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Abstract

The proportional guidance method-based missile homing systems (MHS) have been widely used the real-world environments. In
these systems, in order to destroy the targets at different altitudes, a normal acceleration stabilization system (NASS) is often utilized.
Therefore, the MHS are complex and the synthesis of these systems are a complex task. However, it is necessary to synthesize NASS
during the synthesis of the MHS. To simplify the synthesis process, a linear model of the NASS is used. In addition, we make use of the
available commands in Control System Toolbox in MATLAB. Because the Toolbox has the commands to describe the transfer function,
determine the stability gain margin, and the values of the transient respond of the linear automatic systems. Thus, this article presents
two methods for synthesizing the missile homing systems, including (i) a method for synthesizing the MHS while ensuring the permissible
stability gain margin of the NASS, and (ii)) a method for synthesizing the MHS while ensuring the permissible stability margin of the
NASS by overshoot. These techniques are very easy to implement using MATLAB commands. The synthesis of the proposed MHS is
carried out by the parametric optimization method. To validate the performance of the proposed techniques, we compare them with the
MHS synthesized by ensuring the stability margin of the NASS by the oscillation index. The results show that, two our proposed methods
and the existing method provide the same results in terms of high-precision. Nevertheless, the proposed methods are simple and faster
than the conventional method. The article also investigates the effect of gravity, longitudinal acceleration of the rocket, and blinding of
the homing head on the accuracy of the synthesized MHS. The results illustrate that they have a little effect on its accuracy.
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TexHuuyeckun YumusepcuteT um. J1a Kyin [loH, XaHol, BbeTHam

CuHTe3 BbICOKOTOYHOW CUCTEMbI CAMOHaBeAeHUs pakeT
C AONYCTUMbIM 3anacomM yCTOM4YUBOCTU
cCUCTeMbl CTabMnusaumm HOpManbHOro YCKOpeHus

Ha npakmuke wupoko ucnoavzyemcs cucmema camonagedenus pakem (CCP) ¢ npumenenuem memooa nponopyuoHaib-
H020 HasedeHUus. B Hell npu ynuumodcenuu yeneii Ha pa3HbIX 8bLCOMAX NPUMEHSEMCS cUCmeMa CMabUAU3ayUU HOPMAAbHOO
yekopenus (CCHY). Caedoeamenvrho, cucmema camonagedenus paKkem 1645emcs CAOICHOU CUCMeMOU, U ee CUHMe3 68451emcs
caoxcrol 3adaueii. Ilpu cunmesze CCP neobxodumo cunmeszuposamv CCHY. B yeasx ynpoweHus npoyecca cuHmesa 6 nepeom
npubauxcenuy npuHumaem auneinyro modesv CCHY u cmapaemcsa makcummanvrHo ucnoavzoeames komaunos naxkema Control
System Toolbox (Matlab). B nem cywecmeyom KomanOvl oOnucanus nepeoamovusvix GYHKyui, KomManoa onpedenseHus 3anaca
YCMOUHU8OCMU N0 AMARAUMYOe U KOMAHOA OnpedeleHus 3HAYeHUl Nepex00HOl XAPKMepUCMUKU AUHEUHbIX A8MOMAMUYecKux
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MemooduKu cunmesa 0arom 00UHAKOBbLE pe3yabmamel.

HAa ee mo4Hocmebo.

cucmem. [losmomy 6 pabome npedcmasnenvt memoouxu cunmeza CCP ¢ donycmumvim 3anacom ycmouuueocmu CCHY no
nepepecyauposanuio uiu no amnaiumyde. Ounu Hempyouno ocyuecmeasiiomcs ¢ nomowvto komand MATLAB. Cuumes CCP
ocyuecmener MemoooM napamempuuecKol OnmumMu3ayuu, N036040uUM noayyums esicokomounyro CCP. B pabome makace
npedcmaeneno cpasnerue pesysomama cunmesa CCP ¢ npumenenuem 3mux MemooukK ¢ pe3yibmamom ee cuHmesa ¢ 0ony-
cmumvim 3anacom ycmounugocmu CCHY no nokazamenio KosebameabHocmu, Komopoe HOKA3bleaem, 4mMo npeonolceHHble

