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Abstract: In this paper, a trajectory shaping guidance law,
which considers constraints of field-of-view (FOV) angle, impact
angle, and terminal lateral acceleration, is proposed for a con-
stant speed missile against a stationary target. First, to de-
couple constraints of the FOV angle and the terminal lateral ac-
celeration, the third-order polynomial with respect to the line-of-
sight (LOS) angle is introduced. Based on an analysis of the rela-
tionship between the looking angle and the guidance coefficient,
the boundary of the coefficient that satisfies the FOV constraint
is obtained. The terminal guidance law coefficient is used to
guarantee the convergence of the terminal conditions. Further-
more, the proposed law can be implemented under bearings-
only information, as the guidance command does not involve the
relative range and the LOS angle rate. Finally, numerical simula-
tions are performed based on a kinematic vehicle model to veri-
fy the effectiveness of the guidance law. Overall, the work offers
an easily implementable guidance law with closed-form guid-
ance gains, which is suitable for engineering applications.
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1. Introduction

For the terminal guidance of a vehicle, in many cases, the
guidance law is required to intercept the target precisely
with the desired impact angle to maximize the warhead
effectiveness [1-3]. To realize a large impact angle, the
guidance law may cause the trajectory to be highly
curved, and increase the looking angle. If the looking
angle exceeds the field-of-view (FOV) angle constraint, it
may result in a mission failure [4—6]. Thus, when design-
ing an impact angle control, it is very important to con-
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sider the seeker’s FOV angle constraint. Besides, it is also
necessary to ensure the convergence of the terminal late-
ral acceleration, so that the trajectory can be easily rea-
lized in practice.

The impact angle constraint is imposed on the terminal
flight path angle to improve warhead effectiveness and
lethality. For example, the penetration weapon needs to
attack the target with a nearly vertical impact angle. Kim [7]
studied the impact angle constraint firstly. They trans-
formed a linearized engagement geometry problem into a
linear quadratic optimization problem and introduced a
suboptimal guidance law for reentry vehicles to intercept
a non-maneuverable target. Ryoo [8] proposed practical
and precise time-to-go calculation methods by approxima-
ting the missile trajectory as a third-order polynomial of
time-to-go. The designed guidance law is the resultant
command which is a linear combination of a step and a
ramp acceleration response of the missile. An extension
of that work was presented in [9] with a polynomial of or-
der and the engagement geometry problem was trans-
formed into a linear-quadratic optimal control problem,
where the energy cost is weighted by a power of time-to-
go. Kim et al. [10] derived a backstep guidance law
which required the information of the line-of-sight (LOS)
angle, impact angle, and estimated time-to-go. Kumar
et al. [11] proposed a sliding-mode-control-based gui-
dance law to intercept stationary, constant-velocity, and
maneuvering targets at the desired impact angle. Oza
et al. [12] proposed a suboptimal guidance law through
the model predictive static programming technique. The
guidance law is three-dimensional which can satisfy ter-
minal impact angle constraints in both azimuth and eleva-
tion directions. In these studies, the estimation of time-to-
go is important, which requires the implementation of
precise time-to-go calculation methods.

Proportional navigation (PN) [13] and its variants are
widely used because of its simple structure and strong ro-
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bustness. A three-dimensional adaptive PN is used by Lu
et al. [14] to satisfy the impact angle constraint, which is
applied to design the terminal guidance for hypersonic
vehicles. Ratnoo et al. [15] proposed a two-stage gui-
dance law based on the PN guidance to intercept a sta-
tionary target with the desired impact angle. In the first
stage a lower navigation gain is used to achieve the de-
sired direction to switch to the second stage, and in the
second stage a higher navigation gain is used to achieve
the terminal constraint. An extension of that work was
presented in [16] for non-maneuvering target intercep-
tion with the desired impact angle. Erer et al. [17] pro-
posed a guidance law with a bias term to the pure PN
guidance command. Therein, a two-stage guidance sch-
eme was designed to control the impact angle. Zhang et
al. [18] designed a biased PN law for the large impact
angle control problem, which satisfies constraints of im-
pact time and impact angle. Zhang et al. [19] proposed a
biased PN guidance law with impact time and impact
angle constraints. To eliminate the time-to-go error, a
feedback control with adjustable coefficients is intro-
duced to control the impact time and impact angle simul-
taneously. In these studies, the impact angle constraint
and other constraints are considered based on the PN
guidance law. However, the guarantees on the FOV con-
straint are not discussed.

