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ABSTRACT  
 
This paper discusses the stability and controllability of the dynamic system of the 

LAPAN Surveillance UAV 05-NG (LSU 05-NG) aircraft equation. This analysis is important 
to determine the performance of aircraft when carrying out missions such as 
photography, surveillance, observation, and as a scientific platform to test 
communication-based on satellite. Before analyzing the dynamic system, first arranged 
equations of motion of the plane which include the force equation, moment equation, and 
kinematics equation. The equation of motion of the aircraft obtained by the equation of 
motion of the longitudinal and lateral dimensions. Each of these equations of motion will 
be linearized to obtain state-space conditions. In this state space, A, B, and C are linear 
matrices that will be obtained in the time domain. Stability analysis using eigenvalue 
method and controllability analysis using Kalman Rank Condition method. The results 
of the analysis of matrices A, B, and C show that the dynamic system in the LSU 05-NG 
motion equation is a stable system on the longitudinal dimension but the lateral 
dimension on the unstable spiral mode. As for the analysis of the control of both the 
longitudinal and lateral dimensions, the results show that the system is controlled. 
 
Keywords: stability, controllability, , Kalman rank condition, dynamical system.  
 
1 Introduction 
 The development of unmanned 
aircraft in various countries is quite 
significant and the unmanned aircraft is 
widely applied to the needs of a country. 
Currently UAV (Unmanned Aerial 
Vehicle) or Drone aircraft have been used 
in various applications such as military 
industry, commercial cargo 
transportation, and mapping (Parmar & 
Acharya, 2015). In Indonesia, the 
development of UAV technology is also 
developing rapidly and its application is 
not inferior to other countries. Therefore, 
as a government agency engaged in the 
world of aeronautics, Pusat Teknologi 

Penerbangan continues to conduct 
research and innovation. One focus of 
work carried out is the development or 
development of unmanned aircraft. Until 
now, there are several variants of UAV 
owned. From the smallest to the biggest. 
One of the drones developed was the 
LAPAN Surveillance UAV 05 Next 
Generation (LSU 05-NG) aircraft. 
 LAPAN Surveillance UAV 05 Next 
Generation (LSU-05 NG) is an unmanned 
aircraft capable of accommodating large 
loads (maximum 30 kg) that has missions 
for research, observation, patrol, 
surveillance, and SAR activities. The 
main mission of this aircraft is to support 
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aerial photography activities by carrying 
loads in the form of optical devices. In the 
future, this aircraft will also be used as a 
scientific platform to test the satellite-
based communication system developed 
by the LAPAN Pustekbang and can also 
be used for border surveillance (Rizaldi, 
2019) 

Before carrying out this mission, it 
is necessary to analyze the stability, 
control, and observability of the state 
space matrices. This simulation analysis 
is carried out to ensure that the LSU 05-
NG is stable and can be controlled 
properly when there is interference. 
Previous research on stability analysis on 
UAVs has been conducted by (Purwanto, 
2012). The analysis carried out is a 
dynamic stability analysis on the UAV. 
The results obtained that the UAV has 
dynamically stable properties in the 
longitudinal and lateral dimensions. In 
addition, an analysis of static stability 
has also been carried out by (Sugandi et 
al., 2018). The study was conducted on a 
UAV with a tandem model or commonly 
called a tandem wing UAV. Research 
related to stability is also widely carried 
out as conducted by (Boschetti & 
Cárdenas, 2012), (Boschetti et al., 2010) 
and (Cardenas et al., 2004). On the other 
hand, research about controllability and 
observability has been carried out. 
(Younus & Ur Rahman, 2014) conducted 
research on control and accuracy to 
obtain solutions from dynamic systems 
on voltera type nonlinear matrices. Also 
conducted by (Tian et al., 2019) research 
related to control and observation. 
Research conducted on a linear dynamic 
system on a multi-agent system. 
 In this study an analysis of the A, B, 
C, and D lines that have been linearized 
in the state space state. The purpose of 
this analysis is to find out the stability 
and controllability of the dynamic system 
that is formed from the equation of the 
linearized motion of the aircraft. 

2  Methodology 
2.1 Stability 

In designing an aircraft, the stability 
analysis is very important to know the 
aircraft's ability to carry out the mission 
and the aircraft's attitude when there is 
interference. Stability analysis on aircraft 
includes static and dynamic stability 
analysis. Static stability of an aircraft is 
generally the first type of stability 
evaluated by a designer. The static 
stability criteria for the three aircraft 
rotation modes (pitch, roll, and yaw) must 
be considered (Yechout, 2003). In 
addition, it needs to be evaluated for 
aircraft dynamic stability. The dynamic 
stability of the aircraft focuses on the 
time domain when the aircraft is moving 
and gets outside interference when in a 
state of balance or trim condition. An 
analysis of the aircraft's dynamic stability 
needs to be carried out to determine the 
aircraft's handling quality and features 
designed for the aircraft to run well or not 
when carrying out the mission. The basis 
for knowing this dynamic stability, the 
first thing to do is to arrange a plane 
motion differential equation or equation 
of motion (EOM). Then from the results of 
EOM compilation is carried out 
linearization and will get a matrices A, B, 
and C in the state space. The matrices 
will find the roots of their characteristics 
which will be used to determine stability. 

Theorem (1): Given a system of 
differential equations 

 
! = #! (2-1) 

 
where # is matrices of size $×$ and 

has an eigenvalue &', &) ⋯⋯ , &+ with , ≤ $. 
The differential equation system is said to 
be stable at ! = 0 if and only if the 
characteristic roots of matrices # in the 
real domain are negative or /0&+ < 0. 
(George, 2015). 
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2.2 Controllability 
Given a system of linear differential 

equations in the time domain 
 

! 2 = #! 2 + 45 2 ,			! 27 = !7 (2-2) 

8 2 = 9! 2 + :5(2) (2-3) 
 
where matrices A, B, C dan D have size  

n×n, n×r,m×n,	dan n×r.  
 
Theorem (2) Kalman rank conditon:  

The differential equation system in Eq. (2-
2) dan (2-3) s said to be controlled at 
intervals 27, 2'  if and only if the control 
matrices 

 
4		#4	⋯	#EF'4  (2-4) 

 
with size $×$G has rank as much $. 
(Davis et al., 2009) 
Theorem 2 shows that the system is said 
to be controllable output if with the 
unconstrained control vector 5(2)  
Theorem 2 shows that the system is said 
to be controllable output if with the 
unconstrained control vector !(27) to the 
condition !(2') in interval 27 ≤ 2 ≤ 2'. 

Based on the understanding of 
Theorem 2-2 it is important to know that 
any initial and final state consisting of n 
components and if all components of the 
initial state can be controlled to n 
components that correspond to the final 
state, then the system can be controlled. 

Whereas with the existence of an 
unrestricted u (t) controller, nothing is 
required except to transfer just any initial 
state that is given to any desired final 
state at a finite time interval (Subiono, 
2013) 

 
2.3 Equation of Motion 

Airplanes can move on the X, Y, and 
Z axes. Airplane movements include 
rolling, pitching, and yawing. Rolling is a 
rolling motion made by aircraft on the 
longitudinal axis caused by the aileron 

control plane. Pitching is a nodding 
motion down and up on the lateral axis 
due to the elevator control plane. While 
yawing is a turning motion on the 
horizontal body caused by rudder 
control. LSU 05-NG has flaps for increase 
lift when taking off. In general, the 
anatomy of LSU 05-NG is given at Figure 
2 - 1. 

 
Figure 2-1: Anatomy of LSU 05-NG 

 
To get the equation of motion aircraft, 

used first-principle modelling (Adiprawita 
et al., 2008). This approach is used by 
involving the basic equations of 
mechanics and aerodynamics. This 
reduction involves a decrease in the force 
equation, the flight kinematics equation 
and the moment equation. 

 

 
Figure 2-1: Definition of force, 
moment and speed on airframe 
(Nelson, 1989) 

 
Based on Figure 2-2, the equation of 

force on the plane at coordinates H, I and 
J is the sum of the forces that occur on 
the plane which include gravity, thrust, 
and aerodynamic forces (Luckner, 2007). 
Mathematically, the force equation can 
be written as follows 
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m(u + qw − rv) = 	−mg sin Θ

+ FUV + FWV 
(2-5) 

m v + ru − pw = mg sinΦ cos Θ
+ FU\ + FW\ 

(2-6) 

m w + pv − qu

= 	mg	 cosΦ cos Θ + FU] + FW] 
(2-7) 

The moment equation in the aerospace 
vehicle is often called the rotational 
equation and mathematically the 
moment equation can be written as 
follows (Ulu s & Ikbal, 2019) 

 
pIV + qr IV − I\ − pq + r IV]

= LU + LW 
 

(2-8) 

qI\ − pr I] − IV + p) − r) IV]
= MU + MW 

 

(2-9) 

rI] + pq I\ − IV + qr − p IV]
= NU + NW 

 

(2-10) 
 

To analyze an aircraft's dynamic 
response, rotational angle motion is used 
on an aircraft that is Φ Θ Ψ  which 
respectively states roll, pitch, and yaw 
(Ahmed et al., 2015). The relationship 
between angular velocity and rotation 
angle is expressed in the following 
mathematical form 

 
Φ = p + (q sinΦ + r	 cosΦ) tan Θ (2-11) 

Θ = q cosΦ − r sinΦ (2-12) 

Ψ = q	 sinΦ sec Θ + r cosΦ sec Θ (2-13) 
 
2.4 State Space Representations of the 

UAV Model 
In this section, the equation of 

motion in the longitudinal and lateral 
dimensions is obtained from Eq. (2-5) to 
(2-13). Then those equation is linearized. 
Those longitudinal and lateral equations 
are obtained in the state sapce. 
Equations in the form of state space are 

needed to develop the transfer function 
for each state variable and control input. 
For longitudinal equations in state space 
conditions are given as follows  

 
5
f
g

h

= #

5
f
g
h

+ 4
i0
ij

 

 

 
(2-14) 

 

with 
 

#  
 
= 

Hk
Jk
lk
0

Hm
Jm
lm
0

Hn
Jn
ln

1

−p cos h
−p sin h

0
0

 

 
4  

 
= 

Hq0
Jq0
lq0
0

Hqj
0
0
0

 

The lateral motion equation on the 
plane involves the rolling moment, the 
yawing moment and the side force of the 
equation of motion. The lateral motion 
equation in the state space state is given 
as follows  (Akyazi et al., 2013) 

 
r
s
t
u

= #'

r
s
t
u

+ 4'
iv
iw

 

 

 
(2-15) 

with  
 

#'  
 
= 

Ix
yx
zx
0

I{
y{
z{
0

Iw
yw
zw
1

−p cos h
0
0
0

 

 
4  

 
= 

Iqv
yqv
zqv
0

Iqw
yqw
zqw
0

 

 
3 Result and Discussion 

Stability and control analysis is 
important to do to find out the flight 
performance of the aircraft when carrying 
out the mission. This analysis was 
carried out on the LSU 05-NG aircraft 
assuming when flying a cruise mission on 
a cruise with a speed of 30 m / s at an 
altitude of 1000ft. But before an analysis 
is carried out to obtain a dynamic system 
in the state of space, a simulation is 
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carried out to obtain aerodynamic 
stability derivatives. When conducting a 
simulation several variables to be 
considered as presented in  

Table 3-1: .   
 
Table 3-1: Variables that are considered 

during simulation 
 

Variable Value 
Density 1.222 |p/G~ 
Viscosity 1.463e-05 G)/' 
CG on X direction 1.515 G 
CG on Y direction 0.000 G 
CG on Z direction 0.047 G 
Inertia on X 
direction 

40.06 |p	G) 

Inertia on Y 
direction 

63.58 |p	G) 

Inertia on Z 
direction 

99.79 |p	G) 

Inertia on XZ 
direction 

4.28 |p	G) 

Mass of aircraft 76.77 |p 
 
The variables in Table 3-1 are entered 

into the XFLR5 software. In this XFLR5 
software, the model of the aircraft was 
made first. The output of the aircraft 
model using XFLR5 is given at Figure 2-
1: Model LSU 05-NG in XFLR5-1. 

 

 
Figure 2-1: Model LSU 05-NG in 

XFLR5 
 

The results of this simulation provide 
stability derivative values which will be 
used as the basis for calculating the 
elements in matrices A, B, and C. The 
derivative of aerodynamic stability in 

question includes the stability derivatives 
used for longitudinal and lateral motion. 
The assumption of this simulation is in a 
state of the cruise where there is no 
rotation in the control plane or the 
control plane on the plane. 

Derivatives of aerodynamic stability for 
aircraft motion on the longitudinal 
dimension are given as follows: 

 
Table 3-2: Stability derivatives of 

longitudinal axis 
 

Stability 
derivatives of 
longitudinal 

 
Values 

9Äk -0.0012921 
9ÄÅ 0.11819 
9Çk -0.00069528 
9Év 5.3799 
9Én 11.331 
9Ñk 0.035372 
9Ñv -4.4388 
9Ñn -21.655 

  
While the simulation results of 

aerodynamic stability derivatives for 
lateral motion are given in Table 3-3. 
 
Table 3-3: Stability derivatives of lateral 

axis 
 

Stability 
derivatives of 

lateral 

 
Value 

9Öx -0.25652 
9Ö{ 0.015134 
9Öw 0.21229 
9Üx -0.012482 
9Ü{ -0.53234 
9Üw 0.062209 
9Ex 0.11286 
9E{ -0.017257 
9Ew -0.093463 

 
 
3.1 Analysis of Stability and Control on 
the Longitudinal Matrices 
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Based on the data in Table 3-2, 
obtained a matrices A and B in the 
longitudinal motion as follows 

 
A

=

−0.00271615
−0.257616
0.0576336	

0

0.248462
−11.3097	
−7.23232

0

0
68.9497
−11.3237

1

−9.81
0
0
0

 

B = 	

1.959083
−73.99448
−188.4752

0

 

Then to find the stability of the 
dynamic system, eigenvalues and pole 
locations will be sought in the imaginary 
domain plane. By using the determinant 
formula the values of the roots of 
matrices A are obtained as follows 

 
Table 3-4: Eigen values of matrices A on 

the longitudinal dimension 
 

Symbol Value 
&' -11.31719 - 22.33163i 

&) -11.31719 + 22.33163i 

&~ -0.00089 - 0.19840i 

&è -0.00089 + 0.19840i 
 
Because the eigenvalues of matrices A 

are negative or less than zero, based on 
Theorem 1 (George, 2015) that the 
dynamic system composed of decreasing 
the motion of the LSU 05-NG aircraft is 
stable. In addition to analyzing the 
stability can be seen in Figure 3-2. In 
Figure 3-2, it appears that all 
characteristic roots are located to the left 
of the imaginary axis. This means that 
the LSU 05-NG is dynamically stable on 
the longitudinal dimension. On the other 
hand, it is necessary to do a phugoid 
mode analysis. Phugoid mode is a mode 
where a deviation occurs so that 
sinusoidal motion occurs at low 
frequencies. This needs to be analyzed 
also to determine the stability of the 
aircraft when there is interference. The 

phugoid mode analysis results are based 
on calculations using the following 
formula 

 
&{êkëí+ì

= −
JkHn − HkJn

2Jn

±
JkHn − HkJn

2Jn

)

+
pJk
Jn

 

 
 
(3-1) 

 
Based on the data in Table 3-2 and Eq. 

(3-1) the following characteristics for 
phugoid mode are obtained. 

 
Table 3-5: Value of phugoid mode 

output characteristics 
 

Characteristic Value 
&{êkëí+ì -0.001358 ±0.16323i 

Undamped 
Natural 
Frequency 

0.163236Hz 

Damped 
Natural 
Frequency 

0.16323Hz 

Damping Ratio 0.008319 

Time Periode 37.86068737 
 
In addition to the phugoid mode, a 

short period analysis is also performed. 
Where this short period is the oscillation 
motion in a shorter time than the 
phugoid mode. The analysis results for 
the short period are given in Table 3-6. 

It can be seen in Figure 3-3 and 
Figure 3-4 the simulation results for 
phugoid mode and short periods of 
motion equations on the longitudinal 
dimension. Based on Figure 3-3 and 
Figure 3-4 there are differences. For 
Figure 3-3, because the damping ratio is 
very small, it takes a long time to return 
to a stable state. Whereas in Figure 3-6, 
because the damping ratio is quite large, 
the time to stabilize is quite fast.	
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Table 3-6: Value of short periode mode 
output characteristics 

 

Characteristic Value 
&ïêíwj -1.45372	±8.73554i 

Undamped 
Natural 
Frequency 

8.855674 Hz 

Damped 
Natural 
Frequency 

8.73554 Hz 

Damping Ratio 0.164157 
Time period 0.707454834 

 
Based on the analysis of the phugoid 

mode and short period, because the 
negative value is negative and based on 
the location of the pole as shown in 
Figure 3-2, the dynamic system 
composed of decreasing equations of 
motion at LSU 05 –NG is stable. 

The next step is to analyze the 
controllability of the LSU 05-NG dynamic 
system using the Kalman rank condition. 
As the definition in the previous chapter, 
it will be proven that the linear system is 
said to be controlled if for any arbitrary 
condition !(0) there is an unlimited 
number of 5(2) to transfer the state of  
!(0) to any final state  !(2') in interval 27 ≤
2 ≤ 2'.  

The solution of the system in Eq. (3-2) 
is as follows  

 
! 2

= ñój! 0 + ñó jFò 45 ô öô

j

7

 

 
(3-2) 

 
where A and B are linearized matrices 

for longitudinal motion. Assuming the 
dynamic system in Eq. (2-2) is a 
controlled system, there is a controller 
5(2) so that any !(0) can be transferred to 
! 2' . By choosing 2 = 2' Eq.  
(3-2) becomes 
! 2'

= ñójõ! 0 + ñó jõFò 45 ô öô

jõ

7

 

 
(3-3) 
 

 
To guarantee the existence of the 

controller 5(2) wich transfers !(0) to !(2') 
within a finite time a non-singular matrix 
is defined  

ú 0, 2' = ñFóò44ùñFó
ûòöô

jõ

7

 

 

 
(3-4) 

where 4ù is the transpose of 4 matrices. 
Define the 5(2) is controller matrices as 
follows  
5 2 = −4ùñFó

ûjúF' 0, 2'  
! 0 − ñFójõ!'  

(3-5) 

 
where úF' 0, 2'  is invers matrices 
ú 0, 2' . 

By substituting Eq. (3-5) into Eq.  
(3-3), ! 2' = !' is obtained. Its 

means that there is a controller 5(2) so 
the dynamics system can be controlled. 
After that the rank condition of the 
matrices 4		#4	⋯	#EF'4  will be 
evaluated. Because the size matrice A is 
4×4 then the value $ = 4 the control 
matice for the dynamic system in Eq. (2-
2) is given ac follows 

 
4	#4	#)4	#~4  (3-6) 

  
Based on matrices A and B generated in 
longitudinal motion, then Eq. (3-6) 
becomes  
 
lóü

= 10†
0

−0.0001
−0.0002

0

0
−0.0122
0.0027
−0.0002

−0.0012
0.3216
0.0577
0.0027

0.0537
0.3423
−2.9793
0.0577

 

 
Because the determinant of matrices 

lóü ≠ 0, so matrices lóü has rank equal 
to 4. Based on Theorem 2, the dynamic 
system that is composed of a linear 
equation of linear motion has controlled 
properties. 
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Figure 3-2: Pole position on the longitudinal dimension 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-3: Longitudinal dimension simulation results in phugoid mode 
 
 

 
 

Figure 3-4: Longitudinal dimension simulation results in a short period 
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3.2 Analysis of Stability and Control in 
Lateral Dimension 
Analysis of stability and controllability in 
the lateral dimension  
is done by calculating the values of the 
matrix elements A and B in the Eq. (2-15). 
Based on the data in Table 3-3: Derivative 
stability of lateral motion, the linear matrix 
A and B are obtained as follows 
  

¢ =

−£. §•¶ß§®
−£. £ß©££™´
®. £®§©¨	

£

£. £´™©´¶ß
−•ß. ß©ß®	
−•. ¨´®¨•

®

−™§. •¨™ß
•. ®´¨®¨
−®. ¶¶¨¨¨

£

¶. ´®
£
£
£

 

4 = 	

−20.83547
−16.8183
37.95013

0

 

By using eigenvalue method of matrices A, 
obtained the characteristic values of 
matrice A are as follows  
Tabel 3-4: Eigen value of matrices A in 
lateral dimension 

Symbol Value 
&' -31.88672+0.00000i 
&) -1.45186-8.76579i 
&~ -1.45186+8.76579i 
&è 0.01242+0.00000i 

 
There are 3 modes if analyzed based 

on the root characteristics of matrix A, 

namely dutch roll, spiral, and roll 
subsidence. Three modes can be seen in 
Figure 3-5. Based on Table 3-7 and Figure 
3-5 the spiral mode is positive and the 
pole is located to the right of the 
imaginary axis. This indicates that in 
spiral mode the plane's motion is 
unstable. However, for dutch roll and roll 
subsidence, it is stable. If the longitudinal 
motion is analyzed for two modes, namely 
the short period and phugoid mode, then 
the lateral movement also analyzes the 
dutch roll mode. Dutch roll is motion 
instability caused by disturbance 
resulting in a combination of yawing and 
rolling motion. Simulation results for 
lateral motion in dutch roll mode are given 
in Figure 3-6. 