B cmamve makoce npoeodumcsa uccaedosanue 6AUAHUA CUAbL MANCECMU, NPOOOAbHOLO YCKOPEHUs pAKembl, 0CAeNACHUSA
20106KU camonasedenus na mournocms cunmesupogannoii CCP. Ilo pesyromamam nawux uccae006anuil OHU MAA0 6AUAIOM

Karueevte caosa: cunmes cucmemvl, pakema, cCUucmema camoHageoenus paKkem, Memoo nponopYUOHALbHO20 HABCOCHUS, Uedb

Introduction

When synthesizing a MHS using the proportional
guidance method [1—4], it is proposed to select the
proportionality coefficient &, in the range of 3—5.
However, the MHS with such a small proportionality
coefficient has a large guidance error when firing at
high-maneuverable targets [1]. In order to improve
the accuracy of guidance at maneuverable targets,
the method of proportional guidance with offset is
proposed in [1], and in [5, 6] the method of propor-
tional guidance with anticipation and the method of
instantaneous miss homing is presented. However,
their technical implementation very is complex, re-
quiring further define m, — the projection of the an-
gular velocity of the line-of-sight of the antenna co-
ordinate system and o, component that compensates
for the maneuver target, etc... The exact definition of
o, on a missile is difficult, requiring the definition of
normal acceleration of the target [6, 7].

In the MHS using the method of proportion-
al guidance to destroy targets at a large range of
heights, the NASS is used. Stability of NASS is
a necessary condition for the MHS operation [§].
When synthesizing the MHS, it is necessary to syn-
thesize NASS. In [7, 9], a method for the synthesis
of the MHS with an permissible stability margin of
NASS in oscillation index is presented. It allows us
to get a high-precision of the MHS. Then we need
to determine the values of the ampli-
tude-frequency characteristic of the

with less time. In addition, reducing the time and
simplification the difficulty of the MHS synthesis
process are performed by applying the commands
of the Control System Toolbox package, which are
used to describe transfer function (TF) of the NASS
and determine its gain stability margin or stability
margin by over-shoot.

In order to simplify the synthesis, in the article,
the guidance error is determined by the distance
between the missile and the target at the end of the
homing process, and the movement of the target
is assumed to be straight with a constant speed.
The speed of the rocket is considered constant. The
blindness of the homing head is skipped.

Functional structure of the missile homing system

The functional scheme of the MHS using the
method of proportional guidance in the vertical
plane is shown in Fig. 1 [7—9]. The MHS using the
method of proportional guidance in the vertical
plane consists of rudder actuator (RA), angular
speed measuring device (ASMD) (speed gyroscope),
normal acceleration measuring device (NAMD)
(accelerometer), compute tilt angular velocity of
missile trajectory device, kinematic link, gyrostabi-
lized homing head (GHH), stabilization law gene-
rator, guidance law generator. The RA, missile,

portant tasks for the MHS designer. generator

homing head

| |
| Yor |
NASS and determine its oscillation | _ Yo . |
. vl — issi
index because the Control System i B& Mlss’le—lg i Ao i
Toolbox (Matlab) package does not 1!||o; Yy Compute J: Ax |
have a command for determining the ! A"g“]:r N‘r““":i’ L‘glg:%‘lg , !
e . —— spee acceleration i Kinemati
0s01llat101? index of linear systems. i litjbgli:::;?:r 1~ tesiantii | | imeasring s fel [?;i(a c i
Reducing the time and simplifi- '_I device device trajectory |
cation the complexity of the synthe- i Gg - device i
sis process of the MHS are very im- ! Guidance law :®—| & [ Gyrostabilized |, I 9 |
| % [ |
| |
| |

