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ABSTRACT In order to ensure the normal operation of the guidance system and achieve precise reentry
strike, it is necessary to complete the reentry guidance in a very short range of several hundred kilometers.
Furthermore, the process constraints, including the field of view and overload, and the terminal constraints,
such as the impact velocity and impact angle, need to be met. To solve these problems, a guidance strategy
for short-range gliding with maneuvering deceleration capability is proposed. First, the flight-path angle
command is generated in real time using a reference trajectory in the longitudinal plane of the gliding
flight phase to ensure the timely convergence of the trajectory and meet the handover conditions. Second,
in the terminal attack phase, a weight coefficient of the angle control command is introduced and adjusted
according to the vertical field-of-view deviation to force down the trajectory and maintain the field-of-view
constraint. Finally, the deceleration angle of attack and the additional angle of attack are selected as the
control variables, and the deceleration requirements of the gliding flight phase and the terminal attack phase
are met using the predictor–corrector method. The numerical simulations verify that the proposed guidance
strategy exhibit good guidance performance and robustness.

INDEX TERMS Hypersonic gliding reentry vehicle, short-range reentry guidance, impact angle constraint,
impact velocity constraint.

I. INTRODUCTION
Hypersonic gliding reentry vehicle (HGRV) has a very high
speed and adopts an irregular gliding trajectory. It has a strong
maneuverability and its trajectory is difficult to predict. As a
result, it has become the latest choice in the breakthrough
of the air defense and antimissile system. For the reentry
guidance system to work properly, the impact velocity of the
vehicle should not be too high. Excessive velocity not only
increases the overload of the vehicle that adversely affects
the accurate impact on the target, but also causes the vehicle
to be surrounded by a plasma that is generated by the severe
aerodynamic heating. As a consequence, the signal cannot be
transmitted and refractive distortion can occur in the infrared
barrier and the radome. It may even lead to serious con-
sequences such as the destruction of the seeker structure,
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making it unable to work properly. Therefore, the realization
of velocity control of the vehicle during the reentry phase
using an appropriate maneuvering method that ensures the
normal operation of the vehicle detection system and reduces
the required overload, is the core to achieve an accurate
reentry strike.

At present, the main methods of reentry guidance include
nominal trajectory guidance [1]–[3] and predictor corrector
guidance [4]–[6]. Although the nominal trajectory guidance
has been applied in engineering practice, the accuracy of this
method is greatly affected by the initial reentry error and
environment disturbances, which makes it difficult to meet
the requirements of a precision strike. Predictor corrector is
further divided into analytical method [7], [8] and numeri-
cal method [9]–[13]. Analytical method is small in compu-
tational complexity and thus is convenient for engineering
application. However, this method has large prediction model
error, low guidance precision, weak constraint processing
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ability and poor robustness. On the contrary, the numerical
method does not have these problems, and is also insensitive
to the initial values. But it also faces following challenges:
(1) Converting the terminal altitude and velocity constraints
into the terminal energy constraint can only accurately con-
strain the terminal energy, but is unable to strictly constrain
the terminal altitude and velocity; (2) The pre-given angle of
attack scheme based on velocity function is used to control
the flight path only by the bank angle, which often leads to
low control efficiency;(3) The trajectory prediction is greatly
affected by the model error. Especially when the vehicle is
close to the target and the dynamic pressure of the vehicle
is very large, there is a possibility of the vehicle to lose the
ability to correct the error and various random disturbances.
In addition, the above reentry guidance schemes are mainly
applied to the medium-long range reentry guidance of thou-
sands of kilometers or more, and the feasibility of short-range
reentry guidance problem within 500 km needs a further
study.

In the terminal attack phase, the flight time is very short and
the guidance pressure is very high, which is directly related to
the success or failure of the mission. Meanwhile, the terminal
guidance law need to consider the constraints of impact angle
and impact velocity [14], [15]. At present, the deceleration
guidance scheme in the terminal attack phase mainly includes
the ideal velocity curve method [16] and the numerical pre-
dictor corrector method [17]–[20]. Their core ideas are to
increase the induced drag to achieve energy consumption of
the vehicle. The ideal velocity curve deceleration algorithm
belongs to an analytical form of the predictor corrector algo-
rithm, which is simple and has been tested in the engineering
practice. The numerical predictor corrector method has a
high control precision for the impact velocity and the impact
angle, as well as exhibits a good robustness. However, there
are also many problems with the above schemes, such as:
(1) The prediction model of the ideal velocity curve deceler-
ation guidance scheme has a large error, resulting in the low
accuracy of controlling the impact velocity, and poor robust-
ness; (2) The above deceleration guidance schemes do not
consider the transition between the gliding flight phase and
the terminal attack phase. Furthermore, they do not consider
the guidance under the process constraint conditions such
as the overload, field of view, as well as the coordination
between the angle control command and the deceleration
control command. For the impact angle constrained prob-
lem, there are two main ways to solve it: (1) The impact
angle control can be achieve by adjusting the navigation
coefficient [21], [22]; (2) On the basis of PN guidance law,
the impact angle control can be achieved by designing an
additional term [23], [24]. However, under the conditions
of hypersonic flight and complex process constraints, and
considering the effect of maneuvering deceleration, these
methods are difficult to coordinate different guidance com-
mands and achieve impact angle control in a limited time.

