiliary angle of the trigonometric function,
with the corresponding proof presented in Appendix A.
The ideal line-of-sight angle selection region at any time
satisfies the following:

Vi |0 — Om| _ |_2sin(g + @)

+ @+ D(g —qF)

(n+2)V; sin(g + ®1)
(19)
where
in6; — sin 6 1
tan by — nsinb —sinbyn _ 20)
cos 6, — ncosb; tan @

where @ is the auxiliary angle of the trigonometric function,
with the corresponding proof presented in Appendix B.

The relationship between the extreme and the ideal line-of-
sight angle selection regions on missile acceleration is further
elaborated: At the initial moment,

(A) If the extreme and the ideal line-of-sight angle selec-
tion regions coincide and the missile line-of-sight angle is on
the selection region boundary, then in # € [1g, ], the missile
always flies with maximum acceleration.

(B) If the extreme and the ideal line-of-sight angle selection
regions coincide, and the missile line-of-sight angle is in the
selected region, then in t € [f, #x], &x < t the missile flies
with maximum acceleration, and in ¢ € [fy, tr], tx < tr the
missile acceleration falls.

(C) If the extreme line-of-sight angle selection region is
greater than the ideal line-of-sight angle selection region, and
the missile line-of-sight angle is outside the ideal line-of-sight
angle selection region within the extreme line-of-sight angle
selection region, the missile acceleration is lower than the
maximum acceleration but shows an upward trend.

(D) If the extreme line-of-sight angle selection region is
greater than the ideal line-of-sight angle selection region, and
the missile line-of-sight angle is within the ideal line-of-sight
angle selection region, the missile acceleration is lower than
the maximum acceleration and shows a downward trend.

(E) If the extreme line-of-sight angle selection region is
greater than the ideal line-of-sight angle selection region and
the missile line-of-sight angle is at the boundary of the ideal
line-of-sight angle selection region, the missile acceleration is
lower than the maximum acceleration, and the rate of change
is zero.

(F) If the angle of sight of the missile is outside the extreme
line-of-sight angle selection region, the missile cannot inter-
cept the target with the desired impact angle under the cur-
rently rated acceleration.
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When the target is fixed, [28] proposes an extended optimal
impact-angle-control guidance law, simplifying Eq. (8) to:
2(n+2)Viu(q — Om)
Igo
n (n+ D(n+2)Vu(q — qr)

tgo

AEOIACGL =

21

In this case, by combining Eqs. (3) and (21) we obtain the
ideal line-of-sight angle selection region at any time to satisfy
the:

|Omr — Ol
n+2

The ideal line-of-sight angle selection region at this point
can be solved directly without requiring iterative calculations.

<ln+3)g—(n+Dgr =26,  (22)

C. THE IMPACT ANGLE CONSTRAINT GUIDELINE OF THE
LINE-OF-SIGHT ANGLE SELECTION REGION UNDER
CLOSED-LOOP CONDITIONS

In [28], the authors provided a closed-loop solution involv-
ing acceleration instructions with an impact-angle constraint
guidance law:

ac(t)_N2(n+3)[tF—t n+l](tF—t)" 23)
Vegr  tr—1ty |Ltr—to n+3|\tr—1o

At this point, the closed-loop interpretation of the ideal
line-of-sight angle selection region can be elaborated as fol-
lows: for t € [to, tr], the a.(¢) represented by Eq. (23) should
always be satisfied |a.(?)| < amymax. Unlike the ideal line-of-
sight angle selection region calculation under the open loop
condition, where the ideal line-of-sight angle selection region
under the open loop condition meets the ideal line-of-sight
angle selection region definition and the restriction conditions
for the gradual guidance instruction reduction. The closed
loop condition must only meet the definition conditions, with
the requirement to meet the guidance instructions gradually
decreasing. There-fore, the ideal line-of-sight angle selection
region under the closed-loop condition of this section is not
less than the ideal line-of-sight angle selection region sought
under the open-loop condition.