Thus, this paper presents methods |
for synthesizing high-precision MHS

Fig.1. The block diagram of the missile homing system
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ASMD, NAMD, stabilization law generator form
the NASS. The RA is an implementing element of
the NASS. It converts the guidance signal o, from
the guidance law generator and the feedback signal
o, from the stabilization law generator to the rudder
rotation angle 5. The missile is a control object. It
converts the rudder rotation angle & to the pitch
angular velocity 9, pitch angle 9, normal accelera-
tion wy,, and the height y,. The ASMD measures
the speed of change of the pitch angle. The feed-
back circuit for the speed of pitch angle change im-
proves the damping of the NASS. The NAMD
measures normal acceleration wy,,. The signals from
the ASMD and NAMD are sent to the stabilization
law generator to form the stabilization law o,. In
addition, a signal from the NAMD and a propor-
tional signal to the speed v of the missile are sent to
the compute tilt angular velocity missile trajectory
device to calculate the velocity of tilt angular of mis-
sile trajectory 0. The kinematic link converts the
height difference (Ayy = yor — ¥y ) and the difference
in the horizontal coordinate (Axy =Xy —X;)
between the missile and the target to the angle of
the line of sight of the missile and the target ¢. The
GHH track the target and measures the speed of
change in the angle of the line of sight of the missile
and the target ¢. Signals from the GHH and the
compute tilt angular velocity missile trajectory de-
vice are sent to the guidance law generation to form
the law of guidance o,.

The relative position of the missile M and the
target 7 is shown in Fig. 2. Here: y, axis is the
height, x, axis is the horizontal coordinate, r is the
distance between the missile and the target, vy is the
speed of target, xy is the directions of the optical
axis of the homing head (HH), x, is the directions
of the longitudinal axis of the missile.

Fig. 2. The relative position of the missile and target

Mathematical models
of the missile homing system elements

According to the works [10, 14], the mathemati-
cal model of RA in the form of a TF has the form
as follows:

W =Do ke
u.(s) Trs”+28T.s+1
where, u, is input signal; k, is the conversion coef-
ficient; 7, is the time constant; &, is the damping
coefficient. And in the form of a differential equa-
tion (DE), it has the form as follows:

T25+2T.68+8=ku,.

In the vertical plane the mathematical model of
a missile with fixed wings in the form of the DE has
the form [5, 10, 14]:

§= —41 104 — A0 — 439
0 = apa;

1
a=93-0; M

Wy() = Va,a,

where, a is the attack angle of missiles; w, is the
rotation speed of the missile (pitch angular velocity);
a,, is the natural damping coefficient; a, is the wind
direction coefficient; a5 is the rudder efficiency co-
efficient; a,, is the normal force coefficient. From
the system of equations (1), we can obtain a mathe-
matical model of a missile with fixed wings in the
form of a TF [8, 14]:

W (s) = 8(s) _ a;38 +ay3dy)

3(s) sls? +(ay, +ag)s +ay, +ayagl

The mathematical model of the ASMD in the
form of transfer function has the form [10, 14]:

uas(s) — kas
©,1(S) Ta2ss2 +2¢,,T, +1

where: u, is the output of ASMD; o, is input of
ASMD; k,, ¢,, T, are the conversion coefficient,
damping coefficient, time constant of ASMD, re-
spectively. And in the form of a DE it has the form
as follows:

W, (s) =

2. . _
Tasuas + 2Tas§asuas TUys = kas(”zl'

The mathematical model of NAMD in the form
of transfer function has the form [10, 14]:

uak(s) — kak
Wyo(s) Ta2kS2 +2E.30kTak +l,

Wak (S) =
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Fig. 3. Simplified scheme of gyrostabilized homing head

where, u, is the output of NAMD; w, is input of
NAMD:; k., &4 T, are the conversion coefficient,
damping coefficient, time constant of NAMD, re-
spectively. And in the form of a DE has the form
as follows:
Tazkiiak + ZTakE_»akuak + Uy = kakWyO'
According to the study in [8], a simplified
scheme of the GHH is shown in Fig. 3, where kg, is
the conversion coefficient.

