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Strategy of Barrel Roll and Decoy Deployment Against
Infrared Air-to-Air Missile
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Abstract: Evasive maneuvers and decoy deployment are effective measures against infrared (IR) air-to-air
missiles for fighters. In this study, both aspects were considered: barrel roll maneuver and unpowered point
source decoys. For practical purposes, the interference process, movement characteristics, and influence
mechanism of the decoy on the missile guidance system are expounded, in which the conditions needed for
the barrel roll maneuver and the force of the decoy are considered. In addition, the air-to-air missile is assumed
to adopt the true proportional navigation law or augmented proportional navigation law, and the decoys are
launched in the conventional mode or emergency mode. Linearized time-varying models and adjoint models
for barrel roll maneuvers with decoy deployment influence on missile guidance precision are established. The
correctness of these models was verified by a simulation result analysis and comparison. The miss distance is
an important parameter for characterizing the performance of an air-defense missile. The average miss distance
and percentage of maximum miss distance were proposed to analyze the adjoint model results. Based on the
work mentioned above, the barrel roll rate and the transition step maneuver angle of the target aircraft, as well
as the simultaneous launch quantity, the period between successive launches, and launch direction policy on
the miss distance are analyzed to provide strategic references for fighters against IR air-to-air missiles.

Key words: adjoint method, decoy launch, evasive maneuver, IR air-to-air missile, miss distance, proportional
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0 Introduction

Compared with radar air-to-air missiles, infrared (IR) air-
to-air missiles have a strong anti-interference ability and
high hit rate and are widely used in air combat. History
suggests that almost 90% of all downed aircraft between
1979 and 1993 were destroyed by IR-homing missiles. In
addition, 14 out of 22 airplanes (78%) were downed by IR
homing missiles during the First Gulf War [, IR air-to-
air missiles are the most effective short-range air combat
Therefore, it is necessary to study
countermeasures against IR air-to-air missiles.
Short-range IR air-to-air missiles mainly pursue the
target using proportional navigation (PN) 22 or its
modified forms “®°. PN has been widely used in
engineering because of its straight terminal trajectory,
small overload, strong robustness, and high precision. PN
can be used as long as line-of-sight (LOS) can be
acquired. PN guidance laws can be categorized into two
major classes . The first is missile velocity referenced
PNs, which mainly include pure proportional navigation
(PPN) and its variants, where the commanded
acceleration is perpendicular to the missile velocity.
Suwon Lee et al. [ performed a statistical analysis of the
missile’s capture region for pure proportional navigation
guidance considering target maneuvers. L1 Kebo et al. [€]
proposed a guidance strategy with impact angle
constraints based on PPN and the interception
performance was demonstrated through numerical
simulation examples. Satadal Ghosh et al. I proposed a
composite proportional navigation guidance law using a
combination of standard pure proportional navigation and
the retro-proportional navigation guidance laws for
intercepting higher speed non-maneuvering targets at
specified impact angles in three-dimensional engagements.
The second class of PNs is LOS referenced PNs, including
true proportional navigation (TPN) and its variants. The
performance of 3D TPN against an arbitrarily
maneuvering target was thoroughly analyzed using the
Lyapunov-like approach by LI Kebo et al. M and, the
upper bound of the 3D LOS rate and the commanded
acceleration of the 3D TPN were obtained. Feng Tyan 1]
analyzed the capture area of general 3D TPN guidance
laws using a novel method. A more practical capture
region of the realistic true proportional navigation

weapons.

guidance law for an arbitrarily maneuvering target was
analyzed by BAI Zhihui et al. *2. The direction of the
TPN’s commanded acceleration was perpendicular to the
LOS, and its magnitude was only proportional to the LOS
rate. When aiming at a maneuvering target, if the target
maneuver compensation is added to the proportional
navigation, it is called augmented proportional navigation
(APN). According to the optimal control theory, it can be
proved that PN is the optimal solution of the linear
guidance problem that minimizes the square integral of
the control quantity without considering the target's
maneuvers or the dynamic delay of the guidance system.
APN is the optimal guidance navigation for a
maneuvering target with a constant overload. The missiles
used in this study were considered to have adopted these
two guidance laws.

