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Abstract: To meet the time-coordinated requirement of hypersonic gliding vehicles to reach a sin-
gle target simultaneously in the presence of no-fly-zone constraints, this paper proposes a time-
coordinated A* path planning method considering multiple constraints. The path planning method
is designed based on an analytical steady gliding path model and the framework of the A* algorithm.
Firstly, an analytical steady gliding path model is designed based on a quadratic function-type
altitude-velocity profile. It can derive the control commands explicitly according to the desired termi-
nal altitude and velocity, thus establishing a mapping between the terminal states and the control
commands. Secondly, the node extension method of the A* algorithm is improved based on the
mapping. Taking the terminal states as new design variables, a feasible path-node set is produced by a
one-step integration using the control commands derived according to different terminal states. This
node extension method ensures the feasibility of the path nodes while satisfying terminal constraints.
Next, the path evaluation function of the A* algorithm is modified by introducing a heuristic switch-
ing term to select the most proper node as a waypoint, aiming to minimize the arrival time deviation.
Meanwhile, introducing the penalty items into the path evaluation function satisfies the no-fly-zone
constraints, process constraints, and control variable constraints. Finally, an online time-coordinated
method is proposed to determine a commonly desired arrival time for several hypersonic gliding
vehicles. It eliminates the need to specify the arrival time in advance and improves the capability to
deal with sudden threats, increasing the path planning method’s online application capability. The
proposed method can achieve online time-coordinated multi-constraint path planning for several
hypersonic gliding vehicles, whose effectiveness and superiority are verified by simulations.

Keywords: hypersonic gliding vehicle; analytical reentry path planning; time-coordinated;
no-fly-zone; improved A* algorithm

1. Introduction

A hypersonic gliding vehicle (HGV) is a type of long-range non-ballistic maneuver
reentry vehicle that glides in near space unpowered and has the characteristics of high
velocity, strong maneuverability, and wide coverage of reachable area [1]. It has been a hot
research topic in the field of aircraft in recent years. With the maturity of the cooperative
warfare system, multiple HGVs simultaneously reaching a single target has become a new
requirement. Multi-flight time-coordination has received much attention because of its
advantages of improving the defense penetration probability, increasing the surveillance
range, and achieving saturation attacks to significantly enhance combat effectiveness.
Meanwhile, it is equally vital for HGVs to avoid no-fly zones distributed on the battlefield
to increase flight safety. Path planning is the core of the multi-vehicle mission planning
system, the basis and prerequisite for mission execution [2]. The glide flight segment in the
atmosphere accounts for more than 90% of the total flight time of HGVs, so it is necessary
to research cooperative path planning methods for the gliding flight segment of HGVs in
the presence of numerous no-fly zones.
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The path-planning problem has always been the research hotspot for flight vehicles.
The existing path-planning methods can be mainly divided into two categories [3] based
on the considered model: path-planning considering kinematics and path-planning consid-
ering dynamics (or generally called trajectory planning). For ease of description, this article
refers to these two types of methods as the kinematic path-planning method (KPM) and
the dynamic path-planning method (DPM).

The KPM plans the path considering the vehicle’s kinematics model, dealing with
the path planning problem as the selection problem of sequential waypoints. This type of
method has a simple problem model and a strong ability to handle no-fly-zone constraints,
making it highly efficient for planning. The KPM was initially used to solve the obstacle
avoidance path-planning problem for a single vehicle. The commonly used single-vehicle
KPM can be roughly divided into three categories: graph search method [4-9], numerical
optimization method [10-13], and potential field method [14]. The graph search approach
creates a state-space diagram of the path planning problem using the vehicle’s current state
and transitions between states, then evaluates the path planning constraints to determine
the optimal or suboptimal path from the state-space diagram. The A* algorithm [7-9] is
a widely used graph search algorithm. The A* algorithm improves search efficiency by
introducing heuristic information and can guarantee optimality and completeness under
certain assumptions, so it has been studied and used widely. The numerical optimiza-
tion method takes the shortest path as the objective function, constructs a constrained
optimization model, and then solves the model using the genetic algorithm [10], particle
swarm algorithm [11,12], ant colony algorithm [13], or other optimization algorithms. The
potential field method establishes the potential function in the planning space by using
the planning target point as the attraction field and the threats as the repulsion field. It
determines the vehicle’s path according to the gradient of the potential function and its con-
straints [14]. Most of the studies on multi-vehicle cooperative path planning problems are
based on those of a single vehicle, which generates the path for multiple vehicles to reach
the target point simultaneously by considering spatiotemporal cooperation requirements
among vehicles in the process of path node extension [15], optimization modeling [16], or
potential function construction [17]. Most of the algorithms mentioned above take UAVs as
the study object and tend to treat the flight velocity as a constant and ignore the dynamic
model of UAVs to simplify the problem and improve path planning efficiency. Compared
with UAVs, HGVs have the following characteristics: (1) They have no thrust, which means
the control ability of velocity is weak, so the constant velocity assumption is unsuitable.
(2) They pass through the atmosphere with a high velocity, which requires satisfying strict
force-thermal constraints. (3) They have strong nonlinear dynamics, which cannot simply
ignore the dynamical model. Therefore, the methods mentioned above cannot be directly
used to solve the path planning problem of HGVs.

The DPM constructs a path-planning model that considers the vehicle’s dynamic
models and deals with the path-planning problem as a control sequence-solving problem.
Due to the consideration of the vehicle’s dynamics model, the DPM can satisfy more force-
thermal constraints, making it more feasible for HGV. The trajectory optimization method is
a widely studied DPM. It can obtain a high-precision path that satisfies multiple constraints
and optimizes the performance index. In Refs. [18-21], the hp-adaptive Gaussian pseudo-
spectral method (hp-AGPM), particle swarm-Gaussian pseudo-spectral method (PS-GPM),
and sequential convex optimization algorithm are used to realize the trajectory optimization
of HGVs with the arrival time as the performance index, respectively. Although there is
no simulation validation of multi-vehicle cooperation in these papers, these methods
have the potential to be applied for cooperative path planning by setting the same arrival
time for multiple vehicles. In Refs. [22,23], the convex optimization algorithm is used to
achieve cooperative path planning by adding the arrival time as a constraint. However, the
expected arrival time of each vehicle needs to be continuously optimized during the flight,
which leads to a significant computational effort for the algorithm. Although the trajectory
optimization method has high accuracy and strong constraint processing ability, it requires
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a large amount of computation. To improve the online application ability, another type
of DPM called trajectory planning has been extensively researched in recent years. The
trajectory-planning method generally divides the path-planning problem into longitudinal
and lateral profiles. The longitudinal profile parameters are iteratively designed to ensure
flight performance. In the lateral profiles, the bank-angle reversal strategy is used to control
the ground path. Compared to the trajectory optimization method, the trajectory planning
method can achieve rapid path planning because it simplifies the problem. In Ref. [24],
a combination of the drag-acceleration profile and predictor-corrector method was used
to study the multiple HGVs’ time-coordinated reentry guidance problem. However, the
reference drag acceleration profile needs to be updated at each guidance cycle, which is
computationally intensive and increases the algorithm’s complexity. Ref. [25] analyzed
the relationships among time-to-go, range-to-go, and terminal velocity, based on which
the terminal velocity was selected as a control variable to achieve arrival time constraints.
Ref. [26] took the longitudinal lift-drag ratio as a design variable, and time-constrained path
planning was achieved, effectively improving the controllable time range. Ref. [27] designed
a double-corridor strategy to achieve lateral guidance with terminal time constraints. In
addition, the references [22-27] need to determine the arrival time range of each vehicle by
numerical optimization before path planning and then integrate the arrival time ranges
of all vehicles to select an appropriate predesignated arrival time, which is a significant
workload before planning and is not suitable for online path planning of large-scale vehicle
clusters. In Ref. [28], a two-stage method was proposed to achieve rapid path planning
considering time and heading angle constraints, and the arrival time is determined online
by communication between HGVs. In addition, the rapid path planning methods shown in
refs. [22-28] did not consider the constraints of no-fly zones.

