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Abstract—This paper presents a time-varying control law designed for an interceptor’s guidance
to an intensively maneuvering aircraft (aerial target). The control law takes into account
the mismatch between the dynamic properties of the interceptor and the target. Simulation
results are provided, indicating the potential feasibility of intercepting the target and improving
guidance accuracy.

Keywords: interceptor control law, maneuvering aerial target, mismatch of dynamic properties,
miss distance

DOI: 10.7868/51608303226060036

1. INTRODUCTION

An effective solution of the problem of intercepting aerospace attack means is necessitated by
the requirement to protect important objects of the defending side from potential destruction.

In view of the continuous improvement trend of aerospace attack means toward increasing their
speed and maneuverability characteristics [1-7], the inertia of interceptors can be a significant
factor affecting their potentially achievable guidance performance to an intensively maneuvering
high-speed aircraft (HSA) [8].

Two possible approaches to considering the interceptor’s inertia were discussed in [8]. The
first approach is to generate a control signal based on the predicted rather than current values of
the HSA state coordinates. The second approach involves an appropriate transformation of input
actions that compensates for the interceptor’s inertia via control signal corrections covering high
derivatives of the state coordinates. However, these approaches complicate the information support
system due to the need to estimate high derivatives of the line-of-sight (LoS) angular rate [8].

Therefore, it is topical to design alternative control signals for an interceptor’s guidance to an
HSA with the following requirements [9]:

—The control signal should take into account the mismatches between the dynamic properties
of the interceptor and HSA.

—The control signal should be time-varying to redistribute control priorities from eliminat-
ing angle guidance errors at the initial guidance stage to eliminating the LoS angular rate when
approaching the HSA.
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ASSESSMENT OF THE FEASIBILITY OF INTERCEPTING 511
This paper aims to design a time-varying control signal for an inertial interceptor with the

potential feasibility of intercepting an HSA.

2. PROBLEM STATEMENT. CONTROL SIGNAL DESIGN

The design procedure is based on the local optimization approach of the statistical theory of
optimal control (STOC) within the linear-quadratic-Gaussian problem framework. For a given
system described by [9]

x(t) = F(t)x(t) + Bu(t) + £(1), (1)
which includes a subsystem (aerial target) of the form

Xtar (t) = Fiar(t)X¢ar (t) + &ear (1), (2)
generating input actions for another subsystem (interceptor)
Xint () = FintXint (1) + Bingu(t) + &ine(2), (3)
under available measurements
z(t) = Hx(t) + &(1), (4)
this approach yields the optimal control law
u(t) = K 'Bi [QAX(t) — G8ine (1)) (5)

in terms of the minimum value of the performance functional

I=M {(Xtar(t) - Xint(t))TQ(Xtar(t) - Xint(t)) + 2(Xtaur(t) — Xint (t))TGSint(t)

t
+ 5T (1) Qi (£) + / o’ (Ku(t)dt b |
0
where
T F r 01
X = {Xg;r X?;lt:| ’ F = [62 Fint’] ) B = [O3Bint} ) Sint = (Ftar - Fint) Xtar (7)

T
_[er T o X
5 - {gtar int} s AX = Xgar — Xint,

The other designations are as follows: Xyt and Xy, are the n-dimensional state vectors of the
interceptor and target, respectively; Fiy and Fi, are the internal connection matrices of the
subsystems (2) and (3), characterizing their dynamics; u is the control vector; By is the control
efficiency matrix; z is the measurement vector; £ is the noise vector; &iap, &int, and &, are the
noise vectors of the states (2), (3) and measurements (4), respectively; H is the connection matrix
between z and x; Q and K are nonnegative definite penalty matrices for control accuracy and
control costs, respectively; G is the mutual connection matrix between Ax and sint; Sint is the
mismatch vector between the dynamic properties of the subsystems; ¢ is the current time; O;—Og3
are zero matrices of compatible dimensions; finally, M {e} denotes the expectation operator.

To shorten the mathematical derivations, the dependence on time in (1)—(7) will be omitted.
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Fig. 1. The mutual arrangement of the target and interceptor.

The geometry of the target’s and interceptor’s angles is shown in Fig. 1. In this figure, O;y and
Oqar are the positions of the interceptor and target, respectively; Vi, and Vi, are the velocity
vectors of the target and interceptor, respectively; @iyt is the interceptor’s line-of-sight (LoS) angle
(the angle between its velocity vector and the horizontal axis); finally, sy is the HSA’s flight
direction angle (the angle between the interceptor-target LoS and the horizontal axis).

