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Abstract
A homing guidance law combined with terminal angle constraint and seeker’s field-of-view limit is proposed in this paper for
hitting a stationary target. The proposed guidance scheme is composed of proportional navigation guidance and a continuous
feedback termwith respect to a newly defined angle error. Considering thatmany existingmethods use switching logic strategy
to address the specific constraint which will generate discontinuous acceleration command, the proposed scheme overcomes
the limitation by not using switching logic. Furthermore, the finite-time convergence of angle error before interception is
guaranteed via a Lyapunov-like approach, a shaping function is also designed to lengthen the range at which the error becomes
zero. Numerical simulations demonstrate the characteristics and advantages of the proposed guidance law.

Keywords Trajectory generation · Finite-time convergence · Field-of-view constraint · Angle constraint

1 Introduction

The terminal guidance of missile aims to intercept the tar-
get precisely. To maximize the damage effect and lethality
of warhead, the missile usually needs to have a specific
attack angle when hitting the target. For the homing guid-
ance problem with angle constraint, different methods have
been explored and proposed in recent years. Such as propor-
tional navigation guidance (PNG) with a biased term [1, 2],
optimal control-based guidance law [3, 4], H∞-based guid-
ance law [5], and nonlinear differential game-based guidance
law [6].

Finite-time convergence property normally exists in slid-
ing mode control (SMC)-based methods, SMC has been
widely explored and applied in homing guidance in recent
years because of its strong robustness to system uncertain-
ties and external disturbances [7, 8]. A terminal sliding mode
(TSM) guidance law with angle constraint was derived in
Ref. [9], the guidance performance was improved by intro-
ducing nonlinear sliding manifold. But SMC-based methods
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can sometimes have singularity problems which show their
limitations. In Ref. [10], the switching policy was designed
when the terminal sliding manifold was close to the singu-
lar region. In Ref. [11], a fast nonsingular terminal sliding
manifold was derived, which not only avoids the singular-
ity problem but also improves the convergence rate of the
guidance scheme.

To meet the desired attack angle requirements, the mis-
sile trajectory is usually curved, which can cause the target
to exceed the field of view (FOV) of the missile seeker and
consequently, some vital variables like line-of-sight (LOS)
angle cannot be measured [12, 13]. In the process of terminal
guidance, with the decrease of the relative distance, this prob-
lem ismore likely to happen. Therefore, the homing guidance
law needs to consider the FOV constraint while handling the
angle constraint. To solve this problem, a biased PNG was
proposed inRef. [14], and theweighted termwas improved in
three stages to make the missile meet the two constraints. In
Ref. [15], a TSM-based trajectory generation algorithm with
attack angle was designed. On the basis of which a FOV
angle constraint term was introduced, when the angle was
greater than the preset threshold, the FOV angle constraint
term was activated to lock the FOV angle value. However,
in the works of [14, 15], the switching logic strategies were
used to restrict the FOV angle, which make the guidance law
have the problem of unreasonable command chattering. In
Ref. [16], an analytical algorithm was proposed to address
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the FOV constraint by changing the initial LOS angle or
relaxing the attack angle constraint. Since the FOV angle
range was constrained by other conditions, the application
was reduced. Besides, a size-constrained symbolic function
guidance law was designed in Ref. [17] to satisfy the two
aforementioned constraints. But the works in Refs. [16, 17]
are only applicable to stationary targets.