In summary, the KPM has high computational efficiency and a solid ability to handle
no-fly-zone constraints. However, the feasibility of the flight path cannot be guaranteed.
The DPM, which can be divided into trajectory optimization and trajectory planning, can
satisfy the dynamic constraints of HGVs. However, trajectory optimization requires a large
amount of computation. Trajectory planning rarely considers the no-fly-zone constraints.
Moreover, most of the DPM needs to specify arrival times for every HGV in advance, which
limits the online application abilities of the methods. Currently, there is relatively little
research on HGV online path planning that considers both time-coordinated requirements
and no-fly-zone constraints.

In response to the above issues, this paper combines KPM and DPM to propose a
time-coordinated A* path planning method. An analytical steady gliding path model is first
designed to obtain a feasible path that satisfies terminal constraints. On this basis, an HGV
time-coordinated path planning method is designed based on the frame of the A* algorithm,
which is a classic KPM. The proposed time-coordinated path planning method combines
the advantages of KPM and DPM. On the one hand, this method inherits the efficiency
and no-fly-zone avoidance ability of the A* algorithm. So, it can plan paths satisfying
no-fly-zone constraints rapidly. On the other hand, the analytical steady gliding path model
is introduced in the node extension process of the A* algorithm. Thus, the feasibility of
the planned path can be guaranteed. The time-coordinated requirement is satisfied by
analytical time estimation and introducing the time control term into the A* algorithm’s
evaluation function. Moreover, the arrival time of the HGVs is specified according to an
online arrival time coordination method. Thus, the time-coordinated path planning method
does not need to specify the arrival time of each vehicle in advance and has a large potential
for online application. The main contributions of this paper can be summarized as follows:

(1) An analytical steady gliding path model is established. The analytical steady gliding
path is designed based on a quadratic function altitude-velocity profile. The control
commands are derived explicitly according to the desired terminal altitude and
velocity instead of through trajectory iteration, which improves the planning efficiency.
The analytical steady gliding path model constructs the mapping between the control
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variables and the terminal states, which provides an important basis for improving
the A* algorithm to satisfy the dynamic and terminal constraints.

(2) Animproved A* algorithm that can achieve arrival time control is proposed for HGV.
On the one hand, to solve the problem of the infeasible path for HGV in the classic A*
algorithm, a dynamically considered path extension method is proposed based on
the analytical steady gliding path mode. The path extension method takes terminal
altitude and velocity as the design variables and uses the established analytical steady
gliding path model for one-step integration to obtain path nodes. This path extension
method ensures path nodes satisfy the dynamic constraints, making it possible for
the A* algorithm to be applied to the path planning problem of HGV. On the other
hand, the evaluation function of the A* algorithm is modified to consider the arrival
time constraint. A heuristic switching function is designed and introduced in the path
evaluation function to achieve arrival time control. The penalty function is introduced
to ensure that the vehicles’ paths satisfy the no-fly zone and force-thermal constraints.
Thus, the improved A* algorithm can simultaneously consider time-coordination
requirements and no-fly-zone constraints.

(3) An online arrival time coordination method is proposed. The method determines
the expected arrival time of all HGVs based on each vehicle’s time-to-go prediction
results, eliminating the need to specify arrival times in advance. The arrival time is
adjusted with the change in the HGVs' states. Thus, the path-planning method can
respond to sudden threats, increasing the online application ability.

This article is organized as follows: Section 2 formulates the problem researched in
this paper. Section 3 proposes an analytical steady gliding path model that can derive
the control commands explicitly according to the desired terminal altitude and velocity.
Section 4 proposes a time-coordinated A* path planning method by combining the pro-
posed analytical steady gliding path model and the framework of the classic A* algorithm.
This path-planning method can derive feasible paths for several HGVs satisfying time-
coordinated requirements and no-fly-zone constraints. Simulation results are provided in
Section 5. Section 6 concludes this paper.

2. Problem Formulation
2.1. Dynamic Model

The definitions of the HGV states are shown in Figure 1, and the dynamic functions of
an HGV can be described as [20]:

r=Vsiny 1)
- V cosysiny %)
rcos ¢
- Vcosycos

p= ey ®
V= —D — gsinvy 4)

.1 V2
W—V[Lcosa—(g—r) cosy] (5)

.1 (Lsinoc | V? ,
lP—V( cos +rcos'ysm1/;tan<,b> (6)

where 7 is the radial distance from the Earth center to the vehicle, which satisfies the relation
r = R, + H with the vehicle altitude H and the radius of the Earth R,, so the following
often describes the flight altitude H by the radial distance r. 8 is the longitude, ¢ is the
latitude, V is the velocity, -y is the flight-path angle, ¢ is the velocity heading angle, o is the
bank angle, and g is the gravitational acceleration.
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Figure 1. Definition of the states.
L and D are the accelerations of lift and drag, respectively, satisfying
[ — CLMam)qS
o )

D = Cp (Ma"x)qsref
m

where Cp(Ma, a) and Cp(Ma, «) are the lift and drag coefficients, respectively, and they
are functions related to Mach number Ma and angle of attack (AOA) «. g is the dynamic
pressure, S is the reference area, m is the mass of the vehicle.

