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Abstract

Software-In-The-Loop system has been developed for research on LAPAN’s ballistic rocket.
This system can be used to evaluate the control algorithm of rocket. Flight simulation of rocket on this
software-in-the-loop system is very useful for predicting rocket’s dynamics. Risk and cost reduction
can be performed by using this simulation before doing the flig*ht test.

This paper will focus in rocket simulation which the rocket model is presented through
Matlab/Simuink environment and visualized by X-Plane in 3 dimension. Matlab/Simulink send the
output data to the XPlane through cache memory of XPlane plugin. This XPlane plugin has been
accessed by communication interface which was developed by Delphi program. Interactive
communication between Matlab/Simulink and XPlane become software in the loop for simulation of
ballistic rocket.
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Abstrak

Sebuah sistem software-in-the-loop telah dibuat dalam rangka riset roket balistik LAPAN.
Sistem ini dapat digunakan untuk menguji algoritma kendali roket. Simulasi terbang roket pada sistem
software in the loop ini sangat berguna untuk prediksi awal dinamik gerak roket. Sistem ini berguna
untuk mengurangi resiko dan mengurangi biaya sebelum uji terbang dilakukan.

Tulisan ini akan memfokuskan pembahasan pada simulasi roket, dimana model roket di
bangun menggunakan piranti lunak Matlab/Simulink dan di visualisasikan secara 3 dimensi dalam
piranti lunak X-Plane. Keluaran data dari model roket pada Matlab/Simulink selanjutnya akan dibaca
oleh XPLane melalui cache memory pada pluginya. Plugin dari Xplane ini diakses melalui komunikasi
antar muka yang diprogram di dalam program Delphi. Komunikasi yang interaktif antara
Matlab/Simulink dengan XPlane ini merupakan simulasi software in the loop dari roket balistik
Kata kunci : X-Plane, Simulink, Software-in-the-loop

1. INTRODUCTION

The development in spacecraft technology has been grown rapidly. It should be supported by
creating applicable testing system. So, we tried to build a simulation system known as Rocket Flight
Simulator system that can accommodate the future challenges of rocket technology. Flight simulation
is one of the most important things that should be before doing the flight test. From flight simulation,
we can see the characteristics of an aircraft to find its weakness and strengths.

This study is one of activities that carried out in Control and Telemetry Division of
Pustekroket (The Center of Rocket Technology) LAPAN. It’s also one part of the series of major
studies on the project named Sijidalang (The System of Flight Control Test).

X-Plane is flight simulator software that emulates the real-world performance of an aircraft by
using lookup tables to find known aerodynamics forces such as lift or drag, which vary with flight
condition. X-Plane does a good job of simulating the flight characteristics of the aircraft they were
designed to simulate (aerodynamics data). In this case, the quaternion formulation was defined for six
degree-of-freedom flight simulation to have a precise rocket model. Rocket model was made also in
SIMULINK to provide the desired output data. SIMULINK model rocket and X-Plane model rocket
will exchange data each other. Thus, the constant K will be obtained as a matrix that will be used by
the microcontroller in Hardware-In-the-Loop.

* Lecturer at Bandung State Polytechnic — Mechanical Engineering, Aeronautics Engineering Program
**Researcher of Pustekroket LAPAN — Control and Telemetry Division
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2. METHOD
Interactive communication between two software will be the most important subject to be

done. This method will guarantee the data flow from Rocket model to the visualization of rocket flight
dynamics in 3 dimension. The Interactive communication can be seen from the chart below:

Rocket Model 3 D Visualization

Attitude (¢,6,0)
%‘ XPlane Plugin >
. . D ———— Cache M
Matlab/Simulink ache Memory D — XPlane
Flight
Parameters

Firstly, The data will be sent by UDP from X-Plane to another computer. This computer received a
typical data from X-Plane. The data contains special header. This method has been done previously by
Jeff Lewis[1]. Every version of X-Plane has different type of data packet.

