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ABSTRACT

This thesis presents the development of autopilot for Unmanned Aerial
Vehicle. An automatic flight control system is a complex system in the sense that
the aircraft can fly automatically for all assigned the waypoints. We employ fuzzy
PD+l controllers as the nonlinear main control system. To filtering the sensors’ raw
data, the fuzzy logic control is used for the UAV’s attitude sensors which is necessary
to control the state to be highly reliable. Flight control system for unmanned
aircraft is also developed to navigate automatic in-flight landing and the application
of targets searching by using chaotic pattern for navigation system shown by the
simulation results. Moreover fuzzy PD+l controllers can also use the automatic flight
control of aircraft to fly with the complexity of the system without considering the
mathematical model of the system control.
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2ONUUUMTUMIMITUEAlLTRA  uazn13eanNIUUMAIAUANNTTANDAYRI ALY UNTId
I s < & a 1 =N . ¥ as
WunmsWannssuuduweimsiavimanslu (Attitude) vesomAety lneuszgndldsn
munuilvdiaeinAeulvsa (Fuzzy logic control) TauffudInges Kalman lunisnsesteya
A'A = G‘I ﬂ‘ dl o o = o ke
Wuwesdannisduasiieuvenaioeust unils Wunsiaussuutimienisiudnlulff
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Tngldnszaueauwuy Chua Wwssgndldlunisiwne unfts Wunsaguillewves
Ineniinug wazdarauawuzluntsmzwauss lulusuias



unii 2
FEUUAUANNISUUIALULR

= 1

nIBenLUUTTUUAIUANNTDUSATUIRTY 1sannsauwuseanilu 2 daulwg 9 Ao dau
P 1 = | P t a
Mdugfaurs (Hardware) wazauimdugerinuag (Software) duiduaiauifiiuasgin

178 )
e 1

AeeguueINFy FeazUseneumemieuszinananay Tunsmununstudaludd seuy
Wugasnisiavivensly ssuuduwedseyiiniaidfiea (Global positioning system)
a a v P 2 . ' a & ¢
waszuvdoasnsiulagldgunssideansuuuliany Wireless modem) dhuililuzevinuag
5 I a e o :kl <= d’l’ a
Wi Wulvsunsumvaunstudaluld  waglusunsuinldlumsaiupuainaaninianuiu
) = P & a ’ o a ¢ 1
(Ground control station) @t@aruAAWUAUYIENBUMEY PRUWIMDIEIUYARA (Personal
=y a o oy v
computer) %38 ﬂaummaﬂumuﬂ (Notebook —computer) qﬂnimaamﬂmulima
(Wireless modem) - uaggunsalmuaumstuszeglnauuuiietedu  (Manual remote
control transmitter) syuumUANNITUUERludATNAgARsEIIadsnsAuALlienAe
= v = & v v = o o v 124 =
Sulufagadhwanefissy - (Waypoints)  Ligami - Safumsimualdifudunienisiu
. . YR ) oo 'Y = & o P
(Trajectory  planning) wazdidsiayafiduiuanndeaiaafiviu fAensuaasaniunin
994n150u (Flight instrument display) Lazdinanaurunusznaunisuiges (Moving map
navigation) 8nf7e

2.1 santnenssuvasssuualunanIiuanlud® (Autonomous flight control

architecture)

Tudnidissutiooniduseuulngn 16 2 seuu uasszuudedls 5 sevu Fuszuulugie
2 szuuldun seuviiinaceguuemay agszuuTiAnasegniAfiufy uag 5 szuutoeay
wisesniduszuudusesmsimimunisdy, szuumuaunstusalusia, szuunsdeans
foyasywivemeasuiudoiiniaiiuiy, ssutemdaluaumaiuiu iarszuumuaLnTg
TIAURINAIUINYAAR %‘qssumﬁ”’wmﬁﬂﬁnmmeﬂﬁt,ﬁuéﬁgﬂﬁ 2.1



Abcaro system

5PS Alwton
receEe b ® zens
o o Elavatix
| Sere
i
. Sersar Fhgn: comnol
Altitride = AP Lona Bynass Thraia
- T SEMNIESST - T ey - | = s s
pressurs Switch servo
e
4‘ Air Bt Rypeivdess
i falr :\f_}[-,'rd_l_ = w1
| prassure sprus
Y RC
Lk - <iffm Hecsver
i £ N - . - L= e
| epc ZA

S e Autopiz Fght corvrol system s

Marual pulot system Grourdstation systern

= a W e
UM 2.1 anrUnapnssuvasssuumununisdusnlud®

mihgUssnanadueeiaeiming Wudeyanngunsainsiatamagg de Aifnannd
filed, Aandiamnands,  eaalalsalay,  Aeinfiauseduusseania udwihnas
Ustanana  uazUssinainsiild - Saazndnifiereasealiluuniia Ssesudndndud
ddglunsmununaludalusi® wiedeidléty lugmsussnanantsmununsdu
Feazvhaushelusunsumunsintsufignivmentiusi wadsdsrinisnuauluSonie
Uszmnananistuindeuwesly  iledsindiludaseslimununshoednidnuites
(Aileron servo), AMSYILTBUNUIISAS (Rudder servo) HagNITVITNIUYBILAURINT AU
(Elevator servo)
5‘ﬂﬁgthwismawam'smuaumsﬁué’ﬁdﬁaga wansanIuNMmURINITiy e
dumisidavesemeeny WhnusingSeeamitanidauauniaiiuiu Tnefideyaitddy
Usznausy
1. Au§IeIneey
2. AN
3. vimnennslu
4. firmenisiu
5. AIUMUIUB98IN AL



IngdoyaniavuadzUsznauiuunuiinisdises (Moving map navigation) H&nweu
Usgnaunagun 2.2

P = & N
gﬁw 2.2 ﬁﬂ'IUﬂ"JUﬂ“Nﬂ’lWWUﬂU LAZNTIILERNNANITUU

2.1.1 wiwUszuana (Processor)

mhglssnanaflilunuddoativd wudonldasega MCs-51 CPU DS89CA50 $1uny
2 1 Tunsusvananads MCS-51 Aldnufirnuiafl 12 MHz wheUssianaiusnisioy
Wlumaiuteyavesirindueioneg Taonsdanmehusfadmdnd uassufulasm
mnewdenihufines warnsifensovssssuuiduide avmanandiifiusigud 2.3

Prassure
Speer
GRS L
f ¥ v 4
| A | Pressun
R\ 1 ,‘;_.ZS! ‘:1—'—- Alttade
i | i
NN b !
RPM »
Muftiplex | . [Lattesy
£ i i > Yolage
—p S

Iite ] i

| Pl AL ok
{ § S
! | ]
| aaxeae f { MCS
|: i
[N — { | Mirgrao
f PWM i OFTO e reter
3 fuis | . t
i h Sormeromen [T T -

!
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| NN

¥
Y]

= o i & 3
E‘U'ﬂ 2.3 NIRRT UV LY D TVIANUA



Fesruuduwedumiussgndsdeyaingmiseussananasiume nefoynsy uay
wedm  SPl  wasvhmsuszansanaeenunidumeieiiasiiluldoude  eeniildinmioe
Ussananaiiagliendsi

1. WNAYewuviiaveIDINFeIU

2. AIAINGNUD0INAYIY

3. ANANEIVBIRINALIY

4. vimnenmslureseniaeu

5. fifnenisduvesoniAey

wheusznanaiifiressztumheyszmnanadwmiunismuaunisiy - dasfudeya

PMgUTEIaRaTue SfuInIdn FaszuumunuuesmieUssananatondy
AudnanansmunpuesiImuRuilsdiandaledezeiuneneaziBualuunil 3 uazazyhns
derhdaludugeshmunuasvhaudely

2.1.2 ssuudiuLas (Sensors system)
2.1.2.1 f3udgaadned (GPS receiver)

o @ o =l

fsudyaifiieaiivgnldlunisseyidadumisesoniee Gatioyaitl
ndfudyaedfiea wavdnldlugduuudumivesasiyn aedyn uazAUEYes

2NEENY  hazasduNusiusuvusvasomaeuiiiviiedy Meters east wag Meters
north dEnusoaAIuInlaaIn

home_latitude I1
X = (longitude - home longitude) « cos ( . )« 1853.2 min/meter

60min/deg  180deg

Y = (latitude — home_latitude)} » 1853.2 min/meter

&1 longitude wae latitude Swiedy minutes uasduvYs X uag Y axd1edaiu
meters east La¥ meters north ¥84 GPS home position

Tusnddel sldsudynadiioaves ETek 5 Hz u EB-85A daflunaudn
Auhdaluin simdsevdn wasliddnsinisdmen agil 1 8 5 Hz msfasedoansuiiumi
Serial communication firmnuiSalunsiu-dediayadl 4800 fis 115200 bps Sediayamas
wedlpasstunrudaanistunsldmilunided wasisudyandiea ETek wandliiiu
luguit 2.4



=D.

UM 2.4 srSudypraiieaive ETek GPS3u EB-85A

2.1.2.2 Wuwesiausei (Pressure sensors)

luneineruduaraugaussemaeiy - awsoldidusesSausadily
nisfariindnald Jaluneumnmswisuulamg shldennoinmudsunas
e fuuseuairWluviefiven (Pitot) Fafilufvuendnnuidueseiniaeuums
dundoudilitny  isiBerldiduwes inussiunodalalsem U MPX40150P Gy
Wuwesiaussiuiinnarisvosusiy dwduinrnuds ualdlilalsan fu MPXa115 &
\udugeiTaussiuviladrauysal éﬁ’m‘%’ui’ﬂmmm Fi']ﬁléfmmfﬁuwaﬁ’mLtﬁqﬁmﬁgﬁaaﬁ) o
gnuenedtuaias wazkudansasnudi Lwaﬂiaqamm'zmsumuwmmamaeﬂlﬂ roufiae
mml,ﬂaemﬁlﬁima’hjﬂaunmmmwmmﬂammmamaamﬂummaama 12 bit AD
Convertor &3 MPX4115 flgunisvineuiiusasi 15 kPA fis 115 kPA Wag MPX4015DP
¥auius Iy O kPA fla 10 kPA MPXA015DP uaz MPX4115 wenslidiulugudl 2.5

‘I.J‘ﬁ 2.5 L%UL“UE]T]@]LLS\‘]WUEMG Motorola 'su MPX4015DP iz MPX4115

2.1.2.3 WuwesTayudes (Attitude measurement unit)

Tumsinuuideavesenimeuiiy welfidumefiGuninlalsalay
(Gyroscopes) W@ inANMe  (Accelerometers) ﬂﬁaﬁmmﬁwﬁcﬂumiuaﬂﬂmw
(Attitude) vevoIMAuvAIzIARouT lalsalay ADXRS300 gnldluntstar Body fixed
rotation rate P, Q uaz R derngegaiienildfio 300 degrees/second wardinenmLss
ADXL335 3-Axis accelerometer gl#lunuidel] Womelosussinomes ¢ uoy 6



wae i fnsthenitléann lelsalavuaziiaamusanuszanauansauty Weme Attitude
v maeny  lalsalauardainmussgnied  vhuudandiuasiu wuiums
Ussnaurwes ¢ uazr € gniwnldifudn Roll ua Pitch ileiiundnada Feduandldan
M tan” veannweivewiI AN (Accelerometer vector) waz Bnweivawwsiliudls
(Gravity vector) vasa1nAeY F1azléin

- —1 -ﬂ
§ - Ax] , 2.1)
7 — o Ax

@ =tan __Az(cos;;é)—Ay(an ¢5)} (2.2)

7 =GPS Heading = 2.3)

loen @ fo yuBesdeda waw 6 Ao yusyeug1ds Twhodhusfiou Swrnisaes
wlinguawes denireuiinisdudesgisdundy Jsiriarusedagldeluuny z D
L = qlc’l/ k9 a = =) 1 al 1 o all’ a g
fau Fdunsdiilnaitldeviinnsfiananaier Roll sxfiAniu 0 wazAfianainiawiinty
=1 == = = o :'2! 1 ) LY o L - a1 & ¥ 1 ar it
dnlunsdlionirenuiintstusndPustdundu sevilvien Pitch SiAwdu 0 iiduiu 13
e @ | P . A 4 o 0 o
Julgmlunslddatamnanss lunsindUszanuves Roll wag Pitch iaiiazuitinmilv
nualUlumsuszanauaemustigiuves Roll way Pitch ssdasldrniilaandalalsalavudn
WefeAn P, Q way R ingiglunisuszananiseas $3an Pitch way Roll #ilganlalsalay
tarlvandudasanusatam fd

¢; 1 Qsin¢ cos ¢ tan@ || P
6 |=|o cos)  —singd o (2.4)
'w[/ 0 sin ¢ cos¢ 0 R

< 7 H w v a = s o
el 4, 6 war y Ao desianusadumniluilegiuvesialsalay wagsinis
YIINT (Integrating) e sziliouitvatonsans axla

D W
D> S

(2.5)

<,
=,
<

k+1 k k

ool ¢, 6 wer ¥ Ju nsUssunaaanusves roll, pitch uay yaw
gouzlagiuves Pitch uar Roll an (25) aushemidredeiildan (2.4) asldmeny
ARALATBUYDINTUSEINMAANuE TN Ae
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¢ ¢ ¢
6|=16|- |6 (2.6)
7 v ¥
§ .08 and ¥ P AeuAaneRouYeIn1sUsRIMANEILY
¢ .5 and 7 e AiildaIndInAEe (Accelerometers)
é , 6 and ¥ e mildannslalsalay (Rate eyroscopes)
uay
5[4 § 0 0| [k
o| ={61|-a|0 8 0)o|kb @27
” & 0 0 w| |ky

