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A strapdown seeker with limited field-of-view (FOV) can simplify and decrease cost of the guidance system for a munition.
However, the inherent defect of the strapdown seeker is that it could not provide the necessary line-of-sight (LOS) angular
information for typical guidance application. This paper proposed an optimal look-angle guidance law (OLAGL) which
directly utilized seeker angle information and satisfies the constraints of FOV and terminal impact angle. The coefficient
determination, effects of switching threshold, and gains for the guidance law are analyzed and detailed. The simulation results
compared with typical trajectory shaping guidance for a ground target show that the presented guidance law can satisfy the
impact angle constraint under the limitation of FOV and provide a well engineering reference.

1. Introduction

Compared with the gyro-stabilized seeker, a strapdown
seeker is directly connected with the munition nose, which
can omit the inertial platform and servo system and simplify
the whole structure [1]. However, the strapdown seeker can
only measure the angle between the munition axis and the
line-of-sight (LOS), that is, the look-angle information, and
fails measuring directly the LOS angular rate of the inertial
coordinate. Meanwhile, the limited field-of-view (FOV)
angle is also an obstacle. Therefore, the use of typical pro-
portional navigation based guidance and advanced guidance
laws are severely restricted for the strapdown seeker based
munition and missile [2, 3]. Guidance, navigation, and
control technology is widely used in spacecraft and munition
control [4], and it is one of the key systems to perform
various tasks [5].

For a missile against a nonmaneuvering target, a two-
phased guidance problem with impact angle constraints
and seeker’s FOV limit was addressed in [6]. In [7], the rel-

ative motion relationship between munition and stationary
target in pitch plane was established, and a suboptimal
guidance law is deduced. Ref. [8] studied the guidance
performance of the optimal guidance law for attacking
low-velocity moving targets, introduced the time-to-go
estimation method, and further designed the optimal guid-
ance law that satisfies acceleration and impact angle. In
[9], considering the dynamic lag effect and velocity change
of munition, a generalized optimal guidance law with
impact angle constraint was proposed. Ref. [10] deduced
an optimal impact angle guidance law based on inscribed
angle. Based on the sliding mode controller, ref. [11, 12]
deduced the impact angle and time control guidance law,
which made the actual look-angle can be stabilized at the
expected look-angle. In [13], based on the estimation of
minimum and maximum flight time and seeker limitation,
a logical switching strategy of look-angle was proposed. Ref.
[14] presented a compound guidance law combining sliding
mode guidance with proportional guidance. In order to
intercept a hypersonic target, in [15], a head-pursuit
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guidance law considering both the control system dynamics
and the target maneuverability was presented via combin-
ing a fast power reaching law with backstepping sliding
mode control.

Ref. [16] presented a shaping guidance law considering
the impact angle of time-varying velocity and the FOV con-
straint, while the proposed guidance law was independent of
constant velocity assumption and LOS rate information. In
[17], a quadratic optimal function was constructed, and the
look-angle guidance law was designed with small angle con-
dition. In ref. [18], the optimal time and angle control guid-
ance law were designed using the tracking error approach in
finite time. For nonmaneuvering target, the closed-loop
guidance law for controlling the relative look-angle on the
virtual circle was derived in [19], which did not need the
estimation of time-to-go. Ref. [20] proposed an optimal
guidance law with terminal position and impact angle con-
straints and a new calculation method of time-to-go. In
[21], the FOV angle change was regarded as inequality con-
straint, and the optimal impact angle guidance law was
designed. [22] further introduced the range-to-go weighting
function and analyzed the influence of different guidance
weights on the guidance performance.

In this paper, considering the background of a shoulder
strapdown guided munition with variable impact angle, the
impact angle constraint problem is transformed into the
normal velocity constraint by using the seeker angle infor-
mation, which can save the steps of extracting the angular
rate of the line of sight. The seeker’s FOV is too narrow in
the course of munition flight, and a generalized angle guid-
ance law satisfying both the FOV angle and impact angle
constraint is detailed, which is more practical and feasible
in engineering.

