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Abstract. The conditions for accurately intercepting hypersonic vehicles by low-speed interceptors in the terminal guidance process are exam-
ined, considering the general form of a guidance scheme. First, based on the concept of the engagement geometry, three interception scenarios
are established considering different manoeuvring configurations of the interceptors and hypersonic vehicle. Second, the boundary conditions
for intercepting hypersonic vehicles (with speeds higher than those of the interceptors) are specified for the three scenarios, considering several
factors: the speed, path angle, line-of-sight angle, and available overload of the interceptor; path angle and manoeuvrability of the hypersonic
vehicle; and relative distance between the interceptor and vehicle. A series of simulations are performed to clarify the influence of each factor on
the Interception performance in the three interception scenarios. The challenges associated with accurately intercepting hypersonic vehicles by
low-speed interceptors are summarised, and several recommendations for designing guidance laws are presented.
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1. INTRODUCTION
With rapid technological advancements, the future battlefield
environment is expected to involve system-to-system con-
frontations [1, 2]. Moreover, in near-space scenarios, with the
increasing severity of space offensive and defensive confronta-
tions and gradual enhancement in the understanding of space
resources, near-space flight vehicles have emerged as a research
hotspot in various countries [3–7]. As representative near-space
vehicles, hypersonic vehicles flying at Mach numbers (Ma)> 5
have broad application prospects as the likely strategic pinna-
cle in the future aerospace domain. Because such vehicles can
realise long-distance transportation in a reasonable time, com-
mercial applications are expected to involve high-end markets
and generate significant revenues [8]. For example, the emer-
gence of hypersonic civil flight vehicles can save the travel time
of passengers, and the timely delivery of high-value items can
decrease the time and cost of commercial activities. Such ve-
hicles also have significant advantages in the military domain.
The attack time of hypersonic vehicles is considerably shorter
than that of low-speed flight vehicles, leading to a significantly
reduced preparation and response time for defence missions and
increased efficiency of mission execution. In this context, hy-
personic vehicles pose a notable threat to national security, and
the associated defence technologies must be researched and op-
timised.

Hypersonic vehicles combine the high-speed characteristics
of ballistic flight vehicles with the high mobility of cruise flight
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vehicles, and their concealment and surprise defence capabil-
ities surpass the target performances of the existing defence
systems [9, 10]. These unique performance advantages render
defence against hypersonic vehicles challenging, especially in
terms of the following aspects.

1. Owing to their high flight speed, hypersonic vehicles can-
not be easily detected by air defence warning systems, and
their interception places higher demands on the speed and
available overload of the interceptors.

2. In terms of the aerodynamic layout, hypersonic vehicles
have a high lift–drag ratio and large available aerodynamic
manoeuvre overload. Consequently, such vehicles can per-
form wave-like ‘jump’ manoeuvres [12,13]. The typical tra-
jectory of a hypersonic gliding vehicle is shown in Fig. 1.
The boost and inertial phases are brief, and the hypersonic
vehicle attacks the target in a nearly vertical manner in the
attack phase, making it difficult to intercept the hypersonic
vehicle in this phase. The glide phase corresponds to a long
flight time and thus a higher probability of interception suc-

Fig. 1. Typical hypersonic gliding vehicle trajectory [11]
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cess [14,15]. However, the high flight speeds, unpredictable
trajectories, and manoeuvring uncertainties of hypersonic
vehicle render interception challenging.

3. At present, interceptors typically use infrared or visible
seekers [16]. However, hypersonic vehicles typically fly in
the thin atmosphere, in which optical seekers encounter
complex aero-optical effects: The aerodynamic heating
generated by the interceptor flying at high speeds may in-
terfere with the seeker operation, leading to aerodynamic
thermal radiation and image transmission problems. Owing
to these phenomena, the image on the imaging plane of the
seeker may shift, vibrate, or blur [17], increasing the diffi-
culty of target detection.