The target aircraft mainly avoids attacks from IR air-
to-air missiles by implementing tactical maneuvers [l
and IR interference 4. The numerically obtained three-
dimensional optimal evasive maneuvers of a fighter against
a proportional navigation missile are those of the vertical-
S type and horizontal-S type [° which are two-
dimensional in nature. The barrel roll maneuver is regarded
as an approximation of these optimal maneuvers; however,
the barrel roll maneuver is easier to implement than the
optimal maneuvers . The barrel roll maneuver is an
effective maneuvering form 017,

According to the radiation characteristics of IR decoys,
the decoys can be divided into point source decoys and
surface decoys. According to their motion characteristics,
IR decoys can be divided into unpowered, aerodynamic,
self-propelled, towered, and air-launched decoys. Most
research on IR decoys focuses on compositions [,
simulations !, IR target recognition algorithms %24 and
S0 on. This paper focuses on the deployment policy of the
unpowered point source decoy considering the influence on
the missile miss distance from the guidance point of view,
and thus, target recognition is reasonably simplified.

In terms of research methods, the adjoint method is
widely used for missile modeling and simulation,
performance evaluation, precision analysis of guidance
system, and other problems such as target allocation.
Among them, Martin Weiss et al. introduced the adjoint
method for state space models ?2, hybrid guidance loop
state-space models %1 and two-phase guidance loop
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models 4. L1 Quancheng et al. %] presented three seeker
blind range guidance policies with different guidance
precisions using the adjoint method. Several
computationally  efficient weapon target-allocation
algorithms for assigning defenders to missiles in a
cooperative interception scenario were developed by
Vitaly Shalumov et al. ?®l. Domenic Bucco and Martin
Weiss 27 used the adjoint method to study the influence
of the blind range of seekers on missile guidance. Timo
Sailaranta et al. Il established a simple model of the
target barrel roll maneuver, and validated its rationality
using the adjoint method. However, none of the above
studies considered the influence of decoy deployment on
the miss distance of the missiles. WANG Weigiang et al.
28] proposed a guidance precision analysis method for the
entir process of air countermeasures from infrared decoy
deployment, identification, and guidance disturbance to
the final miss distance calculation. Arthur Vermeulen et
al. 1 ysed the adjoint method to study the influence of
the target maneuver and decoy interference on the miss
distance of the missile and provided corresponding
countermeasures; however, they studied the two-
dimensional maneuver of the target and did not consider
the effect of the decoy force. Huang Hesong et al. [
established the movement and radiation models of target
maneuver and surface-type decoy based on real data, and
the best defense strategy was analyzed when the missile
came from the front of the aircraft, however there was
little work on a multi-decoy deployment policy.

In this study, considering the interference process,
movement characteristics, and influence mechanism of the
decoy on the missile guidance system, mathematical
models to study the tactical strategy of the target barrel roll
maneuver and decoy deployment against an infrared air-to-
air missile were proposed based on the adjoint method. The
main contributions of this study are as follows:

1) The model built in this study comprehensively
considers the barrel roll maneuver and decoy deployment,
which are closer to the actual situation, and fully validates
the model. The modeling method can provide a reference
for other maneuver forms and decoy deployment research.

2) Maneuver and decoy deployment strategies are
usually studied from an experimental point of view, which
requires a large amount of work and lacks regularity. In
contrast, computational efficiency can be improved, and
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more rules can be found with the introduction of the
adjoint method.

3) The target and decoy of this study are built in an
absolute coordinate system, which can not only can model
and analyze the conventional deployment mode but also
the emergency deployment mode.

4) The miss distance is considered an important index
of missile combat performance. The average miss
distance and percentage of maximum miss distance,
which considers the occurrence probability of time-to-go,
are proposed to analyze the results of the adjoint model.

The remainder of this paper is organized as follows.
The decoy interference processes are described in Section
1. The linearized time-varying models and adjoint
analysis models for barrel roll maneuvers with decoy
deployment influence on the missile guidance precision
are established in Section 2. Section 3 presents model
validation, simulation results, and analysis. Finally,
conclusions are presented in Section 4.

1 Description and modeling of decoy interference
process

The classical decoy interference process in this study is
described as follows: when the decoy is launched, a
radiation source similar to the target IR characteristic is
generated in the seeker's field of view. Without loss of
generality, we can assume that the LOS of the missile is
no longer aimed at the target, but at the power centroid of
the target and the decoys until the target has been
identified. This type of interference is called power
centroid interference. Suppose that the position, velocity,
and acceleration for the i-th decoy in the seeker field of
view are (Yoi, Zoi), (Voyi, Vbzi) and (apyi, anzi), respectively.
While (yr, z7), (V1y, V1) and (ary, ar;) are the position,
velocity, and acceleration of the target, respectively. W+
denotes the radiation intensity of the target. Then, the
position yc, velocity Vcy and acceleration acy of the power
centroid in the Y-direction can be calculated as:
=WTyT +WD1yD1 +"'+WDini te
Wr +Wp, +--- 4+ W, +---
WTVyT +WD1Vym +--+W_V, +--

C

Di " ypi (1)
“ W, +Wp, +---+ W, + -
_WTayT +Wpa, A+ +Wya, 4
Y W, +Wp, +-o Wy, o
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The corresponding physical quantity of the power
centroid in the Z-direction is similar to that in (1). The
technical parameters
launch quantity, the period between successive launches,
and launch direction policy.