Considering the engineering application, the FOV con-
straint of the seeker also needs to be introduced. Kim
et al. [20] presented the PN guidance law with switch
supplementary time-varying bias terms considering the
impact angle constraint and FOV angle constraint. Erer
et al. [21] proposed the biased pure PN and the unbiased
PN guidance laws, and designed the gain guidance sch-
emes. Furthermore, the lateral acceleration constraint was
introduced [22]. For three typical cases, different guid-
ance laws were designed. Park et al. [23] proposed an en-
ergy optimal guidance law. A three-stage guidance sch-
eme was designed to realize different constraints in dif-
ferent stages. A range-to-go weighted performance index
was introduced [24] using a similar guidance law. To ach-
ieve all impact angles with the FOV angle constraint, a
two-stage PN guidance law was presented by Ratnoo [25].
The impact angle for the FOV angle constraint can be ob-
tained in an analytical form. The above multi-constraint
guidance laws were designed for different stages.
However, the switching of different guidance laws may
cause problems in engineering applications.

The adaptive multi-constraint guidance law becomes
very popular in recent years. Jeon et al. [26] proposed an
impact-time-control guidance law. The closed-form time-
varying navigation gain can be obtained from the missile-
to-target range and angle information. Based on the sli-

ding mode control method, Kim et al. [24] proposed a
new guidance law. Liu et al. [27] proposed a multi-con-
straint guidance law for stationary and non-maneuvering
moving targets. The core idea is to transform into the limit
of the relative speed perpendicular to the LOS angle be-
tween the missile and the target. Sharma et al. [28] pro-
posed a two-gain feedback guidance law based on the
bearings-only information. A feasible implementable re-
gion is deduced in impact angle-maximum looking angle
design space. The guidance law has a simple form, and
the guidance gain is easy to calculate. However, in some
extreme cases, the terminal lateral acceleration is too
large, which is difficult to realize in practice.

In this study, we propose an impact angle control guid-
ance law that restricts the looking angle within the FOV
angle constraint. The main contribution of the paper is
that the proposed method introduces a third-order polyno-
mial with respect to the LOS angle, and satisfies the con-
vergence requirement of the terminal lateral acceleration,
FOV angle constraint, and impact angle constraint. The
guidance gain can be adjusted adaptively depending on
the desired looking angle. Based on the analysis of the
characteristics of the third-order polynomial, we trans-
form the FOV angle constraint into the range of the coef-
ficient for the looking angle, and give the analytical
boundary of the looking angle to satisfy the FOV con-
straint. By the design of the coefficient for the looking
angle and the terminal guidance law coefficient respect-
ively, the proposed guidance law can satisfy multiple
constraints simultaneously. Compared with the tradition-
al optimal guidance law [29], the proposed guidance law
does not need the information on the time-to-go, and the
FOV angle constraint is added and satisfied.

The paper is organized as follows. In Section 2, the
problem statement is given. In Section 3, the third-order
polynomial shaping guidance law is designed. The cha-
racteristics of the looking angle are analyzed. In Section 4,
the feasible guidance gains are obtained according to the
boundary of the looking angle. In Section 5, the simula-
tion results are presented to validate the performance of
the proposed guidance laws. Finally, the conclusions are
given in Section 6.

