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ABSTRACT Recent researches on hypersonic vehicles adopted in military have gained a lot of interest
because of its high flight speed and efficiency. However the guidance laws for hypersonic missiles against the
anti-missile system to increase survivability and defense penetration ability are still need to study. One main
countermeasure to deal with this issue is to implement simultaneous attack. Therefore in this paper an impact-
time-control guidance law for hypersonic missiles to impact a stationary target at the same desired final time
is presented. Time-to-go estimation for time-varying velocity is derived by using a method of approximate
acceleration form to extend the estimation method for constant velocity. The impact-time-control guidance
law is firstly given and applied in vertical plane based on proportional navigation guidance law to control the
impact time in terminal phase. Then the conditions that limit the method to apply are discussed. To overcome
this issue, the guidance law applied in lateral plane is derived. The simulations are implemented using each
method in vertical and lateral planes respectively and show good results for hypersonic missiles to achieve
simultaneous attack.

INDEX TERMS Hypersonic missile, impact-time-control, time-to-go estimation, time-varying velocity,

simultaneous attack, vertical and lateral planes.

I. INTRODUCTION

Hypersonic vehicles (HSVs) are usually considered to have
speeds at Mach 5 and above while cruise altitudes are usually
80,000 feet (25 km) and above [1]. With the development of
the propulsion system [2]-[4], it allows HSVs to launch at
a low speed or even stationary state to speed up to hyper-
sonic speed. So hypersonic missiles (HSMs) are expected to
launch from various platforms to destroy ships and ground
targets in a foreseeable future. But on the other hand, because
of the development of antimissile defense systems, such as
interception missiles and close-in weapon systems (CIWS)
which will intercept and destroy the incoming missiles from
long and short ranges, it becomes more and more difficult
for missiles to complete their missions. Now a common
and practical countermeasure to increase the survivability
of the missile weapon system is to launch several missiles
and impact the target at a same final time. So developing
impacttimecontrol guidance (ITCG) laws for hypersonic mis-
siles to achieve simultaneous attack can be of great help to
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increase survivability and complete the missions. In order to
control the impact time, time-to-go estimation is always used
combining with certain guidance methods, such as propor-
tional navigation guidance (PNG) law. The ITCG law was
first suggested in [5] by Jeon for constant velocity missiles
to impact stationary target. The guidance law could reduce
the miss distance, minimum the control effort and control the
impact time. The impact time error was defined as the error
between the desired impact time and the impact time guided
by PNG law and introduced into PNG law as a feedback
loop combined with traditional optimal feedback loop. The
linearized state equations were derived by small heading
angle assumption and the navigation gain was constant. In [6]
Jeon extended the previous work with nonlinear formulation
and an arbitrary constant navigation gain. The target could be
stationary or non-maneuvering moving. There are many other
researches combining the time-to-go estimation with PNG
law. In [7] Dhananjay obtained the time-to-go estimation by
interpolation method. It could be used with large initial head-
ing errors. The target was assumed to be stationary or have
constant velocity and the missile velocity was constant. In [8]
Cho derived a closed-form solution for time-to-go estimation
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of pure proportional navigation guidance (PPNG) against
stationary target without any linearization or approximation.
The ITCG law was presented based on PPNG with a time-
varying nonlinear navigation gain and guaranteed the asymp-
totic stability of the time-to-go error. In [9] Ghosh derived
unified time-to-go algorithms as closed-form approximation
functions of range, navigation gain and heading error based
on recursive numerical computations. The algorithms could
be applied in PNG laws with both negative and positive navi-
gation gains in three-dimensional (3D) engagement scenarios
against stationary targets and the targets whose velocities are
lower or several times higher than the missiles.

Some ITCG laws are proposed based on nonlinear control
theories, such as sliding-mode-based and Lyapunov-based
guidance law. In [10], [11] Kumar and Cho respectively
presented an ITCG law based on sliding mode control (SMC)
for constant velocity missiles against stationary target or non-
maneuvering moving target. In [10] the guidance law was
derived using nonlinear engagement dynamics and could be
applied even if the interceptor is launched with large heading
angle error. In [11] Cho introduced a positive continuous
nonlinear function of the missile’s leading angle to avoid the
singularity of guidance command and the guidance law could
be applied regardless of the initial conditions and a wide range
of the capture region can be guaranteed. In [12] Kim and [13]
Saleem each presented an ITCG law based on Lyapunov
theory for constant speed missiles against stationary target.
In [12] Kim derived two-dimensional and three-dimensional
ITGC laws using nonlinear kinematics. The singularity issue
of the guidance law was analyzed. In [13] Saleem derived an
exact closed-form impact time expression in terms of a beta
function of the initial heading error and initial range.

Besides the two main categories of realizing ITCG afore-
mentioned, there is another sort of methods using trajectory-
shaping-guidance concept to derive the guidance law. In [14]
Tekin presented an ITCG law based on polynomial look
angle profile for constant speed missiles against stationary
target. The guidance law applied the remaining engagement
time instead of time-to-go estimation and the guidance gain
was calculated by numerically solving an integral equation.
In [15] Tekin extended the previous work by using adaptive
guidance schemes by predicting the mean velocity to update
the guidance gains in order to deal with the missiles time-
varying velocity problem.

