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ABSTRACT An improved tentacle-based bank-angle transient method that requires less computation
and provides effective feedback is proposed to offer a new choice for reentry gliding hypersonic vehicle
maneuvering guidance. The longitudinal guidance strategy of hypersonic vehicles is applied to track standard
trajectories, and the improved tentacle-based bank angle transient lateral strategy avoids static or dynamic
no-fly zones. The proposed lateral strategy generates three tentacles for detection, addresses numerical
heading angle limitations or no-fly zone constraints, and provides control commands through a time-counting
filter. Dispersed cases are verified for static no-fly zones, and a warning area is proposed to avoid dynamic
no-fly zones. For dynamic no-fly zones, the velocity and initial position of the no-fly zone are discussed in
terms of the impact on the guidance. Finally, the guidance strategy is tested on a high-performance Common
Aero Vehicle model in many flights, and all results for the constraints and computation time indicate that the
improved tentacle-based guidance method is effective for avoiding no-fly zones where some information is
unknown.

INDEX TERMS Tentacle-based guidance, no-fly zone(NFZ), flight constraint, warning area, hypersonic

vehicle.

I. INTRODUCTION

In recent decades, guidance studies on the reentry of hyper-
sonic vehicles have been extensively conducted to develop
the aerospace industry among the world’s great powers
[1]-[11]. During the reentry of a hypersonic vehicle, multiple
constraints must be satisfied. In a previous study, guidance
generally considered two types of constraints: path con-
straints and position-restriction constraints.

Path constraints include the heating rate, the aerodynamic
load, and the dynamic pressure. The design of off-line trajec-
tory optimization has been applied these constraints and many
achievements have been obtained, and there is an irreversible
trend from off-line computing to online computing for trajec-
tory optimization [12]-[16]. The pseudo-spectral method is
representative of methods applied in off-line trajectory opti-
mization, with adaptive meshes increasing the convergence
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rate of the results, calculating relatively precise discrete
results off-line [13], [14]. In many experiments, the more
accurate the trajectory is, the longer the calculation time is,
which cannot meet the requirements of online application.
To apply a precise track to the standard trajectory online,
profiles such as drag-energy, drag-speed, and altitude-speed
have been proposed [17]-[19]. Later, the velocity-altitude-
azimuth profile method was proposed and applied to achieve
a controllable and reachable flight corridor [20]. The main
purpose of these methods is tracking, but with new constraints
added, such as no-fly zones and waypoint constraints, they
lose their online applicability.

The second type of constraint is the position-restriction
constraint in the form of longitude and latitude, such as
waypoints and no-fly zones. A waypoint is a condition con-
straint that the vehicle must go through in the flight pro-
cess, whereas the no-fly zone is an area that the vehicle
cannot enter; waypoints can also be used to avoid no-fly
zones [21], [22]. By identifying the shape of the no-fly zone,
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the waypoints are studied and designed, and the trajectory
optimization results of the segments are obtained quickly if
the whole trajectory has been divided by the waypoints from
the first. Therefore, most of the current research studies the
trajectory optimization algorithm in the case of no-fly zones
or waypoints with absolutely known information [21]. A no-
fly zone usually has information including shape, velocity,
and position. However, the velocity of a no-fly zone is usually
considered as zero, but if the vehicle faces the no-fly zone
with unknown information or with information that changes
during the flight, such a method will be no longer applicable
to the vehicle maneuvering guidance.

