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We propose a high-altitude terminal control scheme for anti-air
missiles that uses a terminal booster and one-off front lateral impulse
thrusters. The terminal booster does not have an actuator, such as
thrust vector control, and the front lateral thrusters are cheaper and
simpler than the divert attitude control system while providing a faster
response than aerodynamic control at high altitudes. The proposed
scheme includes a quaternion-based vector-oriented control technique
and a firing logic for the front lateral thrusters. The control technique
calculates the moment command to track the thrust vector command
converted from the acceleration command, which has the advantage
that a singularity of Euler angles does not occur. Then, the firing
logic using a greedy algorithm selects which unexpired front lateral
thrusters to fire so that the direction and magnitude of the moment
command can be tracked as closely as possible for the inevitable error
due to the discreteness of the front lateral thrusters. Simulations of
high-altitude engagement of moving targets were conducted to analyze
the performance of the proposed scheme.
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I. INTRODUCTION

A high-altitude missile defense system is necessary to
protect against the increasing threat of ballistic missiles,
which has resulted in a corresponding increase in research
interest. The hit-to-kill method of using the kinetic energy of
an anti-air missile is an effective approach to intercepting
a high-speed target. This method requires the missile to
have rapid response and maneuverability. However, inter-
ception of the target at high altitudes is likely to fail when
aerodynamic control is utilized for two main reasons. First,
insufficient aerodynamic force and moment are produced
at high altitudes because of a lack of dynamic pressure.
Second, nonnegligible delay exists on the maneuvering
acceleration because of the large turn rate time constant,
which represents the speed at which the angle of attack is
formed relative to the angular speed [1], [2], [3]. To deal with
this problem, the divert attitude control system (DACS),
initially developed for spacecraft and satellite systems, has
been applied to missile systems. DACS uses four thrusters
at the center of gravity and six at the rear end of the missile
for trajectory correction or attitude control. However, the
complexity of DACS increases production costs. It also
increases the weight of the missile, which constrains the
launch platform and increases fuel consumption [4]. To
overcome these problems, one approach is to equip the
missile with a terminal booster that does not need an ac-
tuator drive mechanism and cheap front lateral thrusters
that offer a faster response than aerodynamic control at
high altitudes for attitude control and terminal guidance.
PAC-3 ERINT was an early example of a missile equipped
with a front lateral thruster [5]. There are three types of
lateral thrusters: impulse, open, and shutter. Examples of
applications of these types include PAC-3 MSE, S-400, and
Aster, respectively [6].

Many researchers have studied continuous lateral
thrusters, such as those used in DACS. However, relatively
few studies have considered terminal guidance and control
using a terminal booster and lateral impulse thrusters under
the constraints of one-off, fixed duration, and fixed mag-
nitude. Jeon et al. [7] previously proposed a high-altitude
terminal guidance and control loop for a missile equipped
with thrust vector control that utilizes the terminal booster
and quaternion feedback control technique to track the true
proportional navigation (TPN) acceleration command. It is
shown that the missile could be guided despite the fixed
magnitude of the terminal booster. Zang et al. [8] proposed a
firing logic that couples two channels to guarantee guidance
accuracy and avoid the possibility of the pulse jet forces
being offset. They defined the optimization problem as
minimizing the difference between the pitch and yaw force
commands and the produced thrust. They showed that the
pitch and yaw force commands could be tracked using
mixed-integer linear programming. Jitpraphai and Costello
[9] proposed a trajectory-tracking flight control system that
reduces the dispersion of the expected impact point. The
system selects lateral thrusters by considering the position
errors of the missile and target, modeling of the lateral
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thrusters, the roll rate of the missile, and the burning time of
the lateral thrusters. Burchett and Costello [10] proposed a
control mechanism of short-duration lateral pulses to reduce
the dispersion of the expected impact point for a direct-fire
rocket. The dispersion is reduced by calculating the firing
time command and selecting the lateral thruster to fire. Their
method considers the current roll attitude of the missile
rather than the burning time of the lateral thruster, as done
by Jitpraphai and Costello [9]. Gao et al. [11] proposed an
optimal control method for calculating the firing angle com-
mand. The objective function of their optimization problem
was to minimize deviations in the impact point considering
the vertical and horizontal trajectory correction coefficients,
firing delay time, and roll rate of the missile.