2. Problem statement

Considering a two-dimensional surface-to-surface engage-
ment scenario as shown in Fig. 1, where M represents the
center of mass of the missile and T represents the center
of mass of the target. Assuming that the angle of attack is
small, the lead angle is approximately equal to the loo-
king angle. That is, the seeker’s FOV angle can be con-
trolled by adjusting the looking angle. For a stationary
target, assuming that the missile velocity is constant, non-
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linear engagement kinematics in a polar coordinate sys-
tem can be expressed as

dR

Ez—Vcosa'
d_a':d_y_d_/lzg_'_Vsino- 1
dd dt dr V R

dy_a

dt VvV

where R is the missile-target relative range, V is the velo-
city of the missile, @ is the lateral acceleration, y is the
flight path angle, A is the LOS angle, o is the looking
angle, which is defined as the angle between the LOS and
the velocity vector, and ¢ represents the time as an inde-
pendent variable.

Fig. 1 Engagement scenario

For a surface-to-surface engagement scenario, the ini-
tial LOS angle is zero, and other initial conditions are
given by

R(t) =R,
o(ty) =y(ty) =0y 2
Aty) =0

where the subscript 0 represents the initial states.
Similarly, considering the constraint of the desired im-
pact angle y,, the terminal conditions are given by
R(t;))=0
o(t) =0 3)
y(ty) = Aty) = vy
where the subscript f represents the terminal states.
Moreover, the terminal lateral acceleration needs to
realize the convergence for engineering applications,
given by

a(t;) = 0. @)
Assume that the maximum seeker’s FOV angle is de-
noted as o,.. the looking angle during the whole flight

should be limited by
|O-| < O max- (5)

Equations (1)—(5) describe the terminal guidance prob-
lem in a two-dimensional plane considering the impact

angle constraint and the FOV angle constraint of the
seeker. For most terminal guidance problems with a sta-
tionary target, the looking angle is usually within the
range (—mn/2,m/2).

3. Guidance design

Since the missile-target relative range R is monotoni-
cally decreasing, some shaping guidance laws are de-
signed as polynomial functions with independent vari-
ables R or £:

o(R) = kyR" +ky_R"' +---+ kR +ki\R+k,  (6)

where ky, ky_i,"**, ko are polynomial coefficients, de-
cided by initial conditions, terminal conditions, and other
constraints. Using (6), the deduced guidance law often in-
cludes time-to-go f,,, which needs precise calculation
methods in consideration of a curved trajectory. In order
to reduce the complexity of the guidance law, the inde-
pendent variable A is introduced. In a surface-to-surface
engagement scenario, we can notice that the LOS angle A
will monotonously change. Thus, the one-to-one map-
ping between the state and the missile-target relative
range R can be transformed into the mapping between the
state and the LOS angle 1. Using the form of (6), we
design a polynomial function as

o) = kyA" + ey AV ot A+ A+ k. (7)

Differentiating the looking angle o with respect to the
o) U
da dr’ ’

. . do )
flight time, ’n can be transferred into

we can get the shaping guidance law:

Ly _ V(do-(t) N d/l(t)) _

dt dr dt

do () da da
[T_H]VE =M/1VE ®)
where M, is an adaptive guidance law coefficient.

Equation (8) is similar to the PN guidance law. If the
terminal adaptive guidance law coefficient is larger than
2, the guidance law can realize the convergence of the
terminal lateral acceleration.

The second-order polynomial shaping guidance law is
derived from [28]. In some cases, the terminal lateral ac-
celeration cannot converge to zero. Based on the analysis
of the second-order polynomial shaping guidance law, we
can notice that the maximum looking angle is related to
the terminal adaptive guidance law coefficient. We may
not be able to limit the maximum looking angle within
the FOV angle constraint and the terminal adaptive gui-
dance law coefficient to greater than 2 simultaneously.
That is, there may be contradictions that the FOV angle
constraint and the terminal lateral acceleration constraint



FU Shengnan et al.: A trajectory shaping guidance law with field-of-view angle constraint and terminal limits 429

cannot be satisfied at the same time.