To solve the above problems, a hypersonic short-range
reentry guidance strategy with a maneuvering deceleration

FIGURE 1. Engagement geometry and parameter definitions.

capability is proposed. In the reentry gliding phase, a ref-
erence trajectory in the velocity-altitude space is designed,
and the flight-path angle command is generated in real time
according to it to complete the longitudinal guidance. In the
lateral plane, the predictor corrector guidance is achieved
with the deceleration angle of attack as the correction control
variable, to obtain the lateral guidance command. The mag-
nitude of the deceleration angle of attack is estimated based
on the range and the velocity variation, in order to limit the
search interval and speed up the search. In the terminal attack
phase, a generalized biased PN algorithm is formulated and
combinedwith the predictor correctormethod to complete the
entire terminal guidance by following means: (1) The guid-
ance algorithm is improved to increase the guidance perfor-
mance against the moving target by compensating the target
motion information; (2) The weight coefficient is adjusted by
the vertical field of view deviation to force down the trajec-
tory and give a stable field of view tracking; (3) Predictor
corrector guidance is performed with the designed additional
angle of attack profile as the corrected control variable, and
the precise control of the impact velocity is completed while
ensuring the convergence of the trajectory; (4) The reference
trajectory planned in the velocity-altitude space is used to
estimate the initial value of the additional angle of attack in
order to limit the search interval and speed up the search.

The rest paper is organized as follows. In Section II, the
problem statement is described. In Section III, the short-
range reentry gliding guidance algorithm is formulated.
In Section IV, the terminal guidance scheme is presented.
In Section V, the simulation results are given to illustrate
the characteristics of the proposed guidance schemes. Finally,
Section VI concludes the paper with a discussion on possible
generalizations of this approach.

II. PROBLEM STATEMENT
In this paper, the Pershing II HGRV [16] is used as the
research object. It can be assumed that the earth is a non-
rotating homogeneous sphere. As shown in Fig.1, consider
a 3-D engagement geometry. The target is at the origin
of the coordinate system. The line of sight (LOS) is described
by the azimuth angle λT and the elevation angle λD.
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The angels θ and ψ represent the flight-path angle and the
heading angle, respectively. For a detailed description of
engagement geometry, the reader is referred to [25]. Accord-
ing to the engagement geometry, the 3-D equations of motion
of HGRV are given by

ẋM = VM cos θ sinψ (1)

ḣ = VM sin θ (2)

żM = −VM cos θ sinψ (3)

V̇M = −
D
m
− g sin θ (4)

θ̇ =
L

mVM
cos σ −

Z
mVM

sin σ +
1
VM

(
V 2
M

R
− g

)
cos θ

(5)

ψ̇ = −
L

mVM cos θ
sin σ −

Z
mVM cos θ

cos σ (6)

R = h+ R0 (7)

where R is the radial distance from the Earth center to the
vehicle, R0 is the equatorial radius of the Earth, and L, D and
Z are the aerodynamic lift, drag and slide forces, respectively.

In addition, γ̇T and γ̇D are projections of the angular veloc-
ity of the velocity vector of HGRV on the longitudinal and
lateral planes in LOS coordinate system. If γ̇T and γ̇D are
known, θ̇ and ψ̇ can be derivedwith the help of the knowledge
in [25] as

θ̇ = −
γ̇D

cos (λT − ψ)
(8)

ψ̇ =
1

cos λD
[γ̇T − γ̇D tan (λT − ψ) sin λD] (9)

When the vehicle hits the target, the terminal constraints
should be respectively expressed as

−90◦ ≤ θ (tf) ≤ −70◦ (10)

550m/s ≤ VM (tf) ≤ 650m/s (11)

r (tf) ≤ 6m (12)

where r is the relative distance between the vehicle and the
target.

Similar to the long-range gliding flight, the trajectory of the
short-range can be divided into three phases: initial descent
phase, gliding flight phase and terminal attack phase. The
initial descent phase is to pull the vehicle up in time to prevent
the vehicle from flying too low or hitting the ground. The
gliding flight phase mainly reduces the velocity of the vehicle
by a large margin under process constraints such as overload
and heading field of view, and satisfies the handover point
constraints such as the range-to-go, altitude and velocity.
In this paper, the initial descent phase and the gliding flight
phase are classified as the reentry gliding phase. The terminal
attack phase is mainly to make the vehicle complete forcing
down the trajectory under the process constraints, and satis-
fies the constraints of miss distance, impact angle and impact
velocity. In Fig. 2, the flow chart of the guidance strategy
proposed in this paper is given, and the detailed scheme is

FIGURE 2. Block diagram of the short-range reentry guidance algorithm.

given later. The handover point used in this paper indicates
the point at the interface of the terminal attack phase.

In the reentry gliding phase, the nominal trajectory guid-
ance method and the predictor corrector guidance method are
combined to solve the short-range reentry gliding guidance
problem. In the longitudinal plane, a reference trajectory is
planned in the velocity-altitude space to generate the flight-
path angle command and achieve the constraints of altitude
and range-to-go at the handover point. In the lateral plane,
a deceleration angle of attack is introduced and used as the
control variable to complete the predictor corrector guidance,
which can achieve the velocity constraint at the handover
point. In the terminal attack phase, a biased PN guidance law
is formulated to satisfy the miss distance and impact angle
constraints. The weight coefficient of the bias term can be
adjusted adaptively to coordinate the PN command and the
impact angle control command, in order to complete forcing
down the trajectory and satisfy the field-of-view constraint.
Meanwhile, the additional angle of attack is used as the con-
trol variable to complete the predictor corrector guidance and
achieve the impact velocity constraint. To ensure the timely
convergence of terminal guidance commands, the decelera-
tion angle of attack profile is also designed.