From the other perspective, the FOV constraint problem
can be addressed by introducing error feedback term or trans-
forming it into a state-constrained tracking control problem.
In Ref. [18], combined with the integral obstacle Lyapunov
function, a novel algorithm was designed, but the selected
sliding manifold cannot ensure that the state variables of
internal system dynamics are convergent in finite time. In
Ref. [19], the integral obstacle Lyapunov function was also
used to address the FOV constraint, but the attack angle
was not considered, and the introduction of integral term
in Refs. [18, 19] makes the solving process of the guidance
scheme much difficult, which limits its application. A coop-
erative homing approach considering FOV constraint was
proposed in Ref. [20] for salvo attack, FOV constraint was
addressed by a velocity-like constrained consensus algorithm
and optimal control was utilized to make that the control
effort was minimized. Han et al. [21] proposed an analytical
FOV constrained guidance law based on polynomial func-
tions. However, tedious parameter settings were needed in
Ref. [21] which was not convenient for practical application.
Similar to Refs. [21], [22–24] also derived guidance laws
with multiple constraints by introducing polynomial func-
tions. In Ref. [25], a non-switching guidance strategy was
proposed for missiles with time-varying speeds considering
impact angle, field of view, and input saturation constraints.A
first-order filter was designed to compensate the effect of dis-
turbances. Zhou et al. [26] proposed a SMC-based law with
the two aforementioned constraints, two types of barrier Lya-
punov functions were selected to guarantee the finite-time
convergence of sliding manifold.

To sum up, the above noted studies either only consider
the angle constraint, or just consider the FOV constraint.
And the law with both constraints still have some draw-
backs like: switching logic used in the guidance framework,
which could unavoidably cause command chattering; lin-
earized angle assumptions used in the engagement model;
singularity problem of the law. Different from the above
investigations, this paper aims to address the homing guid-
ance problem with both FOV and angle constraints without
using switching logic to generate a much smoother guidance
command. First of all, the characteristics of PNG are pre-
sented, the terminal flight path angle (FPA) of PNG is also
derived to be the impact angle of the whole guidance scheme.
The guidance command has two components, one is the clas-
sical PNG, which can guarantee the missile hit the target and
achieve zero miss distance; the other is a feedback term con-

taining angle error. The main contributions of this study are
summarized as follows

1. A biased-PNG form guidance law is derived to address
the homing guidance problem with angle and FOV con-
straints.

2. The proposedmethod generates much smoother and con-
tinuous guidance commands without using switching
logic or other techniques compared with existing works
[3, 4, 6, 14, 15, 27, 28].

3. Finite-time convergence of error can be guaranteed w.r.t.
range via a Lyapunov-like approach. This property is
different from some existing SMC-based laws that may
not ensure the convergence of sliding manifold before
interception if the guidance parameters are not properly
selected.

4. A shaping function is designed and validated to improve
the performance of the law.

The structure of this paper is organized as follows: Sect. 2
gives the formulation of the constrained homing guidance
problem. The PNG is further derived in detail in Sect. 3.
Based on the derivations, a new guidance law is proposed
and analyzed in Sect. 4. Simulations are performed in Sect. 5
to test the performance of the law. Conclusion and future
works are drawn in Sect. 6.

2 Problem statement

Consider the guidance scenario that a homing missile attacks
a stationary target under FOV and angle constraints. Before
theoretical derivations, the following assumptions are made
throughout the paper:

Assumption 1 The two participators (missile and target) are
regarded as mass points.

Assumption 2 The missile has a constant speed.

Assumption 3 The control loop responds quickly and the
autopilot lags can be ignored.

Note that the above assumptions are reasonable and used
in many guidance scenarios [12, 15–17]. Accordingly, a pla-
nar guidance geometry is shown in Fig. 1.

The two participators are denoted as M and T , respec-
tively. XI OI YI is the inertial coordinate system. r represents
the relative distance between M and T or range-to-go. θ ,
φ, and η represent the line-of-sight (LOS) angle, flight path
angle (FPA), and leading angle, respectively. It is assumed
that all angles have positive signs under counterclockwise
direction. Moreover, the missile’s velocity and acceleration
are denoted as vm and am , with acceleration vector being
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Fig. 1 Engagement geometry

perpendicular to velocity vector. Then the engagement kine-
matic equations are given as follows

ṙ = −vm cos η (1)

θ̇ = −vm sin η

r
(2)

η = φ − θ (3)

φ̇ = am
vm

(4)

η̇ = φ̇ − θ̇ = am
vm

+ vm sin η

r
(5)

In terms of impact angle control guidance (IACG), it is
hoped that the target is intercepted at an expected impact
angle φ fe . To formulate this problem, impact angle error is
introduced as follows

eφ f = φ̂ f − φ fe (6)

where φ̂ f represents the terminal FPAestimate,φ fe is defined
prior and is a constant. If eφ f with a reasonable terminal FPA
estimate converges to zero before interception, then the IACG
is considered to be successfully performed, i.e.,

eφ f → 0 as t → t1 < t f (7)

where t1 is the time instant at which eφ f becomes zero, t f is
the terminal flight time. t1 should be less than t f theoretically.