To solve this problem, a third-order polynomial sha-
ping guidance law is designed in this section. Using ad-
justable coefficients ¢, and M,, we can control the maxi-
mum looking angle and the terminal adaptive guidance
law coefficient individually, to realize the FOV angle and
terminal lateral acceleration constraints separately.

3.1 Guidance law
If N =3, (7) can be rewritten as
0-(/1) = k";/].3 + kz/lz + kl/l + ko (9)

where ky, ki, k, and k; are polynomial coefficients.

For convenience, the terminal guidance law coeffi-
cient M (g,) is recorded as M, . That is, the terminal con-
dition needs to be satisfied with

=l =m- (10)

where M;—1 determines the terminal looking angle rate,
which can be designed as a constant to satisfy the termi-
nal constraint.

Based on the constraint in (10), we design the follow-
ing form of the looking angle rate as

O e (- (- A) + (M, -1) (1)

where c(c; #0) and ¢, are coefficients for the looking
angle, which are designed to satisfy the FOV angle con-

straint of the seeker.
The integral of (11) is obtained as

Cl(/l —}.f)g + Cz(/l—).f)z +

3 2
(M= 1)(A=27) +c5 (12)

o) =

where c; is another coefficient for the looking angle.

Using (2) and (3), a relationship between coefficients
for the looking angle can be deduced by rearranging
(12) as

C3=O

2c, 2(My—1+00/;) - (13)
Cr = — f+
3 1,

Using (13), (11) and (12) can be rearranged as

dor L), 2(M =1 +00/2))
o —Cl(/l_/lf)(/l_g/lf)+ A '
(A=2)+(M;—1), (19
2
0_(/1) — M+
3
(M1 +ao/jf) (A-2)2 T@-1). (15
f !

Using (8) and (14), the closed-loop guidance law can
be obtained as

a= [cl(/l—/lf)(/l—éaf)+

To analyze the FOV angle, (15) can be divided into
two parts as follows:

i = S
;=L A)G oy g
f 4

(17

ou() =

We can notice that o.(1) is related to the coefficient ¢,
and o, is related to the terminal guidance law coeffi-
cient. The next section will analyze the characteristics of
0.(1) and o, separately corresponding to the path cha-
racteristics and the terminal characteristics.

3.2 Path characteristics

To keep the analysis simple and understandable, nondi-
mensionalization should be applied. Dimensionless states
are defined as A=-1/A;, 60 =-0/A;, ¢.=-0./A; and
¢, = —c,4;”. Using (17), we can get

da
A=)+ M| V—. 16
Py (A-27)+ f} ar (16)

F.() = %(1 +1)1 (18)

Differentiating (18) with respect to the LOS angle A
leads to
de, ¢ - -
= = §(1+1)(3a+1). (19)
On imposing dd./d1=0, the dimensionless LOS
angle at the maximum dimensionless looking angle & pax
can be derived as

A =—=. (20)

Using (18) and (20), the maximum looking angle can
be deduced as

4
O_-cmax = _8_151- (21)

Fig. 2 shows the variation of &, for different ¢, with
respect to A, and the maximum values are marked with
points. The coefficient ¢, for the looking angle affects the
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maximum looking angle &, and the LOS angle 4, is
constant as —1/3.

0.20 e

0.15

0.10 o

0.05 Bl I

5y 0

~0.05 4 : /
~0.10 —— 1 ™ 1 T
—-0.15
~0.20 ™~ L
-1.0-0.9-0.8—0.7—-0.6-0.5-0.4-0.3-0.2—-0.1 0
A
=4 - - =10 =2
16=2; 1c=4.