We propose a high-altitude terminal control scheme for
theater and tactical missile defense that tracks thrust vector
commands by using a terminal booster and one-off front
lateral impulse thrusters (herewith abbreviated as “front
lateral thrusters” for conciseness). The TPN acceleration
command is converted into a thrust vector command by
using the relative position vector between the missile and
the target. Then, front lateral thrusters are selected by a
quaternion-based vector-oriented control technique and a
firing logic. In previous studies on quaternion feedback
control, a singularity of Euler angles could sometimes occur
when attitude commands were changed to quaternion com-
mands [12], [13], [14]. To avoid this issue, the introduced
technique does not need to calculate the attitude command
and does not require feedback on the missile attitude if
the command is known in the body coordinate system. In
addition, the firing logic is proposed for the front lateral
thrusters to track the thrust vector command. Errors are
unavoidable because of the fixed duration and magnitude of
the force of the front lateral thrusters. The proposed firing
logic minimizes these errors by searching the available
front lateral thrusters to bind the error quaternion within
the predefined threshold. Engagement simulations at high
altitudes were conducted to analyze the performance of
the proposed scheme [15], [16], [17]. The contributions
of this study can be summarized as follows. The proposed
scheme can obtain the missile’s maneuverability using a
terminal booster and one-off front lateral impulse thruster.
The overall framework and detailed algorithm of the control
system are presented in this article. Moreover, by using
multiple front lateral thrusters, it is possible to track both
the magnitude and direction of the moment command.

II. MISSILE MODELING

A. Equations of Motion

The engagement geometry between a missile and its
target is shown in Fig. 1. �RT M is the relative range vector
between the missile and target, �σ is the line of sight, and
�VM and �VT are the velocity vectors of the missile and
target, respectively. �utpn is the TPN acceleration command,
�FMT = [T 0 0]

T
is the thrust of the terminal booster for

the missile in the body coordinate system, and �FLT is the
force produced by the front lateral thrusters in the body

Fig. 1. Missile–target engagement geometry.

coordinate system. In �FMT , T is the magnitude of the thrust
of the terminal booster. The translational and rotational
motions of the missile are given as follows:

m�̇v + m
(
�ω × −→v ) − m �g = �FA + �FMT +

k∑
i = 1

�FLT,i (1)

J �̇ω = −�ω × J�ω + �MA +
k∑

i = 1

�MLT,i (2)

where m is the missile mass, �v = [u v w]
T

is the linear
velocity vector of the missile in the body coordinate system,
�ω = [p q r]

T
is the angular velocity vector of the missile,

�g is the gravitational acceleration, J is the inertia matrix, k
is the number of front lateral thrusters injected, �FA and �MA

are the aerodynamic force and moment, respectively, and
�MLT is the moment produced by the front lateral thrusters.

B. Modeling of Front Lateral Thrusters

The front lateral thrusters are shown in Fig. 2. We
assumed that the lateral thrusters are in front of the missile’s
center of gravity. Because the space for placing the thrusters
can typically be found in front of the center of gravity near
the warhead or the guidance and control part. In this case,
the missile becomes a minimum phase system. A total of
100 front lateral thrusters are indexed clockwise from the
z-axis of the body coordinate system and arranged radially.
There are ten rows and ten front lateral thrusters per row.
�FLT,i is the force produced by the ith front lateral thruster,
li is the axial length from the center of gravity to the ith
front lateral thruster, CGinit is the initial center of gravity,
CGburnout is the center of gravity after burning the propellant
of the main thruster, and θr is the clockwise rotation angle
from the z-axis of the body coordinate of the ith front lateral
thruster and is described as follows:

�MLT,i = −‖�FLT,i‖li

⎡
⎣

0
cosθr

sinθr

⎤
⎦ . (3)

Each front lateral thruster produces a different moment
magnitude depending on its moment arm. It is assumed that
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Fig. 2. Configuration of front lateral thrusters.

Fig. 3. Schematic diagram of the proposed high-altitude terminal control scheme.

the propellant mass of each front lateral thruster is small,
so the change of the center of gravity by the consumption
of the front lateral thruster’s propellant is neglected. The
effect of the difference between each �FLT on translational
motions for a short discrete time is smaller than that of
a continuous terminal booster. Note that the front lateral
thrusters are arranged radially, so the rolling moment cannot
be produced. Furthermore, because the rolling moment
caused by aerodynamics is very small at an altitude of
theater and tactical missile defense, it is assumed that the
missile maintains a constant roll rate, and the performance
of the proposed scheme is analyzed according to the initial
missile’ roll rate [18], [19].