From the aforementioned articles it can be informed that
the ITCG laws were mostly proposed for constant speed
missiles. Even in [15] Tekin and [16] Zhou presented guid-
ance laws considering the time-varying velocity problem, the
speed and its varying range is relatively smaller compared
with HSMs and this is one reason why the methods are no
longer valid. In [17] Jiawei Wang presented an ITCG law
for HSVs in terminal phase. The guidance law was imple-
mented in the vertical plane and the time-to-go estimation
was obtained by numerical integrating the PNG trajectory
which might be too much computation for missile-borne
computer.
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The main effort of this article is to give accurate time-to-go
estimation method for HSMs with time-varying velocity and
to apply the method in impact-time-control guidance. The
time-to-go estimation represents how much time it will take
if the vehicle is guided by PNG law from the current moment
to the moment it impacts the target and it is derived based on
the traditional PNG law. Once the time-to-go estimation is
obtained, it is compared with the desired time-to-go to obtain
the time-to-go error. Then the time error is fed back into the
guidance law to eliminate itself to complete the guidance loop
and realize the time-to-go control. In general once the time-
to-go error is eliminated to zero, the guidance law is equal to
the traditional PNG law.

In this note an ITCG law combining PNG to achieve a
desired impact time for HSMs is presented. The time-to-go
estimation method for time-varying velocity is derived based
on applying an assumption form of the acceleration. The
performance comparison of the time-to-go estimations and
ITCG laws between [5] and the method proposed in this
article are presented in Section III. The guidance law is
implemented in vertical and lateral planes respectively. The
performances and differences are discussed.

This paper is organized as follows: Section II describes
the basic assumptions and the engagement kinematics.
Section III gives the time-to-go estimation mothed for time-
varying velocity and two strategies to implement ITCG law
in vertical and lateral planes respectively. The simultaneous
attack simulation is presented in Section IV.

Il. PROBLEM FORMULATION
A. BASIC ASSUMPTIONS
Before introducing the engagement kinematics, several basic
assumptions are made as follows:

Assumption 1: The target is stationary.

Assumption 2: The missile is regarded as an ideal mass
point model.

Assumption 3: The distances between each missile and the
target are within a limit range, not too large from each other.

Note the assumptions above are very common.
In Assumption 1, the target is assumed to be ship or ground
stationary target. The velocity of the ship is much lower
compared with the hypersonic missile and the terminal
phase is relative short, so it can be regarded as stationary.
In Assumption 2, it is assumed that there is no lag in guidance
loop and actuator. The control system can completely meet
the guidance commands. So only the guidance problem is
concerned and the missile can be regarded as an ideal mass
point model. In Assumption 3, the impact-time-control guid-
ance has its ability limitation of adjusting the impact time,
so the distances between each missile are limited.

B. ENGAGEMENT KINEMATICS

The engagement motion geometry is shown in Fig.1. MT is
the line-of-sight (LOS), which is described by the azimuth
angle ¥4 and the elevation angle 0.
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FIGURE 1. The engagement geometry.

The motion equations are given as follows:

X = V cosby cos ¢y
y = Vsinby
z = V cos Oy sinyry D

The LOS and LOS angle rate are given as follows:

R = —Vcosi
= Vsinfy sinfg — V cos Oy cos (Y4 — Yy)cosbOr  (2)
. V cos By sin (Y4 — Yy)
Ya = (3)
RcosOg
V cos By cos (Y4 — Yy) sinfg — V sin By cos O

0 = R “4)

The kinetic equations of the missile are given as follows:

. D .
V=—— —gsinby @)
m
. Lcosyy  gcosfy
Oy = - 6
v s v ©)
. Lsinyy
= 7" 7
vy mV cos Oy @

where OYXZ is position coordinates. M is the missile. T is
the target. R is the distance between the missile and the target.
V is the velocity of the missile. 6y is the fight path angle. ¥y
is the heading angle. yy is the bank angle. L and D are the
aerodynamic lift and drag forces. m is the mass. A is the look
angle, the angle between the velocity and the LOS. 7 is the
look angle in lateral plane. Anticlockwise angle is positive,
otherwise is negative.