Fig.2 &, for different ¢; with respect to 1

3.3 Terminal characteristics

The dimensionless state is defined as &y = =0/ A;. Us-
ing (17), we can get

Fu() == (M;—1+00/2,)(A+1) 1=
oo/ A (A+1). (22)

Differentiating (22) with respect to the LOS angle A
leads to
doy -
— =2M;-1+0y/A5)A-
5 (M; o/4y)

On imposing d&,/dA=0, we can notice that, if
0o/d; > (M;—1)/2, &y is monotonically increasing and
the maximum looking angle is G ymw = —00/A; at 1=0.
If oo/A; <(M;-1)/2, the dimensionless LOS angle at
the maximum dimensionless looking angle G, can be
derived as

_ | bl
Aoya === — ol . (24)
" 2 Z(Mf—1+0'0//lf)

Using (22) and (24), the maximum looking angle
G uma corresponding to the terminal characteristics can
be deduced as
(M~ 1)

&M max — (25 )

Fig. 3 shows the variations &, for different oy/A; with
respect to Aand M, =3, and maximum values are
marked with points. The value of o/, affects the maxi-
mum looking angle Ej. and the LOS angle A, at the
maximum dimensionless looking angle.

1.0
0.9
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o
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2
— — — 1 —0,/2~0.6;
= 1 —0,/4,=0.8.

1 =0/4,=0.2;
—-—-—1:-0)/A4=0.4;

Fig.3 &y for different og/Ay with respect to pl

3.4 Dimensionless looking angle

From Subsection 3.2 and Subsection 3.3, we can notice
that the main function of the term &, is to control the
looking maximum angle without affecting the initial and
terminal conditions. The main function of the term &, is
to satisfy initial and terminal conditions. Once the termi-
nal guidance law coefficient M, is determined, the maxi-
mum looking angle should only be controlled by ¢;.
Using (18) and (22), we can get the dimensionless
looking angle:
) =(1+ 1)[ C(1+1)A- (M, -1 +o—0//1f)2—ao/z,-].
(26)

wlﬁl

Differentiating (26) with respect to the LOS angle A
leads to

dr ., [4¢ ]
d_(;:MZJr %—2(Mf—1+ao/ﬂf) A+
c

Using (27), we can get another form of the dimension-
less looking angle as

() ar a(@+1) o -n(ae1)
o= m e ¢ 2

. (28)

To get the maximum dimensionless looking angle, we
. - d_ /_10'—
suppose that in 1 € (—1,0), we can get % =0. Us-
ing (28), we can get the maximum looking angle de-
duced as

_— _El(/l(-,ng + 1)3 . (M, - 1)§/_10-,M + 1)‘ 9
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4. Feasible guidance gains

The looking angle & can be controlled by the coefficient
¢, of the looking angle to realize the FOV angle con-
straint. To achieve a feasible guidance gain, we need to
focus on the boundary of &. Fig. 2 shows that the lower
boundary of the coefficient ¢, corresponds to the maxi-
mum value of the looking angle. Conversely, the upper
boundary of the coefficient ¢, corresponds to the maxi-
mum value of the looking angle. Thus, the range of the
looking angle can be controlled by the coefficient ¢, .

4.1 The lower boundary

Denote the lower boundary of ¢, as ¢,. If o/ =

ma

4 4
T = — o+ = 2. (30)

Thus, we can get the lower boundary ¢,; as
_ 81 _ lox
cle—ZO'maX+27/l—;). (31)
If 09/, # —(M;—1)/4 and A5, # —1/3, according to
o
(27), we can get £ = 0 for the maximum looking angle.

Thus, we can get the lower boundary ¢,; as

2(M;=1+00/A7) (s, +1) = (M~ 1)

(/_lm + 1) (Z%x + %)

Proposition For A, €[-1,0], there must be a A,
for the lower boundary.