In addition to angle constraint, FOV limit of seeker is
also taken into account in this study. If the leading angle
varies within the boundaries of FOV limit during the whole
engagement, accordingly, the FOV constraint is said to be
well satisfied. This problem is formulated by

|η(t)| ≤ ηmax <
π

2
for t0 ≤ t ≤ t f (8)

where ηmax is the maximum FOV angle, and is less than 90◦.
t0 is the initial flight time.

Remark 1 Notice that the leading angle is chosen as the FOV
angle, it is reasonable since the angle of attack (AOA) in
the terminal guidance phase is small [27]. The initial lead-
ing angle η0 should not violate the boundaries. Besides, as
for intercepting a stationary target, there is a property that
η(t f ) = 0. Besides, the seeker is assumed to have symmet-
ric FOV, i.e., ηmin = −ηmax.

3 Further analysis and derivation of
proportional navigation guidance

In this section, the basic principles of PNGare first presented.
With further analysis, the variations of leading angle and
acceleration are explored, and the terminal impact angle of
PNG is derived.

3.1 Proportional navigation guidance

In this guidance scenario, the analytical guidance command
of PNG takes the form

amPNG = Nvm θ̇ (9)

where N is the navigation coefficient, and is usually selected
as 2 ≤ N ≤ 6. Combining Eq. (2), the guidance command
of PNG for intercepting a stationary target can be rewritten
as

amPNG = −Nv2m sin η

r
(10)

3.2 Leading angle and acceleration variations of
PNG

It is not difficult to find that the leading angle variation can be
obtained by substituting Eq. (10) into Eq. (5), which yields

η̇ = − (N − 1)vm sin η

r
(11)

When 0 < η < π , η̇ < 0; when −π < η < 0,
η̇ > 0. Thence, conclusion can be drawn that d|η|

dt ≤ 0 as
η ∈ (−π, π). Next, consider the relation between r and η,
combining Eqs. (1) and (11), the derivative of r w.r.t. η takes
the form

dr

dη
= ṙ

η̇
= r

N − 1

cos η

sin η
(12)
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Integrating Eq. (12) gives the relation between the two vari-
ables as follows

| sin η| = | sin η0|
(
r

r0

)N−1

(13)

It can be seen from Eq. (13) that under the condition N > 1,
when r tends to zero, sin η (i.e., η) will also tend to zero,
which validates the property illustrated in Remark 1. Conse-
quently, the magnitude of acceleration command of PNG can
be calculated by substituting Eq. (13) into Eq. (10), which
takes the form

|amPNG | = Nv2m | sin η0|r
N−2

r N−1
0

(14)

Remark 2 Similar conclusion can be drawn from Eq. (14)
that under the condition N > 2, |amPNG | (i.e., amPNG ) will
tend to zero as r → 0. As for typical homing missile, it is
a desirable and good property that the terminal acceleration
command equals zero, because it can reduce the energy cost
of the whole missile system. And this can be the reason that
the classical PNG is still popular in practical engineering. In
next section, a biased guidance term will be designed and
added to the PNG command, and the property am = 0 will
be our design principle and the strength of the guidance law.

3.3 Derivation of the terminal impact angle of PNG

On account of the angle constraint is considered in the guid-
ance framework, the terminal impact angle of PNG is derived
in this subsection for terminal FPA estimate φ̂ f as introduced
in Sect. 1.