C. AERODYNAMIC MODEL

The aerodynamic model of the missile used in this article is
the same in [18] The aerodynamic coefficients given in [18]
are consisted of different parts such as the aerodynamic cal-
culation part, the engine calculation part and the nozzle cal-
culation part. The variables used to calculate the aerodynamic
coefficients include Mach number Ma, angle of attack «,
angle of sideslip 8, deflection angles of left and right wings
8el1, 802, and deflection angle of vertical tail §,. Not all of
the variables are used according to the specific situation in
this article so 8 = 0,8,; = 0, .o = 0 and §, = O are
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set while using the aerodynamic model, so the aerodynamic
coefficients are given as:

Cr = Cra+ Cre ®)
Cp = Cpa + Cpe 9
Cra = CLo Ma, @)
= 0.1498 — 0.02751Ma + 0.07235«
—0.003368aMa + 0.002343Ma> + 0.001185c>
Cre = Cro Ma, @)
= 0.7215 + 0.02635c + 0.1147Ma
—0.002795aMa — 0.5782Ma'/?
Cpu = Cpq (Ma, @)
= 0.05099 — 0.004863Ma + 0.002967«
+0.001364a>
Cpe = Cpe (Ma, a)
= 0.0023392+0.00012182a> —0.00033126aMa  (10)

The reference area is S = 0.2986 m?, the mass of the missile
ism = 671.33 kg. An exponential form of the air density p is

given as [19]:
ho —h
p=poexp | —, (1D

S

where £ is the height, the detail is in [19].

lIl. IMPACT TIME CONTROL GUIDANCE LAW

A. ITCG LAW IMPLEMENTED IN VERTICAL PLANE

1) THE ENGAGEMENT GEOMETRY

If the terminal guidance law is implemented in vertical plane,
the condition for the missile to enter the terminal phase should
be as follows:

VA —yvl=vyr (12)

where the angle 17 is a small angle close to zero. It means
the missile can be regarded as moving in vertical plane. The
engagement geometry is simplified as shown in Fig.2.

The LOS and LOS angle rate are given as follows:

R = —Vcosi (13)
b — VsinA (14)
E=7R

From the engagement geometry it can be derived that:

A =0 — 0y (15)

2) THE TIME-TO-GO ESTIMATION METHOD
The traditional PNG law is given as:

Oy = NOg (16)

where N is the navigation gain of the PNG law.
The look angle rate is obtained by differentiating (15):

h=0p — 06y 7)
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0] T X'

FIGURE 2. The simplified engagement geometry in vertical plane.

The look angle rate can also be expressed by combining
(14), (16) and (17):
. (1 =N)Vsini
B R
The differential equation of the look angle X and the dis-
tance R can be obtained by combining (13) with (18):

(13)

A dv (N—=1tani
- = —==— (19)
R dR R
By separating the variables the differential equation is
obtained as:
N-1) 1

dR =
tan A

da (20)

The integral equation is obtained by integrating (20):

0 0 0
N —1 1 1
( )dR=/ dr = ——dsinA (21)
Ro R 2o tana A SINA

where R and X are initial value The solution of (21) is given
as:

Ro i /N =D)
= W |Sln)\.| (22)

The differential form of the distance R is obtained by
transforming (13):

_dR

R = —Vcosh (23)
dt
Integrating (23) to obtain:
0 1 tf
/,;O_Vcosdez/o dt =17 (24)

where fr is the final impact time. If the velocity V is consid-
ered as constant, #r can be given as:

1 R 1 1 [Ro 1
tfz—/ dR = — dR (25)
V Jo

Cos A ViJo 1—sin?a

The final impact time #; is obtained by using Taylor series
expansion:

! 1fRO 1+1s'n2x+3s'n4)\+ drR (26)
= — — S1 — S1
=V ) 2 8
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Taking (22) into (26) to obtain:

1 (R 1 3
tfzvfo <1+§sin2k+§sin4k+~--)dR
Ro
=1
7 (+

sin? Ao
22N —-1+1)

The solution is obtained by neglecting the higher order

terms and taking N = 3 into (27):

" Ro 1+ sin® Ao 28)
=Yy 10

The time-to-go estimation is obtained by taking the value
of any point in the flight to replace the initial value:

o = (14 507) B (29)
o 10 )V

This is the time-to-go estimation given in [5], also the
similar derivation procedure in some articles such as [20]
for constant velocity situation. In the equation velocity V is
constant. But the velocity changes significantly when consid-
ering hypersonic vehicle. So the constant velocity assumption
is no longer valid. The problem is caused in (24) that the
velocity V is assumed to be constant. In order to obtain a more
accurate time-to-go estimation, a method to estimate the time-
to-go with time-varying velocity is presented below. Inspired
by [16] and [21], assuming that the drag force plays a main
role during the flight and the acceleration has the following
form:

3Sin4k0
SAN —h+D
(27

V=—kV? (30)

As in (5) if the gravity is neglected « should be defined as:
SC

o = 25D (31)
2m

where p is air density, S is the reference area, Cp, is the zero
lift drag coefficient which is assumed to be constant, m is the
mass. In real flight condition, the acceleration can be obtained
by accelerometer. So in the article, the real value of V is used
instead of (31) to calculate «:

—D — mgsin By
K= —— 32
V2 (32)
The integral equation is obtained by transforming (30) into

differential form:

%dV = —kdt (33)
The solution of (33) is given as:
V)= _ Yo (34)
1+« Vot

A new integral equation is obtained by taking (34) into (23)

to replace V:
R___ Vo osa (35)
dt 14k Vot
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TABLE 1. Initial time-to-go estimation.