As presented in Fig. 3, the mathematical model
of a simplified GHH has the followed form:

¢ = Kgnt;
E=Q—0p.

The law of stabilization has the form [8]:

2

Gy = kwuak + kmzluas’

where, k,, is the feedback coefficient for normal ac-
celeration; k is the feedback coefficient for pitch
angular velocity.

The law of the guidance when applying the pro-
portionality guidance method has the form [7—9]:

©)

where, k is the coefficient; and k,, is the proportion-
ality coefficient.
Taking into account (1) and (2), (3) has the form:

Yyo
Oy = k[kpkgha—Tyj.

Cg = k(kp(o—@),

Mathematical simulator of the missile homing
system in the Matlab environment

The mathematical model of the MHS when us-
ing the proportional guidance method, taking into
account the dynamics of the RA and measuring
elements in the form of a first-order DE system in
the vertical plane, has the form as follows:

Oy =010, — A0 — d138;
9‘ = 0)21;
@ = a42a; (4)
oa=39-0;
WyO = Va 0,
Gy = kwuak + kmzluas;
w
_ y0 |,
Gg = k(kpkghS—Tj,
k 1 28 ©)
y k ak .
Ugkl = =5 Wyo — 73 Uak — o Ugki
Tak Tak Tak
Ug = Ugp1s
. k 1 2&
U, =20, ——u, ——u_ .
asl Ta25 zl Tazs as Tas asl
uas = Ugsts
U, =Gy~ 0y (6)
. k 1 2
61 :_rzur ——26— ir 61,
T, T, T,
8 = 81,
G pp = kgpe;
S Al OF/
. wa (7)
Xy =V Cos0;
Yo =vsino;
fCOT = VT COS @T;
Yor =Vvrsin®r;
, _ )
AXg = Xor — Xo5
AYy = Yor — Vo5
r= «IAx'Oz + Ay(’)z;
Q= arcsin%; )
r

0<t<T,

where: X, y, are the coordinates of the missile at the
horizontal and vertical axes; x,7, y,7 are the coordi-
nates of the target along the horizontal and vertical
axes; vr is the speed of target; © is the tilt angle of
the target trajectory; 7*is the time guidance.

When synthesizing the MHS by parametric opti-
mization in a laptop, it is necessary to solve systems
of equations (4)—(9). In order to improve the ac-
curacy of the calculation, we will solve them using
the numerical Tustin method [15]. The value of the
variable y; of a first-order differential equation:

yi = f(J’pJ’zw-)

in the n-th step of integration has the form:
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yi(n) = yimy) +%{3f{yl<n1>,y2<nl>,...1 -
- f[yl(n2)5y2(n2)7“']}

where, i = 1, 2, ...; T} is the integration step; y;(n;)
and y,(n,) are the values of the variable y; in the
(n — 1)-th and (n — 2)-th integration steps.

The mathematical model of the NASS of the
missile when taking into account the dynamics of
RA and measuring elements in the form of TF has
the form [7, 9]:

W(s) = bos: + bls: +b2sz +...+ bgs + by '
ags” +a;8° +a,s' +...+ags + aqg
We define the TF presented in (10) using the
commands in the Control System Toolbox (Matlab)
package [7, 9, 16], and apply the tf command to de-
scribe the TF of dynamic links. We then apply the
product (*) operation to define the TF of consecutive
connected dynamic links, and apply the feedback
command to define the TF of a closed sysk loop.
The task of MHS synthesis is to determine the
optimal values of the coefficients (K, jopt Kyopts Kopts
k,opt) that provide the smallest guidance error. We im-
plement it by parametric optimization in the Matlab
environment. Here, the target function is the guidance
error flk,,, ky, k, k,), which has no explicit expres-
sion. In order to find it, it is necessary to integrate the
systems of equations (4)—(9) from the beginning to
the end of the homing process. In [7, 9], a synthesis
method of MHS with a permissible stability margin of
the NASS by oscillation index is proposed. In the fol-
lowing sections we are propose the synthesis method
of MHS with a permissible stability margin of NASS
by overshoot and the synthesis method of MHS with
a permissible stability gain margin of NASS.
According to [8], we assume a;; = 1,2 1/s; a;, =
20 1/s% a3 =30 1/s%; ay = 1,5 1/5; v= 1300 m/s;