Combining Eqs. (3)–(5) and Eq. (9), a new form of leading
angle dynamics of PNG can be obtained as follows

η̇ = N θ̇ − θ̇ = (N − 1)θ̇ = (N − 1)(φ̇ − η̇) (15)

Integrating Eq. (15) from t0 to t f , we have

φ fPNG − φ = N

N − 1
(η fPNG − η) (16)

where φ fPNG and η fPNG represent the terminal FPA and lead-
ing angle of PNG, respectively. Note that η fPNG = 0 is
guaranteed as illustrated in Remark 1. Thence, the termi-
nal impact angle of PNG which is selected as the terminal
FPA can be given by

φ fPNG = φ − N

N − 1
η, η ∈ [ηmin, ηmax] (17)

Combining Eq. (3), φ fPNG can be rewritten in alternative
ways as follows

φ fPNG = φ − N

N − 1
η = θ − 1

N − 1
η, η ∈ [ηmin, ηmax]

(18)

or

φ fPNG = − 1

N − 1
φ + N

N − 1
θ, η ∈ [ηmin, ηmax] (19)

Remark 3 Note that Eqs. (17)–(19) are valid only if η ∈
(−π, π), becauseη = ±π will lead to θ̇ = 0 andamPNG = 0,
and the missile will be guided away from the target which
should be avoided. Since the FOV limit is considered in this
study, this condition is restricted to η ∈ [ηmin, ηmax]. In addi-
tion, the terminal impact angle of PNG φ fPNG is regarded as
the terminal FPA estimate φ̂ f as defined in Eq. (6) for further
derivation.

4 Field-of-view limited guidance lawwith
angle constraint

In this section, for stationary target, a FOV limited guid-
ance law with angle constraint is proposed. The law takes
the form of biased PNG and is designed by introducing the
impact angle error feedback term. Considering the limit of
seeker’s field of view, the convergence of the angle error
is demonstrated using the Lyapunov-like method. Theoreti-
cal analysis shows that the law has finite-time convergence
property of the impact angle error w.r.t. range. Furthermore,
shaping function is introduced to improve the performance
of the proposed guidance scheme.

In this paper, the guidance command is designed as fol-
lows

am = amPNG + amBI S (20)

where amPNG has been given in Eq. (10), amBI S is a biased
term and is given by

amBI S = (N − 1)
v2m

r
tan ηmax cos η f (η)

( |eφ f |
| (eφ f

)
0
|

)α

sgn(eφ f ) (21)

where α ∈ (0, 1) is a guidance coefficient,
(
eφ f

)
0
is the

impact angle error at initial time t0. f (η) is a continuous
shaping function and satisfies

f (η)

{
≥ 1, if η ∈ (−ηmax, ηmax)

= 1, if η = ±ηmax
(22)
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Remark 4 Observing from Eqs. (10) and (21), the overall
acceleration is theoretically continuous.AlthoughamBI S con-
tains a signum function, it is weighted by eφ f . And amBI S will
tend to zero as eφ f converges to zero, after that, the guidance
command will be the same as PNG.

4.1 Field-of-view constraint satisfaction and
Lyapunov stability analysis

To demonstrate the feasibility of the proposed guidance
scheme, the concept of invariant set and Lyapunov stabil-
ity theory are used. The FOV constraint satisfaction and the
convergence of impact angle error will be simultaneously
considered.

Define the Lyapunov candidate function as

V = 1

2
e2φ f

(23)

where V is a function w.r.t. eφ f . Differentiating eφ f in Eq.
(6) and combining Eqs. (5), (10), (17), and (20) yield

ėφ f = ˙̂
φ f − φ̇ fe

= φ̇ fPNG

= φ̇ − N

N − 1
η̇

= − 1

N − 1

amBI S

vm
(24)

Accordingly, the time derivative of v can be calculated by

V̇ = ėφ f eφ f

= − 1

N − 1

amBI S

vm
eφ f

= −vm

r
tan ηmax cos η f (η)| (eφ f

)
0
|−α|eφ f |1+α (25)

Next, it is necessary to analyze the time derivative of leading
angle at the boundary of FOV to validate the effectiveness
of FOV angle control. Substituting Eq. (20) into Eq. (5) and
considering the cases η = ±ηmax yield

η̇|η=±ηmax = ∓(N − 1)
vm

r
sin ηmax(

1 −
( |eφ f |

| (eφ f

)
0
|

)α

sgn(eφ f )

)
(26)

