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ABSTRACT

The article presents a method for constructing a control system and simulating the closed-loop
control of a 6-degree-of-freedom (6DOF) motion for a three-channel flight device (TLCT-3),
modeled after the Javelin. Based on publicly available data on the tactical and technical features
of the TLCT-3, the authors analyzed and calculated the geometric, inertial, and aerodynamic
characteristics to provide input data for the controlled object in the simulation program. At the
same time, the research team developed models for the command generation block, autopilot
block, and controlled object block to design the simulation program. The simulation results, based
on two scenarios of top attack and direct attack modes, confirm the accuracy of the models and
their alignment with the tactical and technical features of the TLCT-3.

Keywords: Three-channel flight device; Control loop simulation; 6DOF motion.
1. INTRODUCTION

The three-channel flight device modeled after the Javelin (TLCT-3) is a critical weapon that
has proven effectively in numerous engagements. With advancements in science and technology,
TLCT-3 systems are increasingly modernized, enhancing their features and effectiveness [1, 2].
Although the TLCT-3 has been deployed, publicly available information is primarily limited to its
tactical and technical specifications due to technology confidential requirements. Existing studies
mainly focus on the TLCT-3 control system in general, without delving into the details of the
Javelin variant or addressing the entire control mission of the system.

For the task of modeling the TLCT-3 control system, several studies have focused on the
command generation block [3, 4]. These studies primarily aim to improve guidance laws based on
kinematic models and constraints related to the seeker’s field of view and target approach angles.
However, most of these works address the problem in a single plane and do not consider the inertial
characteristics and cross-channel coupling of the controlled object. Notable in this field is the study
by Harris et al. [5], which developed a 6DOF flight dynamics model, a control system model, and
a simulation of top attack scenarios. However, the TLCT-3-specific data used in this study only
included basic components, without considering cross-channel coupling. Moreover, the autopilot
block was not clearly described, and the command generation block lacked integration of a direct
attack mode, which would enable effective engagement of targets at close range.

In this article, the authors focus on developing a control system model for the TLCT-3 with
two main components: the command generation block and the autopilot block. The model is
designed to close the control loop, supporting both tactical scenarios: top attack and direct attack,
while fully integrating the characteristic data of the TLCT-3.

2. PROBLEM

2.1. Dynamic model of the three-channel flight device

The dynamic model of the three-channel flight device modeled after the Javelin (TLCT-3) is
constructed within the ground coordinate system XeYyeze, the body coordinate system Xgyszg, and
the non-rotating coordinate system xnrYnrZnr. The flight dynamics model of the TLCT-3 includes
the following components [5]:
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1) The translational motion of the center of mass in the body coordinate system XgysZzsg:
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Where [u, v, w], [X, Y, Z] and [p, q, r] are the | ”& !
components of velocity, external force, and angular b
velocity, respectively, in the xgyszg coordinate = -—1---s
system, and m is the mass of the TLCT-3. J, : )
2) The rotational motion around the center of mass P S 9 o &
in the body coordinate system XgysZs: ¥

Figure 1. Reference coordinate systems.
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Where [L, M, N] are the components of the external moment forces, and [lx, lyy, I:z] are the
components of the moments of inertia.

3) Translational motion of the center of mass in the ground coordinate system XeYeze:
[x y z']T =Cy[u v W]T 3)
4) Rotational motion around the center of mass in the ground coordinate system XeYyeze:
#| [1 singtand cosgtand | [ p
0|=|0 Ccos ¢ -sing || q (4)
W 0 sing/cos@ cosg/cosé | |r

The total external forces acting on the TLCT-3 ,
include gravitational force (Fg), aerodynamic
forces acting on the body and lifting wings (Fa),
control aerodynamic forces acting on the control
fins (Fr), and thrust vector control (TVC) forces
(Frve).
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z