2.2. Problem Statement

The 3-D path planning problem of multiple HGVs striking the same target simulta-
neously, as shown in Figure 2, is investigated in this paper. To achieve the simultaneous
strike on the target, multiple vehicles are required to arrive at the final attack assembly
circle (FAAC) with a radius Sy of the target point at the same time t, while the terminal
altitude ¢, velocity Vy, and heading angle error Ay s meet the requirements. For each HGV,
the terminal constraints are listed below:

tr=1t; ®)

s(tf) =5} )

Tmin = rf — Arg < r(tf) <1y + Ary = rmax (10)
Viin = V= 8Vf < V(t5) < Vf + AVy = Vinax (1)
—Ayy < By (tr) < Ayy (12)

where S is range-to-go, the subscript f denotes the terminal state, and the superscript *
denotes the desired state. Ar fs AVf, and Ay ¢ are allowable thresholds that the terminal
guidance can tolerate altitude, velocity, and heading error, respectively. The values of S}’E,
rji, V; , Ar s AVf and Ay ¢ can be determined in advance. While tj’i is the joint arrival time
to be determined online depending on all the HGVs’ states.
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FAAC

Figure 2. Multi-HGV cooperative path planning scenario.

To ensure flight safety, the path must avoid no-fly zones on the battlefield. The no-fly
zone is separated into a cylindrical region in space to simplify the path cost calculation, i.e.,
the vehicle can only proceed around the edge of the no-fly zone and cannot cross over it.

In addition, compared with UAVs or other vehicles, HGVs have more stringent
requirements on the feasibility of the planned path. Thus, more constraints need to be

considered: control variables constraint, heating rate constraint Q, dynamic pressure
constraint g, and aerodynamic load constraint N,;. The constraints are shown as follows:

0 < amin < & < &max (13)
—0Omax < 0 < Omax

_lj‘max S C\’, S b‘max (14)
_&max S U S dmax

0=k 0p"5V315 < Oumax

Nq = % < Nmax
where & and ¢ are the change rates of the AOA and the bank angle, respectively. kg is the
heating rate parameter, which is 8.414 x 107 in this paper.

In summary, the objective of this paper is to propose a planning method that can
quickly find flight paths for multiple HGVs from different beginning points to a prede-
fined FAAC, simultaneously satisfying the terminal constraints Equations (8)~(12) and the
process constraints Equations (13)~(15).

3. Analytical Steady Gliding Path Model

The concept of steady gliding entry was originally proposed by a German scientist
named Sanger. It is a special trajectory whose flight path angle remains constant and the
rate of flight path angle remains zero. This type of trajectory has a gentle altitude variation,
which can avoid repeated oscillations of the HGV in the atmosphere, thereby reducing
the aerodynamic forces and heat acting on the HGV. Therefore, the steady gliding path is
usually the design goal in entry path planning. In this section, an analytical steady gliding
path considering terminal altitude and velocity constraints is designed. The HGV’s control
variables can be derived according to its current states and the desired terminal states.

The core of entry trajectory planning is to design the longitudinal flight profile of the
HGV. Since the altitude H and velocity V of the HGV are important parameters during the
flight process and are directly related to process and terminal constraints, designing the
H-V profile is a common trajectory design method. To reduce the force and thermal impact
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on the HGV, a steadily changed altitude and velocity are desired. This paper designs the
H-V profile according to the following two criteria:

Criterion 1 (steady gliding criteria): To avoid jumping in the atmosphere, the HGV is
desired to reach the terminal altitude at a constant path angle, that is, steady gliding. This
criterion has been repeatedly utilized in the design of guidance methods for reentry gliding
vehicles. The applicability of the equilibrium gliding condition is related to the vehicle’s
lift performance, according to the literature [29], and the reentry flight process can satisfy
this condition for vehicles with large lift-to-drag ratios. According to Ref. [29], the steady
gliding condition can be described as:

Y = 7Yconst (16)
. V2
v = Lcoso — (g—r> cosy =0 (17)

where Yconst is a constant value of the path angle.

Criterion 2 (uniform deceleration criteria): To avoid drastic changes in state, the veloc-
ity is expected to change to the terminal value gently. Thus, the velocity profile is designed
to be a uniform deceleration motion with a constant drag acceleration. The constant drag ac-
celeration condition was used in the guidance scheme of the space shuttle [30]. Ref. [31] has
analyzed that the velocity change rate is close to a constant value in the quasi-equilibrium
gliding segment for a vehicle with a large lift-to-drag ratio; the result was verified by
simulation as well. The study in ref. [31] demonstrates the feasibility of Criterion 2. The
uniform deceleration condition can be described as:

D= Dconst (18)

where Dconst is a constant value of the drag acceleration.
Dividing Equation (1) by Equation (4), the derivative of altitude relative to velocity
can be obtained as
diH:ﬂ:_ Vsinvy (19)
dv  dv D + gsinvy
The H-V profile corresponding to Criterion 1 and Criterion 2 can be obtained by
substituting Equations (16) and (18) into Equation (19) and integrating it. The designed
H-V profile is shown as Equation (20).

sin Yconst

H= - -
2(Dcons’t + gsin 'Yc:onst)

(V2 - sz) + Hy (20)

where H ris the terminal altitude, and H =1 —Re.

It can be learned from Equation (20) that the H-V profile is a quadratic function.
Inequalities sin yconst < 0 and V=— (Dconst + g 8in Yeonst) < 0 hold because of the mono-
tonic decrease in HGV altitude and velocity. Therefore, the quadratic coefficient of the H-V
profile is positive. The schematic diagram of the H-V profile is shown in Figure 3.

As shown in Figure 2, the state of the HGV smoothly transitions from the current state

(V, H) to the terminal state (Vf, H f) . As the altitude decreases, the altitude change rate %

also gradually decreases. This is consistent with the entry process of the HGV, indicating
the rationality of the designed H-V profile.
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Figure 3. Schematic diagram of the H-V profile.

Next, the analytical form of the control variables that satisfy the H-V profile will
be derived. The range-to-go S is defined as the distance between the vehicle’s current
position and the target on the Earth’s surface along the great circle arc. Ignoring the
deviation between the vehicle’s heading angle and its line-of-sight angle from the target,
the following relationship holds:

Vcosy
r

S=-— R, 1)

The altitude and velocity are expected to be given values when range-to-go is zero.
So it is necessary to establish relationships between altitude, velocity, and range-to-go.
Dividing Equations (1) and (4) by Equation (21), we can obtain the differential equations
for altitude and velocity with respect to range-to-go:

dr r
FE tan vy (22)
dv _ (D +gsiny)r
dS  R.Vcosy
Substituting Equations (16) and (18) into Equations (22) and (23), the longitudinal
motion equations corresponding to the H-V profile can be described as

(23)

dr r
as = - 73 tan Yconst (24)
dl _ (Dconst +g sin ’Yconst)r (25)
ds R,V cos “Yconst
Integrating Equation (24), we can obtain
tan Ycons
r= rfe_#s (26)

where ry is the terminal radial distance from the Earth center to the vehicle. Equation (26)
is the analytical formula for altitude variation with range-to-go. From Equation (26), the
desired constant flight path angle for steady gliding can be calculated at every moment
according to the current radial distance 7, the current range-to-go S, and the terminal radial
distance ;.

