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Model Predictive Control Based Defensive
Guidance Law in Three-Body Engagement
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Abstract: Model predictive control (MPC) has been widely used in process industry, but its appli-

cations to missile guidance law are relatively rare. In this paper, MPC is introduced to design defen-

sive guidance law in a three-body engagement, where a defending missile (i.e., defender) is

employed to protect a target aircraft from an attacking missile. Based on nonlinear kinematic equa-

tions, an explicit linear discrete-time model is derived as the predictive model. Then the defensive

guidance problem is formulated as a quadratic programming problem, and a fast algorithm for the

MPC guidance law is developed. The advantages of the MPC guidance law include the applicabil-

ity to scenarios with unknown guidance strategy of attacking missile, nonlinear kinematics and mul-

tiple constraints. Another key feature is that the proposed approach does not require alteration in

the target maneuver. Simulation results show that the MPC guidance law works well and can meet

real-time requirements.

Keywords: defensive guidance law; model predictive control; three-body engagement

1 Introduction

Model predictive control (MPC) also known as
receding horizon control, is a control framework
that can simultaneously handle constraints, opti-
mize performance and provide robustness in a
systematic and elegant approach, via repetitive
online optimization [1-2]. MPC has been widely
used in process industry, power electronics,
robots and so on, including systems with com-
plex dynamics, long delay times or unstable sys-
tem[3]. However, there are few applications of
MPC to the field of missile guidance law. In [4-5],
the predictive missile guidance laws were pre-
sented in the framework of probability density

function, which aimed to maximize the probabil-
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ity of successful interception. However, high com-
putation costs are resulted, in order to obtain the
optimal control action at each time. This is an
important motivation for the present work.

In traditional one-on-one engagement, it is
difficult for an aerial aircraft (i.e., target) to
evade an attacking missile equipped with mod-
ern guidance laws. To protect the target, a
defending missile (i.e., defender), which is laun-
ched by the target or a friendly platform, is
employed to impact the attacking missile. Thus,
the target, defender and attacking missile consti-
tute the three-body engagement, which includes
two engagements of missile-target and defender-
missile. The main approaches to investigate the
three-body engagement include optimal control
[6-10], differential game[11-13] and sliding model
control [14-15]. However, in [6-10] the authors
built the linear kinematic model under some lin-
earity assumptions, and additionally assumed the
guidance strategy of attacking missile is known.
In [12-13], the authors assumed the control/accel-
eration limit is known. However, in practical

application, prior information of enemy missile
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(i.e., attacking missile), including guidance strat-
egy and control bounds, is unavailable, while, the
linearity assumptions may be invalid in some sce-
narios.

To deal with this situation, the MPC tech-
nique is employed for the three-body engage-
ment. A general linearization approach that com-
bines Taylor expansion technique and the transi-
tion matrix, is proposed to transform the nonlin-
ear kinematic model into an approximate linear
discrete-time model. By using the linear discrete-
time model as the predictive model, the defen-
sive guidance problem becomes a quadratic pro-
gramming problem, in which we aim to mini-
mize the objective function containing the
quadratic terms of line-of-sight (LOS) angular
velocity and relative distance, with bounded con-
trol constraints. Then by solving this quadratic
programming problem, a fast MPC guidance
algorithm is proposed.

The main contributions of this paper are
summarized as follows. 1) As far as we know,
MPC is firstly applied to three-body engagement.
Compared with the work in [6-13], with the help
of MPC framework, the proposed approach has
the advantage of easy incorporation of addi-
tional constraints without changing the control
design scheme. 2) Different from the guidance
laws in [6-10], the MPC guidance law has the
ability to deal with a wide range of scenarios,
including unknown information of attacking mis-
sile and nonlinear kinematics. 3) Compared with
the predictive guidance in [4-5], the MPC guid-
ance here is easily implemented, and it can sat-
isfy real-time requirements.

The paper is organized as follows. In Sec-
tion 2, the three-body engagement is introduced
and the defensive guidance problem is formu-
lated as a nonlinear MPC problem. In Section 3,
the general linearization approach for transform-
ing a nonlinear continuous system into an
approximate linear discrete-time system is pro-
posed, and the effectiveness of the approach is

verified via simulations. Then, in Section 4, the

defensive MPC guidance law is developed. The
performance of the MPC guidance law is ana-
lyzed in Section 5, and conclusions are provided

in Section 6.