Toefl ké, k0 waz ky JudunulumsuSuuds waz 2.7) @usviunislunig
Minimize integration error 7iinanaluneanisaulvavestslsalay Tnedl k¢ uay k6
sdpsgnuiuuderlifmnzanfunsdulurneditulnd wagnmdsuulassdudes wae
nsufisiuedneduwdu FignAesuaiugiigavesnstuiiofasldnsaiuaslsdulsl
annsomwnls uiAUusssivansaudeslinisUssunarman sy dawudaned
\Rintuatsngfioniae i dsuutamihmensy Wievhaniildluduuumsmuaumsty
siely uazauaunslunisuseanam Roll uag Pitch uandlwiiulusud 2.6

Previous estimate
Roll,Pitch

GYRO

P.Q,R " Calculate ¥ +

Roll, Pitch
+ L U;Sdate state estimate
Roll, Pitch
ACC. .| Calculate *+ Gain
Ax, Ay, Az Roll, Pitch T Roll, Pitch

State estimate error
gﬂﬁ 2.6 vAanlaezinIun1suszinaAIvITmIenITouY

guruMstunsUsEInaAvimamsiuty Wuweldlunuideise diaanuss 3
wNUEIRAIAALISlURIRITI INABIURBAT Ax, Ay Was Az AINLNY X, Y WAL Z 9T
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Uszanauaildaniladdu Arctangent daulalsalay (Rate gyroscopes) Alinsuszanan
vimamsBuluguves Roll, Pitch  waz Yaw Bnislunsussinaavimianistuesly
33 AnunaTivesiinges Kalman  @seznanlazasBesluuni 4 uasdhianuiss
(Accelerometer) uaylalsalay (Rate eyroscopes) Mldlusudded Ltaﬂﬁﬁtﬂuﬁdgﬂﬁ 2.7
wag 2.8 muEAU

U7 2.8 lalsalausu ADXRS300

2.1.2.4 engurewa (Bypass switch)

dnduviewa  Hugunsalivhwmifiedunisvhaousswiamsmunusalufi
(Autopilot mode) uazn1smuAslaendu (Manual mode) Tuszwirsnisduvesernimey
elviimnuasadtluvasfitusmesunuusalusii (Autopilot mode) udufinAw
RananatuesssuumuAuN1stuSHILR fagadunsvhamnldmsmuaslaeindy weln
tinfumeuenidugmunueiesuunm dWemuaenfovaeTushlul® wavanaugads
amaszuumugnstusaluiiievihaulienainainavelag oy dndufeunsedi
ameguduatieisaenty  Fugradiennsadinisasunsiiausening MIAIUAN
Solufi  wazmsmuaulnetndusnndygiaded 5 vesiIsudygadluneoulvsa
(Remote control receiver) WagfuuUUTBILKINITEINTUIEWTE wandlidiufagun 2.9 uag
203%03 ddndurEng uansdegUil 2.10
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fdyaatadondsuduyasimesulnsalimdniigasuduiiall  aindue
wiaazsedyyundiviyyadlumaeulnga (RC receiver) Wimuauwaslilaonss &
Wunsmuguuuy Manual mode #agmumsilaetindunisuen wasddusaiadan
ﬁ"a%’ué’fgﬁy,1m’”ﬁmﬂau‘lmaﬁﬂ"sgmﬂiwm*?‘ié‘i’{aﬁmmqm‘%uﬁu AIntuUIENIEILADYNMAN
seuumugunsudalui®  Wemuaumshauioumeagesh Fadumamusuuuy
Autopilot mode
2.1.2.5 svuudeansdeya (Data communication system)
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Tum'sza[amwawawa:'n,ﬂu‘l.un'rsﬂ'auﬂm LLany’ii']ﬂa'xmﬁsJ'mwwaauu Iy fog
Tsﬁmnmﬂum'ﬁaamwauasvmwivwmmumwuwaauummﬁmu wagszuvaanil
mUﬂumﬁwumu szimaaawauawLﬂuwaaua{mUﬂuna'mmma’t&nmﬂgummwamu
MAUALSUNSIU uasiafiazanuTaUs UL maﬂwagamﬂmu’tumimmu Lﬁzmmsm
Angavnelndlviiussuueuaun s dusnlud@mdusy ﬁﬂa‘dﬂm?i Uuaamwamauu
‘lJi“‘ﬂ‘El‘Uﬂ”JEJ aﬁnﬁmaamwuﬂbma (Wireless modem) 2 %n FrazBassuuenmeany
Srurumiled LLﬁu’Lﬂnmuwamummmmﬂwumuaﬂwmm miumulimau ﬁaasmwamw
n1sfudsdeyn (Data rate) wessvUUMUANTRIVESAMIUAN WagABuRIABS AT ALY
dusnannsivdinstoassenisludiul faeviansisiudasltsniiszeems 10 Alawss
Shiwinuun uavﬁm'mt.%aﬁalﬁm TuenAtei] sl#ludul¥anees Aerocomm modem
AC4490, 5 watts, 900 MHz spread spectrum band m’lumimmaaum'ﬂmma&ﬂu‘uumﬂu
Fmeladnsuuddeid Aerocomm modem AC2490 wanslidiuluzud 2.1

JUT 2.11 gunsaldomsdeyanuulfaneBiie Aerocomm $u AC4490

2.1.2% iyuuamﬁmummﬂﬁuﬁu (Ground control station, GCS)

m}ﬂimwaﬂﬂumamumummﬂwumu Usgneume meufiunesdiuymna v3e
lindareufiames 1 A, aﬂnsmﬁamiwﬂlims 16 LLﬁmT,UiLLﬂiﬂJamum‘Uﬂu
mANuAY (Ground station software) wihimdnvesannimununiaiuuife ihganiug
manmmﬁmuam‘ﬁummumauamummﬂaﬂﬂsmgamﬂuﬂlima LLaummiawauaawmw
maqlﬂswammuﬂumiwasﬂuuﬂ fiafieguuenimusnluid andmuauniaiidy
%usuiﬂmﬂiuamum‘uwmﬂwumu mgﬂwwm’lw@‘lmmmmiammmaﬂuﬁ‘mmuqumiw
aﬁiuumuummﬂmulmm&;ﬂﬁ‘l.‘&mumd'}&t.gaxﬁm’:ﬂ wagAenidndryBnegmiafifeludau
209 uuaeiidies veyndelvgnidy (UPS) MluEniefeniefisniudeddluvas
UitReuesaniieuauaiuiu lunsdifierainmmdndesesszuuieliivn
dudszneuninvesanmunumeiufusandiidudigui 2.12
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JUN 2.12 suvanilmusuaiafiuiy

2127 1U5Lm3mmumummﬂwumu (Grcund control station software)

Iﬂmniua'mmmmuu aﬂwmu'zzmvw&mﬂuuﬂaaﬂﬂm Delphl Aoaniug
afuayumuAunsiadaulr (Active X control) ﬂﬁewmmuaﬂL?Jaumum"tﬁlmmavmﬂm
aunsaintiannsasuANsIanasTdlny mam'{lmmmanawummemmmmﬁlﬂ%ua
dafid Ay Bnussnniliveemsuanmaunyithoe ﬂawmaawaﬂmaammamaumamiuu
wazn1iriean s DuuuwHLAlULAIT34 (Real — Time moving Map Navigation) dwiiaei]
UAAFILAYIVDIDIN ALY wmaauuaaanwuﬁﬂmmuwmﬂi mﬂﬁv‘f‘]uuwuﬁﬁ%aa
LLamwammaaumLﬂuwmmuawmﬁm LLa“WﬂﬂLﬂ‘uaaWﬁ]ﬂ T e S O SO e
ﬂmﬂ‘svmﬁwmmﬂmumawuas t,t,avENmmuamumumjmﬂwuﬂummuﬁmﬂwmaua
NCIE R mmimuﬂwmh ey wama’lumsmmmwmmawaiﬂmummiw
Salugif LLﬁ»EIQEI’I&J’TiﬂU‘iULLGNﬂWI‘N‘] YoeueinmUALMITuSAluAliBnfe amthae
%anﬂuadﬂstmia.lamuﬂ'mﬂumﬂwuﬂmmﬂ%mﬂuiﬂw 213
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Mission UAV Slato 10pvt  Qutpwt  Packet Honitor
Actual Targst
Latiude (H] 1351 17048 90 oo

Longitude [£] 0111720 ooE gosne
ERitrzdes (o) 22 Win s
Bround Speed (kn/hrf L} &0 o
Axr Speed Nke/ha} n OO0
Hearding (degres) k74 0 e
Pitch (degree] -1 oas a0
Roll fdogree] 1 00
L-Compass ET4 GPS Headmg ©
Hbtrasonic Afude 0 BFS ANitude 0
Accoletatar Pach o Gyro Pitch L
Accoloraim Roll  © BpoRoll o

ArcalecatonYam 0 Baltary 125

MeET : Moo mangn : Cerpect Lsnli Remt ey Lo T s Lttt (3 AfvETRor - 10041 2TEI

A L4 al dgll =
FUN 2.13 miuanwauunihvevdnveslusunsuaadmuaumeanudiu

2.2 Wsuasuszuuauaun1siu (Autopilot flight control software)

nseenkuulUsinsuszuUAIUAUNsTudilutAdy | qaussasdninffieldsunsuilfes
sunsamuRUmsYhuegesluemes fmuauyntnidnuiises (Aileron) uwnumade
(Rudder) umsuwumnszAu (Elevator) Wemeagudulddeduesettauga (Stabilize)
wazanunsawsludsgadmnedidvun - (Waypoints) Vdhawnlsegneauysal eli
U IngUszeasAsIng” sruumuaunitudhluifdesanusarusuiienandoud
(Heading) mdugaweInstu . (Attitude) wazami3a (Speed) vosomreulailuegned
TWsunsussuumusinstudalusilgniannfuindelasedensemunuuuleundu 4
Jueiinfledfifingdle (Fuzzy PD+) nsdansluiitndnudiBes (Aileron) unumasedy
(Elevator) LLﬁ%ﬁﬂgdﬂﬂiﬂQUﬁuﬁutiﬁ (Throttle command) szgnaumilaeguamuaungly
(Inner control loops) %éaﬂsmuauﬁflumsauaa (Stabilize) ﬁ:gmﬁw,ﬁ”m (Roll) ¢ , 3
iU (Pitch) 6 upy Ause dudidnsmunidunnugs (Attitude) uasiimenslu
(Heading) gnmuAumegUauAuAEUan (Output loops) dwmununangnuisesniiy
ssuumuaugesla 2 ssuu e ssuumuAumeiIudng (Lateral controller) wagseuu
AUANAINKYIYTT (Longitudinal controller)

2.2.1 ssuuiinuquAudng (Lateral controller)
sruummurunuig (Lateral controller) SyauszasavdniunismununsiBenden
(Roll) wazdien1an1sly (Heading) dsnsmuruilagyinsamuauiigunielu (nner loop) 1
gu uwasguneuen (Outer loop) 1 guisgumelutiuaslidmdsdinsludundeumesl
= o Voo ” a | ] & @ 1
ruANYEIUNEaNuNEes (Aileron) wazhwuwedas (Rudder) duguateueniuazidudies
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Adundiguately dsgumeluresssuumunumsdiudie (Lateral controller) asidiulu
: o & & wva i = & o
AUNMIMIUANTDINIMUANUNENUNLEEY (Bank to aileron controller) Fguiiazlvinis

@ Y d a2 v . o a v ¢ Naa
munulufsgaweshdunteulindinufides (Alleron) Faduwmnanndwmmiledfiandale

I oa = A 2/ = 1 o
YRNARANAIPUEIUDEY (Bank angle) MideudhumeBunnvesssuuemunu guilasvinng
i a = o

munubildrnapudss (Bank angle) fiesns lresunsuvaswamugugunsluvesimuny
UnidnuBes (Bank to aileron controller) wamaliiftudssui 2.14

Aileron Bank Angle
Input Flant Ouiput
T Dwtint g e
WiodepaosZ
Saturation 4 Bank_armar ToWodepaces
Subsystemn - Bank_sngls Bark Angle
FuzzyP D+ To Womkspacet = i Bank &ngle Set Point
—_— Ty
] “ To Wokepace?
Ajlaron Input Set_pt
Scape Errer -

ToeWotkspace
= @ & v .
JUN 2.14 guaneluveswiirmurulniinuides (Bank to aileron controller)

UUMIUANAITUBNYBITEUUAILANYIMUT  (Lateral controller)  Wufifedh

munuipasslumsiu (Bank from heading controller) &sgumenuueniaglvirimmng
= & & A o P v =
VDYDY (Bank angle) FeMiTuadunvuasgumeluresimunulndnudides (Bank to
- 4 &’ L) o = o o
aileron - controller)  Fsgumuauansueniazlirmmaimfigniulasnannisiulum
thvng Waypoints) #fiesnts laosunsimesyamuaugumeuusnuasipiuauandes
= = 2 s ﬂJ

N13UU (Bank from heading controller) Ll,aﬂﬂ‘lﬁl,ﬁuﬂﬁgﬂﬂn 2. 15

1

5 lat D1 in] o
Kupd_i Rudder
Subsystem
FuzeyF D+ Rudder
Bank_input ,_;/;:/ ot Outl it g
T Plant_Head
¥ ant_Hea
To Wodspacet Kupd_i Bank ! 2 Heading
ubsystem
Subsy To Wore Flant Dutpust
—i@ ) FuzzyP D+l Bank aNaEpden: T
. Fuzzy Lugic E;::T
Hank Barnk_dir Input Contraller 1 bft_x
L 7 HATUAR: e
CZ Funellin gt Heading i
m ]r Y e Referznce
Degrees to Satutation (& Refatence Input 2 | £E
Rudder  madizns = :]
Haading_Ref