III. PROPOSED HIGH-ALTITUDE TERMINAL CON-
TROL SCHEME

In the proposed scheme, a missile intercepts a target
using 3-D TPN. The rest of the thrust that tracks the
guidance command head toward the line of sight. With
aerodynamic control, the missile is likely to fail to intercept
the target at high altitudes. Thus, we use a terminal booster
and front lateral thrusters instead. To track the TPN acceler-
ation command, the proposed scheme controls the missile
attitude to change the direction of the terminal booster with
a fixed thrust magnitude utilizing the front lateral thrusters.
Fig. 3 shows the structure of the proposed scheme, which
is a proportional–derivative (PD) type of attitude controller

Fig. 4. Definition of the thrust vector command.

loop. Due to little aerodynamic effect at a high altitude,
controlling the missile’s attitude is a simple second-order
problem. Therefore, a PD controller with fixed gain values is
enough to control the missile’s attitude. First, a thrust vector
command (�Tc) is calculated in the reference coordinate
system to track the TPN acceleration command. Next, the
pitching and yawing moment commands (Mc and Nc) are
calculated to track �Tc by using the error quaternion between
the thrust vector command and the longitudinal-axis unit
vector of the missile. Finally, the calculated commands and
front lateral thruster firing logic are used to select the front
lateral thrusters (i) to fire.

A. TPN-Based Thrust Vector Command

In the proposed scheme, the target is intercepted by
tracking the thrust vector command converted from the
TPN acceleration command. Fig. 4 defines the thrust vector
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Fig. 5. Saturation of the thrust vector command.

command. The conversion of the thrust vector command is
divided into two steps. First, the TPN acceleration command
in the reference coordinate system is calculated by using the
position and velocity of the missile and target. The 3-D TPN
acceleration command is given by

�utpn = NVc�̇σ T M (4)

where N is the navigation constant and Vc is the closing
velocity. �̇σ T M is the line of sight rate and is represented as
follows:

�̇σ T M =
�RT M × �VT M

||�RT M ||2 (5)

where �VT M is the relative velocity vector between the missile
and target. �RT M and �VT M are given as follows:

�RT M = �PT − �PM (6)

�VT M = �VT − �VM (7)

where �PT and �PM are the position vectors of the missile
and target, respectively. Next, the calculated acceleration
command and the relative range vector between the missile
and target are used to obtain the thrust vector command

�Tc = m�utpn + T cosθt

�RT M

‖�RT M‖ (8)

θt is the included angle of the triangle comprising the
acceleration command and thrust vector command and is
given by

θt = sin−1 ‖m�utpn‖
T

. (9)

If the magnitude of the force required to track the
acceleration command is greater than the magnitude of
the thrust of the terminal booster, then the acceleration
command cannot be tracked, as shown in Fig. 5. Therefore,
the saturation condition of the acceleration command can
be formulated as follows:

if ‖m�utpn‖ ≥ T, �utpn = T�utpn

‖m�utpn‖ . (10)

B. Quaternion-Based Vector-Oriented Control

In the proposed scheme, guidance commands are
tracked by controlling the missile attitude. We utilize a
quaternion-based vector-oriented control for the missile

Fig. 6. Definition of the error quaternion.

Fig. 7. Quaternion-based vector-oriented control.

attitude that calculates an error quaternion by using the
relationship between two vectors, not two quaternions.

The error quaternion between the thrust vector com-
mand and the longitudinal-axis unit vector of the missile
(x̂b) can be decreased by using this technique. Fig. 6 defines
the error quaternion. �λ and μe are the Euler axis and rota-
tion angle of the error quaternion, respectively. The angle
components α, β, and γ of �λ signify the direction cosine
angles and define the direction of �λ. î, ĵ, and k̂ represent
the unit vectors in the reference coordinate system. To
decrease the error quaternion, the inner loop of the proposed
scheme calculates the moment command that is required
to direct the longitudinal-axis unit vector of the missile
to the thrust vector command, as shown in Fig. 7. With
this method, there is no need to convert the thrust vector
command into an attitude command, so a singularity does
not occur. Moreover, there is no need to require feedback on
the missile attitude if the thrust vector command is known in
the body coordinate system. The calculation of the moment
commands is divided into two steps. First, �λ and μe are
obtained from the definitions of the dot product and cross
product as follows:

μe = cos−1
�Tc,b · x̂b

‖�Tc,b‖‖x̂b‖
(11)