No. tpnG ts) €s) eqs% toro €pro €ipro”0
1 59.03 56.87 -2.16 -3.7% 60.52 1.49 2.5%
2 89.94 84.22 -5.72 -6.4% 92.37 243 2.7%
3 122.87 111.78 -11.09  -9.0% 12644  3.57 2.9%
4
5

157.80 13942 -1838 -11.6% 162.71 491 3.1%
19478 167.11 -27.67 -142% 201.28  6.50 3.3%

Annotations: tpng: total flight time guided by PNG law; ts):
time-to-go estimation using the method in [5]; eys;: initial
time-to-go estimation error using the method in [5]; eys%:
eysy teng¥100%; t: time-to-go estimation using the method
proposed in this article; egy: initial time-to-go estimation
error using the method proposed in this article; €yr%0: €pro/
teng ¥100%.

The differential equation is reconstructed by separating the
variables:

1 1
—dR=————dt (36)
Vo cos A

14KVt
Integrating (36) to obtain:

0 1 oo
/ ——dR = / —dt 37
Ry VocosA o 14+«Vpt

Noticing that the left side has the same form of (25) and
the solution of (37) is given as:

Ro Sil‘lzko 1
— = —1In(1 Vot, 38
78 G Vo (1+#Voyr) — (38)

The final impact time # is obtained by solving (38):
o<Ro[14(sin* 20) /10] _ ¢
tf =
k Vo
Taking the value of any point in the flight to replace the
initial value and the time-to-go estimation can be obtained as:
oR[1+(sin* 1) /10] _ 4

too = 40
g0 oV (40)

In order to verify whether the method presented in this
article is valid, a simple simulation is conducted. The initial
position of the missile is (0,20,0) km, velocity is 1800 m/s,
Oy = Odeg, ¥y = Odeg, the position of the target is (X,0,0)
km, X = 100,150,200,250 and 300 respectively. The flight is
guided by traditional PNG law with N = 3. To eliminate
other interference factors, the air density is assumed to be
p = 0.2kg/m?>, the zero lift drag coefficient is assumed
to be Cp, = 0.027. The time-to-go estimation is given by
the method in [5] and the method proposed in this article
respectively. The results are shown in Figure.3, Figure.4 and
Table.1.

In Figure.3 it informs that the time-to-go estimations
obtained by [5] and proposed in this article both converge to
zero while the missile approaches the target. But the initial
time-to-go estimation error is much larger using [5] than
proposed. Furthermore when the initial distance increases,

39)
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FIGURE 3. Flight time and time-to-go estimation.
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FIGURE 4. Flight time and total flight time estimation.

TABLE 2. Time-to-go estimation with different air density.

No. tpNG trs) eys) e % toro Cipro Cipro 0
1 12287  111.78 -11.09  -9.0% 126.44  3.57 2.9%
2 13836 111.78 -26.58 -192% 143.71 535 3.9%
3 156.03 111.78 -4425 -284% 164.14 8&.11 5.2%
4 17599 111.78 -64.21 -36.5% 18836 1237  7.0%

Annotations: the same as Table. 1.

the initial time-to-go estimation error increases much more
using [5] than proposed. The results in Table.1 show the data
in detail. The initial time-to-go estimation error of total flight
time increases from —3.7% to —14.2% using [5] while it is
2.5% to 3.3% by using proposed method.

Aforementioned paragraph analyzed how the initial and
flight time-to-go estimations vary with different downrange
distances. In the following paragraph those estimations with
different air density are investigated. The air density p is 0.2,
0.4,0.6 and 0.8 kg / m? respectively. The position of the target
is (200,0,0) km and the other conditions are unchanged. The
results are shown in Figure.5, Figure.6 and Table.2.

In Figure.5 and Figure.6 it informs that the total flight
time and the initial time-to-go estimation given by proposed
method increase while the air density increases. But the esti-
mation given by [5] keeps unchanged. This causes a large
time-to-go estimation error at initial and during the flight.
The results in Table.2 show the data in detail. The initial
time-to-go estimation error of total flight time increases from
—9% to —36.5% of total flight time using [5] while it is 2.9%
to 7.0% by using proposed method.
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FIGURE 5. Flight time and time-to-go estimation with different air density.
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FIGURE 6. Flight time and total time estimation with different air density.

In Figure.4 and Figure.6 it informs that the total flight time
estimation obtained by proposed method is a little larger than
the real total flight time and eventually the error converge to
zero. But the total flight time estimation obtained by [5] is
much smaller than the real total flight time meanwhile the
time error is negative. This negative time error may happen
in conducting ITCG when a desired impact time is set and
this will cause a problem that when time error becomes
zero or negative, the law will lose the ability to control impact
time and the ITCG law becomes invalid. This will be further
discussed in the following section.

3) THE IMPACT-TIME-CONTROL GUIDANCE LAW

In Section 2) the time-to-go estimation for time-varying
velocity is given. So the time error estimation is defined as
follows:

& = (ta —1) —lgo (41)

where 74 is the desired impact time, ¢ is flight time, (7 — t)
means the desired time-to-go. Substituting (40) into (41) and
taking the time derivative gives:
n sin® A R
10

K R[1+(sin 2) /10] 2sinAcosi)

- -kR < ) - A
kV

e/cR[l-‘r(sin2 A)/10] _ 1 (_1) .