III. DESIGN OF THE SHORT-RANGE REENTRY GLIDING
GUIDANCE SCHEME
The traditional nominal trajectory guidance method and the
predictor corrector guidance method have their own individ-
ual advantages and disadvantages. Due to the diversity of the
requirements of the new reentry mission, a single method is
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difficult to meet the design requirements. Thus, it is necessary
to combine the two methods to give full play of their respec-
tive advantages. For the short-range reentry gliding phase,
a hybrid guidance scheme is proposed. Firstly, the reference
trajectory is planned in the velocity-altitude space, and the
flight-path angle command is generated in real time to ensure
the timely convergence of the trajectory and meet the alti-
tude and the range-to-go requirements at the handover point.
Subsequently, the predictor corrector method is performed
with the deceleration angle of attack as the control variable
in the lateral plane, and the search interval of the control
variable is limited to improve the search speed while ensuring
the deceleration accuracy. Finally, the crossrange boundary is
restricted by the heading field of the view constraint, which
provides the judgment condition for the bank reversal.

A. DERIVATION OF THE LONGITUDIAL GUIDANCE
ALGORITHM
In the terminal attack phase, the flight time is very short.
Precise velocity control should be achieved on the premise
of satisfying miss distance and impact angle constraints. The
deceleration capacity is very limited. Therefore, it is neces-
sary tomake the vehicle decelerate substantially in the gliding
flight phase, so that the deceleration pressure can be greatly
reduced in the terminal attack phase. At the handover point,
the trajectory must have the correct conditions to ensure that
successful approach flight is possible. The typical terminal
conditions for reentry gliding phase are on altitude, velocity,
and range-to-go, which are denoted as VMF, hMF and sMF,
respectively.

In dimensionless form, length is normalized by the equa-
torial radius of the Earth R0 = 6, 378, 135 m, and time
is normalized by

√
R0
/
g0 (where g0 = 9.81 m/s2); thus,

velocity is normalized by
√
R0
/
g0. The terms L and D are

the aerodynamic lift and drag acceleration in the unit of g0,
respectively. Then Eqs. (2) and (4) can be rewritten as

h̄′ = V̄M sin θ (13)

V̄
′

M = −D̄−
sin θ(
1+ h̄

)2 (14)

As shown in Fig. 3, in the velocity-altitude space, a ref-
erence trajectory is designed by connecting the current point
with the handover point. According to the scheme, in the entry
phase, the vehicle is expected to be able to align from the
current position to the end position of the glide phase. Then
the flight-path angle command can be expressed as

θc = − arctan
(

h− hMF

stogo − sMF

)
(15)

where stogo represent the range-to-go, defined to be the range
from the vehicle position to the target point. When h ≤ hMF
or stogo < sMF, the reentry gliding guidance is completed.

With the help of Eq. (15), the change rate of vertical
projection of the velocity vector in the longitudinal plane can

FIGURE 3. Design scheme of the reference trajectory.

be designed using the tracking method as

γ̇BD = −N (θ − θc) (16)

During the reentry gliding phase, the altitude and veloc-
ity can be observed and controlled accurately. Therefore,
the significance of trajectory planning in the velocity-altitude
space is very intuitive. According to Fig. 3, the slope of the
reference trajectory in the velocity-altitude space is given by(

dh̄

dV̄M

)
HG
=

h̄− h̄MF

V̄M − V̄MF
(17)

In the initial descent phase, it hopes that the trajectory of
the vehicle can be pulled up as soon as possible, so that the
reference trajectory can be tracked. Therefore, the stopping
condition of the initial descent phase selected is

δ =

∣∣∣∣( dh̄

dV̄M

)
3DOF
−

(
dh̄

dV̄M

)
HG

∣∣∣∣ ≤ δHG (18)

where δHG is a small preselected positive number, and(
dh̄

dV̄M

)
3DOF

=
V̄M sin θ

−D̄− sin θ
/(

1+ h̄
)2 (19)

which is obtained by dividing Eq. (13) for h̄′ with Eq. (14)
for V̄

′

M. The term in Eq. (19) represents the slope of the
descending trajectory in the velocity-altitude space at any
given (V̄M,h̄). The condition in Eq. (18) indicates a point
at which the actual trajectory has the same slope as that
of the reference trajectory at that velocity. Such a point is
chosen to be the end of the initial descent so as to set up a
smooth transition by the reentry trajectory into the gliding
flight phase.

B. FORMULATION OF THE LATERAL GUIDANCE
ALGORITHM
In the initial descent phase, the lateral guidance law is mainly
used to reduce the initial crossrange. Therefore, the lateral
guidance law in the initial descent phase can be expressed as

γ̇BT = −N1ψ (20)
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where1ψ = ψ−9 and9 is the azimuth angle of the vehicle
from the current point to the direction of the target point.

As the altitude of the vehicle decreases and the dynamic
pressure increases, the vehicle has sufficient ability to change
its flight state. At the end of the initial descent phase, besides
pulling up the actual trajectory as soon as possible, it is
hoped that the actual trajectory can gradually keep up with
the reference trajectory in velocity-altitude space. That is to
say, the slope of the actual trajectory is approximately equal
to that of the reference trajectory:(

dh̄

dV̄M

)
3DOF

=
V̄M sin θc

−D̄− sin θc
/(

1+ h̄
)2 =

(
dh̄

dV̄M

)
HG

(21)

The angle of attack α enters in L and D through the
dependence on α by the lift and drag coefficients CL and CD.
Through the previous equation, the magnitude of the angle of
attack needed to track the reference trajectory can be obtained
as

α =

√√√√(− 2µ2m

ρ0e−βhV̄ 2
MSrefR0

− CD0

)/
CαD (22)

where

µ2 =

(
V̄M sin θc +

sin θc(
1+ h̄

)2 ( dh̄

dV̄M

)
HG

)/(
dh̄

dV̄M

)
HG

(23)

At the end of the initial descent phase, because of the
large dynamic pressure and the small balance angle of attack,
the angle α obtained by Eq. (22) is mainly used for velocity
control. Therefore, it can be directly used as the deceleration
angle of attack command α̃ for lateral guidance.

