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Synthesis of High-Precision Missile Homing System
Using Proportional Guidance Method

Modern air targets are characterized by low visibility, high maneuverability and high survivability. In addition, for some specific targets,
Jor instance ballistic missiles, in order to defeat them the missile need to be guided and carried out direct hit, i.e. "hit to kill". Therefore, in
this paper, we present a high-precision missile homing system (MHS) using the proportional guidance method for firing at the highly ma-
neuverable targets. Specifically, we propose a parametric optimization method for choosing a set of optimal parameters of the missile homing
system for each dynamic parameter set of the missile. In addition, the paper gives the recommendations of choosing the initial conditions for
the synthesis of missile homing system. In our experience, we should choose the small initial condition for synthesizing the missile homing
system. Finally, the article also investigates the influence of systematic error in determining the speed, normal acceleration of missiles and the
angular velocity of the line of sight of the missile and target on the accuracy of the missile homing system. We implement the proposed missile
homing system and the parametric optimization method in Matlab. The experimental results illustrate that, using proposed system and the
parametric optimization method, the missile can defeat the modern air targets with low visibility, high maneuverability and high survivability.
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CunHTE3 BbICOKOTOYHOW CUMCTEMbI CaMOHaBeaAeHUs paKeTbl
C npuMeHeHnemMm MmetTona nponopuvMoHanbHOro HageneHus

CospemerHble 6030yuIHble UeaU XAPAKMEPUYIOMCA MAA0U 3AMEMHOCMbIO, 8bICOKOU MAHEEPEHHOCMbIO U BbICOKOU JCUsyHe-
cmoro. Kpome moeo, 045 yHUUMOMNCEHUS HEKOMOPbIX KOHKPEeMHbIX yenell, Hanpumep 60e6bix yacmell 0ANAUCMUYECKUX paKem,
Heobx00umo obecneuums npamoe nonaoarue, m. e. "hit to kill". Ilosmomy ¢ nacmosweti pabome npedcmaeieHa biCOKOMOUHAA
cucmema camoHage0eHus paKemol ¢ UCHOAb30GAHUEM NPONOPUUOHAALHO20 Memo0da HagedeHuUs 0As cmpeablbl N0 6blCOKOMAHEE-
PeHHbIM Ueaam. B uacmuocmu, npednroxcen memod napamempuveckol ONMUMUZAUUU CUCMEMbl CAMOHABedeHUs paKembl 045
Kaxicoo20 ouHamuvecko2o Habopa napamempog pakemot. Kpome mozo, danvl pekomenoayuu no 6bi100py HA4aNbHbIX YCAOBUL 045
cuHme3sa cucmembvl camonagedenus pakemol. I1o Hawemy onvimy, mvl 00AHCHBL bIOPAMb MAL0E HAYAAbHOE YCAOBUE 045 CUHME3A
cucmemol camonasedenus pakemol. Haxoney, 6 cmamve makace uccaedyemes eausiHue CUCMemMamu4eckol no2peuHoCmu onpe-
denenuss CKOpocmu, HOPMAAbHO20 YCKOPEHUA PAKembl U Y2A080U CKOPOCMU AUHUU U3UPOBAHUS PAKEMbl U UeAU HA MOYHOCMb
pabomol cucmembl CAMOHABEOCHUS PAKEMbL.

Mul peairusyem npeonodiceHHyr cucmemy CamMoOHaA8eO0eHUs paxKemsl U Memod napamempuveckKol onmumusayuu é cpede
Matlab. Pe3yabmamor s3KcnepumeHmos noKda3vléaom, Ymo ¢ NOMOUbH NPeOA0NCeHHOU CUCmeMbl U Memooda NapamempuyecKol
ONMUMU3AUUY pAKema CNOCOOHA NOPajNCcamov CO8PEMEeHHble G030YUIHbIe YealU ¢ HU3KOU 6UOUMOCMbIO, 8bICOKOL MAHEEPEeHHO-
CMbIO U 8bICOKOLL JHCUBYYECBIO.