The missile anti-interference process can be described
in three phases 2%, as shown in Fig. 1.

involved include simultaneous

Phase 1(Z,,) Ve

Decoy ignites. , J-Aa“‘ "y
(a) 7 = 821" Decoy d A
r V. ét
Target Y Missile

AL ~ 1
Phase 2( 7, ~1,) Power centrod

Missile tracks power centepy
O il

— 2 e S
Phase 3( 7, ) Ay AV, Aagy
Missile tracks target, T —
——— ~ 7 -~
() < o

Fig. 1 The process of air-to-air missile anti-interference

In the missile's terminal guidance, the seeker locks and
tracks the target and the target launches the decoy at ta.
The decoy ignites and leaves the target, as shown in Fig.
1 (a), corresponding to the first phase. The lateral position
of the decoy is consistent with that of the aircraft;
however, their lateral accelerations and velocities are
different. Because the missile seeker cannot
instantaneously discriminate between the decoy and
target, the seeker tracks the power centroid, that is, the
false target. With the movements of the decoy and target,
the false target moves away from the aircraft, and the
seeker tracks it during the period of time t, to t,, as shown
in Fig. 1(b), corresponding to the second phase. After the
discrimination time, the seeker has successfully
discriminated the target through the anti-interference
algorithm of the seeker at tp, which means the missile
begins to track the target (assuming that the target is still
in the seeker's field of view) and the aiming point instantly
shifts back to the target, in Fig.1(c)
corresponding to the third phase. If the target has already
left the seeker’s field of view, then the seeker will lose the
target, which is not discussed in this paper. In the figure,
Vm and V7 represent the constant velocities of the missile
and target, respectively. V. represents the closing speed of
the missile and the target. For the head-on scenario, V.=
Vm+ V7, and for tail chase, Vc=Vm—Vr. For simplicity,
the initial value of the LOS angle was taken as zero, that

as shown

is, q=0. The time-to-go tgo=tr—t, where tr is the final
time of the engagement corresponding to the minimal
miss distance and t is the current flight time. The distance
between the missile and the target, R, is given by the
product of V¢ and tg. Nm and nt are taken as the maneuver
overloads of the missile and target, respectively. Vp
denotes the decoy velocity. Aych, AVep and Aacy are the
suddenly shifted values of the displacement, velocity, and
acceleration of the power centroid, respectively, at tp.

To induce an IR-guided air-to-air missile effectively,
the radiation intensity of the decoy is always designed to
be higher than the IR radiation intensity of the aircraft.
The ratio of the decoy radiation energy to the target
radiation energy in the dynamic state, that is, the
suppression coefficient K, is generally between 2 and 3. It
can be considered that the intensity of the IR radiation
source formed by multiple decoys launched by the target
in each group is the sum of the radiation intensity of every
single decoy. Here, we consider the radiation intensity of
the decoy to be the same and equal to Wp. Thus, K can be
calculated as

K=Wp/W+ 2

2 Models of Target Maneuver and Decoy
Deployment Influence on Missile

2.1 Model of target maneuver
The model described in [17] considers that the aircraft
barrel roll maneuver has a certain normal velocity,
however the normal situation is that the target aircraft is
in a cruising state; that is, the target is in a uniform straight
flight state when the missile is launched. The target first
implements a step-transition maneuver that utilizes the
rated overload capacity, then the barrel roll will be
implemented. Fig. 2 shows a schematic of the barrel roll
maneuver. The maneuver was as follows: the target flew
with a circular motion in the plumb plane and moved at a
uniform speed along the axle of the barrel roll. The origin
of the coordinate system is the barrel roll axis.