Based on Figure 3-6, the yaw rate (r) 
has a peak value of 5.322272 at 0.15 
seconds and returns to the settling time 
at 7.43 seconds. Roll rate (p) has a peak 
value at 0.2 seconds of 0.495407 degrees 
/ s and returns stable at 6 seconds of the 
graph to zero. The angle of roll on the 
graph starts from -0.06867 in the initial 
seconds and has a peak value of 0.042045 
degrees at the second to 0.39 and 
continues to oscillate until stable again at 
4.49 seconds. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 3-5: Graph of a mode of lateral motion 
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Figure 3-6: Simulation results of lateral motion mode dutch roll 

 
Next, the controllability of the dynamic 

system on the lateraldimension will be 
analyzed. The steps for analysis of 
controllability in the lateral dimension 
are the same as the analysis of 
controllability in the longitudinal 
dimension. The first thing to do is to 
prove the existence of the controller 5(2) 
so that any !(0) can be transferred into 
! 2' . Therefore defined 5(2) as a 
controller as in Eq. (3-5). Based on the 
analysis done previously on the 
longitudinal dimension, the controller 
5(2) can be guaranteed so that any  !(0) 
can be transferred to ! 2' . When it can 
be guaranteed that there is a controller 
5(2) will be analyzed matrice zóü =

4	#4	#)4	#~4 . 
With the input matrices A and B on the 

lateral dimension obtained  

zóü = 10≠
−0.0002
−0.0002
0.0004
0

−0.0285
0.0066
−0.0004
−0.0002

0.0407
−0.2144
−0.0527
0.0066

3.9947
6.7443
0.9359
−0.2144

 

 
Determinant of matrices zóü not equal 

to zero, it’s meaning that matrices zóü 
has inverse and rank. Based on an 
identification of the rank of matrices  zóü 
the number of rank of matrices zóü is 4. 
Where the rank of matrices zóü is equal 

to $ = 4. Because the rank of matrices zóü 
is equal to $, then matrice  zóü can be 
controlled in other words, dynamic 
systems of the lateral dimension are 
controlled. Simulations performed both 
on the longitudinal and lateral 
dimensions, are simulated by calculating 
the load carried by the LSU 05-NG when 
carrying out the mission. Based on 
simulations using XFLR5, when carrying 
out missions carrying 30 kg loads, the 
LSU 05-NG remains stable  

 
4 Conclusion 

Analysis of the stability and control of 
the dynamic system in longitudinal and 
lateral motion shows that the dynamic 
system in the longitudinal dimension is 
stable and can be controlled by using 
eigenvalue method and Kalman Rank 
Condition Method. This is because matrix 
A has a negative characteristic value and 
the location of the pole in the s-plane is 
to the left of the imaginary axis. On the 
other hand, because the control matrix 
lóü has the same rank as $, the dynamic 
system in longitudinal motion can be 
controlled or controlled. Whereas in the 
lateral dimension, three eigenvalues or 
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negative  characteristics are stable in the 
subsidence roll and dutch roll. However, 
in spiral mode, it is not stable due to 
positive eigenvalue. The zóü control 
matrix has the same rank as $, so it can 
be concluded that the dynamic system in 
the lateral dimension is controlled. 
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 ABSTRACT   

 
In this paper, a numerical investigation on the fuselage structure of LSU 05 NG was 

carried out. This fuselage is designed to carry the payload up to 25 kg. Statical 
numerical analysis using the finite element method has been done by using Simulia 
Abaqus. The fuselage structure that has been designed which consists of frame, 
longeron, and skin that can also be called a semi-monocoque structure. This airframe 
uses combination of balsa and GFRP type of composite as the material. There are three 
load cases,i.e. take-off condition, cruise condition, and landing condition. Tsai-hill 
failure criteria is used to investigate the strength of the composite structure due to the 
load that is applied. The maximum stress from this calculation is 49.24 MPa on the 
ground condition (take-off and landing) while the maximum principle stress on the 
cruise condition is 52.76 MPa. The maximum Tsai-hill criterion is 0.95 at the cruise 
condition. With such simulation results, it can be said that the fuselage structure is 
still safe when operated and can also be optimized for several components so that the 
weight of the aircraft can be reduced. 

 
Keywords: finite element method, stress analysis, fuselage, unmanned aircraft. 
  
 
1 Introduction 
 LSU 05 NG is an unmanned aircraft 
developed by Pustekbang LAPAN. It is 
the new generation of LSU 05 with a 
wider fuselage to carry more payloads. 
The fuselage is reinforced with frame 
and longeron along in its skin structure 
which is called the semi-monocoque 
structure. 

The aircraft developed from LSU 05 
UAV (Unmanned Aircraft Vehicle) is a 
part of the Maritime Surveillance System 
Project. It has improved payload 
performance by optimizing the airfoil 
and the geometry of the internal 
structure. LSU 05 NG is designed to 
carry various missions. The main 
mission for LSU 05 NG is maritime 
surveillance with additional missions 

such as air logistics, search mission, 
and aerial photography. Every mission 
has its loading profile. 

There are so many previous research 
about design and numerical simulation 
which has been done to build some 
unmanned aircraft. Chen and Lu have 
done the numerical simulation method 
of UAV fuselage compression under 
centrifugal load based on the discrete 
element analysis method. The purpose of 
this method is to calculate the 
centrifugal load stress spectrum of the 
surface of the UAV fuselage. By doing 
this method, the accuracy of the anti-
compression numerical test of the UAV 
becomes higher (Chen & Lu). Ariyanto, 
et al has designed a low-cost fixed-wing 
unmanned aerial vehicle that can fly 
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autonomously.  This research is using 
the weighting factor to determine the 
best configuration of each design 
parameter (Ariyanto et al).  

Chung et al also presents their 
report about design, manufacturing, and 
flight testing an experimental flying wing 
UAV. The design of the airframe is based 
on matching plot, weight estimation 
approach, and conventional aircraft 
design procedure (Chung et al). Velasco 
et al implementing UAV Design using 
five requirements such as maximum 
span, budget ceiling, payload and 
mission, weight, and cruise speed. The 
design meets the measurable design 
requirements even though it is using 
adjustments since the requirements is 
less specific and therefore is hard to 
assess (Velasco et al). Design and 
analysis of UAV fuselage is performed by 
using finite element analysis (Sighanart 
et al) which shows the maximum stress 
while load is applied (Dassault 
Systemes). 

Raja et al has described the rivetted 
splice joint at the fuselage structure. 
Their calculation is performed by using 
cabin pressurization in aircraft fuselage. 
They use the global finite element using 
static analysis to get the benchmark 
results from the splice joint panel. This 
structure is a safe limit at this load case 
(Raja et al). Hadjez and Necib use the 
Patran-Nastran software to study the 
stress analysis on the aircraft fuselage 
with and without porthole. This work is 
to study the stress concentration in the 
aircraft fuselage due to the presence of 
porthole (Hadjez & Necib). 

Material selection has a crucial role 
in the analysis of UAV Fuselage. To 
achieve the strength and lightweight 
structure, the composite material has 
been proven as an excellent material for 
lightweight structures (Abdurohman & 
Marta). The composite is ductile enough 

so that it can be used as a UAV fuselage 
material (Isna et al). 

 

 
Figure 1-1: Detail Design of LSU-05 NG 

 

In this research, there are three 
loading configurations on LSU-05NG’s 
fuselage. The loading is simulated as 
static load as the result of combination 
of various loading such as wing and 
empennage loading. The loading 
configurations consists of take-off 
condition, cruise condition, and landing 
condition. The prediction of structure 
strength will be conducted by numerical 
simulation. Numerical simulation will be 
done with commercial finite element 
software Abaqus. The result of 
simulation will be evaluated by the Von 
Mises and Tsai-Hill failure criteria hence 
the strength of structure can be 
determined.  
 
2 Methodology 

The method used in this research is 
to start by design the fuselage of UAV 
using CAD (Computer Aided Design) 
software. In this case, the software used 
is Solidwork 2017. After the design is 
complete, the next step is exporting the 
drawing model in to the finite element 
software and set up the finite element 
model. The finite element model consists 
of main component that divided into 
small partitions that called finite 
elements. The boundary conditions and 
material databases need to be inputted 
into the model, so the simulation could 
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yield results to be analyzed. The 
workflow of this research is shown in 
Figure 2-1. 
 

 
Figure 2-1: Workflow of Research 
 
The detail design of the UAV 

fuselage airframe has been done by 
using Solidwork 2017. The detail 
drawing can be seen on Figure 2-2. 
Commonly the fuselage of aircraft 
consists of frame, skin, longeron,  and 
bulkhead. The frame is dedicated to give 
the shape of the fuselage. The longeron 
together with the frame carry the 

bending load and torsion in the fuselage 
due to its own weight and the weight of 
payload inside. The bulkhead is the 
reinforced frame that dedicates to carry 
heavier payload. Usually the bulkhead is 
placed in the joint between wing and 
fuselage and fuselage with landing gear. 
The skin structure is effective to carry 
tension load and is dedicated to be the 
shield of system in the fuselage during 
the mission of this aircraft.  

 
Figure 2-2: Fuselage 3D Detail Drawing 

 
After the 3D model is complete, the 

next step is to build the finite element 
model. In this case, the structure can be 
modelled as shell element, to simplify 
the simulation process while 
maintaining the consistency of the 
model. The simplification has been done 
with CAD software Solidwork 2017 by 
simplifying solid parts into surface. The 
surface model is dedicated to build the 
finite element model using shell element 
instead of solid element. The benefit of 
shell element in this case is the running 
time is faster and the results is still 
pretty accurate. 

 

 
Figure 2-3: Fuselage Surface Model 
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The skin structure is simplified 
from a 3D model into a surface model by 
generating from its middle surface. The 
skin of this fuselage using composite as 
material properties. In this skin there 
are three openings which function for 
the entry and exit of the payloads and 
fuel tank and attachments with wing. 
The detail surface model of the fuselage 
skin can be seen in Figure 2-4 below. 
 

 
Figure 2-4: Fuselage Skin Model 
 
The frame bulkhead and the 

longeron is also converted into the 
surface model. The frame bulkhead and 
the longeron also use composite for 
material properties. The detail surface 
model of the bulkhead, frame and 
longeron can be seen in Figure 2-5. 
 

 
Figure 2-5: Fuselage Frame and        

           Longeron Model 
 
One of the important process on 

structural stress analysis is meshing 
process. This process dividing a part into 
several element. The element acts as 
finite element where the reaction and 
stress acts at each corner of the 
elements. The quality of the mesh will 
determine the simulation. Finer mesh 
will yield more accurate results than 
coarse mesh but with increased 
computation time. The element that is 

used in this model is quad shell element 
type. This element have a square shape. 
The quad element is used with plane 
stress assumption. This assumption can 
be used accurately for thin relative 
structure. The benefit of using quad 
shell element instead of solid element is 
faster in the computational time. The 
shell element assumption can not used 
if the concern is in the trough thickness 
structure. The finite elemet model with 
quad dominated shell element can be 
seen in Figure 2-6. 

 

 
Figure 26: Meshed Geometry 

 
The skin structure of fuselage is 

using composite material. A composite 
material is often used because it has 
several advantages including being 
lighter and possessing high strength. 
Designed material for LSU 05 NG’s 
fuselage structure is using E-Glass 
EW185/Epoxy composite, with 4 ply. 
The properties of the composite is shown 
below in table 2-1. The main reason to 
use E-glass in fuselage structure is 
about its good interaction with avionic 
component. It is because the main 
avionic device like control unit, battery, 
antenna are located in the fuselage.  

The values from table 2-1 are 
obtained from tensile testing of 
composite materials using 4 layers of E-
Glass fiber ±45o which has a density of 
2.2 g/ cm3 the results of the test are 
greatly affected by material, method, 
specimen conditions, preparation, and 
also the percentage of reinforcing 
material. (Abdul-Hamead et al). 
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Table 2-1: Material Properties 

Properties Value 

E1 8090 MPa 

E2 8090 MPa 

υ12 0.1 

G12 1270 MPa 

G13 1270 MPa 

G23 1270 MPa 

σmax_tension_1 261 MPa 

σmax_tension_2 261 MPa 

σmax_comp_1 63.66 MPa 

σmax_comp_2 63.66 MPa 

σmax12 17.3 MPa 

 
To assess the damage in the 

composite structures, Tsai-Hill failure 
criterion will be used. Tsai-Hill criterion 
predicts the failure of anisotropic 
materials by comparing the value of 
working stresses with maximum 
stresses of the material. The equation 
used in Tsai-Hill criterion is shown 
below, 

!""
#""

$
− !""!$$

#""$
+ !$$

#$$
$
+ !"$

#"$
$
≤ 1 (2-1) 

 
In equation above, ! and ) refers to 

working stresses on material. # refers to 
maximum stresses of material. 
Subscripts in front of # indicates the 
direction of maximum stress. The 
material will fail when the result of 
equation exceeds 1. 

 
Table 2-2: Concentrated Loads 

Loads Value 

Engine Weight 44.64 N 

Payload Weight 119.76 N 

Wing Weight 174 N 

Empennage Weight 81.96 N 

Fuel Tank (Full Tank) 164.42 

Engine Thrust 360 N 

Fuselage & Landing Gear 

Weight 

133.22 N 

In this research, there are six loads 
in form of concentrated loads. This load 
is subjected to represents the real load 
that happens in the fuselage structure 
when the fuselage at the ground 
condition or the flight condition. The 
loads and their values are shown below 
in table 2-2. 

In the process of analyzing the load  
that applied in fuselage, the load is 
considered as a concentrated force. 
Concentrated force is the load that will 
be located specifically at a particular 
location since weight/force and location 
of the load is known. Many of load are 
simplified to six loads that have been 
tabulated by table 2-2. Boundary 
conditions are defined as fixes on 
landing gear attachments, center 
fuselage connections with nose, and 
wing attachment. The fuselage boundary 
conditions are given in table 2-3. 

 
Table 2-3: Fuselage’s Boundary 

Condition 

BC# BC 1 BC 2 BC 3 

U1 0 0 0 

U2 0 0 0 

U3 0 0 0 

UR1 0 0 1 

UR2 0 0 0 

UR3 0 0 0 

 
The load and boundary condition 

application is given by Figure 2-7. 
 

 
Figure 2-7: Definition for boundary  

            condition and loads 
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The static load on LSU 05 NG will be 
simulated with three load case. These 
three load case represents critical 
loading scenario on fuselage. Take-off 
and landing condition is part of ground 
load. This condition is critical for 
fuselage structure because the ground 
reaction at the landing gear station. 
While the flight condition is critical in 
the joint between fuselage and wing 
structure.  The configurations is shown 
in table 2-4. 
 

Table 2-4: Fuselage Static Loading   
Configuration 

Loading 

Configura-

tion 

Scenario Loadings 
Boundary 

Conditions 

#1 
Take-Off 

Condition 

Engine, 

Payload, 

Wing, Fuel 

Tank, 

Empennage, 

and Engine 

Thrust 

BC 1, BC 2 

#2 

Cruise 

Condition 

(Load 

Factor 2G) 

Engine, 

Payload, 

Fuel tank, 

Fuselage 

and 

Landing 

gear, and 

Engine 

Thrust 

BC 3 

#3 
Landing 

Condition 

Engine, 

Payload, 

Wing, 

Fuselage 

and 

Landing 

Gear, 

Empennage, 

Engine 

Thrust 

(50%), and 

fuel tank 

BC 1, BC 2 

(50%) 

In Abaqus, when 2D components 
are imported from solidwork it consists 
of parts that have not been connected to 
another. So that constraint process is 
needed to enable modeling kinematic 
relationship between components 
chosen is tie constraint because it can 
be used to make translational and 
rotational motion and all other degrees 
of freedom equal for a pair of surfaces. 
In working with a tie constraints, one 
surface or region node in the constrint is 
defined as the master and the other 
surface or region node is determined as 
a slave. Nodes are tied only where the 
surfaces are close to one another. The 
process of selecting surfaces as master 
and slave can deterine the result of 
numerical computation. Each node can 
only be used as a slave once and if more 
than one then simulation will run an 
error. 
 

 
 

Figure 2-8: Surface-based Tie Algorithm  
                (https://abaqus-docs.mit.edu) 
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Tie constrain is suitable while two 
components are surfaces. Displacements 
and rotation degrees of freedom are tied, 
unless the designer specify that the 
rotation degrees of freedom should not 
be tied. But if master surface defined on 
solid structure, only displacement 
degrees of freedom are tied. For 
interaction between load and fuselage, 
constraint coupling is used because it is 
possible to limit some of the nodes in the 
fuselage to the reference node. The 
reference node here is the point where 
load is applied. 
 

 
Figure 2-9: Kinematic Coupling  
              Constraint (https:  //   
              abaqus-docs.mit.edu) 

 

The coupling constraint is useful 
when coupling nodes on fuselage 
structure is constrained to the rigid body 
motion of single node. This coupling 
constraint effectively used in application 
of load or boundary conditions to a 
model.   
 
3  Result and Analysis 

To design composite fuselage, a 
stress analysis is performed finite 
element using Abaqus Software. Abaqus 
simulation allows to analyze the 
strength of composite material that used 
to fuselage structure. Property manager 
allows to set required number of layers, 
thickness, orientations and layer 
materials. This tool shows laminate 
coordinate system and direction of each 
individual layers. In considered case 

numbers of layers was set to 4. 
Thickness of composite layers amounted 
0.125 mm on skin so that total 
thickness of skin is 0.5 mm. the frame 
bulkhead is made thicker with 1.25 mm 
so that total thickness of frame 
bulkhead is 5 mm. The results of stress 
analysis on the LSU 05 NG fuselage can 
be seen from Figure 3-1 to Figure 3-6. 
The stress analysis is presents in 
maximum principle stress to evaluate 
which stress is maximum in each 
direction. The Tsai-Hill failure criterion 
was used to check whether the structure 
is fail or not in all direction. The 
structure can be claimed to be safe and 
has no failure is the value of Tsai-Hill 
criteria is below 1. The stress value is 
presented to give some illustration about 
the stress distribution in the fuselage. 
From the stress distribution can be seen 
the location of maximum or critical 
condition that occured in the fuselage 
structure.   

 

 
Figure 3-1: Max. Principal Stress for  

     Configuration 1 
 

 
Figure 3-2: Tsai-Hill Criterion Result for 

Configuration 1 
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Figure 3-1 shows the stress 
distribution on the fuselage at take-off 
condition. The stress distribution that 
presented is maximum principle stress. 
The maximum tension stress is 23.17 
MPa while the maximum compression 
stress is 44.2 MPa. The Tsai-Hill value 
can be seen on Figure 3-2. The 
maximum Tsai-Hill value is 0.81 at the 
main landing gear bulkhead. 

 

 
Figure 3-3: Max. Principal Stress for  

    Configuration 2 
 

 
Figure 3-4: Tsai-Hill Criterion Result for  
                 Configuration 2 

 
Figure 3-3 shows the stress 

distribution on the fuselage at cruise 
condition. The load that applied at this 
condition is assume by 2G load factor 
due to its maneuver. The stress 
distribution that presented is maximum 
principle stress. The maximum tension 
stress is 26.5 MPa while the maximum 
compression stress is 52.76 MPa in the 
negative sign. To investigate its failure 
the Tsai-Hill failure criterion is used. 
Figure 3-4 shows the Tsai-Hill 
distribution along the fuselage. The 
maximum Tsai-Hill value is 0.946 at the 

wing joint, so it is the critical point that 
failure might happen. 

 

 
Figure 3-5: Max. Principal Stress for  

     Configuration 3 
 
Figure 3-5 shows the stress 

distribution on the fuselage at landing 
condition. The stress distribution that 
presented is maximum principle stress. 
The maximum tension stress is 25.59 
MPa while the maximum compression 
stress is 49.24 MPa. The Tsai-Hill value 
can be seen on Figure 3-6. The 
maximum Tsai-Hill value is 0.92 at the 
main landing gear bulkhead. It can be 
concluded that landing condition is more 
critical in terms of structure rather than 
take-off condition. The skin structure 
near the landing gear bulkhead might 
fail due to the stress flow from the 
landing gear impact. 

 

 
Figure 3-6: Tsai-Hill Criterion Result for  
                 Configuration 2 

 

The maximum values of stress from 
all scenario are tabulated into table 3.1. 
the overall results is dominated with 
blue color that indicated the minimum 
stress is occured in the majority of the 



 
Numerical Investigation On The Fuselage Airframe... (M. Hafid, et.al.) 

 

 
 

 

101 

structure. It is one point that can be the 
reason to do the optimization to 
minimize the weight of the fuselage in 
the next research. The maximum stress 
occured in the main landing gear 
attachment or on  the boundary 
condition since this area is critical. 

 
Table 3-1: Maximum Values for Von  
                 Mises Stress and Tsai-Hill  

                    Criterion 

Loading 

Configurat-

ion 

# 

Max. 

Princi-

pal 

Stress 

(Tens-

ion) 

[MPa] 

Max. 

Princi-

pal 

Stress 

(Compr-

ession) 

[MPa] 

Maximum 

Tsai Hill 

Criterion 

#1 23.17 44.20 0.82 

#2 26.56 52.76 0.95 

#3 25.59 49.24 0.92 

 

The maximum principal stress on 
fuselage is 52.76 MPa (compression), 
which occurs at cruising configuration. 
The value of Tsai-Hill Criterion is 0.95, 
less than 1. The working stress value is 
lower than maximum stresses of the 
material. It can be concluded that 
fuselage of LSU-05 NG is capable to 
endure loading at its operations. The 
result of numerical analysis can be used 
as a reference for next iteration design 
so that the fuselage structure is 
obtained that satisfies the requirements 
specified in the LSU 05 NG Project, such 
as weight reduction. 

Development of fuselage for 
unmanned aerial vehicle is a multistage 
task with includes: geometrical 
calculations, structural design, 
materials selection, numerical analysis, 
and elaboration of technology. Numerical 
investigation plays an important role 
because it can predict the structural 
strength of a fuselage when the load 

applied. it still needs validation with an 
experimental investigation so the design 
results of the LSU 05 NG’s fuselage are 
completely able to do flight tests. 
 