Karwueevte caoea: cunmes cucmemol, pakema, cucmema CaMOHaB8eOeHUs pakemesl, nponopuuona/szbtﬂ Memoo HagedeHus

242 MexaTponnka, aBToMaTh3anus, ynpasienune, Tom 21, Ne 4, 2020



Introduction

Several missile homing systems (MHS) have
been proposed in the recent years. These systems
can be divided into two groups including: (1) clas-
sical methods and (2) modern methods. The first
group consists of the chase method, chase method
with anticipation, direct guidance method, direct
guidance method with anticipation, proportional
guidance method, parallel guidance method, etc.
While the modern methods includes the propor-
tional guidance method with offset, the propor-
tional guidance method with anticipation and the
homing method an instantaneous miss, etc.

For borby with air targets, thank to the high ac-
curacy and simplicity of technical implementation,
some of the classical method-based missile homing
systems are widely used in recent years. As a result,
a number of MHS systems have been developed for
missiles using classical methods [1—9]. The chase
method is not actually applied to the MHS, be-
cause it only allows the missile to attack from the
rear hemisphere of the target. Whereas, the direct
guidance method with anticipation is most often
used in anti-ship missile systems, to combat low-
speed targets. The parallel guidance method-based
MHS system provides highest performance in term
of accuracy. Because, when firing at a non-maneu-
verable target, the missile using this method has
a straight trajectory, and the missile has a trajec-
tory with a smallest curvature, when firing at a ma-
neuverable target. However, due to the complexity
of the technical implementation, it is not applied
in the real-world environments [1, 2]. The propor-
tional guidance method is widely utilized, because
of the sufficiently high accuracy, all-foreshortening,
all-height, and simple technical implementation [9].
It is noted that, there are two kinds of equation
are used to present for this method. In the vertical
plane [1, 3—8] the proportional guidance method is
presented as flows:

6 =k, ()
where, k, is the proportional coefficient, ¢ is the
angle of the line of sight of the missile and target,
and O is the inclination angle of the trajectory of
the missile. Whereas, in [9—12] the authors utilize
Eq. 2 to present the proportional guidance method.

@

where, w is the normal acceleration of the missile,
v, is the approaching speed of the missile to the

w=k,v,0

target. Multiplying the two sides of Eq. 1 by the
velocity of the missile v, we get Eq. 3.

€)

As presented in Eq. 2 and Eq. 3, the difference
between the two equations is v, and v. To measure
the value of v,, a locator of range (radio or laser) is
needed. Therefore, the homing system is complex,
heavy and expensive. Whereas, although the value
of v is difficult to measure, we can utilize its pro-
gram value in our homing system. In other words,
the using v, is more complicated than v. Therefore,
in this study we utilize Eq. 1 in the proportional
guidance method. As a results, the law of the gui-
dance is presented as follows:

w =k ,vo.

@)

where, k is the coefficient, and k, is the proportional
coefficient. It is noted that, for the same values of &,
and ¢ when shooting towards the target, the system
using equation (2) generates the normal acceleration
greater than the system using equation (3). And
when shooting in pursuit-less.

According to [9—12], in order to generate the
control law c,, the coefficient k is not applied, and
the value of k; is choose in the range from 3 to 5.
In addition, the authors in [9] also stated that,
the MHS with such a small &, value has large misses
when shooting at highly maneuverable targets.
Moreover, modern air targets are characterized by
low visibility, high maneuverability, and high sur-
vivability. Therefore, to successfully combat them, it
is necessary to improve the performance of the anti-
aircraft missile systems. In [9], the authors describe
a proportional guidance method with offset, which
is necessary to determine the angular velocity of the
line of sight of the missile-target without maneuve-
ring targets, and increase in the angular velocity of
the line of sight while maneuvering targets.

