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ABSTRACT

This paper presents an extended-range improvement solution for a controlled gliding flight
vehicle (GFV) equipped with a TV-homing seecker by increasing the lifting surface area within
allowable limits while preserving static stability. This modification requires a redesign of the flight
control system to accommodate the new aerodynamic configuration. Furthermore, during
extended-range gliding flight, the vehicle experiences significant variations in velocity and
altitude, therefore, the designed controller must ensure robustness over the entire flight envelope
and under external disturbances. Six-degree-of-freedom (6DOF) simulation results demonstrate
that the proposed improvement Solution and synthesized control system enable the GFV to
increase its operational range from 9 km to 16 km while maintaining a terminal impact angle of
no less than 45 degrees.

Keywords: Extended-range gliding flight vehicle; Control system synthesis; 6DOF simulation.

1. INTRODUCTION

Recent advances in science and technology have enabled significant performance
improvements for various weapon systems. Worldwide, extended-range enhancement solutions
for gliding flight vehicles (GFVs) mainly follow two principal approaches.

The first approach employs additional wing kits to convert conventional free-fall munitions
into controlled GFVs [1-6]. This solution typically integrates an INS/GPS-based guidance system
and a tail control system to execute guidance laws toward a predefined target location.

The second approach focuses on modifying the aerodynamic configuration to increase lift,
thereby extending the range of controlled GFVs [7-8]. This approach is usually applied to vehicles
equipped with advanced homing seekers, allowing to lock on target acquisition at longer distances.

In this paper, the authors focus on the second approach and propose an extended-range
improvement Solution for a controlled GFV [9].

Most published studies related to this approach concentrate on replacing a four-wing
configuration with two larger lifting surfaces [10,11]. While this configuration is suitable for
subsonic Gliding flight vehicles (GFV), it presents installation challenges due to space limitations
on carrier aircraft. Foldable wing solutions have been investigated [6], but they require additional
mechanical deployment, increasing system complexity. In practice, current TV-homing GFVs
achieve maximum target lock-on ranges of approximately 15—16 km. Consequently, a simpler and
more feasible solution is to increase the wing area to achieve the desired range extension. However,
this solution entails addressing two key technical challenges.

First, the guidance and control system must be modified to ensure both terminal accuracy and
the required impact angle with the target.

Second, to guarantee that the proposed modification does not affect pilot operation on the
carrier aircraft, it is necessary to clearly understand the information exchange process between the
carrier aircraft and the HFV.

Although numerous studies worldwide address guidance and control design for extended-range
gliding vehicles, a comprehensive publication covering guidance law synthesis, control system
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design, and validation through 6DOF simulation remains limited. Ahmed [9] developed a 6DOF
model and a guidance loop for a TV-homing gliding bomb using a PD controller; however, 6DOF
simulation validation was not provided. Similarly, [10] focused on classical PID and modified PI-
D controllers without closing the homing guidance loop. Study [2] addressed 6DOF modeling and
simulation under wind disturbances but excluded guidance and control loops. In [3], a complete
guidance and control solution with 6DOF simulation was presented, yet parameter variations and
disturbances were not considered. In [7], a PID-SMC controller combined with proportional
navigation (PN) guidance was proposed; however, this approach is unsuitable for extended-range
GFVs due to the resulting small terminal impact angle. To improve controller performance under
large velocity and altitude variations, Gian [12] proposed an autopilot based on Linear Parameter-
Varying (LPV) techniques; nevertheless, robustness against disturbances and uncertainties was
discussed without simulation verification on a specific vehicle.

Regarding the second challenge, the complete communication cycle between the carrier aircraft
and the HFV in combat applications can be obtained through fire-control system test equipment.
For example, the communication characteristics of the KAB-500 integrated with the Su-30 aircraft
can be identified using the AKPA-30(27) test system. Test results provide time-sequenced
information such as HFV payload status (Han.rpysa), power supply modes (27 V, 36/400 Hz,
36/1000 Hz), seeker operating states (31, CI'), television signal channels (CCH, KCH, BC), target
signals (I{enp), and release modes (AB.cOpoc, B3pbiB).

Therefore, based on an extended-range improvement Solution for a controlled gliding flight
vehicle, this paper synthesizes a complete guidance and control system and validates its robustness
through 6DOF simulation under parameter variations and external disturbances.