A typical DATA packet are being sent out from X-Plane following the protocol as shown below:
68 6584 65380003468 151111166

The first five bytes are what X-Plane uses for its header. Each of these bytes is actually ASCII codes,
so we convert each of them into a symbol. The first 4 bytes of the header tell us what type of packet it
is. In this example, they're 68,65,84,65, which correspond to D,A, T,A, respectively, so we know this is
a DATA packet. The fifth byte in the header, 38 in this example, is an index used internally by X-
Plane. These data 0 0 0 34 68 151 111 166 are the contained data.

3. THEORY
3.1 Rocket Dynamics

Equation of motion for rocket dynamics is generated from Rigid body equation. The motion of
this model in three-dimensional space is represented by the position of the center of mass and the
Euler angles of vehicle rotation. The Euler-Newton equations are derived from the law of conservation
of linear angular momentum.

av| . (3-1)
mdtf_
~dw N 3-2
dt I

For the rocket moving in six degrees of freedom, the above equations produce six differential
equations describing the rocket’s translational motion and angular motion in three references axes.

=T 33
U=———=-qwtrv (3-3)
., B —mv 34
V—T—ru+pw (3-4)
p o T + 35
W= pv + qu (3-5)
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. Mx[xx + lexz Ixz (Ixx - Iyy + Izz)pq [IZZ (IZZ - Iyy) + IJ?Z]qr 3.6

p= A * A - A (3-6)
M, (,-L)pr L,p*-1?%
g =_y+ 2z xx )P _lxz p (3_7)

Iyy Iyy Iyy
. Mx[xz + lexx [Ixx (Ixx - Iyy) + I%Z]pq Ixz (Ixx - Iyy + Izz)qr
7= + - (3-8)
A A A
Where

Rocket velocity in -x body axis
Rocket velocity in -y body axis
Rocket velocity in -z body axis
Roll rate

Pitch rate

Yaw rate

Aerodynamics force in -x body axis
Aerodynamics force in -y body axis

Aerodynamics force in -z body axis
Rocket mass

ST xsaw s ee

3.2  Quaternion

Quaternion defined as:
q=1-q+i-qu+j- ¢ +k-gs=[9% @ 9 93]" (3-7)

As qo, g1, q and g5 are real number, 1 is the identity of multiplication, and i, j, k are the symbols
whose properties:

iZ=-1,j?=-1,k*=-1
ij=k,ji=—k
jk=1i,kj=—i

(3-8)
ki=j,ik=—j
Euler angles can be determined from quaternion as

[ 2(qoq1 + 9203) |
¢ — af — a5 + 45
0 = arcsin[2(q9q2 — 9193)]

[ 2(q093 + 9192) |
¢ + af — 95 — 45

@ = arctan

(3-9)

1 = arctan

Otherwise, quaternion also can be determined as function of Euler angles that formulated as:
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= sinfcosgcosf— cosgsingsin—
N 2 €9529%3 2 S s105
= cosfsingcos£+ sinfcosgsin—
12 2 53 €055 2 “9525115
= cosgcosgsinf— sinfsingcos—
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(3-10)

3.3 UDP COMMUNICATION

UDP stands for Universal Data Packet. It is a method of sending information over a network.
Unlike other protocols, like TCP, UDP does not do any error checking. If we send a packet, and the
other computer gets the wrong data, or doesn't even get any data at all, we have no way of knowing,
unless we program our own error checking into the program. There were two computers needed to
build this kind of communication. X-Plane will be run in the first computer. SIMULINK model of
rocket will be run in the other computer. Set these two computers’ IP.