More recently, the modern method-based mis-
sile homing system, for instance the proportional
guidance method with anticipation and the homing
method on an instantaneous miss are described in
[1, 2]. In this case, Eq. 5 are used to present the
proportional guidance method with anticipation:

o, = kk,0-©)

w, =m(tv(o, + ©, +o, +or)

®)

where, w, is the required acceleration of the mis-
sile; o, is the projection of the angular velocity
of the line of sight on the antenna coordination
system, proportional to the angular misalignment,
measured by the homing head; The compensation
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components are calculated using on

| |

board computer including o, is the i Yo i
component, which compensates the ' )| RA || Missile| A", Ax' !
longitudinal acceleration; o, is the || ——— —_ ] l | l lv yo l O:
component, which compensates the | 3 Angular || || Normal || |/Compute|| ([Kinematic || |
ravity; oy is the component, which | Stabilization speed || |acceleration| |tiltangular| || link [f |
& Y> or b | EStablllzation " w | measuring | | measuring | |velocity oﬂ' |
compensates the maneuver of the ! law generator device | || device || | missile | !
target; and m(c) is the coefficient of 1| ———— ‘—I = trajectory | ¢ !
proportional navigation. ! A O [ m———— !
. . Guidance 1 Tized !

The equation represented the in- = utmer;fo: > |Gyrostabilized | |

) . . | | generator ] : { homing head | ,

stantaneous miss homing method is | @ |

illustrated as follows:

(6)

w, = m(t)vi* (o, + W, +0,+or).

As presented in Egs. 5 and 6, the technical im-
plementation of these methods is complex, requiring
further the determination of the values of o, or.
In addition, it is very difficult to estimate precisely
the value of w; on the missile, because it requires
the determination of the normal acceleration of the
target [2], and is computed as follows:

_ 07, €08qr + Vsingr
2y

o7

Therefore, the objective of this study is to de-
velop a methodology for the synthesis of MHS using
the proportional guidance method, and to give rec-
ommendations on the choice of initial conditions
(the distance between the missile and the target at
the begining time of the homing process) in the
synthesis to improve its accuracy.

Mathematical model of the conventional
missile homing system

The conventional block diagram of MHS with the
application of the proportional guidance method in a
vertical plane [8, 13] is presented in Fig. 1.

In order to implement the guidance method, the
missile homing system consists of a rudder actuator
(RA), angular speed measuring device (ASMD), nor-
mal acceleration measuring device (NAMD), com-
pute tilt angular velocity of missile trajectory, gyrosta-
bilized homing head (GHH), guidance law generator,
stabilization law generator. The relative position of the
missile and the target is shown in Fig. 2. A simplified
scheme of GHH is presented in Fig. 3.

According to works presented in [3, 4, 8, 13],
the mathematical model of the proportional gui-

Fig. 3. Simplified scheme of gyrostabilized homing head

dance method-based MHS taking into account the
dynamic properties of the measuring elements (RA
in the first approximation is considered as an os-
cillatory link [1, 8], and the GHH is used) in the
vertical plane is presented by a system of differential
equations as follows:

(_bzl = =00, — a0 — a135;

9 =0w,;

0= asHa, @)
o=9-0;

W = Vay,a;
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o, = (k,uy +szl
—k(k kgha——J,
’ 8)
uklzkak : k_ZE.,_gk k1>
a a a >
Tazk T, Tak
ak = Uak1s
k 1 28
_ g g ., .
M
ug = ug];
ur = GS _Gg; (9)
8, = %u, - T12 5 2;" 8y
r r r
6 = 81,
(bpb = kgh'g;
E=0— 0, (10)
Xg =V COsO;
Yo = vsino;
XOT = VT COS@T;
yOT :VT SiIlG)T; (11)
Axgy = Xor — Xo;
AYy = Yor — Yos
= \AXY + Aygs
0= 57,3arcsin%; (12)