¢ and o denote the initial phase angle and the barrel
roll rate, respectively. The initial velocity of the target
barrel roll is VR=ar1/w=n1g/w, and the time spent on the
step maneuver is tsep=Vr/aT=1w. yo=go+n/2 is the
angle of the step maneuver. nty, nt;, ary, and ar; are the
overload and acceleration values of the target in the Y and
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Z directions, respectively, which can be calculated during f —05C,S AV,
the step maneuver as follows:
. m Voo =—f Vox
ar, =N, g =ngsin(y,) t<t, @) ° dt Vo
a'Tz = nng = nTg COS(V/O) t < tstep m dVDy — —f ﬂ -m g (7)
° dt vV, °
m d\/Dz — —f VDz
°dt A

Fig. 2 Schematic diagram of barrel roll maneuver
Whereas overload and acceleration value of target
during barrel roll can be given by

{aTy =n,g=-ngsinfo(t-t,)+4] t>t, )

ar, =N, g =-n;gcosfa(t -t )+ 4] t>t,,

According to the definition in Fig. 2 and the origin of
the coordinate system, the initial Y and Z coordinates of
the targets yro and zto are

®)

2
step

{yTO =1/ 2n,gt%,, siny, + Rsind,

Zr, =—1/2n. gt COSy, + RCoS¢,

And the position of the target in the simulation can be
calculated as

1/2ng(t* -3, )siny, + Rsing,, t<t,,
Yr = .
RSIn(¢0 +60(t - tstep )) , > tstep

(6)

step

1/2n.g(t* —t3,,)cosy, + Rcosdy, t<t
RSin(¢0+Cl)(t _tstep))l t>1

step

The target maneuver can then be transformed into a
pulse input function, and the acceleration in the Y-
direction is shown in Fig. 3.

Fig. 3 Pulse input of acceleration signal in the Y direction
2.2 Model of IR decoy

The decoy is primarily affected by gravity and
aerodynamic drag. The kinematic equations are as
follows:
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where p is the atmospheric density and f, Cq, S, mp, and
Vp are the drag force, drag coefficient, windward area,
mass, and velocity of the decoy, respectively. Vpx, Voy,
and Vp; denote the components of the missile velocity in
the coordinate system shown in Fig. 2, and g is the
gravitational acceleration. This paper discusses the initial
velocity of the decoy in the barrel roll maneuver, which
can be calculated as follows:

VDXO = VTx
VDyO =VTy +VF Sln(¢) (8)
Voo =V, + Ve cos(¢)

where Ve is the launch velocity of the decoy relative to the
target aircraft, which is positive when the decoy is
launched to the outer side of the circular motion;
otherwise, it is negative. ¢ denotes the angle for the barrel
roll maneuver during decoy launch.

Taking the Y-direction as an example, a decoy model
was established, and the Z-direction is similar. To
facilitate modeling, the decoy acceleration apy is
considered to be constant in the second phase of Fig. 1.
The specific calculation is as follows:

V,, =V
aDy — Dyb Dya (9)

tab

where Vpya and Vpyp are the velocities of the decoy in the
Y-direction at t; and ty, respectively. Certainly, taa=t,—ta
is the significant time of the decoy, that is, the
identification time required by the anti-interference
algorithms of the seeker.

2.3 Calculation model of miss distance for IR decoy

in conventional launch mode

The conventional launch mode of the IR decoy considered
here refers to the launch mode with a period of successive
launches not less than the ta,. Other parameters include
the simultaneous launch quantity n and the launch
direction policy. In actual combat situations, the quantity,
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direction, and speed of every decoy causes a difference in
the discrimination time of the seeker. In this study, it is
assumed that the seeker needs another fixed time to
discriminate the real target whenever a new decoy appears
in the seeker field of view. By analyzing the anti-
interference process of the IR air-to-air missile, as shown
in Fig. 1, in the absence of velocity pointing deviation and
initial displacement deviation, the influence model of the
power centroid under the barrel roll maneuver on the
missile miss distance is shown in Fig. 4.

5(t)
]
Fig. 4 Influence model of power centroid under barrel roll

In Fig. 4, Kp=K/(K+1) is the sudden shift value and
Vcr denotes the influence of the target maneuver on the
power centroid velocity when the decoy works.
According to (1), the effect of the target on the
acceleration of the power centroid is decreased by Kp
times at t,, and the effect is increased by Kp times at tp.
Because of the time delay link, the initial phase of the
sinusoidal signal needs to be adjusted according to (9) to
ensure consistency with the phase at the moment of
acceleration shift.