To Miakspaced

oo | -]

To Wodspaces To Wodspaced
= Qs =l a 5
JUN 2.15 guneuenvesiimuruyideslunistu (Bank from heading controller)

2.2.2 SYUUAIATUANATNLLIETT (Longitudinal controller)
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U‘leﬂ'mﬂummmsm (Longtudma{ controuer) m%ﬂﬂ‘iwﬂﬂﬂ‘lﬂﬁfﬂuﬂﬁﬂ’lUﬂu
AUE (Attitude) wagAUEL (Velocity) szxeﬂ'zimmuummmimuﬂwaﬂmsﬂu (Inner
Loop) 2 gu wazgumeuen (Outer loop) 1 gu dsgunielu 2 aﬁuuavhmﬁémmﬂﬂ
ﬂuumaauwaﬁaﬂ':Uﬁwua@Lmumqsvmu (Elevator) wagAuLis (Throttle) muaﬁmauaﬂuu
mtﬂummmé’mmmﬂma’lu

aUma’LuaﬂLLiﬂ%ﬁ $UUAIUANANULLIET (Longxtudmat controller) nﬂamﬂ'mﬂu
WnunNsEau (Pitch to elevator controller) fﬁaaﬂuﬂv’l‘iﬁmmaan'ﬁlﬂwmaauwaﬁa
AIUANUNUNNTEAU (Elevator) safdauwwmmﬂmewmmﬂwwawaaiammﬂ'mmwawuaa
3uszAU (Pitch angle) wﬂaumnwmauwwaasvmmfmﬂu aﬂuavmmimvﬂﬂﬂmmm
5¢AU (Pitch angle) fieans 1ﬂ@uLLﬂiﬂlsﬂa\‘isdﬂﬂ’l‘ﬂﬂﬁﬁﬂﬂﬂEJIM‘U’ENWJFHUPI‘JJLLWU%N?“WU

(Pitch to elevator controller) LLaﬂﬂ‘wmumgﬂm 2.16

Ta Miofepace? Fitch Angle
Flant Output
Elevatar Fitch_angle )
Input == ol
T ! Ot et +3 Fitch Anglse
- Fiteh Angle Set Faint
To Wolspase Saturation TE )
- Subsystem e
Elevator_in p I FuzsyF O+ Elevatar_errar Fiteh_set
i
Erroe
Elevatar Input To Wakspacet To Wadepaced

Soope

=

Ul 2.16 gumeluvesiamumuumuMIsERY (Pitch to elevator controller)

aﬂma’l‘uaﬂﬁaawaﬁ ZUUATUANAIULUIYT (Longrcudlnat controller) ﬂﬂamﬂ’mﬂu
ﬂﬁnwm’lumwu (Vetooty hold controller) maﬂuaﬂwmmaqmﬂﬂwmaauwaﬁ’;
AIUANAWLSS (Throttle) smauw;wmmﬂLaﬂmgwuaaﬁ%wﬂwaalamaqsmmwmmmmmm
(Velocity) ~ llourimnmmsBunmvesssuumuay  guiazinmsmuslilémammuihi
Aosms  leezunsuvesyamuasguasluvesiamusuaindalunisiu  (Velocty hold
controller) ugndliifugssuil 2.17

Threttl=_in P Wel_enor Con_Welusity Welocity
- Flant Dutput
Tih mﬂ:e To Watepace To iokspaced o Wodopsoes T
npu ] ’
T Outting feg (R Pl
S -, e ol Walogity
Throttle g Sut Foint
Input Scope  Saturationt Welocity u;__”ﬂn
Subsystemn L

FuzzyFD+l To Wakspaced

“el_Raf

Uit 2.17 gumeluresiamuguaraialuntsiu (Velocity hold controllen)

55286
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guABuenuassTUUAIUANANLLLIEM  (Longitudinal controller) ARafaAIuANLM
sesiumslu (Attitude to pitch controller) Fsgunmeuaniaglinthmnevesusediu
(Pitch angle) @snilumdunmvesguaeluvesdidniupuunumesediu (Pitch to elevator
controller) sgumununeuenaslvidszdu (Pitch angle) fifiasns Fanannwevinmite
Saa W s . o v
Inpnaalovesrnfianainuesnmgs  (Attitude) Aieans  lassunsuvesynmunugy
MEUBNTBRIMUANLNTEAUNTTU (Attitude to pitch controller) wanslilfiudagui 2.18

Fitch Angle
Input
1

Alt_errar

Con_sltitude

To Wakspace2

Altitude
Flant Cutput

P
Fiteh_in
To Wokspaced
T Wodepace
i et r OuttInd b (:\4 >

Fitch angle g
Input Scope Satyration

= Bubsystem 7o yWodepaced

St Fuzzy RO+

Alt Ref |

Elitude

T

Altitude
Set Point

+ Z 3

SUTl 2.18 gUmeuenuesimuANsTEAUNST (Altitude to pitch controller)

niinandiei Wunisesuignimsmeessruumununistusiluiivonun du
Inssasvesimuguilediiingdle,  susuunsBeauldsunsumuruilsdfinddle st
nseesmsiuludqaimineegidnlul® uaen1sesnuuuimuANnIIAIRDATBI N
gudnlulR aenaniegeaBealuundaly



uni 3
AaruAuNYdNAnaale wasn1satuaun1sTudaludia

TunseenuuuszuumuesmMstusalusiidy 1519zARI AR IAUANNTTUSRLUTR
Tl Tagnsldmssrassmamunuenmany Welvausamuguennagulivsdiegld
wazannsamuaunsihmsiemagusansedulugalmneifsinseswreilodls
aaeafivady  mapssumsthoAsuaensaluiAvdnuioinisiuais  daan
qumuauilldasuneluunil 2 du faueuihiuldlumuideiffedamunuiledfandale
Jedovasmunuiledfidnddlol  aunsoneuauswanmsdsuulardunmildnng:
ndmURNLUURNRY u,a::miﬁ’iamnﬁiﬂauquﬂﬁiﬁuﬁﬂsﬁﬁqLtﬂiﬁﬁwaﬁiamiﬁugﬂﬁ%ﬁﬂ
Fuinan Aerosim Toolbox 4] #udureivuafifindureddusunsu Matlab deldluns
Fraeanistu Tnsdenlfenlunaveseimeaeuiide Aerosonde [5] Sneornmeeuiud
Andnunzvedlaaidulidadu  (Nonlinear model)  FiunTsmusuMUURIRY
(Conventional. controller) duilden mmmmvmmﬂmmLaalmwdwmﬂmuwﬁlu
By fufuszuunsessnstiuiaomieiisegoussutananisviauneldTsunsu
Matlab/Simulink wu%av\mm‘iﬁuvﬁqu Aerosim Toolbox LLavmﬂ?UFguLLUU“W‘d%Wﬂwaﬁla
annsnodulalngndnmameadnmans Sssinsadmusiaseaiie uandoulusuuuures
Tusunsy Matlab Tunisshagsnstulswedl

3.1 Tassafwvasinuquilednanaale (Fuzzy PD+ controller

configuration)

Tuaﬁmﬂﬁﬂ'mﬁgmmuﬁznﬁmﬁﬂmaﬁ (Proportional-integral-Derivative  control)
aunsamuRumstuveeasulieghuuinimeliegudn walunismuaudlyl
asoumguitsruuilifudady  Madudelinnsussgndldnseunuuuitedasineevinsa
drunsunumannidussuuilidudady Tuniadvetutitwaefmunuitsdiandale
21 dhanldlunmsmugueineeiy . saukauduIRRUgNEINA Ui eiielnendui
dugy  Fehlisaunseeonuuungiugiuuesiamusuiiedianddle wWemueueinia
slildogaiiiadons utefvesimunuiledimmdalotansauiusonimilies
S meUsuesenTUEsuam M TuldR  uaslvinadwinmwaiatimnedasnn
(Less overshoot) laifisuiunmsmunuuuusaduyiin lof uazguil 3.1 uansszuumuny
wuuRaiLves fandale
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uPD uPiD

Set point + N +
PD Process

= + & ul

VN:

o o & a
JUT 3.1 ssuumuRuiiandalawuunaiy

lumseenuuudimuauileditfividle  (Fuzzy PD+ controlle) wu  &uiuay
Usznaumeiimuanileding uazdmuauiedle Faevinnvasimunuiialy s-domain

Ag
tpry () =(K 5 + 5K 3 )E(s) (3.1)

e Kf, uay Kz, WuAnnuwes Proportional waz Derivative AUy uay E(s)

Duardyminfenaie
A A [ | ﬂ‘ s = &
luaunisi (3.1) anmsasldsudusvulisadeddeeldnisulas  Tuadensunesu

(Bilinear transformation)
s=(2/T)(z—-DNz+1)]

o

e 7 Aewangu aglaluguvedlanmainundad

NS 7T T 00
mpp(@ = (Kp 5 S5 E ()
I+ 2z

o 2 C & ° a '3 '3 2r
Muualy K p=Kpuar Ky=2K,/T WasINSNdUNsNENI1IunesuaE e

uPD (nT)+ uPD (nT—7)= Kp l[e(uT H e(nT —T)]

3.2
+Kd[e(nT)—e(nT—T)] 2
NSYNS (3.2) A28 7 WasunuA n 938 mean nT 151919
AuPD (n)= Kpd(n) + Kdr(n) 3.3)
Tmet
u, (n)+u, (n—1)
PD PD (3.0)

Auppy (n) =
T
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e(n)—e(n—1)

Hi=r———t (3.5)
T Y

e(n)+e(n—1)

gl (3.6)
T

=l ¥ oo d‘l
wagan (3.4) wrannsasulmiland

uppy (1) =—upp (n—1) + TAupp (n) 3.7

Wasuvue TAUpp (n) medledneulvsainy ti1agla

upp (1) =—upp (n—=1) + K pp Aupp (1) (3.8)

dlo K,y Ao fledasulvsainy

[ Y x| P = = <4 & g
drusipunulaatnguil 3.1 e e Fio Bunn uaz u; Aa WIVINM waslINNa
fmuaulely s-domain fe

c

K;
u; (s)=——E(s) (3.9)

5

e k7 1 Annuves integral

E(s) T endyaafianain
Tuaun1s? (3.9) annsawdsulunuulidedadlrenisutasludly nsuesy (Bilinear
transformation) 373l

71 7 5 oy
Ny (ZJ=2 S+ K E(2) (3.10)
D]

22~1
= YE(z) (3.11)

T
uI(z)szc—(1+
2 1-z

AUA wagyinnsuidunesnansunedu agle

KT
u‘,(n)—UI(n—l)Z

[e(n) —e(n—1)]
2 (3.12)

+ K, Te(n—1)]



NMIMT (3.12) e T uasunudl nT o9 n §1egla

AuI (n)=Ke(n—1) + Kr(n)

< v ¥
de K; =K, uag K=(T/2)K; ¢y

AuI(n):uI(n)+uI(n_l)

T
Lae

_ e(n) o e(n = 1)

r(n)=
T

mvuali K, fie fedreulnsanu 59zls

uI(n):uI(n—l)+KuiAuI(n)

gavneissauiimuaniledne wasiledle Wideiuazls

uPID(”)=uPD(”)+”I(")

==, (n—1)+ KuPDA“PD (n)

+u1(n—l)+KuIAu‘,(n)

22

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

< 4w Aol & & =
wagaunsh (3.17) Aremmunuile@ifnddle (5] wazgUuuuimusdiaansadiouldly

sUnuuresudentaezunsuly Matlab leidsgui 3.2

C oy
— 1 - ™
o j«;“:- ¢ /i
4 w o £
TR +1 fuy
ol & -,

pt.mi madl

AAL

P

fAnY
; ApALE

Fuzzy | Cantraller

U 3.2 vAenleezunsunisitaaswesimuauiladinnaale
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Tunseenuuufmunuitediu wasudwandu 3 dureufifle Funeunsiiedie
Hu, ngiugn waznsanedindy Juseldaunts (24) lunissenwuumudunaussng
Feumouvesmainiledfiaduiy  vhlaleeivualiitiduruduaudnmedinbunm

€ o & N ) ¢ ;oA aa & v o2 W =

warilaidumantumninnenmue winnvesdumluia dukandiiiiudssui 3.3 uay 3.4

o € ar = v = e a 14 3 1 =
Ay wagilanduannBnmeiudunm  wasiladuandnmsinuewinnvessuidule
Tunandliiuaagui 3.5 uae 3.6 Awadiv

d (n), r (n) negative A ’ d (n), r (n) positive

0.5

[

= 0 L dn), rin

§ of

ed a 2 =3
3R 3.3 endupnuiuan@ndudunnvediia

output negative 4 output positive

Zero

output signal

.
\

| 0 L AUPD (n)

d & as = k73 LS el
JUT 3.4 fsridununduaudndnue viwnvesia

e (n), r (n) negative A e (n-1), r (n) positive

0.5

[

-L 0 L e(n), rin

d & ar = 13 =
U 3.5 edduanuduaudndudunmvede
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output negative 4 output positive

Zero

output signat

[
!