Eq. (23) can be expressed as:

~ Vegri(n+ D(n+2)(n 4 3)

,
i’t+ 2 H_it" 24)
r n+3 r

Eq. (24) is time-derived to obtain:

dac(t) Veqrit(n+ D(n + 2)(n + 3)
d r2

(( n)" ( ft)"1|:it 2 D

AL+ =) +n{l+— —+

r r r  n+3
(25)

Dn=0,LE.Ny =2(n+2)=4,N, = (n+1)(n+2) =2,

dac(t) _ 6VrCIF"'2
e r2

ac(t) =

(26)
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when ¢t € [0, tr), we obtain:

da(t)
t<——=1tp, <0 gre@©,m)
r da (1)
t< —==1p, >0 g e (—m0)
r dt

Therefore, the ideal line-of-sight angle selection region
under the closed-loop condition of n = 0 should meet the
following:

[|ac(t0)| =< Gmmax (28)

lac(tF)| < @mmax
Replace Eq. (28) with Eq. (24) under the closed-loop con-

dition so that the ideal line-of-sight angle selection region
meets the following:

Fdm max

|=grsin(g+ @)l < ——— =0

s (29)
—qF sin b < t=t
|—gF sin (g + ®1)| < 202 F

2)n=1,LE,N; =2(n+2) =6, N, = (n+1)(n+2) = 6.

da.(t) 24V,.qpi* (3 2it
=— Tt 30
dt r2 2 + (30)
when ¢ € [0, tr), we obtain:
dac(t) _ _24qupi’2 3 2t a1
dt r2 2

Therefore, the ideal line-of-sight angle selection region
under the closed-loop condition of n = 1 should meet the
following:

lac(to)|l < ammax

3tr

a2 ()

= Gmmax

lac(tF)] < @mmax

Replace Eq. (33) with Eq. (24) under the closed-loop con-
dition so that the ideal line-of-sight angle selection region
meets the following:

|—gF sin (g + ®1)] < —mmax
12v?
rsin@g + op) < 2onmm 3, O
sin _— =-
qr q Dl = 3Vr2 1 F

D. CHARACTERISTIC ANALYSIS OF THE EXTREME
SELECTION REGION AND THE IDEAL SELECTION REGION
From the extreme selection region definition, it can be seen
that the acceleration limit of the extreme selection region is
the missile’s allowable acceleration. Thus, combining Egs.
(5), (19), and (20) force the set of the #y extreme selection
region on the line-of-sight g to meet:

. Fdmax
[sin (g + ®1)| < (34)
1 VinVr |(9m0 - 9mF)|
So when:
r> ViV |(9m0 - 9mF)| (35)
Amax
41569
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the missile has an omnidirectional attack and can be expected
to intercept the target at this distance range by capturing
the target. According to Eq. (35), during the missile flight,
the closer the flight-path angle of the missile to the missile
terminal flight-path angle 6,,r under the constraint of the
impact angle, the smaller the corresponding permissible dis-
tance when the missile is omnidirectional.

Next, the ideal line-of-sight angle selection region of Eq.
(19) is analyzed. Let:

_ 2sin(g + P7)
f@= sin(g + 1)

For tan ®; tan &, = —1, i.e.,, & = &, + Z, Eq. (36) can
be changed as:

+n+D@—qr) (36

_ 2sin(g + $7) _
f@ = Sngt® LT ) +(n+ 1)(g —qFr)

= F2tan(q + ®2) + (n + 1)(q — qF) (37)

Specifying Eq. (37) allows for a derivative analysis of:

daf (q) T2
dg  cos2(q+ @;)

+m+1) (38)

1 . _ _
Also T > 1,sointhecase of n = Qorn = 1,

the plus or minus of % is related to the size of ®; and &>,
namely:

4 @ SOCI>1=4>2-{-z

dfd(qq) 7'2[ (39)
—=>0P; =D, — —

d - ! 2 2

From Eq. (39), the function f (¢) is monotonic, and to make
the line-of-sight angle have a solution on g € [6,;, — Glim, O+
OlimJ, the following must hold:

. , | [0 = Omo| Vin
mln{lf O + olim) |, lf (Om — otim)[} = W
(40)

By combining Egs. (5) and (20), Eq. (40) may be further
expressed as (41), shown at the bottom of the page.

