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Development of a pilot friendly control system

with a roll-balancing unmanned agricultural helicopter
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SUMMARY

I. Title of the Research

Development of a pilot friendly control system with a roll-balancing

unmanned agricultural helicopter

II. Background and Objectives of the Research

The final objective of this research was to develop a roll-balancing
agricultural helicopter whereby spraying performance and operator's
convenience could be enhanced by achieving lateral balancing of
fuselage. The ultimate goal was to contribute to sustainable agriculture
by reducing the impact to operator and environment through precise
and safe spraying of agricultural chemicals with the application of
unmanned agricultural helicopters to the control of insects and pests
on dry—fields and orchard as well as paddy fields.

The fuselage of an agricultural helicopter tends to tilt toward the
right by the roll moment while in flight due to kinetic characteristics
produced by conventional design of tail rotor. All agricultural
rotor—crafts currently in use are not free from this problem which
results in the uneven spray pattern (over dose on the right side) and
reduced spray efficacy due to the drift of down-wash in case of ultra
low volume spraying practices.

Recent developments of UAV technology tend to pursuing larger and
higher performance aerial vehicles, and advanced unmanned aircraft
systems being considered in some developed countries pursue the
replacement of manned aircrafts instead of supplementing them. These

unmanned aerial technologies do not meet the needs of agricultural



applications where manipulators (farmers and operators) require easy
to operate and convenient controllers and attitude—control systems.
Therefore, the technology required in agricultural sector is based on
vertical takeoff and landing unmanned aerial rotorcrafts (helicopters),
and the development of a roll-balancing rotorcraft and operator-
friendly control systems are needed for agricultural application of

aerial vehicles.

II. Scope of the Research

To achieve the objectives, the content of this research covers the
design and fabrication of a roll-balancing agricultural helicopter
whereby spraying performance and operator's convenience could be
enhanced by achieving lateral balancing of fuselage. The specific

contents of the research are as follows:

@ Development of agricultural VTOL for roll-balancing flight
- Mechanical design of helicopter for roll-balancing
- Adoption of a high performance engine with light—-weight
- Development of a variable application rate sprayer
— Development of a flight simulating gimbal
— Performance test of spray pattern and roll-balancing

@ Development of a pilot—-friendly attitude control system

Attitude measurement and control module

— Monitoring and storage module of flight data
- Development of drift control Module

- Development of an emergency landing module

- Development of an interactive displays trans/receiver

_10_



IV. Results of the Research

Aerial spraying technology using a small unmanned helicopter is an
efficient and practical tool to achieve stable agricultural production and
to improve the working environment and reduce the work load of
operators. Therefore, this study attempted to develop a raised-tail
mechanism to compensate the roll moment and tested for the
performance of roll balancing and the uniformity of spray pattern.

Also, to enhance the operational convenience and safety of the
operator, low-cost attitude measuring device and PID controller was
developed, More convenient spraying operation can be achieved by the
application of simple remote controller and the adoption of emergency
alarm system wusing high-luminance LEDs. Specific research and
development results are summarized in the following.

(1) The strength of roll moment was estimated through theoretical and
experimental approaches, and the position of tail rotor was elevated to
the height of mail rotor to compensate the roll moment. A custom-
designed belt drive system was implemented to drive the tail rotor.
The performance of spraying operation was tested with the roll-balling
helicopter, and the results were satisfactory with uniform spray pattern
in both left and right sides of the fuselage.

(2) Agricultural helicopters are usually operated in hot and humid
conditions; therefore, sufficient power is required for the UAV. The
performance of the UAV was improved by powering with an enlarged
engine, applying a uniform cooling system, and adopting more efficient
power transmission system.

(3) A wvariable application rate sprayer system was developed to
improve the uniformity of spray pattern by controlling the amount of
chemicals according to the speed of vehicle. However, in case of

spraying over a small field, it was very difficult to maintain a constant

_11_



speed of the vehicle due to frequent accelerations, stoppings, and
decelerations in short paths.

Spray nozzle pressure should be controlled within atomization region,
and then this requires the discharge rate and the speed of vehicle to
be controlled within £5%. To achieve variable application rate
application, an improvement in the design of swash head was required
for faster maneuverability of the UAV.

(4) A flight simulator was developed to protect the UAV and the
operator and to reduce risks during flight testing of prototype vehicles.
The unmanned helicopter flight simulation test equipment was
configured to enable independent testing in 4-DOF and to measure and
to record thrust and torque very accurately.

(5) Recent developments of MEMS technology based inertial sensors
and high speed and efficient DSP enabled the fabrication of low-cost
IMU and AHRS with GPS integration. The acceleration sensors, gyro
sensors and magnetic sensors utilized in this research were tested with
custom—designed pendulum and gimbals for their accuracies. The
attitude (roll, pitch and yaw angles) and movement of the fuselage in
body-fixed and earth—-frame coordinate systems were calculated by
applying the Kalman filter algorithm on the measurements of the
Sensors.

(6) To obtain the frequency response of the rotorcraft, frequency-
sweep flight tests were performed and the time history data were
analyzed by wusing CIFER program. The output variables of the
rotorcraft to primary inputs were described as transfer functions or
state equations. Conventional PID control algorithm was applied to
enhance the stability of flight dynamics and examples were presented
for the cases of roll-rate and yaw-rate control. To produce cyclic
pitch servo outputs for roll and pitch control, both attitude and angular

rates were utilized as feedback signals.
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(7) The reaction of the state variables and control performance were
tested. The control augmentation algorithm helped to reduce
fluctuations in both input and output variables. Control augmentation
algorithm was devised such that the rotorcraft maintain hovering
operation when there is no input from the RF controller for a
predetermined time interval. Upon receiving control signals from the
RF controller, the rotorcraft initiates cruising.

(8) The attitude control of the roll-balancing rotorcraft resulted in a
fluctuation of about +0.05 rad while maintaining consistent roll and
pitch angles. The size and frequency of the fluctuation in attitude
response are to be reduced by further research. The relatively poor
resolution of the low—cost sensors and the low damping ratio of the
controller are to be dissolved, and the response of the fuselage needs
to be accelerated.

(9) For the convenience of the development, a monitoring system was
developed on the ground station. Inertial sensor data and attitude of
the fuselage were transmitted via bluetooth communication channel and
displayed on a screen in both numeric and graphic forms. Also the
path of the rotorcraft was displayed on the screen to track spray
pattern by decoding the GPS signals from the rotorcraft. The flight
data were recorded onto an SD card for security purpose and for later
data retrieval.

(10) Drift tests were conducted based on GPS module data. The UAV
was initially sensitive to side winds but tended to remain within an
area of 5 m in diameter while sustaining attitude and yaw angle.
Average yaw angle coincided with the direction of path and average
deviation was =£0.05 radian. The average roll angle was maintained
with the deviation of £0.05 radian.

(11) It is necessary to enhance the safety measures of the agricultural

spray helicopters driven by a remote control while in flight. For this
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purpose, simplicity of the controller and the notification of emergency
situation through easily distinguishable interactive communication was
pursued. An algorithm was adopted for mandatory hovering and safety
landing in case of emergency.

(12) Emergency situation was detected by observing the measured
values of some parameters and making decisions based on a dedicated
algorithm. According to the degree of severity, switching of relevant
LEDs or the sequence of emergency landing was commanded. An RF
transceiver module was also utilized to transmit the occurrences of
emergency situations to the remote controller.

(13) Malfunctioning of the UAV (engine temperature, battery status,
unstable attitude), signal loss of GPS module, breakage of spraying
system, communication failure, and the issuing of emergency landing
command by the operator plunges the UAV to the emergency landing
sequence. A safety control system stops spraying and forces the UAV
to land after hovering during a predefined time interval. In case of
emergency landing, the signal for pitch PWM was reduced by 12%
which is equivalent to a reduction of the collective pitch angle by 0.5
degree. Descent rate of approximately 30 cm/sec allowed leveling of

fuselage and safety landing without severe impact force.

V. Products of the Research and Plans for Their Application

Development of small unmanned helicopters and aerial spraying
technique enables highly efficiency mechanization of spray operations
for rice, vegetables and fruits. The roll-balancing agricultural
helicopter, the attitude controller, and the simple two-way transmitter
developed through this research are expected to contribute farmers
and helicopter operators by maintaining lateral balancing, increasing the

uniformity 1in spray pattern, and reducing operator fatigue. The
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unmanned helicopter and the control systems for it are expected to be
commercialized in collaboration with the relevant industry partner. Also
aerial spraying technique, chemical formulations specific to aerial
spraying, and appropriate legal guidelines should also be development
for practical applications.

A number of papers were published and several patents were
applied. The papers and patents relating to attitude control of
roll-balancing agricultural helicopter are unprecedented. The results of
this research will be applied to the education and technology transfer

for better farming practices as well.
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CHF9 R, 2006a). 2F5-Ql 31475 ol&3 FeWA7|= &4
A E AL FHFAEY] AAEE e JNAdsta AEstste] BAY S k=
T et A4EvH (Koo &, 2006a).

delFHe FrEs g7 AFE of7la 3Hsty] wie F=H 3H

s wopggoE AL Hastes WA £ EAd oS wE

N

~

Agta & o] EAE AHATIES HdRHA & HFEAS T
oo HLdEHY FH2 VAV Edal sk BEdde wdlE &8s Ha
A GGl WHEAS} HAdRE FHo o3 EAVl HFHIL U=
Felolth, AAlz WtEAs FREY JHSEY A, v Al 23000 oA
G WA HER, 2FALES Apolm o] wbgo wel A s Ashd
A ZIAe] AHAE AlojeHAl . webA] HA R = 2% A2 Ayeto]
7148 AAlFA o] 1 A es @t (Shim, 1993).

Tkl A Q82 3= UAV(unmanned aerial vehicle) 7]&2 4% 9]
215 3derlE dder star 9lem 4t ofvteke] Rmax 7]Fo] Al xw)
B 4 9tk AEdE (Koo 5, 20100 283 ¥ 3Hders st

1% ol §a FOPUTo| o] AW wk Yok, FY Age] AF

= 371 flste] 2H e Afe]2E vAE WHE 7
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(-5 ) Az eI x| FULV) AE7)|Ed s Az vasel
WA EE Y 2R 9de A4 B HAR A od &=
ojty. o5 sjAsty] At HILFE AL
st & RUEE A7 =5 sh=dl(Leishman, 2002) ¢]&]dt A= =
B FFeke] e ds A 5 glojof e edsty fA9TH

7} @ ¥ tH(Brown and Fletcher, 2007).

o
il
N
o
rlr
Mo
offt
18
%
2
J[m
oX,
2
Md

Al A ATFES

B 23 540718 Atee] I3
HAE A3k s vk AQEES Ans: F9 AE Hesn 2%
Aol AFe wwat A AR E AnFdoss HeAs BB 2F
B, 5 5o 2R AAA e FuekdAle] o] $HES do] Zitel
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el @3 A AAA R 2EA A8 AAAe] AR Aol 5 A e
Az Agd 2359 37r]e) ANG E 1-16] HAR AF A7el %
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g = A4/ vl i
TEEXETHY R/C (9ch) |ZterstEl PCM1024ZH
HFA o3 A GPS, Azimuth multi-DSP
2~ 9pA] & A CCPM 3 servo 90/120°
A o] 7 _ .
LA A o] 7 A 3-axis Gyro AVR, Gy601
EEREE SDiwireless | Ag/ma s ¥A
A2 S hovering GPS/o] /374
Mz A 271,284 | s/ 377
=(PS) 35 of = Al
) 71 % (cc) 340 BHEA
R 3.15 LEEAR®
H| U5 0.25 o3 pylon A7
7] o1 ] 6.9:1 870 rpm
A 7] (mm) 3700(L)><1000(H)><750(W)
T (ke 80 A 2| 23
83t (kg) 30 FolF3sts 120 kef
A 2F32 %] (Ipm) 1.5-2.0 T
2Fd 5= (ha/d) 20-30 4% 10-20 km/hr
(ha/batch) 2 20 min/ha
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H 2 & U2 7Isg =g

A1 AE FAder] A d%

UAV(unmanned aerial vehicle)¥ 3% (altitude), A& A]7Hendurance), ©|
FF F(take-off load) 9 7I+2o®2 FFFHH, & A9 #4 53 79U
g HEHE 5% 50-100kg, 1% 150m °|ule] 28 A% (Light UAV), 34
o] F#o]x%7]¢l VTOL(vertical take-off landing) UAV, AW 300m
olUl VR(visible range) 99 UAVE E{F& F vt (AFSH 5, 1999).
AR A ARlE F-ZE A Qlvk. Northrop
Grumman, Boeing, Bell & 3 TTAAES 1990ddFH FAAZFH
kel Solzkom A4 FAu| YA okl A 7HE Sk
s FAHOE et Hgokdd A Fln A A =
Ao g2 5074 o] P gt olF 1/3 3] FFV|EA FH oA FH
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ol/Fel mdo] AL tt el FAFdET] WIS FR AFITT
AFaelA UAV A o2 o]Fo]xal glon} Fubg ¥} Hlgaiteel]| uwtaf
RS W oA AFEEHE Bl = ATE #HEtH(Lee 5, 2000).
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Aoz #HAoHKomov)et &5 7S 1997W71A] 83153 (Daewoo H.IL

Ltd, 1997) A& =% FTd v vk, dAMAES 1%, &8 LA

I
r

H

38
o oy

_35_



Wg=Foko] UAVZE 71 &2td Aldles dio|A VTOL-UAVE s 8o

2] Rmax@Z A A2,

S

Zo] o}

o

ol of

A o= Jh

571594 Rmax 7]F o]t}

=]
=

)

gl

S ofnm}

o] 3115mmeo|Y, A+ 68kg=A

7

fls

E]

SERI-E e

oS
-

toiom 1 Ax a9 2-17 2

7 &

=5

SER

3] %

F1thH2004 & 2007).