4  Conclusions 

From the results of simulation and 
analysis, it can be concluded that, 

a. E-Glass WR185/Epoxy 4 ply 
composite can be used as material 
for fuselage structures to endure 
loadings in critical conditions. 

b. Maximum principal stress 
occurred at loading configuration 
#2, with value 52.76 MPa 
(compression).  

c. Maximum Tsai-Hill criterion is 
0.95. The value is less than 1, so 
the structure is considered safe at 
the loading configuration. 

d. The fuselage can be optimized to 
minimizing concentrated stress at 
boundary condition 

e. Several frame bulkheads can be 
optimized to reduce the weight of 
the LSU-05 NG’s aircraft. 

 
Reinforcement at any critical area is 

needed to make sure the airframe is not 
fail while in its operation. The thickness 
can be increase by add-up some plies at 
the skin or bulkhead. It’s will be better 
by design sandwhich structure or 
combine the laminate using balsa to 
increase its moment inertia so the 
maximum stress can be reduced. 

This Paper has presented a 
composite structure used in LSU 05 
NG’s fuselage and configure the load 
applied on fuselage. It has been found 
that Abaqus/Explicit is able to predict 
failure by tsai-hill criterion and von 
mises stress. Further, experimental 
investigation is needed to gain 
confidence about the strength of 
fuselage structure. 
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ABSTRACT  

 
Composite is a material formed from two or more materials that macroscopically 

alloy into one material. Nowadays, composite has been generally applied as lightweight 
structure of aircraft. This is due to the fact that composites have high strength-to-
weight ratio. It means the composites have the capability to take on various loads, 
despite their lightweight property. Laminate composite is one type of composites that 
has been generally used in aircraft industries. This type of composite is susceptible to 
low-velocity impact induced damage. This type of damage can happen in manufacture, 
operation, or even in maintenance. Low-velocity impact could cause delamination. 
Delamination happens when the plies of laminated composites separate at the interface 
of the plies. This type of damage is categorized as barely visible damage, means that the 
damage could not be detected with visual inspection. Special method and tool would be 
needed to detect the damage. Delamination will decrease the strength of the laminated 
composite. Delamination can be predicted with numerical simulation analysis. With 
increasing capability of computer, it is possible to predict the delamination and 
buckling of laminated composite plate. This research presents the comparisons of 
buckling analysis results on laminated plate composite and damaged laminated plate 
composite. By the result of LVI simulation, it is shown that low velocity impact of 19.3 
Joule causing 6398 mm2 C-Scan delamination area inside the laminated composite. 
The delamination causes structural instability that will affect buckling resistance of the 
plate.  The result of analysis shows that the existence of delamination inside laminate 
composite will lower its critical buckling load up to 90% of undamaged laminate’s 
critical buckling load.  
 
Keywords: composite, laminate, delamination, buckling.  
 
1 Introduction 

Composite has been widely used as 
material of lightweight structures in 
aerospace industries. Composite refers 
to the materials that consist of two or 
more different materials that alloy 
macroscopically. By macroscopically, it 
means the properties of each materials 
can still be seen and is distinguishable 
from one another. Generally, composite 
consists of fiber and matrix. Fiber acts 

as the reinforcement and the main 
strength provider of composites. Matrix 
acts as protection of the fibers and 
substance that glues the fibers in 
composite. Composite has been used as 
a substitute of metals in several parts in 
aircraft. It is due to composite’s high 
strength to weight ratio which means the 
composite has strength that almost 
equal to metal’s strength, with far lighter 
weight than metal’s. 
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Like all lightweight structures, 
laminated composite structures are 
susceptible to buckling failure. Buckling 
is a form of structural instability that 
causes change on geometry of the 
structure. Buckling is usually caused by 
compression load but not limited to 
compression load only. In some cases, 
tension load and shear load can induce 
buckling phenomenon too. 

Buckling can be affected by existence 
of imperfection in composite. One of the 
imperfection in composite is 
delamination which is caused by low 
velocity impact (LVI). LVI is defined as 
impact with speed of impactor at 1 to 
10 m/s, and the response of structure is 
categorized as quasi-static (Richardson 
& Wisheart, 1996). LVI can happen at 
manufacture, operation, or maintenance 
of structure. The damage caused by LVI, 
in form of delamination, is categorized 
as barely visible damage. Delamination 
cannot be detected by visual inspection. 
It needs special method and tool to 
assess the damage. The existence of 
delamination lowers the strength of 
structure which includes buckling 
resistance and leads to easily-buckle 
structure. 

Buckling on composite is still an 
interesting research topic. Many 
researches have been done to study 
buckling on composite. Juhász and 
Szekrényes (2015) has simulated 
buckling on composite with 
delamination and straight crack front. 
The damaged composite exposed to 
uniaxial compression load. The results 
shows that the delaminated plies 
buckles as plate, not as beam/column. 

Prabhakaran et al. (2016) was 
analyzed the response of laminated 
composite exposed to tension, 
compression, and buckling load. The 
geometry of laminated composite was 
varied, and the simulations were done in 

ANSYS 15.0. It was noted that the 
critical buckling load was reduced with 
increased length-to-thickness ratio of 
laminated composite. 

Erdem et al. (2018) experimented 
and simulated buckling on laminated 
composite. The research had been done 
to analyze the behavior on pre-buckling 
and post-buckling of laminated 
composite with hole. It was noted that 
the stress concentration happened in 
hole edges, while the stress was small 
near free edges. The critical buckling 
load reduced with increased its hole 
diameter. 

This research provides an analysis of 
buckling modes in undamaged laminate 
composite compared to modes in 
delaminated composite. The 
delamination is formed by LVI 
phenomenon, and the output of LVI will 
be used directly as input in buckling 
simulation. The composite that will be 
analyzed in this research is 
unidirectional composite HEXPLY 
AS4/8552, with ply stacking 
configuration [-450/00/450/900]s, 
exposed to LVI load with 19.3 Joule 
impact energy. The buckling modes will 
be compared one another, so the effect 
of LVI induced delamination on buckling 
failure in laminated composite can be 
concluded. The objectives of this 
research by simulation are to assess the 
damage in the form of delamination 
inside the laminated composite after low 
velocity impact, and determine the 
reduction of critical buckling load of 
laminate composite, compared to critical 
buckling load of undamaged composite, 
by the result of FEM simulation. 
 
2 Methodology 
2.1. Simulation Data 

Material properties for HEXPLY 
AS4/8552 was taken from NCAMP 
Wichita lab test. Damage evolution 
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properties was provided by Gonzalez 
et. al. (2012) in their research about low 
velocity impact on composite. The 
properties will be inputted as material 
for continuum shell element with 
Hashin-Rotem model. Properties for 
composite’s model are shown in Table 2-
1. 

 
2.2. Model 

There are two stages of simulation 
for this research. The first simulation is 
LVI model. LVI model designed with 
reference to ASTM D7136 for measuring 
damage resistance of composite exposed 
to impact damage. 

 

 
Figure 2-1: Impact damage testing on 

composite configuration 

from ASTM D7136 (ASTM 
D7136, 2012)  

The laminate composite model has 
150 mm length and 100 mm width, with 
5.8 mm thickness. The baseplate will 
follow the laminate’s dimension, with 
125x75 mm2 rectangle shaped cutout in 
the middle. The baseplate, impactor, and 
rubber pins will be modeled as analytical 
rigid body. A 5 kilogram mass will be 
applied in the center of gravity of the 
impactor. The impact energy for this 
research is 19.3 Joule which translates 
to 2.779 m/s impactor speed. 

The laminaes is modelled with 
continuum shells element, and the 
interfaces between the laminaes is 
modelled with cohesive element. There 
are 7 laminaes and 6 interfaces in the 
composite model. Mesh size for the 
model is 1.25 × 1.25 mm2, considering 
the computation time and accuracy of 
simulation results. LVI model can be 
seen in Figure 2-2 and Figure 2-3. 

 
   

Table 2-1: HEXPLY AS4/8552 Material Properties 
 

 
HexplyAS4/8552 Value Unit 

Hashin Damage Xt (Fiber tension strength) 2063.05 MPa 

 
Xc (Fiber compress strength) 1484.37 MPa 

 
Yt (Transverse tension str) 63.91 MPa 

 
Yc (Transverse compress str) 267.86 MPa 

 
Tau12 (In-plane shear str) 91.56 MPa 

 
Tau23 (Transverse shear str) 133.93 MPa 

Damage Evolution Fracture toughness (Gc)     

 
GcLT (Longitudinal tensile) 81.5 N/mm 

 
GcLC (Longitudinal compress) 106.3 N/mm 

 
GcTT (Transversal tensile) 0.28 N/mm 

 
GcTC (Transversal compress) 0.79 N/mm 

Elastic E1 (Fiber direction stiffness) 131610 MPa 

 
E2 (Transverse fiber stiffness) 9238.98 MPa 

 
Niu12 (In-plane Poisson’s ratio) 0.302   

 
G12 (In-plane shear stiffness) 4826.33 MPa 

 
G23 (Transverse shear stiffness) 3548 MPa 

 
G13 (Longitudinal shear stiffness) 4826.33 MPa 

Density   1.59E-09 tonne/mm3 
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Figure 2-2: Laminaes and Interfaces in model shown by yellow elements 

                              and turquoise  elements respectively  
 

 
 

Figure 2-3: Model for low velocity impact on laminated composite 
 

The laminaes will be modeled as 
continuum shell elements. It follows the 
Hashin-Rotem damage criterion as 
failure criterion for laminaes. The 
equations for Hashin-Rotem criterion is 
shown below, 
Fiber Tension 

(#$$ ≥ 0) ∶ 	 *+, =
#$$
./

0
+ 2

3$0
45

0
  

(2-1) 
Fiber Compression 

(#$$ < 0) ∶ 	 *+7 =
#$$
.8

0
 

 
(2-2) 

Matrix Tension 
(#00 ≥ 0) ∶ 	 *9, =

#00
:/

0
+

3$0
45

0
   (2-3) 

 
Matrix Compression 
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(#00 < 0) ∶ 	 *97 =
#00
24/

0
+

:8

24/
0

− 1
#00
:8 +

3$0
45

0
 (2-4) 

 
In equations above XT and Xc stands 

for tensile and compression strength of 
laminae in longitudinal direction. YT and 
YC stands for tensile and compression 
strength of laminae in transversal 
direction. SL and ST stands for 
longitudinal and transversal shear 
strength, while α represents shear stress 
coefficient and σ and τ as stress tensor. 
In this research, the value of α is zero, 
meaning it is assumed that the shear 
stress has no effect on fiber tension 
failure.  

The interfaces of laminaes will be 
modelled as cohesive zone model. 
Cohesive zone model virtually models 
the traction-separation behavior of 
cohesive elements. There are two modes 
of separation in cohesive zone model, the 
peeling mode and sliding mode. 

 

 

 
Figure 2-4: Two modes of separation in 
                  CZM 

  
The CZM models the relation of 

traction and separation (Shi, 2008). The 
expressions for this model are, 
Traction-Separation 

> = ? @  
 

(2-5) 
Softening / Stiffness Reduction 

?A
+BAC = ?A 1 − DA  

 
(2-6) 

 

From the Eq. (2-5), ε stands for 
strain vectors of separation, t stands for 
traction vectors, and k represents 
stiffness matrix of cohesive zone. Before 
failing, the relation between traction and 
separation can be considered as linear 
relation. After the cohesive zone fails, 
softening will happen in cohesive zone, 
as shown in Eq. (2-6). The softening will 
causing reduction of cohesive material 
stiffness. This softening depends on the 
value of fracture energy, damage 
evolution factor, and damage variable d. 
if the damage factor d has reached 1, the 
cohesive zone will lost its stiffness, and 
can be considered as material failure. By 
those equations, the damage in cohesive 
zone can be modeled in simulation. 

CZM modelling is used in this 
research, considering the capability of 
this model to capture the delamination 
at the interfaces of laminaes. By 
calculating the fiber and matrix stresses 
in lamina with Hashin-Rotem damage 
criterion and its relation to the traction-
separation effect in cohesive layers, 
delamination profile can be predicted. 
This method assumes only the 
interlaminar shear stress and 
interlaminar normal stress that takes 
account on delamination process (Seno, 
2016).  

The delamination result of LVI is 
used as an input for buckling 
simulation. The simulation is performed 
to assess the delaminated composite 
behavior which is exposed to buckling 
load. The compression force of 1 Newton 
is applied to the plate. Here, the simply 
supported boundary condition applies to 
the plate edges. The model for buckling 
simulation is shown in Figure 2-5. 

The outputs of buckling simulation 
of the laminate composite are the 
eigenvalues and the corresponding mode 
shape of buckling. The mode shape 
shows the possibility of deformation in 
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structure. The eigenvalues determine the 
value of critical buckling load. The 
equation to determine the value of 
critical buckling load is shown below, 
Critical buckling load 

E7F 	= *	G	H  

(2-7) 
Where Pcr represents the critical 

buckling load, F as the applied load in 
simulation, and λ as the eigenvalue from 
the simulation result.  

 
Figure 2-5: Model for buckling simulation 

 
3 Result and Analysis 
3.1 LVI Simulation Results 

To validate the result of low velocity 
impact simulation, the energy 
parameters will be observed. The graph 
for energy parameter can be seen in 
Figure 3-1. The total energy ETOTAL 
must be relatively constant in every time 
step. The artificial energies such as 
ALLAE-Artificial Energy parameter, and 
ALLVD-Viscous Dissipation parameter 
must be smaller compared to ETOTAL. 
This means that in every time step, the 
artificial energies created by the 
elements in the model are tolerable. In 
this simulation, the ETOTAL has a 
constant value over time and the 
artificial energy parameters are small 
compared to total energy, as seen in 
graph. The result of LVI simulation can 
be considered valid for the given model 
and material property.  

The result of LVI simulation is 
delamination profile of the plate after 

impact. By the result of simulation, the 
delamination can be shown per interface 
or as C-Scan type display. The 
delamination profile in C-Scan type is 
shown in Figure 3-2. This research 
focuses only in the effect of delamination 
to buckling resistance reduction, so the 
damage in the laminae will not be 
shown. 

 The red area indicates the value of 
damage variable d has reached 1.0 and 
the interface has lost its stiffness, as 
stated in Eq. (2-6). This means the red 
area indicates the delaminated interface. 
Greenish boundary indicates the scalar 
damage is still below 1.0, and the 
material has experienced softening, but 
not yet fail. Blue area means the 
interface is still intact, and no 
delamination occurred in this area.  

The damage of laminae is governed 
by the Hashin-Rotem criterion (Eq. (2-
1)~(2-4)). It is noted that the value of 
stress tensors in a laminae is different 
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from other laminae, depends on its 
orientation. This causing a difference of 
deformation tendencies in a laminae 
with another, so the damage shape in 
every laminae is different from the 
others, and follows its fiber orientation. 

There is a tendency for delamination 
in every interface to follow a peanut-like 
shape. This is because the delamination 
shape of the interfaces follows the 
damage in laminae below (Abrate, 1998). 
As stated before, every laminae has its 
damage shape, and the difference in 
deformation tendency will induce 
interlaminar stress between laminaes. 
The crack propagation as the effect of 
impact and interlaminar stresses will 

induce the delamination in interface, 
and it will follow the same stress path 
with laminae below, creating a peanut-
like shape. The size of area depends on 
the value of interlaminar shear stress, 
interlaminar normal stress, and the 
difference in ply orientation.  

 From the delamination output, total 
area and C-Scan area of delamination 
can be known. The delamination area 
from the result of LVI simulation is 
shown in Table 3-1. 

 
Table 3-1: Delamination Area 
C-Scan area refers to area of 

projected delamination, meanwhile the 
total area refers to summation of 
delaminated area of every interfaces. In 
experiment of LVI, C-Scan area is 
preferable for output because of its 
extraction method. The total area will be 
more difficult to extract and need a 
special method and tool to extract. From 
the result of simulation, largest 
delamination profile was found in 
interfaces near neutral axis. The shear 
stress is the largest near the neutral 
axis. This stress plays a big role in 
delamination process. Large value of 
shear stress near neutral axis, plus 
interlaminar normal stress from impact 
will create large-sized delamination in 
the interfaces near neutral axis.  

 
  

 
 

 
Figure 3-1: Energy history graph 

Delamination  Value Unit 
C-Scan  6398 mm2 

Total   8194 mm2 



Jurnal Teknologi Dirgantara Vol. 18  No. 2 Desember 2020 : hal 105 - 116  

 

 
 

112 

 

 
Figure 3-2: C-Scan of delamination 

 

 

3.2 Buckling Simulation Results 
The result from LVI will become 

input for buckling simulation. There are 
two simulations for buckling analysis. 
The first one is buckling on undamaged 
plate, and the second is buckling on 
delaminated plate, by the result of LVI 
simulation. As stated before, the preload 
for this simulation is compression load 
of 1 Newton. 

The outputs of the simulation are 
eigenvalues and eigenvectors of plate. 

The eigenvalues can be used to 
determine the value of critical buckling 
load in every mode by multiplying the 
eigenvalues with preload, as stated in 
Eq. (2-7). The positive eigenvalues and 
critical buckling load for the first three 
modes and their corresponding critical 
buckling load can be seen in Table 3-2. 
The graph showing the difference of Pcr 
visually for every mode is shown in 
Figure 3-3. 

 

Table 3-2: Eigenvalues and critical buckling 

Mode 
Delaminated Undamaged 

Eigenvalue 
Critical Buckling 

Load 
Eigenvalue 

Critical Buckling 
Load 

1 24618 C: 24618 N 259956 C: 259956 N 
2 28413 C: 28413 N 361768 C: 361768 N 
3 39835 C: 39835 N 453540 C: 453540 N 

 *C refers to compression load 
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Figure 3-3: Critical buckling load comparison graph 

 

Table 3-3: Isometric and top view of plate buckling profiles 
Mode Undamaged Damaged 

1 
 

 

 

 

2 
 

 

 

 

3 
 

 

 

 

 

From the result of simulation, we can 
see that the critical buckling load is 
reduced in delaminated composite 
compared to undamaged composite. The 
corresponding critical buckling of mode 
1 for delaminated and undamaged model 
are 24,618 N and 259,956 N, for both 

are compressive load. There is more 
than 90% reduction on critical buckling 
load in delaminated composite mode 1, 
compared to critical buckling of 
undamaged composite mode 1.  

Table 3.3 is showing the result of 
corresponding buckling shape of every 
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mode. It is observed that the buckling 
shape for undamaged composite is more 
visible than the damaged one. In first 
glance, it looks like there is no 
deformation in the damaged composite. 
But, the deformation is actually 
happening inside the composite, 
especially in the delaminated interfaces. 

The example of the buckling profile 
in interface can be seen in Figure 3-4. 
The comparison of deformation in 
interface between damaged and 
undamaged composite can be seen in 
Figure 3-5. 

 

 
Figure 3-4: Buckling profile in 

delaminated interfaces for 
mode 1 

 

 
(a) 

 
(b) 

Figure 3-5: Buckling profile in interfaces 
for mode 1 ((a) damaged 
composite and (b) undamaged 
composite) 

In undamaged composite, the 
buckling shape of interface will follow 
the shape of whole plate. It is because 
there is no imperfection inside the 
composite, and so the laminaes and 
interfaces deform as one plate. While in 
damaged composite, the existence of 
imperfection makes the interfaces 
deform on their own, thus the stability of 
plate is reduced. The delamination was 
seen to cause instability in every 
interfaces. Even the slightest 
deformation can make the composite 
unstable. This causes significant 
reduction of critical buckling load in 
damaged composite. 

The existence of imperfection such as 
delamination or void inside composite 
can be a source of structural instability 
that will lead to easily deformed 
structure when exposed to a certain type 
of load. The imperfection induces 
inhomogeneity inside the composite, so 
the interfaces and laminaes tends to 
deform on its. Meanwhile, the result of 
buckling simulation on undamaged 
composite shows high critical buckling 
load result, because of the lack of 
imperfection inside the structure. The 
unstability in undamaged composite 
with boundary condition similar to this 
research simulation will happen only 
when exposed to high compressive load. 

 
4 Conclusions 

This research shows that the LVI 
phenomenon and buckling on composite 
can be simulated and analyzed with 
finite element method. From the results 
of simulation and analysis, we can 
conclude that, LVI phenomenon can 
cause damage inside the laminated 
composite in form of delamination. In 
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this research, the total deformation 
inside composite is 8,194 mm2, while 
the C-Scan delamination shows 6,398 
mm2 result area. The critical buckling 
load will significantly reduced with the 
existence of imperfection inside 
laminated composite - in this research it 
is delamination. In this research, 6398 
mm2 C-Scan delamination area can 
cause reduction of critical buckling load 
up to 90% of undamaged composite 
critical buckling value. It is because the 
delamination will causing structural 
unstability inside the composite. The 
instability, in form of deformation, is 
observed in the interfaces of delaminated 
composite. The undamaged composite 
shows high value result for critical 
buckling load, while the damaged 
composite will have its buckling 
resistance reduced. 
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ABSTRACT 
 
HTPB is an ultimate component of matrix builder for high-filled composite 

materials. Flow behavior of HTPB in low shear is crucial in casting the composite. 
Considering the characteristics of hydrocarbon, this work aims to investigate the effect of 
microstructures composition of HTPB on its flow behavior. In this work, HTPBs with 
different compositions of 1,4-cis, 1,2-vinyl and 1,4-trans microstructures were used. 
Fourier-Transform Infra-Red spectroscopy (FT-IR) was used to determine the composition. 
It was calculated as a ratio of peak area at710, 910 and 970 cm-1 for 1,4-cis, 1,2-vinyl, 
1,4-trans isomers respectively. Viscosity was measured using a rotational viscometer at 
various low shear rates. It is found that HTPB with high 1,2-vinyl/1,4-trans isomers 
shows shear thickening behaviour, distinguished significantly from Newtonian flow of the 
others. It is suggested that mechanism of shear thickening involves a certain 
configuration of 1,2-vinyl and 1,4-trans isomers that builds different degrees of flow 
resistance from one to other shear layers. The configuration and flow resistance change 
among layers as shear rate increases. 
Keywords: Microstructures, Viscosity, Hydroxyl Terminated Polybutadiene, Flow 
behaviour, Shear thickening.  
 