{aTya =-n;gsin[o(t —t,,) + ¢, + ot,] 10)

ar, == g sin[a(t —tstep) +¢, + oty

AV1ya represents the velocity shift value of the power
centroid caused by the target maneuver at ta, whereas
AVTy and Ay represent the velocity and displacement
shift values at t, respectively, which can be calculated as

v KoV t=>t,
Tya —
0 1<t
K,V t=t
AV _ DY Tyb b 11
Tyb {0 t<tb ( )
Ay = Ko Yro t=t,
™0 t<t,

where Vqya represents the velocity of the target at ta and
Vb and yro represent the velocity and position of the
target at t,, respectively. When multiple groups of decoys
are launched, the velocity and absolute displacement of
the target at each discrimination time can be calculated in
advance using (5) to avoid the individual calculation for
each module and reduce the complexity of the model.

The motion characteristics of the decoy when launched
without maneuvering are shown in Fig. 5.

ey Decoy Vey Ye
s ! ‘:
T v 1 —
\ [ Dyaj ——— [ Yobb——od———
[ \ [ \
[ \ [ \
[ \ |
I I VDyb ”””” }
\ \ \
\ \

of Ll 4t o & f t 0 & Gt

hase Second|
Apy| Wohase

aDyh
(@ Acceleration (b) Velocity variation (c) Displacement

variation of of power centroid  variation of

power centroid caused by decoy power  centroid

caused by decoy caused by decoy
Fig. 5 The process of decoy interference

In Fig. 5, the decoy is launched at t, and discriminated
at t, using the anti-interference algorithm of the seeker.
Ypb represents the position of the decoy at t,. In the first
phase (ta), it can be considered that the position of the
decoy coincides with the IR radiation source of the target,
however the acceleration and velocity of the power
centroid change. The acceleration shift value Aapya and
velocity shift value AVpya caused by the decoy can be
calculated using (12). During the second phase (ta—tb),
because the acceleration of the power centroid caused by
the decoy is considered to be constant before, the velocity
changes linearly and the displacement changes
parabolically. In the last phase (t), Aapyb, AVpys, and Aypn
denote the acceleration, velocity, and position shift value
of the power centroid caused by decoy, respectively, at tp,
and they can be expressed as follows:

Aag,, =Kpap,
AVDya = KDVDya
Aay,, =Kpay, (12)
AVDyb = KDVDyb
AYp, =KoY
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St @. K, =1/ (nK +1)
S S
K, =nK/(nK +1)
MmN + ’ (13)
er K, =1/(2nK +1)
K, =nK/(2nK +1)
Ayp, -
o(t) — 1 1 Voo Table 1 Weight coefficients of power centroid
— = o = il ‘+
s N Target toep ¢ tyep Ly
step
ot L) 1 + 2 and tstep N La_b i, +& +%
S decoys 2 2
Fig. 6 Motion model of power centroid under decoy interference Target K1 Ks Ks Ks < Ks
Therefore, the linearized model of the power centroid Decoy1 Ko Ka 0 0 -0
under decoy interference can be expressed as an impulse Decoy2 O Ka Ka 0
function, as shown in Fig. 6. In this figure, Vcp represents Decoy 3 0 0 K K 0
the effect of the decoy on the velocity of the power ) )
centroid. .
2.4 Calculation model of miss distance for IR decoy
in emergency launch mode Decoym 0 0 0 0 Ka Ka

The emergency launch mode means that the target will
launch decoys intensively with a period of successive
launches less than the ta. Because the tap is generally
small, for the convenience of modeling analysis, it is
assumed that the period of successive launches is ta/2. As
previously assumed, when a new decoy appears in the
seeker’s field of view, the seeker needs another time ta to
discriminate the real target. It is assumed that ta, after
launch, every decoy will be out of the seeker’s field of
view or have been eliminated by the anti-interference
algorithm. Consequently, the power centroid calculation
does not consider these eliminated decoys. The power
centroid moves toward the target after the new decoy
launches; however, based on previous assumptions, the
seeker will continue aiming at the power centroid
consisting of the target and multiple new decoys. The
seeker will not discriminate the real target for a long
period of time, and this increases the discrimination
difficulty because of the lack of target information
accumulation. Therefore, it is necessary to study the
influence of emergency launch mode on the missile miss
distance. Table 1 shows the weight coefficients of the
power centroid at the time of the first row in the
emergency launch mode, so the sum of the coefficients in
every column is 1. Ki, Kz, Kz, and K4 are the weight
coefficients of the power centroid and can be calculated
as follows:
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The target launches the first group decoys at tsep, and
no more than three groups of decoys should be considered
when calculating the power centroid. The parameters
shown in Table 1 are the weight coefficients of the target
and decoy in the power centroid calculation at each time
step; therefore, the shift value of each time can be
calculated by using the weight coefficients of the current
column minus the former ones. We can then establish a
mathematical model of the emergency launch mode based
on the conventional launch mode.