In the reentry gliding phase, the magnitude of the lateral
guidance command in this paper can be expressed as

γ̇BT =
ρ0e−βhVMSref

2m
CαL α̃ (24)

According to Eq. (24), to determine the magnitude of the
lateral guidance command, the calculation of deceleration
angle of attack is also the key. Equation(22) can be used
directly as the deceleration angle of attack. Obviously, it is
an analytical predictor corrector method and has the common
problems of the analytical method. In addition, the variation
of the deceleration angle of attack obtained by Eq. (22) is
relatively large. It is not conducive to the stability of the
guidance and control system. Thus the numerical predictor
corrector method is used to calculate the deceleration angle
of attack in the gliding flight phase.

The magnitude of a constant deceleration angle of attack
is iteratively sought to meet the terminal velocity constraint
at the interface of the terminal attack phase. For any such a
deceleration angle of attack, the sign is determined by the
lateral logic to be discussed later. With the magnitude and
sign of the deceleration angle of attack specified, the dynamic

Eqs. (1-6) are numerically integrated form the current condi-
tion to sMF. The predicted VM(sMF) is then compared to VMF,
and the mismatch is used to adjust α̃. A secant method below
is found to be effective toward this purpose:

α̃k+1 = α̃k −
α̃k − α̃k−1

1V k
MF −1V

k−1
MF

1V k
MF (25)

where

1VMF = V (α̃k , sMF)− VMF (26)

Once the correct α̃ is found, the magnitude of the lateral
guidance command |γ̇BT| is specified.

When using secant method to search deceleration angle of
attack α̃, search interval has a great influence on search speed.
If the search interval can be limited to a small range, it will
greatly improve the search speed. It can be shown that the
differential equation for stogo is

ṡtogo = −VM cos θ cos1ψ (27)

With the approximation1ψ ≈ 0, the expression of range-
to-go stogo can be approximately simplified to

ṡtogo = −VM cos θ (28)

Dividing Eq. (4) by Eq. (28) results in

dVM
dstogo

=
0.5CDρ0e−βhVMSref

m cos θ
+

g
VM

tan θ (29)

If the gravity term in Eq. (29) is ignored, it can be readily
shown that

dVM
dstogo

≈
0.5CDρ0e−βhVMSref

m cos θ
(30)

In order to integrate Eq. (30) and obtain the direct relation-
ship between the velocity and the range-to-go, it is necessary
to establish the relationship between the altitude and the
range-to-go. In this paper, we hope that the actual trajectory
of the vehicle can keep up with the reference trajectory, that
is, the expected flight altitude of the vehicle is approximately
linear with the range-to-go, which can be described as

h = k1stogo + k2 (31)

where k1 and k2 are design parameters. If the data (sMF, hMF)

and
(
stitogo, h

ti
)

corresponding to the handover point and
time ti are known, substituting them into Eq. (31) can be
obtained as

k1 =
hti − hMF

stogo,ti − sMF
(32)

k2 = hMF −
hti − hMF

stogo,ti − sMF
sMF (33)

Substituting Eq. (31) into Eq. (30) and integrating it can
get

CD =
βk1m cos θc

ρ0Srefe−βk2
(
e−βk1sMF − e−βk1s

) ln( VM
VMF

)2

(34)
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FIGURE 4. Deviations between the estimated value and the theoretical
value of the deceleration angle of attack.

By solving the above equation, the approximate decelera-
tion angle of attack can be obtained as follows:

α̃ =

√√√√√ 2
ρ0Srefeβk2

βk1m cos θ
e−βk1sMF − e−βk1s

ln
(
VM
VMF

)
− CD0

CαD
(35)

Figure 4 shows the time-varying curves of decelera-
tion angle of attack deviation between the estimated value
obtained by Eq. (35) and the theoretical value under different
initial velocity conditions in the gliding flight phase. It can
be seen that the error is less than 2.5 deg within 50 seconds.
The results indicate that the proposed method gives
accurate estimations of the initial deceleration angle of
attack.

The next task is to determine the sign of the applied lateral
command. According to the definition in [11], the crossrange
parameter Z is given by

Z = arcsin
(
sin
(

stogo
R0 + h

)
sin1ψ

)
(36)

The crossrange boundary can be expressed as follows:

Zmax =

∣∣∣∣arcsin(sin( stogo
R0 + h

)
sin19max

)∣∣∣∣ (37)

Whenever the magnitude of the parameter |Z | along the
trajectory exceeds Zmax, the sign of the lateral guidance
command is reversed, and this sign is maintained until the
condition |Z | < Zmax is again violated. The threshold
value 19max, which is chosen to maintain the heading field
of view.

For the reentry trajectory, the trajectory shape is deter-
mined by the flight range and the number of bank reversals.
For the traditional long-range HGRV (such as the space
shuttle), the number of bank reversals is mainly determined
by the energy level, range and crossrange boundary of the
vehicle, and its lateral trajectory shape is similar to S-shaped
curve (as shown by the trajectory ­ in Fig. 5). For the short-
range HGRV studied in this paper, the corresponding number
of bank reversals is related not only to the energy level and
range, but also to the lateral field of view of the vehicle.

FIGURE 5. Characteristic analysis of the lateral reentry trajectory.

Because of its short reentry flight range and large seeker field
of view, its reentry trajectory is similar to C-shaped curve
(as shown by the trajectory ¬ in Fig. 5).

The acceleration model is mainly determined by the grav-
itational acceleration model and the aerodynamic accel-
eration model. The gravitational acceleration model can
be obtained from the standard earth model. However,
the uncertainty errors of atmospheric density, wind field
and other parameters during reentry have a great influ-
ence on the acceleration of reentry gas. In order to predict
the trajectory accurately, the standard atmospheric density
model needs to be revised according to the actual flight
state.

