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ABSTRACT

A HIL test for verification of attitude control
system of rocket—based UAV

Kim, Shin Hyung

Advisor : Prof. Jung, Sung Hoon, Ph. D.

Oepar tment of Smart Vehicle System Engineer ing
Graduate School of Chosun University

Rocket—based UAVs utilize rocket propulsion to extend the range over
which fixed-wing aircraft can fly and increase airtime. Rocket-based UAVs
need to make a maneuverable flight with a posture control system to create
a ballistic trajectory to the desired target. Developing an Attitude
Control System(ACS) that allows such maneuvering flight is necessary.
Similarly, since UAVs are flying devices, when flying outdoors, they are
exposed to noise like wind and various environments |ike cargo. Therefore,
there is a demand for the development and flight testing of UAVs for
controllers operating in these environments. Flying devices, including
rocket-based UAVs, need to ensure the robustness of their components, as
some system failures can lead to crashes throughout the airplane. HIL
systems are well suited for these tests because they can simulate hazardous
environments. However, there are limitations in simulating the aerodynamic
environment with a computer model, so it is not as precise as a wind tunnel
device. Therefore, in this study, the robustness of the ACS was verified by
constructing a device that can perform HIL tests using a wind tunnel device
for a rocket—based UAV.

Since rocket-based UAVs are not complete and are under development, some
parts not involved in the UAV's attitude control system have been replaced
with dummy weights to conduct HIL tests. In addition, the HIL components

based on the flight test system built in previous studies.

_Vi_

Collection @ chosun



This paper introduces a flight test system's components and shows how to build
the HIL test bench. Determine the flight environment simulated by wind tunnel
and the flight test system using Flight simulation of the rocket-based UAV.
The body of a rocket-based UAV generates a |ift angle of attack of 10
degrees. It holds to an attitude control device when flying at a speed of 10
m/s in a standard atmospheric density environment of 25° C and 1 atmosphere
of pressure. As a result of the test, it was found that the posture control
device performed the set role robustly. We also found that it can help

increase rocket-based UAVs' controller performance in the same environment.

- vii -
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Rocket Based UAV
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Figure 3 Overview of the rocket-based UAV.
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Figure 5 Coordinate system of flight maneuvering equip.
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Figure 6 Coordinate system of the rocket-based UAV
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3. 23 J|Bt UAVSl HIL AlE 74
= HF0A HIL AIES Sol dSot0A ot 18 2312 HI™ MO AIAEE2
231 D18 VAVOE OIF &A= "l =J1 SHUAM XAl H JIsES Sl S8 82
ANEoz gotes ©EE ddotes RS JHEILCEH. Ol ACSSl JIEs s8= ZAtol
1 ZSo)| AoiA 18 23U A B2 = UAVDF Z&et AEf0lA FCCOF At
N HO ZFEO 8ot s 522 28Eg = UATE AN 22s EX
£ FHOIACEH. £t ACSE HMlst 1& 2312l =& AIAE ) FCC, GPS/INS, HHE
clet, &t ZF2 = VAVE A8 21001 E HE o 82 SF0l Tt +
401 €22 = A0 A 252 Eg= N == ZHoOIRALCE. Table 101 Ol0l
Met MEE Alg 2292 MBE@S UEHHJATH
Table 1 Specification of the rocket-based UAV
Total Weight 2.8 kg
Total Length 2.8m
Body diameter 0.1m
Weight 0 kg
Upper stage Length 1.4m
Extended wing span (retract while on test) m
Weight 1.8 kg
Length 1.4m
Control wing span 0.4m
Attitude control computer
Weight 0.4 kg
Length 0.2m
Booster stage Control wing hight 0.12m
Flight maneuvering Equip. Control wing root chord length 0.1m
Control wing tip chord length | 0.05m
Control wing airfoil type NACA 0006
Contor| wing airfoil thickness 100 %
Weight 0.2 kg
Vehicle Eject-recovery Equip.
Lentgh 0.2m
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Rocket (Boost Stage)
Attitude Cotorl System (ACS)
Flight Maneuvering Equip. Rocket-based
UAV Control
v Vehicle Eject- Console
oter 3
Motor < - Controll recovery Equep.
ontroller |« - g (Dummy)
1
Motor < Moter . -
Controller |« - - Flight Test
]
Motor < Moter : System
Controller |« - -,
Mot : T
Motor < Con(t)rslzer ' Network _[Robot Operating
< Adapter "] System (ROS)
: ¥ Global Positioning Syst ¢
. . obal Positioning System
USB HUB : A“'é“de C‘t’”"o' /Inertial Navigation System Other
! omputer (GPS/INS) Euip./Sensors
1
DC/DC !
Converter '
/I\ 1
o N R Ext.
Power Source
Connection legend:
-=-->:DC 18V :DC 5V <«— : UART : USB <«— :Digital data