Guidance refers to the process of issuing commands for
the interceptor to adjust its position and orientation to fly to-
ward its target while satisfying several constraints [18, 19]
and demonstrating the optimal performance [20, 21]. Many re-
searchers have investigated the interception of hypersonic ve-
hicles and designed various forms of guidance laws [22–26].
Depending on the number of interceptors, the existing guidance
laws for intercepting hypersonic vehicles can be categorised as
single-interceptor guidance laws or multi-interceptor coopera-
tive guidance laws [27]. Most of the single-interceptor guid-
ance laws are based on proportional guidance (PNG) laws, slid-
ing mode guidance (SMC) laws, and differential game guidance
laws. Kuroda et al. [28, 29] designed two modified PNG laws
to enhance the interception accuracy of a highly manoeuvrable
target with a low-speed surface-to-air interceptor. Based on the
head-pursuit theory and SMC method, Zhu proposed a finite-
time guidance law that could alleviate the chattering in the guid-
ance command and increase the convergence speed and inter-
ception accuracy [30–32]. Moreover, the manoeuvrability of the
hypersonic vehicle was considered in the guidance law design.
Liu et al. [33] proposed a fractional-order fast power reaching
guidance law by introducing the fractional-order operator into
the sliding surface. The energy consumption associated with
this guidance law was lower than that of the integral-order fast
power-reaching guidance law. Considering a hypersonic mul-
tiplayer pursuit–evasion game, Liang et al. [34] proposed an
optimal guidance scheme for the problem of the confrontation
of an interceptor, a hypersonic vehicle, and an active defender.

In contrast, most of the multi-interceptor cooperative guid-
ance laws are based on consensus protocols and area coverage
strategies. Using the second-order super-twisting algorithm and
a second-order consensus protocol, Liu et al. [35] designed a
distributed cooperative guidance law to intercept hypersonic ve-
hicles, while considering the constraints of the impact angle and
interceptor speed. Moreover, based on the concepts of the inter-
ceptor reachable area, interceptor feasible area, and hypersonic
vehicle escape area, a coverage-based cooperative guidance law
was investigated [36], which could ensure that at least one inter-
ceptor accurately intercepts the hypersonic vehicle. This guid-
ance law did not require any communication among the inter-
ceptors.

Notably, the abovementioned guidance laws can ensure the
accurate interception of hypersonic vehicles only in certain
cases. Most of the existing guidance laws have been established

assuming that the flight speed of the interceptor is higher than
that of the hypersonic vehicle, which places high demands on
the interceptor performance and increases the combat cost. Ad-
ditionally, these laws have been designed without considering
the interception boundary conditions. Owing to these aspects, a
given guidance law is effective only when the interceptor and its
target are in a certain interception scenario. If the interception
situation constraint is not satisfied, the interceptor cannot accu-
rately intercept the target. Therefore, as discussed in this study,
a comprehensive analysis of the challenges associated with the
interception boundary conditions can provide a more practical
and reasonable basis for the design of guidance laws.

At present, the use of low-speed and constrained manoeuvra-
bility interceptors to intercept hypersonic vehicles represents a
research hotspot [33, 35–38]. A balance must be ensured be-
tween the interception accuracy and operational economic cost
when establishing defence systems against hypersonic vehicles.
Thus, methods to accurately intercept hypersonic vehicles via
low-cost interceptors with a low speed and constrained manoeu-
vrability while minimising the operational economic cost must
be identified.

To address the abovementioned problems, the concept of en-
gagement geometry is introduced to examine the problems of
intercepting hypersonic vehicles using low-speed interceptors
from the perspective of operational economic cost. The main
contributions can be summarised as follows.
1. This study focuses on the performance of the interceptor

and hypersonic vehicle, considering only a general form of
the guidance scheme. The challenges associated with inter-
cepting hypersonic vehicles via low-speed interceptors are
examined, and the associated scientific problems are iden-
tified to provide reference for the design of corresponding
guidance laws.

2. By comprehensively considering the speed, manoeuvring
capability, and manoeuvring direction of the interceptor and
hypersonic vehicle, the boundary conditions for the accu-
rate interception of hypersonic vehicles by low-speed inter-
ceptors in different interception scenarios are specified.