S

|

o

=y
-

o A7

2 AHgetel FEEE

71e1H]|

T 2T Azl wet )

ol

)
A

o}, ohehA

Els

3L
[e)

=

Q(yaw)zte] Alof

-
T

AR EAOl Rl R e 2ot

3

°of 9

A 7R,

_36_



oot o o) = ~
pE T LR FT T AT
=) - O ! w —~ — X0 )
o ™ M Z oo e I Y
N 3 " g MW ® W "
NI 1 = M = o o o L
i T " W I A Moo o ~
‘l;A ) . N —_—
1 T Ee vidr 22Tl ey
N T E e T mow o o2 oo
2 o g e G " o= K A
T ~— oo N = o| o ol
XK o1 - B O x = ® -~ 7 o
% T X B — W o Y o oo P L
e i, i TSR T W o= ® oo o o Mo %
E 728 ,mﬂ — 3 o o —_— W/O K JHL jo
$s%: X _ 5 o — o 2 N o m oF A oT
il o B4 7w R og T
gisr | u .nmo&_@ﬂuuu}%i%ﬂrwguﬁiAM
i B A R TR W e XM
) ;| T 1_Uo ) ) M - v Nl o T o X
_ 23f - & o ow Ty = = mﬁ T w_,ﬂ S W
EEE s5e8 o _ . ~ ol v il
S 2 5 5T B R o W o W Lr ) mr o a
z mmm 852 - T 55 K MM W R _,,w .rqo,.o o B ol BN o
€ 535 ge5s ! i : o =
S5 3P o G Bog XM SN Wor Xog # .
y <8 il E Mﬂodul.i%um1ﬂ%ﬂﬂuaﬂn
\ Y T W og X = ol Aﬂ T = K > w . o
2R\ R g & FE N oo I Bom M2
© oot N G & . N el B o< D ol
o = ooy N b MT e e s o
S48 o X o % m B2 of =
I ~ ﬂA_._l ]v_Al :.L 3 X Xy .ﬁ o = Nfo OT.__ ) " o
A N o] B o E Mo = ol o m RN W ﬂr
okl o oo =~ W oy o o s ) o
y ) H_T N %O ;& ,_I/ W 5.0 xr ,NL “W & “u‘ o
X 0 I W % mlﬂ ™ 5 MO g B WM oo M N nky
CEEC © oo o op BT W A G O
T oM 3T oW w T T T o= ap W —~ T
N = -~ b o = A pjJ o
| oy < = = o odo o o o — oy X
N T % R T _ ok = X X oo ® B
o o ol o R X ® 0 B T
! T e T W o X o o = T E w
N RGP = B T 2 Tom T o
ﬂwwommaﬂ7ﬂﬂgg_wzw
0 3 1 ;ﬁ BK H_T o B o ,UI o EE EO

AgtH ol U] Yamaha

o

R

_37_

A9k Abe)

T

9
pal

Aol o

7]



Motors®] Rmax®} Yanmare ATH-37} dom o  F29
RemoH-C100, 9412 X-copter ¥ &4 T&Ie] ACE HX7} dth. wl=, 71
vk, 5o, 23 29d, e AEolo e A Bk Fol oy w8
€& dYFH 8 o] Frstal v 538 #B A wg ATe
Aol Lol Yamahat 7IA7F 7195 @4l diste] dAsaL Ak w
b &AL FE Y wH A W 2 & A7 Az 5 Ak

& A5etnz wa = AU AojAsYe] Fastt ol BelF
g w2z e ZE G A FEY, B, NAGA, Aw Se

ol4r= el &g 7lol s Aol
el A= o2 /e ASHMIMO)= 2z thig AJAglo]al A

N
2 HsE 542 23 9ol thigelfo] EswA BuE AT

_EL

!
%2t LQR(linear quadratic regulator) ©]&o] d#o] E=Hlom
(Murphy and Narendra, 1969) ©]% ZAAA|ojo]Eo] E<l% o] LTR(loop
transfer recovery)®WHo= Aoj7|E AASHGarrade and Liebst,
1990). Ohyama and Furuta(1985)¢} Pallet et al.(1991)2 R FHE
5-DOF el Fztste] olggt o]25<S Fdsk3lth. Shim 5(1994)2 =
P Ty BA vlFAofol] HgF Ao HHAFED S Y x=E 3 HAH| Y

2 FASAL olsh g AFAd A5 Aeipe] olgqHel Husty

1E AR AeA Abgol st T A¥E mae b Ao
2 WA mde] 2u Qi AAS 43| EASA BRI EF Uy 2
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FA S agshdel Mk daHom AEHa gl= Aol
gy ol dagls 52 Ak F47|E, Yrie R Advd T
ol =M Hgr|sE Sol & oz F& IHv|dE A¥HA PID7IE

2 FEsthe ot (A dH, 2009)

T8 (inertial navigation system)< Apo] 29} 7I&EA0] &3S 7%
2 3lo] A Aty FAHolR o R A U YRS A= A|AEHOoR 9
27F o o]E F£AF7] 9dle] GPSE F713 H3A|AHS =5t T

Arl= 2z FAE 4t drk. INSE IMU(nertial measurement
i) E 7|=FEAZ FAEHe JHZ FAAEH o Zol27) 7lEHS <F
ASIA AT A}, AFolZ} 7EE A9 22 AlA B Wl gk A<}

27148 BolA A7l eatel BAE T2 2wAE $2 Fsel ddsl

K

o] HFE At A9 7|5 o= vz 7 Jro] AZdge] Wy
198 Zo= FAPEdn (k=2 &, 1999).

MEMS(micro-electro mechanical systems) 7]&S ©]&3 I E0]
7Nk E 31 DSP(digital signal processor)?} o] W23 &% T ZAME
Ho ® Aggetal A A7 IMUZF 7heebAl Hdth mebA o E o
&4 GPSE £33 AHRS(attitude and heading reference system)A]Z2~
Heo] 28" = 3

DJI Innovations Co., Integrated Dynamics Co., =+ weControl 5°lA]
UAVE 918 mlgAoA2dls 7gdete] drjstar qlow st 51 A7
oA thFd ZRAAMS AN F& AdEste] HAXFTAFEH A =ES 78t
3L QY. The University of Texas H+& KAIST solA+ W& vlo|m=2>

ZAME o] &3sle] A2EE FAF I Beijing University$ SJTU A <]
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Number of Agricultural Helicopters by Province
Year 2010 Total 84 unit
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3E 34, FEAN G AFEE A HAFo = AY
Specification (unit) Symbols Input values
Blade length (m) L 0.2
Chord length (m) tapered Ct 0.04
Radius of tail rotor (m) Ry 0.275
Tail blade tip velocity (m/s) @ 4,600 rpm (Vip)t 132.5
Rotating speed (rad/s) Q4 481.7
Slope of lift curve ay 5.5
Solidity Ot 0.0926
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AeS AAsFH 1, Brown and Fletcher(2007)2 HYZHE F2E F9]

S B EET- e
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= 2 (pusher) o= Azt

2007).

29 3-10% o] FEAAE 45 BEG PS, 1750 rpm)E o] §ehgion],
sgaeEE e HUzEel HU5EWU600 rpm)st 2A 87 fatel o
1:2.79] Jlelde PSR w@ F2E Fold HUZHE A5
sgste] ZAN] BYNE AAHAT

sholth HQ Belol=e] W + W S vl P (pushens] 4
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AR ZHEeE, el At 11 4 (tractor)e] Ho] Qo] o] u

Bek AARE Y FEe we 2169 WA SPsAt,

4. T2 FH} R T FH4

FolH AN G o)A FRE o) wEee] A oo nga Halz
e 388 AN Astel FRE AW 2 A% 2UEL ANHAC.
sQlgeol=e] Aol 1,378 mmolv] g et Tug e Al A

H52s T4 2 2do=REH 2H 49 Iy m So7tiA Z e
7F S7vsk=dl, ole ATl duidoes =i FAldA FES Eolde 9
ZolA HFEHAH. HWQl 2 Edol=rt dAHE JHY FERe AAFFES
getolon, ol 7HE Fhdsk xR A 2E Edeo|=rt slHo| AR g
A} o8 s ZHA Y-S A 2E A28 (rigid rotor system)o]2tal 3=
B3 AAE gy T2 gonmw 2y Eyol=e fddk Ao o Fst

Gol
dol BPL §AeA Brk o]E4 Eoag e FHE skl FY

Al FH o 7]Fel
EZHEHYH ¢4
83t FEHE
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FH 2y s dES YFEU Hdees st Z2ad g 2T

v FHATE ARSsh A (B-14)¢F 2ol yEbd 5= itk (Prouty, 2002).
T, =Crp2 R, VrR? (3-14)

¥ 3-5 HEQLF BAS 93 FEH A

Specification (unit) Symbols | Input values

Blade length (m) L 1.378
Chord length (m) Cm 0.13
Radius of main rotor (m) R 1.57

Main blade tip velocity (m/s) @ 5,500 rpm | (Vipn 141.0
Rotating speed (rad/s) Qm 90.0
Slope of lift curve Qm 6.0
Solidity Om 0.0527
FEAF(opE A NE A (3-15), (3-16)% o] &3 wiEA oz X
H 78 4 a1, olF o]&s3] 24 (3-16)% #Zo] A3 FHATE 7 &

AT} 3714 p= F7]e WE(1.1614 kg/m’)oltHGavrilets et al., 2001).

)\ e 5 5 (3_15)
2 VI +()\0_Hz)

_aof, (L ﬁ) “z_AO) ]
Cr=-, (00(3+ 5 [t (3-16)
\/(’LL — Upyind )2 + (’U — Vyind )2
71N = -

o W= Wying
K = .QR
— 2 solidit
7= 7R y

¢ : chord length, m

Q : rotating speed, rad/s

a : slope of lift curve

0, : angle of attack, rad (ATT: deg)

u, v,w . speed of helicopter to x, y, z directions
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FEe AT A8l ZEE AATIH B dAEHA He=, ol
WSk MtEAE A B-17)3 2ol yekd ¢ dvh &9 dlhete] e
(ATDl st <= AF(cp)e S7HE= alslope of lift curve)® YER|H,
HU=E= 5.5, 2= 6.0 AHsIit (Koo et. al., 2010).

N, = Qp(QRm)QWRi (3-17)

CDUO— 7 2
A7NA Cy = Cpr(Ng— 1)+ T(1+ TH )

Cp, * profile drag coefficient of main rotor (0.008)

HAZE e 7 2 75 FRECA AT EA% gads)E o
A frh B ATNA AR A0y mde] Ao FREe] FHug
of FAMFoR FHL WG HARE N FHo] WARE Ueli 9]
4 (3-1H)~(3-16)3} ol FRZES FA o]

71
B-18)= HdzHo 9= 24 F4L + Utk

o

T, =Y, = Crp(Q,R, ’wR} (3-18)

—_

2
1 e Mz/f)‘/
2 (9"(3+ 2)+ 2

5. 5 4P o} o] &9 L

o714 ¢, =L

a9 3-120] AR HQRe] FEAY Askg wyedl, wert £16°)
el +6~-8 kefel FHol WAFHA ol B FHe)rle] MESIE 4
HAA 71710 Fig A7tk Koo et al.(2010)2] Aol ¢JsbH +8° HX=
o HURE Wzl A AFe] et EH PN MELIE FAA Ao
nasgleh. ol BN FYL Aste] oF 2.7 kaf FEe Feo] AgH
(3]

e AAbstn Qovl, wezte] +8° ool MW HUNE AAYFOE,

3-6014 Yok FdslH o= A (3-18)°

Lo
ob
9
3
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th. % 3-57 3-69 dlolE]E Ag3le] (2 =481.7 rad/s, (V,

tip

), =132.47
m/s ¢ ZZANA &7 9, =0.1396 rad (ATT=8°)Z A}&3lo] 4 (3-15)9}
(3-18)1 4 HAL (\), =0.051& Zropar (Cy), =5.3466x107°S A& &
ATk wEkA, A (3-18)9 9ste] T, =Y, =25.89 N (2.64 kgf)o] Lozt

oo - = - 9= S =
ol A¥S S 54T HILH B 2E FHI AR A3
Tail Rotor Thrust
15
® ATT vs Thrust
10 A 3rd-order Regression
5 -
Y (J
> ®
B 0
E overing w/ d.w.
= & overing
-5 | payload
-10 4
'15 T T T T T T
-20 -15 -10 -5 0 5 10 15 20

Angle of attack, deg

a9 3-12 w87 ATT £18° o sk ¢

o,
|\
o

ol FRES FUAS (C)),oRFH WMELA(Q,)Y |EAE A

£
o
(o

24 F AEPES mud £ Ak E 3-59 3-69 dolHE Abgsle]

2, =90 rad/s (V,,), =141 m/sq =0& W57 0, =0.1221(twisted

tip
outer ATT=7°)& AF&3le] 4] (3-15)9F (3-16)14 ZAL (), =0.0398
Z Fohfa (¢,), =3.17781x107°% 9& & vk wEkA 2 (3-17)0%

R MEIASFE (), =0.179177x10 722 A4t= A,

m

2 (3-17)° 9std Q =N _=50.3 Nmz AltEo] FAZ= A HU=E

m m

F7kAel A9l I, = 1.87 mE A&t Y, =269 N = 2.7 kgf= AL

®

ol = A7) ArAdel A XY FREO FE3) HURZE NE
93 FHo v &L 4.73%E Ve
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4% oF 568.1 N(58 kgf)el 71Alo] that amy AJejolAe] Bz >
7 FREe gHoTRE FAI HAZRE & =8 U AFo|A] g
3]

"2'31
= _7‘|:E;:]19] 37]7]- /ﬂi OTX] o]‘%ﬂ\%g X 3—601] E.Oqzl”/v\

# 3-6 A=(58 kef) AlAFE] R ol et HAZE ] o2 FHA

Parameters Tail rotor Main rotor
a 5.5 6.0
O, radian 0.1396 0.1221
ATT, deg 8 7<11>V
Ao 0.051 0.0398
Cr 5.3466x107° 3.17781x107°
Tm, N(kgf) -2 568.1(58)”
Cq - 0.179177x107°
Yt, N(kgf) 25.89(2.64) 26.9(2.7)
Yt/Tm (%) - 4.73

1) The number in the bracket indicates the ATT at the grip.

2) Estimation of tail rotor thrust equates directly Y,.

3) Main rotor thrust (7)) requires the tail rotor thrust (Y,) for yaw balancing.

7IAle] Fekgol S7beke
dof & NtEe A
o % 3-7lv 5%

el #2 243

gelshsint.