The paper is organized as follows. Section 2 presents the
munition-target dynamics model. Section 3 details the guid-
ance law design. Section 4 analyzes the performance of guid-
ance law on coefficient determination and comparative
simulation. The conclusion is given in Section 5.

2. Munition-Target Dynamic Modelling

A theoretical model of shoulder strapdown guided munition
vs. a moving target is shown in Figure 1.

Oxy represents inertial coordinate, M and T represent
munition and target, respectively, FOV is the detecting range
of the seeker, and r represents the LOS distance between
munition M and target T . V and am are the velocity and
acceleration of munition, α is the angle of attack, θ is the
velocity inclination, ϑ is the pitch angle, σ is the look-angle,
λ is the LOS angle, P is thrust, F is resistance, and is the
gravity. The munition dynamics can be described as follows

m
dV
dt

= P − F −G sin θ, ð1Þ

dx
dt

=V cos θ, ð2Þ

dy
dt

=V sin θ: ð3Þ

The relative motion between munition and target is

_r = −V cos θ − λð Þ, ð4Þ

r _λ = −V sin θ − λð Þ, ð5Þ

_θ = am
V

, ð6Þ

ϑ = α + θ, ð7Þ

σ = ϑ − λ: ð8Þ

3. Optimal Look-Angle Guidance Law Design

3.1. Basic Design without the FOV Angle Constraint. The
following assumptions are made in this study:

(1) The munition velocity is constant

(2) The angle of attack is small and can be neglected

(3) The autopilot lag is ignored

Then, the munition motion can be represented as (which
can be shown in Figure 2)

_y =Vθ,
€y =V _θ = am,

(
ð9Þ

where _y and y represent the relative velocity and the normal
displacement between the munition and the target, respec-
tively. Equation (9) can be rewritten as state-space form

_x = Ax + Bu, ð10Þ
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Figure 1: Geometric diagram of relative motion between
munition-target.

2 International Journal of Aerospace Engineering



where x =
y

_y

" #
, A =

0 1
0 0

" #
, B =

0
1

" #
, u = ac, and ac are the

acceleration command.
When the munition intercepts the target, the terminal

relative velocity would be close to constant, and the distance
between the impact point and the target is zero, then, the
terminal constraint is satisfied

y t f
� �

= 0,

_y t f
� �

= _yf :

(
ð11Þ

The power function of the time-to-go is introduced as
the control function SðtÞ = 1/ðt f − tÞn = 1/tngo, n ∈ℝ+, n is
the guidance order, tgo is the time-to-go, tgo = t f − t, t f is
the terminal guidance time, and t is the current time. The
objective function can be expressed as

ðt f
t
S tð Þa2c dt =

ðt f
t

a2c
tngo

dt, ð12Þ

where it is necessary to ensure lim
t⟶t f

ac = 0.

At the terminal time t f , the general solution of the state
space differential Eq. (10) can be expressed as

x t f
� �

=W tf − t
� �

x tð Þ +
ðt f
t
W t f − t

� �
B ηð Þu ηð Þdη, ð13Þ

where W is the state transition matrix, i.e.,

x t f
� �

= L−1 sI − Að Þ−1� �
x tð Þ

+
ðt f
t
L−1 sI − Að Þ−1� �

t f − t
� �

B ηð Þu ηð Þdη:
ð14Þ

Combining the coefficient matrices of the system, Eq.
(14) can be expanded as follows

y t f
� �

= f1 +
ðt f
t
e1 ηð Þac ηð Þd ηð Þ,

_y t f
� �

= f ∗2 +
ðt f
t
e2 ηð Þac ηð Þd ηð Þ,

8>>><
>>>:

ð15Þ

where

f1 = y tð Þ + t f − t
� �

_y tð Þ, e1 ηð Þ = t f − η
� �0:5n+1,

f ∗2 = _y tð Þ, e2 ηð Þ = t f − η
� �0:5n

:

8<
: ð16Þ

Substituting the terminal constraint conditional Eq. (11)
into Eq. (15), we can get

f1 = −
ðt f
t
e1 ηð Þac ηð Þd ηð Þ,

f ∗2 − _yf = −
ðt f
t
e2 ηð Þac ηð Þd ηð Þ = −f2:

8>>><
>>>:

ð17Þ

Let the intermediate variable μ and combine the Eq. (17)
to obtain

f1 − μf2 = −
ðt f
t
e1 ηð Þ + μe2 ηð Þð Þac ηð Þdη: ð18Þ

According to the objective function and Cauchy-
Schwarz inequality

ðt f
t
a2c ηð Þdη ≥ f1 − μf2ð Þ2Ð t f

t e1 ηð Þ − μe2 ηð Þð Þ2dη
: ð19Þ

When the left side of Eq. (19) is equal to the right side,
the objective function is minimal with value is Λ, i.e.,

Λ =
ðt f
t
a2c ηð Þdη = f1 − μf2ð Þ2Ð t f

t e21 ηð Þ − 2μe1 ηð Þe2 ηð Þ + e22 ηð Þ� �
dη

= f1 − μf2ð Þ2
e21

�� �� − 2μ e1e2k k + μ2 e22
�� �� ,

ð20Þ

where

e21
�� �� =

ðt f
t
e21 ηð Þdη,

e1e2k k =
ðt f
t
e1 ηð Þe2 ηð Þdη,

e22
�� �� =

ðt f
t
e22 ηð Þdη,

8>>>>>>>><
>>>>>>>>:

ð21Þ

and we can get

ac ηð Þ = ζ e1 ηð Þ − μe2 ηð Þð Þ, ð22Þ

where ζ is constant.
Considering Eqs. (20), (17), and (22), we can obtain

ζ = f1
e21

�� �� − μ e1e2k k : ð23Þ

When Λ is minimized, there is dΛ/dμ = 0

μ = f1 e1e2k k − f2 e21
�� ��

f1 e22
�� �� − f2 e1e2k k : ð24Þ
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Figure 2: Dynamic model after linearization.
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Figure 3: The results of different impact angles without FOV constraints.

Table 2: Guidance laws with different guidance coefficients.

Nσ Nλ Guidance law

4 2 ac tð Þ = − V/tgo
� �

4σ + 2 λf − λ
� �� �

6 6 ac tð Þ = − V/tgo
� �

6σ + 6 λf − λ
� �� �

8 12 ac tð Þ = − V/tgo
� �

8σ + 12 λf − λ
� �� �

Table 1: Initial condition.

Initial munition position Munition flight velocity Initial trajectory inclination Initial target position Target velocity

(0, 0.7) m (240, 0) m/s 3° (3, 500, 0) m (10, 0) m/s
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Figure 4: The results of different guidance coefficients without FOV constraints.

Table 3: Guidance coefficients.

Nσ Nλ σmax σs k k2
4 2 15° 10° 0.05 1.5
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Then, at any time t, there is

ac tð Þ =
f1e1 tð Þ e22

�� �� − f1e2 tð Þ + f2e1 tð Þð Þ e1e2k k + f2e2 tð Þ e21
�� ��

e21
�� �� e22

�� �� − e1e2k k2 :

ð25Þ

where

f1 = y + t f − t
� �

_y = y + tgo _y,

f2 = _y − _y t f
� �

,

e1 tð Þ = t f − t
� �0:5n+1 = t0:5n+1go ,

e2 tð Þ = t f − t
� �0:5n = t0:5ngo ,

8>>>>>><
>>>>>>:

e21
�� �� = ðt f

t
e21 tð Þdη =

ðt f
t
t2 0:5n+1ð Þ
go dη =

tn+3go
n + 3 ,

e1e2k k =
ðt f
t
e1 tð Þe2 tð Þdη =

ðt f
t
tn+1go dη =

tn+2go
n + 2 ,

e22
�� �� =

ðt f
t
e22 tð Þdη =

ðt f
t
tngodη =

tn+1go
n + 1 :

ð26Þ

Let

N12 = n + 1ð Þ n + 2ð Þ,
N22 = 2 n + 2ð Þ,
N32 = n + 2ð Þ n + 3ð Þ:

8>><
>>: ð27Þ

The acceleration command can be further obtained as
follows

ac tð Þ = −
1
t2go

N32y +N22tgo _y +N12tgo _yf
� �

: ð28Þ

The strapdown seeker can only measure the angle
information during flight, so it is necessary to give the
command containing only the direct measurement infor-
mation for (28).
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Figure 5: The results of different impact angles considering FOV constraints.
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Under the small-angle linearization model, the LOS
angle can be expressed as

λ = −
y
r
= −

y
Vrtgo

: ð29Þ

According to Eqs. (7)–(9) and r =Vrtgo, we can get

_y =Vrθ = Vrσ +Vrλ: ð30Þ

It satisfies at the terminal

_yf = Vrλf , ð31Þ

where Vr is the relative velocity between the munition and
the target and equal to the flight velocity of the munition
for a stationary target or a moving target with a low velocity.
By substituting Eqs. (29)–(31) into Eq. (28), the guidance
command only containing the measurement angle informa-
tion and the terminal angle constraint can be obtained as
follows

ac tð Þ = −
V
tgo

Nσσ +Nλ λf − λ
� �� �

, ð32Þ

where Nλ and Nσ are guidance coefficients and equal to
N12 and N22 in Eq. (27). This is the formula of the pro-
posed optimal look-angle guidance law (OLAGL).
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Figure 6: The results of different guidance coefficients considering FOV constraints.
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3.2. Advanced Design considering the FOV Constraint. The
terminal impact angle requirement for efficient strike and
the limited FOV of strapdown seeker propose a great chal-
lenge for look-angle guidance. Therefore, it is necessary to
take into consideration the FOV constraint on the afore-
mentioned designed OLAGL.

It can be seen from Figure 1, ignoring the small angle of
attack, the seeker look-angle σ can be obtained as follows

σ = θ − λ: ð33Þ

The design philosophy with FOV constraint is make
seeker’s look-angle within its maximal σm. During the flight,

the look-angle range of a strapdown seeker varies along the
attitude and distance between munition and target. Given
an additional correction term that is opposite to the varied
direction of the look-angle, the look-angle will converge.
Therefore, the guidance command with correction term
can be designed as follows

Δac = k sgn σð Þ σj j − σs
σj j − σm

: ð34Þ

Thus, the OLAGL with FOV and impact angle constraint
is obtained as follows
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Figure 7: The results considering different FOV constraints.
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where σs is the switching threshold, k is the switching gain
coefficient, and k2 is the gravity compensation coefficient.
When the look-angle is larger than the switching threshold,
a correction term is acted, and the FOV constraint guidance

law is adopted to pull the look-angle backward within the
limited range. Otherwise, the basic OLAGL is performed.
The addition term of jσj − σm is benefit to decrease the accel-
eration requirement, so as to prevent drastic jump when the
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Figure 8: The results considering different switching thresholds.

ac tð Þ =
−
V
tgo

Nσσ +Nλ λf − λ
� �� �

+ k2g cos θð Þ, σj j < σs,

−
V
tgo

Nσσ +Nλ λf − λ
� �� �

+ k sgn σð Þ σj j − σs
σj j − σm

+ k2g cos θð Þ, σs ≤ σj j < σm:

8>>><
>>>:

ð35Þ
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correction term is introduced and improve the tracking sta-
bility of the seeker.

4. Simulation and Analysis

4.1. The OLAGL without FOV Constraints

4.1.1. Considering Impact Angle Constraint. The simulation
conditions are shown in Table 1.

The guidance coefficient is Nσ = 4 and Nλ = 2. The sim-
ulation results are shown in Figure 3.

When the expected impact angle is larger, the trajectory
will climb to a higher position to meet the impact angle, and
the flight time will be longer, resulting in a large terminal
acceleration. Without considering the FOV constraint, the
seeker’s look-angle gradually increases at the initial stage,
but the range of look-angle remains within 40°. Therefore,

the constraint of impact angle should be analyzed for the
engineering application.