The control design problem is formulated as follows.

Let an HSA (target) be described by a system of equations of the form:

Sbtar = Whtar, Ptar (0) = $Ptar0,
. 2R 1. . (8)
Wtar = — —=Wtar T _(]tar - ]int) + é-tar’ Wtar(o) = Wtar0-
R R
For an inertial interceptor corresponding to the model
Sbint = Wint, Spint(o) = $Pint0;
. 1 b (9)
Wint = —75  Wint + 7. Jint + Sint’ Wint(o) = Wint0,
Tll’lt Tmt
with available measurements of the form
Pz = Ptar + €z7 (10)

it is required to find a control signal j;,,x minimizing the performance functional

— o] | B q12 %
I= M Ptar — Pint 0o Ptar — Pint
Wtar — Wint Q1 — Wtar — Wint
R
2 ® g g g ’
r — ¥in 11 12 .
+ 2 Luta w ’ [ ‘| 1 2R (11)
iy — =) Wi
tar int 921 922 Tint R ta
T
0 q1 0 ¢
. —-  4d12 . 9
+|(1 2R fg | |(L 2R +/]intkj dt
Tme R )W 21 Tme R )™ 0

The expressions (8)—(11) have the following notation: s, and @iy, are the target’s LoS angle and
the interceptor’s flight direction angle, respectively, in the frame associated with the interceptor’s
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center of mass; w,r and wint are the LoS angular rates of the target and interceptor, respectively;
Vtar0, Pinto and wearg, Wintg are the initial values of the corresponding angles and their rates, re-
spectively; b and Tj, are the interceptor’s gain and time constant, respectively; jiar and jiy are
the lateral accelerations of the target and interceptor, respectively; R and R are the interceptor’s
range to the target and its rate of change, respectively; &iar and &t are the disturbances of the
target and interceptor trajectories (centered Gaussian noises); %, q12, g21, and q% are nonnegative
elements of the matrix Q; finally, ¢g11, g12, 921, and goo are nonnegative elements of the matrix G.
Note that in practice, the most difficult task is to find the elements of the matrices Q, G, and K;
here, the solution is often empirical. The most well-known method involves the principle of equal
strength: the products of the squared maximum permissible errors and the corresponding penalty
coefficients are supposed to be the same for all coordinates. By setting the maximum permissible
errors (variances) and a penalty coefficient for a single coordinate, one can preliminarily estimate
the penalty coefficients for the other coordinates. Then the resulting coefficients are refined based
on simulation.

The time-varying target model (8) is highly universal due to, first, consideration of the influ-
ence of the range and approach speed on the angular coordinates and, second, the realizability of
maneuvers of almost any complexity by manipulating the laws of change of jia,.

While being fairly simple, the kinematic models (8) and (9) describe the mutual arrangement
(geometry) of the interceptor and HSA and the geometry’s rate of change with sufficient accuracy
for the problem under consideration [8].

The performance functional (11) possesses the following features. Besides the requirements
for control accuracy and control costs (the first and fourth terms of the functional), it covers the
requirement to reduce the mutual influence of control errors and the mismatch between the dynamic
properties of the interceptor and HSA (the second term), as well as the requirement to compensate
for the above mismatch (the third term). In addition, the first and third terms of the performance
functional (11) contain the time-varying coefficients of the control accuracy penalty matrix, 4
and %, which yield a time-varying control signal even when using the simplified time-invariant

interceptor model (9); for details, see [9].

Models (8) and (9) are linear, the noises are Gaussian, and the performance functional (11) is
quadratic. Therefore, based on the separation theorem and the statistical equivalence principle,
control signals will be designed using the deterministic models (8) and (9) with &ar = 0, &int = 0,
and the coordinates of (8) and (9) replaced by their optimal estimates.