2.5 Linearized model of IR air-to-air missile

In the linearized model of the missile, the LOS angle g,
angular rate ¢, and angular acceleration ¢ of the
missile can be calculated as:

y
Vot

q:

go

. 1 .
q :W(y—'—tgoy) (14)

CHgo

1
A

C*go

q (2y + 2, Y+, §)

If the missile adopts TPN, the direction of the missile
overload command is vertical to that of the LOS and can
be stated as
Arpy = NV.q (15)
If the missile can estimate the target acceleration value
and adopts APN, the overload value of the guidance law
output aapn can be expressed as:



a4t H3M Vol.44  No.3
2022 4 3 J f RS BT RRERNIEN AL I L0402 2 F 0 B SRS A Mar. 2022
. N of the three outputs. Similarly, the miss distance in the Z-

e () = NV, G+, (1) e " P o e
2 direction (m;) can be acquired, and the miss distance ma

aspn Can be transformed to the LOS angular
acceleration guidance algorithm aaacl®Y, which is
calculated using ¢ and the actual acceleration of missile
awmy, as shown in (17). It is undeniable that the differential
link will reduce the resistance ability of the system to
noise, and as a result, in practical applications, we can
estimate § using a Kalman filter and obtain amr using
the missile inertial navigation system.

N )
g (t) = ?(Vctgoq +ay, ) (17)

A
\ 4

N
“rs+l 2
+

1 1 e
I <
TS+ [ 7ys+1

1
<_
1 &’s* +2¢ | ws+1

Fig.7 Linearized model of air-to-air missile

Using the superposition principle, taking the Y-
direction as an example, combined with the calculation
module shown in Fig. 4 and Fig. 6, a linearized model of
the target barrel roll maneuver with decoy deployment
influence on the missile is established, as shown in Fig. 7.
™, 7ap, v, ¢ and N are the signal processing time
constant, autopilot time constant, airframe response
angular velocity, damping ratio, and proportional
navigation coefficient of the missile, respectively.
2.6 Establishment of adjoint analysis model
According to the criterion for establishing the adjoint
model of the linearized system [, the adjoint analysis
model of the target barrel roll and decoy launch influence
on the missile was established. The adjoint form of the
time-delay link is itself. The model in this study uses a
time-forward simulation to calculate the required
parameters of the adjoint model, which can avoid
complicated case discussion and parameter derivation, as
well as to aid the research on more complex maneuvers,
continuous maneuvers, and multiple decoy launches.

There are three inputs in the model shown in Fig. 7;
therefore, the miss distance in the Y-direction, my, is the sum

can be expressed as:

M, =M, +m? (18)

For the multi-decoy case, the shift value calculation
module can be connected in parallel with the missile
adjoint model at the corresponding time. Furthermore,
through one simulation of the adjoint method, we can
obtain the results of the time-forward system, which needs
to be simulated many times; that is, the calculation
efficiency is greatly improved.

3 Simulation and analysis

3.1 Time-forward model validation

Compared with the adjoint model, each variable of the
time-forward simulation model has a clear physical
significance and is easy to follow. Therefore, the time-
forward simulation model was validated by taking the
barrel roll maneuver and one decoy launch for the TPN
missile as an example. The simulation conditions are
listed in Table 2. The acceleration changes in the power
centroid induced by the target and decoy, the acceleration
of the target, and the power centroid are shown in Fig. 8,
and the corresponding velocity and position changes are
shown in Fig. 9 and 10. At 0.4 s, the target implements a
barrel roll maneuver and launches decoys towards the
outside of the circular motion at the same time; meanwhile,
the acceleration, velocity, and displacement of the power
centroid induced by the maneuver become 1/3 of the target.
At 0.8s, the seeker discriminates the real target, and the
physical quantities curve of the power centroid coincides
with the target later. All these simulation results match the
expected results.

Table 2 Simulation parameters

Symbol/unit  Values Symbol/unit Values
tmax/s 7 e 0.707
TsH/S 0.11 N 35
/s 0.1 Ve/(mls) 1200
npls 0.14 tan/s 0.4
wml(rad/s) 19 doldeg 45
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Fig. 10 Position change of the power centroid and the target in the

Y-direction

3.2 Time-forward simulation and adjoint simulation
results validation

All decoys are launched towards the outside of the

circular motion, and the time-forward simulation time

varies from 0.2 s to 7 s with an interval of 0.2 s. It can be

seen from Fig. 11 that the time-forward simulation and the

adjoint simulation miss distance exactly coincide, which

verifies the correctness of the adjoint model.