2 Problem Statement

The agents in the three-body engagement are
defined as follows: a target aircraft denoted as T,
a defending missile denoted as D and an attack-
ing missile denoted as M. The attacking missile
employs the fixed pursuit guidance law to inter-
cept the target, but it is unknown to defender-
target team. In order to protect the target air-
craft, a defender launched by the target or tar-
get friendly platform is used to impact the
attacking missile. The three-body engagement is
divided into two one-on-one engagements:
defender-missile (D-M) engagement and missile-
target (M-T)

three-body engagement is shown in Fig. 1, where

engagement. The geometry of

V., a; and =, represent the velocity, acceleration
and flight-path angle of each aircraft, Ay, A
and 7y, ryp are the LOS angles and relative dis-

tances of M-T and D-M engagements.

YA

0 X
Fig. 1  Geometry of three-body engagement

There are three assumptions in this paper.
1) The speed of each aircraft is constant.
2) Each aircraft flight control system is a first-
order dynamics system, and the relation of air-

craft acceleration and guidance command is
i, = ———— i=(T,D,M) (D

where u, is guidance command and 7; is the time

constant. 3) The defender’s guidance command
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satisfies |up| < Up e, Where up .. is the guidance
command limit.

In the M-T engagement, an attacking mis-
sile uses a fixed pursuit guidance law to pursue
the target, such as proportional navigation (PN),
(APN),

beam rider guidance (BRG) and so on. For

augmented proportional navigation

example, the pursuit guidance commands of PN,
APN and BRG described in [16] are

_NPN,':‘MT).\MT 5 for PN
Uy = § — Ny s + 0.5 N pwar, for APN - (2D
KRy(6: — 0y), for BRG

where N,y and N,, are the related effective navi-
gation ratios chosen from 3 to 5. For BRG, K is
the guidance gain, R, is the attacking missile
range from the beam generator, 6; and 6,, are the
target and attacking missile angles with respect
to the beam generator. The detailed introduc-
tion of BRG can be found in [16].
Define the state of D-M engagement as

T . T
X = [x17$23$37x47x57x6] = [rMDa)\MDaTMDy)\MDaanv'YD]

3
According to Fig. 1, the relative motion of D-M
engagement is obtained as
&, = =Vycos(yy + x5) — Vi cos(zs — )
&y = (Vysin(yy + x,) — Vo sin(zg — 2,))/ 2,
—Z,) + T, 23

&y = ay sin(yy + ;) + x5 sin(zg

&= (ay cos(Yu+x,) — x5 cos(xg — x,) — 2252,)/ 24

&5 = —x5/ T+ Up/ T
s =xs/ Vp
(4)
Eq.(4) can be rewritten as
X = f(X) + byup (5

where b, =10, 0, 0, 0, 1/7,,0]". Assume the dis-
crete-time model of Eq. (5) is

X(k+1) = fi(X(k), up(k)) (6)

The defensive guidance problem can be formu-
lated as a nonlinear MPC problem by using Eq.
(6) as the predictive model. However, it is hard

to obtain the accurate expression of Eq.(6), since

it needs to solve the nonlinear differential equa-
tions shown in Eq.(4). Additionally, the nonlin-
ear MPC problem is difficult to solve with high
computation cost. Thus, we need to find an
approximate explicit discrete-time model used for
the predictive model, and reformulate the MPC
problem as a simple one.

3 Discrete-Time Predictive Model

3.1 General Approach for Linearization and Dis-
cretization
First, we take the first-order Taylor expansion of

Eq. (5) around X, and get the following equation
X =AX - X))+ f(Xo)+ byu, (]

where A is the Jacobian matrix satisfying

L
=9 x-x
0 a5 0 0 a6
A1 Qoo 0 0 U6
G371 Q32 a Q35 Q3ze

0 0

0
0
0
Qg1 Gy Qu3 Quq Qg5 Age |X:X0
0
0 0 0

0 ae O (8)