�λ = cosαî + cosβ ĵ + cosγ k̂

= q1t√
q2

1t + q2
2t + q2

3t

î

+ q2t√
q2

1t + q2
2t + q2

3t

ĵ + q3t√
q2

1t + q2
2t + q2

3t

k̂ (12)
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�qt = [
q1t q2t q3t

]T =
�Tc,b × x̂b

‖�Tc,b‖‖x̂b‖
(13)

where �Tc,b is the thrust vector command in the body coordi-
nate system. Next, the moment command is calculated by
using μe, β, γ and q, r

Mc = − Kpsin
μe

2
cosβ − Kdq

Nc = − Kpsin
μe

2
cosγ − Kdr (14)

where Kp and Kd are the proportional gain and differential
gain, respectively. Due to the one-off injection of the front
lateral thrusters, a parameter study is performed via simu-
lation instead of the root locus analysis to select Kp and Kd

by examining time-domain specifications, such as rise time
and settling time.

C. Front Lateral Thruster Firing Logic

The front lateral thruster considered in this study can
produce a relatively large force in a short period.

However, it cannot produce continuous moments due
to the discrete front lateral thruster arrangement and fixed
injection time.

A front lateral thruster firing logic using a greedy al-
gorithm is proposed to select a front lateral thruster com-
bination that can produce moments as close as possible
to the calculated command. The greedy algorithm is used
to solve the optimization problem. At each step, it makes
the best choice, although it is not a global solution to
the corresponding optimization problem. Furthermore, it is
known to be simple, intuitive, easy to implement, and faster
than other algorithms, such as dynamic programming and
complete enumeration [20]. Table I summarizes the greedy
algorithm of the proposed firing logic for selecting which
front lateral thrusters to be fired.

In Table I, Nmax is the maximum number of front lateral
thrusters to be fired at once, iu is the front lateral thrusters
currently available, i is the front lateral thruster index to be
fired, Ni is the total number of front lateral thrusters to be
fired, and Np is the total number of front lateral thrusters.
The process for selecting front lateral thrusters is given as
follows.

1) Select the front lateral thrusters that can produce
the moment as close as possible to the moment
command.

2) A new moment command is calculated by subtract-
ing the moment produced by the selected front lateral
thrusters from the current moment command.

3) Save the selected front lateral thrusters.
4) Determine the algorithm termination condition by

using the moment command before subtraction, the
new moment command, and Nmax.

5) Repeat #1–#4, and if the termination condition is sat-
isfied, return the finally selected front lateral thruster
combination (i), the number of front lateral thrusters

TABLE I
Pseudocode of the Front Lateral Thruster Firing Logic Using a

Greedy Algorithm

to fire (Nmax), and the unfired front lateral thrusters
(iu).

To reduce the consumption of front lateral thrusters, a
dead zone is set where the front lateral thrusters are fired if
the rotation angle of the error quaternion is greater than the
threshold value (μe,thres)

‖μe‖ ≥ μe,thres → Thrusters ON (15)

‖μe‖ < μe,thres → Thrusters OFF. (16)
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TABLE II
Initial Missile Conditions

Fig. 8. NCADE missile configuration [22].

IV. NUMERICAL SIMULATIONS

Engagement simulations against nonmaneuvering re-
entry vehicles were conducted, and the capture region was
investigated to analyze the performance of the proposed
scheme. Table II presents the common initial conditions for
the simulation. mp is the total propellant mass of the missile,
and ṁp is the change in the total propellant mass. Ixx, Iyy,
and Izz are the moments of inertia of the missile with respect
to the x, y, and z axes, respectively, of the body coordinate
system, and İxx, İyy, and İzz are the corresponding changes
in the moments of inertia. 	t is the simulation step time, tb
is the duration of the impulses, and σθ and σψ are the initial
pitch and yaw line-of-sight angles.

Fig. 8 shows the configuration of the network-centric
airborne defense element (NCADE) missile.

We adopted the properties of the second stage of the
NCADE missile for the simulation [21], [22]. The main
specifications of an NCADE missile are as follows: m
= 74 kg, Ixx = 0.3 kg·m2, Iyy = 24.8 kg·m2, and Izz =
24.8 kg·m2. The moments of inertia were calculated by
assuming that the missile shape is a cylinder. In addition,

Fig. 9. Engagement geometry for a single-run simulation (Case 1).

mp = 45 kg, ṁp = 2.4 kg/s, and the specific impulse was Isp

= 250 s. The aerodynamic coefficients of the NCADE are
calculated using the missile DATCOM program [23], and
it is assumed that the missile is stabilized after midcourse
guidance. The guidance command is calculated every 0.1 s.
The mass, the moment of inertia, and the length from the
missile’s nose to the center of gravity are set to decrease
linearly in terms of the amount of the terminal booster’s
propellant. Note that the front lateral thrusters are generally
solid-fuel motors, and the thrust is usually prone to devi-
ation. Therefore, in every simulation, thrust deviations are
applied by adding a random number within 1% of the front
lateral thruster’s thrust magnitude using continuous uniform
distribution to each front lateral thruster’s thrust magnitude.
Finally, three degrees-of-freedom equations of motion were
used for the ballistic target.