-L 0 L Aul (n)

A ar a v &
UM 3.6 ilsidumuntumndniuevivnuedle

@ o daa U aa ) s a )
mmuauiluilsdaniy T8uwnleudn 2 ffe dygruiianana dn) wazdniinas
= Iy a ¢ ¢ Sdad Y & | s

WavuwUasuasdyguianann nn)  diuemwveedin duasilum aup  dausn

P U aa 1% oA w a a =
rupuiiluiiedle du T8unwnleowdn 2 A e dygrulewareiivinnaie e(-1) uay
onsmsasunUasesdyaaiianaa n) drueinnvesitedle Wuanilum au, wazng
WuguvasnInuANiledia uas Hedlotu uandidiusimisied 3.1

A15199 3.1 npiugIuveIntsmIuANiEdAR Laziledle vellsidumunTnmsudunm way
ilardumnAnduevinm

Rule base d(n) rn) Output
R1 P P 0
R2 P N p
R3 N P -L
R4 N N 0

Rule base | ¢~ r(n) Output
R5 P 7, I
R6 P N 0
R7 N P 0
R8 N N L

I o = = s ! ¥ 0'] v s C& ‘J
dunsinsafedfiady Anldaemluldvingainatana (Center of mass) i
wwhmsavlediady Aauandduaunisi (3.18) sl

Z{membership value of input x corresponding output}

Au(nT) = (3.18)

Z{membership value of input}

o o == @ ° as & < a a ! a w
nsvhafleddiady  vhldlaedunnanilaidurnduanindunnvesiafedyya
a a ar a = o ' 1 = & A
Aenann dn) wavdnsivesdyauiawaia n) FwunguveRuwaile 20 Ul uay
&J M v = & do P
anunsnaniunlavie 10 NundsuT 3.7
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PD:Kpdn) I:K eln-1)

L
H D 4 D G
B B
E C
A
_L =
A L
E C
B B
J F F [

L

=i & o v o ala
UM 3.7 wuimnudildldvesle@ing waxiladle

Aupp (=

L[Kpd(n)—Kdr(n)]

2|2n—k pd(n)]

L[Kp dm)—Kg4 (]

22—k yrm]

1
—[—Kd r(n)+ L]

2

1
;[Kpd(n) —L]

1
—[—*Kdr(n) - L]
2

1
;[Kpd(n)+L]

in A

inB

inC

inD

inE

inF

in G,J

o oo ' | ¥ ) H
wagldaunsiemiwnvosie@itduewsiasiuiosnuidy 9 auntsmaunaunisi (3.19)(3.27)

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)



= —L in H

= L in i
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(3.26)

(3.27)

1 =l a = =l a ar ‘Je.i 1 & ar I a a 1 =i
Wiy nshifledRiatuvesiledlonieiiiduainuluaundndunm  vesriade
) . o - v ) = ar a
dyaaupanainivuIamilanule en-1)  wagansIMIUasuLUaDd Y IURANATR
¢ o 1 1 1 ¥ o 4 4 &’ = (Y
nn) TR wmuneusasrvaila 20 Nufikagaunsaasnuilawviae 10 Wuil vavazlaaunis

wvinvvesiedloveusiasiunioanuidu 9 aunisdusiaunisi (3.28) - (3.36)

LK. e(n—1)+
Auy(m)= [ ;e(n—1) r(m] 5
2Q2L—K;e(n—1))

L[Kfe(n =1+ r(n)]

= in B
2[2L—r(n)] L

1

- —[rm+1] in C
2
1

). E[Kie(n'*l)'l‘ L] inD
1

- —|rmw~1] in E
2
1

e —[Kl-e(n—l)—L] inF
Z

=0 in H,l

= L inG

= —L in |

(2.28)

(3.29)

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

ol & ) ool 9 2
wagiTansalsunguguvasiimuauiedniandaloasninle 42 ng Wiensouray

X 4Y X e
Wudg 10 Wudlesad

Rule 1: if L>d(n)andd(n)>0and-L<rn)and rin) <0and dn) > |(n)] then



Rule 2:

Rule 3:

Rule 4:

Rule 5:

Rule 6:

Rule 7:

Rule 8:

Rule 9:

Rule 10:
Rule 11:
Rule 12:
Rule 13:
Rule 14:
Rule 15:
Rule 16:
Rule 17:
Rule 18:
Rule 19:
Rule 20:
Rule 21:
Rule 22

Rule 23:

Rule 24:

Rule 25:

Rule 26:

Upd = pd2

if L>din)andd(n)>0and L>rn)andr(n)>0and din)> rn)

Upd = pd2

if L>din)andd(n)>0and L>rn)andr(n)>0and d(n) <

Upd = pd1

r(n)

if -L <d(n)andd(n)<0and L >rn)andr(n)>0and |din)] < r(n)

Upd = pd1

if -L <d(n)andd(n)<0and L >rn)and r{n) >0 and |dn) > r(n)

Upd = pd2

27

then

then

then

then

if -L <d(n)andd(n) <0and-L <r(n)and r(n) <0 and |d(n)] > |r(n)] then

Upd = pd2

if -L < d(n)andd(n)<0and-L <r(n)and rin) < 0.and |rn)| > |d(n)| then

Upd = pdl

if L>d(n)anddm)>0and-L <rn)and n)<0and |n)} > d(n) then

Upd/=/pd1

if L<dln)and -L<rn) andrn)<0 then Upd = pd3

if L<d(n)and L >rn) andr(n)>0
if L>d(n)and dn)>0 -andL <(n)
if -L<dmand dn)<0 andL <r(n)
if -L>dn)and L >rn) andr(n)>0
if -L>dn)and -L<rln) andrin)<0

then Upd = pd3
then Upd = pdd
then Upd = pdd
then Upd = pd5
then Upd = pd5

if -L <d(n)and dn) <0and-L > rn) then Upd = pdé
if  L>d(n)and d(n)>0and-L>rn) then Upd = pdé
if L<dn)and L <tn) then Upd= 0
if -L>d(mand L <rn) thenUpd =-L
if -L>dn)yand = -L>rn) thenUpd= 0
if L<dn)and  -L>tn) then Upd = L
if dln)=0and rln)=0 then Upd =0
if L>e(n-1)ande(n-1)>0and -L < r{n) and rn) < 0 and e(n-1) > |r(n)|

then Ui= i2

if L>e(n-1)ande(n-1)>0and L>rn)andr(n)>0and e(n-1)> r(n)

then Ui = i2

if L>e(n-1)anden-1)>0and L>rn)andr(n)>0and eln-1) < r(n)

then Ui = i1

if -L <e(n-1)and e(n-1) <0and L > r(n)and r(n) > 0 and |e(n-1)| < r(n)

then Ui =il

if -L <e(n-1)and e(n-1) <0and L > r(n)and r{n) > 0 and |e(n-1)] > (n)

then Ui = i2
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Rule 27: if -L < e(n-1) and e(n-1) < 0 and -L < r(n) and r(n) < 0 and |e(n-1)| > |r(n)]
thenUi=i2

Rule 28: if -L < e(n-1) and e(n-1) < 0 and -L < r(n) and r(n) < 0 and |r(n)] > |e(n-1)|
then Ui =il

Rule 29: if L > e(n-1) and e(n-1) > 0 and L < nyand r{n) < 0 and [r(n)] > e(n-1)
then Ui =il

Rule 30: if L<e(n-1)and -L<rn) andrn) <0 thenUi=i3

Rule 31: if L<eln-1)and L>rn) andrn)>0 then Ui=i3

Rule 32: if L>e(n-1)and e(n-1)>0 andL <r(n) then Ui=i4

Rule 33: if -L < e(n-1) and e(n-1) <0 and L <r(n) then Ui=i4

Rule 34: if -L>eln-1)and L>rn) andrn)>0 thenUi=i5

Rule 35: if -L>enh-1)and -L<rn) andrn)<0 thenUi=i5

Rule 36: if -L < e(n-1) and e(n-1) <0 and -L > r{n) then Ui = i6

Rule 37: if L >eln-1) and e(n-1) > 0 and -L > r{n) then Ui = i6

Rule 38: if L<eln-1)and L <rn) then Ui=

Rule 39: if -L > e(n-1)and L <rln) then Ui=

Rule 40: if -L>eln-1)and ~ -L >tn) then Ui= -L

Rule 41: if L<elnr-1)and -L>r(n) thenUi= 0

0

g
0

Rule 42: if din)=0 and rln)=0 then Ui=
Tnefl
L[Kpd(n)“Kdr(n)] L[Kpd(n)"-Kdr(n)] 2 1 '/ .
pd1= ofar=kyrm] R 2[2L—Kpd(n)] 8 B /s FEgrnledd,

1 1 1
pd4 =—[K d(m)=L] , ~ pd5 =—[-K,r(n)—L] , pds =—[K d(n)+L]

2 2 2
L[Kie(n— D+ r(n)] L[Kie(n —-D+ r(n)] 1

i1 = . 2 = . i3 = —[r(n)+L] ’

2[20—r(m)] 2(2L — K;e(n—1)) 2

1 1 1

i4 = "[K,-e(n‘“l)'*'l«] 5 = —[r(m—1] B = —[Kie(n-l)-—L]
2 2 2

Fegaviensagle

Fuzzy PD+l = Fuzzy PD + Fuzzy |
= Upd + Ui (3.37)
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o » ) Y Y =2 o

diawldunasUveingvs 42 9o vesmiuauileditfinddle (Fuzzy PD+) udnsdah
ngmsmuAiilévi 42 deiluvhmsuszgndldfunisiaswanistiuvesssuumunumisty
SnluliA Faglddmuailediiinaaloduimusuvinvemnszuuluvdedialy

3.2 MyrwAun1Tudaludf (Autonomous flight control)
Tussuumuaunstudilutfdy Aeiddesssuuifde mawneemagy fuly
Tuiirmafigndos  uazmsmunsilfernieeuainsadnyvivnanstunufensinwsedu
anusunadvesentmeliiunmasniiioity Fnmimaiuszdeseyiirndunisiuly
Fqauthvany  (Waypoint) Ifeggnies  duilefsaithmineiifesnsud  Sadwan
andmanely wagsEUUI T AIMTirnefigndes wielitornmeuduluss
yathvaneiidesnsle
feszuumuaunstudaludidy  aunsouvseentfifu 2 szuulng awilldnam
wudthadudsil Ao svuuauaun RN LagszUUmUANN1IOY
3.2.1 szuuAUANNT SN (Navigation control system)
guumuAuMIthyaiintiiivdn 2 wihil da msdmenqathvane uesmssmaniianis
warA gD
3211  msswangatiniang  seuufagfinsanheiniasmilinisdufiege
Ao mneifesnsudwmdedt Tngmsussmanaandeyaidailsuinanifiearuees
Fathdudsaihmaneuds ssuuiifesswemaridagadwanelwifegluuumstuliienne
gusunswssly
32.1.2 nadwemiiene wagawge syuviasifuiveniienidierniagiu
Sululuitema. (Heading) wagAugy (Altitude) fidasns lngn1sUssinanaunandeya
AfnildsuIenIieauees wadoyaitarinaingaimneiisnaudesdullds
Tunsthmswesemavusaluifdy  deyafiusiidemanie  dvidn
Uagtiuveseniaeiu uaeiifngaiimenefiesmasiudesdulUldie Jusaunsomuanm
ANSAUANATIIGIARDINS fhail

e = Heesied = Huav (338)
uag
@y = Hy + Fuzzy set of PD+| (3.39)
1o
o = o
ey fio mwgeiaaaaiouly

& o v
Hoesied A8 ALGINABINTT
Huw Ao enugelagiuvesennaeiu
@y fo AnthwmnevasrmiugeneiniAeudsaduly
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duAfirnen1s0u (Heading) vesemn1reuty 157198yn15UsInanan1an
Afaswmislagiuvesemiae uariitadwanefidaanisouly

Longitude

A

"

Desired waypoint

UAV heading

Latitude

I
P

Ui 3.8 firmmensturesenniden uasfirnisqauing

#N915UAINFUT 3.8

Cy = Y - A (3.40)

Yo = tan (k/0)* (180/17) (3.41)

Won = Pennn1sluvesaimeeny (UAV heading)
Yo = Fienevesgaivang (Waypoint heading)

K = Ae2idgandeinis (Lontitude sesiea) — ANBBITAVEIBINA
gudu (LongitudeUAv )

g = ﬂ?ﬁuﬁﬂﬂ‘ﬂ@]@ﬁﬂqi (Latltudedgmd) Anae @ﬁ?l@\']ﬂ']ﬂ’]ﬁiﬂu
Ju Latitudeyay )

A= Woaw + B (3.42)

' a o o 3 .
B = Ausdoulusuteveseinieeu (Sideslip of UAV)
ey = fiAwaArRIAnIN1sdu (Heading error)

‘NLNE]&JﬂW‘é@‘WLﬂWﬂ’]GﬂLL‘WuQWﬂﬂ‘ﬂﬂﬁﬂ']ﬂ’]ﬂﬁﬂua&ﬂﬂﬁmuaﬁ Li”lﬂ‘\]ulﬂ Cy tHuan

Sunniterihddmunuiladifngsle wagtafiaelfioninnvesmsimnsludiuvesdia
vumstufe m



31

Wy = Wy + Fuzzy set of PD+l (3.43)

= & = ‘ L) . .
waztenusalsuluvienlaozuniuyasseuumaivmi - (Navigation  control
vas <
system) ladegun 3.9

Waypoint
it Altitude from UAV
Huay
v Altitude Control
Waypoint T + Altitude reference , @y
Generator % e Ao i
Controller
To Autopilot Control Systern
P Fuzzy PD+l +
é Controller iy Heading reference , I/
Heading Control
Wonv
Lonyay
Headine from UAV Latyy
B

gﬂﬁ 38 “Uﬁafﬂ,ﬂ@:ﬁLLn‘imlaﬂ‘ia‘UUﬂlUﬂuﬂ’l‘iﬁ’nﬂN (Navigation control system)