The detailed expressions of elements in A are

shown as

a1y = Viysin(yy + @) — Vpsin(ze — z,)

a,s = Vp sin(xg — x,)

ay, = (Vpsin(ze — ) — Vigsin(yy + 2,)) /22

gy = (Vycos(y + 2,) + Vhcos(ze — 2,))/ x4

(o = —Vpc08(xs — )/ x4

G35 = Qy €0S(Yy + o) — x5 cos(zg — T5)
ass = sin(xg — x,)

as, = 7,
Q34 = 22,2, ,
(36 = T5CO8(Tg — )

— xy)+2waxy) ) 22
as = (—ay sin(yy + x,) — x5 sin(xs — ,))/ 2,

a5,=(—ay cos(yt ;) + a5 cos(xg

Qy3 = _2374/1‘1 o Quy = —2303/331
a4 = —C0S(Tg — X,)/ T,
Qg6 = T5 Sin(ma - 1‘2)/.271 5 a55:_1/7—D7 asszl/‘/[)

)
Then, based on Eq. (7), we use the state

transition matrix and then have the discrete-time
model as
X(k+1)=e"X (k) + Cobyuy(k)+
C.(f(X,) - AX,) (10)

where e#7 is the transition matrix, and C, =
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T
f e 7dr. The terms of e4” and C, can be
0

computed by using fourth-order Runge-Kutta
method (RK4).

Defining the transition matrix as e** =
(¢:5(t)) s With A = (a,;),,,, and using the prop-

erty of transition matrix, we have

6, (1) =Y aundy,(t); Vi,je{1,2,3,4,56}
- (1D

and

[0, ifi#j
Based on Eq. (11), the elements of eA” are
obtained by using RK4 to compute the following

integration as

¢y (T) = L (; aik¢k.7(t)> dt; Vi, j€{1,2,---,6}
(13
with the initial conditions shown in Eq.(12).

According to the expression of C,, we have

C, = IT e?'dt. Then, by using RK4 to compute

0
this equation, the value of C,, is also available.

Although Eq. (10) has a linear form, it costs
time to compute the terms of e*” and C, by
using RK4 method. For further simplification, we
linearize e*” and C, by using the first order Tay-

lor approximation formula as
e ~I+TA, C,~TI (14>
Substituting Eq. (14) into Eq. (10), we have the

following linear discrete-time model
X(k+1)=(TA+ D)X (k) + Tbyu,(k)+
T(f(X,) - AX,) 15

3.2 Performance of Discrete-Time Predictive
Model
Here, we define three models as follows. M1 is
the original continuous nonlinear model shown in
Eq. (5), and M2 and M3 are the discrete-time
models shown in Eq. (10) and Eq. (15), respec-
tively. M2 or M3 will be used as the predictive
model, and the calculation error between the pre-

dictive model and the original nonlinear kine-

matic model determines the performance of
MPC. Four factors will influence the calculation
error, which are the sampling time 7T, the num-
ber of steps N, the initial state X, and the guid-
ance commands {up(k)}. The prediction horizon
is equal to NT. If NT is chosen too large, then
the results of predictive model will deviate from
the original nonlinear kinematic model signifi-
cantly. This is because the predictive model is
linearized around the initial state X,, and as the
number of steps increases, there will be large
model errors, which will lead to large errors in
results. After several simulations with different N
and T, the following suggestion is given: if we
choose NT <1.5s and T <0.1s, both the lin-
earized discrete-time models M2 and M3 match
the actual model M1 well.

Then in the condition of T =0.05s and
N =10, we test the performance of M2 and M3
in various initial states and guidance commands,
which are obtained from a successful defensive
engagement. Here, for illustrating the problem,
two cases are selected: the first case has a hori-
zon from 2.85 s to 3.35 s, of which the initial rel-
ative distance is 4886.4 m far away from zero;
and the second case is at the end-stage having
the horizon from 6.8 s to 7.3 s, of which the ini-
tial relative distance is 539.2 m going close to
zero. The simulation results are shown in Figs. 2-
3, where Error 12, Error 13 and Error 23 refer to
the absolute result errors between M1 and M2,
M1 and M3, and M2 and M3, respectively. In
Fig. 2, it is seen that the absolute errors are
small and acceptable in the first case, which
demonstrates that the performances of M2 and
M3 are close to that of M1. In Fig. 3, Error 12
and Error 13 of Ay suddenly increased to
0.24 rad/s at the 10th sample time in the second
case, due to the accuracy decrease of linearized
models.