(10)

k, = 1 degree/V; €. = 0,6; T, = 0,05 s; 8, =
= 120 degree; k,, = 1 V/degree/s, &,, = 0,6,
T,,=0,05s; k=1 V/m/s?, £, =06, T, = 0,05s;
kg = 50; k= 0,06—0,4; k,, = 0,001—0,01; k =

= 1-20; k, = 20—100. The shooting is conducted
towards.

Parametric synthesis
of the missile homing system by simulation

The algorithm for parametric optimization of
the MHS with an permissible stability margin of
the NASS by overshoot contains the following basic
steps, as presented in Fig. 4.

Step I. Data input.

Step 2. Pre-synthesize the NASS. Scan the pa-
rameter k,, from the value k,,,;, with a "compara-
tively large" scanning step dk,. For each k, value,
we scan the parameter k,, from the value k,,,;, with
a "comparatively large" scanning step dk,. For each
pair of coefficients (k,,, k), using the commands
of the Control System Toolbox package [9, 16], we
describe the TF of the closed NASS (sysk).

Next, we select only pairs of parameters (k, k)
that ensure the stability of the NASS according to
the Hurwitz criterion. Therefore, we need to deter-
mine the coefficients of the TF of the closed NASS
with the command [nm, dn] = tfdata(sysk,’v’) |9, 16].
From the parameters of the obtained vector dn (pa-
rameters of the characteristic polynomial), we make
square matrices of order 1—9. We define the value
of Hurwitz determinants with the def(x) command.

If the Hurwitz stability criterion is satisfied, then
we define the values of the transition characteristic of
the NASS with the command [Y, T| = step (sysk, 4)
[16], where 4 is the integration time. We define the
overshoot o of the NASS. And if the Hurwitz stability
criterion is not satisfied, then in order to reduce the
synthesis time, the scanning steps will double in this
value of the parameters k,, or k. If the overshoot
of the NASS is less than 35 %, then go to step 2, as
shown in Fig. 4.

Step 3: Scan parameter k from the k,;, value with
"comparatively large" dk scanning step. For each value
of k, we scan the parameter k, from the &, value
with a "comparatively large” scanning step of dk,. For
each set of parameters (k,,, k,, k, k,), we integrate
the systems of equations (4)—(9) from the beginning
to the end of the homing process to find the guidance
error r,. If the guidance error 1, is less than 1 (or some
value), then go to step 4, as shown in Fig. 4.

Step 4. Assign a; = k,; a, =k, a5 = k; ay =
k,. With the obtained higher set of parameters (k,,;,
ky, k, k,), we scan k, from the value (a; — dk,;)
with the scanning step dk,/Ny; k,, from the value
(ay, — dk,) with the scanning step dk,/N,; k from
the value (a; — dk) with the scanning step dk/Nj;
k, from the value (a, — dk,) with the scanning step
dk,/Ny (N; > 5). For each set of parameters (K, k,,
k, k,), we integrate the systems of equations (4)—(9)
from the beginning to the end of the homing process
to find the guidance error 7.