3.2.2 53uunauRUNSUL (Autopilot control system)
sruumuaunstuiiasfasmumlionmasy Suldedeiadosnw adunmasn
Wumsnsuiitwuely Taefiszuumuauntsiuivsdszneviessuumunudesis 5 da
Ao
fmuANfian1an13tu (Heading controller)
mmuRNUndnumies (Bank to aileron controller)
AamuaNyaTEaUmstu (Attitude to pitch controller)
fMUANLNUNSTEAY (Pitch to elevator controller)
Amuanailunsdu (Velocity hold controller)

I B e b e

3.2.2.1 shmuauitrnensiiy (Heading controller) avfiF@unnuadszuy fo
Femnenstudigeenns, W ﬁ%’uﬁﬁmmﬂiswmuawmsﬁﬂmq (Navigation control
system) Lﬁaﬁ'}mm‘%avLﬁauﬁ'uﬁﬁmamiﬁuﬁaqﬁ’mmmmﬁmu, Wiw WEFIAIUALTA
yanstuiaglsidiowinn 2 wwinn fio wielutuirdeuweshmuauunumais (Rudder
servo) uaglildrnaadesdneda (Desired bank angle) fifipanis ileddlugsmmurlingn
witdes wagn1sIaes Matlab/Simulink vesamuaufien1an1sdu (Heading controller)
uanlifiudsgud 3.10
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-

Outling

P
5
T

Kupd_i Fudder

Subsystemn
FuzzyF D+l Rudder

7 -
ank_input 2 it el int
B inp .
- Flant_Head

To Wotkspacel Kupd_i Bank = Heading
Subsystem " = Plant Qutput
e - ant Dutpu
FuzeyP D+l Bank Lo Wedanaes

Fuz=y Logic

IBBH:t B:rsk-_dir Input Conttoller 1le
np ape
£ it Heading Heading
Feferencs
R Degrees to Saturation i Eeteidodnpit —,
Radians

Input
C_,rﬁ- Heading_Fef

To Wotspacs3

Saturationt Heading Error
D “-r! Heading_emor

To Wotspaces Te Wiokspaced

Rudder_input

gﬂﬁ 3.10 N3naes Matlab/Simulink ¥@siimusufiemenisiu (Heading controller)

3.2.2.2 fmuaulnidnudides (Bank to aileron “controller) azfiFdummyes
JYUUARANNMEEN81984 (Desired bank angle), &, mummﬂLa"mwmeqmmumm
M3n15UU (Heading controuer) mammL*Uia‘umaUﬂuuuLaawaqmmﬁmu Oy 1R85
mumdninufidesd %’immt.mmwiﬂ?mLﬂaauwaﬁfamummmammmm (Aileron
servo) WagN1397a8e  Matlab/Simulink gawiimuputnidnufidss (Bank to aileron
controller) wanalififiudagui 3.11

Aileran Eank Angle
Input Flant Gutput
T E Outtinil | /: D F
Saturation 4 Blark erar ToWIGHep a0e2
Subsystem = Hiig. Srd e Bank Angle
FuzyP [+ Tao Widspase1 - Bank Angle  Set Paint
£ 3
1 g To Wakspace2
‘—’| Adlecan_in | Ajjarnn fnput Set_pt
Soope Error =
To Wekspacs .

ﬁﬁ 3.11 11991899 Matlab/Simulink %qmmmmmammwm (Bank to aileron

controller)

3.223 mﬂ’mﬂuumwﬂumiuu (Altitude to pitch controuer) ﬁl*’umauwmaq
JTUU A mtﬁmmsmmmawm wmmﬂmumawulﬂ &y mummmamwmmmu
AIUANNTUINNN (Navigation control system) mammLﬂisrumawummm%qmmﬁmu
, Huay IﬂsmmUﬁmmvﬁumwuumv’lwmsamwmﬂummqaﬁumnmswmmmi
(Pitch angle reference) uagn1591@ee Matlab/Simulink  vessapmUANYNsE UMDY
(Altitude to pitch controller) LLﬂﬂﬂﬁLﬁuﬁngﬁ 3.12
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Altitude
Flant Dutput

.——T—}

Fltitude
Szt Faint
t‘_’:u'—'x‘

Errot
e
E B Al e —] Con_altitude
Fiteh_in e,
To'Wokspaced 7 -
To WodspaceZ
o ilodepace
Tutfin pe g[S
Pitch Angle =
Input Seepe Saturationt Adtitude
f Submstem 7o odspared
Fuzzy PO+I

Alf_Faf L

£ 3

5Ufl 3.12 n3d1a99 Matlab/Simulink VoIIMUANYNTEAUN13TY (Altitude to pitch
controller)

3.2.2.4 fMUAUUWUINIERU (Pitch to-elevator controller)  asfiiBunmues

= U = o a v o
TEUUADHUDNEITEAUNITUUNADINIT (Pitch ansle reference)
AuALLNTEAUNTTTU (Attitude to pitch controller)

Piuananeinnyesdn
WerhuniSeulilsuiuyuseiures

o woa ] 4 Y r qy L7
INFUNNIAIUUBY (Pitch angle of UAV), Bonv ImBmmuQMLquwwisﬂuu 9214ien

wwmmluduiateueeilmusuunumaseiu (Elevator  Servo) wagnIiNaes
Matlab/Simulink e AUANLNUVNTERY (Pitch to elevator controller)  uanalvilfiusa
U7 3.13
T il WSP&CEE Fitch &n ale
Flant Dutpot
Elzvator Pitehi_angle | A
Input 'ﬁg
A et Ot i e Ritah &ngie
ok r ‘ Fiteh #ngle Set Point
a Wiaespace Saturation E )
aturatli r A vmrn l_’. L’ i,
Elewator_in |«f %ﬁ FuzzyF D+l Elewato arer Fitch_zet
Elewatar Input B To iWakspacse To iiokspaced
Soops

ok

5UT1 3.13 msdhaes Matlaby/Simutink YOIFNMIUALLWUNNTERU (Pitch to elevator
controller)

3.2.2.5 damunuanuiilunsdu (Velocity hold controller) azfimdumnaea
TUUAR  AmuAaIaAdiousEwIeiEg1Bdfidems  wazanudvesenaeuly
ﬂi’n I g = ¥ i a d o/ i
waiiluey lneimuaumuiilunstull seliduevimnluduindeuweshmuguiuise
= 3 ° ’ 4 Y =
YeuATBIEUA (Throttle servo) wazn13dane Matlab/Simulink vawiaaauesmaansluns
a . P =
Uu (Velocity hold controller) uanslviliufisgua 3.14
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Ermar
Throttlz_in e B Vel smor Welacity
= = == Flant Jutput
Thr ﬁi-" To indepace To liotepaced bl nenaneZ £
Inpu
T ! Out!ind |
. . 2
Throttle c:r‘»:;lact?y
Input Seope  Saturationd Welacity uﬂni
Subsystem e

FuzzyPD+l To Wakspace?

el _Ref

3Ul 3.14 msdhaes Matlab/Simulink weeiamruauAIEsluntsdy (Velodity hold
controller)

leisneenuuusEuUmMUALNsOuSATuIAimeen ey Tianunsaduluds
pithwngldediadend ndwnmstanistuededuidwdufeniioemay du
aundimalseseuudulivasndome Fualdindumeuenugisduemeanliduag
melalagandamutuiganigiive s nSuiiniuuiuiy Mmidduatuildeenuuuin
munuMsaenvete ISl iielisvuumuaumsDusilusiRauysaiBetuss
sonuuuinfunsUsuuAtA L siaruRNTTB LAl RS e Fanseunuandly
mmv@uﬁww@waala’[,uﬂ'ﬁﬂfmﬂmxwawaﬂ AfupuansalunmsUSuussrmilag
MsfiavieaninuTes K, KUY Ky VoMUl iAnEELaveINTAIUANLILING
im*u (Pitch to elevator controller) LLa'fLmaus,mmaaﬂ'ﬁﬂiuummmuam‘lumuﬁmmiﬂ
7 3.15

sltitucs

Fuzrg auto-tuning

Lontoiler

RALTT 0 ;., L i
i Rt P ¢ '!Il\ } et

z=1

Flsnt kicael

3UT1 3.15 wnudansuuussAnnuSHlu

mﬁ‘:"mn{]mmmﬁ% 49 98 u,av‘ﬁaﬂ‘zmﬂmmﬂuauwﬂ%aauww i,i,avmwww
t,s,amm‘iﬂw 3.16 way 3.17



0.5
-50 -25 0 25 50
Input variable “e(t)”
A
NB NM NS ZE PS PM PB
1
0.5

v

-10 -5 0 5 10
Input variable “de(t)”

A € ar o e
U 3.16 Weddumnuilumninduwnves et)  uaz de(t)

0.5

v

-1 0.5 0 0.5 -1
Output variable “kp”

0.5

5 4 3 2 -1 0 1 2 3 & 5
X 10

Qutput variable “ki”

U7 3.17 faidurnnduaunneimmees K, K wae Ky



0.5

.
>

5 4 3 -2 4 0 1 2 3 4 5

X 10
Output variable “kd”

C‘ I £ or = 3
3UN 3.17 (wa) quuﬂ’nmﬁuammnLm‘wwwuaa Ko i b2 Ky
- X B = ” i
L'i'imamﬂLﬂﬂuﬂgwug'iuwam’m'mﬁuﬁwaam.rﬂ,ﬂ 49 ng) MU

Rule 1: if

e(t) is PB and d(et) is PB then (kp is MS) (kd is M) (ki is S)
Rule 2: if e
e
e

)

(t) is PB-and d(et) is PM then (kp is B) (kd is S) (ki is S)
Rule 3: if e(t)is PB and d(et) is PS then (kp is S) (kd is M) (ki is S)
Rule 4: if et)isPB and d(et)is ZE then (kp.is S) (kd is M) (ki isS)
Rule 5: if e(t) is PB and d(et)is NS then (kp is S) (kd is M) (ki is S)
Rule 6: if e(t)is PB and dlet) is NM then (kp is B) (kd is S) (ki is S)
Rule 7: if e(t)is PB and d(et) is NB then {kp is MS) (kd is M) (ki is S)
Rule 8: if e(t)is PM and dlet) is PB then (kp is M) (kd is B) (ki is MS)
Rule 9: if e(t)is PM and d(et) is PM then (kp is MB) (kd is M) (ki is MS)
Rule 10: if e(t) is PM and d(et) is PS then (kp is MS) (kd is B) (ki is S)
Rule 11: if e(t)is PM and d(et) is ZE then (kp is MS) (kd is B) (ki is S)
Rule 12: if e(t)is PM and d(et) is NS then (kp is MS) (kd is B) (ki is S)
Rule 13: if eft)is PM and d(et) is NM then (kp is B) (kd is M) (ki is MS)
Rule 14: if e(t) is PM and dlet) is NB then (kp is M) (kd is B) (ki is MS)
Rule 15: if e(t)is PS and dlet) is PB then (kp is B) (kd is B) (ki is M)
Rule 16: if e(t)is PS and dlet) is PM then (kpis M) (kd is M) (ki is MS)
Rule 17: if e(t) is PS and d(et) is PS then (kp is MS) (kd is B) (ki is MS)
Rule 18: if e(t)is PS and d(et) is ZE then (kp is S) (kd is B) (ki is S)
Rule 19: if e(t)is PS and d(et) is NS then (kp is MS) (kd is B) (ki is MS)
Rule 20: if e(t)is PS and d(et) is NM then (kp is M) (kd is M) (ki is MS)
Rule 21: if e(t)is PS and d(et) is NB then (kp is B) (kd is B) (ki is M)
Rule 22: if e(t)is ZE and d(et) is PB then (kp is B) (kd is B) (ki is B)
Rule 23: if e(t)is ZE and d(et) is PM then (kp is M) (kd is M) (ki is M)
Rule 24: if e(t)is ZE and d(et) is PS then (kp is MS) (kd is B) (ki is MS)
Rule 25: if e(t)is ZE and d(et) is ZE then (kp is S) (kd is MS) (ki is MS)
Rule 26: if e(t)is ZE and d(et) is NS then (kp is MS) (kd is B) (ki is MS)