Figure 7 Communication and electrical system configuration of the test model

1) HI& RO AAE(ACS, Attitude Control System) 24

Figure 72 HMIEE AIE REo 42 LIEIYWC. M EUAM & £ 3l
AX = MR HES ol ACSHA ALZSHA Z=Ch. HIL AIEE fdh =32
2 KAl Mol ZEHO Mo ¥ 2d=ot)|l 2o FCC thal XEAl Mo ZFEE ol
HEE UWERAZR HEE (Network Adapter)E EE6IULH. UWERD HEH=E =
g Hig AIE AIAECl ROS(Robot Operating System)2l HIAIX MY Z2EZS
Soil 2320 JI8F UAV ¥ HIL A& EXIE MOU5t= 2= (Rocket-based UAV Contor |
Console)lt S4I5t0 OIOIEHQL HES F0Y=CH L&k GPS/INSS OIOIH = 2
d g8 RYUAM 8% A B32E XAl MO Z2REO 28610 SE 2%
o M 2= UE SHECH WRol 24dE HMoIl=s XM Mool 228 i
s J|ls X9 E LT ZE AHAMGIN 2H HEEZHZ T 2= UM MO HHFE2S
HEGH 2EHE MOSCH Flg. 80 MZE ACSS HIEdH JlEs HEXIE LIEHLHRULCE.
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Figure 8 Flight Maneuvering Equip. of ACS
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2) XAl HIO1DI
3 JI8F VAVE XHAl MIOIDl= AAES ZAd= &elot)| 2ol JI2Xel PID
HMOHIIE &88tCHEq. 1).

et) =z, (t)—x(t)

u(t) = Kp*e(t)+Kif0te(z')dr+Kd%e(t) (1)

Ol x(t)= 23 JI¥t UAVEl BRI KAl 2, xd(t)s XAl MOl 2E e,

Kp, Ki, Kp= 2 dldl, =2, 0280 st JI=X(Gain)Ch. 231 J|8F UAV= 0]

E Sl e HOHIIQ &8 u(t)ez2H 2FAHsE 2IIEEE =0, 012 Sl

2- Sl&2H (o, 6, )0l et 2F RUEE & £ QAJLHEqG. 2). HIIA |k
ly, 1, &= 2 XS st 231 D8t UAVSl 3N 28 S LIEHHCE

Ty = (Kp¢e¢(t)+[('i¢f e¢(r)dr+Kd¢ 5 ( ))1”
T, = (Kpgeg(i)"‘[ﬁaf ee(f)df"'[(degee(t))[w (2)

(! d
z, = (prev,(t) +sz,f0 ew(r)dr-FKdv,Eev,(t))[&

HaE @7 [UEES & HOHIIE Sol 28ot)| fIoh Eq. 30 LIEtH LEHA
ol 23 HAHAS EZotALt

L=C,(Ra)S(p*/2) (3)

OIJIM Cu(R, a)2 YA, S AR B, p= HIILE, veE BIISES

LIEFHCE. OIMH C(R, a)2 HHZY Fatoidet diols= = Rt 232 o0l 0
ch Ecthl= 880U, dHld JIs EX0 AISE 02 = NACACO060! 4,
1t

O SH
=

o

> SH2 dgatotAtt. 0l Sofl =0 e 252 &2 = Us
C

CN(C)E PotCt.

4> oo

Fole 2 L2 2 59 @F EA Ty, Te, T
C|
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Ty =7, (LyytL y+ L, ,+L )
2‘6:7’_ (_L+Y+Lfy) (4)

Ol rex, Ty, = 2 = BHYS 85 SEEL 20 84 2t H2I0IH, Ly,
Lv, Liz, Lz= Fig. 501 EO1= 2F KO R0l 27E= 2=50ICH Ol 2 Fig.
50 et AXl=l 2ol 22 2UHE 420 ol s2e 5= 2=t JHE6HH

Eq. 3% Eq. 42 2t IHOl &32AE FotACHEg. 5).