When the flight-path angle of the missile satisfies the rela-
tionship described in Eq. (41), the ideal line-of-sight angle
selection region envelops the entire seeker viewing angle
range.

Through the analysis of the line-of-sight angle selection
region of Egs. (29) and (33) under closed loop conditions,
the time when the most restriction on the line-of-sight angle
selection region is the initial time. So the line-of-sight angle

TABLE 1. Simulation parameters.

The The
.. . initial initial
Initia Mlss Targ flight- flight- Impact
1 ile et angle
SCENARIO . path path
dista  spee  spee constra
nce d d angle angle int
of the of the
missile target
10deg p
Air-to-air 1500 (head- gfﬁg
missiles Om/ 120 500 on) n) -10d
against 8000 Om/s m/s  -10deg ‘1’ g
interception  m (tail- Odeg(t
ail-
chase) chase)
”;‘;:r‘l’d 4000 400 100 ; -60deg,
&1 m mis  m/s 180deg  -90deg
strikes

selection region un-der closed-loop conditions can be written

as:

Fm max
4v}?

Tdm max

1212

|—gF sin (g + ®1)| < n=>0

(42)

|—grF sin (g + ®1)| <

The next section of the Numerical Simulation compares
the line-of-sight angle se-lection region under open-loop and
closed-loop conditions.

IV. NUMERICAL SIMULATION

This section simulates different combat scenarios, which
analyze the effects of acceleration and investigate how the
initial line-of-sight angle and the impact angle constraint
will determine the line-of-sight angle selection region for the
two situations of head-on interception and tail-chase attack.
Additionally, the simulation results of the selection region
consider different conditions. Let the navigation factor be
n = 1, and the remaining relevant simulation parameters are
reported in Table 1.

A. AIR-TO-AIR MISSILES AGAINST INTERCEPTION
1) HEAD-ON
The initial line-of-sight angle must be go = 20° and let the
missile acceleration limit be 35g, 40g, and 45g, according
to the simulation parameters in Table 1. When the missile
successfully hits the target, 6,,r = —18.2°, the corresponding
simulation results are illustrated in Figure 5.

Fig. 5 highlights that different acceleration limits cor-
respond to different extreme line-of-sight angle selection
regions under the same conditions. Additionally, the missile’s

(n+ 1)@ + 0tim — qF) — 2 tan(@y, + oim + arctan L

qr + arcsin(n sin(4; — gr)) — O
(n+ DOn — 0tim — gF) + 2tan(0y, — o1im + arctan

41570

qr + arcsin(n sin(0; — gr)) — O,

n 6;—sin 6,
cos(-)mfncose,) Vin X @) + z
T (+2V,
7 sin 6; —sin 6, ) (41
c0s 6,,—1 cos 6; Vin O = Py — z
Zatov ¥ 2= 3
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FIGURE 5. Simulation results of the extreme line-of-sight angle selection
region (head-on).

extreme line-of-sight angle selection region increases with
the increase of acceleration limit during flight, while different
acceleration limit will impose a different missile trajectory.
However, as long as the missile can finally hit the target, the
missile’s line-of-sight angle is always within the extreme line-
of-sight angle selection region.

The initial line-of-sight angle is go = 20°, 0°, —20°, and
the acceleration limit of the missile is 35g. The corresponding
simulation results are depicted in Fig. 6.
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FIGURE 6. Simulation results of the extreme line-of-sight angle selection
region (head-on).