1 Introduction 

Composite solid propellant is a kind of 
rocket fuel. It is made of solid and liquid 
content. Solid contents are energetic 
particles, such as Ammonium 
perchlorate and aluminum. While liquid 
content is a polymer. The polymer has 
responsibility in processing propellant 
slurry as well as in building a strong 
network to adsorb solid contents. It gives 
impact on mechanical and physical 
properties of solid propellant (Hartaya, et 
al., 2017). 

To improve specific impulse of 
propellant, liquid content that has high 
capability for loading solid is preferable. 
For this reason, elastomer Hydroxyl 
Terminated Polybutadiene (HTPB)-based 
polyurethane is commonly used as 
propellant binder (Dey, et al., 2015). 

 

 
Figure 1-1: Illustration of viscosity of 

Newtonian fluid (Source: 
Onogi, 1982). 

 
As a high-filled composite material, 

the processability of propellant becomes 
a significant issue. Propellant process 
involves mixing, casting and curing. An 
optimum process results in well-
dispersed particles in propellant. It is 
important to prevent formation of void, 
pores, crazes and cracks. It is because 
the damage has a potential to induce 
failures in a motor rocket (Remakanthan, 
et al., 2015). Parameters of this 
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processability include viscosity, pot-life 
and flow behavior (Dombe, et al., 2008), , 
(Tomasz, et al., 2018). However, 
investigation about the origin of the flow 
behavior is still limited. 

Flow behavior is concerned about 
viscosity. Viscosity is a resistance of fluid 
to flow. It is illustrated in Figure 1-1 
where two liquid surfaces move in 
parallel. The medium is a flowing viscous 
liquid. Surfaces move with force F, area A 
and distance dy. An ideal viscous liquid 
is liquid that flows when any force, other 
than hydrostatic pressure, acts. The 
deformation of the liquid does not recover 
even if the force is removed. Assuming 
that the flow velocity is large, dv/dy = D 
is the velocity gradient and F/A = σ is 
shear stress. D is equal to shear rate, γ. 
For Newtonian fluid, viscosity, η, is 
governed by using Eq. (1-1) (Onogi, 
1982). 

!/D	 = 	!/&	 = 	' 
 

(1-1) 
 

η = k. γn-1 (1-2) 
 

For Newtonian fluid, viscosity is 
independent of shear rate. While, for 
shear thinning or quasi-viscous flow, 
viscosity decreases with increasing shear 
rate. For shear thickening, structural 
viscosity increases with increasing shear 
rate. Both types of fluid follow Power Law 
model in Eq. (1-2) where k is consistency 
index and n is flow behavior index. Shear 
thinning is indicated by n > 1. Shear 
thickening is indicated by n < 1 (Onogi, 
1982). 

Propellant slurry is reported to have 
flow behavior that depends on the kind of 
liquid content. Glycidyl azide polymer 
(GAP)-based propellant shows almost 
Newtonian flow (Manu, 2009). While 
HTPB-based propellant shows shear 
thinning (Abdillah, et al., 2020), 
(Ardianingsih & Kumoro, 2019), 
(Restasari, et al., 2018). It has been 

reported that the ideal value of n for 
HTPB-based propellant is 0.8 – 1 for 
vacuum top casting and 0.6 - 1 for 
pressure casting (Dombe, et al., 2008). To 
obtain those values, controlling the flow 
index of HTPB is crucial. The control 
needs a sufficient understanding about 
the origin of HTPB flow behaviour  

 
 
 
 
 
 
 
 
 
 
Figure 1-2: Microstructures of HTPB with 

1,4-trans (a), 1,4-cis (b) and 
1,2-vinyl (c) isomers (Source: 
Dey et al., 2015). 

 
 
 
 
 

 
 
 
 

(a) Spring-like structure of 1,4-cis isomer 

 
 
 

(b) Rod-like structure of 1,4-trans isomer 

 

Figure 1-3:Assumption of 1,4-cis and 1,4-
trans isomers of HTPB 
(Source: Dey, Sikder, & 
Athar, 2017). 

 
HTPB consists of hydroxyl groups and 

hydrocarbon chain. In HTPB-based 
polyurethane binder, hydroxyl groups of 
HTPB act as hard segment builder. While 
a long hydrocarbon chain is soft segment 
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builder (Dey, et al., 2015), (Rosita, 2016), 
(Wibowo, 2015). 

Soft segment of an elastomer is 
reported to affect glass transition 
temperature (Tg) that strongly affects 
mechanical properties (Kida, et al., 2020). 
For HTPB, it consists of 1,4-cis, 1,4-trans 
and 1,2-vinyl isomers described in Figure 
1-2. It is reported that the percentage of 
1,4-cis isomer affects the elasticity 
(Zhang, et al., 2019), 1,4-trans isomer 
build the tensile strength and 1,2-vinyl 
isomer has role in governing viscosity of 
propellant. Effects of 1,4-cis and 1,4-
trans isomers are assumed to be 
originated from its spring-like and rod-
like shape respectively (Dey, et al., 2015, 
2017). It is described in Figure 1-3. The 
1,2-vinyl isomer effect is from its anchor-
like pendant structure. The structure has 
stereoregularity including atactic, 
isotactic and syndiotactic, described in 
Fig. 1-4 (Dey, et al., 2015, 2017). 

Viscosity is related to fluid resistance. 
It is correlated not only with the structure 
of isomers but also friction of isomers. 
The friction is measured as monomeric 
friction coefficient, ξ0. With assumption 
that isomers in HTPB is similar with 
polybutadiene, it is reported that value of 
ξ0 for 1,4-cis and 1,4-trans isomers are 
same. It is log ξ0 = -6.75 dynes-sec/cm at 
25 ℃ and different from 1,2-vinyl isomer. 
The value is ξ0 = -4.11 dynes-sec/cm  
(Ferry, 1980). With the difference value of 
ξ0, viscosity of HTPB can be assumed as 
viscosity of polymer mixture and 
approached by Rouse theory. 

 
 

 
 
 
 
 
 
 
 

 

 
 

 

 

 

 
 

 

 

Figure 1-4: Stereoregularity of 1,2-vinyl 
isomer of HTPB (Source: 
Dey, et al., 2015). 

 
Based on Rouse theory, viscosity of 

polymer mixture is a sum of viscosity of 
the components multiplied by its free 
volume and friction factor. Friction factor 
is friction coefficient of mixture divided by 
friction coefficient of component. The 
approach is strengthening by difference 
value of free volume, ν, which is space in 
a solid or a liquid that is not occupied by 
polymer molecules. Value of log ν of 
polybutadiene at 25 ℃ and G’ = 108 
dyne/cm2 for 1,4-cis and 1,4-trans 
isomers are same, 6.1. While for 1,2-vinyl 
isomer, it is 3.9 (Ferry, 1980).  

With an approach towards Rouse 
theory, it is hypothesized that 
composition of 1,4-cis, 1,4-trans and 1,2-
vinyl isomers has an important role in 
governing flow behaviour of HTPB. 
Therefore, this research aims to 
investigate the effect of microstructures 
composition of HTPB on flow behavior of 
HTPB. (a) Isotactic 

(c) Atactic 

(b) Syndiotactic 
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2 Methodology 
2.1. Sample Preparation 

In this study, three types of HTPBs 
were used, named HTPB A, B and C. The 
specifications include average molecular 
weight of 2300 – 3500 g/mole, hydroxyl 
value of 0.81 – 1.0 mmole/g, 
polydispersity of 1 - 2.5 and hydroxyl 
number of 47.1 mm KOH/g. HTPB A and 
B were produced by Dalian Chlorate, Ltd, 
while HTPB C was produced by Hanwha. 
HTPB A samples was taken from a fresh 
opened package, while HTPB B had been 
stored for 2 years. 
2.2. Experimental 

To investigate flow behavior, viscosity 
of each HTPB was measured accurately at 
room temperature using Brookfield 
Viscometer with rotational spindle. The 
rotational speed of 0.17, 0.2 and 0.33 rps 
were applied to represent low shear 
regions. Low shear region was chosen to 
represent shear rate region of mixing and 
casting that is conducted in range of 0.1 
– 10 rps (Green, 2004). Flow index that 
represents flow behavior was determined 
by fitting graph of η vs γ to Eq. (1-2). 
While zero shear viscosity or ZSV (η0) that 
represents structure of fluid was 
determined by fitting graph of log η vs log 
(γ+1) to Eq. (2-1) (Goh & Wan Nik, 2018).  
 

log	'	 = 	+	,-.	(& + 1) 	+ 	,-.	'0 
 

(2-1) 

 
In order to identify microstructure 

contents, each HTPB was carefully 
subjected to Fourier-Transform Infrared 
Spectroscopy (FT-IR) (Shimadzu IR 
PRESTIGE-21) 3 times. The wavelength 
range covered 650 – 1010 cm-1. The 
spectra of peak of 710, 910 and 970 cm-1 

were defined accurately for 1,4-cis, 1,2-
vinyl and 1,4-trans isomers, respectively. 
The compositions were determined as the 
ratio of peak area (Wibowo, et al., 2019). 
 

3 Result and Analysis 
Figure 3-1 shows the plotting of 

viscosity of HTPB A, B and C in function 
of shear rate. It can be stated clearly that 
the behaviour of HTPB A is extremely 
different from HTPB B and C. HTPB A has 
a strong shear dependent. Its viscosity is 
3 times increased in increasing shear rate 
from 0,17 - 0.3 rps. While, the flow of 
HTPB B and C are almost independent of 
shear. To measure the strength of shear 
dependence, determined flow indexes are 
presented in Table 3-1. In addition, 
Figure 3-1 also shows different viscosity 
at starting point of 0.17 rps. It indicates 
different zero shear viscosity that is 
analysed in Figure 3-2 and Table 3-2. 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 3-1: Viscosity (η) of HTPB A (red 

circle), B (green circle) and C 
(orange triangle) in function of 
shear rate (γ). 

According to Table 3-1, the shear 
dependence of HTPB A is confirmed to be 
a shear thickening behavior with flow 
index of 2.343. This shear thickening is 
reported as the property of shock 
absorber polymer (Malvern Instruments 
Worldwide, 2016). The property is 
identical with HTPB. The behavior is also 
reported for paint, sand-rich material, 
kernel oil and coconut oil (Adewale, et al., 
2017), (Green, 2004), (Jeong, 2019). 
Those liquids have hydrocarbon chains 
similar with HTPB. HTPB B and C are 
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confirmed to have almost Newtonian 
behavior with flow index of 1.0255 and 
1.0188, respectively. An almost 
Newtonian HTPB has been also reported 
with flow index of 1.0474 (Restasari, et 
al., 2018). 
 

Table 3-1: Flow index of HTPB 
 

No HTPB Flow index  R2 

1 A 2.343 0.9549 

2 B 1.0255 0.9289 

3 C 1.0188 0.4947 

 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 3-2: Logarithmic function of 

generalized viscosity model of 
HTPB A (red circle), B (green 
circle) and C (orange triangle). 

 
Table 3-2: Zero shear viscosity of HTPB 

  

No HTPB Zero shear 

viscosity 

(Poise)  

R2 

1 A 9.16 0.9294 

2 B 51.12 0.8981 

3 C 47.23 0.4398 

 

To analyze zero shear viscosity (ZSV), 
generalized viscosity model (Eq. (2-1)) is 
used. The plots are described in Figure 3-
2 and determined values of ZSV are 
presented in Table 3-2. It shows various 
values of ZSV. The lowest is possessed by 
HTPB A while the highest is possessed by 
HTPB B. As ZSV has a positive correlation 
with molecular weight of polymer (Ferry, 
1980), it indicates that the lowest average 
molecular weight is possessed by HTPB A 
and the highest average molecular weight 
is possessed by HTPB B. Considering the 
origin of the samples, storage period is 
reasonable for the difference. HTPB is 
reported to have an increase in molecular 
weight during storage (Wibowo, et al., 
2020). 

Results of FTIR spectra are shown in 
Figure 3-3. For all kinds of HTPB, 
bending wagging vibration of the CH 
groups of 1,4-cis isomer is shown by a 
small peak at 710 cm–1. Out-of-plane 
wagging vibrations of the CH2 groups, 
located near 1,2-vinyl isomer, is shown by 
an obvious peak at 910 cm–1. 1,2-vinyl 
isomer is also detected by peak at 990 
cm–1. The wavelengths are the same as 
previous reports (Li, et al., 2019), 
(Wibowo, et al., 2020). While, for out-of-
plane wagging vibrations of CH groups 
near 1,4-trans isomer, the peak is shown 
broad and clear at 960 cm–1 and slightly 
different from the previous report. This 
difference is related to different chemical 
environments (Sone, 2016), (Wibowo, et 
al., 2020). 
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Figure 3-3:FT-IR Spectra for microstructures of (a) HTPB A, (b) HTPB B and (c) HTPB C. 
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Table 3-3: Microstructures Compositions 

of HTPB  

 

HTPB Microstructures Contents (%) 

1,4-cis 1,2-vinyl 1,4-trans 
A 0.1299 0.5254 0.3447 

B 0.2374 0.4119 0.3507 

C 0.0529 0.4019 0.5453 

 
Microstructures contents are shown 

in Table 3-3. It is shown that 1,2-vinyl 
isomer is more dominant in HTPB A. 
However, for B and C, 1,2-vinyl isomers 
are similar. In previous report, HTPB with 
high 1,2-vinyl isomer content has high 
viscosity. However, in this research, 
viscosity of HTPB is more sensitive 
towards molecular weight than 1,2-vinyl 
isomer content (Dey, et al., 2017), (Ferry, 
1980), (Restasari, et al, 2015), (Wibowo, 
et al., 2020). Considering different 
storage period, it has been reported that 
aged HTPB has less 1,2-vinyl isomer 
content (Akbaş, et al., 1994). 

Regarding flow behavior, in Table 3-1, 
HTPB B and C have similar n. While in  

Figure 3-4, 1,2-vinyl/1,4-trans 
isomers of HTPB B and C is similar. 
While, n and 1,2-vinyl/1,4-trans isomers 
of HTPB A is the highest of all. Therefore, 
it is suggested that flow behavior comes 
from 1,2-vinyl/1,4-trans isomers. It is 
supported by different values of 
coefficient friction and free volume 
between 1,2-vinyl and 1,4-trans isomers 
that allow different behavior for different 
composition of 1,2-vinyl/1,4-trans 
isomers (Ferry, 1980). 

 

 
 

Figure 3-4: Ratio of 1,2-vinyl/1,4-trans  
isomers of HTPB A (red), B  
(blue), C (green). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
(a)                                               (b)                                            (c) 

 
 
Figure 3-5. Illustration of Group A (1,2-vinyl-rich chain groups), sphere, and Group B 

(1,4-trans-rich chain groups), ellipsoid shape, in zero shear (a), under low 
shear rate (b) and high shear rate (c) of rotational shear. 
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In order to explain correlation 

between microstructures and flow 
behavior, illustration about motion of 
HTPB chain during rotational shear in 
viscosity measurement is given in Figure 
3-5. It is shown that 1,2-vinyl-rich chain 
groups (Group A) and 1,4-trans-rich 
chain groups (Group B) flow under 
rotational shear with increasing shear 
rate. A wall slip is suggested to be 
occurred and divides area into 2 regions 
as also reported by Jeong et al (Jeong, 
2019). Two regions are dark grey (Area 1) 
and light grey (Area 2). Area 1 is higher 
shear rate area, near spindle While Area 
2 is the lower shear rate area, far from 
spindle.  

In Figure 3-5, Group A and B are 
described by two different shapes. Group 
A is sphere because the pendant 
structure of 1,2-vinyl isomer is entangled 
and entraps to each other. It is assumed 
to build a big spherical knot. While Group 
B is ellipsoid. It describes relaxation of 
rod-like 1,4-trans chains. Moreover, it is 
assumed that Group A is heavier than 
Group B because Group A has higher 
friction coefficient. That friction allows 
Group A to hold more chain than Group 
B (Dey, et al., 2017). In figure 3-5, two 
geometrical shapes, 1 of Group A and 1 of 
Group B, have bold lines as markers for 
motion.  

As shear rate increases, shown in Fig. 
3-5b, the geometrical shape of Group B 
can change. Shape of Group B changes to 
be more ellipsoid oriented towards flow 
direction. This orientation is affected by 
several factors. First, low friction and 
high free volume of 1,4-trans isomer 
make it easier to be oriented. Second, the 
structure of 1,4-trans isomer allows a 
neat arrangement of several 1,4-trans 
isomers combined together. Third, high 
stability of 1,4-trans isomer structure 
with heat of hydrogenation of 4 kJ/mole, 

less than 1,4-cis and 1,2-vinyl isomers, 
makes 1,4-trans tend to maintain its rod-
like structure. Fourth, the stiffness of 
1,4-trans isomer makes it difficult to be 
relaxed, once oriented. This stiffness is 
proven by the value of Young Modulus. At 
4 K, Young modulus of 1,4-trans-
polybutadiene is 9.4 x 1010 dyne/cm2, 
while 1,4-cis-polybutadiene is 8.7 x 1010 
dyne/cm2. Fifth, difficulties to be relaxed 
is supported with low temperature 
conditions (Ferry, 1980), (Li & Matsuba, 
2017), (Prine, 2018), (Sridhar & Vernerey, 
2018). 

Different from Group B, Group A is 
illustrated to maintain its shape. 
However, in increase of shear rate, 
centrifuge force increase and it draws 
Group A to the center of rotation. As a 
consequence, Group A moves from Area 2 
to Area 1. Thus, Area 1 becomes more 
crowded and has more resistance to flow. 
Group A is also possible to block flow in 
Area 2, for example, when a sphere in 
Area 1 meets a sphere in Area 2. 

Centrifuge force also draws an 
ellipsoid Group B. The motion governs a 
slope with a certain angle of which 1 edge 
is in Area1 and another edge is in Area 2. 
The edge that is in Area 2 inhibits flow in 
Area 2. However, there are still enough 
areas of free flow in Area 2 than Area 1. 

As shear rate is more increased, 
described in Figure 3-5c, centrifuge force 
is stronger. This force induces three 
phenomena. First, Group A is stronger 
drawn to the center so that flow 
resistance in Area 1 is more governed. 
Second, because the tendency of Group A 
to be crowded in Area 1, it forces ellipsoid 
Group B to increase its slope and build a 
configuration that more inhibits flow in 
Area 2. Third, stronger centrifuge force 
strengthens all five factors mentioned 
that makes Group B more oriented. This 
high oriented structure increases the 
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stiffness of Group B. Stiffness can be 
represented as Young Modulus. It is 
reported that effective Young Modulus 
increases in the onset of shear thickening 
(Berret, et al., 2001). 

Based on the above illustration, 
microstructures of HTPB affects shear 
thickening through 3-steps mechanism. 
First, 1,2-vinyl and 1,4-trans isomers 
govern a certain configuration. Second, 
as shear rate increases, the configuration 
governs different flow resistances from 
one flow layer to the others. Third, as 
shear rate increases, both configuration 
and flow resistance of each layer changes. 
Although there is a report that extended 
chains in increasing shear rate flow, such 
as 1,4-trans in this case, reduce the 
viscosity (Dunstan, 2019), the causes of 
flow behaviour of HTPB are dominated by 
configuration of microstructures. 
Regarding Newtonian flow of HTPB B and 
C that have more 1,4-trans isomer 
content, its lower ratio of 1,2-vinyl/1,4-
trans isomers governs a compact 
configuration in each shear layer. As 
shear rate increases, the configuration 
hardly allows any changes in flow 
resistance for each layer and in 
configuration itself. 
 
4 Conclusions 

In this work, investigation about effect 
of microstructures composition of HTPBs 
on its flow behaviour at low shear is 
conducted. The viscosity of three kinds of 
HTPBs with different compositions at 
various shear rates were measured by 
using rotational viscometer. It is found 
that HTPB with high 1,2-vinyl/1,4-trans 
isomers ratio performs shear thickening. 
With consideration of its physical 
properties, qualitative models of flow of 
those microstructures under increasing 
shear rate are illustrated. It is strongly 
suggested that 1,2-vinyl and 1,4-trans 
isomers govern certain configuration that 
induces different degree of flow 

resistances among shear layers. These 
interlayer flow resistances are changes 
with increasing shear rate. 

This work strengthens the importance 
in considering HTPB microstructures in 
order to obtain desired flow behavior 
whether of HTPB itself or its particle 
composite slurry. Moreover, about 
storage period, molecular weight and 
microstructures composition of HTPB are 
sensitive towards storage condition. 
Therefore, an improvement in storage 
condition of HTPB is advised. 
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ABSTRACT  
 
This research focuses on calculating the force distribution on the wings of the LSU 

05-NG aircraft by several numerical methods. Analysis of the force distribution on the 
wing is important because the wing has a very important role in producing sufficient lift 
for the aircraft. The numerical methods used to calculate the lift force distribution on the 
wings are Computational Flow Dynamics (CFD), Lifting Line Theory, Vortex Lattice 
Method, and 3D Panel Method. The numerical methods used will be compared with each 
other to determine the accuracy and time required to calculate wing lift distribution. 
Because CFDs produce more accurate estimates, CFD is used as the main comparison 
for the other three numerical methods. Based on calculations performed, the 3D Panel 
Method has an accuracy that is close to CFD with a shorter time. 3D Panel Method 
requires 400 while CFD 1210 seconds with results that are not much different. While LLT 
and VLM have poor accuracy, however, a shorter time is needed. Therefore to analyze the 
distribution of lift force on the wing it is enough to use the 3D Panel Method due to 
accurate results and shorter computing time. 
 
Keywords: Wing Lift Distribution, CFD, 3D Panel Methode, LLT, VLM, Numerical Methode. 
 