3.3 Simulation results of decoy launch during target
barrel roll maneuver

The target launches decoys during the barrel-roll

maneuver process. The initial mass of a typical decoy is

0.3 kg, the mass consumption rate is 0.04 kg/s, the
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Time/s

Fig. 9 Velocity change of the power centroid and the target
in the Y-direction

windward area S is 0.003 m?, drag coefficient Cq is 0.35,
the combustion time is 55, and the launch speed is 30 m/s,
which is launched upward vertically relative to the target.
At the beginning of the simulation, the attitude angles of
the target aircraft were all 0 °, the flight altitude was 4 km,
the overload was 6 g, the speed is 0.8 Ma, and the barrel
roll rate was 2 rad/s. Then, the velocity of the decoy can
be obtained. The position of the decoy can be obtained by
integrating the velocity. The phase angle of the target
barrel roll varied from 0° to 300° at intervals of 60°. The
OYZ plane trajectory diagram and change in velocity
versus time are shown in Fig. 12. The position, velocity,
and acceleration of the decoy launched at each moment
with different initial phase angles of the barrel roll
maneuver were calculated.
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Fig. 11 Miss distance comparison for time-forward simulation

and adjoint simulation
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Fig. 12 The trajectory diagram and the change of velocity vs time

3.4 Analysis of miss distance affected by barrel roll
1) Effect of barrel roll rate on miss distance for TPN and
APN missiles

The barrel roll rate e values studied were 1, 1.5, 2, 3
and 4 rad/s with different associated barrel diameters. The
missile was a tail chase on the target, and the remaining
simulation parameters were set as listed in Table 2. The
influence of the barrel roll rate on the miss distance of the
missile was studied. The variation in the missile miss
distance versus tg is shown in Fig. 13.
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Fig. 13 The variation curves of miss distance vs tgo for different
barrel roll rates

Suppose that the number of curves for the miss distance
Versus tqo to be compared is I. To facilitate research, the

average miss distance m, for the j-th curve is introduced

as follows:
_ 1 ftow
m = [ m; (o), (19)

where tmax represents the maximum tg and mj(tgo)
represents the miss distance corresponding to tg, as
shown in Fig. 14 (a). Meanwhile the concept of namely

80%
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20%

Percentage of maximum miss distance

10% : *
1 2 3 4
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(a) Average miss distance vs @  (b) Percentage of maximum
miss distance vs @
Fig. 14 Analysis of the average miss distance and the percentage
of the maximum miss distance

where max(tqo) represents the maximum miss distance of
all curves corresponding to tgo, as shown in Fig. 14(b).
Assuming that the probability of each tyg under real
airborne combat condition is equal, combined with the tg
estimation error 21, the higher value means that there will
be a greater survival probability. If the average miss
distance varies slightly, more useful information can be
obtained through the percentage of the maximum miss
distance.

It can be seen from Fig. 13 that to make the miss
distance generated by the TPN-and APN-guided missiles
sufficiently large, the barrel roll maneuver should be
performed when ty is greater than 2 s, and the aircraft
should try to put the missile behind the tail to increase tqo.
By combining Fig. 13 and Fig. 14, it can be concluded that
with the same barrel roll rate, APN will produce a higher
miss distance than TPN. However, when the barrel roll
rate is small, the average miss distances of the two
guidance laws are not significantly different, nevertheless
the TPN will produce a higher miss distance with a higher
probability. TPN generates the maximum average miss at
approximately 2 rad/s, and APN generates the maximum
average miss at 3 rad/s.
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2) The influence of initial phase angle of barrel roll
maneuver on missile miss distance