Aol FRE|S) ¥
F7hstel BlAREL RA s ok
806.9 N(82 kgf) =
Z2H o FHomiEH AXtd

= o]

==

Z7he 3 wheb A

g Fejo] weh] F7he

GAFelE 24 kgfol W3 HAI=E
LTHE HIEQ T AS

¥ 3-59 3-7¢] Elo|E1E Algate] ©, =481.7 rad/s, (V,,), =132.47 m/s

o] ZAM W&zt 9,=0.1920 rad (ATT=11°)% A}g3ke] AA9l (),), =

0.064Z2 Zrolar (Cp), =8.1472x107° & 9%
o)At
A =gy 3-12).
(Cp),, 2 2HE MHELA(Q,)S FAHAAE AT

39.45 N(4.02 kgf)o]
7ol W3t FH 2

A FEE ] ¢
=24 FEHA g s
Q. =90 rad/s, (V,

ol 371%

m

Hl sk <=

ETg/]\

=141 m/sY =ZAE&
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S oglen, 7= y,2RH

As o)A ¢k 11°9] g zE v

3-72 H°elHE AbEsto]

o
_E7L

6, =0.1570(twisted




outer ATT=9°)& AR&ste] HAe ()), =0.04755 zZrolgiar (0,), =
4.51375x107°& ¥& & Ak wHA ¥BEIAS (C,),, =0.267103x107

2 AXNER Q =N, =74.98 Nmo & Aol HAdRH FH& vy, =40.1

N = 4.1 kgf7} a7 =0tk F2H9 FE3} gd2H o WEQ T F 9] ¢

&2 4.97%2 e
T4 806.9 N(82 kgf), & #7435 24 kgfol e EME eo] A<

ZHO FH% FEH &

oM Yehd F9o] F7)7F A& dA8Y eSS F 3-7 et

FUQ

2l

6]:’
¥ 3-7 fAstE 24kef (2% 82 kgf) AR vl I HAREY F
2 o] EFA X
Parameters Tail rotor Main rotor
a 5.5 6.0
O, radian 0.1920 0.1570
ATT, deg 11 9<13>"
Ao 0.064 0.0475
Cr 8.1472x107° 4.513755%107°
Tm, N(kgf) -2 806.9(82)”
Ca - 0.267103%107°
Yt, N(kgf) 39.45(4.02)? 40.1(4.1)
Yt/Tm (%) - 4.97

1) The number in the bracket indicates the ATT at the grip.
2) Estimation of tail rotor thrust equates directly Y,.
3) Main rotor thrust (7)) requires the tail rotor thrust (Y,) for yaw balancing.

m
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At el T2 2-stroke YE7)ZEA AA
Adre] & vj7)Zo] 342 ccEA Hu 32 PS9
ZFo] vy ZPETHE 3-8). AdgAFA Y4 2 AJFEHS a7

Aol AHEE AZY <ol wla) AET F7)e] 2 Aolsh glrk.

HHN'
rU o
i3
4o
i)
Sl
%0,
kl
>

3 3-8, At dxle] Al

Model 342i-B2 Displacement (cc) 342
Engine 2-cylinder, 2-stroke | Stroke (mm) 20
Cooling type Air cooled Bore (mm) 66
Weight (kgf) 8.8 Output/weight (PS/kgf) 3.63
Engine rotating B
Max output (PS) 32 spoed range (rpm) 1,200-6,500

o] [l

} L B
<l

=
5
1

3} FERe Edsv e 47

Edzvde A F 2EEe JUSES AQFons AH W
wl7e] el obmbabel A9 870 rpmS AEIAFE A il ol

2] ZHAAY £E7h Ao} HFASS dos)E Pre HEwsH

ul

?_
94 RES Ads FEe Adw AT £ dE SEd oste] 249
o}

FU% 29478 /22 Edsnde JojnE 24T Ba)
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o Advly Al F2HFY 3 HEE7F 800~900 rpmo] HEE 7]ojH]|E 3
o AEHoR AAlEGT 11 3-146 AA ARE ERAvuAS HGlow,
71oju 7t AR wel 2000 kgrem 7HA EAV} Z7beka HY 2EE V)
ojH| = Al B AEE] thete] 1:1.28 &t

2. TholuE 59 =%

-,
R
lo
oX
olr
K
2
fllo
e

7] flete] FHAE FAsAA FetE Theke Alsd
A8l BAE S48 9 BEAvY & AASATHIE 3-13). <1kl

5,300~5,800 rpmoll A Hujnp S 3|k Ao R o 4fste] EAW E
= AAsidled, EFd2vAGESEH 16398 AR 59 IHdFEs o
850~900 rpmO.® = E=E FHdE&S iPlste] 2,300 kgrem®] &% B
1(01324-023, Sensor Development. Inc)< 4733kt

2000

—@&— Torque Test No. 7
--O - Main shaft rpm

1 Torque-rpm measured
1500 1 Max torque point r

Clutch slip

Clutch engaged O
e}

Clutch |
disengaged |

Torque (kg,-cm)
Main shaft rotating speed (rpm)

L — LI A — L |
2660 2665 2670 2675 2680 2685
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Aol AF24 digital thermister(DT)E FX3FR o, dHolgHi= HEFXA
(21X SM192, Campbell Scientific Inc.)ol &8ttt 2dF ExEAS
sl 918t AAIZF B3 3e TAI(1L20010WM1, Laurel Inc)ell e}
Wd = dEE ZAEIT (Koo 5, 2000). Axujr]@e] Zole AWLd

S A% A2t E NET 5 QE HES UAS 93, ARLNFS 573

39
El

500 4

y o o= (e}
= =51 =1L O
at7] flsto] BB F>3AE AR el
2000 +— +V4—r7—+—rt—r—r——r—t————
—&— Measured rpm Test No. 7
—_ --O - Calculated rpm =
g_ ] engine rpm / gear ratio (5.0)
£ 1500 4 Clutch slip L
T g . Clutch
ga_ Clutch engaged Brake point disengaged
»
fe)) ]
£ 1000 ©0
— B
[]
8 ]
e
E
g Clutch engaging ine
[
£
[1]
=

T T T T T T

2660 2665 2670 2675 2680 2685

time, sec

oy 3-16 =AY @& 30
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A B HF7E S7rshaA AAF FHol AEHE Y ol=HA F AF Aol
A Aok olsk e g@or Bx% IHAFE STMIIEA AR wHEEEA
Aot AHEAS A ol wE npe Altsto] dx F9 dei
Aol ARE I
a4 3-152%H 92 B4 "9 IHEE G o]&sto] 8-S Aitskel
o, ZjojHlE Yz Al &Rt FYA| o] FRE O FH&Ee] Ao
(¥ 3-16)= AN €95 ovstar 29 3-17¢ Yetldt. ¢

A7 AEEEA €62 7 rpme® Gojlal, HeE wA A AL F
S5 7M7Y £He AR FUkslY FERES JHER VEer 4
rpm o2 At Hi wpge 78 3-1790A4 14.7 PSR(ZEH IHAEE

ot
R

¢F 1,000 rpm) YESEo ™, A5 A (brake point)ol] o2 7Fx}L7] <zl

S0} gasEd FUA7 aEHn o] 748 FFL B 5

%0
39
o

AEA) AL 29 B4 AHPL vhFon ARSAD w3k HA% =)

EE o] gatel AFEFHS AT,

B 1200
—O— Power (PS) Test No. 7 r
e ! . ° r
® Slip = (engine rpm/5.0) - main rpm . " 1000
20 1 Brake slip -
T i Clutch engaged Brake point % L
g | — 800
» & 15 [Py} F -
L2757 00000 i £
=% . ® L] o <%
s ° o o e® 600 =
- o I o
8 » 10 PY [ b
c I [
s - 400
51 - 200
0+ -0

2660 2665 2670 2675 2680 2685

Time, sec
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B4 AEA A7 SALES} ESERE AFEES o

3715

19).

A2 A, QR 3[4 5,200 rpmelA] HU EF
2,200 kgf-cmith. HsHET HHEAT} ofgF o
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0.164
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0.548
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Pt
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Engine Temperature test
Infrared image temp distribution
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HMa4Zd =FTA szt AAMAOAI2E =
A1A A

w AT HF 542 FHe] AA st= 49 e JNEste] &

BESE 454 el Aol Ak & HANY wq AAALA 2
2EA A vAAe] a8 e AN A7 ERE 1) 54 HA9 7
P74 AEHA R AH (2) 234 A5 FAAIA 2 Aol glek,

Fe71ge] AR AN BEH 7 WAL A A1 AgAAN oo
2 gt FEAA 254 A5 AAAN AL Ao ARATHE
& Atad vl 28 0

X

& =33 3} AAA ] AlxF A

F Lol MEMS 7S o83 ¥4 AlAEe] 7By DSP(digital signal
processor)®} #o] WE 1 F&FC TEAAE vlgow 3 Astun 42F
ol #7}e] IMU(inertial measurement unit)7} 7}sstAl At wpebaA <
ox Y& &HA GPSE E33+ AHRS(attitude and heading reference
system) A& GolatAl A8&dE 5 AT A2 Aot et AT
M= UAVE 913 vl dgiAlo] Al 2gls Jhdbsha s opsl = A9 Al 5
&= Agste] HPdxF HFH Alade e vk

Aol71E Adeta A7) A= BlPAES A Aol -3 7]
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Aok A Wl Ao] Alzgle] Srst Syolth. meb R Ao olef e
Aol AL g #HAAe) BaENE: TG 4-1) T A
SAY 2 a% Aol FYsta AP FAFFE ANTIOR Aol

7Fs3 DSPE ©]

ol dYEHe F5Y 50-100kg, 1k
=

2 3ol Fzlo]257]el VTOL-UAV, VR(visible

RN

A 24 ZAM SH F Hg oy A EE
1. AA 53 BE

7y AA 9 AR e B3It

(1) AAMe 8+ =2

A7F, AAdE 2 42 IMUE FA435H7] 918 MEMS AlA & 64+ =(3%

WA, 3% AH) £ 2 AM TP aTHE RAQ 42 wEstolop
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s}, 4-18 IMU TAE 9938 MEMS AA 9 A% QFARMS gokst A

ojth. FAAeFE e 5 Ao £F o] HAist Hofof sfar Al
A= A4E 3.3V H= SVE FASE Fojof dth AlMe] FHE ofdEn

= SPl(serial peripheral interface)® 3}o] X =2 A4 W] 10bit ADCE

ol AAMe EHE 9E WA, ZRAM SPT -S4 7sE ol8d tAd
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ol
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Au)
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é
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_rE
i
o
o,

¥ 4-1 MEMS AlAMe] HAS 913 Al

g a7=x1
A= AHAHV) 3.3 or 5
A= AF(mA) <500
== H Analog or SPI
ADC #3l5(bit) >10
ALE71s 2% HL(T) -20~80
tolE do] E(Hz) >40
7V % S 9] (deg/s) +300
7= SAHAHAG) +2
() <500
= 7](mm) <50%50

(@ AA =4 A
T 4-gel= B ATl AHSE Aol MMl AF 4L nolth B A7
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F 4-2 Aolz MM AE 54

Model: LY530ALH (Analog Yaw-rate gyro.), LPR530AL (Roll & Pitch analog gyro.)
Manufacturer : STMicroelectronics
Parameter Test Conditions Min. | Typ. | Max. Unit
Measurement range 4x OUT (amplified) +300 °/sec
OUT (not amplified) +£1200 °/sec
Sensitivity 4x OUT (amplified) 3.33 mV/°/sec
OUT (not amplified) 0.83 mV/°/sec
Sensitivity change vs |Delta from 25C (LY530ALH) 0.05 %/C
temperature ” (LPR530AL) 0.03 %/C
Zero-rate level change |Delta from 25T 0.05 °/sec/T
Vs temperature
Bandwidth 140 Hz
Operating temp. range -40 +85 C
i 4-3 7HEE AN AlE 54
Model: ADXL345(3-Axis, 2 g/ *4 g/ +8 g/ 16 g)
Manufacturer : ANALOG DEVICES
Parameter Test Conditions Min. | Typ. | Max. | Unit
Measurement range User selectable +2 4,8 16 g
Output Resolution Each axis
All g Ranges 10-bit resolution 10 Bits
+2 g Range Full resolution 10 Bits
+4 g Range Full resolution 11 Bits
+8 g Range Full resolution 12 Bits
+16 g Range Full resolution 13 Bits
Sensitivity at
Xouts Yout, Zout +2 g, 10-bit or full resolution | 232 256 286 LSB/g
Xout, Yout, ZouL i4 g, lo_blt resolution 116 128 143 LSB/g
Xouts Yout, Zout +8 g, 10-bit resolution 58 64 71 LSB/g
Xouts Yout, Zout +16 g, 10-bit resolution 29 32 36 LSB/g
Sensitivity change +0.01 %/C
VS temperature
Measurement Rate User selectable 6.25 3200 Hz
Operating V Range 20 25 3.6 \Y
Operating Temp. range -40 +85 T

1-32 2 A7) AHgE &% A9 STl B

=
54

SEERREL!

2HA ska,

PN
T

- 112 -

ATl = 35

=il

g sk

7} 3k Analog Divice A}9] ADXL345 AIAE AF&3FT o]
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R 4-4v B AT AREE AR AAM e B Eolth # AT E
% A 27] Aol 7bs3F Honeywell AR HMC5843 A Z AFE-3FA T o]
A27] AAE o] &3 A WEko] tist 71Ae] V&7 E S5t 87t H
O AAE dAs = ok A7 E AR A7 de JFgS nHER

GPS 4l7]1ek A |l el &=s i

%44 AR A AF 54
Model: HMC5843 (3-Axis Digital Compass IC)

Manufacturing Co.: Honeywell

Parameter Test Conditions Min. | Typ. | Max. Unit
Supply voltage AVDD Referenced to AGND 25 3.3 \
DVDD Referenced to DGND 1.6 1.8 2.0 v
Field Range Full scale-total applied field -4 +4
Measurement Period |Output Rate=50Hz(10Ha typ.) 10 gauss
Mag Dynamic Range 3-bit gain control 1.0 msec
Bandwidth ~3dB point 0.7 gauss
Resolution AVDD=3.0V, GN +4-0 kHz
Operating temperature | Ambient ! m—%auss
-30 +85 C

(3) MEMS A9 A& H7}
OhH AR AF A

Aol =AM et 7hEE Al e Wrlstr] fete] 19 4-29F Zo] X
2 71975 AFsklth AR = o] 800mm, 278 40mme] HA B3}
o] spetel] F-AE 100<200<10mme] Aoz A8 xApe 345
o &= Autonics AF¢] multi turn absolute encoder(EPM50S8 -1013-B-
PN-24)5 19 4-2¢} o] AdA|ste] o] 3z = WHef HolHE 38

32

AAe] AEe Ay e JlEow dglon, 9 Qe glo] B Hol
9 JelE 0°% stk P Fo ZEr} 15° L 30°2 FeplA Fel
A% A% AALES A7lE WPoR Hlw, olud WA +F A F¥
L ISR AA dolE, Al A4 delest A=y delet A B4
& Balo] FASAT £98 A4 doly ge 1Y 4-30] EAF A4 &
$9] o] 2HQl Azt wlastel WA R AHEE Bl

- 113 -



A=

=

Y 4-3 QA AR Y AEE At

AhE 9l HAbe) Ak

- 114 -



(4-1)

A% #8 Fo2 e PFoE AN 9P| YoBE £ F WP TA
e RS Fohtel A (DB RFHYL, SR WF olegh A

a, = —g sinf + mg@Lq}L/IO (m/s?) (4-2)
a,= —gcosh — Lu® (m/s?)
w= =0, mf;Och sin mf;Och t|  (rad/s) (4-3)
o 71 A
T : Torque(N'm)
a : Angular acceleration(rad/s®)
a, : Tangential acceleration(rad/s”)
ax : Acceleration in x direction(m/s?)
a, : Acceleration in y direction(m/s?)
G . Center of gravity
Io : Mass moment of inertia (2.7092kg-m")
L : Distance of sensor from pivot (0.78m)
Lcg : Distance of G from pivot (0.4672m)
g . Acceleraion of gravity
S . Angle(rad)
m * mass (9.4904kg)
o : Angular speed(rad/s)

Omax © Maximum angle of pendulum(rad)

t : time(s)
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B AR AFER AR gA ) A R Aol oaq A (“4-2)sh (4-3)
& gge 4 (4-4), 4-5)9 o] Aald F Ak

a, = — gsinf + 1.2766 g 0 (m/s?) (4-4)
a, = — gcosf — 0.78 v’ (m/s*)
w= —4.0056,, sin(4.005t) (rad/s) (4-5)

(W) Aelz AA 9 45 B7}

Az D AR wolEe] ol@ @ ZE el Aolw AN ZH Hlo|
=

H e A -k 4-5ell o8 AtE ol&F ARk wlaskith x1#}
T 2 Ao dAHT x F WIoRy IR x F Wik zlolw
iRk WAsh7E dlen, YA 2 Foll diejr = Aolz AlAM ghe] skt 9l
Atk
15 —— 03

3 1 Ze A -l N 02

g ."..‘ I, \'\. ) €

g 0.5 '\‘ I"-’ ‘,.1 \\\ J_’ ‘1 01 -g.