K

A

e = —,t.\go -1
oR[1+(sin* 1) /10] (
R ——— |
kV
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Substituting (13)(18) (30) and N = 3 into (42) to obtain:

o< R[1+(sin? 1) /10] sin A
e,Z—Tw(l 10 )-(—Vcosk)
_e"R[H'(Sin2 %)/10] CR <2 sin A cos A) . <_2V sink)
KV 10 R

eKR[l+(sin2 A)/IO] -1 -1
— - . (W)(—KVz) -1

)
— _eKR[l-I-(Sin2 A)/IO] (_ cos A — M + 1) (43)

2

In (43) it is obvious that:

eKR[l+(Sin2 )»)/10] > 0 (44)
Then it is assumed that:
sin A cos A
f()»):—COS)\.—T'Fl (45)
Differentiating (45) to obtain:
3 ff(0) >0, A>0
f/(k)zzsin3)»:> ff()=0 1=0 (46)
ff) <0, A<0

So the minimum of f (A) iS fmin (A) =f (0) = 0 and
fFR)=f0)=0 47)
And according to (44) and (47) it can be inferred that:
)
& el 2)/10] (_ cosn — SRS 1) 0
(48)
According to (22), A will not decrease to zero until R
decreases to zero. So when A # 0, f (1) > 0. So it can be
inferred that e, < 0. In addition that e,y > 0, so &, — 0 as

time goes on.
The path angle rate command 6y is given as in [5]:

1 240V5
S|t —F=& (49)
2 (NVég)" R

év =NéE

N W

This is the ITCG law given in [5], more detail is in [5].
According to the given guidance law (49), év — N éE while
e; — 0. So eventually the time-to-go error ¢, converges to
zero and the ITCG law switches to traditional PNG law (16)
As seen in (49), the guidance law work under the condition
that e; > 0.

In the following part the simulations are conducted by
using the ITCG laws with the time-to-go estimation method
in [5]. traditional PNG law and proposed in this article respec-
tively. The initial position of the target is (200,0,0) km. The
other conditions are the same as previous. The navigation gain
is N = 3. The desired impact time is set to be z; = 130 s.
The results are shown in Figure.7 to Figure.12.
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FIGURE 10. Flight time and path angle.

In Figure.7 and Figure.8, it informs that the impact times
of the missiles guided by traditional PNG law, the ITCG
in [5] and proposed in this article are 124s, 134s and 130s
respectively. The traditional PNG law doesn’t have the ability
to control impact time. The time-to-go estimation given by [5]
reaches desired time-to-go and the time error reaches zero
at about 40s and the guidance law alters to PNG law. This
eventually results in a large impact time error. The reason
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FIGURE 12. Flight time and velocity.

causes this problem is because there is a large time-to-go
estimation error at initial and during the flight. This drives
guidance law to increase the path angle and look angle to
eliminate the time error it estimates and because of this it
causes unnecessary increase in path angle, look angle and
height as shown in Figure.9 to Figure.11. On the other hand,
the proposed method not only has a good performance in
time-to-go estimation to meet the desired impact time con-
straint but also results in a promising impact angle. A further
research could be based on this to study about impact time
and angle control guidance law.

So far an ITCG law using time-to-go estimation for time-
varying velocity based on PNG law implemented in vertical
plane is presented. It has a promising performance as shown
previous. But there are still same disadvantages may limit its
implement:

(1)The conditions for entering the terminal phase.

As discussed previously, to apply the guidance law in
vertical plane, the heading angle ¥y and the azimuth angle
¥4 must satisfy the constraint that |14 — ¥y | is close to zero.
This may be too strict in real situation The missile always has
alarger seeker’s field-of-view than the constraint. This means
the missile has to adjust the heading angle first to satisfy the
constraint once the target is in the seeker’s field-of-view and
this may sacrifice a part of the performance of the missile.

(2)The real air density varies a lot with height

The time-to-go estimation equation is derived based on
assumption that the acceleration has the form of V = —« V2
where the value of the variable k is much relevant with the air
density. While the guidance law is applied in vertical plane,
the guidance law will enforce the path angle and look angle
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to change to eliminate the estimated time error and this could
cause a large rang varying in height and result in a large
variation in air density. This will influence the accuracy of
the proposed method. But this can be avoided by choosing a
suitable desired impact time #; and navigation gain N to make
the front trajectory of the terminal phase flat and straight to
reduce the change in height. This can reduce the air density
influence and result in a large impact angle.

Although it may have some limits to apply the guidance
law in vertical plane, it is still a promising method. In order
to improve the performance and make it easier to apply, in the
following section the ITCG law implemented in lateral plane
is derived. If the ITCG law is implemented in lateral plane,
the constraint of the heading angle and azimuth angle to enter
the terminal phase will be free. Meanwhile it is no longer
required to change the path angle to control impact time and
this will reduce the air density influence on the accuracy of
the proposed method.