Fig. 6 reveals that under the same conditions, a different
initial line-of-sight angle corresponds to different extreme
line-of-sight angle selection regions, and the range of selected
regions is related to the line-of-sight angle.

2) TAIL-CHASE

The initial line-of-sight angle must be go = 20° and let the
missile acceleration limit be 35g, 40g, and 45g, according
to the simulation parameters presented in Table 1. When
the missile successfully hits the target, 6,,r = —1.8°, the
corresponding simulation result is illustrated in Figure 7.
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FIGURE 7. Simulation results of the extreme line-of-sight angle selection
region (tail-chase).

Fig. 7 infers that in a tail-chase attack, the nature of the
extreme line-of-sight angle selection region due to accelera-
tion restrictions is the same as that of head-on interception.
However, the maximum acceleration required to achieve the
same effect as a head-on interception is small, i.e., under the
same conditions, the tail-chasing attack is larger than the line-
of-sight angle selection region of the head-on interception.
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FIGURE 8. Simulation results of the extreme line-of-sight angle selection
region (tail-chase).

Let the initial line-of-sight angle be g9 = 20°, 0°, —20°,
and the acceleration limit of the missile is 40g. The simulation
results are presented in Fig. 8.

Fig. 8 highlights that under the tail-chase attack condition,
the extreme line-of-sight angle selection region exhibits the
same nature as the head-on interception due to the difference
in the initial line-of-sight angle.
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FIGURE 9. Simulation results of the ideal line-of-sight angle selection region.

3) IDEAL LINE-OF-SIGHT ANGLE SELECTION REGION
SIMULATION

The ideal line-of-sight angle selection region is the same as
the simulation conditions of the head-on interception and the
tail-chase attack in the extreme line-of-sight angle selection
region. Hence, the initial line-of-sight is g = 20°, and the
missile acceleration limit is 35g, 40g, and 45g, respectively.
The initial line-of-sight angle is gg = 20°, 0°, —20°, and the
missile’s acceleration limit is 25g, 32g, and 40g, respectively.
The initial line-of-sight and the missile acceleration limits are
25g, 32g, and 40g, respectively, the initial angle of sight is
qo = 20°,0°, —20°, and the acceleration limit of the missile
is 40g. The simulation results are illustrated in Fig. 9.

Fig. 9 reveals that the properties exhibited by the ideal line-
of-sight angle selection region and the extreme line-of-sight
angle selection region are the same considering acceleration
limit, initial line-of-sight angle, and attack mode.

Fig. 10 compares the results presented in Figs. 5 to 9,
highlighting that the ideal line-of-sight angle selection region
is always less than the extreme line-of-sight angle selec-
tion region. Fig. 10 (a) can be obtained when the accel-
eration limit is larger, and the ideal line-of-sight angle
selection region is closer to the extreme line-of-sight angle
selection region. Thus, the greater the acceleration, the
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greater the impact on the line-of-sight angle selection region
than the guidance law on the line-of-sight angle se-lection
region.

Comprehensive analysis of Figures 5 to 4, we can find
that in the process of the missile hitting the target, the line-
of-sight selection region also gradually shrinks and tends to
the established end state, but the missile’s line-of-sight angle
always falls in the selection region, so when the line-of-sight
angle is in the selection region, the probability of the missile
hitting the target is higher than that outside the line-of-sight
selection region.

B. AIR-TO-GROUND STRIKES
To observe the influence of the terminal angle restriction on
the line-of-sight angle selection region, let the desired impact
angles be gr = —90° and gr = —60°, and the 6,,r =
—104.5° and 6,,r = —72.5°, respectively. The simulation
results are presented in Fig. 11.

Fig. 11 demonstrates that when the impact angle constraint
is restricted, the line-of-sight angle selection region becomes
narrower, that is, the line-of-sight angle selection region
becomes narrower when the missile must turn over a larger
angle of sight angle to achieve the constraint condition of the
impact angle.
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FIGURE 10. Simulation results of the extreme line-of-sight angle selection region.