T T
e y=C Y —2— |+ —2
T ( 27, Sov - 7 SV’
T T
o y=C Y —2 |-
" - ( ZTIISPUZ) - VWSPZ)Z (5)
T T
e =\ —2— |+l 2
et (27”5()212 - r_.Sov”
T T
a =l
27 ,,.Sov 7_.Spv
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Bl g AE AIAEEZS Seeh 3322 e AMEs e = ULt

HE AIAEIES A VAVE SHEGHH DAEGHHAM DOFE JtXle HIAE HIXI(Test
Bench), OIOIEHHE =&GtL 28 LAZEYNH LRE PSote EXMOAEXI(ECU
Electric Control Unit), AIAE RSEXI2L 4 UVAVH HESH M2ES 320t

=)

HMASZHXI(PSU, Power Supply Unit), ROS JIEt 28 AZESI0(Operation
Software), 2I1) HI& A2 DAtol)| st 2 HXI(Wind Tunnel )2 PAE
CHFig. 92t Fig. 10).

= 2|2 AlAEI(External System) & &Mz H
Jlgl 222 AMESIAX ot 231 I8 UAVRE &2 MO AIAEI0 ol &St

E =

= HAR2S HXI(Z-axis Translator)2 34
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Figure 9 Overview of the ROS-based multi-DOF flight test system.
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Flight Test System

Publisher

____________ 3-axis Force

Monitor Tablet PC
A
[ R ——
1 [ !
] L
i ! * : : R

Wind Tunnel TestBench ~  r------¥-mmeee ' Electric Control Unit(ECU) iy

! ! .| Network iy

L I >' Target UAV Adapter HE

e o ] : Analogue Digital P il

: "I Converter , . K

\ Head . !

1 Spherical Joint 1

! i Data Main DC-DC 1

' Processing —»  Server Converter :

: 3-axis Unit Computer A '

1 Force Sensor : 1

1 A A A 1

' - o usB " ] Ecu K

1 Ground Simulator Hub Power Supply
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1 Spherical

: Joint Latch H Motor |<-|Comroller 4 4

' Operation Software
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g —» Display
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a | |Controller |« L

&
Z-axis Distance 5 o
- —»{ Data Acquisition

Z-axis Sensor Updater %
Distance (—— a
Jo)
Q
]
o
c
@

Counterweight Cart Position and GUI
Force Estimator ] Console
Connection legend:
——> :Analogue data <— : Digital data s : Mechanical power - - => : AC Power(220V) - = => :DC18V :DC 5V
<+—>» :UART < » :USB <—>» :SPI - = => :DC Power(0~60V) = = -> :DC9V
Figure 10 Communication and electrical system configuration of the flight test
system.
S J=d, dER= KNE 2AF EXI(Ground Simulator)et 3% & MM (3-axis
Force Sensor), = Al ZQIEZ FHLN UCH. Ol =R A BN =2
= gi2s ¥XE S 4 00F 2501 JbsotCh
ECU= HIAE BIXI0 DEEZNH S dAS otEAN OOoIEH MelE EYEt

2 ATEI 0 (Operation Software)E st ROS &S SAES
B ZFEE{(Main Server Computer)2 UEXZ OHE (Netwo
Adapter)Jt & =EICh,

PSUE HIAEBIXI?E ANIAE RSEX &
UAVOI 2278 MO Jiss 832
T SGHALE.

28 2ZEYONH= URE ECUY NMH ZFREOAM H™el=dXier, 2D AlE
(Display), OIOIE =& (Data Acquisition), & ALEX EHHIOIA (GUI,
Graphical User Interface) 2= (Console) T2 2 HERKAD HLEHE Soll of

_‘
>~
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Table 2 Specification of the test bench.

Target UAV weight (max.) 30 kg
Test bench weight 80 kg
Test bench width (max.) r.2m
Test bench width (min.) 0.8m
Test bench height (max.) 1.7m
Test bench height (min.) 0.9m
4 ™

Test Bench

Target UAV attatch point =]

Head <]

Z-axis Translator <]

Foldable Leg <

i
Figure 11 Perspective view of the test bench;
(a) extended leg mode and (b) retracted leg mode.