0<t<T*

where, ®,; is the angular velocity of the missile
[degree/s]; o is the attack angle of the missile [de-
gree|; & is the angular velocity of rudder [degrees];
9 is the missile pitch angle [degree]; © is the incli-
nation angle of the trajectory missile [degrees]; w is
the normal acceleration of the missile [m/s%]; v is
the speed of the missile [m/s]; a;; is the natural
damping coefficient [1/s]; a,, is the wind direction
coefficient [1/s%]; a,3 is the rudder efficiency coef-
ficient [1/s°]; a,, is the normal force coefficient
[1/s]; u, is output of the NAMD [v]; ki, Egrs Tk [S]
are the conversion coefficient, damping coefficient,
time constant NAMD, respectively; 4, is the output
of ASMD [v]; &, &, T, [s] are the conversion coef-
ficient, damping coefficient, time constant ASMD,
respectively; o, is the law of stabilization of normal
acceleration; k,, is the feedback gain according to
the normal acceleration; k, is the feedback gain
for the speed of angular velocity; o, is the law of
guidance; k is the coefficient; k, is the proportional

coefficient; u, is the input of RA [v]; k,, €,, T, [s] are
the conversion coefficient, damping coefficient,
time constant RA, respectively; ¢ is the inclination
angle of the line of sight of missiles and targets [de-
gree]; kg, is the conversion coefficient of straight
chain of GHH; x,, y, are the coordinates of the mis-
sile on the horizontal and vertical axes [m]; Xy Vor
are the target coordinates on horizontal and vertical
axes [m]; vy is the target speed [m/s]; ®7 is the incli-
nation angle of the target trajectory; Ax;, Ay, are
the difference between the coordinates of the missile
and target [m]; T * is the guidance time [s].

Synthesis of missile homing system
under different initial conditions

Based on the dynamic parameters (a,;, a5, a3, G47)
and the velocity v of the missile, it is necessary to
select the parameters (k,,, k,, k, k,) to ensure the
smallest guidance error. For the sake of simplicity
of the synthesis process, the guidance error is de-
termined by the distance between the missile and
the target at the end of the homing process; the
movement of the target is assumed to be rectilinear
at a constant speed; the speed missiles is consid-
ered as constant; and the blindness of the hom-
ing head is skipped. The synthesis process of the
MHS is carried out by parametric optimization in
Matlab. We scan the parameters (k, w Kk, k,) in
the range (koozlmm szlmax’ kwmln kwmax: kmin+kmaxa
kpmin+Kpmax) With scanning step dk,,,, dk,, dk, dk,,
respectively. For each set of value (k,,, k,, k, k,)
we integrate the systems using Eqgs. 7—12 from the
beginning to the end of the homing process to find
the minimum of the guidance error. The optimal
parameter set (K, 1opts Kyopts Kopts Kpopt) 18 selected,

mzla

if szlmm kmzlopt wzlmax> wmm< kwopt< kwmaxa
kmin< Kopt< Kmax> Kpmin< Kpopt< Kpmax- Otherwise, we

need to extend the scan range of the parameter set.

To reduce computational time, the following
steps are carried out: Step 1 — We only integrate
the system using Eqgs. 7—12 when the values of pa-
rameters (k,,, k,) providing the permissible stabil-
ity margin of the stabilization circuit of the nor-
mal acceleration of the missile. In other words, the
system satisfies the Hurwitz stability criterion and
provide an oscillation index less than 1.7; Step 2 —
From the beginning we do the pre-scan parameters
(koz1> ky» k, k,) with a relatively "large" step (dk,,
dk,, dk, dk,). As a result, we get the rough "opti-
mal” parameter set (k,, k,, k; k,). The optimal
parameter set will be near this point; Step 3 — We
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scan the parameters (k,,, k,, k, k,) in the range
(kiyyy — dk+kl, + dk,, k, — dk,k, + dk,, k' —
— dk=k' + dk, k, — dk,~k, + dk,) with a "smaller"
step (dk,/N,, dk,/N,, dk/N;, dk,/N,), (N; > 5) and
integrate the systems using Egs. 7—I12 to find the
real optimal parameters. The scanning step and the
optimal parameters are selected when the guidance
error is a few centimeters. Using such parametric
optimization we can synthesize the MHS system on
a personal laptop, built on the basis of the P6100
processor within 30 [s]. If we use a more modern
laptop, built on the basis of an I5 or I7 processors,
the synthesis time is even less.

