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Training Simulator of Camera Supported Manual Command to Line
of Sight Guidance of Antitank Missiles
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Manual Command to Line of Sight (CLOS) guidance systems of antitank missiles require a human operator in the
guidance loop. His task is to track both the target and the missile, and to generate commands in order to bring the missile
into the Line of Sight (LOS). The efficiency of the guidance depends on the skill of the human operator. One type of the
training simulator for manual LOS guidance, the realization of which is based on the simulation of the missile silhouette
over the prerecorded videos of the background with fixed and moving targets, is given in the paper. The coordinates of
the targets, read from the recorded videos of the background, are transformed into the real positions of the targets in the
space. These target positions in a function of time are the input to the mathematical model of the missile movement
relative to the target. The calculated coordinates of the missile are transformed into the missile silhouette position on the
screen display of the training simulator. The complete mathematical model and the description of the hardware
realization with the results of the characteristic simulation are given in the paper.

Key words: antitank missile, guided missile, TV training simulator, TV visor.

Notation and symbols

V¢ - Kinematic velocity (velocity relative to the
Earth)

Uk ,vi,wx - Components of the missile kinematic velocity

p-4q,r - Missile angular rates

D,0¥ - Roll, pitch and yaw angle

X, Y,z - Missile coordinates in the inertial axis system

XY.Z - Components of the aerodynamic force in the
semi-fixed axis system

0 - Dynamic pressure

Vv - Missile velocity relative to the air

p - Air density

S=mnd’/4 - Reference area

Cx,Cy,CZ - Aerodynamic coefficients of the forces

L,M,N - Rolling, pitching and yawing moments

G,C,,C, - Rolling, pitching and yawing coefficients

C,,,C, - Derivatives of the axial force coefficients
2
Cne>Crny - Derivatives of the normal force coefficients
CiosCpp - Derivatives of the rolling moment coefficients
CoasCry - Derivat'ives of the pitching moment
coefficients
a, p - Angle of attack and sidslip angle

p" = p1/V - Normalized rolling angular rate
q* =¢l/V -~ Normalized pitch angular rate

¥ =r1/V - Normalized yaw angular rate

- Components of the wind velocity in the semi-
fixed axis system
w,,w,,w, - Components of the wind velocity in the Earth
axis system
c(y/,@,gp) - Transformation matrix from the Earth to the
semi-fixed axis system

uW’ vM/ > WW

n;,<; - Commands generated by joystick

Mg - Compensation of the gravity

NerC.e - Commands in the vertical and horizontal
planes

Voo @, - Magnitude and direction of the command in
polar form

T,,T, - Compensator time constants

A - Trust vector steering command (TVC)

F max - Maximum TVC lateral force

F,,F, - TVC control forces

M, M, - TVC control moments

Lyve, loyy - Trust vector control and the centre of mass

positions from the apex of the missile
X7, Vr,zp - Target coordinates in the inertial axis system

- Line of sight angles

XLos»Vros

X, V)52 - Missile coordinates in line of sight axis
system

&y, &y - Angles of the missile line of sight position
relative to the target line of sight (LOS)

AX™ - Distance between the two fixed landmarks in

or

meters
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AX P - Distance between the two fixed landmarks in
pixels
R" - Video ratio between meters and pixels
pix
Xy - Target coordinates in pixels in the video
frame
Xo, v, ze - Target coordinates in the camera axis system
Dy - Distance from the camera to the target
&, &y - Angle between the missile and the target LOS
! ! - Coordinates of the missile projection on the
Yup> Zup proJ
target plane relative to the LOS axis system
X yps o - Position of the missile relative to the left