From Eq. (25), V̇ is non-positive and equals to zero only at
eφ f = 0. In addition, the interval � = [ηmin, ηmax] is an
invariant set of η if V̇ (t) ≤ 0 and d|η|

dt |η=±ηmax ≤ 0 hold
for t ≥ t0 [15]. As illustrated in Remark 1, η0 is within the
interval �, then the conditions V̇ (t) ≤ 0 and η(t) ∈ � for
t ∈ [t0, t f ] are guaranteed by simultaneously considering

the signs of V̇ and η̇|η=±ηmax . Accordingly, the proposed
guidance scheme could ensure the convergence of the impact
angle error while not violating the seeker’s FOV limit.

4.2 Guaranteed convergence of impact angle error
with respect to range

With further analysis, combining Eqs. (2) and (22), Eq. (25)
can be simplified as

V̇ = (2V )
1+α
2 tan ηmax|

(
eφ f

)
0
|−α f (η)

ṙ

r

≤ 2
1+α
2 V

1+α
2 tan ηmax|

(
eφ f

)
0
|−α ṙ

r
(27)

Dividing both sides of Eq. (27) by V
1+α
2 and rearranging it

w.r.t. V and r yield

V− 1+α
2 dV ≤ 2

1+α
2 tan ηmax|

(
eφ f

)
0
|−α 1

r
dr (28)

Integrating both sides of Eq. (28) from V0 to V and r0 to r ,
the relation between V and r is formulated by

V
1−α
2 ≤ V

1−α
2

0 + (1− α)2− 1−α
2 tan ηmax|

(
eφ f

)
0
|−αln

(
r

r0

)

(29)

Notice that α ∈ (0, 1) and r < r0, define r1 be the relative
distance at which eφ f tends to zero, i.e., r1 = r |eφ f =0, and
r2 be the relative distance at which the right-hand side of
Eq. (29) equals to zero. Note that r2 ≤ r1 and r2 is the
lower bound of r1. Since the inequality Eq. (29) holds, finite-
time convergence of the impact angle error is guaranteed as
follows

V → 0 as r → r1 (0 < r2 ≤ r1) (30)

In this paper, r2 is designed combining Eq. (29) as follows

r1 ≥ r2 = r0 exp

[
− 1

(1 − α) tan ηmax
| (eφ f

)
0
|α(2V0)

1−α
2

]

= r0 exp

[
− 1

(1 − α) tan ηmax
| (eφ f

)
0
|
]

> 0 (31)

Remark 5 It can be seen from the above derivations that
r2 = r1 only if f (η) ≡ 1. Figure2 gives the finite-time error
convergent property with respect to range. Since r2 > 0, the
convergence of error before interception is guaranteed. That
is, the problem of impact angle control is solved in this study.

In this paper, shaping function f (η) is designed as follows

f (η) =
(

cos η

cos ηmax

)β

(32)
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Fig. 2 Finite-time error convergence with respect to range

Fig. 3 Shaping function

where

β = k

(
cos η0

sin ηmax

π

| (eφ f

)
0
|

)p

(33)

In Eq. (33), k, p, and β are non-negative constants, the shap-
ing function meets the condition given in Eq. (22).

Remark 6 The dynamic characteristics of shaping function
f (η) with respect to leading angle η are depicted in Fig. 3,
different values of coefficient β (β = 1, 2, 3, 4, 5) are also
investigated to show their effect on the shaping function. It
can be seen from Fig. 3 that f (η) ≥ 1 holds for different
β; as β increases, the value of f (η) also increases, and the
generated trajectory ismore curved. The influence of shaping
function on the proposed guidance scheme will be simulated
and analyzed in detail in Sect. 5.

5 Simulations

In this section, simulations are conducted to validate the
performance and characteristics of the proposed guidance

Table 1 Engagement conditions for numerical simulation

Parameters Values

Missile initial position (−10, 000, 0)m

Target position (0,0)m

Seeker’s FOV (�) [–45◦,45◦]
Launch angle (φ0 = η0) 30◦

law. The influence of shaping function is first presented. The
scenario of different expected impact angles with shaping
function is also conducted; comparative study with existing
relative works is performed at last.