Scanning parameters (K, k,, k, k), integrating
systems of equations (4)—(9) and finding the guidance
error r in step 4 are repeated until k, < (a4 + dk,); k <
(03 + dk)a kw < (02 + dkw)a kmzl < (al + dkmzl)'

The operations in steps 2-4 are repeated until
kp < kpmax; k< km kw <k kmzl < ko)zlmax'

axo wmax»>
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7y

Step 1 Output of ry,; and correspondin ]
Step 5 [km.om. Kopt Kops Kpopt
Y
N
Step 2

Describe the TF of a closed system NASS
and determine its characteristic polynomial

v

The Hurwitz
criterion is met

Determine the values of the transient response NASS;
Determine the overshoot o of NASS;

- N [kw=kw+dkw|
~
6= 35% >

Step 3 =k

4
-

1
Integrate systems of equations (4+9)
and determine the guidance error r

l N
ns
Step 4 7

a1=k,1; 3a5=k,; a=k; ag=k,

Kozt mint=21-0Kaz1; Koztmaxi=21Hdkez)
Kymint=22-dky; Kymaxi=ay+dk,,
Kmin1=23-dk; Kpaxi=a3+dk
kpminl=a4'd-kp; kpnuxl=a4+d-kp

£
iy

4
i

T
A

W
i

Integrate systems of equations (4+9)
—» and determine the guidance error r;

Kq(m,:)=[ Koz ky k k, r]; m=m+1;

Fig. 4. The algorithm for parametric optimization of the MHS
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Step 5. Find a set of optimal parameters (k
k

kwopt’ opt»
€ITOr Fpyip.

Consider the first case: xor = 7000 m; yyr =

wzlopt>
kyopy) that provide the smallest guidance

= 3000 m; vy = 800 m/s. After parametric optimi-
zation, the result was ko, = 0,18; k0 = 0,003;
kopt = 55 kpopt = 59; guidance error 0,0094 m. Over-

shoot of the NASS is 8,4 %.

Consider the second case: xqr = 5000 m; yyr =
= 3000 m; v; = 800 m/s. After parametric optimi-
zation, the result was ko = 0,21; k0 = 0,005;
kopt = 75 Kpopt = 62; guidance error 0,0094 m. Over-
shoot of the NASS is 10,3 %.

Now we will describe the method of synthesis
of MHS with an permissible gain stability margin
of the NASS. It is basically similar to the method
presented above. The differences are as follows:

In step 2: when describing the TF of an open
(sysh) and closed (sysk) NASS using the commands
of the Control System Toolbox package [9, 16], we
must select its output so that it becomes a system
with a single negative feedback. Next, instead of
determining the overshoot of the NASS, we will
determine its gain stability margin by command
[Gm, Pm, Wcg, Wep] = margin(sysh) [16, 17]. If the
gain stability margin of the NASS Gm is in the
range of 5—25 dB, then go to step 3, and so on.

Consider the first case: xop = 7000 m; yyr =

= 3000 m; vy = 800 m/s. After parametric optimi-
zation, the result was K,,,, = 0,18; k,,, = 0,003;
Kopt = 5; kpop, 59; guidance error 0,0094 m. The

stability gain margin of the NASS is 10,92 dB.
Consider the second case: xqr = 5000 m; yyr =
= 3000 m; v; = 800 m/s. After parametric optimi-

zation, the result was k.., = 0,21; k,,, = 0,005;
kope = T, kpop, 62; guidance error 0,0094 m. The

stability gain margin of the NASS is 6,1 dB.

Using these methods, it is possible to synthesize
the MHS with a permissible stability margin of NASS
by oscillation index. Then, instead of determining its
stability margin by overshoot, or gain margin, we
find the values of its amplitude-frequency character-
istic and determine the oscillation index.

Consider the first case: xop = 7000 m; yyr =
= 3000 m; v; = 800 m/s. After parametric optimi-
zation, the result was k., = 0,18; k,p = 0,003;
kopt = 55 kpopt = 59; guidance error 0,0094 m. The
oscillation index of the NASS is 1,044.