3. In contrast to the existing studies [33,35–38], the conditions
in which a low-cost interceptor (with a low speed and con-
strained manoeuvrability) can intercept a hypersonic vehi-
cle are comprehensively analysed. By maximising the per-
formance of low-cost interceptors in actual operational sce-
narios, the operational economic costs can be decreased.

The remaining paper is organised as follows: Section 2 de-
scribes the problem of a low-speed interceptor intercepting a
hypersonic vehicle in the longitudinal plane. The analysis of
the engagement geometry is outlined in Section 3. Details of the
numerical simulations are conducted in Section 4, and the rele-
vant discussions are presented in Section 5. Section 6 presents
the concluding remarks.

2. PROBLEM DESCRIPTION
The concept of engagement geometry is introduced to analyse
the boundary conditions for the head-on interception of hyper-
sonic vehicles. The following assumptions are implemented.
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Assumption 1. The influence of the Earth shape and rotation
on the interceptor and hypersonic vehicle is ignored, and the
entities are ideal points.

Assumption 2. The speeds of the interceptor and hypersonic
vehicle remain unchanged in the engagement process.

Figure 2 illustrates the relative motion between the intercep-
tor and hypersonic vehicle in the longitudinal plane. The non-
linear kinematic model between the interceptor and hypersonic
vehicle can be expressed as

ṙ = vT cos(λ − γT )− vI cos(λ − γI) ,

rλ̇ = vI sin(λ − γI)− vT sin(λ − γT ) ,

γ̇I = aI/vI ,

γ̇T = aT/vT ,

(1)

where OXY denotes the inertial coordinate system; r denotes
the relative distance between the interceptor and hypersonic ve-
hicle; λ denotes the line-of-sight (LOS) angle; γI and γT de-
note the path angles of the interceptor and hypersonic vehicle,
respectively; aI and aT denote the normal acceleration of the
interceptor and hypersonic vehicle, respectively; and vI and vT
denote the speed of the interceptor and hypersonic vehicle, re-
spectively.

Fig. 2. Engagement process

Figure 2 shows that regardless of the movement of the inter-
ceptor and hypersonic vehicle, once the interceptor accurately
intercepts the hypersonic vehicle, their displacements between
the initial time and interception time form a triangle in space.
This configuration is termed the engagement geometry (Fig. 3),
where sI and sT denote the displacement of the interceptor and

Fig. 3. Description of the engagement geometry

hypersonic vehicle in the engagement process, respectively, and
A denotes the interception point in the engagement process.

The ratio of the interceptor speed to hypersonic vehicle speed
(hereafter, speed ratio) is defined as ρ =

vI

vT
. The research ob-

jective is to examine the variation in the engagement geome-
try at different speed ratios and comprehensively analyse the
boundary conditions for intercepting hypersonic vehicles at dif-
ferent speed ratios (especially, at speed ratios < 1).

3. ENGAGEMENT GEOMETRY ANALYSIS
As shown in Fig. 3, if the interceptor accurately intercepts the
hypersonic vehicle, the following expressions hold:{

‖sI‖= vIt f ,

‖sT‖= vT t f ;
(2)

{
‖sI‖+‖sT‖> ‖r‖,
‖sI‖−‖sT‖< ‖r‖,

(3)

where t f is the interception time.
Next, the boundary conditions for accurately intercepting the

hypersonic vehicles in a head-on interception scenario are anal-
ysed in terms of the different manoeuvring configurations of
interceptors and hypersonic vehicles, considering the following
factors: speed, path angle, LOS angle, and available overload.

3.1. Scenario 1: The interceptor and hypersonic vehicle
do not manoeuvre

If the interceptor and hypersonic vehicle do not manoeuvre dur-
ing the engagement process and fly at the same altitude, the
path angles of both entities remain unchanged during the en-
gagement. The engagement geometry in this case is shown in
Fig. 4.