Furthermore, we test other situations of dif-
ferent initial states and guidance commands,
except for the above second case at the end-stage

of engagement, and all the results show that both
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Fig. 3 The absolute errors of D-M LOS angle rate in the sec-

ond case
M2 and M3 perform closely to M1. The perfor-
mance deterioration at that end-stage can be
explained as follows. According to Eq. (4), the
accuracy of linearized model (i.e., M2 or M3) is
particularly influenced by the relative distance
(i.e., z,) as it appears in the denominator. Thus,

at the end-stage, as the relative distance goes
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The absolute errors in the first case: (a)relative distance; (b) LOS angle; (c)closing velocity; (d) LOS angle rate; (e) accelera-

close to zero, the accuracy of the linearized model
decreases substantially. As a consequence, the
results of M2 and M3 at the end-stage will devi-
ate from the actual values significantly.

After numerous tests, we conclude that both
the M2 and M3 can match the actual nonlinear
kinematic model well with the appropriate sam-
pling time 7 and number of steps N. Meanwhile,
at the end-stage, we need to decrease the for-
ward step N for acquiring the good performance,

and it will be discussed in Section 4.

4 Model Predictive Guidance Law

The sufficient condition of successful intercep-

tion for D-M engagement is described as
Ao(t) =0 and 7yp(t) <0, fort e[t t,,] (16)

where t, is a time instant satisfying ¢, € (0,t,,,],
and t,,  is the D-M interception time. Eq. (16)
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shows that after ¢,, the LOS of D-M engagement
remains fixed, and in this situation, as long as
the defender and attacking missile keep getting
close to each other, the defender will impact the
attacking missile. The basic idea of PN and APN
tries to satisfy this sufficient condition, i.e., the
interceptor (the role played by the attacking mis-
sile in this paper) that tries to nullify the inter-
ceptor-target LOS rate change when it
approaches to its target. Inspired by this idea,
the LOS rate of D-M engagement is considered
into the objective function. Also, we expect that
the defender approaches the attacking missile
quickly with acceptable control effort. Thus, the
objective function of MPC guidance problem is

described as

I , (0)
zia;rﬁm(k—&—ﬂk +2 AZD ) Z)\ (k +i|k)+
1N—l
=Y wul(k+ilk
2; o (k+ilk) (7
where a and [ are penalty weights, N is the

length of prediction horizon, 7y (k4 ilk), Auw(k+
ilk) and wup(k +i|k) are the predicted values at
time k. Define a new vector as
Z(k)=[X"(k+ 1|k), , X"(k+ N|k),
up(klk), -, up(k + N —1]k)]" € R™*!
(18

where

X (k+i|k) = [ruo(k + i|k), Ao (k + 0|k), 7 (k + 4| k),
Ao (k4 (k) ap(k +ilk), v (k +i]k)]"  (19)

Then, the objective function in Eq. (17) can be

rewritten as

1
J(Z(k)) = §ZT(I<:)H Z (k) 200
where
Hll 0 TN XTN
H = { 0 Iy, } eR
H,, =blkdiag [ hy,hy,--- b, | € ROV*ON
—_———

N

h, = diag{04,0,0757“]\24[)(0)/}‘;0(0%0’0} QD

where blkdiag (-) represents the block matrix.
By using M2 and M3 as the predictive mod-

els and considering the control input saturation
as the inequality constraint, the MPC guidance
problem can be formulated as the following

quadratic programming problem.

min J(Z(k)) = 1ZT(/{)H Z(k)

o {Achb (22)
Tolb<Z <y,
where
b= [—00 [1],, 0y —Upm - [1],,,]  €RYX
b, = [+00 - [1], s Uoma (1], ] €R™

(23)

and [1],,,; represents a #-by-j matrix, of which
each element is equal to 1.
For M2, we have A, and b, as