To avoid possible command chattering and generate a
smoother guidance command, it is worth noting that signum
function in Eq. (21) is improved andmodified by a hyperbolic
tangent function selected as follows

tanh(x) = 2

1 + exp(−2ax)
− 1 (34)

The engagement conditions including initial settings and
physical constraints are summarized in Table 1. Guidance
parameters are selected as follows: N = 3, k = 10, p =
1, α = 0.1, a = 10. The fourth-order Runge–Kutta method
is used in this study with step length being 0.001 s. r < 1m
is designed as the termination condition of the simulation.

5.1 Shaping function effect

First of all, the guidance performance with and without
shaping function is analyzed. The expected impact angle is
φ fe = −90◦.When shaping function is not used, f (η) equals
to 1. The simulation results are presented in Fig. 4. Figure 4a
gives the guidance trajectories, the black solid line represents
the trajectory with shaping function, while the red dotted
line represents the trajectory without shaping function. Both
cases can hit the stationary target, and the trajectory with
shaping function is more curved. Figure 4b gives the FPA
histories, the terminal FPA under two cases are all equal to
nearly −90◦, with error being very small, which shows that
the angle constraint is well addressed. Leading angle histo-
ries are plotted in Fig. 4c; since the FOV upper boundary is
45◦, it can be seen that the dynamics of η change more dra-
matically under the effect of shaping function, and both cases
meet the FOV requirement. What is more, the leading angles
tend to zero finally, which validates the property conducted
in Remark 1. Figure 4d gives the impact angle error histories,
the errors of black and red converge to zero at 38.328 s and
40.041 s, respectively, and the relative distances at these two
time instants are 1236.7681 m and 373.4906 m. The overall
flight times are 42.456 s and 41.283 s. This indicates that the
introduction of shaping function could lengthen the distance
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Fig. 4 Shaping function effect

at which error becomes zero. Figure 4e presents the guidance
command histories, the commands under two cases are con-
tinuous and finally tend to zero. The indexes of the shaping
function effect including miss distance are summarized in
Table 2.

5.2 Different expected impact angles with shaping
function

Considering another scenario that the missile attacks the tar-
get at different expected impact angleswith shaping function.
The φe f is chosen as -60

◦, -90◦, and -120◦, respectively. The

results are summarized in Fig. 5. Figure 5a shows that the
second half of the guidance trajectories varies differently to
meet the constraint requirement. Figure 5b gives the FPA
histories, the impact angle can be controlled at least within
the interval of [−120◦,−60◦] with high accuracy. Figure 5c
presents the leading angle trends, the FOV angle control is
further validated in this scenario. Impact angle error histories
are shown in Fig. 5d, it can be seen that the error convergence
rate gets slower as the magnitude of φe f increases. Guidance
command variations are plotted in Fig. 5e.
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Table 2 Shaping function effect Indexes With shaping function Without shaping function

Overall flight time t f (s) 42.456 41.283

The time instant that eφ f = 0 (s) 38.328 40.041

r1 (m) 1236.7681 373.4906

Miss distance (m) 0.8278 0.8938

Fig. 5 Different expected
impact angles
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Fig. 6 Comparative results with φ fe = −60◦

5.3 Comparative study

Comparative study is conducted in this subsection to test the
advantages of the proposed guidance scheme. For fair com-
parison, two new relative works with both angle and FOV
constraints are investigated [27] and [28]. Ref. [27] uses slid-
ingmode control to address the twoconstraintswith unknown
disturbance (denoted as CGL1). While Ref. [28] is the lat-
est published and performs a two-stage guidance framework.
FOV constraint is solved based on the principle of switching
logic. Denote [28]’s law as ’CGL2’, comparative results are
presented in Figs. 6 and 7. Notice that the missile speed is set
as 250m/s in each law, the guidance parameters are the same
as given in Refs. [27] and [28]. To show the differences, two
engagement scenarios with φ fe = −60◦ and φ fe = −110◦
are conducted, respectively.