Fig. 4. Engagement geometry when the interceptor and hypersonic
vehicle move at the same altitude

The sine theorem is implemented to obtain

‖sT‖
sinϕI

=
‖sI‖

sinϕT
→ vT t

sinϕI
=

vIt
sinϕT

. (4)

Furthermore,
sinϕT

sinϕI
=

vI

vT
= ρ . (5)
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For a head-on interception scenario, ϕI ∈ (−π/2,π/2). Be-
cause the sign (positive or negative) of the sine function does
not change within (−π/2,π/2), ϕI can be expressed as

cosϕI =

√
ρ2− sin2

ϕT

ρ
, (6)

which indicates that that when ρ > 1, a unique ϕI exists cor-
responding to ϕT . When ρ = 1, ϕI = ϕT . When ρ < 1, only if
ρ2 ≥ sin2

ϕT does there exist a unique ϕI that corresponds to
ϕT .

The constraint on the path angle indicates that a speed ratio
smaller than 1 decreases the interceptable space for the inter-
ceptor.

3.2. Scenario 2: The interceptor manoeuvres, and the
hypersonic vehicle does not manoeuvre

In this scenario, the hypersonic vehicle has a constant path an-
gle in the engagement process. In contrast, the interceptor has
an initial path angle γI0 before launch. Therefore, the path an-
gle of the interceptor must be changed to ϕI after time t f to
achieve accurate interception of the hypersonic vehicle. The
corresponding engagement geometry is shown in Fig. 5.

Fig. 5. Engagement geometry when the interceptor has a certain initial
path angle

If the path angles of the interceptor and hypersonic vehicle
in the engagement process are small, the interception time can
be expressed as

t f =
r

vI + vT
. (7)

If the interceptor moves at its maximum available overload
and is unable to redirect its speed to within the engagement
geometry at time t f , the interceptor will fail to intercept the hy-
personic vehicle. To intercept the hypersonic vehicle, at least
the following inequalities must be satisfied:

ϕI ≤ γI0 +
aI,max

vI
t f <

π

2
,

→ ϕI ≤ γI0 +
aI,max

vI

r
vI + vT

<
π

2
,

→ ϕI ≤ γI0 +
aI,max

ρv2
T

r
1+ρ

<
π

2
.

(8)

Based on equation (8), the following conclusions can be de-
rived.

1. When the speeds of the interceptor and hypersonic vehicle
are certain, and the maximum available overload of the in-
terceptor is certain, the initial path angle of the interceptor
γI0 has a lower limit requirement. A larger relative distance
r corresponds to a smaller limit requirement for the initial
path angle of the interceptor, and vice versa.

2. If the initial path angle of the interceptor γI0 approaches
ϕI , the available overload requirement for the interceptor
is small. In contrast, if γI0 differs significantly from ϕI , a
larger overload is required in the engagement process.

When both the interceptor and hypersonic vehicle have a cer-
tain initial LOS angle, the engagement geometry requires a sim-
ple transformation, as shown in Fig. 6.

Fig. 6. Engagement geometry when the interceptor and hypersonic
vehicle have an initial LOS angle

Applying the sine theorem yields

‖sT‖
sin(ϕI−λ )

=
‖sI‖

sin(ϕT+λ )
→ vT t

sin(ϕI−λ )
=

vIt
sin(ϕT+λ )

. (9)

Furthermore,

sin(ϕT +λ )

sin(ϕI−λ )
=

vI

vT
= ρ . (10)

In this case, equation (8) can be rewritten as

ϕI−λ ≤ γI0 +
aI,max

vI
t f <

π

2
,

→ ϕI−λ ≤ γI0 +
aI,max

vI

r
vI + vT

<
π

2
,

→ ϕI−λ ≤ γI0 +
aI,max

ρv2
T

r
1+ρ

<
π

2
,

(11)

which indicates that the introduction of LOS angle λ places
greater demands on the initial path angle γI0 and maximum
available overload aI,max of the interceptor.