Figure 2. Aerodynamic configuration
Z G ZA ZF ZTVC

of TLCT-3.
Where the external force components are

determined as follows:
Xs 0 Xs| [-CA(M,a, p,q,r) —CA(M, )
Yo =C: 0 |; Y, |= CY(M,,B,p,r) QginS = CYB(M)ﬂ+CYP(M)ﬁ+CYR(M)T QginS;
Zg mg Z, CN(M,a,6,q) CNA(M )& +CNAD(M )& +CNQ(M )g

Xel —CAd (M, &) , —CAd (M, 6)
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z. | ~CNd(M,&,)cosg | '™ ~CND(M )8, cosg,
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Where as, o, f are the spatial angle of attack, angle of p

attack, and sideslip angle, respectively; gain, S are the
dynamic pressure and characteristic area, respectively; P,
e are the magnitude and coefficient of the thrust vector
contributing to lateral motion.

The dimensionless components are determined as
follows:

The total external moments acting on the TLCT-3 are
determined by the following expression:
L L L L Figure 3. Control force diagram
A F e in the fin plane.

M =M, |+ Mg |+| My, (6)
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Where the components of the external moments are determined from the following expressions:
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Thus, the 6DOF model of the TLCT-3 has been established. The next task is to develop a
control system model to construct the desired trajectory and simulate the controlled object tracking
that desired trajectory.

2.2. Development of the control system model for the three-channel flight device
2.2.1. Command generation block model

The trajectory of the TLCT-3 in the default mode (top-attack) is shown in figure 4 [6].

The pre-guidance phase occurs before the cruise engine is activated. During this phase, the
system ensures that the TLCT-3 reaches a safe separation distance after the launch motor operates.

The 6DOF simulation model for this phase is implemented to determine the initial velocity
parameters and Euler orientation angles for the subsequent phase.
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The climb phase begins when the cruise

engine is activated. During this phase, the (e "7 ALTTUDEHOLD—

TLCT-3 accelerates and ascends at a constant ol "”””"V ¢

pitch angle until one of two limits is reached: w4 %

an altitude of approximately 160 meters or " 4§ ”’%

the seeker’s look angle (the angle between the - ¢

line of sight (LOS) and the symmetric axis) “-/ \
approaches its maximum value. If the TLCT- ]

3 reaches an altitude of 160 meters without LauncH 0 ARGET RANGE (METERS) 2000
hitting the look angle limit, it transitions to Figure 4. Top attack flight path.

the altitude hold mode. In altitude hold mode,

the TLCT-3 maintains altitude by generating a balanced angle of attack, auim, Which ensures a level
flight trajectory. As the TLCT-3 approaches the target in altitude hold mode, the seeker’s look
angle becomes increasingly negative. If this value exceeds the allowable limit (based on the
maneuvering capability of the TLCT-3), the terminal guidance phase is activated. This phase
adjusts the trajectory to maintain the look angle within limits and creates an appropriate impact
angle with the target.

The trajectory of the TLCT-3 in direct attack ~ aurmuoe

mode is shown in figure 5. In direct attack mode, -

the seeker's look angle limit is smaller compared o

to the top attack mode. Therefore, across the "1

entire range, the look angle reaches its limit ez

before the TLCT-3 attains its maximum altitude. ;:'Tﬁf:};l ] f \TE“MfNAL\

Consequently, in this mode, a level flight V2
LAUNCH 500 1000 1500 2000

trajectory does not occur. TARGET RANGE (METERS)

The yaw guidance law is designed similarly to Figure 5. Direct attack flight path.
the pitch channel in the terminal phase to ensure minimal miss distance at the intercept point.
Meanwhile, the roll guidance law is analogous to the pitch channel in the initial phase, maintaining
a fixed roll angle as required.

Thus, the guidance laws corresponding to each phase are constructed as follows [7]:

Flight phases Top attack mode Direct attack mode
Climb Uy =Opes, —0 Uy =Opes, =0
Altitude _ _

Pitch channel Hold Uy = G =0 -
. dp NV do
Terminal U =N—+——(¢p- u =N-—-2
P it 2R ((0 Poes ) P at
Yaw channel u, =N dx u, =N dx
dt dt
Roll channel U =@, —¢ u =g —¢

Where 6oes and axrim are the desired pitch angle and the balanced angle of attack, respectively;
o, poes and R are the look angle, desired look angle, and the missile-to-target distance, respectively;
N is the navigation constant.