R, 7
Yconst = arctan (Se In :) (27)



Aerospace 2024, 11, 499

9 of 31

Substituting Equation (26) into Equation (25) and integrating it, the analytical formula
for velocity variation with range-to-go can be obtained as

V2 _ Vf o (Dconst + gSil’l '7c0nst)rf <1 - e_myms>

€
SIN Y const

(28)

where Vy is the terminal velocity. According to Equation (28), the desired constant drag
acceleration of the vehicle is

SN Y const

Deconst = (Vz - Vj%)

_ tanyconst S

21’f (1 —e Re

According to Equation (7), the AOA is the control variable that affects the magnitude of
drag acceleration. The command AOA can be obtained by solving the following equation:

) — g sin Yeonst (29)

Cp (Ma/ D‘cmd)qsref B
m

Dconst =0 (30)

When the command AOA «,q is solved, the lift acceleration L.,q can be settled
according to Equation (7). HGV adjusts the magnitude of the bank angle to control the
component of lift in the longitudinal direction. To smoothly transition the HGV state to the
steady gliding state, the command path angle change rate is designed as

'ycmd = _k7 (')’ - ')/const) (31)

where k, > 0 is the control coefficient. The control law (31) can make 7 tending to Y¢mg
and the y_,,q tending to zero.
According to Equation (5), the magnitude of the bank angle is

. 2
VYema + (g - VT) cos7y
Lcmd

Oemd = arccos (32)

Equations (30) and (32) are the control variables of the steady gliding flight. At each
moment, the desired a g and oepmg can be derived explicitly according to the current state
and the terminal constraints.

It should be noted that, although the flight angle and the drag acceleration are expected
to be constant as shown in Equations (27) and (29) during flight, they cannot definitely
achieve the constant values because of the limitations of the constraints. Thus, the H-V
profile has to be recalculated when path planning. The path planning process is shown
in Figure 4. The terminal altitude is Hy and the terminal velocity is V. The altitude and
velocity at time k are denoted as Hy and Vj. P is the H-V profile at time k that can be
obtained according to Equation (20). Substitute Hy, Vi, Hy and V; into Equations (27) and
(29) to get the command flight path angle yconst and drag acceleration Deopst. Then, the
control commands at time k can be obtained according to Equations (30) and (32), which
are denoted as tx’c‘m q and Ufm 4 Substitute rx’ém q and Ué‘m 4 into the dynamic model (1)—(6)
to obtain the states at time k + 1. In the ideal scenario, Hy,1 and Vj1 should be on the
profile P,. However, Hy 1 and V)1 may deviate from the profile P in reality because of
control constraints and external disturbances. Repeating the above process until the target
is reached, the steady flight path from the beginning point to the target point is obtained.
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(v,H,)

Figure 4. Schematic diagram of the path planning process.

4. Time-Coordinated A* Path Planning Method Considering No-Fly-Zone Constraints

The A* algorithm is a widely used KPM with the advantages of high computing
efficiency and applicability. Node extension and node evaluation are the core procedures of
the classic A* algorithm. The schematic of the A* algorithm is shown in Figure 5. From the
starting point, many feasible path nodes are extended, from which the node that satisfies the
constraints and has the lowest path cost is chosen as the waypoint, and nodes are extended
from this waypoint until the target point. The no-fly-zone constraints are considered part
of the path cost, so the A* algorithm has a strong ability to avoid no-fly-zones. However,
the classic A* algorithm aims to plan the shortest path in the presence of no-fly-zones. The
flight time cannot be adjusted. And the classic A* algorithm needs to divide the planning
space into grids. The path nodes are selected from the grid points. The HGV dynamic
model is not considered when planning. Thus, neither the arrival time constraints nor the
HGVs’ path feasibility can be satisfied by the classic A* algorithm.

Target point
w

Waypoint
Beginning point
Figure 5. A* algorithm path planning schematic.

Combining the A* algorithm and the analytical steady gliding path, a time-coordinated
A* path planning method for HGV is proposed in this section. The time-coordinated A*
path planning method is composed of an improved A* path planning method and an arrival
time coordination strategy. The improved A* algorithm is modified as follows: (1) A path
node extension method based on the analytical steady path is proposed to ensure that the
extended nodes are feasible for the HGVs. (2) An analytical estimation formula for the
time-to-go is derived to predict the arrival time corresponding to each path node. (3) A time
heuristic function is introduced in the node evaluation to regulate the vehicle’s arrival time
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as desired. So the improved A* algorithm can generate a feasible path for each HGV while
the arrival time meets expectations. In addition, the multi-vehicle arrival time coordination
strategy is proposed to determine the desired arrival time online.

4.1. Framework of the Time-Coordinated A* Path Planning Method

The schematic of the time-coordinated A* path planning method is shown in Figure 6.
The desired joint arrival time t;@ is generated by the arrival time coordination strategy
according to all the HGVs’ states. Each HGV separately generates control variables a* and
o* utilizing the improved A* algorithm. Then, substitute the control variables into the
dynamic model to update HGV states. This procedure is repeated until the HGVs arrive at
the FAAC.

. HGV States - ,
£ o o
——’—>| Improved A* algorithm l—' dlj,ga\r/n?c
Arrival time - HGV States: - 0 1
online t, a o HGV 2
coordination —;>| Improved A* algorithm dynamic n HGVs
strategy HGV States:
L ___
* o
£l Nodes’ o
HGV 1
! Nod§s > time-to-go Node§ : > i
| extension e evaluation o dynamic
| 7S estimation {} |
| : '
| i Analytical Improved A* Time heuristic|
| i steady path 3 function il
| model algorithm |
______________________ o

Figure 6. Schematic of the time-coordinated A* path planning method.

The proposed time-coordinated path planning method is summarized as Algorithm 1:

Algorithm 1. Time-coordinated A* path planning algorithm

INPUT: initial states of n HGVs, extension step dt, target point, terminal constraints, process
constraints, control Capacity constraints, no—ﬂy zones constraints.

1: while existing one HGV’s range-to-go larger than the radius of FAAC S;, do

2: determine the leader HGV and the desired joint arrival time t;ﬁ according to all the HGVs’
states based on the arrival-time online coordination method described in Section 4.4.

3: for every HGV do

4: use the path node extension method described in Section 4.1 to obtain a series of reachable
path nodes departing from the current waypoint.

5: estimate every node’s time-to-go utilizing the analytical estimation method described in
Section 4.2.

6: evaluate every path node’s path cost utilizing the evaluation function described in
Section 4.3.

7: select the optimal node with the lowest path cost as the next waypoint, substitute the AOA
«* and bank angle o corresponding to the optimal node into the dynamic model to update the
states of HGV.

8: end for

9: end while

OUTPUT: all the HGVs’ flight paths.

Next, a detailed introduction to the methods of node expansion, time-to-go estimation,
and path evaluation will be, respectively, provided in Sections 4.2—4.5.