C. ON-LINE COMPENSATION SCHEME FOR
ENVIRONMENTAL PARAMETERS
When the atmospheric density and drag coefficient exist big
errors, it is difficult to satisfy the required terminal con-
straints. In this case, it is necessary to compensate the envi-
ronmental parameters online.

The flight environment factors affecting aerodynamic force
mainly include aerodynamic parameters and atmospheric
density. However, the effects of aerodynamic parameters and
atmospheric density cannot be determined separately without
the aid of atmospheric data sensors. Therefore, the aerody-
namic parameters and atmospheric density cannot be identi-
fied separately, only the combined effects can be determined.
Based on the aerodynamic coefficient model, two compre-
hensive aerodynamic coefficients KL and KD are introduced,
which can be defined respectively as

KL = ρCD (38)

KD = ρCD (39)

According to the inertial measurement devices of the vehi-
cle, the combined acceleration of the vehicle a can be mea-
sured. Furthermore, the aerodynamic accelerations âL and âD
in the direction of lift and drag can be obtained respectively
as

âD = −a · iV (40)

âL =
√
a · a− â2D (41)

where iV is the unit vector of the velocity vector of the vehicle.
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From Eqs. (38) and (41), we also have

KL =
2âL
V 2
M

m
Sref

(42)

Similarly,

KD =
2âD
V 2
M

m
Sref

(43)

The variables KL and KD can be used to compensate for
the uncertainty errors of aerodynamic parameters and atmo-
spheric density.

If we want to consider more complex conditions, or make
the identification more accurate, the equations of motion can
be used as the state equations for identification problem.
According to the missile motion information obtained by
inertial devices on the vehicle, the observation equations
can be established. Then the EKF (Extended Kalman Filter)
method or the RLS (Recursive Least-square) method can be
used to identify the aerodynamic coefficients. For a detailed
description of the specific method, the reader is referred
to [26].

IV. DERIVATION OF THE TERMINAL GUIDANCE SCHEME
The terminal guidance scheme with impact angle and impact
velocity constraints is proposed, as shown in Fig. 2. Firstly,
a relative biased PN guidance algorithm with the target
maneuver information compensation is derived to improve
the guidance performance. Subsequently, a weight coefficient
is introduced in the front of the angle control term, which is
adjusted to force down the trajectory in time and maintain
the vertical field of view constraint. Finally, by designing
the additional angle of attack profile and using the numerical
predictor corrector method, the trajectory can be converged
in time and the velocity control accuracy can be ensured.
The search speed in trajectory prediction is accelerated by
restricting the additional angle of attack search interval.

A. FORMULATION OF THE IMPACT ANGLE CONSTRAINED
GUIDANCE ALGORITHM
Although a number of guidance methods [27]–[31] can guide
the vehicle to the target from a specific direction. However,
these guidance schemes seldom consider hypersonic attack
on ground targets, especially for moving targets. In addi-
tion, how to coordinate the angle control command and the
PN guidance command under process constraints such as
field of view to force down the trajectory smoothly is rarely
considered. Figure 6 shows the relative motion between the
vehicle and the target in the longitudinal plane of the terminal
attack phase, whereVR and γR denote the relative velocity and
the relative flight-path angle, respectively. It should be noted
that the research object in this paper is to hit the ship at sea,
which can be approximately regarded as a horizontal moving
target.

In the longitudinal plane, the engagement kinemat-
ics can be approximately represented by the following

FIGURE 6. Engagement geometry in the longitudinal plane.

differential equations:

ṙ = VTa cos λD − VM cos (γD + λD) (44)

r λ̇D = VM sin (γD + λD)− VT sin λD (45)

The relative leading angle is defined as ηR = γR + λD for
convenience. Then Eqs.(44) and (45) can be reduced to

ṙ = −VR cos ηR (46)

r λ̇D = VR sin ηR (47)

Using Eqs.(44)-(47), the relative flight-path angle γR can
be readily found to be

γR = tan−1
(

sin γD
cos γD − β

)
(48)

where β = VT
/
VM is the target to missile ratio.

Although the velocity ratio is used, it is only used as a com-
pensation coefficient because of its small influence. In addi-
tion, because the terminal velocity is specified, the actual
velocity ratio is the projection of the velocity vector of HGRV
to that of the target in the longitudinal plane, which is given
by

β =
VT cos (ψT −9)
|VMF cos (ψ −9)|

(49)

where ψT is the heading angle of the target.
The derivative of Eq. (48) is easily obtained as

γ̇D = κ · γ̇R (50)

where

κ =
1− 2β cos γD + β2

1− β cos γD
(51)

Due to β � 1, 1− β cos γD > 0 is always satisfied in the
guidance process. In addition, we also have

1− 2β cos γD + β2 ≥ (1− β)2 (52)

Obviously, the numerator of Eq. (52) is a positive quantity
for β > 1. Therefore, based on the preceding analysis,
we know that κ will not occur singularity and satisfy the
condition κ > 0 during the whole terminal attack phase.
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The impact angle constrained guidance law mainly con-
sists of two items: PN command, which is mainly used to
reduce miss distance, and bias term, which is mainly used
to control the impact angle. Considering the possibility of
striking a moving target, the idea of the relative PN in [32]
is introduced, which is described as

γ̇R = −N λ̇D + b (53)

where N is the navigation constant and b is the bias term.
After integrating Eq. (53) from t to tf, we

γRF − γR = −N (λDF − λD)+
∫ tf

t
bdτ (54)

