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ABSTRACT

Rocket Technology Center of BRIN developed a rocket with a caliber of 450 mm with passive stability using
four fins on tail. The next stage, Rocket Technology Center of BRIN designed a 450mm sounding rocket with
canard fin control devices as active control on the rocket. In this paper, the thrust vector control (TVC) as an
alternative control device is used. The TVC has been used since it has small thrust loss and large control torque.
The linear actuator of the TVC on the Solid Rocket Motor (SRM) is studied. the linear actuator of the TVC is
analyzed to understanding the behavior of the thrust vector control TVC movement during flight. The
simulation shown that tunning the gain of the proportional-derivative controller generate variation the control
of swing nozzle movement to get desire pitch angle. The result indicates the small control of TVC nozzle

movement can produce pitch angle of rocket.
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1. Introduction

The Research Center for Rocket technology-
BRIN provides benefits in mastering and
developing the key technologies of the rocket,
including lightweight structural materials,
propulsion, rocket engines, rocket flight control
systems and avionics, separation systems,
rocket ground systems, for scientific and
military use. A rocket development program for
Ground-to-Ground defense with code name is
RHAN 450, has been started since 2013
through collaboration between The Research
Center for Rocket technology-BRIN (formerly
LAPAN) and the Ministry of Defense in
collaboration with industries including PT
PINDAD and PT DAHANA. Bagus [1]
described that The RHAN 450 rocket has a
baseline design from the 450 mm caliber Sonda

rocket RX 450 rocket (fig. 1). Bagus [1] also
explained this sounding rocket is expected to be
able to fly as range approximately 100 km with
a potential rocket payload at least 100 kg.

Figure 1. Technical Drawing of LAPAN RX450
Source: (Bagus, H.J., 2020)

The following are the technical specifications
of the RHAN 450 for Ground-to-Ground
defense rocket taken from Hakiki and Ahmad
Riyadl[2]. the RHAN 450 has thrust slightly
more than 10x103kgf from data acquisition of
ground test and has its trust approximately
10x103kgf from sensor which is embedded in
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rocket during flight. Result from Hakiki and
Ahmad Riyadl[2] showed the comparison of
thrust profile from static test and flight test that

can be seen in fig. 2.
Table 1. Specification of RX450

1 | Total length 7200 mm

2 | Diameter 460 mm

3 | Prediction of range | 100 km

4 | Diagnostic avionic | Global Positioning

Sensor, Sensor
Accelerometer, Sensor
Gyro, Radio Telemetry,
Blade Antenna

Source: (Hakiki and Ahmad Riyadl, 2016)

Comparison ThrustProfile RX450

— T

Figure 2. comparison of thrust profile during static test
and flight test.
Source: (Hakiki and Ahmad Riyadl, 2016)

Rearranging the Design  Requirements,
Obijectives, and the design of the RHAN 450
defense rocket is necessary to optimize the
RHAN 450 rocket's flight. One of the
improvements of its flight dynamics is by
adding an active control system. There are two
options for using an active control system, the
aerodynamic control device (fig. 3) which was
developed by lilis [3] and TVC.

= [l

Figure 3. Concept design of dual-stage Sounding rocket
RX-452
Source: (Lilis Mariani, 2020)

In this paper, the TVC as an alternative control
device is used. Yeh [4] and Steer [5] discovered
that the TVC technology was popularized in the
development of fighter aircraft, rocket, and
missile. Rocket control can benefit from TVC
technology's low nozzle exit thrust loss and
high control torque at a low deflection angle
which mentioned by Shi et al. [6], Kutschera et
al. [7], and Woodberry et al[8]. Kutschera et al.
[7] given highlight the TVC several advantages
of using missiles and combat aircraft. The TVC
have a larger maximum Angle of Attack (AcA)
and less control deflection than conventional
aircraft and missiles. Woodberry et al. [8] and
Ikaza [9] described the effect of the TVC,
which is faster and has more controllable
capabilities than the standards.