2.2.2. Autopilot block model

The TLCT-3 has a control system consisting of three independent channels: pitch, yaw, and
roll. To decompose the missile's motion into components for each channel, the following
assumptions are applied:
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1) The TLCT-3 has a low flight ceiling (not exceeding 160 m), so the ambient temperature, air
density, and gravitational acceleration can be considered constant throughout the flight, i.e.:

T=T,, p=p,=1225kg/m’; g=g,=9,80665m/s’ (7
2) The axial velocity of the missile is significantly greater than the lateral motion, i.e.:
VU, w<u, u=V (8)

3) The target has a low velocity (up to 75 km/h), so the maneuverability requirements for the
TLCT-3 are not significant. This implies that the angles of attack and sideslip can be considered
small, i.e.:

a—arctan = ~ . ,Bzarcsinlzl; )
u Vv vV V

4) The TLCT-3 is controlled simultaneously across all three channels: roll, pitch, and yaw,
where the roll channel is controlled to maintain the missile's initial roll angle state. This means that
during the flight, the roll angle changes by a small value, i.e.:

P=0; ¢rg=0; r=0; yxy,=0 (10)
5) Due to the small rotational velocity of the TLCT-3 around its center of mass, the effects of

rotational motion in the pitch and yaw channels on the roll channel can be neglected. This means
the aerodynamic force and moment components in the roll channel are:

Xa=Xo(M,a,); Ly=Ly(M,e,,p) (11)

6) The inclination angle component of the trajectory changes slowly over time, so around the
point of interest 8o, trigonometric functions can be considered nearly constant, i.e.:

sin@d =sing,; cosé = cosy, (12)

7) The axial velocity component of the TLCT-3 changes over time, especially during the

acceleration phase as the missile gains altitude. However, around the point of interest, where the
error AV/V < 10%, this value can be considered constant, i.e.:

V=V; M=M,=V,/a (13)
Combined with the assumptions, from the three differential equations describing the motion of
the center of mass of the TLCT-3 in the body-attached coordinate system Xgyszgs, We obtain:
v=Y/m-rV,; W=Z/m—(pv-qu) (14)
Where:
Y=Y, +Ye + Y + Y5
CNA(M,)q,,S . 4
~— ( O)qdm V4 CNQ(Mo)qdeD r +(CND(M0)qdinS +lfuPPjZ§| Sin¢|
V, 2V, 4 =
B CNA(M,)q,S W CNAD(MOZ)qdeD Wt CNQ(M,)q,,,SD q-
VO 2VO 2VO

L2=2,+2 +Zpc+Zls~=

4
—(CND(MO)qde +%,uPP125i COS ¢ +mg cos ),

i=1
Expanding expression (14) yields expressions (15) and (16):
V=Y'V+YS, +Yr (15)
Where
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1
VYo CNA(M,)0g,S . ” _(CND(MO)qde +4upp)
B mV, o m ;
CNQ(M,)q, SD i
Y'= 0/"din V5, = S5 sin
2mVO 0 My Z=1:I ¢|
Z"W=Z"w+2°5,+2"q+ g cosd, (16)
Where
70 -1 CNAD(ML)GuSD. 5, CNA(My)a,S.
2m\/02 ’ mv, ’
1
(CND(MO)qdinS+ﬂPP) .
76— _ A7), 5o _CNQMO)WSD s S5 o
m 2mv, -

Combined with the assumptions, from the three differential equations describing the rotational
motion around the center of mass of the TLCT-3 in the body-attached coordinate system Xgygzs,
expression (17) is obtained.