S LT

= 4 ‘\,‘ 7 '1\ 7 0 E
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e 7 G
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1% 4-5 o] 23k, Alol2 AAFL, =T Fholl 98t ZHEw v)a(HE +30°)
AxE HolHE 7I£o=® stals W Ao]= AA HolB & peak # ML
ANA Hat 0.11 2] AIRF ztol& YERSITE AlA o] AX] 917 X=p 529
STAFAAM x F WFOoRZ -53mm A AAF o] Jdoj A F

)
ebgeh ol dlmHel AEY s A4 AEe 4EY e A

0 dolge] o Z&n agmda Aok Ha AEw AHAA &

7 7HEE gho] WebdakA vehdth o dmyl dolglst A7k glo]Ele]
A=Y Bl Aoz Qld A Ao Aztar

.
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s
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T kel ms wva AA yEE dadel &gk &R gl 5 AlA ghol
gk ol Egkyke] H|AF, Eal Amye] oJjh S ghyh AlA ghel HAt

R v v A |
ot
)
)
1o,
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=K
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8
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=
g,
o
Job
ol
il
s
1%
rot
i
i)
il
S|

Z £15° ZE £30°
Mla el Taksw [ dA | A% | dAwd | ax | A%e

(rad/s) | rms(rad/s) (%) (rad/s) | rms(rad/s) (%)
7t
=2 0.1034 0.1264 4.93 0.1514 0.1844 3.62

,1
°]

*LH #/el&% | 0.0906 0.1033 4.32 0.2389 0.2695 0.72

A 2k
ol s 221 0.1134 0.1467 4.62 0.1902 0.2300 4.43

AR A Ao A 7tEE A A Hrbs 24 (4-4)9 2§ Aak" o
S 7SR A dHeld e Hlaste] Adsidint XA 5o SAY x
= WA A e 2z F WA =2 e T rt W stet
o2 x z 7 N9 Fol sl 7 ghs vl askih
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1

dlelElzl thehba WAt

kol Tk AlA FhellA HEA R EFE =
g Aoz melth B Aol AgE sEw Mo FuwEs wAghel o
4% L9l Aoz HFIHEAT
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—}_DS \ 'IH \d k."l \L;i/
-11 T T
0.00 0.50 1.00 150 200 250 3.00 350
Time(s)
a9 4-6 x, z-5F W 7SR olE@ T AA#EY P (RE £15°)
% 4-6 QA4 AF A9 0B sHEm gt AMe] Fgh v
HZE +15° AZ +30°
= Hxat Hxat 151 At A2} 33k
A | rms@ | S0P @ | oms@ | S0P
X 0.00523 0.00582 3.53 0.02243 0.02508 6.74
z 0.00534 0.00656 3.91 0.02030 0.02716 4.16
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T 4-T x, 2o % W] bR o2 glsh M ghel wa(RF £30°)

U, 24 3 dagF
37| AT 99 RS ZA3H= 3 (navigation)Eokoll A &
2 Bo] ARgHE AT daess Avt dy ot ZAnt e o F
e AAL} e FAAd 7 EA(accelerometer) 9t AFo] &2

FX(gyroscope: Ao|Z)E AAME A= FAE 2T = AT 7S

ol

2
X
(o

rlo

S
A

EAU Aol ¥Hd(inertia) FHFEA i3t SA#US == 2= A
AAetal e #4389y AR 29 A 55 585 S
Frgole} star AARERE ofe} X 9F He7kA] thET

PSRl A& S o] gdte]l el s AFEZE 71eolxl Al 7R
7w Foll A E2H e AXZA(9)s WA AxtetA =W, 87 ()2 o] F A=t
71AA EZEo ofste] Axtel AWk dEHE A &-ght)
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~ \‘H \H
19 4-8 3% Aol AlA 9 A<l dHoly

- 121 -



(1) Aol2& °]&3 A 2A

Aol ZAF A&HEE ARME eddAs 7% 5 gk Aolr:
QAo WEE(H, 0, p)o] ot AeFE ] TA AXE(penE FH
a7 wolth mEbd Aolmel SARE odelrte] wshER vy AR

<%5 1 singtané cos¢tand
g|=10 cos¢ —sing ||q (4-6)
@ 0sing/cosf cos ¢/ cosh

of Ao Aolmel HA AXE(panE PN ARetH AAZ AN
G etk 7Y 4-83) 2ol AN gl 4ol B ol o7t EH o]
Sl ARFAel 2A7 HART. A AAo] 07 A FAH] o

15
2 AR D& AE B4 22U 2 e

A HAAGEAA HARABR AZEe] Qe E kst A

(2) 7HEEE 0] &3 AA 23
HEEAR 543 TMEE(e, a0, 0)= TY TSRS S A7|v B

of Wb W A7)E AEEst EFH Qa, o FHom EAFE H(U-D)
3 Py e A4 dolel 28 4-90) 4w npsh 2}

a, u 0 w —v|[p sin®
a,l=|v|+|—w 0 u ||q|+g|—cosOsine (4-7)
a, w v —u 0 ||r —cos 0 cos ¢

A7 wov,w = B AYSEE 23 pogr 2 I AHRoH, g= T

H7bEEolth A =DM vHAS Fell= 7)) I A ZHG)o] E7FH o

o]y &e g 4 AAdES At 5 v TSR (o, g, a)
o} AEE (p, ¢, e FARCIH, FANEE(@E oW %L 9l kol A
FEE (w0, w9t AF AEE (00,0 ARE F glo, 5383 Ax8
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B

%% o] ST A(4-8)

= A
S =

]

o

=

el

L.MW

LAlA el A

o et

1.5 -
0.5 -

A

oo= 7}

dlelH

o
ZS|

0

4r

4-9 3% 7}

TR
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(4-8)

w3 A4 £rg AHstE A% olF JMERE (u,v,w)E 2 (4-9)9)

o] OolaL AAHE7E floy A5k (p g = 022 7 4 St

(4-9)

A9 B S Ao $uel Qi 3 WA @3 T wA go] 0o] Ha o}

_‘I_:|'.___
&3 ol 1hke A} (4-10)0] ML o] HolA thgat e B2} 3H| 2]

ay sinf
a,|=g|—cosfsin¢ (4-10)
a, —cosfcos ¢
_ 1| Y% _ 1| % _
o= (90059)’ sin g) (4-11)

(3) wAZHazhe 4A

Q2782 2 A7](magneto-resistive sensor) A2l &3 g AA 7]L7]
st BAste 4 (4-12)2 Avtd 4 ok 79 4-102 A (Hnorth)
sk W9 71 (¢, azimuth or heading)S Al4tsts Y7lef AFMZHe] 7187
7F A& AS AA Y F9 ks BHASE 7S BT A (4-13)2 AlA ]

of o
o
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=9 My, My, M, 35 F3H(horizontal plane)ol] st gto =z FHAkst Zo
= 2 (4-12)¢ ¥4 ALks A8 = 19 4-112 GPS$ ¢ HY

Ho| Faw 3% 2z217] A9 2 dlo]HE Uehd Fo|u)

X (torward)
Forvward
; Hnorth Level
: - Y oh
(right)
1(1 Right
Hearth o Level
M, L
¥ Z (down)

1 = Azimuth or Heading

7% 4-10 A7) A AR 929k AZk] BF 24 (Caruso, 2000)

14000 | i 14000 i i
12000 - 12000 -
10000 - 10000 -
8000 - 8000 -
6000 - 6000 -
14000 . ,
12000 -
10000 -
8000 |-
6000 -

a9 4-11 35 A7) Al &9 dlolH
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Y, )
180— 4 (S ifX, <0
T Xy
Y
——180tan71(—H) 1fX,;>0,Y, <0
T Xy
Y= (4-12)
180, _,, Yy .
360 — —tan ' (—=—) 1fX,;>0,Y,>0
T Xy
90.0 X, =0,Y, <0
270.0 X, =0,Y,>0
X = M,.cos(¢)+ Mysin(9)sin(¢) — Mycos(0) sin(¢) (4-13)

Y, = My-cos(0)+ M, sin(6)

v g el ko] s (Hnorth)¥ AAehH My = Xmax, AF59] whofako]
WMy = —Xmax, AFo| FAFFlH  My=0° o] Ho| XH(true
north)th gk 91242 Sroll A 73k 5ol gk B9z (el A sid #fo] A
7} (declination angle)S BAS] A& 4 k(A7 AL 8°1' W, did
7°38" W, - 7°30" W, F5 7°12' W, F4F 7°19" W).

Wzl gk A2 E2H @) JAH0)s Aol =t
of oJgte] 4 Fata 7] A 4-12)¢F (4-13)F ol&3dte] 87 y)& T3t
v2A olF vt AHE A&7 95t v @Rl AEUdeR west
= = AT s8R YFEe 2ol 7wl Ax7E AskA &= wol

2 Mxeh Myol gtel Hl7b Belzherhow 2abE 4 Tk el 7S

~
4
H
lo
i
o
o~
ot

¢

~—

Aol A 0 ghelH F(E)-H(S)e.= EHA +g ~ +m rad k= zal, &N

oA HW)-HS o2 ZHA —g ~ —7 rad & 2t/ A}

S
do
e
l.%
>
il
o

g A 27

N
N
dp
bt
2,
fru
S
rot
B
=
ul
>,
o
o
By
a1
=2
k=)
)
to
_&
N
N
Y
By
By
&2
=
e
ol
i
R

=
-
7F AlEAdel ol FrjAHors VMR AAZE ®EA] &l 7 AME AR

B ehsho] ARE-FEH(SE, 2004).

03t
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Aol = e} THEEA L] AN &
A VHEEAR HASES st HEEAR A9 AAZE 2Rt 2E 9

==
=]

to

iR
o
o,
i
K
|\
o
L
X
il
%
o
ol
ol
rir
P
o,
Y
N
N
dp
=
By
X
-
o
z
>,
ol
o
fr
T

W

gato s Abgstlel AjpsbAl &gt Aol Zof ThEEA AlA gl

=

g

Sk Al 2El wdlo T3 Zho] M| EEe AAY AJEW R A E sk
¢

z=16 (4-14)
®

Al nale. thg-o] zlo|g ZhEw ol o duZt Aloleo] TAIAS A (4-15)
o} 2 (4-16)7 o] ;xdAA vERdoF ARt FEo] HLo] 7tz o
A5zt g2l AHUJe =z 1ds

P

q (4-15)

,

:

®

1sin¢tanf cos¢tand
0 coso¢ —sing
0 sin ¢ secd cos gpsech

:Ek.ﬂ = Az, tw, ; (4-16)
é ¢
=1 A 0+ w
@ ®

G = cos(%) (4-17)
0 =lsin(2)
& = Lsin(2)
6 =lsin(2)

AL A4S ARAAL} BAG W Sol42 veh4 gomz oy
of gl Ao del ek AHUALS ol galN FFrIe] AAE HRsh:
W FAE Qoo AAelA e el A AHT © o Wl 94

o WBT + dvke AL MFon, AU (g g g ¢) & FF WE
§s 2w

o3} e 272 (4-18)¢ WESA Wk
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0.95

0.9

0.1

0.05

0

a9 4-12

GTa+tatg=1

B 0.1

I

r -0.1

0.3

0.2

A A

0.25
0.2

0.15

Znt dHE AA7] A9 HAHYAJo =

(4-18)

EE AA 44

uel eSS o 2(4-19)9F 2ol Rdsdn AHUAY 7t

o Wg w4

ZpAM| g o2

G
a4
x_

a

as
qo 0 —-p —q T qO
i_1lip 0 r —gq|ln
q2 2 q -r 0 ][; q2
' roq —p
qs 5
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4-20)2 & 2HA Qv a9 4-122 AYder wdE
vt dE o] RS AAA B2 AAL] dAdgelE el 7.