2. PROBLEM

2.1. Extended-range improvement scheme

The original GFV (Figure 1), equipped with a TV-homing seeker, is released from an aircraft
at a maximum speed of 1100 km/h and a maximum altitude of 5 km, with an effective engagement
range of up to 9 km. With advances in TV seeker technology enabling target acquisition at
significantly longer distances, the proposed solution involves relocating and increasing the area of
the forward lifting wings. This modification preserves the original vehicle structure and aircraft
mounting configuration while achieving the extended-range objective.
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Figure 1. Extended-range improvement scheme for the controlled GFV.

With this improvement, the static stability margin Xcp decreases from 2.46 to 1.45, ensuring
both stability and enhanced range controllability. In practice, for GFVs requiring high
maneuverability, this parameter is usually set between 0.7 and 1.2. For GFVs attacking fixed
targets, this value is usually greater than 1.2. However, due to geometric limitations, the value of
1.45 corresponds to the largest allowable size of the modified design. Simulation results comparing
the original and modified configurations are shown in Figure 2.
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Figure 2. Simulation results of the original and modified controlled GFV.
2.2. Six-degree-of-freedom motion model

The proposed improvement preserves longitudinal symmetry; therefore, the 6DOF motion
equations of the vehicle include the following components [13]:

1) Translational motion of the center of mass in the body frame:

u . X 0 —-r q||lu

vi=—|Y |-l r 0 -—-pllv (D)
| om

W Z - p 0 |w

where [u, v, w], [X, Y, Z] and [p, q, r] denote velocity components, external forces, and angular
rates in the body frame, respectively; m is the mass of the vehicle.

2) Rotational motion about the center of mass in the body frame:

pl |1/I, O 0 L 0 - g |, 0 Ofp
g|=| 0 11, 0 Mi|-lr 0 —-pjj0 [, 0]gq )
i 0 0 1/1_|||N -q p 00 0 [I_|r

where /L, M, N] and [I., I,,, -] are the external moments and moments of inertia.
3) Translational motion in the Earth-fixed frame
[)'c y z']T =C, [u v W]T 3)
4) Rotational motion in the Earth-fixed frame:
é 1 singtand cosgtand | | p
01=|0 cos ¢ —sing || ¢ 4)
v 0 sing/cos@ cos¢/cos@ | |r

The external forces acting on the vehicle include gravitational force Fg, aerodynamic forces on
the body and lifting surfaces F,4, and control aecrodynamic forces on the control surfaces Fr :

X7 [x,] [x,] [x, Ll [L,7 [L
Y |=| Y, |+ Y, |+ Y, | |M|=|M,|+| M, (5)
z| |z, | |z, | |z N| |N,| |N,

Here, The external forces are defined by the following expresses:

X, o] [X:] —CAd(M,3)) \ —CAd(M.,6))
Y, [=Cr| 0 || Y |=D94,S| CYd(M,8)sing |~ q,,S| CYD(M)5 sing, |;
Z, mg| |z, | ™ ~CNd(M,5,)cosg, | ~CND(M )6, cos ¢,
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where [¢, 8, w] and [p, g, r] are Euler angles and its angular rates; ay, a, f are the spatial angle of
attack, angle of attack, and sideslip angle, respectively; gai, S are the dynamic pressure and
characteristic area, respectively; J; is the control surface deflection; D — GFV diameter.

The next task is to synthesize the guidance law and control law to achieve a predefined terminal
impact angle.
2.3. Guidance and control law synthesis for the proposed scheme

2.3.1. Robust autopilot design

The GFV operates over an altitude range of 0—5 km, with velocity varying from 300 to 200
m/s. A correction filter is designed to ensure a gain margin of no less than 6 dB and a phase
margin of no less than 35 degrees, providing robustness against disturbances and model
parameter variations.
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Figure 3. Two-loop longitudinal autopilot for elevator displacement.
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Figure 4. Two-loop lateral autopilot for aileron displacement.

Suppose, the GFV is equipped with angular rate gyros, accelerometers, and roll angle sensors.
The two-loop autopilot structures for longitudinal and lateral motion are illustrated in Figures 3
and 4.

After linearizing the 6DOF equations, the vehicle transfer function is obtained as [14]:
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Os)  K(Ts+1)
S.(s) T°s*+2£Ts+1°

Here, parameters in (6) depend on geometry, aerodynamic and inertial characterictics of GFV [14].