Acq = [Acq17 AL(]Q} 6 RGNX7N

I 0 0
A = _eAT I 0 RGNXGN
e : - ) :
(') 0 —eAT T
A, = blkdiag [ —C,b,, - ,—C,b, | € R*N*¥
N
Q4
and
e X (k) + C, (f(X,) — AX,)
beq _ C<I> (f(Xo) - AXO) € Rov<
C, (f(X,) — AX,)
(25
For M3, we have A, and b, as
A = [Aeql’Aeqz] c RONXTN
T 0 .. 0
-TA-T1 1 . 0
Aqu - . . . c RONXON
0 .. —TA-I I
A, = blkdiag [ —~Tby, -+ ,~Tb, | € ROV*¥
—
N (26)
and
(TA+ D)X (k) +Tf(X,) - TAX,
b, Tf (XU.) —-TAX, I
Tf(X,) -TAX,
Q7
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To calculate Egs. (24)—(27), the linearization
point X, needs to be determined. At each time
instant, the current state X (k) is available,
which is obtained by defender’s tracking system.
Thus, we can set X, = X (k), which means that
the M2 and M3 are linearized around the cur-
rent state.

According to the analysis of Section 3.2,
when the defender gets close to the attacking
missile, the model errors of M2 and M3 become
large if we use the large prediction horizon. Thus,
in order to avoid the large model error at the
end-stage of D-M engagement, the approach of
variable length of prediction horizon is intro-
duced as follows. Calculate the approximate
of D-M
Two/ |"wp|, and compare time-to-go and the length
of prediction horizon. If ¢,,\p = NT', then N keeps

the original value; however, if ¢, , < NT, we set

time-to-go engagement as  t,ww =

N = floor(t, w/T), where function floor(z) repre-
sents getting the nearest integer less than or
equal to x.

At each guidance time, the MPC guidance
problem in Eq. (22) is solved, of which the opti-
mal control sequence is derived, and the first
control action in this sequence is applied as the
current guidance command. The MPC guidance
scheme is shown in Fig. 4, which includes three

steps at each time instant. For step 2, there is a

Step 1: Set X;=X(k) and determine the prediction
—>  horizon length N, and formulatethe guidance
problem as Eq. (22)

Step 2: Solving the optimization problem
and get the optimal control sequence as
Z(k)=[(X" (k1) .(X (kNI 15 (KIK), . . (k+N=11k)]"

k=k+1

Step 3: Substitute uy(¢)=uy(klk),VtE [kT,(k+1)T]
into nonlinear relative motion of Eq. (4), and move
forward the system to k+1 time instant.

Fig. 4 The MPC guidance scheme

number of commercial software that can be used
to solve the quadratic programming problem.
Here, the Matlab function “quardprog()” is used
to deal with this problem.

5 Simulation Analysis

Here MPCGL2 and MPCGL3 are defined as the
defender’s MPC guidance law based on M2 and
M3, respectively. The initial positions of target,
defender and attacking missile are (8000, 0) m,
(8000, 0) m, and (0, 0) m, and the speeds of
them are 350 m/s, 450 m/s and 700 m/s, respec-
tively. The initial flight-path angles of target,
defender and attacking missile are 25°, 30° and
20°, and the time constants of flight control sys-
tems are 0.1 s, 0.4 s and 0.4 s, respectively. The
control bound of defender is 20 g. All the simula-
tions are implemented on a laptop with 2.5 GHz
Intel i5 CPU.

5.1 Performance of Two MPC Guidance Laws
Here, the of MPCGL2 and
MPCGL3 is compared. The parameters of two
MPC guidance law are set as: N =10, T = 0.05 s,
a=1000 and S=1. The attacking missile uses

performance

PN guidance law with navigation ratio as
N,y =3, and the target employs zero maneuver.
The simulation results are shown in Figs. 5—6,
where the defender intercepts the attacking mis-
sile before the target is harmed, with either of
the MPC guidance laws, with only small differ-
ences in guidance commands. The reason for sim-
ilar performance of both MPC guidance laws is
that both M2 and M3 match actual model M1
well in this situation.