Rule 27:
Rule 28:
Rule 29:
Rule 30:
Rule 31:
Rule 32:
Rule 33:
Rule 34:
Rule 35:
Rule 36:
Rule 37:
Rule 38:
Rule 39:
Rule 40:
Rule 41:
Rule 42:
Rule 43:
Rule 44:
Rule 45:
Rule 46:
Rule 47:
Rule 48:
Rule 49:

e(t) is ZE and d(et) is NM then (kp is M) (kd is M) (ki is M)
e(t) is ZE and d(et) is NB then (kp is B) (kd is B) (ki is B)
e(t) is NS and d(et) is PB then (kp is B) (kd is B) (ki is M)
e(t) is NS and d(et) is PM then (kp is M) (kd is M) (ki is MS)
e(t) is NS and d(et) is PS then (kp is MS) (kd is B) (ki is MS)
e(t) is NS and dlet) is ZE then (kp is S) (kd is B) (ki is S)
e(t) is NS and d(et) is NS then (kp is MS) (kd is B) (ki is MS)
e(t) is NS and d(et) is NM then (kp is M) (kd is M) (ki is MS)
e(t) is NS and d(et) is NB then (kp is B) (kd is B) (ki is M)
e(t) is NM and d(et) is PB then (kp is M) (kd is B) (ki is MS)
e(t) is NM and d(et) is PM then (kp is B) (kd is S} (ki is MS)
e(t) is NM and d(et) is PS then (kp is MS) (kd is B) (ki is S)
e(t) is NM and d(et) is ZE then (kp is MS) (kd is B) (ki is S)
e(t) is NM and d(et) is NS then (kp is MS) (kd is B) (ki is S)
e(t) is NM and d(et) is NM then (kp is B) (kd is M) (ki is MS)
e(t) is NM and d(et) is NB then (kp is M) (kd is B) (ki is MS)
e(t) is NB and d(et) is PB then (kp is MS) (kd is M) (ki is S)
e(t) is NB and dlet) is PM then (kp is B) (kd is S) (ki is S)
e(t) is NB and d(et) is PS then (kp is S) (kd is M) (ki is S)
e(t) is NB and d(et) is ZE then (kp is S) (kd is M) (ki is S)
e(t) is NB and dlet) is NS then (kp is S) (kd is M) (ki is S)
e(t) is NB and d(et) is NM then (kp is B) (kd is S) (ki is S)
elt) is NB and dlet) is NB then (kp is MS) (kd is M) (ki is S)

g _y ot d‘
AN INAURL Y0INAIVANLEANINGTUN 3.18

U 3.18 nylituil YeangnsmuAy
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d 1 ; a
3UN 3.18 (d9) nTmiNuia veIngnIsmIuAY

ar o E\] A Gl. ! 1
fmuRuiledyosszvulmunsanen  ei5ungen1siionreusuTeuacy

Q' = ‘!! 3 A s o/ &/ ﬁ. | o b -4 ¥
mawesaunly Sedeseglnavingaivedudanumdulusssemeianinsadunal i

dianding = acos(sin(latl) x sin(lat2) + cos(latl) x cos(lat2) x cos(loni-lon2)) (3.44)

e
Lat 1 = azfgnvesenifenu (Latitude of UAV)
Lon 1 = @p33gAT0981N"FENU (Longitude of UAV)
Lat2 = asAgavesqaiiduiiaiunicis (Latitude of landing point)

a dou o & a . < .
Lon 2 = @8493RU849AENNEANUNIN (Longitude of landing point)

s o e s El
WAZLAURIYDITE UURIUANNTAR0RSR IR wanedisgud 3.19
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i ;
Fuzry suto-turing :
Centglier :
Cerivative
. &

R——
S

AAA A A ;. AAN F A [
T e S ) SR TN S e
gistarce to tarding soint ] ‘ Cemungnd
Fuzzy Desireg Fuzzy Cesired Fuzzy Cesited  Fuzzy Fitch to Elevator
Altitude Caspent rate Fitch Tontrotlesr

cf L LY Qs
JUN 3.19 UHURITBITYUUMILANNITADADALUIIR

FuduninmssamsEesIafian ey L%"uﬁ'ﬂsi'auaegjmﬁaﬂaaqaumﬁu
wislifmunuiledmunmamugeiifonis udrSsdstoyaludsmunuilediiteduam
dm313may (Descent rate) Lﬁ"a”l.ﬂmﬁhum ﬁ’uﬁﬁaqmi uagimuANiedsgavinefine
FIATURALUNUN NS wuauwwﬂaﬂ'mn'imwmmms Failnsusuusian Ko K uae Kd
veaimuANNanGdle maqmﬂ'mﬂmmumwwu FansuSunsan Kp K way Ky ffae
USUUE9LI9In wamaqﬂ';'mﬂawaaau‘uam’nuawaqmmﬂam mtﬂumauaauwwaqm
mmmﬁ%ﬂ‘mummaﬂum (Fuzzy auto-tuning controller) IﬁEJLE]’W]WTl?J?NWJﬂ’JUﬂEJﬁ‘H‘H
ﬁsuummam‘lumua"mum Ko Ki tae Ky fiazdnly van vis au AuALSuRUYe Kyss
Ki way Ky maammmwﬁwwmwaa‘lamummmuwmmu (Elevator) wmamwm‘tﬂmmu
nstuedauweshimunuunm sy Elevator senvo)

3.3 MIAATNUALINABINANITVIAGDS (Analyzing and simulation)

sruumunumMstusaluiivasenreiulinudidu gnveaeuienisdasinaduley
T4lusunsu Matlab/Simulink wipasaelunaiada Aerosim Toolbox GelatmaueseinireTy
Arsrasantsduty wwndenldenireuds Aerosonde UAV ‘ﬁﬂmmﬂaﬂ’ldﬂiﬁﬁlﬂ’iﬁﬁ}‘%ﬁgﬂ
fimuilay Unmanned Dynamics [5] waglusinsy Matlab/Simulink wisumelugalaiy
Aerosim Toolbox waaiswmmm'ﬁﬁué’miuﬁﬁﬁngmuamﬁﬁgﬁﬁ 3.20
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(IR

ngitude

h 4

HAVIGATION
Coniral system

h 4

il

[

@

8-DOF UCAV
(Body-frame EOM)
AUTOPILOT Control system

Stop Simulati Fuel Mass

ind

Vel Ret

Terminator

= . . v ) ! P
§UT 3.20 Wswnsu Matlab/Simutink wasiae Aerosim Toolbox vesszuUAUANNTSTY
onlugiRvanue

Wind

Q =y =Y 73 L7 U &A
Tun1siaewen1stuvesseuumuannsDusalui®  wesenimenulipuiduite
Aerosonde UAV tuislavimsruuegadanungld 12 ga wavfinsusutsanuaes Kps Ki
as N W o =
Ka, Kupp e Ky wasdinmvauiie@ndinddle uansfanisned 3.2

d 1 s = ot
A3197 3.2 AlnuAUANTRIMIMUALTY NANGELD

Motion Ke Kp Kuep Ki Kui
Altitude

Navigation 5 0.005 1 0.0005 0.85
Heading

Navigation 1.05 0.000005 1 0.000005 0

Heading
Controller -1.1 -0.0001 1 -0.00005 0.1

Bank to
aileron
controller

Altitude to

pitch
controller 9.9 0.0005 1 0.0005 1

0.6 0.0002 1 0.0005 1

Pitch to

elevator
controller -2.02 -0.0007 1 -0.0009 d

Velocity
hold

controlier | 102 | 0.0005 1 0.0005 | 1
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NanN13NaeINIsusalusRvesenseulSauTiAy LLﬁmlmmﬂﬂWNmmmimvﬂu

faguil 3.21 faguil 3.2 wridumansDuvese A SH LRl lunsuluds
andmane 12 90 wanslidiulugud 3.26

H:zdmg(snﬁd) and Hafslzﬂu(dm!uﬂ
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Time (5)
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U 3.21 Bevrans Dy, BunvasuBes BunnveneeilanuaunumeRs uaze
uanatm vasian1gnstuSouieuiua1e198

Altftude(sclid) and Reference(dntied)
T

z 120 T T
g 10 f--’\—-_{ -
2wl N e L]
b
2
2 80 Al
=
™ 40 1 1 1 L
o 50 100 150 200 260
@ T T T T
7= :
Eo 1
5
] T
4@ I 1 L 1
a 50 0o 180 200 250
10 T T T T
€5 4
g
Wog =
P
=
g ]
il 1 1 1 1

Time (s}

=
Um 3.22 Mg auwwaaammumu LLavﬂ'mwﬂwmmaqmmadLﬂiaumwﬂum

91984



Bank Angle(salid) and Reference(dotted)
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Valocity(solid) and Reference(datted)
T T

/A A
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Flying robot Velocity {m/e)
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o
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n

Val Errar (m/s)
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T

Y

Time (g)

= =3 a [ 1 =Y %
FUN 3.25 muda, SunmueawesliruauAule LagARanaIneIrnusa
WIsuiisuuAID1989

Flying robot trajectory and Speciﬁad WayPoints
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dhunmsassnsiuasenvesernireusnlusif BT vhnsSuiosiy
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:I ﬂi = = 73 ' =\
g‘tJ'w 3.27 w3pislunageu (91e) Wisuieununiasdu Aerosonde UAV (711)

a4 Ao a o ow 4 a a ] = = o
Wenudeyavamindudifueioduduagmads  Swhnmaesansmiansuanis
a s = a
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Alttude of UAV versus Time
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Speed of UAY versus Time
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mMidrassnsluawenonluimelusuns Matlab/Simulink  Taesnazulennie
gnusufuasengiumasiianmg 120 washifienndusuundeniugedulu dwants
e stunandlviiiudaguil 3.32 Hegun 3.34
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Flying raliot Akituds (m)
i
i

Piteh Input (deg)

T 0 0 70
50 T ™ T T T T
= e ————— __ 9
E of - ——
F N\~
wg: S0 p T o -
£ oo | —— 4
1 1 1 1 1 L
(] 10 ) 3 B3 @ 7

Tims is1

= a Y a < = Y
JUN 3.32 Anug, Bunvaanuszu uazmRananveIndgulisuiieuiuam
9719898 THUUAUANNITADASH LLITA

Pitch Angfaisatid] and Refarencsidoited}
T 1] T

Pitch Angla (teg)

Elevater Input (rad)

2 T T T 7 T T T
a B i~ <]
£ ] -
2 o i —
5 I
BiL o .
o zau 4

» 1 1 L 1 1 1

i ol k1 40 1] (1] 70
Tims s

= L a Lo |_a o
3UT 3.33 yusediy, Bunmueaeslimuauknumeszauy LRAZANNANAINYDINTTAU
WiguwufiuAdndwesszuuniuaunisasensmludi



48

Flying robol tryectory and Spe:m WayFoints

U 3.34 siumensluasgavetenndeuiessuumuauNIaendalugR

NNTNUERINANITINaBINT0ueR ludRvase AUl Saudesu zuladng
awnsamununstulioinisen  Sulufadmanefisdmunlisawilén 12
yacthvune LLaga'mfmmuﬂa'lmmmamaaim%mkuuﬂgummim TnofiienAr
ﬂa'lmLﬂaaumaamim‘umeEfaaﬂuaﬁmaamulm dunsdaewantsduawengnsies
auudutiy MsmuALTiddyAe NSAUANUNUWIITEAUY ma’l,wa'm'mmuiauaa duiusiu
mm'mgamqawla’m'1?1mumaﬁﬂwsmummqﬂﬁlm muummuauﬁwwsﬂwaala UDIYA
AIUALNUNNTEAY (Pitch to elevator controller) ﬁmmﬁaﬁ’maﬁhqga ApsdinsuTunu
PUANMITEWMETYRY K, K uag Ky  Inenmsidfivdmie ammmwaaﬂumwmqmam
(Altitude setpoint) ﬁNwamimaamumﬂWﬁmummiauuiﬂwﬁu%’Luﬂ’lﬁaumawuma'sq
aumdulafusdnem ﬁmmmLﬂismmamumswmﬂaumﬁwaqaaumwwa@mawu
NAgaU stvmu‘lmwwLsmuumwmmaa 120 wms  TeemFuiisIsaena ua
Lﬂiawumaaﬂmaﬁauaamwumnwaaaumw‘mﬂi“mm 35 Juni Tnddeatu 39
uaneiNshaeinsiulasldluina Aerosonde UAV Tunissiassranisdy o fianuusiugnga
WewSsuisuiunanisduvetenimeuilénegey  duduitusuli NITNAILNTEUY
mugumstuliamugndes wastamauivwstsinumsiined K, K uae Ky Tuvaed
WIRYINAAILRBLR AT LA ?fq5am'rmaﬂﬂﬁam[ﬁwmmﬂwmmﬁumﬂa‘%\z Lﬁ'mmnmi
U%’Uu,wiwi'n,ﬂuwwswﬁma%ﬁmwam muus“wﬂ’mﬂuLLa'vﬂ'ﬁmaamaﬂ'ﬁmurammwuw
uundund SadudnmadenviisfianseluldeulEese
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SEUULSULYDSN1TIAYITMI9N15TY

TussuumueunstusaluiRvesenas il fautduiy wmilsiiddyifonisianis
fussuudumedineg  Fefifutoyaugiiimuddyeddsdunmsdinsidernaenly
autduiuannsetulududmnefisndosnisidies fnmnmstanmssruudumedsineg i
ansalvdeyaldedngndesiududs  AagdwavilinisaiuaumsDudaludAivamly
maunslufatmnefisndesnisld  uesduweififinnuddalunisuenvimnensdu
(Attitude) vese AUl irutafuuneindoudiine finnuss (Accelerometer) uazls
Tsalay (Gyroscope) muiﬁ’sﬁﬁ%ﬁuaﬂ"liﬁ"fmmﬁﬁ’u{:'agaﬁlﬁﬂmﬁ’ﬁmmwmfa wazlalsalay
Wilingndounnilan  Sdluanunsaisiimnaedosfadiuuennmenlioudeiu Al
usviuazifioududennnnietessusiifidvhouegiues  uazdldinaueniseenuuy
TWsunsuneufiunes eudleAluneanisiulie Bias drift) Mdntululalsalay Sudugn
fovivnanstureserneguliaudiuiideddniugiudinammuiss  wagnaveanssiuty
vosfeyailldianintamunss warlalsalay Aidudwesnsussnaiffigaiignianndun
THlusguumuaumstusaluifvesenimeuliaudsfiu

Tnssnieaduilsiddinaruisua: llsalay %qnﬂiiﬁﬁufﬂﬂqﬂuL'i'q“lum'i"’fﬂﬁhuu
1081 (Roll angle) uagaszey (Pltch angle) 5aeldfinpruseiiduuuy 3 wnu (3-Axs
accelerometer) ' guiainATnseiiasiniause mmm‘lma’tﬁmmmﬁa‘luuamﬁumﬁfﬁlu
msdn wilurpfionmesuluamuiwdufenmdanfinssiui vienwdsuaug s
flussnssvhuingaudnanaietuidioniaeiy uaznsevhresineuse. sl indnag
Bosnnsldimianrussdirianma audetadibildias lunsddsfmmsduiideds
Talsalavduntouitymi