Consider the second case: xqr = 5000 m; yyr =

As a result, three methods of MHS synthesis gave
the same result. Note that the method of synthesis
of MHS with a permissible stability gain margin of
NASS is the simplest and has the shortest synthe-
sis time. The method of synthesis of MHS with a
permissible stability margin of NASS by oscillation
index is the most difficult and has the longest syn-
thesis time.

Computer simulation
of the synthesized missile homing system

We will perform computer simulation of the syn-
thesized the MHS when firing at a high-maneu-
verable target. When the target is maneuvering, we
need to add the system (4)—(9) equation [6]:

oy =20, (1)
vr
where, wr is the normal acceleration of the target.

The modeling of the synthesized MHS is per-
formed by solving the systems of equations (4)—(9),
(I1) by the Tustin method [15]. It is assumed that
in the beginning of homing process the target has
the coordinate xy; = 15 000 m, y,7 = 5000 m and
the speed vy = 800 m/s. The shooting is conducted
towards. Attime r=1s; (2s;3s;45;5s;55s;6s;
6,5 s) from the beginning of homing, the target ma-
neuvers with acceleration w, = —70 m/s%. The total
guidance time is approximately 7,8 s. The guidance
errors of system with £, ozlopt = 0,21; kyope = 0,005;
kopt = 75 kyopy = 62 for various moments of the ma-
neuvering of the target are shown in the Table 1. The
trajectories of the missile and the target with maneu-
vering moment of target = 3 s are shown in Fig. 5.
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= 3000 m; v; = 800 m/s. After parametric optimi-

zation, the result was ko = 0,21; k0 = 0,005; 0 15000 Xo,
kopt = 7 kpopr = 62; guidance error 0, 0094 m The | t-———— e ;
oscillation index of the NASS is 1,392. Fig. 5. Trajectories of missile and target
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Table 1

Guidance errors, m

Times, s 1 2 3

4 5 5,5 6 6,5

Guidance errors, m 0,0003 0,006

0,021 0,071 0,226 1,78 1,4

The result presented in Table 1 indicates that the
synthesized MHS can fire at highly maneuverable
targets with high accuracy.

Investigation of the accuracy of the synthesized
homing system in real shooting conditions

In real conditions, the missile moves in the
Earth’s gravity field. It is affected by the force of
gravity. By taking into account of gravity, the 4th
equation in the system of equations (7) is replaced
by the following equations:

Vo1 = vsin®;
12

Yo =Yo1 — o

where, g = 9,8 m/s’.

In addition to gravity, the thrust force of the
cruise engine and the force of the frontal resistance
also act on the missile. When the cruise engine is
running, the missile’s speed increases and when the
cruise engine is switched off, the missile’s speed de-
creases. Then speed of the missile in 5th equation of
the system of equations (4), the nd equation of sys-
tem of equations (5), and the 3" and 4th equations
of system of equations (7) are changed. We assume
that the speed of missile changes by law:

a; t<t,
—a,, t>1,

where, 7, is the moment of shutdown of the cruise
engine, reporting from the beginning of homing.

The HH has a range of blinding, as presented
[13]. When it is reached, the work of the HH is de-
stroyed. Then the MHS should stop working. The
rudder takes a zero position or is set at an angle that
compensates with the weight of the missile.

The study of the effect of gravity, longitudinal
acceleration of the missile, and blinding of HH on
the accuracy of the synthesized MHS is carried out
by modeling in the MATLAB environment. The
simulation results show that, the changes of the
aerodynamic coefficients of missile ay, a;,, a3, as
in range 20 % due to the changes of the speed
of the missile have little effect on the guidance er-
rors. Therefore, we can use the method of frozen
coefficients, assuming that they do not change. We
assume that @, = a, = 40 m/s% ¢, = 1,05 s; the
blindness range of homing head is 200 m. We use
MHS with the optimum parameters ko, = 0,21;
kyopt = 0,005, koo = 7, kyopy = 62. We also assume
that at the beginning of homing the target has the
coordinate x5y = 15 000 m, y,r = 5000 m and the
speed vy = 800 m/s. The shooting is conducted to-
wards. At time r=0s (I s;2s;35s;4s;5s;5,5s;
6 s; 6,5 s) from the beginning of the homing pro-
cess, the target maneuvers with acceleration wyp =
=—170 m/sz. Shooting is carried out in 4 conditions:
1 — optimal condition; 2 — taking into account
the missile’s gravity; 3 — taking into account the
gravity and longitudinal acceleration of the missile;
taking into account the gravity, longitudinal accele-
ration of the missile and the range of the blindness
of HH. Guidance errors are shown in Table 2.