According to [8], we assume a;; = 1,2 [1/s];
ap =20 [1/57]; a3 = 30 [1/5°]; agp = 1.5 [1/s];
v = 1300 [m/s]; k., = 1 [degree/V]; &, = 0,6; T. =
= 0,05 [s]; Spax = £20 degree; k, = 1 [V/degree/s],
gg—06 T, = 0,05 [s]; ky =1 [V/m/s?), gak—06

—005 [s]; kg = 50; ko = 0,06:04; £k,
= 0,001+0,01; k = 1+20; k, = 20+100. The shooting
is conducted towards. We conducted two experi-
ments corresponding to two case study: Case 1 —
Small initial condition, and Case 2 — Large initial
condition.

In the Case 1, the initial condition are set to
Xor = 7000 [m], yo7= 2000 [m], and v;= 800 [m/s].
After implementation of the proposed parametric
optimization in Matlab we get the optimal parame-
ter set k,,; = 0,2; k, = 0,002, k = 12, k, = 45.
As a result, the guidance error is 0.021[m] and the
trajectory of the missile and the target are shown
in Fig. 4.

We set the initial condition in the Case 2 are
Xor= 15000 [m], yo7= 5000 [m], and v;= 800 [m/s].
The proposed MHS system provides the guidance

Fig. 4. The trajectories of missile and targets

error is 0,003[m], with the optimal parameter set is
ko = 0,15 k,, = 0,001, k£ =6, k, = 59.

It is noted that, the performance of the MHS
depends on the initial conditions. Therefore, it is
necessary to check the possibility of using the syn-
thesized MHS in different initial conditions. The
guidance errors for different initial conditions are
given in Table 1.

As presented in Table 1, if we select a small ini-
tial condition the proposed parametric optimization
of MHS generate a set of optimal parameter, which
can be used in all other initial conditions of the
homing process. Because, it provides small guid-
ance error in all initial conditions. In addition, this
also helps to reduce the computational time in the
synthesis of the MHS. In contrast, if we choose a
large initial condition for parametric optimization
of MHS, we can get a set of optimal parameter,
however this parameter set can not be used in all
other initial conditions.

Study of the possibility of using the synthesized
system for firing at highly maneuverable targets

In this section, we investigate the possibility of
using synthesized MHS for firing at highly maneuve-
rable targets. Assume that at the beginning of the gui-
dance, the target has a coordinate xot = 15 000 [m],
Yot = 5000 [m] and the speed v;= 800 [m/s]. Shoo-
ting is conducted towards. We conduct experiments
with the acceleration of the target wy = —50 [m/s2],
the optimal parameter set is k,,; = 0,2; k,, = 0,002,
k =12, k, = 45, and the time t from the begin-
ning homing process to the moment target start to
maneuver, with ¢ = 1s, 2s, 3s, 4s, 5s, 6s, or 6,2s.
Guidance errors for different moments of time t are
given in Table 2. The trajectories of the missile and
the target with the homing time ¢ = 2s are shown
in Fig. 5.

As presented in Table 2, the homing time is
t=5s; t= 6s and ¢ = 6.2s, the time from the be-
ginning of the target maneuver to the end of the ho-
ming process is less than the transition time of the
stabilization circuit of normal acceleration. There-

Table 1
V=800 m/s
Xop, M 7000 7000 7000 7000 7000 12 000 | 12 000 | 12 000 | 15000 | 15000
Yo, M 1000 2000 3000 4000 5000 5000 6000 7000 5000 6000
ko = 0,2; k,, = 0,002, k =12, k, = 45 0,316 m | 0,021 m | 0,507 m [ 0,087 m| 0,01 m | 0,004 m | 0,004 m | 0,007 m|0,002 m | 0,009 m
Ko = 0,15 k, = 0,001, k=6, k, =59 |2,485 m|2,337 m | 2,742 m | 0,069 m [ 0,384 m | 0,007 m | 0,007 m | 0,003 m | 0,003 m | 0,001 m
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Table 2