A tentacle-based method is a new way to solve the online
trajectory calculation when the constraints are complicated.
After studying the tentacle feedback mechanism of insect
biology, it is proposed to use fewer “tentacles” to detect
the situation in the unknown area ahead and to get feed-
back, and then provide control commands [23]-[25]. The
tentacle-based method was first proposed in research on
the path-planning of mobile robots, where the tentacles are
the possible movement direction of the robot. A maneuvering
guidance strategy based on two tentacles is applied in hyper-
sonic vehicles [26], where two tentacles are continuously
generated forward to obtain feedback and to implement rever-
sal control of the bank angle to avoid the no-fly zone without
specific information. However, this method is not mature for
three reasons. First, this method lacks forward path detection,
and thus the vehicle always turns left or right to avoid all
constraints through the method of threat evaluation, even
when the vehicle is flying without any obstacles ahead. The
bank angle makes the vehicle sway from side to side but there
is no rationale for doing so, which increases the complexity
of guidance and flight distance. Second, in the feedback from
the tentacles, empirical data is used for the heading angle
constraint; however, empirical data may not be suitable for
other vehicles or other situations, and thus it is not universally
applicable. Third, research on the tentacle-based method has
not been carried out in situations of dynamic no-fly zones.
In fact, the shape of a no-fly zone changes and is more likely
to be composed of multiple small areas to form a composite
area, and the method is not suitable for this situation. Seeing
that the detection distance of a mobile robot is relatively short,
so that many tentacles can be generated. However, a hyper-
sonic gliding vehicle could not have many detection tentacles,
which significantly increases both the detection time and the
complexity of the control system, because the number of
tentacles is the same as the types of lateral guidance control
command.

In this paper, a bank angle transient guidance strategy
based on improved tentacle detection is proposed. The vehicle
generates tentacles with left, middle, and right directions,
and the feedback of each tentacle is limited by five cases,
namely, time constraint, path constraints, no-fly zone con-
straint, heading angle constraint, and stop condition. In the
design of the lateral guidance, only three bank angles are
adopted to avoid no-fly zones in the lateral guidance, whereas
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a linear quadratic regulator algorithm is adopted to track
the velocity and position of the original standard trajectory
in the longitudinal guidance. The improved tentacle-based
method guidance strategy described in this paper is also a
model predictive control (MPC) approach [27], which has
three advantages. First, the tentacle detection of the for-
ward path is added, and a time-counting filter is adopted to
reduce the transverse of the bank angle, which gives more
non-maneuvering flight time and reduces the airframe load.
Second, the computed heading angle constraint is proposed to
reduce the dependence on empirical data for other vehicles.
Third, the influence of the initial position and velocity of the
dynamic no-fly zone on the maneuvering guidance strategy
is studied, which has never been explored. The effectiveness
of the guidance strategy is verified on a high-performance
common aero vehicle (CAV-H) by different missions with
static and dynamic no-fly zones.

Il. REENTRY MODELING

A. DYNAMICS MODELING FOR HYPERSONIC GLIDE
VEHICLE REENTRY

The three-dimensional point-mass dynamics of an entry vehi-
cle over a rotating spherical Earth are given by [28]. To sim-
plify the model, the rotational angular velocity of the earth is
ignored and the formulas are as follows:

F = Vsiny 1)
6 = Vcosy siny/rcosg 2)
¢ =Vcosycosy/r 3)
V = —D/m —gsiny 4)
v = 1/VI[Lcoso/m + <V2/r - g) cos 1 )

Vo= 1/V[Lsino/mcosy + v? cosysiny tang/r] (6)

where r is the radial distance from the center of the Earth
to the vehicle, V is the Earth-relative velocity, y is the
flight-path angle, 6 is the longitude, ¢ is the latitude, v is the
velocity heading angle, and o is the bank angle. The terms D
and L are the aerodynamic drag and lift forces, respectively,
which are D = szSrefCD/Z and L = szSrefCL/2, where
p is the atmospheric density and S is the reference area of
the vehicle. Further, D and L are functions of «, the angle of
attack, through the dependence of drag and lift coefficients
C D and C L-

B. TRAJECTORY CONSTRAINTS
Typical reentry trajectory inequality constraints include heat-
ing rate, aerodynamic load, and dynamic pressure, as shown
in formulas (7), (8), and (9) [29]:

0 = Kpp" V31 < Qg ©)
n=+vL2+D?*/m < nmax (8)
g =050V? < Gmax )

where Omax, Mmax, and gmax are maximum limits for these
constraints, respectively. Formula (7) is the heating rate con-
straint at a specified point on the surface of the vehicle, with
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= 7.9686 x 107> Js/>(m3> kg"3). Moreover, given an
initial condition, the reentry vehicle is expected to reach a
terminal area with a terminal state that consists of [ry V¢ yr].
Apart from the typical inequality constraints and terminal
constraints mentioned above, no-fly zones need to be consid-
ered in many missions. For a general case, the no-fly zone
constraint is expressed as
min{S}\,,Sl%,,S,%,,~-~S,'\’,] >0 (10)
where n is the number of no-fly zones and the distance
S le (1 <i < n) is measured from the vehicle to the nearest
boundary of the ith zone, as shown in Fig. 1. There are static
and dynamic no-fly zones in fact, and the dynamic ones are
usually smaller than the static ones.