_’|8_
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(Rod)2 Soll &= YX2S X (Z-axis Translator)2t HAZECH 2 dId Al
2 AMAEEZ Y BXE Sof S 4 00F &Z= M= = UL Ol Fig. 102t
20l M HHED H0tsS AOI0 3% & =3 HAMIt ZCIRUCH. oY dME
Sofl HIL AIE0l ZR8 g AMSe0ldE =datL, 29 A2ZENHUAM
A UAVSl BIEH OIOIEIE #=& ot (3-axis Force Sensor Updater), &K =S 2
XS =86t (Position and Force Estimator) REE Sofl =&=F2 =0 QXUE
B3 g £ QU 0l 2= =0/9 X2 E2& otJ| 2ol 2toICh M A (Z-axis
Distance Sensor)E &GN =012 =3J5t= Jls(Z-axis Distance Sensor

Updater)0l & &IACH. Table 32 Ol0 et EHE AERS MIAS SEHEL.

3) XIE 2A &XI

SIERS =2 Jls & ot XNE 2AF EX= VAV 018 & XHECHH ==
off AS M A XQUECS SXHUZ MEHGIH &AM =HE s#F2 2ASHCHFig. 12
(a)2 Fig. 12(b)). I8t &2 HAIJUAM 23U J|et VAVE =2 0IFotH 330 U
= SZS ZAF0 Ot AIE A & S EXI0F 2806l Jtsg WK MO &
A = &Ee 23 J|g UAVE 1L &¥ols L2 EE6IRULE. 3 00FE == X
LOIES GIHRME=E XM XCIE Z I(Sphemcal Joint Latch)Jt fAXIGHH, oL
M ZCIE ZAIt 2HOUH 2ol SHOIH HAHFUHM 2 =CIEE ZAH SelH
NEHY &2 A4S otH, 2 ZUES DFEE == UL,

Table 3 Specification of the head.

3-axis force sensor (max.) 100 kof
Z-axis distance sensor (max.) 1.4m
X and Y axis free angle (max.) 30 deg
Number of motors 3 ea
- 19 -
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Head
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Ground Simulator

Spherical Joint Latch 'd

Controller -
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r-} 2,

‘. gl S

(a)

{n]

Figure 12 Perspective view of the head;
(a) flight state and (b) landing state.
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Figure 13 Perspective view of the z-axis translator.
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Table 4 Specification of the z-axis

translator.
Z-axis translator height (without rod) 0.8m
Stroke of the z-axis translator 0.8m
Counterweight weight (max.) 16 kg
Counterweight cart weight 4 kg
Number of motors 2 ea
Target
UAV
Head
Wy =-wj
X
Pully) |8
BeltRod | | ~ "0~ WI
Wi = My + Megr)g Connector
C t ight _
| ounterwelg | wo = (Myay + Mpead)g
|Counterweight Cart
Pully Motor

Figure 14 Diagram of the z-axis translator.

Ol RAHF= 2HH JiohXls FotE Z&ots HEsS StCh. Fig. 140 2
=0l ool 24tE= =2 w (kgf )& E8oIHCH. w2 2H= 22 mkg), 2
= XXl &BHCounterweight Cart) m. Ol 2o ZMol=s SO0, we HE

oI5l UAV  Muead(kg)= 02D HYE (Belt-Rod Connector

)
ma/ kg)= &M e UAVS 2SS UEHO. 9 2E0N EES S T2

ZHOl Jtol= ot&E we Eg. 53t 20|

SAHZ0 2ol 2AEXIBH SAI0 Eg. 5
2 HEE 2% =5 2A EX9 018 HS 222 EE Miasys(kg)= SIHEHCH
wo= (M +My)g 6)
wy= (mgy,+mgy,)g (7)
oy, (8)
w = wytw, = (m,,, +m,,)9— (m,, +m,,)g (9)