A. Case 1

In Case 1, the single-run simulation results were com-
pared and analyzed according to the initial pitch attitude
of the missile (θinit). In addition to the initial conditions, as
given in Table II, the following initial pitch attitudes were
considered: 17.5°, 20°, 22.5°, 25°, and 27.5°. Fig. 9 shows
the engagement geometry. Note that �VM and �FMT are aligned
with xb. Fig. 10 shows the trajectories of the missile and
target, and the missile heads toward the target in all cases.
At initial pitch attitudes of 17.5°, 20°, 22.5°, 25°, and 27.5°,
the final miss distances were 0.0481 m, 0.0482 m, 0.0595 m,
0.0414 m, and 0.0269 m, respectively, which satisfy the
hit-to-kill condition.

Fig. 11 shows the magnitude of the missile velocity.
The flight speed of the missile was increased by the terminal
booster. The flight speed was faster at an initial pitch attitude
of 27.5° than at 17.5°, 20°, 22.5°, and 25° for the same
initial relative range between the missile and target. Fig. 12
shows the quaternion of the missile. An initial pitch attitude
of 27.5° resulted in the smallest change in the missile
attitude and the shortest flight time. Fig. 13 shows the error
quaternion of the missile. And Fig. 14 shows the angular
velocity of the missile. The changes in the angular velocity
were discontinuous because of the discrete actions of the
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Fig. 10. Trajectories of the missile and target (Case 1).

Fig. 11. Magnitude of the missile velocity (Case 1).

front lateral thrusters. The changes in angular velocity were
smaller at an initial pitch attitude of 27.5° than at 17.5°,
20°, 22.5°, and 25°. Fig. 15 shows the injected front lateral
thruster index and the change in the error quaternion. The
front lateral thrusters were not used redundantly. Initial pitch
attitudes of 17.5°, 20°, 22.5°, 25°, and 27.5° resulted in
the use of 62, 39, 46, 37, and 30 front lateral thrusters,
respectively. Fig. 16 shows the thrust produced by each
fired front lateral thruster when θinit = 25°, and each front
lateral thruster produces a different magnitude of the thrust
by the simulation’s assumption. Figs. 17 and 18 show the
aerodynamic force and moment, and Fig. 19 shows the
pitching moment, yawing moment, and the magnitude of
the moment produced by the front lateral thrusters when
θinit = 25°. In Fig. 17, the aerodynamic forces produced
from the fuselage and fin of the missile are dominated in
the x–z plane of the reference coordinate system by the
engagement condition. On the other hand, Figs. 18 and 19

Fig. 12. Quaternion of the missile (Case 1).

Fig. 13. Error quaternion of the missile (Case 1).

show that the aerodynamic moment is small compared with
the moment produced by the front lateral thrusters. Fig. 19
shows that moment command is within the levels that can
be produced using multiple thrusters. Fig. 20 shows the
computing time required to select a front lateral thruster
combination when θinit = 25°, and the mean computing
time is 0.409 ms. Figs. 13 and 15 show that qe0 converged
to 1 because the rotation angle of the error quaternion (μe)
converged to zero in about 1 s. However, the rotation angle
of the error quaternion was occasionally outside the dead
zone, which is why the front lateral thrusters were fired
even after convergence. The number of front lateral thruster
injections increased with an increasing difference between
the initial line of sight and the missile attitude. This means
that more maneuvers and a greater change in the missile
attitude were required, which increased the rotation angle
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Fig. 14. Angular velocity of the missile (Case 1).

Fig. 15. Injected front lateral thruster index (Case 1, θinit = 25°).

of the error quaternion. Therefore, the rotation angle was
often outside the dead zone when a front lateral thruster
was injected, which increased the number of injections. In
addition, the large change in the missile attitude resulted in
a smaller increase in the missile speed and a longer flight
time.