The total computation burden of simulation
is about 3 s, which is less than simulated flight
time (i.e., 7.26 s). The computation time to gen-
erate MPC guidance command at each sampling
time instant is shown in Fig. 7. Except for the
first guidance command with a computation time
of about 0.4s, all guidance commands are
obtained in less than 0.05 s (i.e., the sampling
period) for MPCGL3. Also, except for the first

and second guidance commands, all guidance
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commands are obtained in less than 0.05 s for
MPCGL2. Besides, the computation time of
MPCGL3 is less than that of MPCGL2. This is

because MPCGL2 has higher computation
requirement to calculate the transition matrix by
using RK4.
1200
- —- Attacking missile
—-— Target /// \
1000 1 pefender MPCGL2 7 \
—— Defender MPCGL3 .~ '\
800 | \
//
= 7
E 600} A\
>~ /"854 Y
400t 852 ")
850 \
200 / 848 I\‘
/ 6000 6020 6040
0 2000 4000 6 000 8 000
X (m)

Fig. 5 Flight trajectories in the cases of MPCGL2 and
MPCGL3
200
150+
100 4o
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Guidance command of defender (m/s?)
[«
\ O

=50
=100 |
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—200 . . .
0 1 2 3 4 5 6 7 8
Time (s)

Fig. 6 Defender’s guidance commands in the cases of MPCGL2
and MPCGL3
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Fig. 7 The computation time for generating guidance com-
mand at each sampling time instant
Note that even with a simple laptop with-

out specialized hardware and software, all calcu-

lations are easily within the sample time, except
at the initial time step (s), where initialization of
MATLAB code results in longer computation - a
problem that is avoided in actual implementa-
tion stage. Thus, by using the proposed MPC
guidance laws, the online requirement is easily
satisfied in practical applications, since the
defender can be equipped with advanced soft-
ware and high-efficiency optimization algorithms,
which can reduce the computation time signifi-
cantly.

Next, we test the performance of MPC guid-
ance laws with different lengths of prediction
horizon. We set sampling time as 7'= 0.05s and
penalty weight as = 1. In this case, the target
employs zero maneuver, and the attacking mis-
sile uses PN guidance law with N, =3. The
ranges of effective penalty weight a of MPCGL2
and MPCGL3 are almost same, which are pre-
sented in Tab. 1. The resulted D-M miss dis-
tances of Tab. 1 are all smaller than 0.05 m,
guaranteeing the successful defensive intercep-
tion. From Tab. 1, it is seen that the MPC guid-
ance law has good robustness for the penalty
weight, since the range of « is large. Also, it is
seen that the range of « increases as length of
prediction horizon N decreases.

Tab. 1 Range of effective penalty weight with different N
N Penalty o N Penalty «
10 a €0, 1.5 x 107] 8 a €[0,2 x 107]
7 a € [0, 2.5 x 107] 5 a €0, 4 x 107]
3 a €10, 9.5 x 107) -

5.2 Special Scenarios

In this subsection, three special scenarios that
the references [6-10] cannot handle are discussed.
In this section, MPCGLS3 is used as the defender’s
guidance law, and its parameters are set as
N=10,T =0.05s, a=1000 and 3= 1.

In Scenario 1, the attacking missile uses
BRG to purse the attacking missile. Note that
BRG does not satisfy the linear forms of guid-
ance laws assumed in [6-10]. The target employs
zero maneuver. The beam generator is set at the
position of (8900, 0) m, which produces a radar
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or laser beam continuously pointing to the tar-
get. The objective of BRG is to fly the attacking
missile along a beam. If the beam is always on
the target and the attacking missile is always on
the beam, then this results in interception. The
guidance gain of BRG is set as K = 0.1. If there
is no defender, the attacking missile with using
BRG will intercept the target at 8.0208 s with
M-T miss distance as 0.9468 m. In this case, the
simulation results of MPCGL3 are shown in Fig. 8.
It shows that the defender intercepts the attack-
ing missile successfully at 7.34 s with moderate
guidance command, and the D-M miss distance is
0.012 m.
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7 \
800 | ,/ "\
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= 600 J/ \
/ \
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//
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% 150 f| —— Acceleration response
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g —sof
g
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_200 L L L
0 2 4 6 8
Time (s)
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Fig. 8 Simulation results of Scenario 1: (a) flight trajectories;
(b) defender’ s guidance command and acceleration
response

For comparison, the two-way cooperative
guidance law in [7] is adopted in Scenario 1, and
the simulation results are shown in Fig. 9. It is
seen that the defender misses the attacking mis-
sile with miss distance as 36.56 m. Also, the

guidance commands grow large quickly at last

few seconds. In this case, even with the help of
target cooperation maneuver, the defender can-
not intercept the attacking missile. The reason
for unsuccessful defensive interception is that
BRG is inconsistent with the assumption of lin-
ear-form guidance law, leading to generating the

guidance command error.