B. ITCG LAW IMPLEMENTED IN LATERAL PLANE

1) THE ENGAGEMENT GEOMETRY

The LOS and LOS angle rate are given in (2) and shown
in Figure.1. From the engagement geometry the relationship
between the heading angle 1y and the azimuth angle 14 can
simply be given as:

n=yva—vyv (50)

2) THE TIME-TO-GO ESTIMATION AND ITCG LAW
In lateral plane, the LOS and velocity is given as:

Ry; = Rcosbg (&30
Vi = Vcosby (52)

From previous work, as given in (40), the time-to-go esti-
mation in lateral plane is obtained as:

. eKRXZ[1+(sin2 n)/10] _
foo = (53)

KV

In order to apply the upper equation, the key point is to
obtain « accurately. As in (30), it is assumed that:

Vi = —«V2 (54)
Differentiating (52) to obtain:
Ve = V cosby — VOy sin by (55)
So kp, is given as:

Vév sinfy — V cos Oy
K =
L V2 cos? Oy

(56)

In the equation, «j, represents variable k in lateral plane.
The desired impact time #4, the flight time ¢, the time-to-
g0 estimation ?go and the impact time error estimation e, are
defined the same as in (41).
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In lateral plane, the ITCG law is given as:
. . 3 1 240V,
Yv =Ny 575 1+.—23et (57)
(N szWA) sz
In vertical plane, the PNG law is given as:
6y = Nég (58)

Simulations are conducted to verify whether the method
presented aforementioned is valid. The initial position of the
missile is (0,20,Z) km, Z =10,15,20,25 and 30 respectively
and the other conditions are the same as previous. The results
are shown in Figure.13 to Figure.17 and Table.3.

In Table.3 it informs that the initial time-to-go estimations
obtained by the proposed method are quiet close to the impact
time guided by PNG. The estimation errors are about 2.2%.
In Figure.13 and Figure.14 it shows that the total flight
time approaches the desired impact time and the time error
estimation approaches zero while the flight time increases.

VOLUME 8, 2020



C. Zhu et al.: Impact-Time-Control Guidance Law for Hypersonic Missiles in Terminal Phase

IEEE Access

TABLE 3. Initial time-to-go estimation.

TABLE 4. The initial state of the missiles.

No. tong toro Ciro e Missile number Position / km Velocity / m/s
1 123.08 125.80 272 221% 1 (0,20,0) 1800
2 123.33 126.07 2.74 2.22% 2 (-10,25,0) 2000
3 123.69 126.44 2.75 2.22% 3 (10,15,0) 1900
4 124.15 126.91 276 2.22% 4 (0,20,20) 1800
5 124.71 127.49 2.78 2.23% 5 (0,20,-30) 1800

Annotations: the same as Table.1.
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FIGURE 17. Flight trajectory in 3D view.

In Figure.15 to Figure.17 it shows that the look angle varies in
areasonable range and finally approaches zero. The guidance
law adjusts the impact time by altering the heading and look
angle. It enforces the velocity direction to point to the target
eventually.

The results show the ITCG law is valid to apply in lateral
plane. This frees the vertical plane to apply other guidance
laws to realize other objectives, such as impact angle control
guidance. This can be further studied.

IV. SIMULATION

The simulation scenario is assumed that several missiles are
at the beginning of their terminal phases against the same sta-
tionary target Each missile has different position and velocity.
The position of the target is (200,0,0) km. The positions of the
missiles are shown in Table.4.

The initial heading and path angles are assumed to be
Yy = 0 deg, 6y = 0 deg. The air density is the same
as previous. The impact time of each missile guided by
traditional PNG law and the initial time-to-go estimations are
shown in Table.5. The desired impact time is set to be 130s.
Missile 1, 2 and 3 are guided by the ITCG law applied in
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vertical plane. Missile 4 and 5 are guided by the ITCG law
applied in lateral plane. The ITGC law is used to enforce
all the missiles to impact the target at the same final time to
realize simultaneous attack. The simulation results are shown
in Figure.18 to Figure.20.

From Figure.18 to Figure.20 it informs that the missiles
started from different positions and impacted the target at the
same final flight time. The trajectories in Figure.18 showed
the missile impacted the target from different directions at
the same time. The simulation results showed the proposed
ITCG laws in this article applied in vertical and lateral planes
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TABLE 5. PNG impact time and initial time-to-go estimations.