3.3. Scenario 3: Both the interceptor and hypersonic
vehicle are manoeuvring

In Scenarios 1 and 2, the hypersonic vehicle is not manoeu-
vring, and the speed direction is determined. Therefore, there
exists only one definite interception point, and the interceptor,
hypersonic vehicle, and interception point form a definite trian-
gle. In actual engagement, however, the location of the engage-
ment geometry is uncertain owing to the difficulty in detecting
the hypersonic vehicle, errors in the identification of the speed

4 Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 6, p. e143537, 2022



Interception of a hypersonic vehicle by low-speed interceptors: Novel perspectives and cost optimisation

direction, and uncertainty regarding the manoeuvring configu-
ration of the hypersonic vehicle. Notably, the positions of the
possible engagement geometries can be determined by consid-
ering all possible speed directions of the hypersonic vehicle
and obtaining the coordinates of all possible interception points
based on the geometric relationships between the interceptor,
hypersonic vehicle, and interception point. These positions can
be used as reference for intercepting the hypersonic vehicle.

To determine the locations of all possible engagement ge-
ometries, a planar right-angle coordinate system is established
in the longitudinal plane, as shown in Fig. 7.

Fig. 7. Engagement geometry when the interceptor and hypersonic
vehicle are manoeuvring

The origin of the coordinate system is the interceptor posi-
tion. The x- and y-axes are along and perpendicular to the LOS
direction, respectively. Because the speed direction of the hy-
personic vehicle is uncertain, the position of interception point
A is also uncertain. Notably, regardless of the interceptor and
hypersonic vehicle movement, once the interceptor accurately
intercepts the hypersonic vehicle, their displacements in space
form a triangle. If a vertical line AB is drawn from interception
point A to the x-axis (Fig. 7), two triangles can be identified.
Applying the Pythagorean theorem to each of the two triangles
yields

‖sI‖2 = a2 +b2, (12)

‖sT‖2 = (r−a)2 +b2. (13)

According to assumption 2,

‖sI‖2 = ρ
2 ‖sT‖2 . (14)

Combining equations (12), (13), and (14) yields the follow-
ing expression:

a2 +b2 = ρ
2 ((r−a)2 +b2) . (15)

Furthermore,
(a− rl)

2 +b2 = c2
l , (16)

where 
rl =

ρ2r
ρ2−1

,

cl =
ρr

|ρ2−1|
.

(17)

In particular, equation (16) describes the relationship be-
tween all possible interception points satisfied by the intercep-
tor and hypersonic vehicle. The required engagement geometry
is constrained and represents a circle in the considered scenario.
rl and cl denote the transverse coordinate of the centre of the
circle and radius of the engagement geometry, respectively.

Moreover, equation (16) indicates that the speed ratio ρ is a
key parameter that is closely related to rl and cl . For a given
relative distance r, rl and cl depend only on ρ . Therefore, the
effect of ρ on the engagement geometry must be examined.

In the following analysis, rl and cl corresponding to ρ < 1,
ρ = 1, and ρ > 1 are examined to obtain the mathematical ex-
pressions for the engagement geometry.

(1) ρ < 1
As indicated in equation (16), when ρ < 1, rl < 0. Therefore,

rl lies on the extended relative distance r.
Moreover,

cl−|rl |=
ρr

1+ρ
< r , (18)

cl =
ρr

1−ρ2 > |rl |=
ρ2r

1−ρ2 . (19)

Thus, when ρ < 1, the engagement geometry surrounds the
interceptor but not the hypersonic vehicle, as shown in Fig. 8.

Fig. 8. Engagement geometry when ρ < 1

(2) ρ = 1
According to equation (15), when ρ = 1, a ≡ r

2
, which im-

plies that the engagement geometry a straight line, as shown
in Fig. 9.
(3) ρ > 1

Fig. 9. Engagement geometry when ρ = 1
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When ρ > 1, the following expression can be obtained con-
sidering equation (16):

rl =
ρ2r

ρ2−1
> r > 0. (20)

In addition,
rl− r =

r
ρ2−1

(21)

and
cl =

ρr
ρ2−1

>
r

ρ2−1
= rl− r. (22)

Thus, when ρ > 1, the engagement geometry surrounds the
hypersonic vehicle but not the interceptor, as shown in Fig. 10.