1 Introduction 

Wings have a very important role in 
producing sufficient lift force for 
airplanes. The lift force produced by these 
wings is the main lift force of an aircraft. 
Failure on the wing will make the aircraft 
lose lift and crash.  

The estimation of the load on the wing 
will be determined by the wings 
component. Thus, failure happening on 
the wing could be rectified. One of the 
loads work on the wing is aerodynamic 
load.  

The results of the analysis of lift force 
distribution along the wingspan can be 
used to predict aerodynamic loads in 
wing structures (Silitonga & Moelyadi, 
2018). The method of estimating lift force 
distribution was first introduced by 
Prandtl in 1918. Prandtl introduced the 

first practical theory to estimate 
aerodynamic characteristics of finite 
wings (Anderson Jr, 2001). This theory is 
known as Lifting-line Theory (LLT). 
However, this theory still assumes that 
the coefficient of lift force linear to 
changes in the effective angle of attack, 
whereas after reaching the stall point the 
curve of lift force curve becomes 
nonlinear. (Anderson Jr, 2001) 
introduced an extensive model of the 
classical LLT developed by Prandtl to 
accommodate nonlinear areas on the 
curve of lift force coefficient to the 
effective angle of attack. 

Lifting-line Theory model only applies 
to elliptic or straight wings, while for wing 
shapes that have a low aspect ratio, 
wings with swept angles, and a delta 
wing, this LLT model cannot be used. 



Jurnal Teknologi Dirgantara Vol. 18  No. 2 Desember 2020 : hal 129-139 
 

 
 

 
130 

Therefore, the Vortex Lattice Method 
(VLM) was developed by Margason in 
1985. Vortex Lattice Method assumes the 
wing is a surface consisting of small 
elements in the form of horseshoe vortex 
or ring vortex (Bertin & Cummings, 
2009). 

Lifting-line Theory and VLM models 
are widely used by researchers to 
estimate the aerodynamic characteristics 
of aircraft wings. The basic LLT model 
developed by Prandt'l was modified by 
H.B. Helmhold in 1942 to accommodate 
the LLT model on a straight wing with a 
low aspect ratio (Anderson Jr, 2001). 
Meanwhile, (Küchemann, 1953) 
developed LLT in the case of wings with 
swept angles. The mathematical model of 
LLT was also developed (Sivells & Neelly, 
1947), (Multhopp, 1955), and (Weber, 
Kirby, & Kettle, 1956). Recent research 
using the LLT method is related to the 
optimization of wing or aircraft design, 
such as research by (Fonseca, Pinheiro, 
& Arcos, 2018) and (Carvalho & Brito, 
2017). 

Vortex Lattice Method has been 
widely implemented in various software 
tools for conducting aerodynamic 
analysis in the early stages of aircraft 
design. The software includes Tornado 
(Melin, 2000), AVL (Buzdiak, 2015), and 
XFLR5 (Deperrois, 2013). (Gryte et al., 
2018) conducted aerodynamic modeling 
of unmanned aircraft using wind tunnel 
data and numerical calculation data 
using the VLM method. Numerical data is 
obtained through XFLR5 software. (Loya, 
Maqsood, & Muhammad Duraid, 2018) 
analyzed the aerodynamic parameters of 
unmanned aircraft using XFLR5 with the 
VLM method whose results were 
compared with DATCOM and 
Computational Fluid Dynamics (CFD). 

The more sophisticated technology 
makes fluid flow problems can be solved 
by numerical computation. CFD analysis 

allows us to get more accurate results but 
requires a longer computational time 
than previous methods. Comparisons 
between methods for estimating 
aerodynamic parameters have been made 
by (Loya et al., 2018), (Ugargol & Ugargol, 
2017) and (Spall, Phillips, & Pincock, 
2012). In addition, several studies have 
been conducted comparing CFD analysis 
with wind tunnel tests. (Choi, Yu, & 
Kwon, 2014) conducted a study on the 
comparison between CFD and wind 
tunnel experiments to analyze tall 
buildings. The results shown from the 
comparison are not much different 
although there are several different for 
certain cases. Fouad et al., (2018) also 
conducted a study on the comparison of 
CFD techniques with the results of wind 
tunnel data. The results obtained by the 
CFD give very accurate and good results. 
The resulting Kakatatan depends on the 
number of grids during the calculation 
process. These two studies show that 
CFD can be used as a base for comparing 
previous methods. 

This research will discuss a 
comparative study of the performance of 
the LLT, VLM, Panel, and CFD methods 
in estimating lift force distribution in 
terms of accuracy and computational 
time. The purpose of this research is to 
lift the wing force distribution as a basis 
for experimental testing of the existing 
load on the wing. The output data from 
this study are used as a base for the 
experimental test 

 
2 Methodology 

The phenomenon of flying objects is 
inseparable from the presence of airflow 
on the object by to reduce force. This 
force is called the aerodynamic force. This 
aerodynamic force basically comes from 
the pressure and shear stress that occurs 
on the surface of the object as shown in 
Figure 2-1. 



Comparative Study Of Wing Lift Distribution... (Angga Septiana, et.al.) 
 

 
 

 

131 

 
Figure 2-1: Pressure and shear stress 

 
The pressure on each of these small 

surfaces accumulates resulting in the 
resultant forces and moments. Two types 
of force and moment components are 
determined based on the direction of the 
force that is the force in the direction of 
the object and the direction of the wind. 
This type of force component is illustrated 
in Figure 2-2. 

 
Figure 2-2: Resultant and component 
force 

 
Where ! is the lift force, that is the 

force component which is perpendicular 
to the wind direction ("#), while D is the 
drag force, that is the force component 
which is in the direction of "#.% is the 
normal force that is the force component 
which is perpendicular to &, while ' is the 
axial force that is the force component 
which is in the direction of &. The angle of 
attack ( is defined as the angle between 
the direction of the wind and & so that ( 
can also be defined as the angle between 
! and % as well as ) and '. Therefore, the 
following equation can be formed: 

 
! = %cos(() − 'sin(() (2-1) 

) = %sin(() + 'cos(() (2-2) 

In the discipline of aerodynamics, 
some dimensionless forces and moments 
are often known as aerodynamic 
coefficients. For example 4# and "# are 
the density and velocity of air in an open 

flow (freestream), then dynamic pressure 
can be defined as: 

 

5# =
1

2
4#"#

8 (2-3) 

 
Dynamic pressure has the same units 

as pressure (Newton and similar units). 
For example, 9 is the area of an object 
reference and : is the object reference 
length, then the aerodynamic coefficient 
is defined as follows: 

 

;< =
!

5#9
 (2-4) 

;= =
)

5#9
 (2-5) 

;> =
?

5#9:
 (2-6) 

 
2.2 Problem Definition 

The process of making an airplane, 
especially on the wing, needs to be 
analyzed the distribution of forces that 
exist along the wing. This is done to make 
the structure of the aircraft wing so that 
it is strong with the weight of the aircraft. 
Because the load received by the wing is 
large, it is necessary to analyze the force 
distribution on the wing. 

 
2.3 Method 
2.3.1 Computational Fluid Dynamics 

 Computational Fluid Dynamics (CFD) 
is a numerical simulation tool for 
analyzing and designing fluid flow 
systems, heat transfer, and other fluid 
phenomena. In this study, CFD 
simulations are used to analyze the 
airflow that occurs in the area of the 
aircraft with the same actual flying 
conditions. 

The basic concept of CFD is derived 
from physical phenomena that occur in 
the fluid. This phenomenon is described 
in a mathematical model called the 
governing equation. The general equation 
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commonly used to represent fluid flow 
behavior is the Navier-Stokes equation 
(Panagiotou, Kaparos, Salpingidou, & 
Yakinthos, 2016). For the assumption of 
incompressible flow, the Navier-Stokes 
equation is expressed as 

 

@
AB

AC
+ BD B = −DE + FDGB

+ @H 

(2-7) 

In general, CFD analysis is carried out in 
three major stages, namely: 

1) Pre-processing 
2) Solving 
3) Post- Processing 

In pre-processing there is a process of 
determining the turbulent model. This 
turbulent model is used to model fluid 
flows that move randomly and are 
unstable. In this study to solve this 
problem using the Shear Stress 
Transport model provided by ANSYS-
CFX. The Shear Stress Transport model 
works by solving the models based on 
turbulence/frequency (k-ω) on walls and 
k-ε in fluid flow (Ansys, 2004). K-epsilon 
is a turbulent equation model with two 
equations to solve the turbulent kinetic 
energy k and the dissipation power ε. 
Whereas k-ω is an alternative equation to 
replace the k-epsilon equation. Similarly, 
the k-epsilon equation, the k-ω equation 
model is used to solve the turbulent 
kinetic energy k and the specific 
dissipation power ω. The advantage of k-
ω compared to k-ε is that this equation 
increases the boundary layer 
performance due to pressure gradients. 
 
2.3.2 Vortex Lattice Method. 

Vortex Lattice Method is a numerical 
method used to analyze fluid dynamics. 
In principle, this VLM models a surface 
on an aircraft into an infinite number of 
vortices to analyze or calculate the 
pressure distribution on an aircraft, in 
this case, VLM can also be used to 
calculate the force distribution on an 

aircraft. In this method, it is assumed 
that fluid flow is incompressible, inviscid 
and irrotational and the influence of 
thickness on force is neglected.  

 Based on the assumptions above, 
flow that is incompressible and 
irrotational, according to (Anderson Jr, 
2001) can be synthesized by adding a 
similar elemntary flow of energy. The 
intended elemntary flow can be a point or 
a vortex line. 

 There are four important theories 
that are used to illustrate this effect and 
to model an air flow around the wing 
(Budziak, 2015). The four theories are 

a. Biot-Savart Law 
b. Kutta-Joukovsky theorem 
c. Hermann von Helmholtz theory 
d. Prandtl lifting-line theory 
According to Biot-Savart's law the 

vortex line induces a certain velocity field, 
at any point P there is a distance r from a 
filament causing that speed to be induced 
by the vortex. This concept is illustrated 
in the picture 

 
Figure 2-3: Ilustration of Biot – 

Savart Law 
 
Based on the illustration in Figure 2-

3,  the form of a mathematical model of 
Biot-Savart law as follows: 

 

I" =
J

4L

I:	×O

O P   

atau  

" =
J

4L

I:	×O

O P  

 
( 2-8 ) 

 
Where 
I: : infinite small filament partitions 
O : distance from point P to the 

point  in the filament 
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J : Vortex strength 
" : Induced Speed 

According to the Kutta-Joukowski 
theorem, certain moving vortex with the 
strength of the speed which is bound in 
the flow velocity "# will produce lift force, 
in other words 

 
! = 4"#J ( 2-9 ) 

with 
4   : air density 
"# : Freestream speed 
!   : Lift Force (Lift) 
Hermann von Helmholtz's theory 

illustrates the principle of a vortex 
filament must be from a closed path (eg 
vortex ring) and circulation along the 
vortex filament is constant. 

Prandtl lifting-line theory describes 
vortex rings as horseshoe vortex. This is 
because the vortex ring can be changed 
into four vortex filaments that are 
definitely closed. 
 
2.3.3 The 3D Panel Methode 

The 3D Panel method in XFLR5 
software is applied to analyze in 3D form 
by considering wing thickness. Different 
from VLM that only considers the mean 
camber line. Moreover 3D Panel method 
is also used to analyze the pressure 
distribution on the upper and lower 
surface of the wing. In principle, this 
method models the existing disturbance 
on the wing surface with a number of 
doublets and sources which is 
distributed above and below the wing 
surface (Deperrois, 2013). This method 
uses doublets and sources on a flat and 
linear panel. In detail, mathematical 
model for the 3D Panel method there is in 
reference. 

 
2.4 VLM Model and 3D Panel Model 

Numerical simulation using VLM and 
Panel Method to calculate the 
distribution of lift force on the wing as an 

initial prediction for the process of 
calculating the load analysis on the 
structure. In this calculation used XFLR5 
software. XFLR5 is software used to 
analyze aerodynamic parameters in 
airfoil, wings and fuselage, also can be 
used to analyze full configuration. 

Modeling using the first XFLR5 
software requires airfoil coordinates 
which is the basis for making wings. Then 
with that input, wing model with XFLR5 
was made and determine the number of 
elements on the wing. Figure 2-4 below is 
the result of wing modeling with XFLR5 
software using VLM and Horseshoe 
Vortex analysis 

 

 
Figure 2-4: Image of wings with VLM 
and Horseshoe Vortex with XFLR5 
 
While for the wing image using the 3D 

Panel Method on XFLR5 the image is 
obtained as follows 

 

 
Figure 2-5: Image of wings with the 

3D Panel Method with XFLR5 
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Figure 2-6: The Position of observation of Wing Lift Distribution on the wing 

Then the resulting images were analyzed 
by VLM, Horseshoe Vortex and 3D Panel 
methods. 

 
2.5 CFD Model 

Lift force distribution calculations 
are performed on the cruise 
configuration. There are a total of 15 
points to be observed based on the need 
for wiffletree testing. These points can be 
seen in Table 2-1.  
 
Table 2-1: The position of observation of 

lift force distribution 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The position of observation can also 
be seen in Figure 2-6, where the 
numbering sequence starts sequentially 
from left to right. The yellow line in Figure 
2-6 is the airfoil-shaped wing intersection 
where the lift value is calculated 
 
3. Result and Analysis  

This simulation is done on cruise 
configuration. The parameters used in 
both configurations can be seen in 
following. 

 
Table 3-1: Parameters Input 

 

Parameter Symbol  Value 

Configuration - Cruise 

Velocity Q 30 m/s 

Air density 4 
1.09224 
kg/m3 

Wing area 9 3.2175 m2 

MAC - 0.597 m 

Span R 5.5 m 
 
The simulation process using CFD on 

the cruise configuration the number of 
mesh used was 4099054 elements. 
Aerodynamic force analysis which 
includes lift coefficient, drag coefficient, 
CL vs CD coefficient and efficiency (L / D) 
using CFD is shown in Figure 3-1. 

No Position observation 

1. -2.62 
2. -2.22 
3. -1.85 
4. -1.48 
5. -1.11 
6. -0.74 
7. -0.37 
8. 0.00 
9. 0.37 
10. 0.74 
11. 1.11 
12. 1.48 
13. 1.85 
14. 2.22 
15. 2.62 
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Figure 3-1: Pressure graph vs Y axis in 

15 different positions 

Can be seen in Figure 3-1 that there 
are only 8 different graphs. This means 
that there are two graphs that have the 
same pressure distribution. The method 
used in the interp1 command in Matlab 
is the Spline method. A partition of n = 
100 is used. From the calculation results, 
the lift distribution value obtained at 15 
points as in Table 3-2 follows. 

 
Table 3-2: Value of lift respect to 

position of wing section 
 

Position X (m) L’ (N/m) 
-2.62 88.5899 
-2.22 139.9946 
-1.85 163.1239 
-1.48 180.4520 
-1.11 195.0827 
-0.74 206.7499 
-0.37 217.7947 
0.00 221.4290 
0.37 216.2650 
0.74 207.1259 
1.11 195.1621 
1.48 180.7269 
1.85 163.5302 
2.22 140.1262 
2.62 88.8286 

 
Figure 3-2 bellow displays a lift graph 

to the position of the wing section. 

 
Figure 3-2: Lift value graph in 

Wing Position 
 

Based on research conducted by 
(Choi et al., 2014) and (Fouad, Mahmoud, 
& Nasr, 2018) the results generated from 
CFD simulations for the analysis of lift 
distribution are accurate results. So that 
it can be used as a reference for 
comparing LLT, 3D Panel, Horseshoe 
Vortex and VLM methods 

Analysis of aerodynamic forces using 
VLM and 3D Panels was carried out on 
6000 and 12150 panels, respectively. The 
large number of panels shows 
increasingly similar to the original wing 
shape. On the other hand, the large 
number of panels affects the simulation 
time. 

There are differences of amount in 
analysis with VLM and 3D Panel. This 
difference can be seen in Figure 3-1 and 
3-2. This is because VLM only analyzes 
the mean camber line while 3D Panel 
analyzes many three-dimensional panels 
on the wing. 

Analysis of force distribution with 
VLM and 3D Panel on XFLR5 software 
only produces raw data. Then the data is 
processed into data that represents the 
distribution of forces along the wing. The 
results of the data processing are made in 
graphical form as follows. This shows 
that VLM is the result of the development 
of the Horseshoe Vortex method.
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Figure 3-3 : Lift distribution with 4 different methods 

However, the comparison of results 
between VLM and 3D Panel is maximum 
of 13 N, a large enough difference. 
 
3.1. Comparison Results of VLM, 
Horseshoe Vortex, 3D Panel and CFD 

The analysis results obtained by 
using CFD, VLM, 3D Panel and 
Horseshoe Vortex made a comparison of 
the values of the force distribution at 15 
observation points. Comparison of the 
results of the four methods is presented 
in Figure 3-3. The distribution of lift 
values at the observation position at the 
point mentioned in Table 3-4 shows the 
difference in lift values at each point not 
too far away. Based on Figure 3-3 to 
approach the results of the lift force 
distribution calculation with CFD is the 
3D Panel method. The difference in 
distribution values at each observation 
point is very small. As for the VLM and 
Horseshoe Vortex methods, the difference 
in lift distribution at each observation 
point is relatively close to CFD. The 
biggest difference between CFD and VLM 
and Horseshoe Vortex lies in the root 
chord wing. To find out the value at each 

point of observation can be seen in Table 
3-4. 

However, in terms of time to do one 
simulation with variance of the angle of 
attack each method is presented in Table 
3-3. 

Table 3-3: Time required for each 
method 

Method Time  

3D Panel 400 second 
VLM 65 second 

Horseshoe Vortex  66 second 
CFD 1210 second 

 
 As already mentioned that the 
simulation is done on cruise conditions 
means that it is only simulated when the 
angle of attack is zero. Based on Table 3-
3 it appears that the VLM method is a fast 
method to do simulations with the time 
required is 65 seconds. While CFD 
requires quite a lot of time which is 1210 
seconds. For the VLM method, Horseshoe 
Vortex and 3D Panel can simulate for 
several angles of attack with a fairly fast 
time, not much different from 
simulations for one angle of attack. 

 
Table 3-4: Lift Force Distribution Value with Four Methods at 15 observation points 
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Observation 
position 

METHOD 
3D Panel VLM Horseshoe 

Vortex 
CFD 

-2.62 89.92180075 85.73947843 89.05205992 88.59 
-2.22 141.5271871 133.0338307 134.0970227 139.99 
-1.85 165.2175825 154.5349692 155.0616294 163.12 
-1.48 181.0207952 169.0349681 169.5274925 180.45 
-1.11 194.5916861 181.7632156 1822917797 195.08 
-0.74 206.4318603 193.0378102 193.5467664 206.75 
-0.37 214.812132 201.077463 201.5339771 217.79 

0 217.86 204.01 204.44 221.43 
0.37 214.8121321 201.077463 201.5339771 217.79 
0.74 206.4318604 193.0378102 193.5467665 206.75 
1.11 194.5916863 181.7632157 182.2917798 195.08 
1.48 181.0207954 169.0349682 169.5274926 180.45 
1.85 165.2175828 154.5349694 155.0616295 163.12 
2.22 141.5271874 133.033831 134.0970229 139.99 
2.62 89.92180115 85.73947906 89.05206017 88.59 

 
Whereas CFD within 1210 seconds is 

only for one angle of attack. Difference of 
810 seconds with the 3D Panel method. 
The difference in the results of the 3D 
Panel method analysis with VLM and 
Horseshoe Vortex is due to the geometry 
formed using the 3D Panel method which 
is very similar to the CFD. Therefore the 
3D Panel method can analyze the 
distribution of pressure on the upper and 
lower surface of the wing. 

Referring to Table 3-4, it appears that 
the difference between the results of the 
CFD and 3D Panel is not too far away. 
Only in the root chord the difference is 
only 4N adrift. With a small enough 
difference, for the analysis of the lift force 
distribution on the wing for prediction of 
static wing testing. 

Based on research conducted by 
(Choi et al., 2014) and (Fouad et al., 
2018), that CFD can approach 
experimental results. Therefore, with a 
shorter and faster time, to do the analysis 
of the force distribution on the the 
aircraft wings is enough to do with the 3D 
Panel method. 

 
4 Conclusions 

In this research, the lift force 
distribution analysis on the wings of LSU 
05-NG has been carried out with four 
methods namely CFD, VLM, Horseshoe 
Vortex and 3D Panel. This analysis 
process begins with making wing 
geometry with the FX 76-MP 160 airfoil. 
Then the analysis is carried out based on 
the results and time required for analysis. 
Based on the results of research, it was 
found that VLM as an efficient method in 
terms of time. However, VLM provides 
inaccurate results to approach the CFD. 
The 3D Panel method takes 400 seconds, 
giving very good results to approach the 
analysis results of the lift force 
distribution with CFD. With a relatively 
fast time, 3D Panel is an effective and 
efficient method to approach the analysis 
results with CFD. 
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ABSTRACT  
	

Air traffic noise emission has been a growing concern for communities living 
within the vicinity of airports due to a massive increase in air traffic volume in recent 
years. This work focuses on the noise annoyance problem by optimizing one of the 
RNAV trajectories, which aims to minimize the noise footprint of a flying aircraft in a 
low altitude trajectory. Optimal control theory is applied to minimize the number of 
awakenings caused by a departing aircraft while constraining the relative increase of 
fuel consumption with regard to a fuel-minimal trajectory. The aircraft simulation 
model is based on the BADA 3 database, while the noise is modeled according to the 
ANP database, both published by EUROCONTROL. The methodology is demonstrated 
for the Soekarno-Hatta International Airport (CGK) in Jakarta; the result shows the 
comparison between fuel-minimal trajectories and noise-minimal trajectories for seven 
aircraft types representing the fleet mix at CGK. The number of awakenings of the 
noise-minimal trajectories is reduced by 30.33%, with an additional of 5% fuel 
consumption for the seven aircraft types when compared to the fuel-minimal trajectory. 