pr—; Qzl—; r~— (17)
Ixx vy Izz
Where

4
L:LA+LF+LTVC:CLL(MO)qdeD+CLLP(M0)qdinSD2ZVL+(CLLD(MO)qdeD—%ryPPj )

0 i=1

CMA(M,)q,..SD  CMAD(M,)g,.SD? CMQ(M,)g,. SD?
M ZMA+MF +MTVC ~ ( O)qdln W+ ( O)qdln W+ Q( O)qdln q+

VO 2\/02 2\/0
4

J{CMD(MO)qdeD +%rx/,zPPjZ5i cos ¢
i=1

CMA(Mo)qdinSD vt CMQ(MO)qdinSDZ

4
N =N, +N_+Npc~— r+[CMD(MO)qdeD+%rx,uPPjZ§i sing,
i=1

VO 2\/0
Expanding expression (17) yields expressions (18), (19), and (20).
p~L+Lp+L76s, (18)
Where
1
) CLLD(M )q SD—=rpu Pj
o CLL(Mq)Gsy D, _ CLLP(My)0,SD ;L(Sz( (Mo)dnSD = 7t s
Ixx 2\/lex Ixx i=1
G=M"W+M"W+Miq+M?’5, (19)
Where
MY = CMA(M,)0,;,SD . MY = CMAD (M, )d,;,SD* MO = CMQ(M,)q4,SD”
L 2 1 1
Volzz 2\/Olzz 2\/Olzz
(CMD(MO)qdeD+irxprj
M? =

7z
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F~Nv+N'T+N’s, (20)
Where
1
NY = CMA(M,)qg;,SD . N - CMQ(M,)q,,SD? | o (CMD(Mo)qcﬁnSD+4I’xyPP)
VOIyy 2V0|yy |yy

Combined with the assumptions, from the three differential equations describing the rotational
motion around the center of mass of the TLCT-3 in the ground coordinate system Xgyeze,
expression (21) is obtained.

$~p; 6=q; yrcosg, =r; (21)
From the transformations of the flight dynamics model of the TLCT-3 combined with the

assumption conditions, a system of differential equations describing the independent motion of
each control channel is obtained:

- Motion in the roll channel:

'~ LPp+ LS
{‘.’ P (22)
$~p
- Motion in the pitch channel:
Z"W=2Z"W+Z2°8,+Z2%+gcosb,
=M "w+M"W+Mq+M°5 (23)
0=q
- Motion in the yaw channel:
Y Cos 6, 0 1 0|y 0
P [=|0 N" N | r|+ N5, (24)

v 0 Y" Y'|v Y?

The autopilot structure of the TLCT-3 is built based on the classical PID controller, which is
simple and effective. The structure of the pitch channel controller includes an angle tracking
controller and a line-of-sight angular velocity tracking controller. The yaw channel uses a line-of-
sight angular velocity tracking controller, while the roll channel employs a roll angle stabilization
controller. The parameters of the corresponding PID controllers are determined using the step
response optimization tool in Matlab/Simulink.

3. SIMULATION, CALCULATION, AND DISCUSSION

3.1. Input Data

To support simulation, verification, and evaluation of results, the following data are used as
input parameters for the program:

1) Characteristic data of TLCT-3

TimeTable =[0.00.30.6 1.2 1.8 2.4 4.25.2];

P_Table = [0.0 570 650 750 770 650 50 0.0];

m_Table =[11.25 11.16 11.06 10.82 10.58 10.38 10.16 10.15];
CG_Table = [0.565 0.555 0.544 0.519 0.493 0.471 0.447 0.446];
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Ixx_Table = [0.0252 0.0250 0.0248 0.0244 0.0239 0.0235 0.0231 0.0231];
lyy_Table =[0.985 0.979 0.973 0.958 0.942 0.929 0.915 0.914];

The aerodynamic coefficients are calculated and directly obtained from the Missile Datcom
software.