For example:

Computer 1 | 1P:152.118.167.2 | SIMULINK (MATLAB)
Computer 2 | IP:152.118.167.1 | X-PLANE

[FEREREe|| Dat tee et

etz |

00 7 71 7 7 frame rate. time ratio
01 7 P 7 elapsed times

02 F1 P F F speed, vertical speed
03 A A F F mach. G-load

04 M A F P atmosphere: sea fevel
05 1 A P 1 atmosphere: ambient
06 [ [ F [ atmosphere: systems

07 A F F B joystick - ailfelvirud
03 [ F F B art stab ailfelv/rud
09 [ 71 [ [ night con ailjelv/rud

10 71 B F B wing sweep/thrust vect
11 1 F [ F wimAiap/siat/s-brakes
12 A B[ gear/brakes

13 [F F1 [ [ anguiar moments

14 71 M A F angutar accelerations
15 1 F F B angular velocities

16 [ B ) B pitch, roll, headings
17 A P B B aca. side-slip, paths

18 1 1 B F 1ar, ton, antitude
197 F [ toc, vet, dist travelled

20 1 F [ F all planes: 1at
21 P B F ail planes: lon
22 B B B B ail planes: ait

23 P B F theottie setting
24P F B engine setting
25 FI 5 prop serting

26 [F1 P B F mixture setting
27 F1 B B B carb heat setting
22 F A B F cowi fiap setting

31 F F [ engine power
12[A A F P engine thrust

13 [ FF F engine torque

34 F [ engine rPm

3 FAFEFAR prop rem

3 [ E BB prop pitch

37 71 7 F1 3 propwashj jetwash
=FAAAEAm
BFEFREAA
«FFEFEE e
AFAFRAA e
«2FEAREE
aFFRRR o
«+FAPREE et
s«ABRBA[ ot

46 T P [P oit pressure
«FAFEBR cittemp

48 [ FI [ fuel pressure

43 P M P generator amperage
50 7 7 B 3 battery amperage
51 1 B B B battery voltage

2FA P A F fuet pump
53 F A P idie speed
54 P F P generator
ssFA P AP inverter
56 F B B rapec

si AP F P igniter

58 F F P payload weights
59 I M P total weights and €G

60 I F AP aero forces

617 7 [ 3 engine forces

62 7] 71 F1 [ 12nding gear vert force
63 [71 71 71 7 tanding gear vert def

66 ™ M P 1 defs: ailerons 1

67 1 P P [ defs: ailerons 2

68 71 F1 7 [ defs: rolt spoilers 1
69 1 P P [ defs: roll spoilers 2
70 P B [ dets: elevators
71F FF [ defs: rudders

72 FI P F 7 defs: yaw-brakes

73 F B B T0TAL vert thrust vects

74 7 P [ [ ToTAL lat thrust vects
75 F P F P pitch cydic disc tilts

76 F1 P F B ol cyclic disc tilts

77 1 P P [ pitch cyclic flapping

78 P B [ roll cyclic flapping

791 P [ arnd effect lif, wings
80 7 F F [ gind effect drag, wings
81 F B B omnd effect wash, wings
82 P [ ornd effect lift, stabs
83 1 F1 7 [ grnd effect drag, stabs
284 [F] F1 7 [ grnd effect wash, stabs
85 1 P [ arnd effect lift, props
86 7 1 7 [ ornd effect drag, props

87 F P P [ wing tife
88 71 71 [ [ wing drag
8F PP sabiifc
90 1 F F [ stab drag

91 7 F [F [ com 1/2 frequency
92 1 F P [ Nav 1/2 frequency
91 F M [ [ nav 12 oss

94 [ 71 7 [ nav 12 deflections
95 7 1 7 7 aoF 1/2 starus

96 71 [F1 71 7 oME status

o7 AP A A cps staws

a3 7] 71 71 5] xPnOR status

detail: [ rotors

100 F F F 7 switches 1:electrical
101 A B P [ switches z:e615

102 7 F] F1 F switches 3:AP/f-dir/HUD
103 [ P F1 [P switches 4-anti-ice

104 7 F B B switches S:anti-ice/fuel
105 [ ] F] [ switches 6:clutchfastab
106 1 P P P switches 7-misc