4.1 ArTaAuL39 (Accelerometer)

ainrusatuirianudswedinglagodevdnnsvewusiliugiwedan wazay
THmildazsoiindafigaguinatana. wazamnsavmianudeddaunsd @.1) uazgu
4.1 uansmUANTUSYRIATInAINILTY wazusIlidadlan
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Gravity

S,

Earth

JUR 4.1 padniusvesdainanniss wazusillugasvedlan

Pitchangle = 6+ 90’
Accelerometer = Cos 0 * Gravity
Cos O =  Accelerometer / Gravity
0 =  Acos (Output accelerometer / Gravity)
ot
Pitch = Asin (Output accelerometer / Gravity) (4.1)

TumsAuanapides (Roll angle) Audentu uddeslifinarugdndnis Tu
uuunuiidsanfus Tarinsavesusedu (Pitch accelerometer)

Pnaunsi (4.1 wldldaweivameasuiindouiichennusesd duadeuiie
s LEFIILIIdes (nertial force) ihldseiathumwniivesldiduwosdudasiu
nsAmiImesnstugese s luena  Fasdualivindszneureusdliuma
(Gravity’s components) wiaushefaasiifidaiannmssgald eflezldrmnusdu
Wl a,, a, 4aY a, V8IeINALIY

Turnedlonmasudeluiuaug  sgiussiindniiduisasdoniusadrgaudnan
(Centripetal force) n3zvh Seusanszvhiislienunsaialaeiiammnse maehiliosls
Wertestuuselifuene (Gravity) tae fufusdadedemstafildandiannudalalls dadu
frinvimumatuniamsianisdsdldinzduluguiundemiosziu (Roll and pitch
angle) Fldlalsalaudushiavdn  Felalsalrvioshifinarousiliudiweadan  (Gravity
force) wazmslisTammsaiu wwiifygrasuniuann efinnnnsduasiiou Juedd
Fnseseudsdilundly withufidindianansonevauesldognmnivesmadsuudas
vivnsmsuvesemagu Sudummgdeaiiailalsalauiluig
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4.2 1alsdlau (Gyroscope)
o < cal) v = a A o akLBll <
Wuduweialtinruindumeiniaedoulmvosing nlviresnuliunis
wheunvenureIui Frazsenirmuiuduudluduiingm (ntegrate) fiou Fealdan
=l =2 o 27, 2/ 1 ) v 1 I = 1= 1 2/ '
yudey fudilalsalavasinwldfbineeninldodrodies uaghiinadeusdliiugiavns
Y [ ) o ' o : . = i
landmeudy Sditlgwindnveslelsalauffearlutesnisdulua Bias drift) eezdumiau
< o A o a & v o 2 1 = i vl 1 c"l =
anawdeuvedlalsalavios JuilevhnmsduiinsudiasyinldeapndssildtiannniuGesq
= v W a o o & )
Sfpsivumsudantsiunmsiulvaiiing  wezaumsitugiuveslalsalay  uamsléis
o
aunn (39)
o
i

< o ] . = .
Tae? y Wusumisuuun y-axis wag V, Aamisavy y-axis

It

d(alpha) = angularrate = gyroscope output  (4.2)

= o v @
lng#l Alpha feyudidesnsin
v O o a a \ o 2
PRUULIMINTBUNAIN (Integrating) a@unisf (4.2) 151ela

Alpha = I angular rate J. gyroscope output

1]

4.3 fianT94 Kalman
& ad daad  ao 4 o v i & ¢
WhindnshangeiniianeUssuiuaniuzvesssuy  leslamzednislumandues
v o w . A o 1 a & v ar
Ay (Data fusion) wwel¥usvinadeyannduesvenelssinn meldduanasuniu
2 s s d’l} at dl' 1 Aqﬂi‘
inlfwiuludnvnziionaiu emAsvinuvesenugvesssuuiniian
= & as o oaf = a s
JUiuunassIuveilameToane e Kalman ageglugvesuning alnldau
Ifussuuiifidyaadh-senvmedyna wesiilelivssunmanmusvesssuuats danuy
LAANNTOLTEULUUI DI NAGAFEARSIDI5EUY TugUvesssuuildradismaian
(Discrete-time system model) Mauns

X :(Dk—lxlc—l+wk (4.3)
zp =Hpxp +v, (4.4)

=' =} i1 di ¥ 5
aun1sn (4.3) way (4.4) ﬂagﬂuuwmumwawxuuﬁ‘tmamamamm (Discrete-time

process model) UazjUnuuYeIN1sIn (Measurement model) AWERU w, Uaz v, fio

@ ¢ o et 1 = & & ° @
Fyyrasumusuuimddouvesssuunfiduadedugud uazimualiAuwUsUTIY
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(Variance) veq w, uae v, Lifendesiulneduils uaganunsalouusseny w uae v 1

fadl
Qk :k
Mean 984 w=E[w]=0 , Variance 183w = E[w, w .]= (4.5)
4 0,k# j
R k=
Mean 984 v=E[v]=0 , Variance 983 v=E[v,v_.]= (4.6)
4 0,k j
Covariance 98¢ w Wway v #n Elwv,1=0 , dmiuynf1ved k uae j @

E[®] yn85e AmAInniig
1 ot :‘ & s 1 s 1 or
AsUsysnaArestinsesmainy Tusneiiduesfdiannsadadeylsle
MSUSELNUANANIUEYBITTUY X, Ian £ =1, danauns

= (Dk—lik—l (a.8)

ol ai =3 & 1 A | ] o 1 0 o o« & s
wsewnefliuauitiunmsssyn £, Sunsuszanaluvazfdeliidinmnigueiin
AnlEUsenaun1siatsan MsennITaiiusuAngeniinailiniueu LAZANLARNAAEDU

Tumsmanyalilfie e = x, — % & AU NAS S ALY A28 5 UURUATT

ko Nk
iAansaannsAwIlagERgILG L‘i‘Juﬁ"zLLUiejmmULﬂ"lﬁL%au nansaigalla

= s H v A 1 = 1
11w, Sadusuusduuuunddeu se laoh e Al finafedugud uasiienanu

k
wUsusiu (Variance) Ao

Pk_:E[(eE)z]—q)lzc 1P TG (4.9)

Taunis?i (@.8) way (4.9) wWemansalawes  x(r) LazANLULTR0aUDINT
e _ P @ & e o v A a1 o au Y v LY
aemsal P TSesq Junseiusuwesaunsainals dellarialawun finsesmna

o i i s v = d 1 :l.
U WU AT LALIUTENBUNISHASN LW AUSZUURNTUSYDITEUUMUAUNIN
(4.10)

ip =% + K (z, —H %) (4.10)
Tngfi
I gl =1
K, =P H (P H,tR,) (4.11)
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= < ' 1 = < 1 o a2 €ar i
wdssnenindumsszydt M F  Wunsussinaslagduermidugesinen

% a o = s ' o I
| FnUsenaunsiansan aunsi (4.10) Aeaunsildlunmssmanan £ Msmanisallld
[ t%3 1 A:J =2 I3 ar 1 b dl a c‘ E 2 (=4 1
A19%NN  neuNguwasa aale WaRaswnnaunisn (4.10) uay (4.4) walasiuN

H,3; fo aunsiliusanamidugesmaineield (2,) Anwnalagldissann £

fnsas Kalman azvheulasmamndte (Residual) Ao by Fuunasa

H o
' (o 2 ¢ W vy 1 oWy oa e v 5 ) 2
sewinamduwesmsinlanuaiialaass  dunliiminlaenspuaieiny Kalman
v o =}1y 2 ' M v w1 v o w w1 1 aoe I 1 0
wdnhwadildanldudlod  Aldeanisalliaimd Fwzdunglahdminlduily Juey
o ' . ' ' Al o 1 dae vy a
furwiavesranAn (Residual) Uas X, Aotuastaszwiananeanisalifiuaninlaasedl

1% P oA A v ' o e ¥ a o g v
w1 uazdeyatinuinveiiedes Aunu Kalman, K, Punlsvediangs vildudly

~

X

~ 1 ar v 2 t 1 1 el s
S (K, (z, — Hgp) Senunn) lumsaseiutie fwasneszvidniianisail iy
1 C‘U ¥ a a1 t 24 i dl =] ! dl © !
miinlsaTadiiios uardeyalinruniudetiosnn Aunu Kalman, K, #idudailsasiien

~

d vhludle £7 Weudnies (K, (z, — H,57) fidies) lagdhluii nednnarinu

Kalman, K, @nuaun1si (4.11) Wunsfunitlsideyaneedfvessyyuniiaranudy

] o 1 s L& | o !
waziludnnuiaeyilv B, didangs, wazmsmeUsganalagaunisi (4.10)  azlaen

dl
ANNARIALARBUYBINTUIEUN
+
k

~

_— H- e, ¢ a el d a Pl P &
¢, =x, — %, duhwlswwumadiou Alanaadugue taztinulilanu po

T =Ele, Y 1=0— K, H,) BT +K.R, (4.12)

FesnsasmanuyhauludnuarreinsnManIda v @nUsTRIEUY £

vhaslusgralslagbilldaanduees wagniamarlsznu x:_ dladugasinals waza
ns84 Kalman Signwniduaganis Aeitunsussnanatuuyheduneuiy Swsieani
Tldanetoyannianeuwi =t Wesedadsaindy  Weduasaueiium
Yagliu FetorvaimsUstnatawuuiis tuneudy  Aelidedldmisrusunnlunis

Uszanana wagamnuansalunsiaaulssunuaanuzvssszuunainlidusg i

4.4 fansaaiwdasdnaaulnsa (Fuzzy logic control filtering)
Lﬂuma’ﬂivﬂﬂm%mmmuﬁwaa%ﬂﬂau‘lmawmﬁwanmﬂmmmﬂummﬁa e
mmwamﬂungma'l%‘lumimum wu if constain then rule Feluadded s
mumuﬁw mmaﬂsaaammmumuwmmu Iﬂ&mmnwauawmaauammmiumumﬂm
Fuifuirianuss (Accelerometer) «aqwmwazgzmmumumﬂmmu (ufitnainnissiile
Ransduasiiieuiinineuisy) finvasiuasedwioiles muam’lugﬂw 4.2
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ialaeeniuussuuiiedasineeulnia Wednnistudynasuniud Taelidissu

ANTNNSPUDUNY WAL LaWINNAT

HariduaunBnvedudunm fe i1, 2, i3 uway -0 UERINNIURN. 4.3, Tandusuniin

e ] . w = 1w a 4
MUY fie Positive, Zero Uaw Negative udasstasuil 4.4 wagendwian fe i

Negative A Positive
Zero

0.5

A 4

-L 0 (A i

e

FUN 4.3 Fladduandnmaiudumm

Negative Zero Positive

A A1 A

05

v

'L O L U!‘

JUN 4.4 dleriduanBnmeiuieing
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el
_ Z{membership value of input x corresponding output}
U= (4.13)
Z{membershm value of input}
7= MU+ U, + LU+ JU, (@.14)

R P

Famwidflediiadu awlindngannatana (Center of mass) wansfagui 4.5

1

5U# 4.5 9ananansana (Center of mass)

= P & w =1 a ¥ a
loed p,, 41, My waz L, Aeitandumnuiluandndiuduny uazngnisniuay gn
ganiuuld 12 vasail

Rule 1: if -1 is Prand i-2 is P 'then output is P
Rule 22 if -2 is P and i3 is P then output is P
Rule3: if i3 is P and i4 is P then output is P
Ruled: if i-1 is P and -2 is N then output is Z
Rule5: if -2 is P and i3 is N then output is Z
Rule6: if -3 is P and i-4 is N then output is Z
Rule 7: if -1 is N and i-2 is P then output is Z
Rule 8 if -2 is N and i3 is P then output is Z
Rule 9: if -3 is N and -4 is P then output is Z
Rule 10: if -1 is N and i-2 is N then output is N
Rule 11: if 2 is N and i-3 is N then output is N
Rule 12: if -3 is N and i-4 is N then output is N
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2 MU,
ey Fuzzy output = fiz—

pat

i=1

4#‘ & 1 = sy
logfl  p, flo Arau@nduwy

1 = < a o af @ &
U, fie Aandniewmmiiduiusivamndndumwn

- - - N =l o s £ = a/ é L H
-1, -2, -3 wag -4 WunsBesdaudeyadunmiai -1 feai g

Feanmsngmsmuveuiledne 12 9o samnseagudouduaunislassi

L71) L+(i—2)
Rule 1: Uld =— 57—, THB ="~~~ Med_U1T=min(8I%,U1B)
2L 1,
A= — 1N d % (F=3)
Rule 2: U24 =————, U2B=—"—— Wa¢ U2 =min(U24,U2B)
2 s 2L
L+(i—3) Lt+G—4)
Rule 3: UId 5 — 5 7 nUBES By Wash U S—min(/8 4,#3R)
215 2L
LAGE=1) L —7e%%%)
Rule & U44=——", U4B=——— Ua¥ U4=min(U44,U4B)
OR L 2L
L+ 6-42) L+(G—3)
Rule 5: §84& <G TN/ NI B T TG (s < iriesd &5 5)
24 2
P (i —c99 f = (=)
Rule 6: Ubd=~————, U6B=—— Ua¥ U6=min(U64,U6B)
2 >
O ®ed L+(i=2)
Rule 7! UT4=" 5%, UTB=—<~ Ua¥ U7=win(U74,U7B)
2L 2L
L= L3 6 N3
Rule 8: U84 =————, UBB=—— Uas US=min(U84,USB)
2L 2L
L—(i—3) L+(i—4)
Rule 9: U94=————, U9B=—"— Uaz U9=min(U94,U9B)
2L 2L
L—(—1) L—(i—2)
Rule 10: U104=——"—, UI0B=——— Ua¥ U10=min(U104,U10B)
2L 2L
L= =25 L ~=if—3)
Rule 11: Ull4=————, Ul1IB=— Ua¢ Ull=min(U114,U11B)
2L 2L
=] =53} E—{i—4]
Rule 12: U124=—""—, UI2B=——"— 4@z U12=min(U124,U12B)
2L 2L
wazisrazlel