- @

Terminal

Vehiclei‘!".{; -
VL

FIGURE 1. Distances between vehicle and no-fly zones.

C. NUMERICAL HEADING ANGLE CONSTRAINT

To detect the situation ahead, the vehicle needs to predict
a few trajectories, which are called tentacles. The tentacles
should be stopped by some conditions, such as no-fly zone
constraints and time constraints. In addition to these con-
straints, the heading angle constraint can limit the tentacles
from making excessive turns. The heading angle constraint
is related to the velocity of the vehicle in many experiments;
for example, [26] provides a set of empirical data as shown
in Fig. 2. Such empirical data is feasible for some no-fly
zones, but they are not universally applicable for other vehi-
cles. Therefore, a computed method is needed to give the
constraint of heading angle.

First, to get the relationship between the velocity of the
vehicle and heading angle constraint, a maximum turn trajec-
tory is computed as shown in Fig. 3. The heading angle error
; is the inner angle between the direction of the velocity and
the direction from the real-time position of the vehicle (6;, ¢;)
to the terminal point C (O¢, ¢¢).
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FIGURE 2. Experienced-based and numerical heading angle constraint.
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FIGURE 3. Maximum turn trajectory and the heading angle with speed.

Second, V; is computed by:

=)

V; = ; — arctan | —— (11D
¢c — @i

where the [y;, 0;, ¢;] is the heading angle, longitude, and
latitude, respectively, of the ith point, such as the points
[P1, Py, P3,---,C].

Finally, the difference between the computed and
experience-based methods is shown as a solid line and dotted
lines in Fig. 2. When the velocity is more than 4, 000 m/s,
the computed method gives the vehicle more opportunities
to turn with a larger bank angle to avoid obstacles. When
the velocity is less than 4, 000 m/s, the results are roughly the
same. Therefore, the computed method will be more practical
for the maneuvering guidance of vehicle.

IIl. BANK ANGLE TRANSIENT GUIDANCE STRATEGY
BASED ON IMPROVED TENTACLE DETECTION

A. BASIC GUIDANCE STRATEGY WITH WAYPOINTS

For trajectory tracking, the guidance strategy is divided into
the longitudinal guidance strategy and the lateral guidance
strategy. The longitudinal one is designed by the linear
quadratic regulator(LQR) on the basis of waypoints. That
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FIGURE 4. Linearization of waypoint state at ith moment.

is, the actual state at the (i + 1)th moment is determined
by the actual state and the standard original state with a
given bank angle at the ith moment. However, because the
waypoints of standard trajectory are usually discrete and the
intervals between them are random, these waypoints should
be linearized to the state Y; through the ground distance
dg; of longitude and latitude to be compared with the real
trajectory state X; at the ith moment because the ground
distance is always monotonic. Generally, dg; is simplified
as the longitude when the latitude changes slightly in the
original trajectory. Therefore, the state of the waypoint of
each moment can be obtained by linearization of the states
of the closer original waypoint as formula (12).

Y; = Yo+ (Yo — Yio) (dgi — dgio) / (dgit — dgio) (12)

As shown in Fig. 4, Y; = [r;, Vi, yi] is the linearized
state at the ith ground distance, whereas Y;jp and Y;; are the
original states at two moments before and after, respectively,
the ith ground distance, and dgjo and d;; are their ground
distances, respectively. Furthermore, the control commands
of the original trajectory should be also linearized to calculate
«;. The term X; is the actual state calculated from the (i —
1)th moment, and the longitudinal guidance strategy is given
by [30], [31]:

Aa; =K (s) (X; = Yi) (13)

where Ac; is an adjustment for the angle of attack along the
standard trajectory and (X; — Y;) is the difference between
the actual trajectory and the standard linearized one, whereas
the bank angle o; should be updated by the lateral guidance
during the flight. The term K (s) is determined off-line by the
LQR method and computed onboard to track the linearized
waypoints of the standard trajectory. Note that the state of
waypoints only consists of [r, V, 6] in formula (13) because
the other states of trajectory might be adjusted in the lateral
movement [31]. After «; is obtained from the standard one
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and Ac;, the actual state at the (i + 1)th moment can be
obtained and the algorithm goes on.