2) Command generation block:
Opes1 = 30% Obes2 = 22% attrim = 2°; ¢pes = 45°.
3.2. Methods and simulation tools

The Matlab/Simulink software is used to build the simulation program for the TLCT-3
control loop based on the designed models. Simulations are conducted, and results are analyzed
and evaluated under two tactical scenarios: top attack and direct attack modes of the TLCT-3
(figure 6).

e Fol Fbim Vb o
fm Vb
dkhi NED vk m

up
R up -] delta delta
Iy

e
I ol u 7
[ Eoi—m J “:::r—" Mo M omg_b omega Euler
{cci— Flight Control
Guidance Control
. l
| -
dkhi

Euler
dphi

Frll

Yy

=

mg_b
nco 4f
vi«—< @

Vk_m

phi

Kinematics

Figure 6. TLCT-3 Simulation Program Interface.
3.3. Simulation results and discussion

Distance, m

Distance Error
T

/
ERTTELET HEH:

c) d)
Figure 7. Simulation results in different attack modes:
a) Top attack trajectory; b) Miss distance in top attack mode;
c) Direct attack trajectory; d) Miss distance in direct attack mode.
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The simulation results corresponding to the range from 500 to 2000 meters for the top attack
mode and from 100 to 2000 meters for the direct attack mode are shown in figures 7a-7d.

Comments:

The miss distance across the entire range of the TLCT-3, in both top attack mode (500-2000
m) and direct attack mode (100-2000 m), is very small (< 0.2 m), confirming the accuracy of the
control system model. In direct attack mode, due to the smaller field-of-view limit, there is no
level-flight phase, and the missile transitions directly to the terminal guidance phase, with a
maximum altitude of approximately 60 m, consistent with the actual data of the Javelin-type
TLCT-3. In top attack mode, with a larger field-of-view limit, level-flight occurs at longer ranges
before transitioning to the terminal guidance phase. However, at shorter ranges, the TLCT-3
transitions directly to the terminal guidance phase without a level-flight phase. The maximum
altitude in this mode is approximately 160 m, which also aligns with actual data. The simulation
results are consistent with real-world data, providing a solid theoretical foundation for designing
the control system for the TLCT-3. This is the first study to provide comprehensive simulation
results for all tactical scenarios across the entire range of the Javelin-type TLCT-3.

4. CONCLUSIONS

Based on the study of the Javelin-type three-channel flight device, the authors calculated its
characteristics, developed a flight dynamics model, and synthesized the control system, including
the command generation block and the autopilot block, according to tactical scenarios. Subsequently,
simulations were conducted to compare and evaluate the effectiveness of these models.

The simulation results successfully closed the 6DOF control loop of the TLCT-3 and examined
the entire range of operation in both top attack and direct attack modes. This is a novel contribution
compared to previous studies and provides a foundation for designing the TLCT-3 control system.
However, the paper focuses on constructing the control system based on classical control theory.
With advancements in science and technology, it is entirely feasible to apply modern control theory
and intelligent control techniques to enhance the quality of the control system. This issue will be
considered in the authors' future publications.
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TOM TAT
Mo phéng vong diéu khién chuyén déng 6DOF ciia thiét bi bay ba kénh

Bai bdo trinh bay phwong phép xdy dung hé thong diéu khién va mé phéng vong diéu
khién kin chuyén déng 6 bdc tir do (6DOF) ciia thiét bi bay ba kénh kiéu Javelin (TLCT-3).
Duea trén cdc di liéu cong bo vé tinh ning chién ky thudt cia TLCT-3, nhém tdc gia dd phan
tich, tinh toan ddac trung hinh hoc, quan tinh, khi dong dé lam dir liéu dau vdo ciia doi tuwong
diéu khién cho chwong trinh mé phong. Pong thoi, nhém nghién ciru di xdy dung mé hinh
khoi tao Iénh diéu khién, khoi tw dong ldi va doi tuong diéu khién dé thiét ké chuong trinh
mé phong. Két qua mé phong theo hai kich ban tin céng ddt néc Va tin cong trwc dién
khang dinh tinh chinh xdc cia cdc mé hinh va sw phit hop véi tinh ndng chién ky thudt ciia
TLCT-3.

Tir khoa: Thiét bj bay ba kénh; M6 phong vong diéu khién; Chuyén dong 6DOF.
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