V. CONCLUSION

This paper studies the line-of-sight angle selection region for
intercepting high-speed non-maneuvering targets with impact
angle constraints, combined with the missile field-of-view
limit, the given relationship between the terminal missile
line-of-sight angle and the flight-path angle, and the derived
selection set expression of the line-of-sight angle restriction
at the end of the missile’s trajectory. Combined with the
closed-loop solution of the Cauchy-Schwartz inequality and

41574

the acceleration command of the guidance law, the mathemat-
ical expression of the extreme line-of-sight angle selection
region and the ideal line-of-sight angle selection region of
the impact-angle constraint guidance law intercepting high-
speed non-maneuvering targets is derived. Moreover, charac-
teristic analysis and simulation studies are con-ducted. The
simulation results demonstrate that during the missile’s flight
hitting the target with the desired impact angle, the line-
of-sight angle always falls within the extreme line-of-sight
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FIGURE 11. Comparison of simulation results of the extreme line-of-sight
angle selection region and the ideal line-of-sight angle selection region.

angle selection region. Additionally, the results highlight that
the tail-chase attack has a larger range of line-of-sight angle
selection region than the head-on interception, and the selec-
tion region’s range increases with the acceleration limit.

Considering the flexibility and complexity of the engage-
ment scene, the interception capability of the missile can
be improved by adjusting the position and the direction of
relative velocity at the beginning of the guidance process.
As follow-up research, the line-of-sight angle selection region
in the three-dimensional space or for maneuvering targets
should be investigated.

APPENDIX A

DERIVATION OF THE IDEAL LINE-OF-SIGHT ANGLE
SELECTION REGION

Obtained by Eq. (16):

emf — Omo < Amax (43)
=y,

Igo
VOLUME 11, 2023

where tyo = —r /i = =~ and i = V; cos(0; — q) — V,, cos(q —
0m)- Eq. (43) can be changed as:
Omr — 6
220 (Y, cos (6 — q) — V08 (q — 6))| < o
—r Vin
(44)

Eq. (44) can be rewritten as:

Fdmax

> (0o — Omr) - (Vi sinb; — Vi sin6y,) sing
4+ (Vicosb; — V,cos0,)cosq) | (45)

m

Using the auxiliary angle formula, Eq. (45) can be arranged
as follows:

(emO - emF)
. (\/Vt2 + V2 —2V,Vyy cos(@p — 6;) sin(q + <I>1))

Fmax
< Mmax 46
<

where
V;cos0; — V,, cos b, __ncos 6; — cos O,

tan®d; = a7

V,sinf, — V,, sin6,, nsin6f; — sin G,

Therefore Eq. (46) can be rewritten as:
|(Bmo — Omr) sin (g + P1)|
< Tdmax (48)
Vm\/VE + V2 =2V, V,ycos (6 — 6;)

ie.
. max
|(Omo — Omr) sin (g + 1| < ——+ (49)
Vi Vy
APPENDIX B

DERIVATION OF THE EXTREME LINE-OF-SIGHT ANGLE
SELECTION REGION
Obtained by Eq. (16):

me — Um0 < a_m (50)
tg(’ Vin
and 1 .
i = 2+ Vg4 DDA DVg—ar) o

Igo
Combined with the missile nonlinear engagement kinemat-
ics, Eq. (51) is rewritten as:

—2(n+2)V,.qr
6y — 0] = | — ="
m
+ D +2)V,(q -
+(n Yn+2)V,(q CIF)| (52)
Vin
therefore
\%
Omf — Omo| m <|(n+ (g — qr)
2(n sin(6; — i — 0,
_ 2(nsin(6; — q) + sin(g m))| (53)

ncos(0; — q) — cos(qg — O)

Eq. (53) can be expressed as (54), shown at the top of the
next page, meanwhile (55), as shown at the top of the next
page.
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