Assuming that b is constant throughout the guidance pro-
cess, the approximate expression of b is obtained as

b =
(1− N ) γRF − γR − NλD

tgo
(55)

With Eqs.(50), (53) and (55), the specific form of the
relative biased PN guidance can be obtained as

γ̇D = γ̇D,PN + γ̇D,B (56)

where

γ̇D,PN = −κN λ̇D (57)

γ̇D,B = κ
(1− N ) γRF − γR − NλD

tgo
(58)

From gliding flight to terminal attack, λ̇D > 0 is always
satisfied in the middle and early stages of the terminal attack
phase. Through the analysis of Eq. (57), it can be seen that
N > 1 and κ > 0 is always satisfied during the terminal
attack phase. From Eq. (58), it can be seen that γ̇D,PN < 0
is always satisfied, that is, the PN command always forces
down the trajectory of the vehicle. In addition, because of the
need to strike the target vertically, we know γRF ≈ −π/2.
In the early stage of the terminal attack phase, because the
flight-path angle is relatively small, we know γ̇D,B > 0. That
is to say, the trajectory may be pulled up after the impact
angle control command is added. If the relationship between
the PN term and the biased term is not well coordinated,
the following four results may occur:

1) If the impact angle control command is too large, which
will make it difficult for the vehicle to force down the trajec-
tory under various constraints, and then lead to the failure of
the guidance mission.

2) If the pull-up amplitude of the trajectory is too large, the
target will be out of the field of view for a long time, as shown
by the solid line in Fig. 7.

3) If the angle control command is too small in the early
stage, the vehicle will not have enough magnitude of the
impact angle in the middle and early stage, which will affect
the accuracy of impact angle control, as shown by the broken
line in Fig. 7.

Based on the preceding analysis, the PN guidance com-
mand and the impact angle control command should be
coordinated reasonably in the whole terminal attack phase,

FIGURE 7. Effect of the angle control command on the trajectory.

so that the desired terminal velocity, impact angle and miss
distance of the vehicle can be achieved under the required
process constraints. In this paper, a variable angle deviation
feedback coefficient scheme is adopted, in which a weight
coefficient K is set in the front of the bias term, so that the
relationship between the PN command and the angle control
command can be coordinated well.

According to the above design idea,(53) can be changed
into the following form:

γ̇R = −N λ̇D + K
εR

tgo
(59)

where

εR = (N − 1) λDF − γR − NλD (60)

The derivative of Eq. (60) is obtained as

ε̇R = −K
εR

tgo
(61)

Let ηR be the derivative of time and divide it by Eq. (61).
Then you can get

dηR
dεR
=
(N − 1)

K
sin ηR
εR
− 1 ≈

(N − 1)
K

ηR

εR
− 1 (62)

After the integral of Eq. (62), we can get

ηR = c0ε

N − 1
K

R +
K

N − K − 1
εR (63)

where

c0 =
(
ηD0 −

K
N − K − 1

εR0

)
ε
−

N − 1
K

R0 (64)

The condition 0 ≤ εR < 1 will be always met during the
whole terminal attack phase. From the analysis of Eq. (63),
when K < N − 1, the angle ηR will speed up convergence to
zero as εR→ 0. That is to say, in the middle and early stage,
the impact angle control should be accelerated to converge,
so as to reduce the later guidance pressure to ensure the
guidance accuracy.

In this paper,K can be regarded as a penalty function. In the
first half of the trajectory, K can be taken as a small value
to force down the trajectory rapidly and stable the field of
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view tracking. In the second half of the trajectory, the value
of K can be gradually increased to complete the angle control
as soon as possible. The variation of the trajectory can be
measured by the vertical field of view deviation which is
denoted as qα = θ+λD. If the value of qα is large, the trajec-
tory fluctuates significantly, whereas the trajectory has small
fluctuation. Therefore, according to the above analysis,K can
be taken as the following form:

K =

0, if |qα| ≥ qα,max;(
δmax − δmax

|qα|
qα,max

)
(N − 1) , if |qα| < qα,max;

(65)

where qα,max is the boundary of the vertical field of view
constraint, and δmax is the maximum design coefficient which
satisfies 0 < δmax < 1.

B. DECELERATION CONTROL ALGORITHM
The reentry process of HGRV has certain limitations on
the magnitude and direction of the velocity. Although the
guidance law given in the previous subsection can achieve the
control of the velocity direction, the control of the velocity
is difficult to be achieved. A large deceleration of HGRV
can only be achieved by increasing the angle of attack. It is
necessary to increase the angle of attack and try to avoid
the interference of the deceleration control command on the
guidance command. To meet these requirements, an addi-
tional angle of attack may be added in the vertical direction
of the guide angle of attack. It should be noted that the
additional angle of attack is different from the deceleration
angle of attack. The additional angle of attack is introduced
to reduce the influence of deceleration maneuver on the
guidance command, whereas the additional angle of attack
is a virtual command which is used to generate the lateral
guidance command.