Let’s explain some special error values in Table 2.
Atr=0, t,= 1,05 s, the error is 37,658 m when taking
into account the gravity and longitudinal acceleration

Table 2
Guidance errors, m
Conditions Time, s

1 0 1 2 3 4 5 5,5 6 6,5

2 0,006 3,107 0,006 0,004 0,021 0,071 0,226 1,78 1,4

3 0,005 0,004 0,005 0,004 0,016 0,103 0,007 1,437 0,767

4 37,658 0,023 0,023 0,024 0,020 0,009 0,022 0,332 L15

5 10,55 0,486 0,191 0,107 0,077 0,029 0,018 0,391 1,157
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of the missile, and 10,55 m while taking into account
the gravity, longitudinal acceleration of the missile
and the range of the blindness of HH. Whereas, the
error is 0,006 m in the optimal condition. This is
because in those cases, the passive time of flight of
the missile the greatest and therefore the speed of the
missile at the end of the homing is slightly higher
than the speed of target (v = 901,6 m/s while taking
into account the gravity and longitudinal accelera-
tion of the missile and v = 906,5 m/s while taking
into account the gravity, longitudinal acceleration of
the missile and the range of the blindness of HH). If
we slightly increase the operating time of the cruise
engine, for instance 7, = 1,1 s, the guidance error
is reduced to 0,02 m and 5,82 m respectively. If
the target does not maneuver, the guidance error is
0,0078 m and 0,0097 m, respectively.

At t=6s, t, = 1,05 s the error is 0,332 m when
taking into account the gravity and longitudinal ac-
celeration of the missile, 0,391 m taking into ac-
count the gravity, longitudinal acceleration of the
missile and the range of the blindness of HH. These
errors are much less than 1,78 m in the optimal
condition. This is because in those cases the speed
of the missile is small, so the time from the moment
of maneuvering of the target to the end of homing is
longer than the time of the transition process of the
NASS. The NASS transition is over, so the guid-
ance error is small.

In summary, the gravity of the missile, the
blinding of the HH almost does not effect on the
accuracy of the MHS when using the method of
proportional guidance with a large proportionality
coefficient. The longitudinal acceleration of mis-
siles does not effect on the accuracy of the MHS
when using the method of proportional guidance
with a large proportionality coefficient, and when
guidance towards a non-maneuverable target. It
causes an increase in the guidance error on a high-
maneuverable target when the speed of the missile
at the end of the homing process slightly exceeds
the speed of the target.

Conclusion

The proposed synthesis methods are quite simple,
since they mainly use the commands of the Control
System Toolbox package to describe TF and syn-
thesize the NASS. They allow us to select the pa-
rameters of the MHS with high precision guidance.
The MHS synthesized by these methods can destroy
highly maneuverable targets. The proposed synthe-

sis methods of MHS give the same synthesis result.
The synthesis method of MHS with a permissible
gain stability margin of NASS is the simplest and
has the shortest synthesis time, and the synthesis
method of MHS with a permissible stability margin
of NASS in terms of oscillation index is the most
difficult and has the longest synthesis time.

In the MHS, when using the proportional gui-
dance method with large coefficients, it is not ne-
cessary to enter the components into the law of gui-
dance that exclude the influence of gravity, longi-
tudinal acceleration of the missile, and blinding of
the homing head.
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