Missile number tpng /S Initial time-to-go estimation/s
1 122.87 126.44
2 117.34 120.16
3 110.64 112.80
4 123.69 126.44
5 124.71 127.49
TABLE 6. Cep and impact time.
Missile Impact point (X,Y,Z)/ Miss Impact
number m distance/m time/s
1 (200000.0,0,0) 0.0 130.0
2 (200000.0,0,0) 0.0 130.0
3 (200000.0,0,0) 0.0 130.0
4 (199997.9,0.446,2.12) 3.02 130.0
5 (199998.4,0.343,-1.65) 2.32 130.0

are valid in controlling the impact time of different missiles
accurately to realize simultaneous attack and improve the
survival and damage ability of the missiles

V. CONCLUSION

The ITCG laws used to guide missiles to impact a stationary
target at the same desired time are given in this article The
time-to-go estimation for time-varying velocity is derived
based on combining the estimation of constant velocity sit-
uation with an approximate form of acceleration. Then the
ITCG laws are designed in vertical and lateral plane respec-
tively. Several conditions which may influence the perfor-
mance of the ITCG law are anaylzed as well. The ITCG law
applied in vertical plane not only showed its ability to control
the impact time but also showed a promissing result in impact
angle. The law applied in lateral plane freed the vertical
channel to apply other guidance method. All these gain much
interest in further research. The simulation results showed the
ITCG law given can enforce the missiles of different initial
conditions at the beginning of the terminal phase to impact
the target at the same desired final time accurataly.

REFERENCES

[1] D. Sziroczak and H. Smith, “A review of design issues specific to hyper-
sonic flight vehicles,” Prog. Aerosp. Sciences, vol. 84, pp. 1-28, Jul. 2016.

[2] L. Jia, Y. Chen, Y. Gao, and T. Tan, “Integrated design and optimization
of high speed vehicle and turbine based propulsion system,” in Proc.
21st AIAA Int. Space Planes Hypersonics Technol. Conf., Xiamen, China,
Mar. 2017, p. 2352.

[3] A. Mogavero and R. E. Brown, ‘“Modular, fast model for design and
optimization of hypersonic vehicle propulsion systems,” J. Spacecraft
Rockets, vol. 55, no. 5, pp. 1261-1281, Sep. 2018.

[4] B. Wei, W. Ling, F. Luo, and Q. Gang, “‘Propulsion performance research
and status of TRRE engine experiment,” in Proc. 21st AIAA Int. Space
Planes Hypersonics Technol. Conf., Xiamen, China, 2017, p. 2351.

[5] L-S. Jeon, J.-I. Lee, and M.-J. Tahk, “Impact-time-control guidance law
for anti-ship missiles,” IEEE Trans. Control Syst. Technol., vol. 14, no. 2,
pp. 260-266, Mar. 2006.

[6] L-S.Jeon, J.-I. Lee, and M.-J. Tahk, “Impact-time-control guidance with
generalized proportional navigation based on nonlinear formulation,”
J. Guid., Control, Dyn., vol. 39, no. 8, pp. 1887-1892, Aug. 2016.

44620

[7]

[8]

[9]

[10]

[11]

[12]

(13]

(14]

[15]

[16]

[17]

(18]

[19]

(20]

(21]

N. Dhananjay and D. Ghose, “Accurate time-to-go estimation for pro-
portional navigation guidance,” J. Guid., Control, Dyn., vol. 37, no. 4,
pp. 1378-1383, Jul. 2014.

N. Cho and Y. Kim, “Modified pure proportional navigation guidance
law for impact time control,” J. Guid., Control, Dyn., vol. 39, no. 4,
pp. 852-872, Apr. 2016.

S. Ghosh, D. Ghose, and S. Raha, “Unified time-to-go algorithms for
proportional navigation class of guidance,” J. Guid., Control, Dyn., vol. 39,
no. 6, pp. 1188-1205, Jun. 2016.

S. R. Kumar and D. Ghose, “Sliding mode control based guidance law
with impact time constraints,” in Proc. Amer. Control Conf., Jun. 2013,
pp. 5760-5765.

D. Cho, H. J. Kim, and M.-J. Tahk, “Nonsingular sliding mode guidance
for impact time control,” J. Guid., Control, Dyn., vol. 39, no. 1, pp. 61-68,
Jan. 2016.

M. Kim, B. Jung, B. Han, S. Lee, and Y. Kim, “Lyapunov-
based impact time control guidance laws against stationary targets,”
IEEE Trans. Aerosp. Electron. Syst., vol. 51, no. 2, pp. 1111-1122,
Apr. 2015.

A. Saleem and A. Ratnoo, “Lyapunov-based guidance law for impact time
control and simultaneous arrival,” J. Guid., Control, Dyn., vol. 39, no. 1,
pp. 164-173, Jan. 2016.

R. Tekin, K. S. Erer, and F. Holzapfel, ‘“‘Polynomial shaping of the look
angle for impact-time control,” J. Guid., Control, Dyn., vol. 40, no. 10,
pp. 2668-2673, Oct. 2017.

R. Tekin, K. S. Erer, and F. Holzapfel, “Adaptive impact time control
via look-angle shaping under varying velocity,” J. Guid., Control, Dyn.,
vol. 40, no. 12, pp. 3247-3255, Dec. 2017.

J. Zhou, Y. Wang, and B. Zhao, “Impact-time-control guidance law for
missile with time-varying velocity,” Math. Problems Eng., vol. 2016,
pp. 1-14, Jun. 2016.

J. Wang and R. Zhang, “Terminal guidance for a hypersonic vehi-
cle with impact time control,” J. Guid., Control, Dyn., vol. 41, no. 8,
pp. 1790-1798, Aug. 2018.