During the flight, there might be some no-fly zones in
front of the vehicle, and the lateral guidance would consider
the detected feedback after every update time AT}, , which
might be more or less. Let ATy, be the update time between
the two moments of actual states and the update time of the
longitudinal guidance strategy [26]. That is, the relationship
of update times at ith moment is set as follows:

k ATlom
ATion,

0j = 0i+1

ATy =
¢ Oi # Ot

(14)

where o; and 041 are the bank angles of the ith and (i +
1)th moments and parameter k determines the update fre-
quency relationship between the two guidance strategies.
When ATy, is larger than ATj,,, the update frequency of the
lateral guidance strategy is less than that of the longitudinal
guidance strategy. Otherwise, the two guidance strategies are
updated with the same frequency. Note that k£ = 1 is allowed
as well when o; = 041 to increase the detection effect of the
lateral guidance.

B. TENTACLES PREDICTION

For the constraint of no-fly zone, the tentacles are generated
by numerical integration, and it is necessary to get precise
feedback and generate a prediction efficiently. The states of
the tentacles are propagated numerically by formulas (1-6),
whereas the constant changes of r and y are considered
[32], [33], which increases the accuracy of trajectory detec-
tion and the flight becomes more realistic.

These tentacles have three directions—right, left, and
middle—representing positive, negative, and zero bank
angles, respectively. That is, each of the three tentacles’ tra-
jectories are controlled by a constant bank angle. For each of
the tentacles, the angle of attack is designed by longitudinal
guidance strategy.

First, as shown in Fig. 5, whatever two or three tentacles
generated at the point, the effect and the feedback are the
same at points such as point O, because the middle and right
tentacles meet the no-fly zone, and thus only the left one
can be generated. It is obvious that two tentacles cannot give
good feedback when the vehicle flies into points like the AB
section, which makes reversal of the bank angle inconve-
nient. The two tentacles described in [26] would make vehicle
swing left and right during flight. In sections such as AB,
the middle tentacle could finish the generation and make the
vehicle go through the terminal place, which would be more
effective in cases where the vehicle is caught in the middle.
The start of the generation of each tentacle is the moment i,
where t = i — ATy, is the present time and ATy, is the
internal of updating the bank angle. After some improvement
of [26], the break conditions are as follows:

Condition 1: t > tmax, Which means that the flight time ¢
exceeds its maximum limit;
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FIGURE 5. Three tentacles at different points.

Condition 2: The heating rate, aerodynamic load and
dynamic pressure are bigger than their maximum limits;

Condition 3: Sziv < 0(1 <i < n), which means that the
vehicle has entered the ith no-fly zone;

Condition 4: |V;| > Wpa (V), which means that the
velocity heading angle has deviated too much to make vehicle
loss target at the ith moment.

Condition 5: The vehicle reaches the terminal place.

Among them, conditions 1-4 are restrictive conditions,
where the vehicle should avoid flying to the end of these
three types of “tentacles.” The last termination condition is
a permissive condition, and the vehicle should preferentially
choose such a “tentacle” to fly. The no-fly zone termination
condition is the most restrictive condition, and the time termi-
nation condition is less likely to choose; thus, the “tentacle”
selection priority Ka corresponding to the termination con-
dition is designed as [2, 2, 10, 5, 1] for conditions 1-5. The
termination condition priority Ka will be used to calculate
the total bank angle priority and to choose the bank angle at
every moment.

C. LATERAL GUIDANCE METHOD BASED ON BANK
ANGLE TRANSIENTS

Lateral guidance gives bank angle commands to the control
system of a vehicle, whereas the bank angle should be chosen
by the priority calculation and be filtered by the time counting
filter.