 

Keywords: Optimal Control Theory, Noise Abatement, Trajectory Optimization, RNAV  
                   Trajectory, BADA Database, Departure Trajectories. 

 
1 Introduction 

Due to the continuous growth of air 
traffic, noise annoyance has become an 
increasing concern, especially in the 
vicinity of airports. Despite many 
advancements in technology to 
significantly reduce noise emissions, the 
level of noise disturbances has remained 
unchanged or even increased due to the 
increase in the number of movements 
(landing or takeoff). Research from the 
Aviation Environment Federation (AEF) 
has shown that extensive exposure to 
noise can cause health problems such 
as cardiovascular diseases, sleep 
disturbance and is even has an impact 
of learning on children (AEF, 2016). 

This work focuses on the Noise 
Abatement Procedures (NAP), which 
manipulate flight paths of an aircraft, 
whether in the lateral flight path or 
vertical flight path. The procedure 
applied to the Soekarno-Hatta 
International Airport (CGK) using one of 
the Standard Instrument Departure 
(SID) procedures waypoints existing in 
the airport. 

For this case study, fuel and noise 
optimal trajectories are obtained by 
applying Optimal Control Theory (OCT). 
OCT has been used previously in the 
context of noise abatement by Xavier 
Prats (Prats, et al., 2010) to optimize 
noise for the Girona Airport in Spain. 
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Similar works are the developments of 
advanced operational procedures 
framework to analyze noise impacts by 
Thomas (Thomas & Hansman, 2019), 
strategy to design NAP by implementing 
nonlinear multi-objective optimal control 
problem by Prats (Prats, et al., 2010), 
performance bounding of continuous 
descent arrival procedures in terms of 
operating costs by Park (Park & Clarke, 
2015), optimization tool for departure 
noise abatement procedure by using 
reference flight path by Wijnen (Wijnen 
& Visser, 2003), design of aircraft 
terminal routes for noise abatement by 
employing a multi-objective evolutionary 
algorithm based on decomposition by 
Ho-Huu (Ho-Huu, et al., 2018), and 
determination of noise-minimal 
departure trajectories by Richter 
(Richter, et al., 2014). This paper 
extends previous work applicability, 
where it uses similar methodologies to 
be applied for one airport, contributing 
to noise emission reduction. 

 
2 Methodology 

The research focuses on applying 
OCT for a CGK SID departure trajectory. 
The following subsections present the 
Optimal Control Problem (OCP) 
formulation, the noise disturbance cost 
function, the scenario definition, and the 
aircraft simulation model. 

 
2.1. Optimal Control Theory 

The OCP is formulated as a Bolza-
type objective function ! consisting both 
of the Mayer Term	($) and Lagrange 
Term	(ℒ). The Bolza-type problem is 
formulated as follows (Prats, et al., 
2006): 

 

min
! = 	$ + ,- , + ,/ +	

	 ℒ +, 1 2,
34
35

  (2-1)

    
subject to: 

Dynamic Constraints 
 
+ = 	6(+, 1)    (2-2) 
 
Event Constraints 
 
789: 	≤ 7 + ,- , ,-, + ,/ 	 

													≤ 	78<=   (2-3)
   

 
Path Constraints 
 
>89: 	≤ > +, 1 	≤ 	>8<=  (2-4) 
 
where +(,) ∈ ℝ8 is the state vector, 

1(,) ∈ ℝ: is the control vector, ,- is the 
initial time, and ,/ is the final time, 
which is set to be free. The fuel-
minimum trajectories problem is 
formulated as a Mayer-type problem 
with: 

 
$ + ,- , + ,/ = 	−	B(,/)  (2-5) 

 
where B ,/  is the mass of the 

aircraft at the end of the optimization. 
While the noise-minimum trajectory is 
formulated as Lagrange-type problem 
with: 

 
ℒ +, 1 2,

34
35

= C<D<E  (2-6) 

 
where C<D<E is the number of 

awakenings, to be explained in 
subsection 2.2. The optimization process 
uses a combined objective function 
consisting of fuel and noise. Therefore, 
the resulting trajectory should converge 
to a point where neither objective can be 
improved without worsening the other, 
better known as Pareto optimality 
condition (Chatterjee, 2011). The 
epsilon-constraint (F − GHIJ,KLMI,) 
method is chosen to obtain points 
fulfilling the Pareto optimality condition, 
based on (Haimes, et al., 1971), where: 
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Problem A  min −B ,/ , C<D<E  
subject to  N +, 1 ≤ 0 
 
is replaced by  
 
Problem B (F) minC<D<E 
subject to  ΔK/QRS ≤ F 
   N +, 1 ≤ 0 
 
where 	N +, 1 ≤ 0 collects all 

constraints of the optimal control 
problem and ΔK/QRS represents the 
relative additional fuel consumption, 
computed in subsection 2.2. Applying 
this method, we can choose any value of 
F to be employed as an additional 
constraint for fuel consumption when 
solving the noise minimization problem, 
explained in subsection 2.2. 

The method chosen to solve the 
Bolza problem is the trapezoidal 
collocation method. The trapezoidal 
collocation works by converting a 
continuous-time OCP into a nonlinear 
program using trapezoidal quadrature to 
replace the continuous solution to the 
differential equation by a discrete 
approximation (Kelly, 2017). 
Furthermore, the optimal control toolbox 
called FALCON.m was used in this study 
(Rieck, et al., n.d.). 

 
2.2. Objective Function 

 The Sound Exposure Level (SEL) 
objective function must be defined 
before the scenario definition. The 
research conducted by Figlar (Miller & 
Gardner, 2008) yields a differentiable 
model for the sound pressure level TU: 

 
TU = 	 G- + GVWXYZZ 

																+G[ log 2 + G_log	(2)
[  (2-7)

   
The coefficients	G-,	GV, G[ and G_ are 

specific to the aircraft type and can be 
estimated using the Aircraft Noise and 
Performance (ANP) database published 

by EUROCONTROL (EUROCONTROL, 
2020). 	WXYZZ	is the corrected net thrust of 
the engine, and 2 is the distance 
between a noise receiver and an aircraft. 
The sound pressure level is integrated 
over the period in which the aircraft 
travels to the specific location yielding 
SEL: 

 
`aT = 	 10-.V⋅ef(3)	2,

34
35

  (2-8) 

 
The resulting SEL is used to estimate 

the expected probability of a person 
awakening due to noise exposure (g<D<E) 
in a particular location, which can be 
calculated by using the ANSI Curve 
Sleep Standard for single events (Miller 
& Gardner, 2008): 

 
g<D<E =

V

VhRij		
   (2-9) 

Where 
 

k = l- +	le ⋅ `aT + βn ⋅ WZR39ZR + lo ⋅
`pR:p939q93r    (2-10) 

 
And 
 
l-, le, ls, lo = constant 
WZR39ZR = Time since retiring, minutes 
`pR:p939q93r =	 Sensitivity for population 

segment 
 
For this case study, the percentage of 

awakenings is computed as a function of 
SEL only, therefore, WZR39ZR and `pR:p939q93r 
is assumed to be zero. In this case, the 
constants value of l- and le are −6.8884 
and 0.0444, respectively. Further 
explanation can be found in (Miller & 
Gardner, 2008). The resulting g<D<E	are 
used to calculate the number of 
awakenings (C<D<E) in each location by 
multiplying the value with the number of 
inhabitants	wx,9	: 

 
C<D<E = 	 g<D<E,9 ⋅ wx,9

:
9yV   (2-11) 
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where the index M represents the 
number of each receiver, and I is the 
total number of receivers. The other 
objective function to be optimized is the 
final mass of the aircraft	B(,/). We want 
to maximize	B(,/) so that the fuel 
consumption	defined by the difference 
between initial and final mass is 
minimized. As explained in subsection 
2.1, the epsilon-constraint method is 
employed to restrict the relative 
additional fuel consumption when 
minimizing noise. The epsilon-constraint 
value can be determined by: 

 

ΔK/QRS =
8 35 z8 34
8 35 z8∗ 34

− 1 ≤ F (2-12) 

 
where the nominator represents the 

noise-minimal trajectory’s fuel 
consumption, and the denominator 
represents the fuel-minimal trajectory’s 
fuel consumption. This work uses 
different values of	F: 0.0, 0.025, 0.05, 
and 0.075, to determine the trend of the 
number of awakenings C<D<E in 
correspondence with different relative 
additional fuel consumption. 

 
2.3. Aircraft Model Description 

 This subsection discusses the 
aircraft types chosen for this research as 
well as the reason behind the decision. 
There are seven types of aircraft which is 
considered in the optimization, 
consisting of four narrow-body jet 
airliner B737-800NG (B738), B737-
500CL (B735), B737-900NG (B739), 
A320-200 (A320), two wide-body jet 
airliner A330-200 (A332) and B777-300 
(B773), and one regional jet CRJ-900 
(CRJ9). According to the Blue Swan 
daily (The Blue Swan Daily, 2018), the 
seven types are the most frequent 
aircraft types flying into and out of the 
Soekarno-Hatta International Airport, 
making up over 90% of movements at 

the airport in domestic and international 
flights, which is shown in Figure 2-1. 
 

 
Figure 2-1: Aircraft Movement in CGK in   
                  2018 (The Blue Swan Daily,    
                  2018) 

The aircraft model is built according 
to the Base of Aircraft Data Family 3 
(BADA3) published by EUROCONTROL 
(Nuic, et al., 2010). Its performance 
characteristics are taken from the 
Aircraft Performance Database (APD), 
also published by EUROCONTROL 
(EUROCONTROL Experimental Centre, 
n.d.). 

 
2.4. Scenario Definition 

 The southeast bound departure 
procedure of runway 25R is the basis of 
the optimization scenario in this 
research. Figure 2-2 shows the CA1D 
Standard Instrument Departure (SID) 
procedure. The procedure has an initial 
climb on the runway heading up to 
8,000 feet and turns right directly to 
waypoint NABIL after reaching 500 feet 
upon lift-off. From this point, the aircraft 
turns right after NABIL to 113-degree 
radial heading towards NANTO, 
maintaining its altitude at 8,000 feet. It 
continues this heading until ‘CA’ NDB 
while climbing continuously up to 
18,000 feet at MUTIA and 24,000 feet at 
‘CA’ NDB (Jeppesen Sanderson Inc., 
2018). 
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     Figure 2-2: CA1D SID Departure     
                      (Jeppesen Sanderson Inc., 
                       2018) 

The Optimization process in the 
departure trajectory is focusing on the 
initial climb starting from the runway 
threshold when the aircraft takeoff at 
the speed of	|[, until the waypoint NABIL 
at 8,000 feet or 2,440 m high from the 
sea level. The reason behind this 
scenario is because, after the waypoint 
NABIL in CA1D SID, the aircraft has 
reached a sufficient altitude that the 
noise produced has little effect on the 
populated area below it. The origin point 
of this scenario is the threshold of 
runway 25R, and subsequently, all the 
reference positions of populated areas, 
as well as the position of NABIL 
waypoint, are measured relative to this 
origin point. The coordinates of runway 
25R and waypoint NABIL, NANTO, 
MUTIA, and CA NDB are given in Table 
2-1. 

We compute the relative distance of 
each waypoint to the runway 25R by 
using the geodetic conversion formula in 
the North-East-Down (NED) frame. The 
relative distance of the last waypoint is 
to be used as the final boundary 
condition of the departure trajectory, 
which in this case, is NABIL waypoint. 

   The locations which are considered 
as receivers are the western, central, 
and eastern parts of the city of Jakarta, 
Cengkareng region, and some parts of 
South Tangerang City. These areas are 
located within 20 kilometers of CGK, 
where aircraft flies below 8,000 feet with 

almost full thrust power, resulting in 
very high noise in the area. The location 
area is shown in Figure 2-3. 

 
    Table 2-1: Waypoints Coordinates 
                 (Directorate General of Civil     

               Aviation Indonesia, 2019) 
 

Waypoints Latitude Longitude 

RWY 25R 
[S06 06 
32.27] 

[E106 40 
08.62] 

NABIL 
[S05 57 
47.96] 

[E106 50 
13.48] 

NANTO 
[S06 08 
17.14] 

[E107 14 
54.04] 

MUTIA 
[S06 27 
34.25] 

[E108 00 
33.53] 

CA NDB 
[S06 41 
52.73] 

[E108 33 
35.13] 

 
 

 
     Figure 2-3: Receivers for Noise                  
                       Abatement 
                       (Source: Google Earth,   
                       ©2020 Google, ©2020   
                       Maxar Technologies) 

The receivers’ location is gridded per 
kilometer-square, and each kilometer-
square is filled with a particular 
population number which is extracted 
from the “Gridded Population of the 
World (GPW), v4” published by the 
Socioeconomic Data and Applications 
Center (SEDAC) at Columbia University 
(Columbia University, n.d.). The latitude 
and longitude limits of the receivers’ 
area are shown in Table 2-2. 

Table 2-2: Latitude and Longitude for  
            the Receiver’s Area Limit. 
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Limit 
Position 

Latitude 
Limit 

[D M S] 

Longitude 
Limit 

[D M S] 

Lower Left 
[S06 13 
05.88] 

[E106 30 
24.84] 

Lower 
Right 

[S06 13 
05.88] 

[E106 54 
12.96] 

Upper Left 
[S05 51 
48.24] 

[E106 30 
24.84] 

Upper 
Right 

[S05 51 
48.24] 

[E106 54 
12.96] 

 
The resulting gridded populated area 

with its population number is shown in 
Figure 2-4, where the color map 
represents the population density in one 
kilometer-square area. 
 

 
Figure 2-4: Population Area Density 
 

2.5. Problem Formulation 
The dynamic model and problem 

formulation are discussed in this 
subsection. There are eight states and 
three control variables within the 
problem. Writing the states and controls 
in vector form yield: 

+ =

}
~
%
Ä
Å
Ç
ÉÑ
Ö

     (2-13) 

 

1 = 	
Ü

ÉÑ,áÖ%
à

   (2-14) 

 
The first three states, }, ~,	and %	are 

the 3D spatial representation of the 
aircraft in the NED-frame, Ä is the 
absolute velocity, Å	is the course angle, 
Ç	is the climb angle, ÉÑ is the thrust 
lever position,	ÉÑ,áÖ% is the commanded 
thrust lever position, Ö is the mass of 
the aircraft, â	is the angle of attack, and 
à	is the bank angle. Then, we introduce 
the output of this model as:  

 

ä = 	

}ã
>
>%åç
Ñ

    (2-15) 

 
where }ã is the load factor in the ã-

direction of the body frame, > is the 
aircraft’s height above the reference 
ellipsoid, >%åç is the kinematic vertical 
speed corresponding to >, and Ñ is the 
absolute thrust value in which the value 
is dependent on the aircraft types. The 
dynamic equations governing the 
evolution of the states are: 

 
}

~

% é

è

= êéë ⋅ 	
Ä
í
í ë

   (2-16) 

 
Ä

Å

Ç

= 	

ì í í
í

ì

Ä⋅îïñ Ç
í

í í −
ì

Ä

⋅
ì

Ö
ó ë (2-17) 

 
òs =

V

sô
⋅ (òs,X8ö − 	òs)  (2-18) 

 
B = 	−B/ ⋅ (óõ, ℎ, |, ù)  (2-19) 
In which	êûü is the coordinate 

transformation matrix from kinematic 
frame to NED frame, 	ℎ is the altitude, ù 
is the Atmospheric air density based on 
the International Standard Atmosphere 
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(ISA), and ó ü	is the summation of 
forces in the kinematic frame given by 
(Gerdts & Grüter, 2019): 

 
	 ó ü 	= 		êüûêûU ó† U +

	êü° ó¢ °	 + 	êü° ó¢ ° +

							êüû ó£ û                      
(2-20) 

	
 
In which	êüû is the coordinate 

transformation from NED frame to 
kinematic frame,	êûU is the coordinate 
transformation matrix from aerodynamic 
frame to NED frame, and êü° is the 
coordinate transformation matrix from 
the body frame to the kinematic frame. 
The force vector	ó†,	ó¢,	ó£ stands for 
aerodynamic, propulsion, and 
gravitation force, respectively, and are 
given by: 

 

ó† =
−§
0
−T U

   (2-21) 

	

ó¢ =
W
0
0 °

    (2-22) 

	

ó£ =
0
0

B ⋅ • û

   (2-23) 

 
In which § is the drag force, T is the 

lift force, W is the thrust output, B is 
mass of the aircraft, and • is Earth’s 
gravitational acceleration. 
3. Results 

The result compares the fuel 
minimization trajectories for all aircraft 
types (trajectory 1) with the fuel/noise 
optimization trajectories for all aircraft 
types included in this research 
(trajectory 2). Trajectory 1 uses the 
aircraft’s mass as its objective to be 
maximized, and the resulting minimum 
fuel consumption is used for fuel 
consumption benchmark in trajectory 2. 
On the other hand, trajectory 2 uses the 
number of awakenings as its objective to 

be minimized, and the epsilon constraint 
is applied to restrict the additional fuel 
consumption. The values chosen for the 
epsilon constraint are 0.025 (2.5%), 0.05 
(5%), and 0.075 (7.5%) additional fuel to 
see the impact of fuel to the number of 
awakenings. 

In general, trajectories 1 follow RNAV 
guidelines where after takeoff, the 
aircraft takes a right turn immediately 
and flies straight towards NABIL. Also, 
all aircraft types take similar fuel 
minimal trajectories except for CRJ9 and 
B773, which exhibit larger radii. On the 
other hand, trajectories 2 display a 
different approach towards NABIL. After 
takeoff, they avoid the densely populated 
areas first before flying towards NABIL, 
resulting in larger turning radii for all 
aircraft types. The resulting trajectories 
are shown in Figure 3-1, where the solid 
lines represent trajectories 1, the dotted 
lines represent trajectories 2 with 5% 
additional fuel, and the gridded 
population area is shown as a contour 
plot with its population density as the 
color map. 

Figure 3-2 summarizes the 
parameters and objective function 
values for both trajectories, in which a 
similar pattern of increasing time and 
fuel noise while the decreasing number 
of awakenings can be found for all 
aircraft types. Principally, the time to fly 
trajectories 1 is about 252 seconds on 
average, while it took 291 seconds to fly 
trajectories 2 for the seven aircraft types. 
Additionally, all aircrafts’ fuel 
consumption in trajectory 2 fulfilled the 
requirement of the epsilon-constraint. 
Figure 3-2 also shows the parameter of 
trajectory 2 when using 2.5% and 7.5% 
additional fuel restriction.  

Looking into each aircraft class type, 
the narrow-body jets, A320, B735, B738, 
and B739 yield similar parameters in 
terms of time taken to fly both 
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trajectories. The four aircraft types 
result in 235 seconds for minimum fuel 
trajectory, 245 seconds for 2.5% 
additional fuel, 257 seconds for 5.0% 
additional fuel, and 271 seconds for 
7.5% additional fuel. For the four 
aircraft types, every 2.5% additional fuel 
result in 5% relative additional time on 
average. 

In terms of fuel consumption, the 
narrow-body airliners also have similar 
minimum fuel consumption. The 
minimum fuel consumption values are 
386 kg for A320, 416 kg for B735, and 
422 kg for both B738 and B739. The 
fuel consumption rises according to the 
epsilon constraint value.  

In terms of noise exposure, however, 
the four types show different values 
compared to each other. For the 
minimum fuel trajectory, the average 
number of awakenings varies from 136 
(A320) to 278 people (B739), while B735 
and B738 yield 152 and 244 number of 
awakenings, respectively. Compared to 
the fuel-minimal trajectory, the four 
types have a significant reduction in 
terms of the number of awakenings. 
With 2.5% additional fuel, the number of 
awakenings for the four types reduces 
by 32.8% on average, 36.4% for 5% 
additional fuel, and 38.6% for 7.5% 
additional fuel. The B739, in particular, 
has the highest reduction regarding the 
number of awakenings among the 
narrow-body airliner aircraft types, 
reaching nearly 50% reduction for 5% 
additional fuel consumed compared to 
the number of awakenings in minimum 
fuel trajectory. 

The two wide-body airliner types, the 
A332 and B773, exhibit similar patterns 
in their trajectories. In terms of time 
taken, the A332 takes 237 seconds for 
the fuel-minimal trajectory, and B773 
takes 310 seconds for the same 
trajectory. When solving for noise and 

the epsilon constraint is applied, both 
types have an increase of flying time at 
about 4.7% for every 2.5% relative 
additional fuel is consumed. The 
trajectory 1 fuel consumption for A332 
and B773 is 1106 and 1663 kg, 
respectively, and it changes according to 
the fuel restriction for trajectory 2. 

The number of awakenings for the 
wide-body airliner is fairly surprising. 
The number of awakenings in the fuel-
minimal trajectory for A332 is 201 
people. This value is lower than that 
which is seen for B738 and B739. The 
B773 also has a lower number of 
awakenings value, 163 people, than the 
narrow airliner types due to a larger 
turn radius in its fuel-minimal 
trajectory, which in turn flying above a 
sparsely populated area. As a result, the 
reductions for the wide-body aircraft 
types are not as significant as those for 
the narrow-body airliners. The number 
of awakenings’ reduction for A332 are 
23.4%, 28.4%, and 30.9% for 2.5%, 5%, 
and 7.5% additional fuel, respectively. 
For B773, the reduction is lesser, 
yielding only 1.2%, 2.5%, and 3.7%, 
respectively, for the same additional fuel 
consumption.  