border of the video frame

Introduction

he Manual Command to Line of Sight (MCLOS)
guidance system of antitank missiles requires a human
operator in the guidance loop. The operator must track the
missile and the target simultaneously and guide the missile
to the target. The missile is steered with a joystick, and its
path is observed through a periscope-type telescopic sight.
Missiles are usually equipped with a magnesium flare in the
base that ignites automatically upon launch and allows the
gunner to track the fast-moving missile visually [1-3].
Electro-optical (EO) sensors (cameras) allow reliable
visual identification at ranges beyond those necessary to
even detect the target with the naked eye. They are entirely
passive, sensing energy emitted by the target or reflected
from the target. With increasing performance and
decreasing cost, EO systems are also used into the area of
missile guidance. A new generation of low-cost inertial
stabilization modules (ISMs) provides an integrated
solution for low-cost inertial Line of Site (LOS)
stabilization of any payload for mobile platforms including
ground, air, and sea. Inertial stabilization improves camera
images while the camera platform is on the move. The ISM
allows real-time computer control during stabilization,
enabling closed loop systems for tracking. The stabilization
provided by the ISM allows the use of higher zoom
cameras for tracking and detection systems aboard moving
platforms.
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Figure 1. Camera supported manual CLOS guidance

These low-cost inertial LOS stabilized cameras are used
for the improvement of existing MCLOS guided antitank
missiles lauched from helicopters. The operator tracks the
missile and the target on the display in the cockpit. Based
on the difference between the target and the missile on the
camera display, the operator generates the stearing
commands by a joystick in order to minimize this

difference (Fig.1). The zoom law of the camera is
programmed in advance in order to track the missile and the
target efficiently for all target positions from the minimum
range to the maximum one.

The angles ¢ and ¢, are the angular positions of the
missile and the target line of sights in the inertial space.
Position of the missile relative to the target LOS is
proportional to the angular misalignment between the

missile and the target line of sight L =R (qDT —q)), where
R 1is the distance from the camera to the missile.

A block diagram of an MCLOS guidance system is
given in Fig.2. Since this guidance loop is unstable, it is
necessary to add a compensator in the guidance loop [2-6].
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Figure 2. Block diagram of a manual CLOS guidance closed loop.

MCLOS requires considerable training and practice to
master, since even a minor disruption in the operator's
concentration is likely to cause a miss. These guidance
systems have marginal accuracy on tank-sized targets, even
with a perfect line-of-sight obtained by the operator.

Therefore, this type of guidance requires a training
simulator to increase the skill of the human operator [2, 7-8].
This paper presents one type of the training simulator for
MCLOS guidance, based on the drawing of the missile
silhouette over the prerecorded videos of the background
with fixed or moving targets.

The coordinates of the target, read from the recorded
videos of the background, are transformed to the real
position of the target in the space. These target coordinates
in function of the time are input to the mathematical model
of the missile movement relative to the target. The
calculated coordinates of the missile are transformed into
the missile silhouette position on the screen display of the
training simulator.

The complete mathematical model of the training
simulator of the MCLOS guidance of antitank missiles is
given in the paper.

Concept of the training simulator

The concept of the simulator treated in the papers [7-9]
is related to the transformation of the target position from
the target plane to the image formation plane. This image
formation plane is the plane normal to the axis of the
camera. The position of this plane is defined by the missile
position relative to the camera axis system and moves with
the missile.

Since the concept of the training simulator considered in
this paper is based on the video recorded by camera, the
target plane is a plane normal to the camera axis, located at
the target position in the space. A simulator of the manual
LOS guidance of antitank missiles with prerecorded videos
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of the background requires the image formation of the
missile on the target plane. The missile position relative to
the line of sight is transformed to the missile projection on
the target plane (Fig.3). The target (T) and the missile
projection (MP) are given on the target plane. The position
of the camera axis and the line of sight relative to the
inertial basic axis system Ox;y,z, are defined by the

angles yx, Vx> Xros and 7 og -

Figure 3. Image formation on the target plane.

The training simulator of the manual command to line of
51ght (MCLOS) guided antitank missile consists of:
Stand-alone computer,
- Two displays (instructor and operator),
- Operator joystick,
- Acquisition interface,
- Electronics interface device.
The block diagram of the training simulator is given in
Fig4.
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Figure 4. Training simulator block diagram.