1400 T
- —— Missile v
- \
1200} — pefender s \
1000} —= Target K
/, .\.
800 | L |
> 71320 .
s \
600 // 1300 \
400 // 12801 .
/ 126017
200 // 4900 5100 5300
//
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X
(@)
150
100
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Acceleration of defender (m/s?)

—100 | ---- Defender gudiance command
5ol T Target acceleration response
- Target gudiance command
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0 1 2 3 4 5 6 7 8
Time (s)
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Fig. 9  Simulation results of Scenario 1 by using cooperative
guidance law in [7]: (a) flight trajectories; (b) guid-
ance commands of defender and target

In Scenario 2, we consider the large initial
LOS angle difference, i.e., [\yr — Ayp| which is not
small. In this scenario, the linear assumption,
that the deviation of D-M and M-T collision tri-
angles is small in [6-10], is not satisfied. Here, we
change the initial position and flight-path angle
of defender as (4000, 4000) m and 90°, respec-
tively. Then, we have |A\po — Awo| = 45°. The
attacking missile uses PN guidance law with nav-
igation ratio as 3, and the target employs zero
maneuver. The simulation results are shown in

Fig. 10, which shows the defender intercepts the

attacking missile at 6.78 s with appropriate guid-
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ance command. As a contrast, the two-way opti-
mal cooperative guidance law in [7] is also used
in this scenario, and the cooperative guidance law
performs badly. The defender misses the target
with miss distance as 56.88 m, and the problem
of guidance command oscillation appears. The
reason for the above results is that the lineariza-
tion assumption of small LOS-angle deviation is

not satisfied in this scenario.
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Simulation results of Scenario 2: (a) flight trajectories;

Fig. 10
(b) defender’ s guidance command and acceleration
response

In Scenario 3, we consider the maneuver of
target is unperturbed, which means target can
focus on its task without considering the inter-
ception of attacking missile. This is different
from [6-10], where target needs to employ cooper-
ative maneuver with defender. For example, we
assume the unperturbed maneuver of target is
constant as 1g. For compensating the target
maneuvers, the attacking missile uses APN guid-

ance law with navigation ratio equal to 3. Fig. 11

shows that the defender intercepts the attacking

missile at 8.66 s, and the D-M miss distance is
0.01 m. Besides, we test the cases of target using
different maneuvers, and the results show that
the MPC guidance law has good robustness for

attacking missile’s maneuver.
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Fig. 11 Simulation results of Scenario 3: (a) flight trajecto-

ries; (b) defender’s guidance command and accelera-

tion response

Via the simulation results in this subsection,
it is seen that the defensive MPC guidance law
has the ability to deal with the scenarios of vari-
ous pursuit guidance laws and nonlinear kinemat-
ics engagement and to allow the target to take its

maneuver, unperturbed.

6 Conclusion

In this paper, MPC is applied to design the
defensive guidance law in the three-body engage-
ment. The MPC guidance law is a fast algorithm
solved as a quadratic programming problem,

where the approximate linear discrete-time model
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is used for the predictive model. The MPC guid-

ance law is guaranteed to work well and satisfy

real-time requirements, as shown in extensive

numerical simulations. It has good robustness for

the unknown attacking missile’s maneuver, and

can deal with nonlinear kinematics of three-body

engagement. Also, it gives freedom for the target

to execute its task.

References:

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

F. C. Eduardo and B. Carlos, Model predictive
control, 2nd edition. London, UK: Springer-Verlag,
2007.

D. Q. Mayne, J. B. Rawlings, C. V. Rao, and P. O.
Scokaert, “Constrained model predictive control:
Stability and optimality, ” Automatica, vol. 36, no.
6, pp. 789-814, 2000.