H. Li, P. Lin, and D. Xu, “Control-oriented modeling for air-breathing
hypersonic vehicle using parameterized configuration approach,” Chin.
J. Aeronaut., vol. 24, no. 1, pp. 81-89, Feb. 2011.

J. T. Parker, A. Serrani, S. Yurkovich, M. A. Bolender, and
D. B. Doman, “Control-oriented modeling of an air-breathing hypersonic
vehicle,” J. Guid., Control, Dyn., vol. 30, no. 3, pp. 856-869,
May 2007.

S. He and D. Lin, “Three-dimensional optimal impact time guidance for
antiship missiles,” J. Guid., Control, Dyn., vol. 42, no. 4, pp. 941-948,
Apr. 2019.

Y. Baba, T. Takehira, and H. Takano, “New guidance law for a missile
with varying velocity,” in Proc. Guid., Navigat., Control Conf., Aug. 1994,
p. 3565.

CHENHAO ZHU was born in Heihe,
Heilongjiang, China, in 1989. He received the B.S.
and ML.S. degrees in detection guidance and control
technology and aircraft design from the School
of Astronautics, Harbin Institute of Technology,
Harbin, in 2012 and 2014, respectively, where he
is currently pursuing the Ph.D. degree with the
School of Astronautics.

His research interests include aircraft design,
guidance law design, and control system design.

VOLUME 8, 2020



C. Zhu et al.: Impact-Time-Control Guidance Law for Hypersonic Missiles in Terminal Phase

IEEE Access

GUODONG XU was born in 1961. He received
the B.S. and M.S. degrees in radio engineering,
and electronics and communication engineering
from the Harbin Institute of Technology, Harbin,
in 1982 and 1985, respectively.

From 1985 to 1987, from 1987 to 1993, from
1993 to 1999, and from 1999 to 2004, he was
an an Assistant Professor, a Lecturer, an Asso-
ciate Professor, and a Professor with the Harbin
Institute of Technology. Since 2004, he has been a
Professor and a Doctoral Director with the School of Astronautics, Institute
of Satellite Technology, Harbin Institute of Technology. He has awarded
Heilongjiang Province Outstanding Young Expert Title and the title of
Excellent Communist Party Member of the Harbin Institute of Technology.
His research fields include signal and information processing, and aircraft
design. His research interests include integrated electronic system design,
satellite measurement and control, satellite overall design, signal and infor-
mation processing, and pulsar navigation technology.

Prof. Xu is the Deputy Director of the Institute of Satellite Technol-
ogy, Harbin Institute of Technology, a member of the Aerospace Elec-
tronic Countermeasures Committee, Electronic Countermeasures Branch of
China Electronics Society and of the Electronic Information Expert Group,
Heilongjiang Science and Technology Advisory Committee, the Director
Designer of the Exploration No.l satellite, a Deputy Chief Engineer of
experiment No.1 Satellite, and a Chief Engineer of Fast boat No.1 and Fast
boat No.2.

CHANGZHU WEI was born in 1982. He received
the B.S. degree in flight vehicle design and engi-
neering from the Harbin Institute of Technology,
Harbin, China, in 2005, and the Ph.D. degree in
aeronautical and astronautical science and tech-
nology from the Harbin Institute of Technology,
in 2010.

From 2013 to 2015, he was an Assistant Profes-
}/\ sor with School of Astronautics, Harbin Institute
4 of Technology. Since 2016, he has been an Asso-
ciate Professor with School of Astronautics, Harbin Institute of Technology.
He has authored one book, more than 30 articles, and two inventions. His
research interests include advanced guidance and control methods of flight
vehicle, and trajectory design and optimization of flight vehicle.

VOLUME 8, 2020

DEYU CAl received the B.S. degree in flight
vehicle design from the Beijing Institute of Tech-
nology, Beijing, China, in 1999, and the M.S.
degree in mechanical engineering from the Harbin
Institute of Technology, Harbin, China, in 2014.

He is currently the General Manager Assis-
tant and the Deputy Chief Engineer with the
NORINCO GROUP Aerial Ammunition Research
Institute, and the Chief Designer of the National
Military Trade Model Project. He has been
engaged in the overall design of guided bombs for a long time. He received
the National Defense Science and Technology Progress Award, NORINCO
GROUP Science and Technology Progress Award, and technology invention
award of for many times.

YANG YU received the B.S. degree in electrical
engineering and the M.S. degree in aerospace engi-
neering from the Harbin Institute of Technology,
Harbin, China, in 2003 and 2018, respectively.

Since 2018, he has been serving as a Researcher
Level Senior Engineer with the Aerial Ammuni-
tion Research Institute, and the Chief Designer
Assistant of a National Military Trade Project. He
has been engaged in the trajectory optimization
design and intelligent variable shape control of
flight vehicle. He received the National Defense Science and Technology
Progress Award, the NORINCO GROUP Science and Technology Progress
Award, and technology invention award of for many times.

44621