Shi et al. [6] discovered that SRM has
significantly  improved  launch  vehicle
technology. Ostrander et al [10] demonstrated
that the tactical missile application makes use
of solid rockets because of their reliability and
simplicity; utilized in a broader context for the
launch of low orbit satellites; and as model
rockets. In sounding rockets, thrust vector
control systems are utilized to lessen the impact
of perturbation. During the guidance period
outlined by Wekerle et al. [11], it is able to
maintain the rocket's trajectory.

The thrust vector control using solid rocket
motor nozzles has been introduced with several
different development methods with their own
benefits. Woodberry [8] classified the
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following into two main groups: the fixed-

nozzle system and the movable-nozzle system.

Sutton et al. [12], Prescott et al. [13], and

Truchot [14] summarized the various design

strategies for solid rocket motor nozzles, which

can be classified into categories (fig. 4):

1. Mechanical deflection of the main nozzle;
Denisikhin et al. [15] and Larkin [16]
created the control forces in the rotary
nozzles with rotary vectorable nozzles. A
moment in relation to the rocket's mass is
produced when there is an angle between
the rocket's centerline and the thrust vector's
direction. The absence of mechanical action
on the gas jet (which results in low thrust
and specific impulse losses), the linear
dependence of the control force on the
nozzle rotation angle, the stability of the
main characteristics during SRM operation,
and the relatively straightforward design are
the primary advantages of rotary vectorable
nozzles.

2. Insert the heat-resistant material movable
parts into the exhaust jet; Recent results
from Ocokolji¢ et al. [17], Kosti¢ et al. [18],
Ahmed et al. [19], Zivkovi¢ et al. [20], and
Hastirk [21] imply that the jet vane control
(JVC) is capable of providing the necessary
roll control for missile orientation during
pitch over. Roll control will keep the missile
from rolling when it launches. Due to its
ability to control roll, pitch, and yaw in
addition to its straightforward structure, the
jet vane technique is the most commonly
used one.

3. Inject fluids into aside portion of the
diverging nozzle section; Guo et al. [22]
investigated a fluidic nozzle throat that
altered the nozzle's flow area. It did not
have a drive mechanism, but it was very
reliable. It was also capable of integrating

direction-control and thrust-magnitude
control systems.

Thrust-producing unit that is separate with
the main propulsion system; Gigbocki et al.
[23] experiment using Vertical Cold
Launch Missile System which was the
energy to eject the missile vertically comes
from some external device. Small side
thrusters precisely control the projectile's
attitude during the initial unpowered
ascending phase of flight. Dong et al. [24]
and Kang et al. [25] used A continuous type
side jet controller which has four nozzles
with thrust control devices was considered.
It is deployed to a rocket for high
maneuverability and fast controllability in
the terminal guidance phase.
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Figure 4. Schematic diagrams for different TVC
mechanisms. The letter L is liquid propellant rocket
engines and S is solid propellant engines.
Source: (Sutton, G. P., and Biblarz, O. 2016)

2. Mechanism theory and Mathematical
Models

The TVC's advantages, which include low
nozzle exit thrust loss and high control torque
at a low angle of deflection, were outlined by
Shi et al. [6], Kutschera et al. [7], and
Woodberry et al[8]. The sounding rocket with
nozzle movement has been utilized extensively.
In both liquid and solid rocket, Thrust Vector
Control (TVC) technology is currently gaining
popularity. The fundamental concept of thrust
vector control, as demonstrated by Catalbas and

Gulten [26], is to model the swing movement
on a solid motor nozzle. This action caused the
rocket to move in the desired direction. The
movement of swing spout should be visible in
fig.5.
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Figure 5. swing movement of nozzle effect to rocket
trajectory.
Source: (Catalbas, Cem and Gulten, Arif. 2017).

Movable nozzle controls the direction of the
exiting flow by allowing movement of the
nozzle itself. Where the flow inside the nozzle
is changed following the movement of the
nozzle. Its concept can be seen in fig. 6. &, is
the motion angle of nozzle to pitching
movement and &,, is the motion angle of nozzle
to yawing movement.