Fig. 10. Engagement geometry when ρ > 1

4. SIMULATION ANALYSIS
Assumption 3. The focus of this study is to analyse the in-
terception boundary conditions between a low-speed and con-
strained manoeuvrability interceptor and a hypersonic vehicle.
It is assumed that the interceptor can obtain the information of
the hypersonic vehicle in real time.

A series of numerical simulations are performed to analyse
the boundary conditions for the accurate interception of hyper-
sonic vehicles in different interception situations (Scenarios 1–
3). In all simulation cases, unless specified otherwise, the hy-
personic vehicle is located at (50, 20) km and flies at a speed
of 6 Ma. The acceleration due to gravity is g = 9.81 m/s2.

4.1. Scenario 1
According to equation (6), when the interceptor and hypersonic
vehicle do not manoeuvre, the interception boundary conditions
are related only to the speed ratio and path angles of the inter-
ceptor and hypersonic vehicle.

Figure 11 illustrates the relationship between ϕI and ϕT at
different speed ratios. When ρ > 1, the interceptor only needs a
small path angle to accurately intercept the hypersonic vehicle,
and a larger ρ corresponds to smaller path angle required by
the interceptor. When ρ = 1, the interception space is halved.
When ρ < 1, the interceptor may not be able to intercept the
hypersonic vehicles at all path angles, and as ρ decreases, the
interceptable space of the interceptor decreases.

Next, assume that the interceptor is located at (0, 20) km,
the speed ratio is ρ = 0.2,1,2, and γT = 168.5◦, 135◦, 90◦. The
interception simulation results are shown in Fig. 12, which in-
dicate the boundary conditions under which the interceptor can

Fig. 11. Relationship between ϕI and ϕT at different
speed ratios

accurately intercept the hypersonic vehicle at the three speed
ratios. As shown in Fig. 12, when ρ < 1, the interception point
must be close to the interceptor; when ρ = 1, the interception
point must lie on the midline of r; and when ρ > 1, the inter-
ception point must be close to the hypersonic vehicle. In addi-
tion, when ρ < 1 and ρ > 1, the interceptor requires a larger
and smaller path angle to intercept the hypersonic vehicle with
a larger path angle, respectively. Furthermore, the geometric
analysis shows that when ρ = 2, the interception area of the
interceptor is 8.58% and 38.6% larger than those at ρ = 1 and
ρ = 0.2, respectively. Thus, the interception performance of the
interceptor deteriorates at small speed ratios.

Fig. 12. Trajectories at different speed ratios

4.2. Scenario 2
The interceptor is assumed to be guided by the PNG law (23),
and the effects of the speed ratio, path angle, and LOS angle on
the interceptor performance are comprehensively analysed.

aI = NvI λ̇ . (23)

6 Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 6, p. e143537, 2022



Interception of a hypersonic vehicle by low-speed interceptors: Novel perspectives and cost optimisation

4.2.1. Effect of the speed ratios
The interceptor is located at (0, 20) km with the maximum
available overload aI,max = 5g. The path angles of the inter-
ceptor and hypersonic vehicle are γI = 0.8◦ and γT = 175◦, re-
spectively. The speed ratio ρ varies from 0.1 to 2, and the miss
distance is recorded to analyse the interception performance.
The simulation results are presented in Fig. 13.

Fig. 13. Miss distance when γT = 175◦

Figure 13 shows the influence of the interceptor speed on
the interception performance is not linear, and the two parame-
ters are not positively or negatively correlated. In certain cases,
low interceptor speeds correspond to a high interception perfor-
mance, and in other cases, interceptors moving at high speeds
cannot successfully intercept the hypersonic vehicle.

The path angle of the hypersonic vehicle (γT = 179◦) is mod-
ified such that the interceptor and hypersonic vehicle are in a di-
rect head-on scenario. The speed ratio ρ is varied from 0.1 to 2
to analyse the interception performance. The simulation results
are shown in Fig. 14.