B. Case 2

In Case 2, the capture regions were compared and
analyzed according to the initial pitch/yaw attitudes of
the missile (θinit/ψinit), the initial relative range between
the missile and target, the missile’s roll rate, and Nmax.
The uncertainty of aerodynamic coefficients and the thrust
magnitude of the thruster are only considered. We use the
miss distance of 0.5 m for calculating the capture region.
Figs. 21–23 show the capture region, and Fig. 24 shows the

Fig. 16. Thrust produced by each fired front lateral thruster (Case 1,
θinit = 25°).

Fig. 17. Aerodynamic force (Case 1, θinit = 25°).

Fig. 18. Aerodynamic moment (Case 1, θinit = 25°).
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Fig. 19. Moment produced by front lateral thrusters (Case 1, θinit =
25°).

Fig. 20. Computing time required to select front lateral thruster
combination (Case 1, θinit = 25°).

number of front lateral thrusters injected according to the
ψinit in the direction of the arrow in Fig. 21 when θinit =
30°.

1) Case 2-1: In addition to the initial conditions, as
given in Table II, the following initial relative ranges be-
tween the missile and target were considered for computing
the capture region of the missile: 15 km, 20 km, and 25 km.
At initial relative ranges of 15 km, 20 km, and 25 km,
successful interceptions had 48.03, 47.98, and 52.09 front
lateral thruster injections, respectively, on average. Fig. 21
shows that the capture region was the largest with the longest
initial relative range because the missile had enough time for
interception. Fig. 24 shows that the number of front lateral
thruster injections increased as the difference between the
initial line of sight and initial pitch/yaw attitudes of the
missile increased for the same reason as in Case 1.

Fig. 21. Capture region (Case 2-1).

Fig. 22. Capture region (Case 2-2).

2) Case 2-2: In addition to the initial conditions, as
given in Table II, the following initial missile roll rates were
considered to compute the capture region of the missile:
10°/s, 20°/s, 40°/s, 60°/s, and 120°/s. At the initial missile
roll rate of 10°/s, 20°/s, 40°/s, 60°/s, and 120°/s, successful
interceptions had 49.31, 48.72, 47.76, 47.98, and 48.64 front
lateral thruster injections, respectively, on average. Fig. 22
shows that the capture region according to the missile roll
rate was almost similar to each other and that the algorithm
works well even when the missile’s roll rate is slow.

3) Case 2-3: In addition to the initial conditions, as
given in Table II, Nmax were considered to compute the
capture region of the missile: 2, 4, and 6. At Nmax of 2, 4, and
6, successful interceptions had 47.98, 47.65, and 45.13 front
lateral thruster injections, respectively, on average. Fig. 23
shows that the capture region according to Nmax was almost
similar to each other.
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Fig. 23. Capture region (Case 2-3).

Fig. 24. Number of front lateral thruster injections (Case 2-1,
θinit = 30°).

V. DISCUSSION AND CONCLUSION

We proposed a high-altitude terminal control scheme
for anti-air missiles equipped with a terminal booster and
front lateral thrusters. The terminal booster does not include
an actuator drive mechanism, and the front lateral thrusters
are one-off and the impulse type. Engagement simulations
were conducted to analyze the effects of the initial attitude,
initial relative range, roll rate, and the maximum number of
front lateral thrusters to fire at once on the interception per-
formance. The simulation results showed that the terminal
booster and front lateral thrusters could provide terminal
guidance at high altitudes where aerodynamic control is
difficult. In addition, the guidance could be achieved even
with the fixed magnitude of the terminal booster with the
help of the front lateral thrusters.

The contributions of this study can be summarized
as follows. First, the proposed scheme seeks front lat-
eral thrusters by considering pitching and yawing moment
commands instead of position errors, as considered in the
previous studies [8], [9]. Thus, it can track commonly used
guidance commands, such as proportional or optimal guid-
ance. Moreover, using multiple front lateral thrusters allows
not only the direction of the moment command but also the
magnitude of the moment command to be tracked. With the
quaternion-based vector-oriented control technique, there
is no need for feedback on the missile attitude if the guid-
ance command is provided in the body coordinate system.
Singularities are a well-known problem with Euler angles,
but the proposed scheme eliminates this issue. Furthermore,
instead of the firing command time being calculated based
on the current time, the proposed scheme can immediately
determine the front lateral thrusters that need to be fired. Fi-
nally, the proposed scheme can obtain the maneuverability
of the missile when using a terminal booster with a fixed
magnitude based on the solid rocket motor thrust. Future
work will involve extending the proposed scheme to obtain
the optimal solution and conducting a parametric study.
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