From the swing nozzle movement, thrust from
nozzle and torque of rocket are generated.
Were, Thrust of TVC

T = cosb,cos8,%, + sind, P, —

sind,cosé, 7z, 1)
And torque of rocket

My = —dT;%, — |, Tsinb, 9, —

[ Tsin,cos8, 2, (2)
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Figure 6. The angles of swing nozzle

Shelan et al. [27] and Muniraj et al. [28] stated
that the PID controller is a common type of
control strategy due to its ease of
implementation, ability to reduce steady-state
error, and ease of use. The continuous control
signal u(t) of the PID controller is given by

u(t) = Kpe(t) + () f e(t)de +T(de) ~ (3)

from equation (1) and (2), ¢ is the deflection of
TVC nozzle with respect to the body of rocket.
This defection is controlled by PD controller
which is given by

5§ =K0+K,(0.—0(t)) (4)

The pitch angle of TVC can be seen in fig. 6,
where the angle is from the deviation of the
normal line angle of TVC to current position of
TVC. The torsional moment due to the
rotational movement of the TVC on the body
rocket is shown in equation (5). Where M,, is
the pitch torsion moment of the TVC, [ is the
distance from the rotation point of the TVC to
the end of the nozzle, and T is current thrust.

Actuator control:

M, =T.l.sind, 5)
A

tand, = - (6)

Ye=A (7)

The linear actuator system that embedded in the
TVC system can be seen in fig. 7. where the
linear actuator has its own dynamics which is
shown in equation (8-10).

The linear actuator dynamics:

my+cy+ky=F (8)
Ify =V, and j =V,

Vy _ F ki/n cVy (9)
Where

F=k,y—y)

(10)
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Figure 7. Linear actuator of TVC on Solid Rocket
Motor concept and scheme

3. Result and Analysis

For this study, the following data of the Scout
launch vehicle is given for determine the
proportional-derivative TVC control law to
implement the pitch angle from 6, = 90° to
desired angle 8,.ireq = 70° at the end of the
pith.
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Table 2. characteristic of the scout launch vehicle

Total mass . my = 21,643 kg
Propellant mass . m, = 12810kg
Burning time oty = 70 s
g/lxtiasment of inertia Y- L, = 7.09x10%
Specific impulse Ly = 260 s
Length of CP to Nozzle: _
(initial) by = 753m
(burn out) b, = 8l6m
Where:

Mass flow of propellant burn in Solid Rocket

Motor:

m = T2 (11);
b

Moment of inertia shifting due to mass flow of

propellant:
I Iy, —5.75x10%>

y =1y, — 0 (12);
Length of CP to Nozzle shifting due to mass

flow of propellant:
leg—leg

tp

The dynamic of rocket system is shown in fig.
8. using MATLAB/SIMULINK. The modeling
simulation of the TVC dynamics control of the
Solid Rocket Motor is made into 3 blocks (fig.
8).

Figure 8. The longitudinal dynamics of TVC Control in
sounding rocket

This division aims to facilitate the analysis of
the dynamic control of the sounding rocket as a
partial or full of the simulation. This is useful to
check for errors and bugs clear and ease. This

simulation also used to tune proportional and
derivatives of control to produce the desired
output. Rocket dynamics block is used to
compute the natural dynamics of the rocket. In
this section, the attitude control of the rocket
has not been taken to analyze the trajectory of
the rocket The output of the attitude dynamics
of the rocket are the flight attitude and the
trajectory of the rocket. these are used to plan
the rocket flight control system.

The attitude control rocket blockset consists the
proportional derivative of the flight attitude
control of the rocket. This control law is given
by equation (4) above.