The last aircraft type, CRJ9, has 
some unusual parameters. The flying 
time increases by 15% for every 2.5% 
increment of additional fuel 
consumption. This increase is more 
significant when compared to other 
aircraft types. The baseline fuel 
consumption for CRJ9 is 150 kg and 
increases accordingly to the epsilon 
constraint. For the fuel-minimal 
trajectory, CRJ9 has the number of 
awakenings value of 93 people. This 
value diminishes to 52, 49, and 49 
people for 2.5%, 5%, and 7.5% 
additional fuel, a reduction worth of 
46.2% on average for the type. 
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In summary, with 5.0% relative 
additional fuel, all aircraft types shows a 
reduction of the number of awakenings 
as follows: 25.74% for A320, 28.36% for 
A332, 23.03% for B735, 36.89% for 
B738, 48.56% for B739, 2.45% for B773, 
and 47.31% for CRJ9. These values 
result in an averagely 30.33% number of 
awakenings reduction for the seven 
aircraft types. 

 
Figure 3-1:Different Aircraft Types  

                 Trajectory for Fuel/Noise 
Optimization 

 

	
Figure 3-2:Trajectory Data for different  
                 Aircraft Types (Top-Left: Time     

            Parameter, Top-Right: Fuel  
              Consumption, Bottom-Right:   

       Number of Awakenings) 
 
The B739’s noise footprint is 

discussed in detail since it produces the 
highest noise exposure among the seven 
aircraft types, whereas all noise 
footprints of the other aircraft types are 
provided in appendix A. Figure 3-3 
shows the noise footprint in terms of 
SEL for the B739 aircraft. The top 
picture is the SEL footprint of the fuel-
minimal trajectory (trajectory 1), and the 
bottom picture is for the noise-minimal 
trajectory (trajectory 2) with 5.0% 
additional fuel consumption. The most 
significant exposure happens at the start 

of the trajectory where the aircraft 
applies its full thrust, and due to its low 
altitude, the noise exposure level 
reaches its highest at about 130 dB in 
this area. As the aircraft climbs and 
reduces its thrust output progressively, 
the SEL reduces in the greater area 
accordingly. Trajectory 2, in turn, trades 
off noise levels with fuel consumption. 
the second part of Figure 3-3 shows the 
highest noise levels when using an 
additional 5.0% fuel consumption yields 
about 100 dB at the start of the 
trajectory instead of 130 dB. This result 
then affects the overall noise levels on 
the trajectory, which is lower than that 
in trajectory 2.  

 

 
Figure 3-3:Sound Exposure Level   

                      Footprint for B739 (Top:  
                      +0.0% Fuel-minimal  
                      Trajectory, Bottom: +5.0%   
                      fuel Noise-minimal   
                      Trajectory) 

 
The number of awakenings (Figure 3-

4) due to a departing B739 is profoundly 
affected by the population density in the 
area (Figure 2-4) and the sound 
exposure level (Figure 3-3). For 
trajectory 1, even when the southeast 
area gets exposed to a similar level of 
noise, it yields in a higher number of 
awakenings than the northwest area due 
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to its high-density inhabitants, with the 
highest number yields as high as 1,200 
people. Trajectory 2 then avoided these 
high-density areas as much as possible, 
resulting in lower noise and awakenings 
percentage to the area. Hence, the same 
area which previously had between 
1,000 and 1,200people awakened now is 
reduced to about 400 to 800 people. 
 

 
Figure 3-4:Number of Awakenings  

                  Footprint for B739 (Top:  
            +0.0% Fuel-minimal  

                   Trajectory, Bottom: +5.0%  
         fuel Noise-minimal  

                      Trajectory) 
 

4 Conclusions 
OCT has been successfully applied to 

generate noise-optimized trajectories on 
the airport, in which the resulting 
trajectories have been discussed in 
detail. The results regarding the 
departure trajectories indicate a 
potential reduction of the average 
number of awakenings by 30.33% for 
5% additional fuel consumption in the 
seven aircraft types, benefitting the 
environments by reducing noise 
emissions. It is important to note that 
although the research methodology is 
applied for the Soekarno-Hatta 
International Airport in Jakarta 

geographically, the research method can 
be applied in any airport. Furthermore, 
the algorithm used in this research can 
also be applied to any aircraft types, 
making it a generic algorithm that can 
be adapted in any airport and aircraft. 
Therefore, the methodology of the 
research can be used for a tool to plan 
SIDs in airports worldwide. 

The research results in new noise-
minimization trajectories for one RNAV 
procedure in the departure scenario. It 
would be interesting to see other RNAV 
procedures of this airport go through the 
same process of noise optimization to 
see a significant reduction in noise 
emission. Also, the scope of this work is 
applied for one aircraft at a time. It is 
intriguing to see multiple aircrafts 
operation and see the resulting noise 
footprints for the area below it. 
Nevertheless, the application of OCT to 
minimize noise by generating new 
trajectories contributes to a further 
sustainable aircraft operation in terms of 
noise exposure.  
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Appendix A: Noise Footprint Figures 
• A320 Noise Footprint 

 

	
Figure A-1: Sound Exposure Level Footprint for A320 (Top: +0.0% Fuel-minimal 

Trajectory, Bottom: +5.0% fuel Noise-minimal Trajectory) 

	
Figure A-2: Number of Awakenings Footprint for A320 (Top: +0.0% Fuel-minimal 

Trajectory, Bottom: +5.0% fuel Noise-minimal Trajectory) 
	
	

• A332 Noise Footprint 
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Figure A-3: Sound Exposure Level Footprint for A332 (Top: +0.0% Fuel-minimal 

Trajectory, Bottom: +5.0% fuel Noise-minimal Trajectory) 

 

	
Figure A-4: Number of Awakenings Footprint for A332 (Top: +0.0% Fuel-minimal 

Trajectory, Bottom: +5.0% fuel Noise-minimal Trajectory) 
	
	

• B735 Noise Footprint 
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Figure A-5: Sound Exposure Level Footprint for B735 (Top: +0.0% Fuel-minimal 

Trajectory, Bottom: +5.0% fuel Noise-minimal Trajectory) 

	
Figure A-6: Number of Awakenings Footprint for B735 (Top: +0.0% Fuel-minimal  

                       Trajectory, Bottom: +5.0% fuel Noise-minimal Trajectory) 
	
	

• B738 Noise Footprint 
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          Figure A-7: Sound Exposure Level Footprint for B738 (Top: +0.0% Fuel-minimal  
                            Trajectory, Bottom: +5.0% fuel Noise-minimal Trajectory) 

	
Figure A-8: Number of Awakenings Footprint for B738 (Top: +0.0% Fuel-minimal 

Trajectory, Bottom: +5.0% fuel Noise-minimal Trajectory) 
	
	

• B773 Noise Footprint 
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Figure A-9: Sound Exposure Level Footprint for B773 (Top: +0.0% Fuel-minimal  

Trajectory, Bottom: +5.0% fuel Noise-minimal Trajectory) 

	
Figure A-10: Number of Awakenings Footprint for B773 (Top: +0.0% Fuel-minimal  

Trajectory, Bottom: +5.0% fuel Noise-minimal Trajectory) 
	
	

• CRJ9 Noise Footprint 
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Figure A-11: Sound Exposure Level Footprint for CRJ9 (Top: +0.0% Fuel-minimal  

Trajectory, Bottom: +5.0% fuel Noise-minimal Trajectory) 
 

	
Figure A-12: Number of Awakenings Footprint for CRJ9 (Top: +0.0% Fuel-minimal  

Trajectory, Bottom: +5.0% fuel Noise-minimal Trajectory) 
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ABSTRACT 

	
In this research, the design of the force measuring system on the main landing 

gear weight drop test for the LSU series developed by LAPAN was carried out. The 
principle of this machine is to apply the load according to the weight of the aircraft on 
the main landing gear and drop it at a certain height assisted by the guiding rail. At the 
bottom of this machine, there is an impact platform where each angle is mounted with 
a load cell that functions to measure the reaction force due to the impact of the main 
landing gear. Besides, there is a data acquisition system whose function is to process 
the output signal from the load cell and display measurement data. The data 
acquisition system used consists of DAQ measurement hardware made by national 
instruments and LabVIEW software installed on a PC. The design of this testing tool 
aims to carry out a dynamic impact test on the main landing gear structure of the UAV. 
The results of the test and calibration show that the force measurement system has an 
average relative error value is 0.49% and linearity (R²) is 0.99. 

 
Keywords: Drop test, Impact platform, Load cell, Landing gear, UAV 
	
1 Introduction 

The development of UAV (Unmanned 
Aerial Vehicle) is growing rapidly both in 
Indonesia and all around the world. The 
demands of research activities related to 
UAV is not only created high 
performances products but also must be 
able to enter the downstream phase. 

The most important thing in 
downstream aerospace technology 
products is the requirement to have the 
capabilities required by regulation. In 
the world of aviation, the safety aspect is 
mandatory. To ensure the safety aspect, 
the certification process is carried out by 
the applicable regulations. 

One of the main components in the 
UAV with a fixed-wing configuration is 
the landing gear. The landing gear has 
the function to assist the aircraft in the 

process of take-off and landing. In 
several regulations governing aircraft 
design, both manned and unmanned 
explained how the minimum 
specifications of the landing gear 
structure must be met.  

In this research, a device was 
designed to test the strength of 
unmanned aircraft landing gear, 
especially for dynamic loads. The design 
of this tool is dedicated to LSU (LAPAN 
Surveillance UAV) Series aircraft. As it is 
known that LAPAN, especially the 
Aeronautics Technology center has 
succeeded in developing UAV variants of 
LSU starting from LSU 01, LSU 02, LSU 
03, LSU 04, LSU 05, LSU 02 NGLD, and 
LSU 05 NG. This tool is expected to 
become the standard testing tool for the 
landing gear UAV that was developed in 
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Indonesia to meet the safety aircraft 
regulation certification. 

Previously at the LAPAN Aeronautics 
Technology Center (Wijaya, et al., 2019), 
LSU landing gear testing was carried out 
using a static method where the landing 
gear was given a static load up to its 
strength limit. The dynamic testing is 
carried out following the representation 
of the landing gear load in the flying 
environment by free fall of the landing 
gear frame complete with the wheels and 
the MLW (maximum landing weight) load 
according to the design of the aircraft's 
landing gear.  

Drop weight testing is one of the 
destructive testings to investigate the 
behavior and material characteristics 
(Mahesh, et al., 2017). One of the 
functions of drop weight testing is to 
know the energy absorption of some 
specimens or part of the structure 
component. From this testing, the force 
versus displacement graph can be 
obtained to analyze the energy 
absorption characteristics (Taheri-
Behrooz, et al., 2013). A similar design is 
also provided by Galdino et.al (Galdino, 
et al., 2013). Not only have the function 
to know the energy absorption but drop 
weight testing is also can be used to test 
the performance of the helmet. Shell 
helmet is impacted using a strike 
impactor  (Yaakob, et al., 2015). Amin 
et.al use the weight drop test to 
investigate the characteristics and the 
behavior of 3D printed bi-material 
structure, especially on its dynamics 
characteristics  (Amin, et al,, 2017). 

There is so many research before 
that developed the weight drop test 
system for so many applications. One of 
the weight drop test development has 
been done by Sharma et.al in 2017. This 
system is dedicated to investigating the 
impact force on a carbon composite. 
This tool also has some function to 

determine the material toughness of 
composite material (Sharma, et.al., 
2017). The design and manufacture of 
low-speed impact tester have been done 
by Navarrete et.al. This machine is used 
to investigate the impact response of 
composite sandwich panel structure. 
This weight drop testing machine can 
drop the impactor toward the testing 
specimen from the maximum height of 2 
m. The mass of the impactor is varied 
from 5 to 25 kg so can provide the 
maximum kinetic energy to the testing 
specimen up to 500 Joule (Navarrete, 
Godinez, & Serrania, 2004). Kurşun et.al 
investigate the different shapes of the 
impactor of the weight drop testing 
machine. This test is done on a 
sandwich structure to investigate its 
rigidity (Kurşun, et al., 2016) 

Miguel and Alves have done their 
design of high energy drop weight rig to 
perform a drop weight tearing test 
(DWTT). This drop weight rig has a 
maximum capacity of 42 kJ. To hold the 
high impact load, some 4.6 tons of steel 
anvil is used to be the impact platform. 
At the bottom of this impact platform, 
31.8 ton reinforced concrete is used to 
be its foundation (Miguel & Alves, 2014). 

Tanadrob and Suvanjumrat compare 
the experimental testing and numerical 
analysis of drop weight testing. The 
numerical analysis is done using the 
finite element method. This research is 
done to benchmarking the material that 
is used in a speed boat to support the 
collision accident (Tanadrob & 
Suvanjumrat, 2017). Kara et.al use 
image processing to investigate the 
damage of composite structure when 
this specimen is tested using drop 
weight impact machine (Kara, et al., 
2017). 

From all of this research so it is 
important to develop the weight drop 
test machine to investigate the dynamics 
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characteristics of the landing gear of 
UAV. The landing gear structure must 
not fail during its take-off and landing 
operation. To evaluate this aspect, it is 
necessary to do the drop impact test on 
the landing gear structure. The most 
important thing about this machine is to 
obtained the force impact data to 
analyze the absorption energy and the 
strength of the material. 
 
2 Methodology  
2.1. Location and time 

Research activities in the form of 
designing and testing were done in the 
aerostructure laboratory located in the 
aeronautics technology center – LAPAN. 
This research was conducted from 
October 2019 to February 2020. 
 
2.2. Research Methodology 

Figure 2-1 is the flow of this research 
activity. This research is consists of 
several steps. The first thing to do is to 
design the test rig of the weight drop test 
machine. This tool is operated by drop 
the mass using a guiding rail by gravity. 
In the impact area, the force platform is 
designed to obtain the force data. This 
design then manufactures in the 
aerostructure laboratory of the 
Aeronautics technology center. 

 

 
Figure 2-1: Research workflow 

After the manufacturing process is 
done the next step is to do the 
calibration testing to make sure this 
machine is can work well. This machine 
is good to do a test on low strength to 
weight ratio materials (El-Ariss, 2011). 

According to Gunawan, et.al, if there 
is no friction on the guide rail with the 
fixture, then to calculate the speed at 
which the fixture falls, the free fall object 
equation can be used (Gunawan, et.al., 
2011). 

The theoretical approach to calculate 
the speed of the free fall object shown in 
the equations below:  

!" + !$ = &'()*+(*  
(2-1) 

!" + !$ = &'()*+(* 
 

(2-2) 

,-ℎ/ +
1
2,2/

3 = ,-ℎ3 +
1
2,23

3 (2-3) 

 
The first state is the condition of the 

object that has an altitude and has no 
speed, so the object just has the 
potential energy due to its height. The 
second state is the condition of the 
object that impacts the ground, so the 
object has no altitude. 

test	rig	design

force	measuring	
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manufacturing

calibration	test	
set	up

calibration	test	
per	load	cel

calibration	test	
all	load	cell
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,-ℎ/ + 0 = 0 + 12,23
3 

 
(2-4) 

 
So, the speed of the object that 

impacts the force plate can be expressed 
on the equation below: 

2 = 	 2gH  
(2-5) 

Where g is the value of earth's 
gravity, which is 9.8 m / s² and H is the 
height of the test object to be dropped. 

To perform the energy absorption 
analysis some data is required such as 
the force, acceleration, distance, velocity, 
and time unit. The energy absorption is 
present in the Joule unit (Metz, 2007). 
The calibration process is done in each 
load cell and then all of the force 
sensors, in total are four load cells. The 
final step is to analyze the data obtained 
from this calibration process. 

 
3 Hardware And Software Design 
3.1 Design and principle of Weight    
      drop testing machine 

This weight drop testing machine is 
designed to simulate the conditions 
under which the UAV is makes a 
landing. Therefore the method used is to 
imitate the principle of free fall objects, 
as has been done by Sharma et.al in 
2017 which is used for composite testing 
(Sharma, et.al., 2017). 

The mechanical system in this weight 
drop testing machine consists of several 
constituent components, namely: 
mainframe, guide rail, fixture release 
mechanism, fixture, and impact 
platform. The mainframe of this machine 
is made of H beam iron which functions 
as a platform to place the guide rail. The 
guide rail is used as a place for the 
fixture to slide attached to the landing 
gear. The fixture attached to the landing 
gear can be lifted and removed using the 
fixture release mechanism system. 

Between the guide rail and the fixture is 
made as smooth as possible to eliminate 
the friction. The design of the landing 
gear drop test machine can be seen in 
Fig. 3-1. 

The way this machine works is by 
attaching the landing gear to the fixture. 
The fixture is positioned at its altitude 
using a control panel that is adjusted to 
the desired test specifications. At a 
suitable height, the fixture is released by 
means of a release mechanism system 
so that it will fall in the direction of the 
guide rail and will hit the impact 
platform. 

 

 
    Figure 3-1: The design of landing gear   
                      drop test machine 
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  Figure 3-2: The release mechanism of    
                     free-fall landing gear 

 
 The release mechanism of the 

machine showed in Fig. 3-2. The test 
article is locked on the plate with three 
holes at the top of the machine. When 
the fixture locking is released, the test 
article will drop freely due to its weight. 
The impact force that occurs on the 
impact platform will be measured using 
a load cell. The final build of the 
machine can be seen in Fig. 3-3. 

 

 
   Figure 3-3 : Landing gear drop test     
                       Machine 

 
3.2 Impact platform 

The impact platform is a part of the 
landing gear drop test machine whose 
function is to receive the impact load 
from the fall of the landing gear when 
tested. Impact platforms must be 
designed strong, rigid, and not curved 
when receiving impact loads. Impact 
platforms must have a flat surface.  The 

design of the impact platform can be 
seen in Fig. 3-4. 

	
Figure 3-4: The design of impact 

                         Platform 
 

Impact platforms are made of iron 
plates with dimensions of length times 
width of 0.5m x 1m and with a thickness 
of 10cm. The weight of the impact 
platform is 100 kg. With this size, it is 
expected to be used for various sizes of 
landing gear or various types of UAV 
sizes. The design of the impact platform 
can be seen in Fig. 3-5. 

 
 

	
Figure 3-5:  Impact platform 

 
A load cell is installed to support the 

impact platform. The impact force 
received by the impact platform will be 
forwarded to the load cell, so we can find 
out the value of the impact load. Four 
load cells are installed at each edge of 
the impact platform. The load cell is 
bolted firmly on a base plate with iron 
material and is embedded in a cast 
cement so that it is strong, rigid, and not 
easily swayed. To isolate the effect of 
vibrations on the surface of the ground 
that can affect the results of the test, 



Jurnal Teknologi Dirgantara Vol. 18  No. 2 Desember 2020 : hal 159-167  

	

     
	
164 

then around the base plate is made a 
ditch filled with sand. 

 
3.3 Instrumentation 

A load cell is a sensor or device used 
to measure force or weight. The selected 
load cell is the Strain gauge load cell 
type. It converts the forces on its surface 
into changes in electrical resistance. To 
acquire these sensors, a Wheatstone 
bridge is used to convert the change in 
resistance to a change in voltage. 

The selected load cell is type H8C 
manufactured by Zemic. The maximum 
capacity of the load cell is 500 Kg. Based 
on information from the datasheet, this 
sensor has a good level of accuracy and 
reliability. This load cell sensor material 
is made from nickel plated alloy steel. 
The recommendation for the excitation 
voltage in this load cell is 5 to 12V DC. 
This load cell has an output rate is 
3mV/V. 3mV/V means that the load cell 
will provide a 30 millivolt signal at full 
load when excited with 10V DC. Figure 
3-6 is the load cell used in this research. 
 
	

	
Figure 3-6: Load cell instrument 

 
The output signal from the load cell 

is processed with a signal processing 
module made by a national instrument 
with type NI 9237. This module has 4 
analog input channels with half / full 
Wheatstone bridge configuration and 24-
bit ADC circuit resolution. The NI 9237 
module is installed in the cDAQ-9184 

module, which is a data acquisition 
system made by NI and is connected to a 
PC using a LAN cable (Ethernet). The 
configuration of the force measurement 
system can be seen in Fig. 3-7. 
 

	
Figure 3-7: Block diagram of the force    
                  measuring system 

Using Labview to create a user 
interface software to display the results 
of force measurements. Labview can be 
used to create user interface software 
because of its easy, stable, and powerful 
programming. With LabVIEW, we can 
create systems for measuring, 
controlling, monitoring, and storing data 
in one application. Data from the test 
results are stored in Excel form which 
will simplify the processing and analysis 
of data. The design of the user interface 
software made using the LabVIEW 
program can be seen in Fig. 3-8. 
 

 
Figure 3-8: Experimental software 

 
4.  Results and Analysis 
4.1 Calibration test 

The system must be validated first 
using calibration Calibration is 
performed to ensure that the 
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measurement data is accurate. 
Calibration is performed on a data 
acquisition system for measuring force 
and load cells. Calibration in the data 
acquisition system is done by measuring 
the force input which seems to be an 
output signal from the load cell. The 
signal can be simulated using a device 
called the weight system calibrator 
manufacture by Vishay with a type 325 
model. Figure 4-1 is a tool used to 
perform system calibration. 
 

 
Figure 4-1 : Weight system calibrator  
                    manufacture by Vishay  
                    with type 325 model 

The calibration process in the system 
is done by comparing the values listed in 
the calibrator, starting from 0 mV/V, 0.5 
mV/V, 1 mV/V, 1.5 mV/V, 2 mV/V, 2.5 
mV/V, and 3 mV/V with the results of 
the voltage reading on the LabVIEW. 
Because what is compared is the voltage 
value, the values listed on the calibrator 
need to be multiplied by 10 which is the 
excitation voltage. From the results of 
the comparison then the relative error 
value is calculated. Here is a table of the 
results of each load cell measurement. 
 