Proof Using (29) and (32), we can get the maximum
looking angle for A, #—1/3 as

CiL =

(32)

~(M; =14 00/2) (s + 1)
(3/_16—%% + 1)

2(M; - 1)(/_1@“ + 1)2 - (M- 1)(/_1mm + 1)

Omax =

(33)

xxxxx

Equation (33) can be transformed into the following
form:

FQo) = (My= 1=/ ) (T, +1) -
2(M;— 1) (T, +1) +
(M= 1436 ) (A, + 1) = 26 . (34)

Fig. 4 shows the variation of f(4,,.) for different o7/,
with M;=3 and &, =20. Since f(—=1)=—20 ., <0
and f(0) = G pax +00/A; >0, we can obtain A, in the
range [—1,0]. O

1.0
0.5
0
-0.5
-1.0 ]
S 15 pl ’
2.0
25

3.0

J i)

.5
-1.0-0.9-0.8-0.7-0.6-0.5-0.4-0.3-0.2-0.1 0
.

“omax

1 0y/q=0.2; — — — :0y/q;=0.6;

—=—-—1:0,/q,=0.4; = 10y/q,=0.8.

Fig.4 f (/_lamm) for different o9/, with respect to Az,

‘max

4.2 The upper boundary

For a surface-to-surface engagement scenario, 5(1) needs
to keep the symbol unchanged during the whole trajec-
tory. Considering an extreme case, there are both maxi-
mum looking angle o0, and minimum looking angle
O min =0 during a trajectory. The process to obtain the
minimum looking angle G, and maximum value Gy
are similar. Thus, using (34), we can get

2

(My=1+00/27)(1s, +1)
2(M;=1) (25, +1)+(M; - 1) =0. (35)

Using (35), the dimensionless LOS angle at the mini-
mum dimensionless looking angle & ,;, can be derived as

b Vool (36)

Denote the upper boundary of ¢, as ¢,y. Using (33)
and (36), the upper boundary ¢, can be derived as

ew =3 (Voo A, + M, =T)-[(M, = 1) M, =T~
ool Ay (M =1) (2 oo/ A, + M, =T 1)]
1

(M;—1-2Joro 2, (M, - T))

G37)

In conclusion, the range of the dimensionless coeffi-
cient ¢, for the looking angle satisfying the FOV angle
constraint of the seeker can be concluded as

N

G < T < Ty (38)

Convert (38) to a dimensional form by ¢, = ¢, L//li and
¢y = &/ A3, shown as

¢y <cp < Cy.- (39)
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To verify the effectiveness of the designed boundary,
we design a typical case with M; =3, G =20, and
oo/d; =—=0.4. Fig. 5 shows that if w, = ¢,,, the looking
angle reaches the maximum value, and if ¢; = ¢y, the
looking angle reaches the maximum value and the mini-
mum value. Thus, if the coefficient satisfies ¢;;, < ¢; <
¢y, the FOV angle constraint, initial and terminal condi-
tions can be satisfied.
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Fig. 5 o for different c; with respect to 1

5. Simulation results

The third-order shaping guidance law of (16) is used for
simulation. A typical case is designed as the velocity
V =1000m/s, the initial missile-target relative range
Ry =50 km, the initial LOS angle 1, = 0°, and the initial
looking angle o =15°. The desired impact angle is
v =—80°. All simulations are terminated for a miss dis-
tance R<1x107 m. To determine the terminal gui-
dance law coefficient M,, we need to study the influence
of M, first.

5.1 Influence of the terminal guidance law coefficient

We can notice that the designed shaping guidance law is
similar to the PN guidance law. Thus, the terminal guid-
ance law coefficient is designed as M, > 2 to realize the
convergence of the terminal lateral acceleration. To ana-
lyze the influence of the terminal guidance law coeffi-
cient, we design some typical cases. The FOV angle con-
straint is o, = 30°. Different terminal guidance law
coefficients are verified as M, =2, 2.5, 3, 3.5. The coeffi-
cient w, for the looking angle is designed by the lower
boundary to realize the maximum value. Using (24), we
can get the LOS angle 1 _ at the maximum looking
angle. Using (39), we can get coefficients ¢, for different
terminal guidance law coefficients as

~0.7104, M, =2
05994, M, =25
Cy =
") 21881, M =3

41895, M;=35

The simulation results are shown in Fig. 6—Fig. 11.
The missile trajectories are plotted in Fig. 6. The success-
ful interceptions with the desired impact angle are shown
in Fig. 7and Fig. 8. Fig. 9 shows the variation in the
looking angle with respect to time. A higher value of the
terminal guidance law coefficient M, corresponds to a
lower maximum height of the trajectory and a lower time
to adjust terminal angles. That is, the time that the look-
ing angle reaches the FOV angle constraint is later.