N
:j‘

Figure 9. control law of longitudinal dynamics of TVC
Control in Solid Rocket Motor

The scheme of the control law can be shown in
fig. 9. The pitch rate and pitch angle are coming
to TVC control of rocket blockset, then the
control law generate the control of swing nozzle
movement. It is to get desire pitch angle. The
gains of controller are tuned to get fair
performance of attitude behavior of rocket.
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Figure 10. The schematic of the linear actuator
dynamics system

The results from the simulation computations in
fig. 9 produce the pitch angle (6,,) of the TVC.
The dynamic equation of the linear actuator is
presented in the schematic which can be seen in
Figure 10.

The simulation is carried out in the
MATLAB/SIMULINK software. The results of
the pitch angle rocket can be seen in fig. 11.

Figure 11. Rocket pitch rotation

The rocket rotates from the initial angle 8, =
90° to the desired angle position 8; = 70° with
a deviation angle 8, = 20°. The control system
of the rocket responses the command at the time
t, = 1s, which is the waiting time for the
response from the control from the command to
execution. There are some variations of PD
control tunning. First tunning (K, = 0.4; K, =

—1) has peak 6, = 24.45° (overshoot 22.84%)
at time t,, = 1.95s, with settling time The
settling time of the control system from the
beginning of the system response to the desired
position is tg.; = 5.23s; meanwhile, second
tunning (K, = 0.1;K; = —0.7) has peak 6,, =
21.51° (overshoot 8.15%) at time t,,, = 3.20s,
with settling time is t,,; = 6.78s; and the last
tunning (K, = 0.5;K; = —0.5) has peak 6,, =
31.82° (overshoot 60.48%) at time t,, =
1.80s, with settling time is t;,; = 9.88s.

Figure 12. TVC Nozzle Rotation

Figure 12 represents a rotating TVC Nozzle.
TVC Nozzle receives response from the linear
actuator to rotate the direction of the thrust flow
coming out of the nozzle. These effect changes
the rocket's attitude position so that the rocket
rotates to the desired position. At first tunning,
TVC nozzle rotates &, = 7.07° to push the
rocket rotates on the y-axis to the desired
position. To counter the overshoot from the
desired position of the rocket, the TVC Nozzle
rotates in the opposite direction. It has 2 cycles
until the system stable. Second tunning has
8, = 1.82° and only has a cycle to stabilize the
system; and the last one has &, = 9.20° and
has over 6 cycles until the system stable.
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Figure 13. Linear Actuator movement

TVC Nozzle rotates due to the push and retract
of the actuator linear drive rod. Linear Actuator
responds commands from the control system
which can be seen in Figure 13. The result of
the simulation, at first tunning, the linear
Actuator retracts the driving rod with maximum
A= 6.20cm to rotate the TVC nozzle. While,
from second tunning given a maximum retract
A= 1.58cm; and the last tunning has a
maximum retract A= 8.10cm

Table 2. Comparisons of TVC system dynamics

Tm Overshoot
Kp Kd Peak [s] %] Ts [s]
0.4 -1 [52"]1 19 22.8 5.2
Rotation 2195
rocket in 0.1 -0.7 [de'] 3.2 8.1 6.7
Y-axis 3 198
0.5 -0.5 : 1.8 60.4 9.8
[deg]
0.4 1 [dZ'(]’ 1.0 21| 40
TVC =
Nozzle 0.1 -0.7 [del] 1.0 27.5 3.7
Rotation 9g2
0.5 -0.5 ’ 1.0 110.8 9.6
[deg]
0.4 -1 [ciﬁ 1.0 42.1 4.0
Linear 15
actuator 0.1 -0.7 [cﬁ] 1.0 275 3.7
movement 81
0.5 -0.5 [crﬁ] 1.0 114.1 9.6

4. Conclusions

The paper provides TVC system scheme with a
SRM nozzle is driven by linear actuator. The
entire actuation system, which has been
modeled in MATLAB/SIMULINK to confirm
the results of simulations of the proposed
system. This simulation can well represent the

attitude behavior of TVC nozzle. From the
simulation can be seen that tunning the gain of
the proportional-derivative controller generate
variation the control of swing nozzle movement
to get desire pitch angle. The result indicates the
small control of TVC nozzle movement can
produce pitch angle of rocket.
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