By matching (8) with (2), (9) with (3), and (11) with (6) and (7), we obtain

X X 0
XT = [gtar] , Xlnt — [zlnt , Blnt — b 5 u = jintﬂ
. . ﬂnt
q11 0 1
R 12 g11 912
Q- qR an | &= Lm 922] o Fme= 0 -+ |’ (12)
2 R Tint
01 0
Fiar = 2R |, St = 1 2R - , K= kj.
0 ——= 71 - = Wtar
R int R

Based on direct analysis of sy, we draw the following conclusions: at long ranges (as Wy — 0),
the mismatch of the dynamic properties of the HSA and interceptor has almost no effect; at short
ranges, characterized by an increasing value of wi,;, the significance of sy grows gradually.
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Substituting (12) into (5) gives

0 T ran 0
. 1 R N2 | | Prar — Pint gi1 912 o
]int:E b q2 O — o | g1 g i _ﬁ o
] Tmt d21 R tar int 21 22 Tint R tar
q11 , N 1 2R R
—A AW — - = —
I3 P+ qr2Aw — g12 ( Tint i Wtar

. 922 . . 1 2R \ .
q21Ap + 7 Ab — g2 (— ~ ) Wrar

then

) bga1 . bgoo . bg [ 1 OR .
int = AP+ ——Aw — — = = | Giar,
Jint k; Tint 4 ki Ting R kTt \ Tint R ta (13)

A‘P = Ytar — Pint, AW = Wiar — Wint.

Direct analysis of (13) allows us to conclude the following:

1. The control signal (13) is all-altitude. This property is ensured by using the interceptor’s
lateral acceleration, instead of the rudder deflection angle, as the control signal; recall that the
rudder’s efficiency depends on air density, which varies with altitude.

2. The control signal consists of three components, with the first term k;qu21 A representing a
j4int
modification of the direct method, and the sum of the first and second terms kbq%Agé + %Ad}
j 4int j Lint

representing the method of sequential predictions. At long ranges as Wy, — 0 and _baz 0, the
j Lint

requirement to eliminate the angle errors Ay becomes most significant. At short rariges, along with
the growing influence of the second term due to an increase of —222_ for smaller R, the significance
of the third term also raises with increasing wgar. Therefore, thé érgntrol signal is time-varying. The
factor %mt — % in the third term of (13), which characterizes the mismatch between the dynamic
properties of the interceptor and HSA, actually account for this mismatch in the control signal. It
increases for short ranges, predetermining the growing influence of the target’s maneuver. Since
the mismatch between the dynamic properties of the interceptor and HSA is included in the control
signal, it can be compensated for by generating an appropriate control action.

3. To form the required control signal (13), it is necessary to estimate the range, approach
speed, onboard bearing of the HSA, and the LoS angular rate, which imposes no restrictions on its
practical realization.

4. The weight of errors in the control signal (13) is determined not by the absolute values of the
penalty coefficients, but by their ratios q,?—jl, %, and %.

3. EFFICIENCY ANALYSIS OF THE CONTROL SIGNAL

Computer simulations are intended to verify the potential feasibility of intercepting a complexly
maneuvering HSA, with a change in the sign of the angular rate derivative, using an inertial
interceptor with the control law (13).

The simulations were carried out for HSA interception on head-on crossing courses, provided
that the target is faster than the interceptor, with a limitation on the magnitude of the control
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Fig. 2. Trajectories of HSA and interceptor during the interception process.

signal and without estimation errors, i.e., R = R, R= R, Dtar = Ptars Pint = Pints Wtar = War, and
Wint = wint- This assumption is valid since the desired control signal ensures a potential interception
(in the absence of noise and disturbances). When implementing this approach, the dynamic errors of
the guidance system can be preliminarily estimated, in the form of current and final miss distances,
from the simulation results. The estimation of fluctuation errors, when the noises are nonzero,
requires additional studies.

To assess the possibility of simplifying the control law (13), we tested three schemes of the
guidance law:

scheme I, defined by the relation (13);

scheme II, defined by the relation

5 bgar , . bg22 .
= A+ —282  Np, 14
Jint kj Tint ¥ kj Tint R ( )

scheme III, defined by the relation

it = bga1
int kj Tint

A (15)

(under different values of the interceptor’s time constant Tiy).

The efficiency was assessed by the current and final miss distances, as well as the interceptor’s
lateral accelerations realized during the interception process.

The simulation results are shown in Figs. 2-5, namely:

—the motion of the HSA and interceptor along the entire interception trajectory in the vertical
plane (Fig. 2);

—the trajectories of the HSA and interceptor at the final guidance stage (Fig. 3);

—the current h and final hg, miss distances realized in the guidance schemes j;, 75, and j3
(Fig. 4);

—the realized lateral accelerations (Fig. 5).