The rotation rate of the velocity of the vehicle caused by
the guidance angle of attack αg with no consideration of
deceleration maneuver is denoted as γ̇g, which is given by

γ̇g =

√
γ̇ 2
D + γ̇

2
T (66)

The rotation rate of the velocity of the vehicle caused by the
additional angle of attack αN is denoted as 1γ̇ . The mech-
anism of the additional angle of attack αN is to decelerate
the vehicle by conical motion on the basis of the guidance
trajectory, as shown in Fig. 8. According to the direction of
the additional angle of attack αN defined, the total velocity
direction rotation rate γ̇B is calculated as

γ̇B =

√
γ̇ 2
g +1γ̇

2 (67)

According to the geometric relationship, it can be seen that
after adding the additional angle of attack, the components of
the velocity turning rate γ̇BD and γ̇BT in the longitudinal plane

FIGURE 8. The sketch map of the deceleration trajectory.

and the lateral plane can be respectively expressed as

γ̇BD = γ̇D +
γ̇T

γ̇g
1γ̇ , γ̇BT = γ̇T −

γ̇D

γ̇g
1γ̇ (68)

In addition,1γ̇ can be calculated from the additional angle
of attack αN, which is described as

1γ̇ =
ρVMSref

2m
CαLαN (69)

The additional angle of attack can be searched by numer-
ical predictor-corrector method in the initial part of the ter-
minal attack phase. The search algorithm can adopt secant
method which can be expressed as

α̃N,k+1 = α̃N,k −
α̃N,k − α̃N,k−1

1V k
F −1V

k−1
F

1V k
F (70)

1VF = VM (hF)− VF (71)

where VF is the desired impact velocity and hF is the expected
impact height.

In the velocity-altitude space, the reference trajectory is
based on the connection between the current point (VM, h)
and the desired terminal point (VMF, hMF). The slope of the
desired trajectory in velocity-altitude space can be expressed
as (

dh̄

dV̄M

)
HT
=

h̄− h̄MF

V̄M − V̄MF
(72)

After trajectory stabilization, the slope in the velocity alti-
tude space should be approximately equal to the slope of the
reference trajectory:

V̄M sin (−λD)

−D̄− sin (−λD)
/(

1+ h̄
)2 =

(
dh̄

dV̄M

)
HT

(73)

Since αg is not very large in the initial stage of the terminal
attack phase, it can be approximately considered that the
angle of attack obtained by Eq. (73) is the estimated value of
the additional angle of attack. Its expression can be described
as

α̃N =

√(
2mµ1

ρ0e−βhV̄MSrefR0
− CD0

)/
CαD (74)
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FIGURE 9. Comparison results between the estimated value and the
theoretical value of the additional angle of attack.

where

µ1 =

(
V̄M sin λD +

sin λD(
1+ h̄

)2 ( dh̄

dV̄M

)
HT

)/(
dh̄

dV̄M

)
HT

(75)

Figure 9 shows the comparison results between the addi-
tional angle of attack calculated by Eq. (74) and the theoret-
ical value at different initial altitudes. It can be seen that the
estimated deviation is less than 2 deg. The results indicate
that the proposed method gives an accurate estimation of
the initial additional angle of attack. Therefore, the angle α̃N
obtained by Eq. (74) is used to reduce the search interval,
in order to speed up the secant method given by Eq. (70).

In the terminal attack phase, the vehicle is very close to
the target position, so its deceleration ability and maneuver-
ability are very limited. As shown in Fig. 10, in order to
ensure that the vehicle can accurately manage the surplus
energy andminimize the interference to the terminal guidance
system, the terminal attack phase can be divided into three
compartments according to the altitude. In the first stage
(hT1 ∼ hMF), the maximum deceleration is achieved by using
the additional angle of attack obtained by the search algo-
rithm (70), which only needs to be searched once. In the sec-
ond stage (hT2 ∼ hT1), the main purpose is to gradually
reduce the magnitude of the maneuvering deceleration, and
prevent excessive maneuvering of the vehicle from making
the guidance algorithm difficult to converge in time. In the
non-deceleration stage, the main purpose is to ensure the pre-
cise execution of the impact angle control guidance without
deceleration maneuver. Based on above discussion, the addi-
tional angle of attack profile in the terminal attack phase can
be designed as the following form:

αN =


αN ,max, h ≥ hT1;
hT1 − h
hT1 − hT2

αN ,max, hT2 ≤ h < hT1;

0, h < hT1 .

(76)

It should be noted that the velocity control algorithm
proposed in this paper can only achieve deceleration, but
not acceleration, which requires that in the reentry guidance
process, the actual velocity of the missile is not less than the
velocity command.

FIGURE 10. Additional angle of attack profile.

TABLE 1. Reentry constraint conditions.

V. SIMULATION RESULTS
In order to investigate the performance of the proposed guid-
ance scheme, two sets of simulations aremade. One set is only
for the terminal attack phase without considering the reentry
gliding phase. The other set for all the reentry trajectories,
which include the initial descent, gliding flight and terminal
attack. The reentry constraints are given in Table 1. To ensure
the stability of the guidance and control system, and prevent
the mutual interference of the guidance commands, the decel-
eration control is stopped to ensure the guidance accuracy of
miss distance and impact angle constraint, when the altitude
of the vehicle is less than 8 km.

A. GUIDANCE PERFORMANCE FOR THE TERMINAL
ATTACK PHASE
In order to verify the performance of the proposed terminal
attack guidance algorithm, the comparison results between
the proposed guidance scheme (case 3), and the optimal guid-
ance law (case 1) and the velocity control guidance algorithm
(case 2) in [25] are given in Fig. 11. The initial conditions are
given by Table 2. Compared with case 1 and case 2, it can
be seen from Fig. 11a that the proposed guidance scheme
decelerates mainly by coning motion, and the amplitude
of the vehicle maneuver decreases gradually as the vehicle
approaches the target, which corresponds to the additional
angle of attack profile. It can be seen from Figs. 11b and 11c
that the accuracy of the impact velocity and the impact angle
of the proposed guidance scheme are 1.4 m/s and 0.03◦,
respectively. Since the relationship between the impact angle
control command and the PN guidance command is not
coordinated, both schemes 1 and 2 exceed the boundary
of the vertical field of view, while the scheme 3 proposed
in this paper satisfies the required field of view constraint
(see Fig. 11d), and the acceleration also meets the require-
ment (see Fig. 11e).
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FIGURE 11. Comparison results of different guidance schemes in the
terminal attack phase. (a) Trajectory. (b) Altitude vs. velocity.
(c) Flight-path angle vs. time. (d) Deviation of the vertical
field of view vs. time. (e) Acceleration vs. time.