8 P
7 —ef T
6 PR a3
5 i N
AL i\
2 1
2
1
0
0 5 10 15 20 25 30 35 40 45 50
x/km
M2 - M
—-—-—:M,=2.5; e M=35.
Fig. 6 Missile trajectories
20
0
—20
=
—40
—60
—80 AR\
0 10 20 30 40 50 60
t/s
—_ M= - — —:M=3;
———-—:iM,=2.5; - i M=305.

Fig. 7 Flight path angle profiles

The variations in the lateral acceleration and adaptive
guidance law coefficients are shown in Fig. 10 and Fig. 11.
If the terminal guidance law coefficient M, is designed
too large, the maximum lateral acceleration will be a
large value. Conversely, if M, is designed too small, the
terminal lateral acceleration may not achieve the conver-
gence.
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Fig. 10 Lateral acceleration profiles

Considering both the terminal convergence require-
ment and the maximum lateral acceleration constraint, we
design the terminal guidance law coefficient as M, =3 in
this paper. If the dynamic lag and disturbance factors will
be considered in future studies, the terminal guidance law
coefficient should be increased properly.

40
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Fig. 11 Adaptive guidance law coefficient profiles
5.2 Comparison studies

The optimal guidance law(OGL)[29] is the most widely
used guidance law in engineering for the impact angle
constraint. The form of OGL is shown as follows:

a=2(n+2)V%+(n+1)(n+2)t1(/l—/lf) (40)
20
where 7 is the guidance law coefficient, ¢,, is the time-to-
go, decided by R/V. To realize the convergence of the
terminal lateral acceleration, the guidance law coefficient
needs to satisfy n > 0. In this paper, we design the guid-
ance law coefficient for OGL as n =0.5.
The form of the second-order polynomial guidance law
in [28] is shown as follows:

o da
=k @i-2)- 2 +1|v= 41
a=|k( 7) oy ar (41)

where k, is the guidance law coefficient. The derivation
process for the range of the guidance law coefficient is
similar to that of the third-order guidance law, which will
not be discussed in this paper. And the guidance law
coefficient k, is set to be —0.581 9.

In this section, the simulation is carried out for sha-
ping guidance laws (N =2,N = 3) and OGL to verify the
effectiveness of the proposed guidance law. To compare
the performance of different guidance laws, we design a
typical case. The terminal guidance law coefficient is
My =3.

Since OGL cannot satisfy the FOV angle constraint, it
is necessary to ensure that the maximum value of the
looking angle to be consistent for different guidance laws.
According to the pre-verified simulation for OGL, the
maximum looking angle is about 65.04°. Thus, for sha-
ping guidance laws, the FOV angle constraint is set to
O max = 05.04°.

For N =3, the coefficient for the looking angle ¢, can
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be decided by the proposed boundaries. Using (32) and
(37), we can get boundaries as c¢;; =—2.837 3 and
ciy =5.250 8. For N =2, we design an extreme case to
prove that the second-order shaping guidance law may
not be able to realize the convergence of the terminal la-
teral acceleration.