First, this study designed three tentacles for detection,
so there are three options for bank angle in the lateral guid-
ance strategy. Here are the formulas for calculating the prior-
ity and the getting the value of symbolic function sgn(c) at
ith moment:

o; = sgn (o) - omax, sgn(o) € {—1,0, 1} (15)
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K;j = —Ka; - Kbj, j= Left, Mid, Right (16)
—1, Kl = max (K])
sgn(o) = 10, Kyiqg = max (K]) 17
1, KRighs = max (K,)

where opmax 1s the maximum bank angle, and the left, middle,
and right tentacles correspond to —1, 0, and 1, respectively,
of the symbolic function sgn (o). The assignment of the
symbolic function is determined by the total priority K; of the
feedback of the tentacle. The total priority K; is determined
by the termination condition priority Ka; and the distance
priority Kb; decided by the distances between the end points
of the tentacles and the end point. The smaller the distance
is, the closer the end position of the tentacle is to the termi-
nal area, the more possible it is that the tentacle would be
selected. That is, according to the distance, the three levels are
designated separately {1.1, 1.0, 0.9}. The larger the priority
K; is in formula (16), the more representative of the tentacles
should be selected as the guidance command for the next
moment.

Second, to solve the problem of the vehicle being subjected
to a high-frequency change or large oscillation in bank angle
when the control system cannot complete such changes due to
the priority oscillation variation, the lateral guidance method
adopts a time-counting filter after the priority calculating.
The result o; calculated by the bank angle symbol function
at the ith moment enters the time-counting filter. The filter
saves the value and judges as follows:

A = [oit. 0it41s v 0i], To+ 1 <i<tmax (I8)
—Omax, ZAC < —ksOmax

Or = Y Omas Y Ac > koOmax (19)
0, else

where A, is the bank angle of consecutive moments during
T, T is the number of cumulative moments, o, is the final
output at the ith moment, and the coefficient k, is one-third
of Ty. When the moment is less than the (75 + 1)th moment,
the time-counting filter is not deployed because the bank
angle is chosen as the angle at the first moment.

D. WARNING-AREA MODELING FOR DYNAMIC

NO-FLY ZONES

When the vehicle is facing a dynamic no-fly zone, if the
vehicle views the dynamic no-fly zone as a static zone,
the vehicle will not calculate the influence of the velocity
in the no-fly zone during the flight. When the vehicle is
approaching the dynamic no-fly zone where the no-fly zone is
moving toward the vehicle, the vehicle will crash it into if the
no-fly zone catches the vehicle, even though the vehicle suc-
cessfully chooses to avoid the ““static”” no-fly zone before the
crash. Therefore, the vehicle needs to detect some movement
information of the no-fly zone using its tentacles as much
as possible. However, the tentacles can only touch the no-fly
points at the end, and the specific shape and velocity of the
no-fly zone cannot be known by any of the tentacles.
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First, the judgment of the static and the dynamic no-fly
zone can be detected by the six tentacle detection lines of the
previous and current prediction; that is, the tentacles gener-
ated at the ith moment and the (i + 1)th moment, as shown
in Fig. 6. When any of the previous tentacles generated at the
ith moment encounter the no-fly zone again at the (i + 1)th
moment, it is concluded that the no-fly zone has moved.
As shown in Fig. 6, when the time is at the ith moment,
the left tentacle of the vehicle encounters the no-fly zone at
point A, and at the next moment, the new tentacle of the same
direction encounters the dynamic no-fly zone at point C after
the movement of the no-fly zone, and the previous tentacle
meets the moved no-fly zone at point B. Owing to the left
tentacle generated at the ith moment meets the no-fly zone
at two points, this no-fly zone detected by the left tentacle is
judged to be a dynamic no-fly zone.

Vehicle //V

t=1

FIGURE 6. Detection for dynamic no-fly zone.