Figure 14 shows that the introduced change in the path an-
gle of the hypersonic vehicle enhances the interception perfor-

Fig. 14. Miss distance when γT = 179◦

mance. This finding implies that a direct head-on interception
situation involves less stringent interceptor speed requirements
and enhanced interceptor performance. Nevertheless, the per-
formance enhancement is limited, and the interceptor cannot
successfully intercept the hypersonic vehicles at small speed
ratios.

4.2.2. Effect of the path angles
The interceptor is located at (0, 20) km with the maximum
available overload aI,max = 5g and speed ratio ρ = 2/3. The
path angle of the hypersonic vehicle, γT , is 175◦. The path angle
of the interceptor is varied from 0◦ to 90◦, and the simulation
results are presented in Fig. 15.

Fig. 15. Miss distance for different γI

Figure 15 shows that the interceptor performance deteriorates
with its path angle. When the path angle of the interceptor is
small (i.e., γI < 3◦), the interception performance is low. To
analyse the reasons for the degradation of the interception per-
formance, the trajectories and guidance commands pertaining
to different interceptor path angles are examined, as shown in
Figs. 16–17 respectively.

The miss distances for γI = 2◦, 5◦, 10◦, 20◦ in the engage-
ment process are 5.13 m, 0.22 m, 0.09 m, and 165.84 m, re-
spectively. According to equation (8), when the initial path an-

Fig. 16. Trajectories for different γI
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Fig. 17. Guidance commands for different γI

gle is small, the interceptor must adjust this angle to meet the
boundary condition of interception. Notably, the initial path an-
gles of 2◦ and 20◦ are too small and too large to be adjusted to
the desired angle ϕI at the interception time, and therefore, a
large miss distance is observed for these two angles.

These findings highlight that when the interceptor and hyper-
sonic vehicle have a certain LOS angle, the change in the initial
path angle of the interceptor influences the interception perfor-
mance. When the interceptor path angle approaches ϕT , the re-
quired guidance command is smaller, and in the ideal situation
(head-on collision, with the hypersonic vehicle not manoeu-
vring) the interceptor may be able to realise uncontrolled colli-
sion. Therefore, the initial path angle of the interceptor must be
as close as possible to ϕT , allowing the interceptor to intercept
the hypersonic vehicle in the most efficient manner.

4.2.3. Effect of the LOS angles
The previous analyses are based on a fixed LOS angle. This sub-
section describes the effect of the LOS angle on the interceptor
performance at small speed ratios. The simulation settings of
the interceptor and hypersonic vehicle are the same as those de-
scribed in Section 4.2.2. The path angle of the interceptor is set
as 10◦, and the interception performance is analysed for four
LOS angles: 0◦, 2.2◦, 5.7◦, 9.1◦. The simulation results are
presented in Figs. 18–19.

When the path angle and relative distance of the intercep-
tor are fixed, the interception performance of the intercep-
tor gradually deteriorates as the LOS angle increases, and the
miss distances for LOS angles of 0◦,2.2◦,5.7◦, and 9.1◦ are
0.09m,0.25m,194.23m, and 2273.57m, respectively. This phe-
nomenon occurs because when the LOS angle between the in-
terceptor and hypersonic vehicle is large, the path angle of the
interceptor cannot be adjusted to a suitable range even if the ma-
noeuvre is performed with a maximum overload of 5g, owing to
the limitation of the available overload of the interceptor. There-
fore, the interceptor cannot fly towards the hypersonic vehicle.
This phenomenon is intensified at hypersonic speeds of approx-
imately 6 Ma, where the interceptor must perform a large turn
to intercept the vehicle.

Fig. 18. Trajectories for different λ

Fig. 19. Guidance commands for different λ

4.3. Scenario 3
The interceptor is assumed to be guided by the PNG law, and
the hypersonic vehicle manoeuvres with a manoeuvrability of
aT = 1g. The effect of the available overload on the interception
performance is analysed.

The interceptor is located at (0, 18) km with a path an-
gle 10◦, and the hypersonic vehicle is located at (50, 20) km
with a path angle 175◦. The interception performance is anal-
ysed for four interceptor available overload values: aI,max =
5g, 10g, 15g, 20g. The simulation results are presented in
Figs. 20–21.