Fig. 12-Fig. 18 show the simulation results of the
comparison between the second-order shaping guidance
law, the third-order shaping guidance law, and OGL. In
Fig. 12, the trajectories for N =3(c; =—-2.837 3) and
OGL correspond to the maximum looking angle, and tra-
jectories for N =2 and N = 3(c; = 5.250 8) correspond to
the upper boundary of guidance coefficients to realize the
minimum looking angle. Fig. 13 and Fig. 14 show that
the flight path angle and LOS angle change rapidly at the
end for the second-order and third-order shaping guid-
ance laws. Fig. 15 shows that for the lower boundary of
the third-order shaping guidance law, the looking angle
can reach the FOV angle constraint. For the upper bound-
ary, the looking angle also changes rapidly at the end.
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Since the independent variable of the designed polyno-
mial guidance law is the LOS angle, variations have been
redrawn with respect to the LOS angle. Fig. 16 shows
that for the third-order shaping guidance law, the looking
angle profile for the case of N =3(c¢,; =5.250 8) reaches
the maximum and minimum values which are designed
previously. The control range of the looking angle for the
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third-order shaping guidance law is obviously larger than
that of the second-order shaping guidance law. Fig. 17
shows that in the extreme case, the second-order shaping
guidance law may not realize the convergence of the ter-
minal lateral acceleration. As shown in Fig. 17 and Fig. 18,
the third-order shaping guidance law can realize the con-
vergence of the terminal lateral acceleration within the
boundary. However, the maximum lateral acceleration at
the end is too large, which needs to be limited in the en-
gineering application.
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Compared with the traditional OGL, the FOV angle
constraint is introduced for the third-order shaping guid-
ance law. In addition, the traditional OGL needs the mis-
sile-target relative range to obtain the time-to-go. The
shaping guidance law does not need the distance informa-
tion of the missile and the target. Compared with the
second-order shaping guidance law, the proposed guid-
ance law can realize the convergence of the terminal lateral
acceleration within the guidance coefficient boundary.

5.3 Realistic simulations

In this section, simulations are carried out with a realistic
missile model. Assuming flat, non-rotating Earth, equa-

tions of motion can be expressed as

X
— =V
gt cosy
d—i = Vsiny
T-D (42)

V=""g

m
dy a-—gcosy
d v

where x is the downrange of the missile; y is the altitude;
T is the thrust; D is the drag; m is the mass of the mis-
sile; g is the gravity acceleration. These parameters are
borrowed from [30]. To compensate the gravity accele-
ration, the guidance law in (16) is augmented as

1 2(M;—1+0y/A
a=ler e (am o, ) 2MEETS ) |
3 A
da
V—+ . 43
3 T8cosy (43)
This case considers different impact angles

v =[-60°,-70°,-80°,-90°] with FOV angle con-
straints as o, = [30°,45°,60°,75°]. The terminal gui-
dance law coefficient is designed as M, = 3. Besides, we
design the coefficient ¢, as the lower boundary to get the
maximum looking angle.

Fig. 19 shows that the missile intercepts the target with
different desired impact angles and FOV angle con-
straints. Fig. 20 shows that the desired impact angles can
be satisfied by the proposed guidance law. Looking
angles reach the maximum FOV angle and converge to
zero at the end as shown in Fig. 21. The lateral accelera-
tion profiles are shown in Fig. 22. Terminal lateral acce-
leration is convergent, but do not converge to zero due to
the compensation of the gravity acceleration in (43). The
missile speed profiles decided by aerodynamics are
shown in Fig. 23.
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Fig. 19 Missile trajectories with respect to time
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6. Conclusions

To solve the problem that the second-order polynomial
shaping guidance law may not satisfy the convergence re-

quirement of the terminal lateral acceleration, we pro-
pose a third-order polynomial shaping guidance law. Be-
sides, we analyze the characteristics of the looking angle,
which provides adjustment references for the guidance
coefficients.
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Fig. 23 Speed profiles with respect to time

We transform the range of looking angles into the
range of the guidance coefficients, which can satisfy the
FOV angle and terminal lateral acceleration constraints
simultaneously.

The simulation results show that the third-order poly-
nomial shaping guidance law can satisfy the convergence
of the terminal lateral acceleration and the FOV angle
constraint, compared with the traditional OGL and the
second-order shaping guidance law. Since the proposed
guidance law does not need the missile-target relative
range, it has a wider application prospect in practice.
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