107 [ F F1 B annunciators: general
108 1 1 M1 F annunciators: engine

108 [ B F1 F autopilot status

110 F F F autopilot status

111 [ F F F weapon status

112 F A pressurization status
13 F F [ aru status

114 [ [ F 7 nydraulic status

115 F B B elec & solar stats
1167 F P P avidyne PFD status

17 A A B B warnings
18 FF PP raitwres
195 F F A F ice buildup

120 A A P vspeeds

121 F B B B hardware options
122 P P P camera tacation
123F A A F ground location
124 B B B rendering stats

Cockpit During Flight

Disk file 'data.out
Internet via UDP

Graphical Display in ‘Data-See’ Tab

=R
UDP rate| 2 0.0 fsec
detail: [7] propellers )

Picture 2-1 Example Setting of Data Input & Output X-Plane

In the left side column of every single data, checkbox is set up to make it communicable via
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In SIMULIK, drag ‘UDP Receive Binary’. This block receives data packed from X-Plane via
UDP. Then these data have to be unpacked by using “Unpack” block.

E Source Block Parameters: Receive @

xpeudpbytereceive (mask) (link)

Parameters

IP address to receive from {0.0.0,0 for accepting all):

f152.115. 1672 [
R :Jf;ve 2 » IP port to receive From:
Binary 3 49000
Receive Output port width {number of bytes):

41

Sample time:

'0.01

OK J[_ Cancel —][ Help ]

Picture 2-2 Setting example of UDP Receive Binary & its Parameter

EJ Function Block Parameters: Unpack @

xpcbytezany (mask) (link)

Unpack a binary byte vector to extract data

Parameters
Qutput port dimensions (cell array):
Ofpade ¥ » {1,1,1,1,1,1,1,1,1,1,1,1,1,1}
Unpack CARPAA RIS Fypen S NPy

{int8’, int8", inke", int8', 'int8", int32", 'single’, 'single’, 'single’, 'single’, 'single’, ‘single’, ‘singl|

Byte alignment: |1 [

I oK l [ Cancel ] [ Help ] Apply

Picture 2-3 Setting example of Unpack block and its Parameters

Picture 2-2 and 2-3 are block parameter settings. We have to make sure that we fulfill the
parameters with the right values.

UDP o Unpac > il ]
Receive reversal
Binany P Display
Unpack Bryte Fewersal
Receive

Picture 2-4 Example Byte Reversal block uses for data reversing
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Unpack block will unpack a binary byte vector to extract data from X-Plane. We need one
more Simulink’s UDP block to reverse this data. It’s Byte Reversal block. The block will reverse the
order of byte. We need this because X-Plane was made for uses in Mac OS. Byte order in Mac OS is
viseversa with byte order in Windows. Thus, we need this block.

pitch  roll

These number of data in table:

hding hding mawvar

03171-02772 18288 16966-13216 00000
g d

bug

Picture 2-4 Data packed that sent from X-PLANE

Table 2-1 Packet Data Table

Datal Data2 Data3 Data4 Data5 Data6 Data7 Data8
Pitch Roll Heading | Heading Mavar Bug 0 0
(deg) (deg) (true) (mag) (deg) (mag)
Received data in Simulink l
Table 2-2 Received Data Table
DIA|T|A]|N 1 | Datal | Data2 | Data3 | Data4 | Data5 | Data6 | Data7 | Data8
Byte| 1 | 1 |1 11| 4 4 4 4 4 4 4 4 4

Picture 2-4 is a data packed of X-Plane. It has 8 data. It described in table 2-1 and detailed in
Table 2-2. Data 7 and data 8 gives nothing, but they still had to be counted up to have the number of
bytes. These bytes total is 41. Thus, ‘output port width’ in UDP Receive Block’s Parameters is set to
41. And yet, we have to make sure that we put the right IP Port of X-Plane. So, we can put it UDP
block’s parameters.

This UDP Communication was built in X-Plane version 8.4. Newer versions of X-
Plane have different network communication requirements. They have different data format
that are not suitable for this UDP Communication setting.