4.1.2. Considering Different Guidance Coefficients. Given
λf = −60° as the case, the effect of guidance coefficients is
analyzed as Table 2. The simulation results are shown in
Figure 4.

The results show that for a given impact angle, the muni-
tion can intercept the target with different guidance coeffi-
cients. The larger the guidance coefficient, the more steeper
the flight trajectory, the larger the seeker’s look-angle and
the miss distance, the longer it takes to intercept the target.
If the munition acceleration is limited, the acceleration satu-
ration will occur at the end, which will result in obvious miss
distance. If the coefficient meets Nσ > 4 and Nλ > 2, a larger
acceleration command is required at the initial stage.
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Figure 9: The results considering different switching gains.
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4.2. The OLAGL considering FOV Constraint

4.2.1. Considering FOV Constraint under Different Impact
Angles. The initial information of munition and moving tar-
get is as mentioned in Part 4.1, and other coefficients are
selected as in Table 3.

Considering different impact angles, the results are
shown in Figure 5. It can be seen the designed OLAGL
considering the FOV constraint can make the munition
intercept the target precisely, while the LOS angle is con-
strained to the desired impact angle. With the increase of
the impact angle, the trajectory keeps smooth, and the
look-angle always remains within the limited range until
intercepting the target.

4.2.2. Considering FOV Constraint with Different Guidance
Coefficients. Given λf = −60° and the maximum FOV is 15°

as the case, the guidance coefficients are analyzed. The sim-
ulation results are shown in Figure 6.

It can be seen that the guidance laws formed by different
guidance coefficients can meet the impact angle under the
constraint of FOV. The smaller the guidance coefficient,
the shorter the interception time and the smaller the acceler-
ation command. Besides, when the FOV constraint is added,
the trajectory height varies a little compared with the guid-
ance coefficient.

4.2.3. Considering Different FOV Constraints. Let coefficients
Nσ = 4, Nλ = 2, and λf = −60° as the case. For different max-
imal value of FOV angle, the simulation results are shown in
Figure 7.

When the look-angle constraint is smaller, the trajectory
is smoother, while the required terminal acceleration is
greater. A wide FOV range is benefit for application.
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Figure 10: The comparison results of different guidance law.
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4.2.4. Considering Different Switching Thresholds. Given the
coefficients Nσ = 4 and Nλ = 2, λf = −60°, and the maximum
FOV is 15° as the case. For different look-angle switching
threshold, the simulation results are shown in Figure 8.

4.2.5. Considering Different Switching Gains. Let the switch-
ing threshold of the look-angle is 10°. For different switching
gain coefficient, the simulation results are shown in Figure 9.

The simulation results show that the switching gain of
the correction term has great effect on the flight perfor-
mance. A large switching gain results in strong correction
effect and more smooth trajectory.

4.2.6. Comparative Analysis. Considering the typical trajec-
tory shaping guidance law with FOV constraints as the refer-
ence, a comparison analysis of the guidance performance is
detailed in this part. For convenience, the proposed OLAGL
without and with FOV constraint is abbreviated as OLAG
and FOLAG, and the trajectory shaping guidance law with
FOV constraint in the literature is FTSG, respectively. The
simulation results are shown in Figure 10.

It can be seen that all three guidance laws can meet the
requirements of interception and impact angle constraint,
and the FOLAG has the best effect on impact angle and tra-
jectory control. Besides, the trajectory from the FOLAG and
the FTSG is more smoothly than that of the OLAG, which
shows the importance of adding a look-angle constraint.
Besides, compared with the FSTG, the FOLAG changes
more smoothly, and the terminal guidance command is
smaller.

5. Conclusion

This paper detailed an optimal look-angle guidance law
(OLAGL) with look-angle and impact angle constraints
which directly utilized the angle information of the strap-
down seeker. The coefficient determination and effect on
guidance performance were analyzed. The feasibility of the
proposed guidance law was verified by numerical simulation
and comparative analyse. The results showed that the pro-
posed OLAGL omitted the extraction of LOS angle rate
and could satisfy the guidance precision requirement under
constraints. Therefore, the proposed guidance law was prac-
ticable in engineering.
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