Xor = 15 000 m, yy7 = 5000 m, v; = 800 m/s, wp = —50 m/s?

t,s 1 2 3 4 5 5,5 6 6,2
Koo = 0,23 k,, = 0,002, k=12, k,=45 | 0,006m | 0,008m | 0,006 m | 0,006 m | 0,043m | 0,596 m | 0,503 m | 4,114 m
ko = 0,15 k,, = 0,001, k=6, k, =59 0,0007 m | 0,007 m | 0,002 m 0,03 m 0,02 m 1,976 m | 6,030 m | 4,676 m
.’“ﬁ:m_o ____________________________________ 1 the missile-target is measured by GHH with suf-
| | . . . . .
I - | ficient accuracy. If we would like to improve its ac-
| Yo, m | . .
T S SO ..[Trajectory of target| { ! curacy, the Kalman filter [I] can be applied. The
: L o ! normal acceleration of the missile is measured by a
I 2000 ; m%vgrm]emry °fmlsf’ﬂe -4 L1 Jinear accelerometer. The speed of the missile could
| i . | not be measured, thus we utilize the program value
: % 5000 10000 Ko, m 15000 | Vprog- We investigate simultaneously the influence
| ? |

Fig. 5. Trajectories of missile and targets

fore, the guidance error increases dramatically. In
contrast, if the time from the beginning of the tar-
get maneuver to the end of the homing process is
greater than the transition time of the stabilization
circuit of normal acceleration, the homing time is
t=ls, 2s, 3s, and 4s, then the accuracy of the MHS
is ensured. As a results, the MHS obtained in the
synthesis with a small initial condition is more ac-
curate than the MHS obtained in the synthesis with
a large initial condition.

Investigation of the influence of systematic error

in determining inclination angular velocity of the

missile trajectory on the accuracy of the missile
homing system

Let us rewrite Eq. 4 as follows:

W
g (kpq’_j)'

G, = (13)

As can be seen in Eq. 13, to generate the gui-
dance law, it is necessary to determine the angu-
lar velocity of the line-of-sight missiles-target, the
normal acceleration of the missile, and the missile
speed v. The angular velocity of the line of sight of

of the systematic error of the linear accelerometer
and the systematic error of determining the velocity
of the missile on the accuracy of the MHS. In or-
der to take into account the systematic error of the
linear accelerometer and/or the difference between
the program value and the real value of the missile
speed, we propose an factor a. Then Eq. 13 is re-
written as follows:

. w
o, =k(kp(p—a;) (14)
Let us rewrite Eq. 14 as follows:
k
o :ka[-f’cp—ﬁj. (15)
a v

It can be seen that Eq. 15 and Eq. 13 has the
same form, however the difference between them
is that, there are new coefficient (ka) and a new
proportional coefficient (k,/a) in Eq. 15. We con-
duct experiments with the different values of the
factor a, and the optimal parameter set is k,; = 0,2;
k,, = 0,002, k =12, k, = 45. The guidance error are
given in Table 3.

As a result, the guidance error does not de-
pend much on the systematic error of the linear
accelerometer and the error of the program value of
missile velocity (i.e., the accuracy of determining
the inclination angular velocity of the trajectory of
the missile).

Table 3
Xor = 15000 m, yyr = 5000 m, vy = 800 m/s, wy = —50 m/s?, t=12s
a 0,001 0,005 0,01 0,5 0,8 1 1,1 1,2 1,5
Guidance error, m 0,005 0,002 0,007 0,002 0,0008 0,008 0,0017 | 0,0036 0,002
MexaTponnka, asToMaTu3anus, ynpasienne, Tom 21, Ne 4, 2020 247



Investigation of the influence of systematic error in

determining the angular velocity of the line of sight

of the target missile on the accuracy of the missile
homing system

In equation 4, instead of using ¢ we utilize the
measured value ¢,. We assume that ¢, = bo,
therefore Eq. 4 can be rewritten as follows:

O4 = k(kpb(p—®). (16)

The form of Eq. 16 is the same as Eq. 4, however
with a new proportional coefficient k,b. We
conduct experiments with the value of k, = 45. The
simulation results illustrate that, when k,b changes

in the range from 17 to 104, the accuracy of the
system is ensured.