Figure 12 shows the simulation results of the proposed
terminal guidance scheme when the target moves at a speed
of 20 m/s and its heading angles are taken as 0 deg (case 1),
90 deg (case 2), 180 deg (case 3) and 270 deg (case 4),
respectively. The statistical results of the simulation are
given in Table 3, in which ‘a’ represents the case with no

TABLE 2. Simulation conditions for the terminal attack phase.

TABLE 3. Statistical results for moving targets.

compensation for the target motion information (that is to say,
we do not know the target information and think γR = γM and
κ = 1.), ‘b’ represents the case which has compensation for
target motion information and uses Eq. (49) to calculate the
velocity ratio, and ‘c’ represents the case which has compen-
sation for target motion information and uses β = VT

/
VM to

calculate the velocity ratio. It can be seen from Fig. 12b that
all the above schemes have little effect on the accuracy of
impact velocity, but have obvious influence on the accuracy
of impact angle. It should be noted that the relative velocity
vector must lie on the line of sight for a successful capture.
Therefore, when the vehicle hits the moving target without
target motion information compensation, the accuracy of
impact angle control will be reduced. If β = VT

/
VM is used

to calculate the velocity ratio, it will reduce the calculation
accuracy of the relative flight-path angle. Then it will reduce
the accuracy of impact angle. The results in Fig. 12c and
Table 3 validate the conclusion. Through the above analysis,
it is known that the accuracy of impact angle control can be
greatly improved by using the target motion information to
compensate the proposed guidance scheme. The curves of the
weight coefficient are shown in Fig. 12d. In the first half of the
trajectory, the weight coefficients are taken as small values
to force down the trajectories rapidly and stable the field of
view tracking. In the second half of the trajectory, the values
of the weight coefficient are gradually increased to complete
the angle control as soon as possible. It is consistent with the
design results.

B. GUIDANCE PERFORMANCE FOR ALL THE REENTRY
TRAJECTORIES
Figure 13 gives the simulation results of the reentry phase for
various terminal velocity at the handover point. In addition,
in order to ensure successful terminal attack phase flight,
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FIGURE 12. Verification of the proposed terminal guidance performance
against moving targets. (a) Trajectory. (b) Altitude vs. velocity.
(c) Flight-path angle vs. time. (d) Weight coefficient vs. time.

the altitude and range-to-go at the handover point are taken
as 16 km and 50 km, respectively. The initial reentry con-
ditions and simulation statistics are given in tables 4 and 5
respectively. Due to the short reentry range, it can be seen

FIGURE 13. Reentry guidance performance for different terminal velocity
constraints at the handover point. (a) Trajectory. (b) Altitude vs. velocity.
(c) Flight-path angle vs. time. (d) Longitudinal acceleration vs. time.
(e) Lateral acceleration vs. time. (f) Bank angle vs. time. (g) Angle of
attack vs. time.
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FIGURE 14. Statistical results of 300 fire tests. (a) Trajectory. (b) Altitude
vs. velocity. (c) Flight-path angle vs. time.

TABLE 4. Initial conditions for the reentry phase.

from Fig. 13a that all the trajectories of the vehicle are simi-
lar to the C-shaped curves. Combining the velocity-altitude
curves in Fig. 13b and the results in Table 5, it can be
seen that under different terminal velocity constraints at the
handover point, the terminal velocity errors at the handover
point, the impact velocity errors, the impact angle errors and
miss distance are less than 5 m/s, 5 m/s, 0.04 deg and 1.2 m,
respectively. It can be seen from Figs. 13d, 13e, 13f and 13g
that all the curves of the acceleration, bank angle and angle
of attack meet the corresponding process constraints.

In order to verify the robustness of the proposed guid-
ance algorithm, based on the deviation ranges of the given

TABLE 5. Statistical results for different terminal velocity constraints at
the handover point.

TABLE 6. The deviation range of different variables.

variables in Table 6, we randomly select 300 groups of devi-
ation combinations for simulation verification. The flight tra-
jectories, velocity-altitude curves and flight-path angle curves
are shown in Fig. 14. Except for four failures, the vehicle
hit the target as required for all other cases. The simulation
results show that the proposed guidance scheme has loose
initial conditions and good robustness.

VI. CONCLUSIONS
A short-range reentry guidance algorithm based on the
C-shaped trajectory is proposed to achieve precise reentry
strike. The trajectory is divided into reentry gliding phase
and terminal attack phase, which are designed separately.
In the reentry gliding phase, by using the hybrid guidance
scheme, the trajectory convergence characteristic is good,
the search speed is fast, and the constraints at the handover
point are realized with high precision. In the terminal attack
phase, by combining the derived generalized biased PN guid-
ance algorithm and the numerical predictor corrector method,
the relationship among PN command, angle control com-
mand and velocity control command is well coordinated to
ensure that the vehicle can complete forcing down the trajec-
tory under the vertical field of view constraint, while achiev-
ing high impact velocity and impact angle control accuracy.
Although the impact angle control guidance law requires a
small amount of target motion information, the compensation
information slightly affects the accuracy of the angle con-
trol. The simulation results also verified that the proposed
guidance scheme is insensitive to the initial conditions and
exhibits a good robustness. However, the influence of the
coupling between the longitudinal and lateral channels on
the guidance performance is not taken into account when
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deriving the reentry guidance scheme. In-depth analysis of
this characteristic needs to be carried out in the future, to fur-
ther improve the guidance performance of the proposed guid-
ance scheme.
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