(4-19)
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bl

£ A8y

ot A
A A= ZA =, 2 (4-21)2 o]iHDiscrete) A|A~HIS =

o)
A

PN
T

1

;OE
B
27

4-2D=

27

=
= =

—_
110

R

B

-r

(4-21)

[ STRS L N
L —

{I—i— At e

]k+1
9o Ao|A] Al2E]l wule] Y A

a4

43

4

),

oS 4 (4-22)8h 2ol A9

1
s

(4-22)

S A
-

A 34

d A2 v A "ok

e e A (4-23)e 2 FAEHYAdo=

btk

S

HE A AL

(4-23)

¥
2
v
2
v
2
v
2

0

gsinﬁ cos
2

ECOSESin
2

gsinﬁ sin—
2
0

+ Singsini sin
COS 5

+ sin 4
sin

v
2
Y
2
v
2
Y
2

0

2cosﬁcos——
2
0
2cosﬁsin——
2 2

2
COS%SinE cos

COS % COoSs 5 CcCOoSs

sin
CoS

]

a4
0
a3
4

¢ 2 9y

o

o

Al A

X

dolef et AJZF Wstel] wel Wste ghe

s

o ¢

g

=
:f’—;(

4-1337 gom, AA

S

=

el

O

,_Ir.”
o

—

e
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Time Update (“Predia®™)

(1) Project the state ahead
& = Ax,_ +Bu,
(2) Praject the error covariance ahead
- T
P, = AP,_AT+Q

Measurement Update (“Correct”)

(1) Computc the Kalman gain
- - -1
k, = PLHT(HP,HT +R)
(2) Update estimate with measurement z;

(3) Update the emor covariance

Py = (1-KH)P,

Initial cstimates for ¥, _ jand Py _ |

19 4-13 o]4k

OJARAIZE Zvt AEE AHE WA dHE Zdstd A (4-24)~(4-26)3
@tk 7 WMol AL Aolz 449 FEL o8l A 5 Ark
D1 = PpTw, * dt—by  dit+w, (4-25)
AZIM, ¢= 2, b Aol wheloj s, ¢ = AA AlZlA ] 2 g o
QA7) 74 Ax 7 wsloln)
2w WEe 24 94 F SAAE 48 o4 4R 2 AR
A4 B5 7bed Ee 54 7bed AHHeE SRR AAsH HEE,
ARzt S Aago e THER AAE o83 & 7 SAHAR Foh 7
HEAE ol &F 4 U2 A8 A F7] wiel AlRbel BARle] RES
SR @A A4 JHol Sl A4l WA AFEA L4t 94E £4

S 54T 5 Yk 54 B A28 DA ALgFA 2 S
EAE ol gate] AAHon BA4L ANY F ol Fom oldst go| AY



Al HaL 71M, SAA A= el =

random noisegtal s}al, v, 2 YEFATE

0.98 -

0.96 -

0.94 -

0.08 ' '

0.06

0.04 -

0.02 -

I
o
4
—
.
(N
(2
)
i)
o
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T err I&E& Gaussian

(4-27)

(4-28)

WEEL T8 4 (4-20)9 2

Q=E[ww}], R=E[vw]]

0.1

0.08

0.06

0.04

0.2

0.1

-0.1

(4-29)

o] gta¥ F9o YA (R=10, Q=0.0001)



1 0 I I

1 0 T I

20 . 1

10 -

a9 4-15 2 AEE A8 AT 2, 9K, & A2 ALA)

O 4-14= 2 FH AT gREo A" AAFHEAE AHUAL
= YEhd Aot oju ARE3 T4 FE Qe R 72t 103 0.0001¢]
ATH Ro] AAR ZAxt o] 52 zhopA| F=A gk Aldbell SAgko] WrgE = A

Bol oA A waL, dSgke] WgHlE 2 oM FAMe] dF= 2 U
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N
Y
rlj
o,
J|n
ki
N
D)
=
>
N
o
=
1o
g3
ol
=
o
o,
N
D)
Y
e T
io
AN
e
(2
rot
o
o
N
il

GG~ bt

\/1 —4 (q1Q3 ) >2

G©—G—hta
V14— )
(6) MEMS IMU®| Al 73 & 37}

b A Az
A A¥ ZAE 470 x 180 X 455 mme] A= A Fgon, Zy
Aol g FAE AAste] 150 X 120 X 40 mme] A4 s Fx2Eo]
A o] ARHY FFEE diF-el 100
me| FxEo| &N AMAE FxEI Auste] 3dstA A
= 5t & S fdMe Y 7HE A
S A FxRE FAd A7 15 mm, do] 230 mme] HA| &S AX|sH
of 85 FO= st IH #FS F=F AZsiltt

=, 9A B8 52 sk 44 AAFdAe e S48 flsiA
3719l absolute rotary encoder(EP58HB8-1024-2R-N-5, Autonics)E 7t
ol Fzaiqitt. HEgk %], & % 8 gAde Fosr] flste] 10:19
710Ju] & zt= geared stepping motor(AS0K-M566W-G10, Autonics ADE

Zb Sl a9 4-163F o] gFste] 0.072°/step®] wEleo® X (z H),

]

H

[2(35 — qo@,)]

¢ =cos !

]

H

2(q,05 + q025)]
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X 4-72 =Y oy xS 9% USB-DAQ RE9 54 et <=
g dHelHe USB& wrls HelE AN USB-6008, National
Instrument ADE ©]&3to] 3G o] A& ofd=21 oy 2 =7 A
g, yAE /0% 7Fe-E/EelME ste] plug & play HHFe] 2ol & 93to]
74 2 dolg 27 ojZgAlolMel A& = Ut

N

¥ 4-7 DAQ FA9] AF EA

Parameter Value Parameter Value
Analog Inputs (ch) 8 Output Resolution (bit) 12
Input Resolution (bit) 12 Output Rate (Hz) 150
Max Sampling Rate (kS/s) 10 Digital I/O Lines (ch) 12
Analog Outputs (ch) 2 32-Bit Counter (ch) 1
9 4-173% 2ol f(yvaw) =3 el 3 | He HA Fo E5%l

% 7he) AnAel B4 wa B dekel ANEe AFo] WA HE
=

3702l IMUE 1% 4-183 o] +Asto] A3l
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o]

=

=

2 oy &

=
=

](PL-3005S, Protek A})

EERRE

tel DC 5V

S

Q

[¢)

il S 73 TR B bo oy
il LW R g 5 W
70
G m M - W g -
< M o] T ol ™ DR Y
o NP m m oy A 3R
o ¥ON 3 o %ﬂ ~ o
T T TR
i = m,m wow 5 o ) B
N =y o = 3 —
= N TR B N S ol Th o
< & N @ E =
Eo M . i ﬂww_ ﬂ_l (e o0 X o
3 W - S P S 4 g N
T R »EPI 2 2% & oz
< al S E o B N =
pa % i = M < To- i =
o = T WY om o R g
PN B W ) &= ,mﬁ
2 g T Mo+ 2 ) B
e = AR IR Ca iy
- = N o) 2
; S AL S
o W How o 4 S g’ il
I 3 o 5 o 2N mom oy N9 k)
= ou! BoORr W TN X
ay . _.;o % WK L [y i “ ko ‘Mﬂb "
T [ne) ) e
£ % rrfzfaiivr B
T 3
o oo N~ _ NN M J_,M ot Bo 2k |
T o =X ow e ®aoe o -
= X % T N S om oM oF ’
B A 5 W TV &% DR AW
o W = D= T 4K N

(%)
2.81
1.53

2] 3

Z} rms (deg)
1.8234
1.1159

Bl
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7+ (deg)

wO
1.7020
0.9256

|

2} =

1o

3

iz

Roll
Pitch




40

=R.oll
. 2N
20 —Encoder

10

Roll angle (deq)
o

-10
=20
-30
"4D T T T T
0.0 10.0 200 30.0 400 30.0
Time (s)
a3 4-18 A=Y 7%=k AlM Roll ZF H|a
40

=Fitch

30 %
— Encoder /
20

Pitch angle (deg)
Lt
)

5

0.0 10.0 20.0 300 400 500 60.0

Time (s)

a9 4-19 =iy 29k AlA Pitch 2 ¥l
2. U1 AA EUEE R A7 ZE A2
7h 79 dEFY AA ZYUEF

13 4-208 A Bk HolE 9Ete] LabviewE ©]-&3so] 7t

24 IMUALA dolE ¢} v &A] AAZHS U E

i
A
o,
)
0¥
>,

W

)
ot
g
(o
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A RES olgd] ol ALFE ol EAHS 2319

Test_100610-4.txt
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¥ 4-9 EBZE Wt 2% FB755A2 AY
T+

Gl 3.3V single supply operation
Bluetooth Version V2.0 + EDR

profile GAP, SPP
T3} o 2.4GHz ISM Band
TARE -83dBm
A=Y 16dBm
FAAE 100M ©]4 (Classl)
interface UART (TTL level)

OF L} o] Qe Y
R R -20~707TC

9 4-212 AA dHely 4 Zrade] stiorA dHolH AY AAE
el AFE v dHolHE Hadste] gz £AT 5 A ST =
2E 9 AdFe AdE vdgtoly 3o ARE HoFa, 9d A=
o] stebitol= 2 AEEE AR HRd HolHE AYd 4 o, A
ggk dolele] A71E gAY fAE olsd F A Fo=A 2zt ey
ol AadAE st 8ot €8S 5 Y e s 4 A
HolB & s7|35tsto] apite] efszo] FAITFORHA AREALZE Hske HlolH

A 4 k. i 2z sle= 7 A dE dloleE 7H7te 1

gz gl = A= At
U dolg &4 ZEae A7 s 57 9
sto] AL F5 A AA] 2" (ground station)d} AE FHE A Ao R B

AT AL AN A FEAAFE] A AUHoR B

il
i)
=
M
X
o
)

—~
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£ Y SEIRE | He Jm=

O 0|8 g CWDocuments and SetiingsW2ral 2WHIE SHIWDJ DY 20 SHWTI01122-002.0AT

=

Chi Ch2 Ch3 Ch4 Chb Ché
)| axin) ;}ggy(n) o az(n) Ljiax(n) | avtn) ngaz(n)
FR E=d Fal =4 SRl =3 Al =3 FIAl =3 & E=H
oL o o oo o oo
= =38 = &3 g =48 s =48 S =8 S =8
D i 0 i i g

0.3y
3992, 055611

AZE

chi A%
che EE%
che %
chs RN
G2 che 1A%
ol ]
che ERNg

8510 3992, 0656

Z2HER) (0 D HESW

M

e Tl

I A o

I

l SSRGS L

29 4-21 A% delE EUEE 8 24

. HE Holy A% EE A
(1) SD 7t=

A4 AFE-E SD(secure digital) 7F=+ S AIHIEE 24 HMY]F
v Y71 S 425 98] AREE AL SD-COMS(ELPOT)O] Al¢e % 4-10

Zte
7
Q 2k

[¢)

1
s

Fo Ho] 2Gbyte7}A] A LHET. AER == 1bit

- 139 -

2oy 2o AFE3E SDIMEE FATL6 919 Al AE1S A}8-8hal 7h= 9]

4bit =, SPI &



= Z 37FAolt}. 1bit RE9} 4bit EE=+ SDIO(secure digital input
output) AEH|ARE F2H3lar, SDIOE Alost7] sl <5 SDIO 7
EZyr} "asitt Algd 5219 SPI =9l A 4bit R | %ol
ZaadthE wgo]l QAN o] MCU7ZF SPI Qg #Ho] A8 A dstuz A}
&3st7] Wg Fiol Ak DSPe A-folx= SPI QIHFe]lAE AddfFrz

AFo A= SPI REE ALE35HYIT)

e

& 4-10 SD 7= (CD_COMb5)®] Al

Memory size max 2Gbyte

Power Source 50V

0~25MHzel o] 12.5MB/sec
(using 4 parallel data line)

0~50MHzell # o] 25MMB/sec
(using 4 parallel data line)

Default mode

High-Speed mode

Correction of memory field errors
Password Protection of cards (CMD42 - LOCK_UNLOCK)

Write Protect using mechanical switch

Card Detection (Insertion/Removal)

3E 4-11 SPL 2=9 A 44 5 Al

Pin # | Name Type | SPI Description
1 CS | Chip Select (Active low)
2 Dataln I Host to Card Commands and Data
3 VSS1 S Supply Voltage Ground
4 VDD S Supply Voltage
5 CLK I Clock
6 VSS2 S Supply Voltage Ground
7 DataOut @) Card to Host Data and Status
8 Reserved [ Reserved
9 Reserved [ Reserved
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(b SPI 2=

SPI ®== ZefA] 7IWke] SD wjie] 7t=dA Algshs R 34 Z28
F2 FAH ok SD WRe = ZREII FARSIA SPL HAA =
command, respond and data-block token® & FAHT} MCU% 7= 7hHo]

£ 5412 MCU(master)”} Alojgit}. 5412 CS(chip select)E Low Al&

H
i

St

2 F7A SPI busel vlolE] A% AG@th ¥ 4-11& 0 74 4 A9L
[BRsRnii=Y
W} =713

9 4-22% SPI REoA AMEEE WY SEEEA §Y 2% SDIO &
=2 o] glomg o] SPI Rru® uy] $s) CMDO HWHS ¥th
CMD8 H#2 % &<l % SD 7k=9] 7745 Rt FHOE R7TS W
Tl CMD582 T~Eo| o3& st e Wy dAsA &e 7t=E A
g 4 gl= WAYET SD WRE FtE TAEE AFsrh ACMD4A1 HEe
AlZFS 9k 27139t 271817} mhrE v HAEAE ZARS

(th dHolEl ¢l71¢ 227

a9 4-23@¢ (Ot AZE G4 dlolH &xolu Lo 559 Hol
HEZ o+ WS Aw3ig. MCUOAH ®#ol2 CMD173 CMD182 z+z}
o] Holy &3 H49 Hely 555 ¢t ARSEH MCUZF 849

< Buld SD 7h=7F SR dHolH 555 MCUR BuUled. 559 552
9 Aol BE Ho] 16bit CRCE 2o i AFdh AE5S AA 3
= W% CMD12& g dEste 522 WE 5 vk 29 4-230)9 2o
diole] Ao eF7F A 49-+= vl
EZS MCUR ®EWith

29 4-23()s} (e)9 Bz mpeb o] ¢jr]eh mprbA R @] oy &

Zolu HEgo dojE E5S WHAE I WEL S vk HWHoE
CMD247} CMD252 RUW SD 7l=dA] ¢ ESS o|gd $9< &
MCU7} B dolg B=% gty ZE oy B2 14lo]E9] start

block tokeno] <o FE+=th HeolH EFS W2 SD Jl=+  data
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response-tokens & 5@ 3}
Al Z2FeE u] ‘Start Block’ E& o
= uA=

Power on

SPI Operation
Mode

CMD8
. Pl —— o o
ost shell refrain from» |, CMD58 | oiE &d#
accessing this card  (READOCR) | &9 M3

/> Card returns
(Not SD Memory Card>< ACMD41 busy

CMD58 IEEH
Card-identification mode (Get CCS) HE o]

Data-transfer mode
1% 4-22 SPI REo|A 9] SD W Ry Jt= WY 525
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DataIn