Conclusion

In this paper, we have presented a high-
precision missile homing system (MHS) using the
proportional guidance method for firing at the highly
maneuverable targets. Specifically, we propose a
parametric optimization method for choosing a set
of optimal parameters of the missile homing system
for each dynamic parameter set of the missile.
In addition, it is also advisable to choose a small
distance between the missile and the target as an
initial condition. Finally, the article also investigates
the influence of systematic error in determining
the speed, normal acceleration of missiles and the
angular velocity of the line of sight of the missile
and target on the accuracy of the missile homing
system. The proposed missile homing system and the
parametric optimization method are implemented
in Matlab. The experimental results show that,

missile equipped with our proposed system can
defeat the modern air targets with low visibility,
high maneuverability and high survivability.

Reference

1. Pupkov K. A., Egupov N. D., Kolesnikov L. V. etc. High-
precision homing systems: calculation and design. Computational
experiment, Moscow, FIZMATLIT, 2011, pp. 31—64, 291, 295 (in
Russian).

2. Arkhangelsk 1. 1., Afanasiev, P. P., Bolotov E. G., Golu-
bev1. S., Matvienko A. M., Mizrahi V. Ya., Novikov V. N., Osta-
penko S. N., Svetlov V. G. Designing anti-aircraft guided missiles,
Moscow, Publishing house MAI, 2001, pp. 326—344 (in Russian).

3. Lebedev A. A., Karabanov V. A. Dynamics of control
systems of unmanned flying vehicles, Moscow, Mechanical Engi-
neering, 1965, pp. 76—152, pp. 410—442 (in Russian).

4. Lebedev A. A., Chernobrovkin L. S. flight Dynamics of
unmanned flying vehicles, Moscow, Mechanical Engineering,
1962, pp. 11—84, 394—479 (in Russian).

5. Krynetskii E. I. Homing System, Moscow, Mechanical
Engineering, 1970, pp. 62—75, 134—142 (in Russian).

6. Demidov V. P., Kutyev N. Sh. Control of anti-aircraft mis-
siles, Moscow, Military Publishing House, 1989, pp. 23—31 (in
Russian).

7. Neupokoev F. C. Shooting anti-aircraft missiles, Moscow,
Military Publishing House, 1991, pp. 91—116 (in Russian).

8. Timofeev N. N., Shestun A. N. Design of non-stationary
dynamic control systems of aircraft, St. Petersburg, BSTU, 2001,
pp. 9—43 (in Russian).

9. Konashenkov A. 1., Merkulov V. 1. Aviation radio control
system. Vol. 2: Electronic homing systems, Moscow, Radio Engi-
neering, 2003, pp. 23—30 (in Russian).

10. Zarchan P. Tactical and Strategic Missile Guidance, third
edition. Vol. 157. Progress in Astronautics and Aeronautics, pub-
lished by the American Institute of Aeronautics and Astronautics,
Inc., 1801 Alexander Bell Drive, Reston, VA 20191—4344, sixth
edition, p. 14.

11. Siouris G. M. Missile Guidance and Control Systems,
Springer-Verlag New York, Inc. 2004, pp. 166, pp. 194—196.

12. Yanushevcky R. Modern missiler guidance, Taylor &
Francis Group, LLC CRC Press is an imprint of Taylor & Francis
Group, an Informa business, 2008, pp. 10, 18.

13. Do Quang Thong. Synthesis of the missile homing system
taking into account the dynamic chracteristic of the measuring
elements, Mekhatronika, Avtomatizatsiya, Upravlenie, 2019, vol. 20,
no. 4, pp. 251—255 (in Russian).

248

MexaTpoHHKa, aBToMaTu3anus, ynpasienne, Tom 21, Ne 4, 2020