4.2. Node Extension Method

The node extension is vital for the A* algorithm because it directly determines perfor-
mance and efficiency. The classic A* algorithm divides the planning space into grids and
extends the nodes according to adjacent grid points. It is kinematic-level planning and cannot
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calculate the control variables or force. So, it is not suitable for HGV, which has strict dynamic
and force-thermal constraints.

For solving the HGV path planning problem, the dynamic model should be introduced
in node extension. An intuitive idea is to extend nodes through dynamic integration. The
selection of control variables during dynamic integration is not arbitrary; otherwise, the
terminal constraints are difficult to ensure. In Section 3, the analytical steady gliding path
establishes a mapping relationship between terminal constraints and control variables. For a
given terminal altitude r; and terminal velocity Vy, the desired AOA command &g and the
norm of the bank angle command 0,4 can be derived. Extending nodes using the command
control variables can ensure the feasibility of the path and meet terminal constraints.

The path node extension process is shown in Figure 7. Take the terminal altitude r; and
velocity V¢ as design variables.  The terminal velocity constraint interval is
[Vinin, Vmax] according to Equation (11). Select M points uniformly from the interval to ob-

tain V, = { fl‘ ]’( € [Viin, Vmax),i € NT,i < M}, where Vfl = Vpnin and V}VI = Vinax- The
superscript i denotes the i-th point in the set V. Similarly, select N points uniformly from
the terminal altitude interval to obtain ¥. = {rHrjf € [min,"max),j € NT,j <N }, where
r} = ¥min and r}\] = rmax. The superscript j denotes the j-th point in the set . Combining
Vi and s yields the terminal constraint set T = { (V}, r}) ‘V} evy, r} S rf}. The set T'is
composed of m X n terminal constraint pairs (Vi, r?) . For each (Vi, r?) , the command con-
E'n{fi and (Tc(;g can be obtained through the analytical path planning shown in

Section 3. The command bank angle Uc(;gl is the absolute value and its sign can be positive

or negative. Denote the command control variables with positive and negative symbols

as Uc(rln]é 4 and ‘Tc(ml—' respectively. That is, Uc(llﬁ L= UC(;’@ and (Tc(llﬁ_ = _Uc(;{c)l' The path
nodes are extended using the command variables for one-step dynamic integration. The
path nodes are denoted as (65;’] ), ([)S’] ), r(i’] )> and (98’] ), (i)(l’] ), r(l’] )), where the subscript

trol variables «

"o

+” represents the command bank angle is positive, and the subscript “—" represents the
command bank angle is negative. 2 X M X N path nodes are obtained for M terminal
velocity constraint points and N terminal altitude constraint points. The path nodes satisfy
the dynamic constraints and terminal constraints because the analytical steady path and
dynamic model are considered.

Analytical steady path planning r Path node extension

" A
(v.r)

(6.9.1)

One-step dynamic integration

& n

<~ mxn altitude-velocity profiles

» 2xmxn path nodes
v
[
mXn terminal-constraint pairs

) e (vrt)

n points

m points

Figure 7. Schematic of the node extension method.
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The specific node extension steps are shown in Algorithm 2:

Algorithm 2. Node extension

INPUT: current states r, 8, ¢, V, 7y, i, extension step dt, terminal altitude constraint interval
[Fmin, "max], terminal velocity constraint interval [Vinin, Vimax]-

1: select N and M points in the terminal altitude constraint interval [rmin, max] and terminal
velocity constraint interval [Vinin, Vmax], respectively, and combine them with each other to form

m x n altitude-velocity combinations <Vi, Yﬂr) satisfying the terminal constraint, where
rﬁr € [T’min/ T’max](j S N+/]' < N), V} S [Vmin/ Vmax}(l’ c N+/ i < M).

2: for every (V},r}) do

(i’Qst according to Equation (27).

3: solve the corresponding flight-path angle v;
(i)

4: solve the corresponding drag acceleration D according to Equation (29).

5: solve the corresponding AOA ”‘gr]\il according to Equation (30) and solve the
corresponding bank angle ‘Tc(i{c)l ,and UC(;]‘CL according to Equation (32).

6: substitute the AOA and the bank angles into Equations (1)—(6) to obtain the path nodes
(9$’j),¢$'j),r$’j)) and (9@]'),4)@]'),1,@]')).

7: end for
OUTPUT: extension nodes N4 and N_, where N} = { (9&’] ) , 4)&’] ), r(ﬂ >> },

N = { (60,400, 60),

4.3. Analytical Estimation of Time-to-Go

Cooperative path planning requires consideration of the consistency of the arrival
time of each vehicle at the FAAC, and accurate estimation of the time-to-go is the key to
achieving this purpose.

A time-to-go analytical estimation formula is derived based on the analytical steady
path designed in Section 3. From Equation (28), the vehicle velocity is a function related to
the range-to-go, so the time-to-go can be expressed as

=" f5 V(s

(33)

5¢dS /Sf ds
S tan vy

(D + gsiny)rs - S

V)?+2,— 1—e Re
sin 7y

where S is the range-to-go of the terminal, with Sy = 0. According to Criterion 1 and
Criterion 2, the flight-path angle v and drag acceleration D in Equation (33) are constants,

so we have cs
b — In(e S (A+B-Es= —VATB,/A-B(¢SS-1)))
8 CyA+B (34)
In(A+B— 5 —VA+BVA)
CVA+B

where A = V]%, B = Z(Dmmt;_f i:ﬂgjﬂngt)rf ,C = —L“Izimts. The flight-path angle Yeonst

and drag acceleration Dconst are obtained from Equations (27) and (29), respectively. So
the time-to-go can be calculated using Equation (34) once the terminal radial distance
from the Earth center to the vehicle ¢, the terminal velocity Vy, and the range-to-go S are
determined.
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4.4. Path Evaluation Method
4.4.1. Evaluation Function

In this paper, we improve on the A* algorithm’s evaluation function, which can
consider the arrival time constraint. The evaluation function F is defined as:

F=G+P+H (35)

In Equation (35), G is the flight cost, i.e., the range that has been flown from the starting
point to the current node. P is the penalty function, which is used to remove the nodes that
do not satisfy the constraints, whose value will be demonstrated in the next section. H is
the heuristic function and is designed as:

H=wS+(1-w)

tr — (t+ tgo) (36)

where S is the distance from the current node to the target, tji is the desired arrival time, ¢ is
the current time, tg, is the time-to-go estimated by Equation (34), and w is the switching
coefficient equal to 0 or 1.

The evaluation function describes the cost that the HGV pays when extending a node.
Thus, each HGV always takes the node with the smallest evaluation function value as the
next waypoint among several extension nodes to generate an optimal path.

Remark 1. The heuristic function is improved on the A* algorithm by introducing an arrival-time
control term and a switching coefficient w. If w = 1, Equation (35) is the classical evaluation
function of the A* algorithm, which can realize single-vehicle path planning with the shortest range.
If w = 0, Equation (35) makes the path’s arrival time as close to the desired one as possible.