Data Out

Data In

Data Out

Data In

Data Out

command

command

response

data block |CRC

(a) Single block read operation

command

command

response

data error

(b) Read operation — data error

command

command

- response |-

bl

data

data

CRCI block

CRC

ock

(¢) Multiple block read operation

-1 command

Start Block To

ken

data FEsEsAsLEMsEsIsEdtAAGEAsIRIRRR IdRR IR RS
block

response XTI T LT

data_response| busy

(d) Single block write operation

Start Block Token

~1command

data
block

Stop Tran Token

-t command

response

command }--

response

Data

busy
response

(e) Multiple Block Write Operation

% 4-23 SDF}=9] HAEHH
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g3t daugEe dEste) Hasirb AAe R AErt Jhsstal Fd ol
golgt A7 (symmetry) &ilg]EES AFESTE 1A 7] A2 wAIx]e] A
SHANA AL WEES 553 st vy {FAE B T i
ol 95 7|Eolth. ZE AlA "lolH, GPS A&, Z2FYolgHe wAA= 94
3t 7|2 BEE3tsta AH-A 22 row transposition ciphers WHS A3}
of 4& 8= otal F2 e A A= MY devh dEEe oA
= doR oa el 715 Fofshs wAlol XOR A4kE Fdste] e 43
L55 JHA WA Aol o dEEs vHEY SD 7= AFst. R
slo] A9 gzt 9oz FYd 7] #E M AEIAE St Y
= 4 A
A 3 A A Ao BE T
1. CIFERE o]&% dFHY T5F &4
7}. CIFER Z21% /8

Hl ) dlo|H & A sl7] fete] Ao & 31de] vaA ] Fa o 3|

218 93 7idE CIFER X =213 (version 5.4.01, US Army Aeroflightdynamics
Directorate, CA, USA)S o]&3}3tt. CIFER(Comprehensive Identification
from FrEquency Responses): 19 4-24¢} Z+o] 679 a1 BE 2
FEgE R A= 9tk FRESPIDE #dl 57019 Hanning windows AM§-
3lo] chirp z-transform= 53 H]& | °]E(time history data)Z4%H 3}
F &S st 271, 91 H coherence #& A4t MISOSA:= th
Z YHo gt partial coherenced AALste] MISO 3§41 7FsA St}
COMPOSITE <9 windowel Whg Fa= 4 AasE F¢s}o
coherence@to]l FFE Fi+ FHE ot 7les TS, NAVFITS

o] &35l SISO 4-&"Hd Uit dEgdrE ALE 4 vk, DERIVIDE SISO



A =

T

EE MIMO HeElE3r 28] FH4o| AM&+w, VERIFYE o] &3l
2o AHgrE 753 4= 9 tH(Tischler and Remple, 2006). 3 < Ftoj A
+ FRESPID, MISOSA, COMPOSITE, NAVFIT % DERIVID RE& A}&3}
of 23 FFH FE vl tig F SFHS AT

Frequency Response Identification
/ (FRESPID) [ Frequency Response Fitﬁug}

(NAVFIT)

4

Multi-Input Conditioning
(MISOSA)

—WP| Frequency Respons e]

Window Combination —

(COMPOSITE)
Plot and Report Utilities
Derivative Identification
(DERIVID) — I
T[S
State Space Verification _,AvArft[ Model Matrices ]

(VERIFY) e N
( omprehensive Identification from FrEquency Responses (CIFER)

Time History Data

1% 4-24 CIFER 221399 & J-4

+
N
[

g SH AMES A% NP
(1) 2F7) 232 93 2U-3

7ol A FH Aol7] AAE fa 237 §-EYe] B A FE 7
Il Qlod 237 9 Azl ¥Aol Basteh e RC
A g 2904 Yo et £F7) )
o) 2EL 2AUE oY o) Au Ee] Wset AL AAEE AR
Wow %79 4¥ A% HolHE BA/E oyt wepA %

X
e
oty
il
ol

ﬂHNf
}oT'
N
iy
AW

g gla @

ZF7F YA ASAAE FASH] Y5e] ATmegal28 MCU(Atmel, 8 bit)
= AFgEd. B2 F58 16MHzE U589 HHojE5o] 1Alo]Zd 16
MIPSe] Azl#ge 7HAH, FH FX 2 4709 Elolw, PWM, ADC g3}
¥ E=AS 93 12C, SPI, UART A4¥ & wdsta ¢l

a9 4-25% 2%7] QEAEE A 94 AN 250 94 3

2~
A57

o
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A Fael A4S S5, 2 A EE delE

doleel Fge AASAT MCU o) eoln) A5% o] gele] de

ARF ARE 2E0 94 delEle] Frkstel & 4-12sh 2E dolE A
=

B 74

)
S
S
1o
4
o
fu
s
u
—m
[>
td
sty
o
[
&
ol
o

Sthkl_y |
IS
> 10 bit ADC
Stickl_x 23
Stick2_x 8 bit
MCU
Stick2_y — [
UART < > Bluegocllth ‘
Toggle switch \ / module

TH 4-25 233 AR AEgA e A

¥ 4-12 237 90 A5E AL dole AR 29

. . Toggl itch .
Start Stick positions 0es e. .SWI ¢ Timer | End
position

A Stickl_y | Stickl_x | Stick2_x | Stick2_y | Auto/Manual/Off | 100 Hz Z

18 4-262 B Ao A AFEE A& RC %Z%7](Futaba T10CHG)$F =}
A AT 2F7] 220 D BEF 29959 YA AEFAE YERA Aot}

O

& £T7AA JEASE o] 5017 HellA =F7] llF-o TpAAR &
o] AdekS 10 bite] dHlo]H= ADC Wgtstal Wty HolHE 85572 &
2 Tl FA AEE 5 =S s

I 4-132 2FT A mE AFHe s3s e Aol
Stickl_y (elevator, pitch)&= &5 Z2&3Ire] Asl 22toz deFEo A3
1S Ao, Stickl_x(rudder, yaw)© 35 2E1He] 35 o= dg
FE 9 wHekS Aottt 3k Stick?2_x(aileron, rol)y = ZF7He] FH§¢-

x2ro 2 dFEe 9 oles Ao, Stick2_y(collective pitch,

heave)= %5 £F3He st =4tow defFE e ds-std<s Ao
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Taggle switch

Stickz

Bluetaath

8 kit MCU

1% 4-26 RC 2E7]9 2E7F 92 A$4A

413 2E70) 2A0] W AFH L%

Control input Command Fuselage attitude
Stick1_y Elevator Pitch
Stick1l_x Rudder Yaw
StickZ2_x Aileron Roll
StickZ2_y Collective pitch Heave

3-position toggle switch | Mode selection Auto/Manual/Off

18 4-278 LabVIEWES o] &8 #As 2E7]9 2ZE7F 9% ZUHY
TEae TREE g2 A BF
A7 2F30 AAE AARte R AT ¢ =S agEzE Yehddd. £
T 9A AEAAS B AAe R AFHE voly dms=e Az &

S ®AEE BAl ASh 7 Ao

©
>
o)
WE,
BN
of
o)
do
jin}
o
o
il
[:{
Au)
_o|L
£
N
N

7)
AEE dolHE MEgR dxstozn 2E7F X7 24 u 50 7|F
o® ZFY Al Wt 0~100%9] #e =
ZF7] 2F3 UFo] tHAg e EAetE XA eaE AAGY] {8
T AA Ho @ AR Hys 7 T 2T AAE HEERE

=
gakate] g Lo FAEa AT

8
_o|L
=
Jhu
_o|L
32
iv
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EE7 A8 §# JHZ
100-y

-
Flle Name meEmz 5 O
" o 1 > o -]
Test100616_01.txt E o
20+
HOIE AE ‘ =3 i
B0
T 55‘"
90 1 chomax | Cinmax | Chnmax e u
20 o 2300 i* 2172 42160
Ehl-‘l Ciﬂ Chn_rnlr Chn_mli Iﬁ:
540 o E] 5 E3 ;B8 a0
= B0-
&
Low Data 0+
s chl SICIADIE] 25
e CHI S o 1ol
23 Ch2 lenn (0=
D Ch3 che So o
L = 5 60
1482 ché §51.0503 | ey =
— Ch3 o -
Sn Swieh eooe Counter ]
KNy K 0
| B4 Counter 1426952

(2) v& A3

Aol A g 2F:F YA AFEAE D8t =TT Aol o

of W& AFH T4 548 FA4T T AT E AFdA = collective

pitch(heave), aileron(roll), elevator(pitch) % rudder(yaw) ol gt H]3}

AdS Aregith 19 4-282 A% Y FHY w4 ddrEHE FAsH]
P

Q3sl] AAT HPAE JdHO=Z rudder FE{Hyaw =) EF

Aoltt, 1Y 4-283} 4-
2l FE e AHE Ao €S 13 5 9l
18 4-303 4-31& ZH7ZF collective pitchell o3k ZF7re] %z &3

olo] w2 collective pitch AXE.9] Ao 9= ANEE YeERH Ho|t}h, Rudder

298 Wwgo TR ZF7|e ZFF 2l we 3

o Agobe gel 2Fe 2ATI An Qeigk Aolel W wAZL Fel
A eths AL A 5 9
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%7] 7y ==

3 Age] el wE A ggtel W

— [e)
W Ao =AM collective pitch, elevator 2 aileron A X2 7o 7]
of thgt A FEY Aol FPHASS AT + 3

120

1
aviiil
H

|
|

Auto

Manual
100
&
= 80
2L, il
1, ™Al
® 40 At
5
3 2
2 1
£ 0
I Rudder stick input
20 -—Toggle switchinput

100 120 140 160 180 200 22[(_] 240 260 280 300 320 340 360 380

ime (sec)

19 4-28 Rundder stick®] 2% 9% 2 EZ 29% %% H o]

1500
Manual
1000
2
£ 500 I
0
s Lo MUINRAA RN
z b S
@
2-500
3
=
Ll — Rudder servo input 1 Auto
1500 _Toqqie: swit(‘:h Enplut .

1% 4-29

Collective pitch stick input (%)

80 100 120 140 160 180 200 220 240 260 280 300 320 340 360

Time (sec)

Rudder servoe] &=z B2 A~9x %z f o]y

Manual

I

All

i

|
Hl

i
I

|

il

i
J\U/U

Ui,

il

[

I

i Auto Il

— Collective pitch stick input
—Toggle switch input
T T T T

180 200 220 240 260 280 300 320 340 360 380 400

Time (sec)
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=

=

X

T

4-30 Collective pitche] =& A % E= 291x] =% HolH



1500

Manual
21000
5
o
2 s00
]
5 0
s
£-500
©
o
<1000
o — Collective pitch servo inpht
1500 4—Toggle switchinput

80 100 120 140 160 180 200 _]220 840} 260 280 300 320 340 360 380
ime (sec

718 4-31 Collective pitch servo?] Z#&F B2 ~9x] %2} do]H

1200 800
1000
4 500
200 f
.,
600 400 -
§ w0 i
2 £ 200
2 200 ]
] d 3 o
* .
3 §
B -200 3 -200
& 1] = I
-400 H e 400 e
600 e s r.ﬂ‘
| 600 f
00 -
L
-1000 ! ! 800
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 S0 60 70 80 90 100
Stickl_x Stickl_y
800 - - - . 1000 -
500 L 0
E: 600
400 =
=2
. 2 a0
o o
£ w0 2 200
2 2
g 0 g ]
H H
£ am ! £ 207
= £ .a00
400 E
3 600
600 T4, -800 |
N
500 -1000
0 10 20 30 40 50 &0 70 80 90 100 0D 10 20 30 40 S0 &0 70 &0 90 100
Stick2_x Stick2_y

oW 4-32 7 27 Ade) AREd AR

AFHEHY FEAS EA 7] #sted x£F7|(Futaba, 2.4 GHz)9 Z=F3t
(aileron, elevator, rudder, collective pitch)e] ¢I1x|¢} E& =9x]9] =25
100 Hz ElolW 2359 &7 EF52~ BAS 8 ZUEHE A4 A28z
AEstad o, MEMS-AHRSE e]FHe Fatete] 71419 A ARE 50
Hze HM&% == F3800.

T4 Ry F5S g vPgAES =FYH AEQl aileron, elevator,

rudder % collective pitcholl Wh3ale] Z+zt 3319 F34 sweep 2 ZE 7}s)



o FEslFct. 12709 sweep A&

sweep A&l 0.05~3 Hze F3 Aol L2A EFHEE ZF7]|9 X
Fihe A HgAE e e J

U x| A =8y} T,

19 4-332 H]PA|E flolE o] d A=A elevator sweep ¥H(6,,,)H I
o W& ZIA AA(e)e] WsE yedl Zeolnt. IIHORFE elevator
sweep A& WE7] 8l 2F7]1Y 2EHE AT A ASode dig
30~60%°] WA, 155} A5 Agoll= 10~85%] WA 23t
AL AT = dow, oo we} 7[A e FXx|Zte] tEF +£0.5 radian(£29°)

B

%

o PN
AE L T 9

0.6

i i n |

0.2 5 e R

0.0 5 1% & fi .I e ey | A |I' ||||| III ;

X U \ III \\;. \ l.—.,v'- -\\ : |I T ,'I I'I Ay Iu'. |I | |I I| |I I||||J ¥l

02 e / Lt > u__,-' WA 4 |
-04 - v
06 .