(m + Mpgaqa — My ™ Mgy )g

uav

cart ( 10 )

miransys = muav + mlzead + mcw +m

_22_

Collection @ chosun



Ol Z2H01 JtoliXl= otE w2 2= EASSEXIL ZAGHAT ot 2
w = mtargetg (11)
CHetA Miarget Ol CHOH 2 HZ= 2 & my= Eq. 512 Eg. 6 O] et Eg. 72+ 201 &
ofg & UL,
w i (muav +mhead_ Mgy T Mg )g (12)
mcw - mhead - mmrt - ( mtarget - muav
HAE BIXIO ZCX 20 HEdHSt=E AU dldH 232 Eq. 428 20| Miransys It
UAVel Zgtnt 20t HEE = UL
transys uav ( 1 3 )
UAVIL =25 SX=2SEX0 Z&ot0 =22 e Ur bldgg i s 22
2 2t2F Eq. 9% Eg. 10 20l g = UL
atnms_z/s(t) = (fmv(t) +fmz)tur(t) + f/ric(t) +w)/mtmns_1/s ( 14)
auav (t) = fmw (t)/mtnms_z/s ( 15)
OIIM fua(t) (N)= UAVOI DIGHE! &, fuwo(t) (N)= HOUEE 2HUAM 2
g &, fri(t) (N =35 HURSEXNAM LM45t= OHEH, an(t) (n/s)e
UAVOE Xis= die) & el DS =0ICH
Ol fu(t)IF =& = Loz UG =S T, (N)Ol It EF ZALE
Ao == 2H 0t2s2 PAY 3%, =8 M 18222 Z8E Eg. 501 Mt
IFEE Qtransys(M/S2) = Miransys2 2101 BHEI A BECE.
atnmsys = ( me + w)/mtnmsys ( 16)
MHetA ATAES0l UAVRE &t 2S0ot= Eqg. 521 &&W, UAVIL Xt Xt= dHIaiot
E Eq 89—' é+%8 mtransy39—| i|'O|O“ 9—|gu_+ jfég 9X|’j|' UEH\OHgl'E Bd% % _J'\_ %1
Ck.
CHal UAVEl Xt HIEl &Ef= Eq. 410t Eg. 58 EE0I0 Eq. 61 20l 2HEGHA
Heg = UL
alt(ll} = Tlt(ll}/mltdl' ( 17)
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== BAU2SEX S 2H= Eg. 1200 LIEIH JIS=E F=3stth. Ol o=
S0l &= 35 8 dMZFH VAVS == =80t ZHE Mg = ULH

Ct2t 0148t Jls2 2 HI0UA 230 JI8F VAVl HIL AIE 240l et S22 A
el HAE2SS otk @1 ol=ER2 3F 8 Az FEE gl 2ol AIZdIode
2 AXNE EMot=SE AdEHALH
5) AXt MO EX

ECUSl =& JIs2 A OI0IHE =&otld ROSE ®I8 22 UERAIE NBadt
O, di& Al Al Ags 0. L8 WE EXE [IE

o
2o ME

152 ECUBH ED|&H
ool Myl EEH
Serial Bus) &lE(

W
Ul

StCt.
b AZE N UCH

USB Hub),
I CIOIE ™2l &Xlse 3=
& 2148 (Analogue Dig

Path Fliter) M2l & &l

( ECU Power Supply
. ECUz HIAEH
OICt.

HolH el
ctolCH dlA,
&l HA oA

SHOZ UART

USB o200l HIAE BIXI0 £X
oIt dA0IA =E=E OloIE= SPI

I 1= EXIE HMOolots
)t

& Xl (Data Processing Unit),

HWERT HEE 2t
EdE= otdz ASE Otg21 CAl
ital Converter)& HAM CIXE Als2 M&5t10 LPF(Low
EAIO

SEeZ U Al BREN dEote A

FHIEH U2H, 0l RSHEIE

20 =D UASH, Fig.
USB(Universal
AZE O UCH. O

T Ues 2E MO II(Control ler)

Stz mel AH B

FHOH MEE0. UESA HYEHE=E 02 AH FREHM 2E HZEH0 A0

ROS E4&I UWIERK3A(ROS Pub/Sub Message Bus)E Xl EHCEH.

ECUSl HE B3 HX= AC CHaH(220V)2 ==20F DC-DC 2 HE(DC-DC

Converter)et Ol MH ZFEO 18V 82 3=8Ct. Ol 0C-0C HHBEHE= =

oe ds v M2 HEotW ECU R0 HZE BHES PCOH MRS 3=

StCH. HI2l A FFEO= WEE DC-0C HAHEI USH, =22 MRS 5V
28 20 2Z& USB #XI, ctOICH dlA, IOl XMl &EX S
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Table 5 Specification of the ECU.