The missile steering commands from the operator
joystick are led to the electronic interface device and the
acquisition interface. These commands are the input to the
numerical simulation of the missile flight. Based on the
calculated missile coordinates in the space, the missile
silhouette is drawn on the display monitor over the
prerecorded video.

Mathematical model of the missile flight
The major missile subsystems were modeled: the vehicle

dynamics, aerodynamic data, thrust vector control and
compensator in the forward loop.

Missile model

The missile model developed in this study was a full
nonlinear dynamic model with nonlinear aerodynamic data.
The motion of a missile in the space with 6 degree-of-

freedom (6 DOF) is described by twelve differential
equations [2-3, 10]. The equations of motion in the semi-
fixed axis system for a cruciform missile are:

Ug =rvg —qwg +(X+F,)/m—gsin®
vk = pwg —rUg +(Y+Fy)/m+gsin¢cos@
Wi =qUg —pvg +(Z+F.)/ m+gcos®cos®
p=LIJ,
=(J, =) Sy pr+(M+M")1J,
=(J.=J,)/J,pq+(N+N")/J,
@ =p+qsin@tan @+ rcos @ tan @

O =qcos®@—rsin®@

¥ = gsin®@/cos @ —rcos®/cos @

x=Ug cos@cos? + vy (sin@sin®@cos¥ —
—cos@sin?)+w, (cos@sin@cos¥ +sin@sin¥)

(D
y=U, cos@sin¥ +v, (sin@sin@cos¥ —
—cos@sin¥?)+w, (cos@sin@sin¥ —sin@cos?)

h=—z=U,sin@-v, sin@cos®@—w, cos®cos®

where: Uy ,vg,wx are the components of the missile
velocity Vi relative to the Earth in the semi-fixed system;

p.q,r are the roll, pitch and yaw rates in the semi-fixed
system; @,0,¥ are the roll, pitch and azimuth angle; x,y,z
are the coordinates of the missile position in the Earth-fixed
reference frame (inertial system).

The aerodynamic force components along the three
semi-fixed axes are represented by X,Y,Z in terms of the
aerodynamic coefficients:

X=C.08
Y =C,08
Z-C.0S
Q=pV*/2

2

with p being the air density, V' the missile velocity relative
to the air, S=nd’/4 the reference area and Q the dynamic
pressure. The alternative symbols for the axial force are
C, =-Cy, and for the normal force C, =-C,.

The components of the aerodynamic moment about the
semi-fixed axes are defined as the rolling moment (L), the
pitching moment (M) and the yawing moment (N) in terms
of the corresponding coefficients C;, C,, and C,:

L=C08l
M =C, 05l 3)
N =C,0S!

where / is the reference length, usually /=d.
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The following form of the force and moment coefficients
are used in this study:

Ci=Chp+Cy(a®+5)
Cy=Cyg-a+Cy,-q"

cy:—cNa-ﬂ+ch-r*

* @
G =C,+Cy,p
Cp=Cpya+Cpy-q
C,=Cpy B+Cpy 1
The angular velocities are normalized by V/I:
p*:p7~l’q*:q7~l’r*:r7~l )

All derivatives of the force and moment coefficients in
equations (4) are the functions of the Mach number.

In the above equations, the aerodynamic forces and
moments are calculated for the missile velocity relative to
the air:

U Uk u,
v{=|vg [-] v,
wl {we | [wy (6)

V =NU? +V* + w?

Having in mind the components of the wind velocity in
the Earth axis system, we can determine its components in
the semi-fixed axis system:

Uy Wy
Vi =C(?’,@,@) w, @)
w 0

where C is the transformation matrix [10].

Compensator

Based on the angular difference between the target line
of sight and the missile line of sight, the human operator
generates the command by a joystick in two perpendicular
directions (7, {;). The command in one direction
corresponds to the vertical plane of the missile flight (7;)
and the second one to the horizontal plane ({).
Compensations of the gravity (1,) must be added to the
command generated by the joystick in the vertical plane.

Ne=n;+t1n,
¢ =¢, ®

These commands can be written in the polar form.