4. RESULTS AND ANALYSIS

Controller at SIMULINE To/From ¥-Plane

phi_ref Integratar

S aturation

full_state r

state to_delastate

LQR Gain

Send To #Plane  Receive_From_<Flane

delta full_state

Picture 3-1 Simulink model
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This model shows the output data directly sent to the X-Plane through UDP. At the same time,
the X-Plane also issued attitude and achievement data via UDP to SIMULINK model. Furthermore,
these data will be passed back to the LQR-Gain to gain matrix K. This matrix K is very useful when
we need to replace any SIMULINK model with a microcontroller.

e K
Dynamics Read and Write E Communication Rata (Hz) | 1000 =
Joystick Read and Write A
Engine Read and Write E
List of Variablas Memory Address Values Information
Left Flap 1 (d) numDataCtri[8] [i] ﬁ "XPBUIPC is abbraviation for XPlane & Universal Inter-Process Communication, &
Right Flap 1 (d) numDataCtril8] ] It is a plugin that enables XPlane to communicate with external process or
Engine Counts intNumEng o external application.
Engine Throttle numDataEnglo] To use this plugin, copy XPEUIPC.XPL into XPlane plugin folder.
Engine N1 numDataEngl1] 18.97482490539550 For example = C:YProgram Files! X-Plane 8.60%Resources) plugins.
Engine N2 numDataEngl 2] 57.4635696411133
Dynamics Read and Write numData0vrdlo]l 0O The default setting for this plugin is read only, to make it writable please
Joystick Read and Write numDataOvrdll] O H set in the plugin menu to read an write.
Engine Read and Write numDataOvrdl2] 0 5 The meaning of Read and Write Checkbox are 5
Position and Attitude Joystick and Engine Control Surface
Local x {m) 23022, 66T a Roll (d} -0.019142 i Yolk Pitch o &} Left Alrn 1 {d) o &} Elevator 1 (dl | 0 f
L+ v 9 - -
Local y im) [ 308.00680] 2 Pitch (d) To.0e1825 ] & | Yolk Rell o B Right Aim 1(d) D B fevator 2 ta) [0 5]
¥ = = g ) =
localzim | -10136.00] ) Yaw id) [70,212066 | 2 | Yalk Heading [0 8 | ferspir1td [0 8 e Flap 1 (d) [0 a
il : v # v B C i g
Latitude (d} 34080797 | 4] RoliRate (dfs} | o, 0035208 a Engine Throttle| o 8 Right Spir 1 (d) | o 6] Right Flap 1 (d) o 18
=] 5] 2 =] 2
Longitude {d} -117 2502 a PitchRate (d/s! -0_ 000418 ] Engine N1 0 &) Rudder 1 (d} o 4]
L] <] L+ 2
Elevation (m) —3_5-53333— % YawRate (djs) [0 g Engine N2 o g Rudder 2 {d) |0 %

Picture 3-2 X-Plane Universal Inter Process Communication

We need to build a plugins to make this system works. Plugins can run inside X-Plane. It can
handle the flight simulator’s capabilities. They can accomplish things that a standalone program might
not be able to. Picture 3-2 is the plugin that can handle a few essentials property of flight simulation.
This plugin can read data from simulator. For example, it can continually read the values of the flight
instruments and send them over the network. It also can write data to the simulator, changing its
actions or behavior. Various subsystems of the simulator can be controlled by this plugin.

5. CONCLUSION

The sofware in the loop for rocket simulation has been developed. This simulation system can
be used to simulate and predict the flight dynamics of rocket. The simulation was generated by
interactive communication between rocket model and rocket visualization in 3 dimension. The Rocket
model was presented through Matlab/Simulink environment while its dynamics was visualized
through XPlane. The communication between them was bridging by XPlane plugin protocol which
was accessed from cache memory by Delphi program. This system can also be equipped by controller
to evaluate the control algorithm and applied to the rocket flight. Rocket simulation based on software
in the loop bring the advantage to reduce the high risk and high cost which might be happened during
the flight test.
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