U. Eren, A. Pratch, S. V. Rakovi¢, E. Kayacan,
and B. Ag¢ikmese, “Model predictive control in
aerospace systems: Current state and
opportunities, 7 Journal of Guidance, Control and
Dynamics, vol. 40, no, 7, pp. 1541-1566, 2017.

R. A. Best and J. P. Norton, “Predictive missile
guidance,” Journal of Guidance, Control and
Dynamics, vol. 23, no. 3, pp. 539-546, 2000.

D. Dionne, H. Michalska, and C. A. Rabbath,
“Predictive guidance for pursuit-evasion
engagements involving multiple decoys,” Journal of
Guidance, Control and Dynamics, vol. 30, no. 5,
pp. 1277-1286, 2007.

T. Shima, “Optimal cooperative pursuit and
evasion strategies against a homing missile, ”
Journal of Guidance, Control, and Dynamics, vol.
34, no. 2, pp. 414-425, 2011.

O. Prokopov and T. Shima, “Linear quadratic
optimal cooperative strategies for active aircraft
protection, 7 Journal of Guidance, Control, and
Dynamics, vol. 36, no. 3, pp. 753-764, 2013.

M. Weiss, T. Shima, and D. Castaneda, “Minimum
effort intercept and evasion guidance algorithms for
active aircraft defense, ” Journal of Guidance,
Control, and Dynamics, vol. 39, no. 10, pp. 2297-
2311, 2016.

F. Fang and Y. L. Cai, “Optimal cooperative
guidance with guaranteed miss distance in three-
body engagement, ” Proceedings of the Institution
of Mechanical Engineers, Part G: Journal of
Aerospace Engineering, vol. 232, no. 3, pp. 492-
504, 2018.

M. Weiss, T. Shima, and D. Castaneda,
“Combined and cooperative minimum-effort

guidance algorithms in an active aircraft defense

[11]

[12]

[13]

[14]

[15]

[16]

— 569 —

scenario, 7 Journal of Guidance, Control, and
Dynamics, vol. 40, no. 5, pp. 1241-1254, 2017.

A. Perelman, T. Shima , and I. Rusnak, “Coo-
perative differential games strategies for active
aircraft protection from a homing missile, ”
Journal of Guidance, Control, and Dynamics, vol.
34, no. 3, pp. 761-773, 2011.

S. Rubinsky and S. Gutman, “Three-player pursuit
and evasion conflict, 7 Journal of Guidance,
Control, and Dynamics, vol. 37, no. 1, pp. 98-110,
2014.

S. Rubinsky and S. Gutman, “Vector guidance
approach to three-player conflict in exoatmospheric
interception, ” Journal of Guidance, Control, and
Dynamics, vol. 38, no. 12, pp. 2270-2286, 2015.

X. G. Zou, D. Zhou, R. L. Du, and J. Q. Liu,
“Adaptive nonsingular terminal sliding mode
cooperative guidance law in active defense
scenario, 7 Proceedings of the Institution of
Mechanical Engineers, Part G: Journal of
Aerospace Engineering, vol. 230, no. 2, pp. 307-
320, 2016.

S. R. Kumar and T. Shima, “Cooperative nonlinear
guidance strategies for aircraft defense, ” Journal
of Guidance, Control, and Dynamics, vol. 40, no. 1,
pp. 124-138, 2017.

P. Zarchan, Tactical and strategic missile guidance,
3rd Edition. Reston, Virginia, USA: American
Institute of Astronautics and Aeronautics, 1997,
pp. 143-155 & 185-205.

Jinglei Ren is currently an engineer with
China Academy of Launch Vehicle Tech-
nology. His research interests include
missile guidance and control.

Zhenya Wang is a researcher with
China Academy of Launch Vehicle Tech-
nology. His research interests include

fault diagnosis and intelligent decision.

Feng Fang is currently an Assistant
Professor with Hangzhou Dianzi Univer-
research interests

sity. His current

include cooperative guidance and con-

trol.



	1 Introduction
	2 Problem Statement
	3 Discrete-Time Predictive Model
	3.1 General Approach for Linearization and Discretization
	3.2 Performance of Discrete-Time Predictive Model

	4 Model Predictive Guidance Law
	5 Simulation Analysis
	5.1 Performance of Two MPC Guidance Laws
	5.2 Special Scenarios

	6 Conclusion
	References