Ve =\ne +¢7

9
Q. = arctan% ©)

The maximum value of the commands in the polar form

v, is limited to the value v, =1.

The stability of the guidance loop of the command to the
line of sight guidance is realized by a differential
compensator in the forward loop

A(s)  Tys+1

(10)
v.(s) Tis+1
where A is the trust vector steering command.
The transfer function of the compensator can be written
as a first order differentional function.

dA dv,

c

dt dt

+v, (11)

c

Since there is a derivation of the input to the
compensator, the previous equation can be written in the
canonical form [11].

A=dy+ iy,
! (12)
PR RN Gl TEN
1 Z 1 T; c
TVC Forces and Moments

The lateral control force, generated by the trust vector
control (TVC), is proportional to the steering command A

Fjv = ﬂ“ FLmax Cos (Pc

1
sz :lFLmax Sin¢€ ( 3)

where F) .. is the maximum lateral force.

The TVC control moments are the functions of the trust
vector control position

My :Fz (ZTVC_ICM) (14)
M, = —Fy (lTVC _ICM )
where /- and [, are the trust vector control and the

centre of mass positions from the apex of the missile,
respectively.

Missile position relative to the target LOS

The line of sight position is defined by the angles y; ¢
and y;,¢ relative to the inertial axis system ( Oxy, ¥y, 2 ).
These angles are defined by the known position of the

target relative to the camera (Fig.3).

Xios = arctany—T

Xr

zr (15)
\XE+ YR+ ZF

The position of the missile (M) relative to the axis
system fixed to the LOS is defined by the coordinates

X, v, z; (Fig.4)

Y10s = —arcsin

X X
Vi :C(lLOSJ/LOS’O) y (16)
Zl z

The position of the missile line of sight relative to the target
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line of sight (LOS) is defined by the angles ¢;; and &, .

&y =— arctan Z—
J/I 17

X

&y = arctan —

_{_
; vZ
TARGEF PUARE

Figure 5. Missile position relative to the LOS.

The cordinates of the projected position of the missile
(MP) on the target plane are a function of the known
distance to the target (Dr).

Yup = Dy tan gy

(18)

Z;\JP = _DT tan Ey

Visualization

In order to simplify the interpretation of the recorded
video, it is defined that the target is moved in the target
plane (Fig.6). It is also necessary to know the distance
between minimum two landmarks in the target plane. These
landmarks define the coincidence of the video frame to the
space coordinates of the target.

VIDEQ FRAME

i MISSILE SILHOUETTE
| TWOFKSED  [PROJECTION
e

/| eiomasks L
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PROJECTION T =

E CAMERA,

Figure 6. Landmarks and target position in the video frame.

Video-frame ratio

The ratio (time function) for a recorded video is
determined as a quotient of a known distance between two
fixed landmarks at the target distance, expressed in real-
space meters and video-frame pixel coordinates (Fig.6).

m
n  AX

Rpix = AX;:( (19)

Target coordinates

The target coordinates are read in pixels ( X/*, X/™)

from the recorded videos in the axis system AXY fixed to
the upper left corner of the video-frame (Fig.7).
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Figure 7. Target and missile silhouette in the video-frame axis system.

As the width and height of the video-frame are known
(WP™,HP™), the target coordinates in the camera axis

system can be determined based on the video-frame ratio.
The distance of the target plane in the camera axis system is

D5 .
xr =D,
v =(xrm-w,
zp = (Y - HP*[2)R

W 2) R

pix

(20)

The target coordinates in the inertial axis system are

obtained from the camera axis system by the transformation
matrix

C
Xr Xr

vr [=CT (Xes7050) | ¥4 1)

(s
Zr Zr

Missile silhouette coordinates
Since the target coordinates in pixels are known ( X2*,

X)), the coordinates of the missile silhouette (missile

projected point) in the video-frame axis system can be
determined from the coordinates of the missile projected
point in line of the sight axis system (Fig.7).