In Figs. 2 and 3 for the vertical plane XOY, numerals I, II, and III denote the interceptor’s
trajectories when realizing the guidance schemes j;, jy, and j3, respectively, for a time constant of
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Fig. 3. Trajectories of HSA and interceptor at the final guidance stage.
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Fig. 4. The current and final miss distances of the interceptor with different guidance laws.

Tine = 2 and b = 2; the numeral IV corresponds to the interceptor’s trajectory when realizing the
guidance scheme j; for a time constant of 2 Tj,; Vindicates the trajectory of the maneuvering HSA
with a change in the sign of the derivatives of the state coordinates; points HSA and Int are the
initial positions of the HSA and interceptor, respectively; finally, points A, 1, 2, 3, 4, and 5 are the
current positions of the HSA and interceptor at the same time instants.

In Fig. 4, curves I-1IV are the current miss distances h when realizing the guidance schemes j,
Jo, and js; hgn is the final miss distance; finally, hg is the final miss distance when realizing the
guidance scheme j; for a time constant Tijp.

In Fig. 5, curves [-1V are the current lateral accelerations arising during the interception process.

Direct analysis of the simulation results leads to the following conclusions:

1. The time-varying control law j; (13), which takes into account the mismatch between the
dynamic properties of the target and interceptor, improves the guidance accuracy of the inertial
interceptor. At the same time, an attempt to simplify the control law by using the lateral acceler-
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Fig. 5. The lateral accelerations of the interceptor with different guidance laws.

ations (14) and (15) decreases the guidance accuracy, in terms of the final miss distance hg, of the
interceptor (see curves I-IV in Fig. 4).

2. The time-varying nature of the guidance law is significant for guidance efficiency. This is
confirmed by curves I-1II in Fig. 2. According to the analysis, the time-varying guidance laws along
trajectories I and II with the above initial conditions, after the interceptor covers the first 3 km
(point A in Fig. 2, about 40 km to the target), are separated from curve III, which is the result of
interception by the time-invariant guidance law.

3. The additional consideration of the mismatch between the dynamic properties of the inter-
ceptor and target in the law j; has an effect at the final interception stage. When the interceptor
passes the mark of about 7 km, trajectories I and II in Fig. 3 are separated. This interceptor
position corresponds to a range of about 25 km to the target. Therefore, it is crucial to account for
the mismatch between the dynamic properties of the interceptor and target in the guidance law.

4. The current miss distances are convergent for all interceptor control laws j;—j3, as evidenced
by the joint analysis of curves I-IV in Fig. 4.

5. Doubling the interceptor’s inertia, characterized by the time constant Ti,, reduces the
interception efficiency, as evidenced by the joint analysis of curves I and IV in all figures.

6. There are no restrictions on the practical realization of the control law (13). Indeed, on the
one hand, the existing range, speed, and angular coordinate sensors can be used for the information

support of (13); on the other, guidance is performed within realizable lateral accelerations (curves I-
IV in Fig. 5).

4. CONCLUSIONS

In this paper, based on the local optimization approach of the statistical theory of optimal con-
trol, a time-varying control law for an inertial interceptor’s guidance to an intensively maneuvering
aerial target has been designed. This law takes into account the mismatch between the dynamic
properties of the interceptor and the target.

Due to the time-varying nature of the control law and consideration of the mismatch between
the dynamic properties of the interceptor and target, the final miss distance of the interceptor has
been reduced. At the same time, in the above simulation conditions, the time-varying control law
has an effect starting from a range of about 40 km to the target; consideration of the mismatch

AUTOMATION AND REMOTE CONTROL Vol. 87 No. 6 2026



518 VERBA et al.

between the dynamic properties of the interceptor and target, starting from a range of about 25
km to the target.

The time-varying property of the guidance law has been ensured by introducing time-varying
penalty coefficients for control accuracy (depending on the application conditions) into the perfor-
mance functional. The mismatch between the dynamic properties of the interceptor and HSA has
been taken into account by using different mathematical models of the objects and by introducing
the matrix of measured disturbances (characterizing the above mismatch) into the performance
functional.

It has been established that the time-varying interceptor control law, which considers the mis-
match between the dynamic properties of the interceptor and the target, potentially ensures an
interception of the target.
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