4.4.2. Dealing with Path Node Constraints

To ensure the planned path is feasible and safe, the waypoints selected must satisfy a
series of constraints. This section gives the treatment of each constraint during the path
planning process.

(1) Control capacity constraints.

During the vehicle’s flight, the AOA « and bank angle ¢ should be kept within an
acceptable range to ensure the vehicle’s stability. Each path node’s magnitude of AOA and
bank angle can be derived according to Equation (30), and Equation (32). If they satisfy the
constraints shown in Equation (13), the penalty function P(x) = 0, otherwise P(x) = co.

Due to HGVs’ maneuverability and control system bandwidth limitations, it is impos-
sible to accurately track the AOA and bank angle commands if the vehicle’s AOA and bank
angle change frequently and dramatically, resulting in the vehicle’s inability to fly along
the planned path. To improve the feasibility of the path, we incorporated the AOA and
bank angle change rate constraints into the path planning process. The AOA variation rate
and bank angle variation rate can be calculated as

Ax . Ao

a,a = (37)

[j( =
where Aax and Ac are AOA variation and bank angle variation, respectively.
If the AOA variation rate and bank angle variation rate satisfy the constraints shown
in Equation (14), P(x) = 0. Otherwise, P(x) = co.

(2) Process constraints.

The heating rate constraint, the dynamic pressure constraint, and the aerodynamic
load constraint need to be satisfied during the flight of the HGV, referred to as the process
constraint. The equations for heating rate, dynamic pressure, and aerodynamic load are
shown in Equation (15).

If the process constraints satisfy Equation (15), P(x) = 0. Otherwise, P(x) = co.
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(3) Terminal constraints.

During the node extension, the altitude-velocity combinations (V}, r}) are selected

from the intervals [F'min, Ymax] @and [Vinin, Vmax|. Therefore, the terminal altitude and the
terminal velocity constraints must be satisfied.

For the terminal heading angle error constraint, the heading angle error corridor [25],
which is widely used in the reentry guidance method for HGVs, is used to limit it, as shown
in Figure 8. When the range-to-go is large, a larger corridor boundary Ay is selected to
enable the vehicle to have strong no-fly zone avoidance and time regulation capability;
when the range-to-go decreases, the corridor boundary gradually transitions to the terminal
heading angle error constraint value Ay to ensure that the terminal heading angle meets
the requirements. If the heading angle error is within the corridor, P(x) = 0. Otherwise,
P(x) = co.

Ay

|

AYyl ===~

Ay, |~

“ y

—Ay |-

_Al/jo _________

Figure 8. Heading angle error corridor.

(4) No-fly zone constraints.

Due to the fast flight velocity and large turning radius of the HGYV, all the extended
nodes are likely in the no-fly zone when the distance from the no-fly zone is close. To avoid
such situations, set a minimum safe distance Sg,¢ to avoid the no-fly zones. If the distance
between the HGV and a no-fly zone Syyrey; is smaller than Sq,¢, take that no-fly zone into
account; otherwise, ignore the no-fly zone. As shown in Figure 9, two tangent lines to the
no-fly zone are made through the HGV, and if the path node is on the outside of the two
tangent lines, the path node satisfies the no-fly zone constraint, and P(x) = 0. Otherwise,
P(x) = co.

No-fly zone

Path nodes that satisfy

<3

safe

S

threat

{8 )

HGV Path nodes that do NOT
satisfy the constraint

Figure 9. Dealing with no-fly zone constraints.

4.5. Arrival-Time Online Coordination Method

Determining the vehicles’ arrival time is essential for the multi-vehicle cooperative
path planning problem. Most existing studies use offline trajectory optimization before
path planning to determine the arrival time range of each vehicle and then select a common
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arrival time for all the vehicles [22-24]. These approaches increase the pre-planning effort
exponentially as the vehicle cluster grows, necessitating a considerable quantity of com-
putational resources and computational time, restricting the online deployment of related
methods for large-scale clusters.

This research provides an arrival-time online coordination technique based on the
idea of leader-follower formation control to address the aforementioned issues. As shown
in Figure 10, the time-to-go of each vehicle is estimated using Equation (34), based on the
state of each vehicle’s current waypoint. The vehicle with the largest time-to-go is selected
as the leader, and the remaining vehicles are followers. The estimated arrival time of the
leader vehicle is used as the coordination time.

t? = max(tf,,'),i € N+,i < Nygv (38)
where £/ is the estimated arrival time of the i-th HGV. NGy is the number of HGVs.

Start

Estimate the time-to-go
of each vehicle

The time-to-go of vehicle 7 is the max?

YES NO

Let vehicle i to be Let vehicle i to be

the leader the follower
v
Let the switching Let the switching

coefficient to be 1 coefficient to be 0
L J

» i=i+1 |

NO

1 is bigger than the amount of vehicles?

Take the arrival time of the
leader as the coordination time

End
Figure 10. Arrival-time online coordination method.

Meanwhile, the switching coefficient «w shown in Equation (36) of the leader is set to 1,
and those of the followers to 0. Therefore, the leader tends to find the shortest path, while
the followers tend to achieve the same arrival time as the leader, that is how cooperative
path planning is realized.

5. Numerical Simulation
5.1. Simulation Conditions

We conducted numerical simulations to verify the proposed method’s effectiveness
and superiority. Five cooperative path-planning simulation cases with different conditions
were conducted to verify the time-coordinated path-planning method’s effectiveness and
superiority. Monte Carlo simulations considering disturbances were conducted to verify
the proposed method’s robustness.

A cooperative path planning simulation scenario containing four vehicles was set
up, simulating the scenario where different HGVs launch at different times and locations
and fly towards the same target point. Due to the focus of this paper being on the reentry
flight phase of the HGVs, the ascent stage was ignored, and the simulation began when the
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HGVs reached an altitude of around 60 km during reentry. The initial states of the HGVs
are shown in Table 1.

Table 1. Initial states of the HGVs.

. o . o Altitude Velocity Flight-Path Heading

Longitude (°)  Latitude (°) (km) (/s) Angle () Angle ()
HGV1 0 5 60 6500 0 90
HGV 2 2 5 59 6300 0 94
HGV 3 4 —4 61 6000 0 92
HGV 4 1 1 62 6300 0 88

Three no-fly zones were distributed between the HGV and the target point, simulating
the interception range of interceptors. The no-fly zones were modeled as cylindrical shapes
in space, and the HGVs need to bypass them laterally to ensure flight safety. The no-fly-zone
information is shown in Table 2.

Table 2. No-fly-zone information.

Center Longitude (°) Center Latitude (°) Radius (km)
No-fly zone 1 30 -2 150
No-fly zone 2 25 5 200
No-fly zone 3 40 1 150

The longitude and latitude of the target are 60° and 0°, respectively. The constraints to
be satisfied by each vehicle are shown in Table 3:

Table 3. Values of constraints.