!
Xpix — Xpix yMP
MP T Rm

pix
1
pix __ yrpix
A o

(22)

m
pix



MANDIC,S. etc.: TRAINING SIMULATOR OF CAMERA SUPPORTED MANUAL COMMAND TO LINE OF SIGHT GUIDANCE ANTITANK MISSILE 85

The operator’s display of the missile silhouette
presentation over the prerecorded video is given in Fig.8.
This example is a visual presentation of the combat
simulation of the missile guidance against a fixed target
(bunker).

Figure 8. Missile silhouette presentation over the prerecorded video

Conclusion

The training simulator of the manual LOS guidance of
antitank missiles analyzed in the paper is based on the
display of the missile silhouette over the prerecorded videos
of the background with fixed or moving targets. The videos
of the background are recorded by a camera fixed to a
helicopter as a missile launcher.

The ratio between meters and pixels on the video is
based on the relative distance in meters between two
reference points at the target plane and the same distance in
pixel on the video. Based on this ratio, the real position of
the target relative to the inertial reference frame fixed to the
camera is determined from the target position on the video.

A six-degree of freedom mathematical model of the
missile flight is used for a numerical simulation of the
missile flight. The steering command of the trust vector

control, obtained with a joystick, is the input to the
differential compensator. The mathematical model of the
differential cascade compensator is given in the canonical
form in order to avoid derivatives of the input.

Based on the missile position in the axis system fixed to
the camera view axis, the position of the missile silhouette
on the target plane is determined.

The coordinates of the missile silhouette on the target
plane are used for the calculation of the coordinates of the
missile silhouette on the display window frame of the
training simulator.
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Simulator ru¢nog telekomandovanog sistema vodenja
protivtenkovskih raketa po liniji viziranja

U petlji vodenja ru¢nih telekomandovanih sistem vodenja protivtenkovskih raketa po liniji viziranja ukljucen je ¢ovek
(strelac) ¢iji je zadatak da prati cilj i raketu, i da stvara komandu za dovodenje rakete u pravac linije viziranja cilja.
Razvoj novog tipa kamera sa stabilizacijom ose, sa softverskim podesavanjem zakona zumiranja i detektorom za
pracenje ciljeva u dnevno-noénim uslovima omogucio je modernizaciju ru¢nih telekomandovanih sistem vodenja
protivtenkovskih raketa. Efikasnost ovog tipa vodenja protivtenkovskih raketa zavisi od veStine i obucenosti strelca, koja
se postiZe obukom na simulatorima. Razvoj racunarske tehnike omogucio je izradu simulatora koji se bazira na
simulaciji kretanja siluete trasera rakete preko unapred snimljenog filma sa fiksnim i pokretnim ciljem. Koordinate cilja
procitane sa filma su u pikselima. Na osnovu poznatih koordinata orijentira odreduje se poloZaj cilja u prostoru.
Numericka simulacija kretanja rakete je bazirana na matematickom modelu Sest stepeni slobode. U toku numericke
simulacije, u realnom vremenu, se izratunate koordinate rakete u prostoru pretvaraju u poloZaj siluete trasera rakete na

ekranu simulatora

Kljucne reci: PO raketa, vodena raketa, TV trenaZer, TV vizir.
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CumyasaTop py4yHou skciiyarauuu TB-ynpasiasieMoil cucremMsl
Be/JICHUSA NMPOTUBOTAHKOBBIX PAKeT 10 JUHUHA BU3MPOBAHUA