Secondly, a warning area radiating from point C is put
forward because the direction of Vy and the radius of the
dynamic no-fly zone is unknown. When the vehicle avoids
a static no-fly zone, the vehicle usually chooses the better
trajectory through the edge of the static no-fly zone that is
blocking its original trajectory. However, the dynamic no-fly
zone may move toward the vehicle as vehicle approaches
the zone. If two of the three tentacles of the vehicle have
encountered the no-fly zone as shown in Fig.7(a), whether
this zone is static or dynamic, the vehicle will choose another
tentacle without a no-fly zone according to the priority cal-
culation. As shown in Fig.7(b), if only one tentacle meets the
dynamic no-fly zone, the vehicle should start avoidance at
that moment. In this case, the control system adjusts o to the
maximum, and the vehicle should choose the tentacle in either
the left or the right direction to avoid the no-fly zone until
it is no longer detected. Considering the real-time point C
detected in the no-fly zone as the center and a gradual increase
in the radius R, the warning area expands. Until the second
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FIGURE 7. The strike of dynamic no-fly zone in two cases.
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FIGURE 8. Algorithm flowchart including longitudinal and lateral
guidance.

of the three tentacles meets in the warning area, the vehicle
would choose another tentacle without meeting a no-fly zone
or warning area. As shown in Fig. 7, the vehicle should fly to
point P through the distance s, before the dynamic no-fly
zone moves over the distance d,,,. If the initial position of
the dynamic no-fly zone is close enough or its velocity is fast

enough, it is difficult for the vehicle to avoid it.

IV. NUMERICAL RESULTS

The CAV-H model is used to verify the improved
tentacle-based guidance strategy, whose dry weight and ref-
erence are 907.2 kg and 0.484 m?, respectively. The database
of the lift coefficients, the drag coefficients, and the lift-to-
drag ratio can be found in [34]. As the CAV-H achieves its
maximum lift-to-drag ratio with the angle of attack being
10 deg, the standard trajectory is designed with the attack
angle ranging from 10 deg to 15 deg. The main parameters
used in the testing are listed in Table 1:
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TABLE 1. Initial and terminal conditions of standard flight.

Parameters Initial 30 Terminal
Altitude, km 70 1 30
Velocity, m/s 6800 50 2000
Flight-path angle, deg 0 0.3 [—90, 90]
Lontitude, deg 2 0.3 96
Latitude, deg 0 1 0
Heading angle, deg 90 1 [0,180]
15¢

—++— Three tentacles method
—©— Two tentacles method

101 A standard of GPOPSHI /
— — Tentacles )

s

Latitude (deg)

0 20 40 60 80 100
Longitude (deg)

FIGURE 9. Ground guidance for circle no-fly zone.

In Table 1, the dispersions for the initial condition are given
in the third column. The path constraints are Qmax = 4
MW/m?, npax = 2.5 g, and Gmax = 60 kPa. The maximum
flight time is #,,4, = 3000 s, with the guidance cycle update
time ATy, = AT, = 1 s. The data and the standard tra-
jectory are used to do conventional and discrete simulations
under static no-fly zones and dynamic no-fly zones according
to the algorithm flowchart shown in Fig.8.

Five missions are considered in this study to verify the
effectiveness of the improved strategy and the advantages
compared with the method in [26]. Missions 1 and 2 are
single no-fly zones, such as circular and rectangular no-fly
zones. Missions 3 and 4 are complex multiple no-fly zones,
such that the CAV-H can only fly through the narrow chan-
nels. Furthermore, mission 5 has a dynamic no-fly zone,
which increases the difficulty of guidance. Furthermore, dis-
persed cases are verified for four static missions, and the
influence of initial position and velocity of dynamic no-fly
zones are discussed. Last, the path constraints and computa-
tional performance of all trajectories are verified.

A. STATIC NO-FLY ZONE CASES

The guidance method is verified first in missions 1—4 in the
conventional cases of static no-fly zones. They are circular,
rectangular, double rectangular, and sinusoidal channel no-fly
zones. The vehicles’ tracks with no-fly zones are showed
in Figs. 9—12. In these figures, the red solid trajectories are the
ones made by the improved maneuvering guidance strategy
with three tentacles in every guidance update cycle, and the
blue dotted ones are the tentacles drawn every 100 s. The
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FIGURE 10. Ground guidance for rectangle no-fly zone.
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FIGURE 11. Ground guidance for double rectangular channel no-fly zone.
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FIGURE 12. Ground guidance for sinusoidal channel no-fly zone.