Figure 6a gives the guidance trajectories of three laws
under the conditionφ fe = −60◦, the trajectories show differ-
ent curvatures and the target can be successfully intercepted.
Figure 6b presents the leading angle histories, the proposed

lawasmarked in black line canmake the angle varywithin the
boundary45◦; theCGL1asmarked in red linemakes the lead-
ing angle reach to nearly 45◦ at the very beginning and then
gradually converge to zero; while under the CGL2, owing to
the two stage property, when the leading angle reaches the
boundary, it will stay on this value until the switching logic
is triggered and then tend to zero. To conclude, the proposed
law shows better performance in leading angle variation, the
angle changes more smoother compared with the other two
laws. Figure 6c gives the FPA histories, the impact angles
under three laws can be successfully controlled to −60◦ in
this case. Moreover, Fig. 6d presents the guidance command
trends, since the guidance command is a vital variable in the
guidance and control loop design of missile, the command
should be as smooth as possible and the magnitude should
not be large. The proposed law shows good acceleration vari-
ation while the CGL1 has command chattering at about 0.5
s and the magnitude reaches to more than 12g, which is not
reasonable for practical engineering. The CGL2 also gen-
erates discontinuous command at about 1.9 s and 22.3 s as
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Fig. 7 Comparative results with φ fe = −110◦

Table 3 Comparison of three laws

Indexes Impact angle error (◦) Control effort (m2/s3) Miss distance (m)

Scenario φ fe = −60◦, Proposed 0.0001 2892.8 0.7326

Ref. [27]’s law 0.0002 7191.1 0.8261

Ref. [28]’s law 0.0012 3813.5 0.7156

Scenario φ fe = −120◦, Proposed 0.0001 7917.2 0.6335

Ref. [27]’s law 180.0022 22007.1 0.8126

Ref. [28]’s law 0.0017 6930.8 0.7297

shown from the figure, this can be attributed to the switching
logic used in it.

As for the other scenario φ fe = −110◦, Fig. 7a indicates
that three laws can guide the missile hit the target. From
Fig. 7b, c, it can be seen that Ref. [27]’s law fails to meet ter-
minal FPA requirement as the φ fe is set as −110◦, the other
two laws have good performance. The FOV angles are well
controlled under three laws. Figure 7d presents the acceler-
ation variations, the analysis can be similar to Fig. 6d, the
proposed law generates much smoother command than the

other two laws. Considering the control effort (CE) ofmissile
which can be calculated by CE = 1

2

∫ t f
t0

|am |2dt , the com-
parison of three guidance laws under the two scenarios from
different perspectives is concluded in Table 3.

When φ fe = −60◦, the impact angle errors of the above
three laws are almost zero, which shows good angle control
in this case. The control effort has the relation of proposed<

CGL2 < CGL1, and the miss distances are all less than 1m.
As for φ fe = −110◦, the proposed and Ref. [28]’s laws can
fulfill the angle constraint with high accuracy, but Ref. [27]’s
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law fails to meet the requirement. The error is 180.0022 ◦,
this can be the limitation of Ref. [27]’s law that it may not
be applicable to large angle interceptions. The control effort
relation in this case is CGL2 < proposed < CGL1, the pro-
posed law generates bigger control effort than CGL2, but
it is much smaller than CGL1’s law. In summary, the pro-
posed law has good performance in impact angle control and
control effort consumption. Most importantly, the command
derived in this study is much smoother and reasonable.

6 Conclusion

A PNG-based guidance law with FOV and angle constraints
is proposed in this study. The basic principles of PNG are
first introduced and the terminal flight path angle is derived
based on it to formulate the angle error. By designing an
error feedback controller with the form of biased term, the
two constraints are well addressed. The proposed law is
essentially a biased PNG which can make the missile hit
the target as long as the biased term becomes zero before
interception. The finite-time error convergence is demon-
strated andguaranteedvia aLyapunov-like approach. Finally,
numerical simulations with a comparative study validate the
effectiveness and strengths of the proposed law. Futureworks
can extend the two-dimensional engagement scenario to a
three-dimensional one under multiple constraints; besides,
the autopilot lag and some other disturbances should also be
considered.
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