B netiie HaBegenusi pyunbix TB-ynpaBisieMbIX cHCTeM HaBeJeHHs! IPOTHBOTAHKOBBIX PaKeT MO JHHUH BH3HPOBAHHUS
BKJIIOYEH 4esioBeK (60MOApaMp-CTPeIoK), 3aJa4eil KOTOPOro siBJIsSieTCSi MOHUTOPHMHI LeJM M PAaKeTbl, H CO3/1aHUE
KOMaHIbl MPUBECTH paKeThl B HANpaBJeHHe JHHUH BH3MPOBaHHs neaH. PazpaGoTka HOBOro THHma KaMmepbl €O
cTaduian3anmeil 0cH, cO 3aKOHOM MACIITAOMPOBAHHS PeryJHPYeMOro ¢ IOMOIULIO NPOrpaMMHOI0 obecmedeHusi, €
JAEeTEeKTOPOM J/I/Isl CONPOBOKAECHMS 1iesieli B CyTOYHBIX YCJIOBUAX ofecneynsia MoJepHu3anuio py4nbix TB-ynpasisieMbix
cHCTeM HaBeJeHHs NMPOTHBOTAHKOBBIX pakeT. J(PeKTHBHOCTL ITOr0 THNA HaBeJeHHs] MPOTHBOTAHKOBBIX paKeT
3aBHCUT OT MACTePCTBa M IOATOTOBKH CTPeJKa, KOTOpbIe AOCTHIaloTcs MyTéM o0ydyeHHusi Ha TpeHaxépax. Paspurue
KOMNBIOTEPHBIX TEXHOJIOTHI MO3BOIHJIO Pa3padoTaTh TPeHAKEP, KOTOPLI OCHOBAH HA MOJETHPOBAHWH IBHKEHHUS
CHUIY3TA BCHBIIIKH PAKeThbI Yepe3 IPeIBAPHTEIbHO 3AIHCAHHBINA (PUIBM ¢ HENOABHKHBIM H ABHKYIIHMCS IeJsIMH.
IesieBble KOOPAMHATHI CYMTHIBAIOTCA M3 (uiabMa B nukceasx. Ha ocHoBe M3BeCTHBIX KOOPAMHAT OPHMEHTHPOB
ompeesisieTcsl NOJO:KeHHe LeJH B NPOCTPaHCTBe. UMciieHHOe MOAeJHPOBAHHE JIBH:KEHHS PaKeThl OCHOBAHO HA
MaTeMaTH4YeCKOH MO/Ie/IH ¢ IIeCThIO CTeNeHsIMH cB000/bl. B TeyeHne 4HC/ICHHOr0 MO/Ie/IMPOBAHMSI B PesKHMe PeajbHOro
BpeMeHH, BLIYHCIeHHbIe KOOPAMHATHI PAKETHI B MPOCTPAHCTBE MPe0dpa3yloTcesi B MO3HIIMH CHIIYITA BCHBIIMIKA PAKETHI
HAa IKpaHe TpeHaxképa.

Kniouesvie cnosa: TNPOTHBOTAHKOBBIE PAKeThbl, YNpaBjsieMble paKeTbl (KOMAHIOBaHHE IO JIMHMM BH3HPOBaHHS),
TB-tpenaxép, TB-npunen.

Le simulateur du syst¢eme manuel télécommandé du guidage des
missiles antichars

La commande manuelle sur la ligne de vision du systéme de guidage chez les missiles antichars exige un opérateur
humain pour la boucle de guidage. Sa tache est de suivre la cible et le missile et de créer la commande pour mener le
missile dans la direction de la ligne de vision de cible. Le développement du nouveau type de caméra a I’axe stabilisé, a
I’adaptation numérique de zoom et au détecteur de suivi des cibles jour et nuit a permis la modernisation des systémes
manuels télécommandés du guidage des missiles antichars. L’efficacité de ce type de guidage dépend des capacités et de
I’entrainement de D’opérateur, ce qu’on réalise pendant I’entrainement sur le simulateur. Le développement de
I’informatique a permis la réalisation du simulateur basé sur la simulation du mouvement de la silhouette du traceur de
missile a I’aide du film réalisé préalablement aux cibles fixes ou mobiles. Les coordonnées de la cible lues sur I’écran sont
exprimées en pixels. La position de la cible dans ’espace est déterminée par des coordonnées connues de I’orientation. La
simulation numérique du mouvement de missile est basée sur le modéle mathématique a six degrés de liberté. Pendant la
simulation numérique dans le temps réel les coordonnées calculées du missile dans I’espace se transforment en position de
silhouette du traceur de missile sur I’écran de simulateur.

Mots clés: missile antichar, missile guidé, simulateur d’entrainement, ligne de vision.