Table 4-1. The result from system  
                      Calibration 
	

The rated 

output 

voltage from 

weight 

system 

The output 

voltage from 

weight 

system 

calibrator 

Voltage 

reading with 

a force 

measuring 

system based 

calibrator 

model 325 

(mV/V) 

model 325 

(uV) 

on LabVIEW 

(uV) 

0 0 0 

0,5 5000 4968.57 

1 10000 9948.44 

1,5 15000 14928.47 

2 20000 19908.89 

2,5 25000 24890.99 

3 30000 29870.91 

 
The relative error value from the 

calibration process is 0.49%. This value 
is the average of the relative error values 
in each measurement calculated using 
the equation: 

 
Relative	error	value (4-1) 

= read	value − 	 true	value
read	value 	D	100% 

 
The process of calibrating load cells 

is using a scale made of iron with 
varying sizes. The size of the scales is 
1.1 kg, 5.2 kg, and 10.6 kg. 
Measurements were started by adding 
the scales of 1.1 kg 10 times, the scales 
of 5.2 kg 5 times, and the scales of 10.6 
kg 2 times. Then the measurement is 
continued by reducing the scales in 
reverse order from the addition of the 
weight earlier. The values of the scales 
are compared with the reading voltage 
values in the Labview GUI, then the data 
is recorded or stored on a worksheet. 
The calibration activity is carried out on 
all four load cell sensors used. The data 
that has been recorded is then made 
into a graph. Figure 4-2 to 4-5 show the 
calibration of the first load cell until the 
fourth loadcell, namely. 
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Figure 4-2: First Load cell Calibration 

 

 
Figure 4-3: Second Load cell Calibration 
 

 
Figure 4-4: Third Load cell Calibration 

 

 
Figure 4-5: Fourth Load cell Calibration 

 
From the results of the calibration 

for all load cell sensors as seen in Figure 
8, 9, 10, and 11, they have almost the 
same equation that is when adding 
weight obtained the equation y = 
0.0169x - 0.0024, and when reducing 

weight obtained the equation y = x - 
0.0168x - 0.0798. Where y is the weight 
value of the scale with kg and x is the 
voltage with a microvolt unit. 

The calibration process is continued 
by measuring the weight of the scales 
with all four load cells at the same time 
that have been installed on the impact 
platform. The calibration method is 
likened to the time of calibration for one 
load cell. 
 

 
Figure 4-5: Calibration Using Four Load 

cell 
 
From the calibration as seen in Fig. 

4-5, obtained Equation y = 0.0171x - 
0.0162 when adding weight and 
Equation y = x - 0.0171x - 0.096 when 
reducing weight. Where y is the weight of 
the scale with kg and x is the voltage 
value with the microvolt unit. It can be 
seen from the two activities of adding 
and reducing weights on calibration we 
get a similar equation. 
 
5 Conclusion 

Force measurements on main 
landing gear weight drop test machines 
for the LSU series aircraft using 4 load 
cells mounted on impact platforms that 
are designed to be strong and rigid 
produce accurate data. The data is 
processed using hardware which is a 
national instrument data acquisition 
system and displayed on Labview-based 
software. 
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This system has been validated by 
calibration both on the data acquisition 
system and also on every load cell 
sensor used. Calibration is also carried 
out on the force measurement system 
using 4 load cells at the same time 
mounted on the foot of the impact 
platform. The results of the test and 
calibration show that the force 
measurement system has an average 
relative error value is 0.49% and 
linearity (R²) is 0.99. 
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ABSTRACT  
 
The problem encountered while developing the RKX-200TJ/booster is the 

measurement of vehicle mass (center of gravity). The thrust line of the rocket booster 
does not coincide with the center of gravity can induce a pitch disturbance. By 
controlling the pitch parameter, the pitch disturbance phenomenon can be minimized. 
In this paper presents the flight performance and dynamics analysis and the design of 
the pitch and roll control system for RKX200TJ/booster during rocket boost and climb 
phase. The result indicates that the pitch disturbance can be reduced until 27% 
decrease whereas roll angle (!) can be damped at zero level (! = 0). Pitch angle ($) can 
be maintained at angle 5° for the climb phase. Although the one of moment arm case 
shows the static instability and uncontrollability during rocket boost phase, the control 
system can control the vehicle to further phase. This simulation is presented in X-Plane 
and Simulink. The PID controller is selected in the control system design. 

             
Keywords: PID controller, RKX200TJ/booster, rocket booster, X-Plane, Simulink.  
 
1 Introduction 

The development of unmanned aerial 
vehicle (UAV) technology has been 
growth more progress, such as the 
variantions of configuration form, 
advances in electronic system devices 
and increased thrust engine power. 
UAVs are commonly categorized into 
three groups based on configuration, 
capability and flight mission, namely 
fixed-wing UAVs, rotary-wing UAVs, and 
Hybrid UAVs (R. Austin, 2010). In the 
last decade, as several small industries 
and hobbies have made UAV known as 
drones, so that researchers or academics 
who working in the field of system 
devices often use them as a vehicle to 
develop their avionics systems.  

Researchers or engineers have been 
conducting experiments to develop the 
concept of a short take-off in UAV in the 
last decade, although this concept has 

emerged a long time ago. The main idea 
of the concept is that the UAV can be 
launched in a catapult or booster 
environment. The last type is an 
assistance take-off device to assist the 
vehicle by providing an additional small 
rocket boost. This type can be used 
anywhere, even on the ships because it 
does not require a runway (Hakiki, 
2020). 

Rocket Technology Center (Pustek 
Roket) still develops the UAV technology, 
in particular the control system. The 
control system used is software and 
hardware system which have an open-
source research platform enable full 
onboard processing on a micro air 
vehicle (Lorenz, et al., 2011). This 
control system has been applied on high 
subsonic speed vehicle and it works but 
there are still inaccuracy. Based on 
several experience in testing, it is 
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necessary to research  independent 
control system further.        

RKX-200TJ/booster is an designed 
unmanned aerial vehicle (UAV) flies at 
speed 200 – 250 km/h and can be used 
to the telemetry control system testing 
(Satrya, et al., 2014). The vehicle has not 
landing gear for take-off dan landing. 
The vehicle uses pneumatic launcher for 
take-off (Hakiki and Edi Sofyan, 2013), 
besides a single rocket booster. Whereas 
the second thrust using jet engine for 
cruise phase of flight.  

Previously, several studies have been 
published concerning the RKX200 
vehicle, in regarding to design, 
simulation, measurement and 
manufacturing. Riyadl in (Riyadl, 2015) 
researched the effect of moments on the 
flight dynamics of the RKX-
200TJ/booster to determine the optimal 
moment distance so that the vehicle can 
fly quite stable during take-off phase. 
During take-off phase by using booster 
rocket, there are the change in 
aerodynamic forces and the shift of 
vehicle's center of mass. The shift of the 
mass center will result in a moment 
force on the vehicle because of the 
booster thrust, (Riyadl and Hakiki, 
2014). In this case is not explained how 
the control system is applied on vehicle 
so that the vehicle can fly adequately 
stable in spite of disturbance 
occurrence. Shandi et al., predicted the 
location of the center of gravity of the 
RKX200TJ/booster. The center of gravity 
(CG) prediction based on mathematical 
calculations. The calculation is done by 
knowing the weight of each component 
of the vehicle and then calculating its 
effect on the vehicle's center of gravity. 
Calculations are carried on in the X-axis 
direction (XCG abscissa point) and Z-axis 
direction (ZCG ordinate point) in two 
flight conditions, namely take-off phase 
and the rocket booster is burned out. 

(Shandi and Hakiki, 2016). Shandi et al., 
only performed the CG calculations and 
did not discussed the flight performance 
dan dynamics. This calculation provided 
a reference for other further designs. 
Meanwhile, Bo Liu et al., analyzed the 
take-off process on UAVs with a single 
rocket booster. Modeling is done using 
ANSYS, wind tunnel testing, and 
empirical calculations. Simulations were 
performed by varying the booster angle 
deviation longitudinally and laterally 
(Liu, et al., 2011) instead of the moment 
arm in their paper. Once the single 
rocket booster has burned out, the 
velocity of UAV decreased. So, the 
designed control system was less 
effective.  

Riyadl explained the occurrence of a 
wobbling movement on a ballistic rocket. 
This phenomenon can occur because the 
point of the rocket's center of mass 
which is not located on the symmetry 
axis of the rocket. The asymmetry of the 
center of mass causes disturbance in the 
roll, pitch and yaw moments on the 
rocket, where the perturbation of the 
roll, pitch and yaw moments triggers the 
wobbling motion (Riyadl, 2015). The 
asymmetry effect of the rocket itself is 
taken into consideration in the control 
system design of RKX-200TJ/booster.  

Based on the above background, this 
paper analyzes the pitching moment 
effect of the RKX-200TJ/booster in 
terms of flight performance and stability, 
and then carried on the pitch and roll 
control system design for rocket booster 
and climb phases so that the vehicle 
flies stable.    
 
2 Methodology 

The line of force of the rocket booster 
usually passes through the center of the 
vehicle's mass (center of gravity, CG) in 
ideal conditions. In real condition, this is 
not a fact. This problem often occur a 
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measurement error. The misalignment of 
the rocket's propulsion line to the CG 
point generates a moment arm (darm) so 
that it affects the stability and its flight 
path. If the CG point lies above the 
thrust line, it will cause a pitch-up 
moment, as shown in Figure 2-1 (a). 
Otherwise, if the point CG lies below the 
thrust line, it will cause a pitch-down 
moment, as shown in Figure 2-1 (b). In 
this case, the point CG is assumed to lie 
only in the direction of the longitudinal 
axis and the vertical axis of the vehicle.  

 

 
Figure 2-1: Illustrates the pitch effect  

 
The aircraft model is simulated in X-

plane in which the characteristics of 
aerodynamic can be used to predict the 
flying qualities. So, the block aircraft 
dynamics is replaced by the flight 
simulator X-plane (Kaviyarasu and 
Senthil, 2014), whereas the control 
system design is presented in Simulink, 
as shown in Figure 2-2. The UDP  (User 
Datagram Protocol) communication is 
built between Simulink and X-Plane in 
one computer by using IP address (Bittar 
A., et al., 2013). In this paper is not 
addressed in term of UDP in detail. It 
has been discussed by Hakiki, 2020. 

 

 
Figure 2-2 : Block diagram construction  

 
2.1 Simulation Parameters 

The setting angle of the rocket 
booster to longitudinal axis has the 
same angle size as the flight elevation 
angle of 18°. The launcher is modeled as 
a landing gear which is a skids type gear 
(Laminar Research, 2013), as shown in 
Figure 2-3. The simulation is conducted 
by varying the selected moment arms 
referring to the references (Shandi and 
Hakiki, 2016). The selected moment 
arms are shown in Table 2-1. A positive 
sign indicates that the CG point lies 
above the thrust line of the rocket. 
Otherwise, a negative sign indicates that 
the CG point lies below the line of thrust 
of the rocket. 

 

 
Figure 2-3 : Display RKX200TJ/booster 

 
Table 2-1 : Data of mass and size of arm  
                Moment 

 

Vehicle 
Types 

Total Mass 

(kg) 

Moment Arm, 

darm  (cm) 

WCG1 30.5  2.87  

WCG2 29.2  1.32  

WCG3 29.4  -1.91  

WCG4 25.8 0.4  
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2.2 Design of Control System 
The designed pitch control system 

aim to maintain and control the pitch 
disturbances during a booster and climb 
phases. Whereas the roll control system 
keeps wing symmetrical wing position  
(wing leveler). 

The configuration of the pitch control 
system is used, as shown in Figure 2-4. 
This system has three loops. Outer loop 
is in the feedback pitch angle ($%) and 
there are two inner loops, namely the 
pitch damper and the feedback elevator 
deflection. The pitch damper system is 
implemented to increase the damping 
ratio of the pitch oscillation mode 
(Hakiki, 2020). The pitch angle reference 
($&'() and the angle $% pass through the 
comparator, resulting in an error signal 
($'). This is then multiplied by the 
controller's pitch gain ($)*+,), yielding the 
input for the pitch damper system block. 
Signal (∆$) and signal (.), which is 
amplified by the pitch rate gain (.)*+,), 
are compared to produce an elevator 
deflection signal (∆/'). This signal is 
added to the feedback elevator deflection 
signal (/'%), obtaining a new elevator 
deflection position (/'), as shown in 
Figure 2-4 (Bittar, et al., 2013), (Hakiki, 
2020). 

 

 
Figure 2-4 : Pitch control block diagram  

 
Control system block diagram is 

responsible to maintain wing leveler, as 
shown in Figure 2-5. The roll damper 
helps to improve the effect of artificial 
increase in wingspan. The roll mode can 
also influence the aircraft's trajectory by 
causing a delay of the time when a turn 
is commanded (Peters and Konyak, 
2012). Block Diagram is shown Figure 2-

5 indicates that the signal (!') is 
deviation between the reference roll 
(	!&'() and the current roll (!%). The 
signal is ehnanced with the roll signal 
gain (!)*+,) to become signal Δp. The 
servomotor for moving the deflection of 
aileron is generated from the ratio of the  
signal Δp to the feedback angular 
velocity signal (p) which is amplified by 
the roll rate gain (1)*+,) (Bittar, et al., 
2013), (Hakiki, 2020). 

 

 
Figure 2-5 : Block diagram of roll control 

 
The control system chosen is PID. To 

get the PID control feedback effect on the 
system motion by varying the gain value 
(Purwanto, et al., 2013). In this research, 
the PID coefficient is obtained based on 
trial and error. Sact is a transfer function 
for actuators. The transfer function is 
represented as a first-order system as 
seen in equation 2-1. 2 is a time 
constant , which is set to 0.1 s (Nelson, 
1998). 

 
3*%4 = 	 5

6785    (2-1) 

 
3 Result dan Analysis 

The simulation conducted at two 
flight condition, that is : 
a. Ballistic flight. 

The vehicle is pushed by a single 
rocket booster which has an average 
mass and thrust of 3 kg and 150 
kgf, respectively. It has a burn time 
of about 1.2 s.  

b. Flight by control system. 
During the booster phase, $&'( is 
adjusted according to the flight 
elevation angle. $&'( is set at 5° to 
the climb phase. After the rocket 
booster phase, the turbo jet engine 
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(sustainer) acts as a propulsion in 
the next phase. The sustainer is 
idled prior to take-off. 
 

3.1 Ballistic Flight  
The three flight parameters indicate 

that the vehicle is statically stable but 
the only one is instability. Stability of 
the vehicle can be seen from the 
response to the changes in the pitch 
angle ($), the roll angle (!), angle of 
attack (:) and side-slip angle (;) as 
shown in Figure 3-1, Figure 3-2, Figure 
3-3, and Figure 3-4. Whereas  Figure 3-5 
and Figure 3-6 illustrate the aircraft 
flight performance. 

The first case (darm1) which refers to 
Table 2-1, the vehicle experiences a 
pitch-up where the change in $ reaches 
86° for 1.8 s, as shown in Figure 3-1. 
The vehicle tends to be unstable. The 
vehicle even experiences a pull-up 
accompanied by rolling movement, such 
as showing a spiral motion or the 
starting of a wobbling motion. The graph 
is shown in Figure 3-2 indicates that the 
change in ! reaches -180° in 1.4 s, 
followed by a roll movement of +180° at 
the 2nd second so that it causes a spiral 
motion. The other graph can also be 
seen the change in : during the first 1.8 
s. The change in : occurs from 5° at 0.4 
s to 25° at 1.4 s, as shown in Figure 3-3. 
The vehicle experiences a loss of lift or a 
stall at the 1.4 s in this regime. Overall, 
the change in ; decreases and tends to 
move stable after the first second. It 
does not really affect the vehicle 
dynamics, except at the 6.6th second 
where there is the change in ; by -8°. 
The vehicle experiences instability in the 
initial phase so that it affects its flight 
path further as shown in Figure 3-6. 

The change in $ reaches 71° within 
1.5 s occurs in the second flight 
condition (darm2), as shown in Figure 3-1. 
Once the rocket booster has burned out, 

the vehicle is quite stable. Because the 
static stability range is still fulfilled so 
that it can restore its attitude towards 
the disturbance direction. The changes 
in !, : and ; tend to be stable, as shown 
in Figure 3-2, Figure 3-3, and Figure 3-
4, so that the flight path is according to 
its azimuth direction, as seen in Figure 
3-6. The altitude and range of the 
vehicle are 126.8 m and 173.3 m, 
respectively, whereas the flight time is 
11.6 s. The range calculation can be 
seen on the reference (Jan-Philip, 2010). 

The next variation of the moment 
arm (darm3), the vehicle tends to move a 
pitch-down until the change in $ reaches 
-5° within 1.2 s, as shown in Figure 3-1. 
Despite returning to pitch up, the 
vehicle has lost its lift. Range and 
altitude are quite short about 66.4 m in 
2.8 s with and 3.65 m, respectively, as 
shown in Figure 3-6. The angles of !, :, 
and ; are stable tendency, as shown in 
Figure 3-2, Figure 3-3, and Figure 3-4. 

In last variant, the vehicle flies very 
stable although the angle $ rises to 36°, 
as shown in Figure 3-1. The other 
motion responses also indicate that the 
vehicle is stable. The rocket booster 
thrust can push the vehicle achieving 
nearly 250 m for 9.2 s while altitude 
approaches 78 m, as shown in Figure 3-
6. 

The flight speed profiles generally 
show the same pattern characteristics, 
as seen in Figure 3-5. There are 
differences of velocity which is affected 
by the difference in the mass of the 
vehicle, the angle $ and the moment arm 
size. The effect of $ indicates that the 
great pitch angle comes low velocity. The 
pitch angle effect is related to the gravity 
factor. The greatest velocity occurs on a 
vehicle with a moment arm (darm3) of 
61.2 m/s, followed by darm4, darm2, and 
darm1, respectively, are 56.7 m/s, 49 m/s 
and 43 m/s. The last one, shows the 
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vehicle speed in unstable conditions. At 
1.4 s, a stall occurs when the angle : 
reaches 25° and the velocity of about 36 
m/s.  

 
 

 
 

    Figure 3-1 : Pitch angle response 
 

 
Figure 3-2 : Roll angle response 

 

 
Figure 3-3 : Angle of attack response 

 

 
Figure 3-4 : Side-slip angle response 
 

 
Figure 3-5 : Velocity profile 

 
 

 
Figure 3-6 : Trajectory of ballistic flight  
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3.2. Flight by Control System 
The PID coefficient values are 

selected as shown in Table 3-1. Overall, 
the control system manage to control the 
vehicle well, except the case of darm1. 

 
Table 3-1 : The PID Coefficient chosen 

Gain 
Controller 

P I D 

$)*+, -0.3  0  0.1  
 .)*+, -0.1 0 0.15 
 <)*+, -0.1 0 0 
1)*+, 0 0 0.1 

 
In the case of darm1, the stability 

disturbance is large enough so that the 
vehicle is quite difficult to control 
parameters of $ and ! in the first 10 s 
as shown in Figure 3-7 and Figure 3-8. 
Since parameters of $ and ! are 
disrupted, the other parameters also are 
disturbed such as angles : and ;. The 
control system can stabilize the 
parameters of $ and ! subsequently. In 
the second flight condition (darm2), the 
pitch angle can be reduced from 71° in 
ballistic flight to 56°. The pitch angle 
control further manages to maintain the 
angle of 5° with a settling time of 2.8 s. 
In the third case, the angle $ can be 
reduced to -1.5° for 1.2 s, while a 
settling time is 2.8 s next phase. The 
latter case, the angle $ can be damped a 
27% drop compared to the ballistic 
phase. Settling time even is faster than 
others by 2.5 s. 

During the autopilot phase, the 
lateral disturbance can be well damped, 
as shown in Figure 3-8, except the case 
of darm1. In contrast to the response of 
angle :, the disturbance occurs at the 
beginning of the rocket booster phase. 
After the 5th second, the angle : is 
adequately stable, as shown in Figure 3-
9. The change in the angle $ affects the 
angle : and the flight path angle so that 
it can be altered its trajectory. Overall, 

the response of the angle ; is stable, as 
shown in Figure 3-10. 

The flight speeds in the case of darm1, 
darm2, darm3, and darm4, respectively, were 
41 m/s, 50 m/s, 57 m/s and 54 m/s as 
shown in Figure 3-11. There are value 
difference of flight speed occurs between 
the autopilot phase and ballistic flight 
after the rocket booster is burned out. 
This difference is due to the effect of 
drag on the deflected control plane and 
the change in the angle :. The flight 
parameter (darm4), there is a disturbance 
after the 16th second, but it was still 
within a reasonable limit of stability, as 
shown in Figure 3-7, although this 
disturbance slightly affects the vehicle 
flight speed, as seen in Figure 3-11. 

The cases of darm2, darm3, and darm4 
indicate that the trajectory corresponds 
to the azimuth angle by 113° North. In 
contrast, there is a flight path deviation 
which the case of darm1 strays around 
90° to the azimuth angle, as shown in 
Figures 3-12 and 3-13.   
 

 
Figure 3-7 : Response of the change in $  
 

 
Figure 3-8 : Response of the change in ! 
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  Figure 3-9 : Response of angle of attack 
                   change 
 

 
 

Figure 3-10 : Change in ; response 
 

 
 

Figure 3-11 : Flight speed profile 
 
 
 

 
 

       Figure 3-12 : A flight path in a   
                          geographiccoordinate       
                          system 
 

 
 

 
 

Figure 3-13 : Path flight 
 

 
 
 
 

 
 

4 Conclusions 
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Overall, the control system which the 
PID coefficient value above indicates  an 
overview of the characteristics of the 
vehicle controlled. Except, in the case of 
the moment arm (darm1) which shows 
static instability and uncontrollability 
during the rocket booster phase. The 
pitch control system can control 
parameter $ so that reduce the pitch 
angle increase of 21-27% and maintain 
the angle $ of 5°. While the roll control 
system can reduce lateral interference 
by maintaining the wing position at zero 
level (! = 0). 

This paper provides conclusions and 
input for further design, namely the 
maximum limit of the moment arm value 
that is still feasible for the designed 
vehicle is 1.32 cm which the CG point 
lies above the thrust line of the booster.  
 
Whereas the CG point lies below the 
thrust line of the booster is 1.9 cm. 
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