blue solid trajectories are the results from [26], made by the
bank angle reversal strategy model based on double-tentacle
detection. The black solid trajectories are figured using the
GPOPS 1I toolkit. For example, mission 1 shows a vehicle
that flies to the terminal place with a circular no-fly zone
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constraint. Early in the flight, the middle tentacle touched
the no-fly zone constraint and stop itself, whereas the other
tentacles meet the other constraints and the two side tentacles
are axially symmetric. As the vehicle flies ahead, the left
tentacle meets the no-fly zone earlier than right tentacle, and
this time the right one is selected. Then, during the middle
period time, the left and middle tentacles meet the no-fly
zones until the middle tentacle flies out of the no-fly zone.
Next, the three tentacles of the vehicle break themselves just
because of the constraints without a no-fly zone, whereas
the left tentacle has closer break points from the end place.
Finally, after a short flight to the left, the vehicle will head
toward the end zone and will no longer maneuver left and
right without a no-fly zone.

Figs. 13-16 show guidance commands for missions 1-4.
The time-counting filter plays an important role in reducing
control command oscillations in missions 1-3, whereas mis-
sion 4 does not need the filter. In missions 1-4, when there is
nothing in front of the vehicle, the method used in [26] results
in more bank reverse flying to the target. The advantages
of three tentacles in the current study are more obvious in
mission 3.
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Note that the guidance method is not applicable to some
kinds of no-fly zones when the three tentacles meet no-fly
zones all along the flight, such as in a particularly narrow
passageway or when there are big obstacles beyond the
maneuverability of the vehicle.

B. DISPERSED CASES FOR STATIC NO-FLY ZONE
To verify the robustness of the guidance strategy, dispersions
of the initial conditions and some parameters are considered.
The dispersions of the initial state are summarized in Table 1,
and three times the standard deviation for dispersions of
the lift coefficient, the drag coefficient, the aerodynamics
density, and the vehicle mass are 5%, 5%, 15%, and 5%,
respectively, with respect to their reference values. Particu-
larly, the dispersions of the initial latitude and heading angle
are more than the dispersions in [26]. The simulations are
conducted for missions 1-4 by the Monte Carlo method under
these dispersions and 1,000 trajectories are conducted in each
mission.

The ground tracks of dispersed cases for mission 1-4 are
the blue solid trajectories shown in Figs. 17-20, and the start-
ing points of the ground tracks exhibit significant dispersion.
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FIGURE 18. Ground tracks for static rectangle no-fly zone in dispersed
cases.

However, the vehicle reached the terminal place successfully
without meeting no-fly zones. It is clear from Figs. 17-20 that
the vehicle tries to plan the shorter trajectories from the edges
of no-fly zones to the terminal places. The vehicle chose the
right side of the rectangular no-fly zone in Fig. 18 because the
initial points of the vehicle slightly to the right of the central
axis of the rectangle no-fly zone and the right side is more
suitable for avoiding the no-fly zone.

C. SIMULATION FOR DYNAMIC NO-FLY ZONES CASES

This section describes the feasibility of the guidance strategy
for cases of dynamic no-fly zones. In this study, it is assumed
that the speed in the no-fly zone still points toward the vehicle
during the flight to make avoidance by the vehicle more
difficult. In mission 5, the radius of no-fly zone is 1.5 deg
and the velocity is 0.0075 deg/s, that is, 1394 km and 834.8
m/s. The vehicle reaches the terminal place with avoidance of
a dynamic no-fly zone, as shown in Fig. 21, and the vehicle
barely evades the no-fly zone approaching the vehicle. To
confirm the influence of different initial places and different
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velocities of dynamic no-fly zones, the simulation of three
groups of control variables is carried out.

First, ten cases with linearly selected initial positions of
no-fly zones are considered and these cases have the same
velocity, 0.0075 deg/s, whereas the distances to the centers
of the dynamic no-fly zones are shown in Fig. 22. With the
distance between the no-fly zone and the starting point of the
vehicle gradually increasing at the initial moment, the min-
imum value of ten curves only gradually increases from the
left. The gradient colored lines plotted in Fig. 22 shows that
the closer the vehicle is to the initial position of a dynamic
no-fly zone, the harder it is to avoid the no-fly zone. If the
initial position of the no-fly zone is further than 64 deg,
the minimum distance from the vehicle to the center of the
no-fly zone would be basically invariant, and the different
initial positions has no effect on the avoidance.