#) _ K,

o,(s) Ts+1

VI/TLiLnng ()= TL Lat( §)= (6)

The actuator transfer function is modeled as [15]:

o(s) 1

0.(s) T §0 28 m,s+1
=07
The angular rate gyro is represented by a second-order transfer function [15]:

(s) 1
p(s) T2s2+2§ T s+1

cqgrcq
Here, parameters of angular rate gyro: 7, =10ms; &, =0,7.

—7S

(7

W, (s)=

Here, parameters of actuator: 7, =0,257; T =5ms.

Wy (s) =L )

The amplifier transfer function is given by [15]:
UGs) _ Ky,

Ap(s) 1,5 +1 ©

KD( )_

Here, parameters of Amplifier: K,, =100/ K; T,, =1lms.

Desired open-loop frequency characteristics are defined as shown in Figures 5 and 6, with the

open-loop transfer function expressed as [16]:

Magnitude, dB

10? 10!

100(T,s + 1)(T.5 +1) 100(7,.5 +1)

m_Long — miLat - ( 1 0)
(Ts+1) (Ts+1)( s+1) (Ts+1) (Ts+1)( S +1)
The correction filter transfer function is then derived as:
ka(s): Wm(S) (11)
W ()W, ()W, (s)WCQ(S)

Bode plots of the inner loop after applying the correction filter shown in Figs. 7 and 8.
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Figure 5. Definition of desied magnitude
characteristic of longitudinal autopilot.

Figure 6. Definition of desied magnitude
characteristic of lateral autopilot.

The correction filter transfer function is then derived as:

W, (s)= W (s)
Pk W, ()W, ()W,

Bode plots of the inner loop after applying the correction filter shown in Figs. 7 and 8.
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Figure 7. Inner loop Bode diagram of Figure 8. Inner loop Bode diagram
longitudinal autopilot. of lateral autopilot.

To reduce steady-state error, a PI compensator is added in the outer loop. Time-domain step
responses of the autopilot are illustrated in Figures 9 and 10.
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Figure 9. Step response Figure 10. Step response of lateral
of longitudinal autopilot. autopilot.

Key observations: From Figures 9 and 10, it is easy to see that the step response at the set point
is the best. At the upper (310 m/s) and lower (200 m/s), the step response decreases compared to
the set point (overshoot and settling time), however, the correction filter still ensures the
convergence of the autopilot.

2.3.2. Guidance law synthesis

For the extended-range configuration, to ensure a specified terminal impact angle in the vertical
plane, a shaping guidance law (SGL) [16] is employed instead of the conventional proportional
navigation (PN):

. . 2V (1)
n(1)=4V, ()6, (t); n()=4V, ). (1) + W[GZ (1) = O pes | (13)
where, o(?) is the line-of-sight (LOS) angle; V7 is the vehicle velocity, and R(?) is the current
distance to the target.

The guidance law (13) was chosen because the following reason: To attack a fixed target with
the desired impact angle, as [16] the author has proven on the basis of Schwartz inequality, the
shaping guidance law is the most energy-efficient solution.

Since the TV seeker cannot directly measure R(?), it is approximated as:

R(t)=R,-V(t)*t (14)

This approximation directly affects the second component in formula (13), which is the
accuracy of the impact angle. However, in practice, a small deviation of the impact angle
from the desired value is allowed, so the improvement solution according to formula (14) is
entirely feasible.

Based on these formulations, a MATLAB-based simulation is developed to validate the
proposed improvement scheme.
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3. RESULTS AND DISCUSSION

3.1. Simulation input data

Simulation parameters include:

1) Geometric, mass, and inertia parameters:: D = 0,350m; L = 3,045m; CG = 1,55m; Ixx = 7,96
kg.m?; Iyy = 407,09 kg.m?;

2) Aerodynamic coefficients: obtained using Missile DATCOM. Survey range for March
number: 0.1 to 0.95. Survey range for angle of attack: -10° to 10°;

3) Initial flight conditions: Vo = 1100 km/h; ro = [0, 0, -5000] m; Eulero = [0, 5, 0] deg.

The MATLAB/Simulink simulation architecture is shown in Figure 11. Two scenarios are
considered: a 9 km range for comparison original case and a 16 km extended-range case. Both PN

and SGL guidance laws are evaluated with a terminal impact angle of 45 degrees. The GFVs
stabilized after separating from the aircraft and self-guided to the target after 2.6 seconds.