Figures 20–21 show that the interception performance is
enhanced with the increase in the interceptor available over-
load, and the miss distances for aI,max = 5g, 10g, 15g,20g are
105.78 m, 18.17 m, 6.21 m, and 2.19 m, respectively. There-
fore, if the maximum available overload of the interceptor is
increased, the interceptor becomes more inclusive of the speed
ratio, which enhances the interception ability. Moreover, as de-
scribed in Section 4.2.2, the interception performance deterio-
rates when the hypersonic vehicle manoeuvres. Therefore, the
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Fig. 20. Trajectories for different available overload values

Fig. 21. Guidance commands for different available overload

manoeuvrability of the hypersonic vehicle influences the inter-
ception performance of the interceptor.

5. DISCUSSION
Based on the simulation results presented in Section 4, the
following challenges can be identified for the interception of
hypersonic vehicles by low-speed interceptors in the terminal
guidance process:
1. Speed disadvantage: Small speed ratios result in larger rela-

tive speeds between the interceptor and hypersonic vehicle.
2. Interception situation: The path angle, LOS angle, and rel-

ative distance influence the distribution of guidance com-
mands and thus the interception accuracy.

3. Available overload: Increasing the available overload of the
interceptor can enhance the guidance accuracy of the inter-
ceptor, although this improvement may be limited by the
available overload constraint of the interceptor and eco-
nomic cost considerations in actual operations.

4. Manoeuvrability of hypersonic vehicles: A high manoeu-
vrability of hypersonic vehicles places higher demands on
the initial parameters of the interceptor and available over-
load.

5. Guidance laws: Guidance laws can influence the flight qual-
ity of an interceptor during engagement to a certain extent,
thereby influencing the interception performance. The guid-
ance performance associated with a given guidance law is
considerably influenced by the initial parameters and tar-
get characteristic. Moreover, the interception performance
varies across guidance laws even under the same initial
state. The guidance law and initial situation exhibit a cou-
pled relationship.

6. CONCLUSIONS
The problems associated with the interception of a hypersonic
vehicle are examined considering the ratio of the interceptor
speed to the hypersonic vehicle speed. The influence of differ-
ent factors (speed, path angle, LOS angle, and available over-
load of the interceptor; path angle and manoeuvrability of the
hypersonic vehicle; and relative distance between the intercep-
tor and vehicle) on the interception performance is examined,
focusing on the scenarios in which the speed ratio is less than
one. The following conclusions are derived:
1. When the interceptor and hypersonic vehicle do not ma-

noeuvre, the boundary condition under which the intercep-
tor accurately intercepts the hypersonic vehicle is related to
the speed ratio and path angles of the interceptor and hy-
personic vehicle. Smaller speed ratios correspond to higher
constraints on the interceptor path angle.

2. When the interceptor manoeuvres and the hypersonic vehi-
cle does not manoeuvre, the boundary conditions are based
on the path angle and LOS angle, which are influenced by
the speed ratio, available overload, and relative distance.

3. The boundary conditions for the interception of a hyper-
sonic vehicle by a general form of the interceptor are de-
rived for an interception scenario in which both the inter-
ceptor and hypersonic vehicle are manoeuvring. Moreover,
these conditions are evaluated considering different speed
ratios.

The following aspects must be considered to facilitate the
interception of hypersonic vehicles by low-speed interceptors:

In an actual battlefield environment, for a given interceptor
and hypersonic vehicle, the speed, available overload, and ma-
noeuvrability are inherent properties that cannot be changed.
However, the interception situation and form of the guidance
law can be optimised. Therefore, the initial interception situa-
tion of the interceptor must be comprehensively considered be-
fore designing the guidance law to optimise the performance of
low-cost interceptors in intercepting hypersonic vehicles in the
terminal guidance process.

Future work can be focused on designing guidance laws to
enable low-speed and constrained manoeuvrability interceptors
to interpret hypersonic vehicles, considering the interception
boundary conditions.
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