Secondly, 10 cases with linearly selected velocities of
no-fly zones are considered, and these cases have the same
initial position of [60, 0] in longitude and latitude plane.
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The results shown in Fig. 23 demonstrate that the faster the
no-fly zone is, the harder it is for the vehicle to avoid the
no-fly zone. In Fig. 22 and Fig. 23, each of the twenty distance
results between the vehicle and the no-fly zone decreases to
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FIGURE 25. Path constraints for static mission 1 in dispersed cases.

the minimum at first and then increases, which shows that
vehicle is in the process of avoiding the no-fly zone when
the no-fly zone is closer to the nearest distance; the vehicle
gradually escapes.

Finally, the dual effects of different speeds and different
initial positions of dynamic no-fly zones are considered by
combining 100 linearly selected initial positions and 10 lin-
early selected speeds into 1000 experiments for simulation,
and the results are shown in Fig. 24. The simulation results
in Fig. 24 show that the linearly selected initial positions
have an effect when the distance between the vehicle and the
no-fly zone is less than about 31 deg. However, the different
velocities have a significant impact on the avoidance. Only
when the velocity is less than 0.075 deg/s would the vehicle
have an opportunity to avoid the dynamic no-fly zone.

D. PATH CONSTRAINTS AND COMPUTATIONAL
PERFORMANCE

Model validity and path constraint satisfaction are con-
firmed as shown in Figs. 25-32. The path constraints include
dynamic pressure, aerodynamic load, and heating rate, which
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FIGURE 28. Path constraints for static mission 4 in dispersed cases.

are shown in Figs. 25-29. Figs. 25-28 are confirmed for
static missions 1-4, whereas Fig. 29 is confirmed for the
1000 dynamic dispersion cases. Figs. 25-29 show that
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the bank angle transient strategy based on the improved
tentacle-detection method can still ensure the flight of the
vehicle to meet these path constraints in the process of guid-
ance, demonstrating that the vehicle can effectively track the
standard trajectory in the discrete Monte-Carlo experiments.
In theory, this improved tentacle-based method will not con-
sume too much time [26]. The calculation performance of
the method can be measured by the maximum, minimum,
and average values of the calculation time of all the guidance
periods in the different tasks. The simulation of the method
was done on a mobile computer (CPU: 2.6GHz) using MAT-
LAB software. Fig. 30 shows the calculation time in each
detection cycle for missions 1-5. The method consumes more
time at first, but the consuming time decreases in subsequent
missions. Most of tentacles at the beginning are longer than
those generated later. Therefore, the closer the vehicle is to
the no-fly zone, the shorter the tentacles are and the less the
detection time is.
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The detection time is calculated and recorded in every
cycle with the moment of the cycle, and the maximum and
minimum detection times are found, whereas their moments
in the flight are recorded separately. As for the average detec-
tion time, calculated after the whole flight, the moment is
found in the flight when the detection time is the closest to
average detection time; the moment is then recorded. The
moments above are the X coordinate in Fig. 31 and Fig. 32.
As shown in the two figures, the maximum computation times
are less than 0.15 s, so the minimum computation time is
in milliseconds and the average computation time is on the
order of 1072 s. All these results show that this improved
tentacle-based guidance strategy can be used online in the
maneuvering guidance.

V. CONCLUSION

A bank angle transient guidance strategy based on improved
tentacles is proposed for the reentry of hypersonic vehicles to
avoid no-fly zones. Compared to the guidance strategy in the
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cases of no-fly zones with prior known information, this strat-
egy is not dependent on the all the information of the no-fly
zone; it is only dependent on the three detection tentacles’
feedback to give control commands, and the results show
that the method has a good applicability for both static and
dynamic no-fly zones. In the guidance process, the heading
angle constraint and the warning area of the dynamic no-fly
zone are put forward, which improves the maneuvering of the
vehicle to avoid different types of no-fly zones. In addition,
only three tentacles are generated in each guidance cycle,
which ensures the rapidity of calculation. Further, regarding
the control commands of the vehicle, there are only three
control commands for lateral maneuver guidance with less
variation times conducted by time-counting filter. Finally,
if the information of the dynamic no-fly zone could be effec-
tively identified through reinforcement learning, the avoid-
ance of the vehicle will be better. Such improvement will be
considered in further studies.
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