The barrel roll rate is set to 2.5 rad/s and decoys are
launched vertically upward relative to the target. Two
decoys were launched simultaneously with a launch
period of 0.6 s. The average miss distance and the
percentage of maximum miss distance corresponding to
the initial phase angle of the target barrel roll maneuver
are shown in Fig. 15. It can be seen that the average miss
distances change only slightly with ¢ in this simulation.
When ¢ is 0°, the TPN guidance law has the highest
percentage of maximum miss distance, whereas when ¢
is 120° and 220°, the TPN guidance law has the highest
percentage of maximum miss distance.
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Fig. 15 Average miss distance and percentage of maximum miss

distance vs initial phase angle of barrel roll maneuver

3.5 Analysis of the influence of decoy parameters on
miss distance during barrel roll maneuver

1) The influence of simultaneous launch quantity on miss

distance

The parameters of the decoy launch and barrel roll rate
were set as shown in Fig. 12 and 15. The other parameters
are the same as those shown in Fig. 13. The initial phase
angle of the barrel roll maneuver was 0°. The suppression
coefficient for one decoy was set to 2, and the suppression
ratio K for the simultaneous launch quantity n decoys was
2n. The variation curve of the miss distance versus tg, is
shown in Fig. 16, where K=0 indicates that no decoy was
launched.

Asshown in Fig. 16, for the two types of guidance laws,
more simultaneous launches lead to higher missile miss
distances. Comparing the curves in the figure, the decoy
launch generates a higher miss distance than merely
implementing barrel roll; however, with the increase in
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quantity, the miss distance growth tendency decreases.
Furthermore, because of the limited quantity of decoys
carried on the aircraft and the fact that there are generally
multiple missile attacks during airborne combat, the
simultaneous launch quantity should not be set higher
than two or three due to economic and efficacy concerns.
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Fig. 16 Miss distance vs tg for different simultaneous launch
quantity

2) The influence of the period between successive
launches and launch direction policy on missile miss
distance

The most practical deployment of decoys is to launch
them at a certain rate ?°1. The group time intervals for
conventional launch mode are from 0.5s to 2.1 s with an
interval of 0.2s, while for emergency launch mode it is
set to 0.2s. The simultaneous launch quantity is 2, and the
barrel roll rate is 2.5 rad/s. Here, considering four policies,
decoys are launched in the same directions for the first
two policies, while for each of the other two policies,
decoys are launched in reverse directions. The first group
of decoys for the first and third policies are launched
towards the outside of the circular motion, whereas for the
other two policies, decoys are launched towards the
inside. The remaining simulation conditions were the
same as those shown in Fig. 15. The launch speeds of all
the decoys were the same, and the initial phase angle of
the barrel roll was 0 °. The average miss distance of the
missile in the emergency launch mode is shown in Table
3; the influence on the miss distance under different
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launch policies in the conventional launch mode is shown
in Fig. 17.

By comparing Table 3 and Fig. 17, it can be seen that
the emergency launch mode generates a higher average
miss distance, which is likely to cause the target to fly out
of the seeker field of view to complete the escape.

Table 3 The average miss of missile in the emergency launch

mode
Guidance First Second Third Fourth
law policy policy policy policy
TPN 85.55 99.57 92.10 92.29
APN 87.28 103.71 94.71 95.01
324 I — T
—¥— First policy, TPN
30 - —&— Second policy. TPN| |
k —=&—Third policy, TPN
—&— Fourth Policy, TPN
& 284 - First policy, APN
3
S 26"
E 246
E 22
&
E 20
<
18

16
0.5 1 1.5 2

Period between successive launches/s
Fig. 17 The variation curve of the average miss distance under
different launch policies in conventional launch mode

It can be concluded from Fig. 17 that under the same
launch policy, the target will generate a higher average
miss distance for missiles guided by the APN compared
with the TPN. The first and second policies led to the
minimum and maximum miss distances, respectively, and
the other two policies were in between. Furthermore,
when the period between successive launches is less than
1 s, the average miss distance for all policies decreases
significantly with an increase in the period, and when it is
greater than 1 s, the influence of the launch period on the
average miss distance of the missile decreases.

4 Conclusions

In this study, a realistic target barrel roll maneuver model,
decoy launch model, and adjoint analysis model were
established for missile guidance accuracy. The influence
of the target barrel roll maneuver and IR decoy on the
miss distance of the IR-guided missile was studied. After
the missile warning system issues an alarm signal, the

target should place the missile behind the tail and
implement a step maneuver with the maximum overload.
When the velocity condition is reached, the target will
perform the barrel roll maneuver with a roll rate of
approximately 2 rad/s for TPN-guided missiles and with
a roll rate of approximately 3 rad/s for APN-guided
missiles. Currently, the aircraft launches decoys outside
of the circular motion. The proposed simultaneous launch
quantity is 2 or 3, and the period between successive
launches should be less than 1 s. If necessary, an
emergency launch mode can be implemented for great
effect. This study has significance in providing guidance
on target maneuvers and decoy launches for evading IR-
guided missiles.
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