Pitch angle (radian)

100
20 LT
60 4

LA ¥
o [P A AP PLAMEW,

20 SRRl

200 220 240 260 280 300 320

Elevator stick position (%)

Time (sec)

1Y 4-33 Time history data of an elevator sweep test (8,,,, ©)

o Fa+ ¢ AN
(1) FRESPID £4

AYFE ] B4 RAYS 9 FoE 3F AN oA dFusE =

= R84
71 2F3E AAQ S Ot Opa R 0= AABIROH, A2 HE =
ol 0% & 7IEeR +19 WAE =S sl =3 92 35
W] SX(u,0,w), AEEp, ¢r) R 7HE(a,, a0 )2 A A TH(Tischler

and Remple, 2006).
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CIFER Tza#e Fu4 d4S el 19 4-34004 B nlep e
Hanning window& AF&3}9] chirp z-transformS 3] z}7te] Fub4 B
of wa =A7|et A4S Axtgh FRESPID #4& 913 windowe] 7]
(T, )= 2 59| frequency sweep Aol &~8% AT, )= elste] E

4-143} o] 57N & HA3ESI T

wit)

k= 1 2 3 4 5 6 -
1 £
s
w0
I T T T T T I
0 Twin/2 Twin 3Twin/2 2Twin 5Twin/2 3Twm\ TTwin/2

Trec

a9 4-34 F34 S5 A4S ¢1%F Hanning window

E4-14 VIAAG dloE ] 3 7 HNS A% A% 2719 47

Window size, T, (s)
Test
A B C D E
Collective pitch sweep 38 30 20 15 10
Roll sweep 50 40 30 20 10
Pitch sweep 50 40 30 20 10
Yaw sweep 35 30 20 15 10

FRESPID #42 z}zteo]l Fud=o] thgt 7|9} 9% 2 coherence &<+
s AF3t;. Coherencew 2 (4-31)9F #o] Ao, F3= fo sk
ER G, 7 948 29ER G o Yd AdFHoem ddd A=

coherence %k 10] Frh AHbAQl A fol= &9 x3qE e, d=9
Atol o] Bl #AA|, GHAA S e
o] 4o = coherence #ol 1HTF Atk 7RFA S = coherence #kel 0.6

ol gelwl Futg g aldje] mwd Aettu AT F 9

rr
e
2,
i
X
O
~
rlo
o,
8
=2
(o3
rot
%
lo
oy

- 152 -



40

20+

MAGNTITUDE (DB)
[}
1

—-20 4

-40

-100 4

-2004

-300+

PHASE (DEG)

-400 4

-500

COHERENCE

10 10 10° 10t
FREQUENCY (HZ)

Pitswp FRE_RO000_Ele ax
— — — Pitswp FRE_OBO00_Ele ax
''''' Pitswp FRE_00C00_Ele ax
Pitswp FRE 000D0O _Ele ax
— = — Pitswp FRE 0O000OE Ele ax

a9 4-35 AGe: /6,90 thd FRESPID #24] A3}

~ G, (F)f
()= = (4-31)
) = e

1714 Viy(f)i coherence function
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‘Am,(f)‘ . input autospectrum

‘(}yy(f)‘ . output autospectrum

G (f)‘ . cross spectrum

A0 e oani iR e I A R ™ S T R R e P

MAGNITUDE (DB)
L=}
1

PHASE (DEG)

COHERENCE

FREQUENCY (HZ)

Rolswp FRE_R0000_Ril ay
— — — Rolswp FRE_OBO00_Ail ay
''''' Rolswp FRE 00CO0 _Ril ay
Rolswp FRE 000D0O_Ril ay
— — = Rolswp_FRE 0O000E Ail ay

19 4-36 A2 g, /6,90 Hd FRESPID 4] Az}
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a9 4-35% AGEF q,/6,.,(YE: elevator stick position, E: a,)9l
ek A7), 9% 3 coherence #& 0.026~10Hz9] F3t4= el ths}e]
FAE Aolty. Windowed =7l 1,01 wet thxe ol UA|wE

0.06~4.5Hz2] =359l 4] coherence #t°] 0.6 3]|sl+= Aoz YEY:

40 4

20+

MAGNITUDE (DE)
(=]
1

—-20

-40

-100+

-200+4

-300+

PHASH [(DEG)

-400+

-500

COHERENCE

107 100 10° 10"
FREQUENCY (HEZ)

CPawp FRE_R0000_Col_az

— — — CPswp FRE_0BO0O_Col_az

''''' CPswp FRE_00C00_Col_az

CPswp FRE _000D0_Col_az
— — — CPswp_FRE_0000E Col_az

a9 4-37 AEEF a /0,0 3 FRESPID 4] Az}
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Tk o HA 4719 JEH ) 9ol =¥ Wil tigk FRESPID
A8 AAE g o 178 4-36, 4-37% 4-38% FZF(primary axis) =gl
A8k a6, a./d., B /6,0 N AHRE AR AAIGE Aot

AD oL e R, R B R L B R R g e R B R R R e RN e L )

20+

MAGNITUDE (DE)
o
1

|
18]
L=}
|

-40

-100+

-200+

PHASE (DEG)

-300+

-400+

-500

COHERENCE

10 107 10° 10"
FREQUENCY (HIZ)

Yawswp_FRE A0000_Rud r
— — — Yawswp FRE 0BOOO Rud r
''''' Yawswp FRE 00C00 Rud r

Yawswp FRE 000D0_Rud r
— — — Yawswp_ FRE_0000E Rud r

9 4-38 AEgs /5,0 g FRESPID ¥4 Az}
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(2) COMPOSITE #4
COMPOSITES 29 9% F7](window size, T..)°l st F3a s

win

St 2 Hoes kst 37)9 A= ik & Z3E COMPOSITES. =
a9 4-39= %E7] 72 94" Ado
g FFH Sl gt ADTT a,/0,,0,/0, 0.0, R /6,00 et

o
of 77 579] %2 COMPOSITES o] &3fe] Aqa A%E e 7o)
t}

o
=
K-
%0,
2
>
W
=
(o]
iR
B
B
O
=
o,
i
B
o
fu)
ro
N
N
jfi
ny
[»
rle
>
o
o,
i
MoK

H -187}A = 217} collective pitch, elevator, aileron % rudder
A Aol g COMPOSITE #4223 H coherence #o] 0.6 ©]/d2l <
L8 FaF U fon S ams A (4-32)¢] Zhel=#keI(Tischler and
Remple, 2006)°] we} F+3le] g2gh Ho|t,

) >0.3 (4-32)

¥ 4-15 Collective-pitch sweep test A3} (v >0.6¢1 F3= W9, Hz)

i 5 5 5 5
% ‘—iﬂl col ail elev rud
U - - 0.1~ 1.0 -
v - 0.05 ~ 1.0 - -
w 0.035 ~ 1.8 - - -
D - 0.18 ~ 1.8 - -
q - - 0.1 ~ 1.5 -
r — — — —
a, - - 0.1 ~ 1.5 -
a, - 0.05 ~ 1.5 - -
a, 0.04 ~ 5.0 - - -

¥+ 7 Y= (primary input)S UERY
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¥ 4-16 Roll sweep test A3} (1* >0.6¢1 F35= W9 Hz)

o= e 1) 0, 1)
%Eﬂ_’ ail elev rud col
U - 0.2 ~ 0.6 - -
) 0.06 ~ 1.5 0.03 ~ 0.1 - -
w - - - 0.03 ~ 1.3
P 0.06 ~ 5 0.04 ~ 0.09 - -
q 0.09 ~ 0.2 - 0.15 ~ 3 -
r 0.09 ~ 0.2 - 0.15 ~ 3 -
a, - 02 ~ 1.2 - -
a, 0.06 ~ 4 | 0.03 ~ 0.09 - -
a, - - - 0.15 ~ 4
%= F JH(primary input)S YERY
¥ 4-17 Pitch sweep test A3} (4* >0.6¢1 F35 W9, Hz)
= «
= 5€ ev . 5(17' 57’11 5m
Zo e il d !
U 0.07 ~ 2 0.023 ~ 0.13 - -
v - 004 ~ 1.1 - -
w - - - 0.04 ~ 1
» 2~ 5 0.04 ~ 1.5 - -
q 0.06 ~ 5 0.03 ~ 0.13 - -
r - - 07~ 14 -
a, 0.07 ~5 | 0023 ~ 0.13 - -
a, 2~ 5 0.053 ~ 1.3 - -
a, - - - 0.12 ~ 1.5
¥+= F Y¥(primary input)S YEY
¥ 4-18 Yaw sweep test 23} (¥ >0.6%1 F3 ¥, Hz)
= x
= dru ) 5(17' 5€ ev 5m
Zo d il cle !
" - - - -
) - 0.05 ~ 0.5 - -
w - - - 0.18 ~ 0.8
D - 0.043 ~ 1.5 - -
q - - 0.08 ~ 3 -
r 0.03 ~ 4.5 - - -
a, - - 0.1 ~ 3 -
a, 16 ~ 45 | 005 ~ 0.7 2.5 ~ 5 -
a, - - - 0.2 ~ 0.8
T %= F ¥ (primary input)S YERY
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COHERENCE

107 107 10° 10
FREQUENCY (HZ)

Pitswp COM_RBCDE Ele_ax

CCHERENCE

FREQUENCY (HZ)

Rolswp COM_ABCDE_Ail ay

COHERENCE

L07E 10 10° 10
FREQUENCY (HZ)
CPswp_COM_ABCDE_Col_az

COHERENCE

107" 107 10° 10

FREQUENCY (HE)

Yawswp_COM ABCDE Rud r

18] 4-39 COMPOSITE A& A3Ha, /8, a,/8,,a./6,7/6,0)
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(3) MISOSA +4

MISOSAE o]&3Fe] MISO(multi-input single-output) -3l A o8 ¢4
WMESo] Zdo| ux= S A3 = 9l o= So] conditioned
frequency response 1/6,,,* 0,,= BlAAIGAA ZFA7} aileron 4=(5,)S
A& 7tekAl il @A rudder Y6, )T ARERE Aol oA F S
2= WEe] AE%(r) §9e YEH, o] coherencex 2 (4-33)%

o] partial coherence® AT}

2
’Y2 _ ’Gfsmuﬂ’ . 5,1,7:1’ ( 4 33)
Sl Ot h
. l ’G(im(im . 50/,1’ G”’ . 50/,1’

A, MIMO(multi-input multi-output) Aol A= o8] 42 WHEEo] 7+
zZbel Z™d mA &= G Aol FQstH, olE 4 (4-34)¢F #Hol

multiple coherence® 3 A]3%Hc},

(T/57’ud> G(;;,,ﬂ’ + (T/(sail> G(;;ﬂ’
g = ) G + 1) G o

4 (-39 FEM We] FolA Aol A BE (] A9l
57’ud9+ 504‘[)‘0/] }dﬁé %ﬁ]oﬂ ‘O/]*E;H /gﬂé% '/'l\—' 9}"5 "1:]*
Hol Fgol EASAY, vAE BAZE EASAL, BAle] TIEA e =

O o™ Tt S0 e VA= dFole 2 odtel 1 By AA "ok

d

I
o
1
W~
o
rlo
r
8
)

2
A
ﬁ
r

inss
JE
(&%)

o] partial coherenceE YEMH FHO=ZA, 0.07Hz °]de FIolA=

aileron 1ol y-F WP FEEE At W, 0.08Hz olste] At
==

Ao = 23| elevator ¢
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0.05~0.07Hz W&ol += elevator &o] i o

= A

COHERENCE

PARTIAL COH:INPUT 4ARTIAL COH:INPUT PARTIAL COH:INPUT 2

MULTIPLE COH

T15 4-40 MISOSA 24 AIKLI=5H g, ol PIXE= 4,

otk
filo
=)
rir
o,
o
it
i

%

IR PR T

FREQUENCY (HZ)
Rolswp MIS 00CO0 _ARil ay

o] g
ail’ 5616’ 5(1)1’ 57’11(1‘/] o O]:)
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COHERENCE
[
a0y

'ZL.\\ZZ

/«1 |uuir H]w1

++++++ ™y

MULTIPLE COH
[a]
ay

PARTIAL COH:INPUT 4ARTIAL COH:INPUT PARTIAL COH:INPUT 2
o =}
B3 T £
I D I R I s |

107% 107" 10" 10

FREQUENCY (HZ)
Rolswp MIS A0000 Ail g

T1%) 4-41 MISOSA ¥4 AT YZHE] goll VIRR= 60 6,00 0, 0,48 T3
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(4) NAVFIT &4

NAVFIT COMPOSITE #4 A#=F8 4 (4-35)3 &2 SISO 959
o w3k AL REe =ttt Ao ZAE vA Y gerEHE 5]
eto] Mehg Eelat B Holg o] Fuka o4 o]- g3k FHA 3=
T3t A (4-36)9F &2 cost function &S HA=Z e FHHHE A
sho}, A o2 g dolee EA A= cost function J %ol 100Xt}

2 rde wSankst o' HWrhE v (Tischler and Remple, 2006).

f

ol
_|>~
:d
il

olt
o

£
o
o

¢

(bosm+b Sm 1+ +bm) — 75

Tmodel = n—1 (4_35)
s"+ays +--+a,
20
ZW ’Tdata’ | odel| +W LTdata LTmodel> ] (4_36)
7|4, | |= magnitude (dB) at each frequency w

/ = phase (deg) at each frequency w

n, = number of frequency points

w; and w, = starting and ending frequencies of fit

W, = coherence weighting to emphasize most reliable data
W, = weighting on gain error

W, = weighting on phase error
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E 4-19 NAVFITS o83 F8 &9 W dadsks 74 23
il FI v Cost
LR 3 H{Ha) value, J

_ 54881167()2()675
(s+1.498) (s +51897) 123.2
w/éml 0.04 -~ 2 —
25.29(s +4.377)e” "3 041
(s—15.35)(s +0.9045) )
az/(;ool 0.04 -~ 5
~ 6.38(s +1.423) ¢ 0437
Wour | 005 1.9 (s—0.4221) (s +0.3466) 9.0
27.667()2()35
S s+293 54.0
—0.161s
—fﬁiﬁ;———— (¢=0586, f=33Hz) 41.2
s +24.15+421.3
p/(s{,” 0.06 -~ 5
722-0(5"’1-65)6702748 38 6
(5—20.9)(s +2.05) .
384(8 70.431)6*()15&9
=0.592, f=32H )
(5—0.608)(s* +23.65 +398) ( o z) 28.2
55632 (s +2.481)e 0315
(s—0.120) (s +16784) 71.4
a’l//(;ai,l 0-06 -~ 3 -
: —49255(s —1.615) (s +3.451)e " 263
(s—13836)(s — 2.812)(s +0.121) :
_ 352670‘2038 B B
115(s +3.84) ¢~ 03005
=011, f=31H .
(5—0.246) (s> +4.10s +378) (¢=ou, f z) 68.7
23.8(5+4.06) (s +43.71 )¢ 03205
(5—0.236) (5% +4.255 +371) 66.7
(¢=0.110, f=3.1Hz)
a.’lf/(;ele'u 0.07 ~ 5 49592(54’3-611)670‘2813
(5—0.232) (s +40.24) (s* +4.105 +396) 747
(¢=0.101, f=32Hz)
1101 (s +0.493) (s +4.08) e 300
(s —0.283) (s +0.574) (s* +4.025 +378) 68.1
(¢=0103, f=3.1Hz)
10.367()21()5
44T 68.1
/6 0.03 ~ 5 999 e f—33Hy) an
rud . 82 n 5215 n " , .
54.9(8+2.32)670A195s 20.8

(5+3.85)(s+16.70)
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(5) DERIVID &4
CIFER®] DERIVID #41 T3 H]s do|g25E g Fee Ae-E1t