Motor controller connection 5 USB

Z-axis distance sensor connection 1 SPI

Data processing unit connection 1 UART

Network adapter 1 Digital
ECU power supply input voltage(AC) 220 V
ECU power supply output voltage(DC) 18V
DC-OC Conver ter output voltage(DC) gV
" ™

ECU

ECU Power Supply

Main Server Computer ~

USB Hub ~

Network Adapter —

DC-DC Converter
Data Processing Unit —

Analogue Digital Converter —

A A

Figure 15 Perspective view of the ECU.
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6) ¥ 332 &EX
PSU= CHat UVAVERE HIAE ®IXI2l 220 M= SS8tth. 5ol ta UAVS
BHEICIE CHAIGHO &I "I AIg=S X&) <ol 1.5kWs &3 32 EXot &
A 82 FE-O AW, 28 MO 2o 0~60vel 3 S5 MOE =
UCH. WTetA BiEelel 82 23, WSE Mg S 226t 238 8l Alg 2
WE ol ek VAV d3s S22 = UL 01 Solil e VAVe] &8st Bl
ANg &Z8 FEE = UU. PSUs HIAE BIXl SHEHR0 ECUR EH E =0
UM, Fig. 162 PSUBH HDII&t JOEHO0ICH. Table 6= 00 et £AHE o Ml
20l
Table 6 Specification of the PSU.
PSU input voltage (AC) 220V
PSU output voltage (DC) 0~60 V
PSU output current (OC) 0~25 A
PSU capacity 1.5 kW
Total PSU capacity 6.0 kW

PSU
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Figure 17 Screenshot of the Rocket control console.

_28_

Collection @ chosun



K

KO

(Ho
B

o

|
110

Ol
Tl

<l
b0

0

M, HHE M Jisst 15

0~11m/s Ht

J
=
KO

(HO
0

p= =

|,

1801 LIEtE

ol
N
J
i
o

ol
Ulo

EAH AL

==

H

19).

2 2ALMH, QU

ECURt HZEO S

=

MO

i

ZH

SSEX2

LIEHHE #80otH EXUA M8 &S

]
-

A
o

X

E

i0J

cC
a-

2 HoE = ULk

A 22 FdEN,

g%, U=
ez 52

A

=
T

KIn

L
T

Ju
R
(HO
£

AUCH. oS X0l

ool et &

AL, S

=
Table 7

=
[a—

40| Ct.

o
=

M

Table 7 Specification of the wind tunnel.

3.0m

2.6m
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1.0m

0~11m/s

Wind tunnel width

Wind tunnel height

Test area width

Test area height

Air speed
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Figure 18 Perspective view of the wind tunnel.
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Figure 19 Velocity distribution of the wind tunnel.

_30_

“Collection @ chosun



V. il &3 ZAHIL AIE 74 & 21

1. ol &3 ZAF &4

A BB S. Niskanen[28]0l 2o DOtE @F AA Jigh 22 NS
OldS E85t0l X HIE AZS0I8S S#GIUCL. HE AISHOIEMA 23
F BXE 5 BY 5k 23S 100N FOo=2 5x2 CIAGIH =H HHS
MBI 0

I 5= =S¢ 0 m/sOlAl 2 100 m/s Ol&fe] £SO JiSoHH, ZAL
& &= 2 10m/sOICHFig. 20). & HF0Md= HIL AI&Sl d

I
T
P
o
lo

 EEE AN 1E 22 Hld 52 £FotU2H oo et MAIo HEEHeE
ol 220 T 2= 2= o2 XNE &30 OEX. e ol &8 =

Table 8 Configuration of the HIL test environment.

Air pressure 1.0 atm

Air density 1.225 kg/m®
Air temperature 25 C

Wind speed 10 m/s

Seperation Pulse
Custom

z

Altitude
3210} Belq ‘uoyela|aade [Baa Kaojah [eaa A

o 5 10 15 20 25 30 35 40 a5 50 55 80 o5 70 75 s0 85 90 o5 100 105 110 115
Time (s)

[ Attitude (m) Vertical velocity (m/s) Vertical acceleration (m/s¥) Drag force (N)]

Figure 20 Flight simulation of rocket based UAV.
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Figure 21 Flight test configuration.
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Table 9 Target mode of HIL test

Mode ldle ‘ Maneuver ing
o} 0 deg 0 deg
S} 0 deg 10 deg
[0) 0 deg 0 deg
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Figure 23 Test result: control errors.
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Figure 24 Test result; Controlled fin angles
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Figure 26 Test result; Estimated velocity
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