Constraints Range of Values
AOA [5°,30°]
Bank angle [—70°,70°]
AOA rate [—3°/s,3°/s]
Bank angle rate [—30°/s,30°/s]
Terminal altitude [30 km, 31 km]
Terminal velocity [2000 m/s,2100 m/s]
Radius of the FAAC 100 km
Terminal heading angle error [—2°,2°]
Maximum dynamic pressure 60 kPa
Maximum heating rate 3000 kW /m?2
Maximum aerodynamic load 2.5

Five cases of time-coordination path planning simulation were set up as shown in
Table 4. The proposed time-coordinated A* path planning method was used in Case 1 to
Case 3. However, different requirements were considered in the three cases. In Case 1,
neither the time-coordinated requirement nor the no-fly-zone constraint were considered. In
Case 2, only the no-fly-zone constraint was considered. In Case 3, both the time-coordinated
requirement and the no-fly-zone constraint were considered. Case 4 and Case 5 used the
hp-AGPM [18] and the QEGC-based method [25] as comparisons, which are existing DPMs
satisfying the time-coordinated requirement. The hp-AGPM and QEGC-based methods
need to schedule the arrival time of each vehicle before the simulation. In Case 4 and Case
5, the arrival time of each HGV was set to be 1560 s. Case 6 set up a simulation example to
verify the advantages of the time-coordinated A* path planning method in the presence of



Aerospace 2024, 11, 499

18 of 31

online maneuvering. The simulation conditions are the same as in Case 3, except that the
HGV1 maneuvers at a constant AOA of 15 deg and a constant bank angle of 40 deg within
1000-1030 s.

Table 4. Simulation conditions for the cases.

Whether to Consider Whether to Consider Whether to Consider

Path Planning Method No-Fly Zones Time-Coordinated Online Maneuvering
. ) .
Casel Time Coorf:hnated A* path NO NO NO
planning method
Case? Tlme—coor(.:lmated A* path YES NO NO
planning method
. ) .
Case3 Time coor'dmated A* path YES YES NO
planning method
Case4 hp-AGPM [18] YES YES NO
Caseb QEGC based method [25] YES YES NO
Case6 Time-coordinated A* path YES YES YES

planning method

Moreover, the Monte-Carlo simulation was conducted to verify the proposed method’s
robustness against disturbances. The nominal simulation conditions were the same as in
Case 3, and the disturbances are shown in Table 5.

Table 5. Disturbances of Monte-Carlo simulation.

Disturbance Items

Disturbance Values
(3 Times Standard Deviation)

Disturbance Values

. . .. Di I
(3 Times Standard Deviation) isturbance Items

Initial longitude 0.5° Initialafrlliggl}; t-path 2°
Initial latitude 0.5° Initial heading angle 2°
Initial altitude 1000 m Lift coefficients 10%
Initial velocity 100 m/s Drag coefficients 10%

Atmospheric density 10%

5.2. Time-Coordinated Path Planning Simulations

The statistics of crucial indicators, which are arrival time (AT), terminal altitude (TA),
terminal velocity (TV), terminal heading angle error (THAE), maximum dynamic pressure
(MDP), maximum heating rate (MHR), maximum aerodynamic load (MAL), and calculation
time (CT), are shown in Table 6.

The ground tracks in Case 1 and Case 2 are shown in Figures 11 and 12. Comparing
the simulation results in Case 1 and Case 2, Case 1 did not consider avoiding the no-fly
zones, and the vehicles’ paths pass through the no-fly zones directly; after introducing
the no-fly-zone constraints in Case 2, the vehicles can successfully avoid the no-fly zones,
which verifies that the algorithm of this paper can effectively avoid the threat of no-fly
zones.
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Figure 11. Ground tracks in Case 1.
Table 6. The statistics of crucial indicators.
AT TA TV THAE MDP MHR MAL CT
(s) (m) (m/s) ©) (kPa) (KW/m?) (s)
HGV1 1567.61 30,005 2055.0 0.0006 43.64 848.6 1.13
Case 1 HGV?2 1556.78 30,005 2033.3 —0.0004 4271 799.0 1.08 D
ase HGV3 1534.49 30,000 2009.7 —0.0003 40.93 735.7 1.02 :
HGV4 1555.28 30,007 2055.5 0.0005 41.48 654.7 1.09
HGV1 1559.01 30,584 2066.6 —0.0006 41.07 845.1 1.12
Case 2 HGV2 1547.93 30,557 2044.8 —0.0002 40.16 795.4 1.07 218
ase HGV3 1537.10 30,572 2009.7 0.0006 38.06 650.6 1.00 :
HGV4 1543.07 30,602 2066.5 0.0001 38.75 731.6 1.08
HGV1 1557.01 30,460 2073.0 0.01 47.68 846.6 1.12
Case 3 HGV2 1557.06 30,448 2005.7 —~0.33 44.48 800.4 1.06 278
ase HGV3 1557.01 30,488 2003.7 1.15 4357 650.9 0.98 .
HGV4 1557.01 30,509 2006.9 —1.57 4216 731.4 1.07
HGV1 1560.01 30,820 2000.0 —0.73 39.93 1030.1 1.93
Case 4 HGV2 1560.04 30,883 2051.6 —0.07 4218 1088.8 2.50 L0
ase HGV3 1560.08 30,116 2000.0 2.00 37.93 758.3 1.36 :
HGV4 1560.05 30,853 2027.2 —0.91 43.93 936.1 1.86
HGV1 1560.41 30,952 2082.3 1.81 41.63 848.5 1.08
Case’5 HGV2 1560.37 30,749 2008.4 ~1.62 42.08 800.3 3.15 34
ase HGV3 1560.52 30,804 2004.9 1.04 37.87 650.86 3.08 :
HGV4 1560.47 30,809 2072.2 —0.71 39.88 734.7 1.05
HGV1 1566.21 30,002 2093.1 1.4672 47.01 854.8 1.47
Case 6 HGV2 1565.86 30,000 2001.3 -19113 43.51 804.3 1.09 284
ase HGV3 1565.70 30,003 2000.6 0.5563 42.44 739.7 1.01 :
HGV4 1565.86 30,001 2011.3 ~1.9736 41.48 654.1 1.10

Latitude(°)

—HGV1
- —HGV2
HGV3

——No-fly zones

30 o
Longitude(°)

40 50

Figure 12. Ground tracks in Case 2.