LOS_ dot| » LOS_dot n_y n_y
LOS ~_V_n
LOS_N LOS_A n_z| n_z | PP L =
delta|—»u_delta deltaf—» d r
Seeker Guidance Gyro U9 = = D
Gyrop———

KAB Airframe

|—>
Roll
Actuators Accel O
Control

GyroSensors Gyro

Angle sensor Roll 4—@
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V_n_m
[ frros YWk

rn_m

Kinematics
Figure 11. 6DOF motion simulation program.
3.2. Simulation results and comments
3.2.1. Results at 9 km range

Simulation results for the improved GFV using PN and SGL at a 9 km range are shown in
Figures 12-17.
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Figure 12. Graph of fin angles of PN. Figure 13. Graph of fin angles of SGL.
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Figure 18. Miss distance of PN and SGL. Figure 19. 3D trajectories of PN and SGL.

Key observations:

- The miss distance at impact point is approximately zero in both cases, validating the
correctness of the synthesized guidance and control system.

- With SGL, the pitch angle at impact closely matches the prescribed value of 45 degrees,
whereas PN yields approximately 37 degrees.

- Due to its trajectory being closer to a ballistic path, SGL requires smaller control surface
deflections than PN. However, increasing the area of the leading wing simultaneously increases
lift force and reduces static stability margin, meaning the control effect is enhanced compared to
the original design at the same control surface deflections.

3.2.2. Results at 16 km range

Results for the 16 km extended-range case are shown in Figures 18-23.
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Figure 22. Graph of angle of attack with PN. Figure 23. Graph of angle of attack with SGL.
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Figure 26. Miss distance of PN and SGL. Figure 27. 3D trajectories of PN and SGL.

Key observations:

- The miss distance remains near zero, confirming the validity of the proposed extended-
range solution. The impact pitch angle with SGL remains close to 45 degrees, whereas PN results
in approximately 17 degrees, which is insufficient for top-attack profiles.

- SGL requires larger control surface deflections due to trajectory shaping demands during the
extended-range phase.

- Original design has limited control effects, preventing it from achieving a range of 16 km.
The proposed design solution enhances control effects to maintain gliding flight trajectory;
therefore, simulation results have shown that the improved GFV increases its effective range to 16
km while maintaining accuracy and a desired impact angle.

Acknowledgment: The authors sincerely thank the Ministry of Defence project, code number
2024.85.32, for its support in conducting this study.

4. CONCLUSIONS

Based on aerodynamic analysis, this paper proposes an extended-range improvement solution
for a TV-homing HFV released from an aircraft. To validate the proposed approach, a complete
guidance and control system was synthesized and verified using a 6DOF motion model of the
modified GFV.

To ensure controller robustness under dynamic parameter variations, a correction filter based
on desired frequency-domain characteristics was designed. Furthermore, the conventional PN
guidance law was replaced by a SGL to guarantee the required terminal impact angle.

Simulation results confirm the effectiveness of the proposed solution, enabling the GFV to
extend its operational range from 9 km to 16 km while maintaining a terminal impact angle of no
less than 45 degrees. The guidance and control laws were synthesized based on a linearized vehicle
model to validate the improvement solution. Future work will investigate the application of modern
control theory to further enhance controller performance.
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TOM TAT
Giai phap cai tién ting tim cho thiét bi bay ty din

Bai bdo trinh bay mét gidi phdp cdi tién ting tam cho thiét bi bay (TBB) ¢é diéu khién
s dung ddu ti dan TV bang cdch tang dién tich cdnh néng trong pham vi cho phép bao
dam tinh on dinh cua TBB. Viéc thay doi nay dong nghia voi yéu cau thiét ké lai bo diéu
khién theo cau hinh khi dong hoc moi. Ngoai ra, vin toc va dg cao TBB thay doi lom trong
qud trinh bay lwon tang tam nén bo diéu khién dwoc thiét ké can bdao dam tinh bén ving
trong toan b dai vin toc ciing nhir anh hwong ciia nhiéu dong bén ngoai. Két qua mé phong
chuyén déng 6DOF cho thdy, giai phdp cdi tién va b diéu khién xdy dung cho phép TBB
ting tam bay tir 9 km d@én 16 km véi goc va cham khéng nhé hon 45 d.

Tir khoa: TBB luon ting tim; Tong hop bo diéu khién; 6DOF simulation.
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