2y FA4 ol &S 4 o, By 2= 4 (4-37)9 A

Mz=Fz+Gult—17) (4-37)

y=Hoa:+Hl§:

SISO E4lo] HF-o+= 4 (4-38)¢} #o| observable canonical form&. =&
EdEM, 4 (4-399 HAGETE 2 (4-40)9 dHA o= FHI Zo 3

I3t} weba] SISO canonical forme AEj¥ el = dddo xp49}

b
®

(b;s" '+ 5"72—1—---—|—l)n)677‘9
T(s) = L(a) = —— (4-38)
u s +ais” "+Ha,

il [000--0 —a, |[z] [0,
Tyl 11000 —a,_q ||z [b,_,
zy| |01 00 =a, ,||zs] |0y
g =10 0 10 —a, |z |b, 5|, (4-39)
o | L0001 —a Jlz] | b |
-
Ty
T3
y=1000--01]|"1|=x, (4-40)
_ZEn_
M:Ian’ }11:0 (4_41)

2

DERIVIDE= AejHlA A o] A4S FA S| 9)o]4] cost function ©] 2]l
o] A ro | IFst=  Cramer—-Rao ratio(CR-%)¢F Al4e E7+

(insensitivity)oll a|@3l+= INSENS-% #S Al-&dto = wdo] ¥stx W

H
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% o9 WS (redundant variable)E AAY F A& 7IFS AA g
, cost value Jgko] 100Kt} Ztow Xpa=7p FH3] H
INSENS-%7} 108t & Mg 278k A4S wh5s)
5 Ao R A8 CR-%7F 20% ol =%
s wrEgo 2 HA o SISO Rds dAT &

A7) E 4-1991A4 R npe} o] $x dgdhs
P63 a,/6,.,°1 T%k DERIVID 4 Aats A&l 4 p/o,, 23]

B2y
N
rot

i)

Aol g A3t 2ol m=1, n=3 AN AZFAH, =0).

p (b152 +bys+by)e ™
(s)=

(4-42)
Ogit s +a,5" +as+a,

2y Algre] Z71A 25 NAVFEITS 232 5E Ao Aggao ATE A
/39 ck o] ®dld] gk DERIVID #4] Ax= 19 4-503 #th(average
J=34.1). °o] ZENA MAi=—gq, (i=1,2,3)°]t}.

F 4-20 p/s,°l g DERIVID #241(374 1)

PARAM VALUE CR_BOUND CR-% INSENS-%
MA3 180.6 152.2 84.29 6.067
MAZ -347.8 70.28 20.21 2.259
MA1 -19.80 4.243 21.43 4.710

B3 -115.2 126.0 109.3 8.064
B2 334.9 70.21 20.97 2.069
Tau 0.1597 8.004E-03 5.326 1.541

9l E(4-200914 B viep o] BE Al INSEN-%E 108t 2holA
Zhol=ghl S whSeks Wb, W b9 @ 2HCR-%)7F 109.3% % #=sH
T RS % 5 Uk wEA] A (4-43)9] BPoA b =02 HAH3a BdE

Al FA4st o, 1 A= vS 3 (4-21)3 @ (average J=40.6).
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-21 p/ ml

st DERIVID &21(ZA 2)

PARAM VALUE CR_BOUND CR-% INSENS-%
MA3 36.64 18.85 51.44 24.18
MAZ -308.2 68.81 19.21 2.025
MA1 -19.53 3.994 20.45 4.685

B2 323.6 64.70 19.99 1.978
Tau 0.1607 8.336E-03 5.186 1.531

HA Ao A= MA3SY INSENS-%7F 10%
OhA] HHESle] TS % 4-229F ¢S

7% 7]=(INSENS-%

=002 MAsIa

oo g IwdA =

filo

10%)¢} &%= 7F=(CR-% < 20%)S iz ow whEsle] Ao mygow
H7FE A}
F 4-22 p/s,°l t3E DERIVID #24(3}4 3)
PARAM VALUE CR_BOUND CR-% INSENS-%
MA2 -370.1 74.37 20.10 2.008
MA1 -20.40 4.267 20.92 4.652
B2 332.1 69.51 20.93 1.978
Tau 0.1627 | 8.426E-03 5.178 1.512
et FHF AdEstes 2] (4-43)9F 2o, S| M| (=0.530, I
X5 f=31Hz% L]—E} E]’
—0.163s
D (5)= D921 (4-43)
O s2420.4s + 370

2 (4-43)) 93k AGE4 =4 AyE aHow Jehd 19 4-509 &
=
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- 21 02 10 100 10
FREQUENCY (HZ)
Flight results
—————— Rolswp03
a9 4-50 AEE<E p/o,,ol e DERIVID 4 A3}

TS WHoz o /5, 0 HE HH ddEgsy BPS =ESR e, I F
Z B4 Ad+= v % 4-237 Z(average J=56.5). HF AL = 2
(4-44)ek Zom S ZAn(Oe 0161, LFEFE 3.1 HzolArh
DERIVIDE ©]€3t a,/5,,,°1 dd Ao dgdds 44745 vd o)y
o] Fohs R mwety 1 4-51% Pk,

3 4-23 a / 1ol | tjst DERIVID &4 A3}

PARAM VALUE CR_BOUND CR-% INSENS-%
MA3 2.348E+ 03 278.5 11.86 2.290
MA2 -336.8 19.22 5.706 2.237
B4 -2.294E+ 04 3.174E+ 03 13.84 3.075
B2 1.438E+ 03 125.8 8.746 3.200
Tau 0.2906 5.324E-03 1.832 0.7268

p /Al Rolswp_COM_ABCDE_AIl_p
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Oeten s(s—6.25)(s*+6.25s +376)
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71914 MATLAB R2010b W3} Simulink(MathWorks, Inc)E Al-&-3}4
2 4559 & ZEE(n)ol Uk PID Alo] dugFe] HE AnE o=

a9 4-532 pE Aolely] Pl Aol Fme] BEymoln, el Audds
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(@) K,=0.5 (b) K, =2
19 4-54 Bl Ao F2tel] o7t p Ao A}

(@) K =1,K =2 b K,=0.1, K =1
I 4-55 v A EA] F2el o7t p Ao A}

O¥ 4-562 & AHE()E Alod] PL Ale] sze] BEAdmeln, o
Aot mpRTIA R e At G dg R kA Aol E A E9E 8t
Atk 29 4-572 wlEAo e Az A F=€d LHFEZF e H3d

a7 EAE FALLEIE U Wk deFEHe 2F el At
e & 5 vk 29 4-588 g A wAlole] ARz nleAle] et A
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(b) K, =10
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3. ANSH B Ao} Az Py

HoAFoA A3 TMS320F28335 DSP+= ksl 7% FH3=
(ePWM, HRPWM, eCAP, eQEP %), 11& A5 #E(150MHz), 95 w=E
g7 5S 2t 9doem, DMA(Direct Memory Access)®t FPU(Floating

Point Unit) 7]'efk= 2Zt5al Qlof & Aol Agsiien F2 AU %

4-249}F 7}

3E 4-24 Alo7]e] AR&E TMS320F28335 DSPe] Al¥

CPU 32bit 4438 C28X Core + FPU
Arks 150MHz / 150MMAC / 300MFLOPS

| 2. ] RAM :68KByte / OTP : 2KByte / Flash : 512KByte

ol Qe o] = 16bit/32bit EMIF, i 4MByte

DMA 6 CH

E}l o] 32bit CpuTimer 370 / 16bit & 671 / Watchdog 17}

PWM 12+ 6(HiRes) CH / 6.67nsec (HiRes 150psec)
CAP/QEP 6 N/ 270

ADC 12bit / 16 CH / Hdl 12.5MSPS

GPIO 8871

Al SCI 37} / SPI 17) / I°C /eCAN 27} %
HLERC Flash, SPI, SCI, W4 RAM, OTP % % 167}4

At Core : 1.9V / 1.8V, 1/O : 3.3V
=59 AWM @ -40~85T / SHA @ -40~125T
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o]7]9] ENTE AMEE F UE VTS 23 glon, dikd Aol e o
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3 4-26 GPS 4l &

59 it

Position Accuracy

Without aid : 3.0 m 2D-RMS
< 3m CEP (50%) without SA (horizontal)
DGPS (RTCM, SBAS (WAAS, EGNOS, MSAS)) : 25 m

Velocity Accuracy

Without aid : 0.1 m/s
DGPS (RTCM, SBAS (WAAS, EGNOS, MSAS)) : 0.05 m/s

Acceleration

Without aid : < 4 g
DGPS (RTCM, SBAS (WAAS, EGNOS, MSAS)) : < 4 g

Timing Accuracy

100 ns RMS

Sensitivity

Acquisition : =146 dBm (Cold Start)
Reacquisition : =156 dBm
Tracking : —158 dBm

Maximum Update Rate 10Hz
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o
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GPGES, 021544, 700, 3456, 1919, 8, 12726, 9669, E,1,7,1.16,39. 4, W, 22, 7, 1, , «B1
GPGsA, A, 3,16,31,05,21,06,23,143,,,,..1.47,1.16,0.90+0F

GPRMC, 021544, 7700, &, 3458, 1919, N, 12728, 96649, E, 0. 02, 0. 00, 130910, , , A+E3
GPYTG,0,00,7,,M,0.02,8,0,03, K, 4+3C

GPGGA, 021544, 800, 3455, 1919, M, 12728, 9669, E,1,7.1.16.39. 4,4, 22. 7. M, , «BE
GRGSA. 4,3, 16,31, 03,21, 06,23, 13, .., 1.47,1.16.0.90+-0F

GREMC. 021544, 800, 4, 3456, 1919, N, 12728, 9669, £, 0,04, 0. 00, 130910, , , A+BA
GPYTG,0.00,T, ,M,0.04, 8,007, K, A+3E

GPGGA, 021544, 900, 3458, 1919, M, 12726, 9669,E, 1,7, 1. 16,39.3,1, 22, 7,4, , +68
GPGSA. 4,3, 16,31,08,21,06,23,13,,,,,,1.47,1.16,0,90+0F

GPAMC, 021544, 900, 4, 3458, 1918, N, 12728, 9663, E, 0,04, 0,00, 130910, , , A+EB
GPYTG.0,00,7, . M,0.04,N,0,08,K, k=31

GPGGA, 021545, 000, 3458, 1919, ¥, 12728, 9669,E, 1,7, 1. 16,39. 3,1, 22, 7.1, , +E0
GRGSA. 4,3, 16,91, 03,21,06,23,13,, ..., 1.47,1.16.0.90+0F

GRENMC, 021545, 000, 4, 3456, 1919, N, 12728, 9669, E, 0,04, 0.00, 130910, , , A+63
GRYTG,0.00,7, M, 0.04,N,0.07,K, b+3E

GPGGA, 021595, 100, 3458, 1919, N, 12726, 9669,E,1,7,1.16,39.3,1,22, 7, M, , +61
GPGs4, A, 3,16,31,05,21,06, 23,14, ,,,.,.1.47,1.16,0.90+0F
GPGSY. 3. 1,10, 16, 55, 348, 37, 06,64, 184,37, 42,47, 153, 32,08, 46, 211, 378
GPGSY, 3, 2,10,31,46,110,35, 23, 41,293, 22,13, 21, 317,20, 21, 20,082, 31+7C
GPGSY,3,3,10,159,15,207, , 29, 06, 039, 76

GRENC. 021545, 100, 4, 3456, 1919, 0, 12728, 9669, E, 0,04, 0,00, 130910, , , A+E2
GPYTG,0.00,T, ,M,0.04, 8,007, K, A+3E

GPGGA, 021545, 200, 3458, 1919, M, 12726, 9669,F, 1,7, 1. 16,39. 3,1, 22, 7.4, , +62
GPGsA, A, 3,16,31,05,21,06,23,14,,,,,.1.47,1.16,0.90+0F

GPANC, 021545, 200, 4, 3458, 1918, N, 12728, 9663, E, 0,02, 0,00, 130910, , , A+67
GPYTG,0,00,T,,M,0.02,8,0.04,K, 4«36

GPGGA, 021545, 300, 3455, 1919, M, 12726, 9669, E,1,7.1.25.539. 3.8, 22. 7. M, , «BE
GRGSA. 4,3, 16,31, 03,21, 06,23, 13,... .. 2.46,1.28,2. 10«04
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28014 W= mpel o] 7} glasizo] X ulo
o W& yetin. 2 Aol AREE EE Ag-ols ‘$SGPGGA'® A
25H '$GPVTG'®E A &ete da= 7449 HolH 7t 10Hz9]
MEd T2 SHEr

A= 37 =A= E 4-

ke Hias

AN

19 4-78 GPS 41 HlolE]9] o

¥ 4-28 NMEA-0183 ZREZFo 4 &2
Option Description
GGA Time,position and fix type data
GPS receiver operating mode, active satellites used in the
GSA .. )
position solution, and DOP values
GSV The number of GPS satellites in view satellite ID
numbers, elevation, azimuth, and SNR values
RMC Time, date, position, course and speed data.
Recommended Minimum Navigation Information
Course and speed information relative to the
VTG
ground

- 202 -

= | = -a&-."




. GPS 41719 4% 37}

(1) 92 R F= dadgF

GPS Z417] HolEle] $GPRMC #HF:=o] EF= o gl longitude(9 %=,
5474, dddmm.mmmm), latitude 4%, F&d, ddmm. mmmm), satellites
Used($14 A&7, speed of ground(£X%), course of ground(%3] w9
7P, date((3#), UTC Time(Al7h) AEE FZ3to] Fal7]e] dA A& 7
Attt UTC Time 23U A| o] Afbs 7|02 SRR o] gl
95 st vt A3kE IS F 3

o
=
o
rlr
N
N,
N
N,
(@)}
S
™
)
(0]
fr
I:M

a4 Ay Suete deede AxEs
ddmm.mmmm N, ZE+= dddmm.mmmm E=Z YeRc. uebq GPS=H
B i JuEs FF87] feiAe 6010 103 e Wikste] et 7

= BAE et o, ol AgE et fside - RoR AW

s
Awst A5 doludE B4 b o] aFHL £AW Aw% % o

. mrnrnmim

60

A% ddmm.mmmm — dd+

(deg) (4-47)

A% dddmm.mmmm — ddd—f—w (deg) (4-48)

GPS Eg25H A% 5 A3 Abelo Aot ¥elds akr] flske] A
(4-49)& AH&s3ict
distance; = cos™ ' (sin Lat, X sinLat, | + cos Lat; < cos Lat,, ; X (4-49)
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