The simulation results in Case 3 are shown in Figures 13-24. From the simulation

results, it can be seen that all HGVs avoid the no-fly zones and meet both terminal and
process constraints. The altitude and velocity of the HGVs transit to the terminal states
smoothly without oscillation. The flight path angle of each HGV approximately maintains
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a constant value, and the altitude-velocity profiles shown in Figure 23 are approximate
to a quadratic function, which is consistent with the analytical steady gliding path. The
AOA transits from the maximum value to the near-optimal lift-to-drag ratio AOA, which
is 10 deg in this paper. The changing trend is consistent with the commonly used AOA

profile [29]. The simulation results prove that the analytical steady gliding path is feasible
for HGV.
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sk () ™~ | HGV4
T~ < ——No-fly zones
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Figure 13. Ground tracks in Case 3.
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Figure 14. Altitudes in Case 3.
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Figure 15. Velocities in Case 3.
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Figure 16. Flight-path angles in Case 3.
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Figure 17. Angles of attack in Case 3.
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Figure 18. Bank angles in Case 3.
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Figure 19. Heading angle errors in Case 3.
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Figure 20. Dynamic pressures in Case 3.
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Figure 22. Aerodynamic loads in Case 3.
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Figure 23. Altitude-velocity profile in Case 3.
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Figure 24. Time-to-go estimation in Case 3.

Comparing the simulation results in Case 2 and Case 3, when time coordination
is not considered, the maximum arrival time error of the vehicle is 21.91 s; when time
coordination is considered, the arrival time error of the vehicle is 0.05 s, indicating that the
time coordination of the HGVs is achieved. The vehicles’ paths are smooth and satisfy all
the constraints, which verifies the effectiveness of the cooperative path planning method
proposed in this paper.

The simulation results in Case 4 are shown in Figures 25-34. Comparing the simulation
results in Case 3 and Case 4, when considering the time-coordination requirement, both
the method in this paper and the hp-AGPM can plan the path that meets the constraints.
However, the path in Case 3 is smoother, and the angles of attack and bank angles change
more gently, which is more conducive to the tracking and guidance of HGVs. At the same
time, the maximum heating rate and maximum aerodynamic load in Case 3 are smaller than
those in Case 4, so the force and thermal influence on the vehicles are smaller, which reflects
the advantages of steady gliding. In addition, the path planning time in Case 3 is shorter.
It is worth noting that the process of determining the cooperative arrival time through
preliminary trajectory optimization is not considered in Case 4. Hence, the calculation time
of the method proposed in this paper is much smaller than that of existing methods, which
has a broader application prospect for the online path planning problem of large-scale
vehicle clusters. In comparison, the method described in this paper can plan smoother
paths, reduce the force-thermal influence, and have a shorter calculating time, which fully
reflects the superiority of the time-coordinated A* path planning method proposed in this
paper.
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Figure 25. Ground tracks in Case 4.
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Figure 27. Velocities in Case 4.
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Figure 28. Flight-path angles in Case 4.
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Figure 29. Angles of attack in Case 4.
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Figure 30. Bank angles in Case 4.

30

Heading anlge error(®)

0 200 400 600 800 1000 1200 1400 1600
Time(s)

Figure 31. Heading angle errors in Case 4.
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Figure 32. Dynamic pressures in Case 4.
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Figure 33. Heating rates in Case 4.
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Figure 34. Aerodynamic loads in Case 4.

The simulation results in Case 5 are shown in Figures 35-40. Comparing the simulation
results in Case 3 and Case 5, the two methods can both satisfy the time-coordination
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requirement. The path planning time in Case 5 is a bit shorter than in Case 3. However,
because the QEGC-based method did not consider avoiding the no-fly zone, HGV2 and
HGV4 passed through the no-fly zone. The HGVs in Case 3 successfully bypassed the
no-fly zones. The simulation results show that the method proposed in this paper has a

strong ability to avoid no-fly zones.
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Figure 35. Ground tracks in Case 5.
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Figure 37. Velocities in Case 5.
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Figure 40. Bank angles in Case 5.

The simulation results in Case 6 are shown in Figures 41-50. From the simulation
results, it can be seen that the arrival time of HGV1 grows to 1566.21 s after maneuvering
from 1557.01 s. Benefiting from the arrival-time online coordination strategy, the arrival
times of the other HGVs increase correspondingly, and the arrival time error of the HGVs is
0.51 s in the final. Meanwhile, the paths satisfy the terminal constraints, process constraints,
and no-fly-zone constraints. The simulation results illustrate that the time-coordinated A*
path planning method has online adjustment capabilities that can deal with sudden threats.
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Figure 41. Ground tracks in Case 6.
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Figure 42. Altitudes in Case 6.
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5.3. Monte-Carlo Simulation

The Monte-Carlo simulation results are shown in Figures 51-54.
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Figure 51. Ground tracks.
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The simulation results illustrated that all the paths bypassed the no-fly zones, which
are the black circles in Figure 51. Most of the terminal altitudes and velocities were within
the required interval. The maximum deviation from the terminal limitation of terminal
altitude and velocity was 83 m and 25 m/s, respectively. The maximum arrival time error
was 6.6 s, and the average arrival time error was 1.9 s.

6. Conclusions

This paper proposes an online time-coordinated A*path planning method for HGVs
that combines the KPM and DPM. This method combines the efficiency and strong no-fly-
zone processing capability of KPM, as well as the advantage of DPM meeting dynamic
constraints. An analytical steady flight DPM is proposed first based on a quadratic function-
type altitude-velocity profile, which can derive the control commands explicitly according
to the desired terminal altitude and velocity. Based on this, the time-coordinated path
planning method is designed by combining the analytical steady glide DPM with the
framework of the A* algorithm, which is a classic KPM. An improved path extension
method of the A* algorithm is designed by introducing the analytical steady glide DPM.
The path extension method can ensure that the path satisfies the dynamic constraints,
which solves the problem that the classic A* algorithm cannot be applied to HGVs. A path
evaluation function with a time control term and a penalty function is designed to satisfy
the time coordination requirement and no-fly-zone constraints. An online time-coordinated
strategy is proposed to determine a commonly desired arrival time for several HGVs online.
It can avoid the need to determine the arrival time in advance. The HGVs can adjust
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the arrival time according to the analytical estimation of flight times. Thus, the HGVs
can deal with sudden threats. It makes the proposed method have stronger prospects
for online applications. The simulation results show that this method can plan the time-
coordinated path of multiple HGVs and satisfy terminal constraints, process constraints,
control capacity constraints, and no-fly-zone constraints. Compared with the trajectory
optimization method, the path planned by this method is smoother, the maximum heating
rate and maximum aerodynamic load are significantly reduced, and the calculation time is
also greatly reduced, which thoroughly verifies the effectiveness and superiority of this
method.

It should be acknowledged that this paper still has limitations. This paper takes the
terminal velocity and altitude as design variables, which causes the terminal velocity and
altitude not to be given values. Instead, the terminal velocity and altitude are only limited
to a given range. Thus, there may be velocity and altitude differences among different
HGVs when arriving at FAAC. This issue may be addressed by dynamically adjusting the
range of terminal constraint limitations in future research.
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