Qut rulel = LxUl

56

(4.15)
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Out rule2 = LxU2

Out_rule3 = L[xU3

Out rule 10= -L x U10

Out_rule11= -LxUl1

Out rule12= -L xU12
uay INAUNTST (4.15)

Out _rulel + Out _rule2 + Out _rule3+ Out _rulel0+ Out _rulell + Out _rulel2

Fuzzy = -
Ul+U2+U3+U4+U5+U6+U7T+US+UIF U0+ UL +UL2

4.5 A38319 wazn1Mnaee (Implementation and Experiment)
nMsUsganamaimnstufiagldenigndosunnfigadu weslitoyavedlalsalay
ﬂuﬂunumauaﬁﬂmﬂmammmmmumu FedTamnudsaryiaulas mwmmmﬁmu
Tulufemanias wieduwuietys (Stable) Tusalalsalaviosdossonsuiunanssnud
Gendeluseanisiilve (Bias  drft) - Fufussiedudlelalvalaveglusumisiiatios
g s A A i =y = 2 1 el | a v ol =
(Steady position) 3st3anatAtluweansy FenAseaulnasennaSuduYesATatys
YRR w v :’.(L e & o o 9 vy a au 5
ssundsauialuieatbilviaulvadsilileensiiiiteyestlusuund  Aemsuinvde
8 r." o ar 1 dJ & : )l 2l LY
mMIauvesveya ieidaAlukeanisaulnalvvualy Falnpunilalsalauazlviensmyusa
(Rotation) LUummmmu’m (Degree per second) u.mm'mﬂwmumﬂ'ivmul,wmvlﬂmuu
28n3n muummmﬂmmmaauavﬂﬂimaaﬂmmaam YT R Tt D PP TIE R o
mi"um%ﬂumlmaaumnﬂﬂuululaﬂsaiﬂﬂ LLauuaan‘Lma::un‘su‘umiswmiﬂ'iawauvaa’miu
L%uL%%’i’mﬁmqm'iﬁw.mmé’agﬂﬁ 4.6

Roll/Pitch Gyro. Kalman Integrator
- i
Raw data Filter
_l_*P' Roll/Pitch
Compensation
Roll/Pitch Acc. Fuzzy Kalman
Raw data > Filter Pl Fitter

JUN 4.6 vdenlaezunsuvasszuunsnsesleyaiuwefiavimanisy

NNIUT 4.6 °zJauaﬂuﬁl,mmmﬂlﬂﬁaiﬂﬂavm{]aumammaqmamu wiFavinnTs
duinm snwmumiuumﬁm“lwmluaanﬁaulmawmlﬂma dudeyaduildinandaia
ananssiinuAsuulasenisduasitouduethann iiedoyaludd s
wuMsnsesdyaasuniuseniy Tagldfnsesilatasinpoulnsanuiinanlidedunay
i dshulufuumansesmedinges Kalman  58sezldruubeiiaantalsalay
waTAIIANILTS %&LLNUQﬁ’UEN‘UU?umiﬂ’I‘J{]'ﬂﬂW‘i‘i‘fﬁluvﬂav‘l!aﬂlﬁli‘iﬂiﬂﬂ KaLAIIAMINULTY
wanaRagUTl 4.7
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v v
Read Raw Data Gyro Read Raw Data Acc
A
1
Cycle=1 )
Fuzzy logic control
" Filter
Read Data in Kalman filter \ 4

Kalman filter

Cycle = 157

Sum=Sum+data in

h 4
N
Sum=0
Cycle=Cycle+1 |4 L
¥

v

Gyro=Gyro+Sum Gyro=Gyro+Sum
]

a
-

Y

Y >
Gyro=5Sum . \ 2 /
I Compensate
Gyro & Acc
END

P~ | o as or P s '
JUN 4.7 uruniivesnisinmsteyaiuvedialyalay wasdaianinuiss
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o P2 w w ' v i n}ly P ° e
dawlddoyaUszanamsvesirinmmsiuaglalsdlelud adildaedeaiuming
[y a 2 s for 1 a o Y|

yoweiu elilddayafitavimenisluigndes uaganunsanevausdldetmiaivesms

d 1 =y k24 o at

wWasuwlawimensluretenideiy  uwarudienlaegunsuveinisvnedeyauedivin
' ) =

Aansd waelalsalay wansdegun 4.8

Previous estimate
Roli,Pitch
Gyro Datain| | Calculate o o
Roll, Pitch "1 Roll, Pitch
Y
* Update state estimate
Roll, Pitch
Acc Data in | Calculate b Gain
Roll, Pitch Roll, Pitch Roll, Pitch

d . 1
JU#l 4.8 vdenlaerunsuntTunwseyavesiInmme waslalsalay

wildvihmewrmnlusunsussuutesavnassyuumuainsdudaluii uansdagud
| = Sasr 1 a M o o 1 a o o o
4.9 uarflypdugasfavicminisdu Aedrinaude 3 uau 1 &1 uaglalsalay 2 ¢ tien
= @ . 4« o & ey
yudes (Roll angle) uaszusedu (Pitch angle) nviueiansneslifnfteguuguininis
AUz U ADALIAN

R T

= ¢ a e asay
U7 4.9 vosamaassszuumuALn DUl

KANIVARBIMIUTzINAALLEs (Roll angle) #ldndriarmnusefitaaaansine
vas =
wanslafsgun 4.10
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 Estimnedm
280 - e Smemszae 7

d 1 =l ' o o !
U 4.10 nraUszanmides (Roll angle) AlsandaTaemiss
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P W 4500 5000 5200 5460
JUT 4.10 (dl8) NMUsvanaryden (Roll angle) Aldandaianuise

uazHaN1IMAABINTsUTEANAIRIBEs (Roll angle) Aildannlalsalaufithanasee
wanslamaguil 4.11

T T T T T

Pisl Govessope e dena

— STR fEDAE

ki 1
1000 2000 003 4000 5000 6000

JUt 4.1 nsUszanaripiBes (Roll angle) danlalsalay
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U7 4.11 (sf9) nsuUszanauApndes (Roll angle) fildanlalsalay

i @ . M v Y Il
WAZKANIINABBINTTUTELNMUAYLTEAU (Pitch angle) lanndrinAnnussiitianm
#1199 uandlafiegun 4.12



Tl arerm st daie
Sraze entieang

= i Y i [ o o ]
U 4.12 nsussanamyussau (Pitch angle) fllsandinaranse
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wazNANSNARRINTUTEIMANLNSERY (Pitch angle) Aldanlalsalaufidrsiaseg

wamaldifagud 4.13
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T T T T

—_— Tdomtipimedn
— Bz

U 4.13 nsUsznuAsmseEy (Pitch angle) Mldvrnlalsalay

LaENaN1IYAEiuve Iy afI i wazlalsaleuvesmsussanminyuBes
(Roll angle) uazsiarszdlu (Pitch angle) wansldisissud 4.14 uag 4.15 nachdy
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E - 1
o

1000 2030 3650 4000 5000 6003

1

a 500 1000 1500 mn0g 2500 3000 3500 4000 4500 5000

= 2 1 Lo .
U 4.15 nanmarnLyevestalan1sussunneyuseau (Pitch angle)

i
U  as =

AraMIveaeus MU finsesfledaelnaeulnsa  awnseidndyaasuniud
ndusnmsduasitouvesiineruisseentuldedniivseavinmila e
Ussanaudnauiintuasald Usenausumsudnailuneanisaulnaeenlumnlalsalay vils
inendulatululalsdlay uasisannsavasiildanitanuse uarlelsalay au
Wurszanansmstavimansduiigndes aunsothluldaudussuudusesavima

nsturesssuumuANnstusnluifvasemaguliaudeiulanely
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ANSWRILISZUUUININISTUD A LU A D98N A8
Saudsrulneldnszarusalunuy Chua

nﬁﬂgummaia?Jaqa'nmﬂmuamiumliﬂumﬂu lumsfumdhmneiieguinugd
Uszmarini e oradutlymilunstulieseunguitud LLasﬁuwmﬂmma‘Lﬂamaﬂmm
TunuAdeirianléfinsteniuudin mstudadaouuudy eliafliduuveai fiian
Dudeyaalumseuguvusuiiu annsaviilijusudindeuivudlisuuniues dand
muRuiedygyalasnsdy (Random) sniddtvinsinudyaaean WerhumuAu
firvnenstuvesenagwsaluii Aflmududourensifimeisne q vewemegy
Taidnaudueundy, gmgngaqﬁ, ngwaqmi'a1@LmuLé’uwNﬁuﬁqﬁ’uﬁswaqﬁammﬁsnu
189 sﬁwauﬁ%’&raﬂ'ﬂﬁﬁﬁﬂmﬁwaaen'liﬁuaﬂuiﬂitl,ﬂiuﬂanﬁamai’mungmi'mLquLé'uma
AIvANNsUYeseINAETY uay’lfdafgmmamu Dusmuauiieninistu  ilega
Lﬂulﬂiéﬂuﬂwiﬂiuﬂﬂﬁ“l.%‘lumiuumamauaauwuwmﬂﬂ wasnsruvvune anelu
nmwmwuﬂ LLavLﬂuumwN‘i,uﬂw'ﬂ‘dﬂgummﬁa AT liRgaiudiing
\ndeuTivesiusuATiwv e Sy peaIy ﬂ‘a‘aUﬂﬁﬂquﬁLﬂﬂmﬂ?jﬁmfU”lﬂJﬂ‘J‘UﬂﬂJIﬂEJ
n1sgu (Random) (6] usledhslsfifdyeamunueainduiivareguuuy (7] winnaised
s (8] dumeifuvenjusudildnstausaugiiuy Chua tuamnsaaseunguiduma
naduldinnaidanaenuatoaiunuudy 9 d'm"iiﬁ’&;aﬂ’uﬁlﬁﬂ%’ﬁ’mfgwmmuﬂnﬁmmﬂ
aunTved Chua wludyaamniuny

#1n13Ye3 Chua

dx
=gl y — X B k)
dt

dy
— =blx—y+2z) (5.1)
dt

dz

dt

—cy

Tagdi f)=mx+0.5(my —m )| x+1|—|x—1])
uaE %, =0.1,y, =0.1,z) =0.1,a=15.6,b=1,c =25.58,my =—8/7 Uaz m, =—5/7

<
Wa¥NI¥aIUaIULUU Chua ansnsauanslaluzui 5.1
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§U# 5.1 nsganuesuluy Chua

e dyRIMINaNnses Chua undudiimusdunanisiuwsseimasnulday
Tadutiu wlilunsimusgatmeng (Waypoint) AelufuTiftmusye eIty 7
a1y axdeedululuds ui@dwameardumisgadhwnglmilunaennisdu Seeuns
natwunga e duluauauntsd (5.2)

Target X = (chuaZ+|min_chuaZ]) * (max_X - min_X)/(max_chuaZ - min_chuaz)

(5.2)
Target Y = (chuaY+min_chuaY]) * (max_Y - min_Y)/(max_chuaY - min_chuaY)

Towil
Target X fig fiuvlsvasgatmung o1y Tukut E (wins)
Target Y A fuvtivesgadviang eanmem Tuwua N (uss)
max_X - min_X #ig Limit Area X 558321081198 UARTSTUATMILLT E (WA3)
max_Y - min_Y A9 Limit Area Y 5282181290 UAN150uILYI N (wns)
chuaZ wa chuaY fie Chua’s Pattern Aiildiainauns (5.1)

24
o =

m'imuﬂumiﬁqmamfiﬁuﬁqﬁ’mﬁmmmawmﬂmu’mmuﬁa}su slulumungues
nsdudsiuiaen (Lateral guidance control law, LGCL) [9] ma’lmLﬂuaiﬂumsmaaumaq
omAsy ueme Feavuanseiunisindeuiiesjusuduufiusy mﬂgmamﬁuumﬂu
Gentldnadgdmnglunsiutdudss  Welilionme  dussnusnivuiid
fwun Fanssvumsaegadimnsssyhumnidailfeniseu Susenueniiuil uansis
52
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» East

JUT 5.2 msaheiunussewininsOuldleenueniud [9]

MITEYAMMUIITVAUNEN Dy ey VUEWUT & 1o 9 @nansaudusmdslfann

aunsi (5.3)

TR
DN(k—H) _DN(k) +Vcos| —

4
) (7R
DE(k+1) —DE(]c) +Vsin 7 (5.3)
Tnei
a 1} = A‘L B é’ ﬂﬂ'd’
Dy gy = Fuvinstunlilvisonuanuudiuiine k In o
ar h = 45’ cJ
R = szezUssansflilienniaenu dusanuaniui
Vo = A1u59899 N FIL

=l s

uwazn1smuANNIsU MUY LGCL Miunlduneiiinisswanagadmanglalli
=Y Q’j = LS A
e ey Juluiu sunsoeluneldlawendegun 5.3



North

P
Wh, 12

WPy \

PN-_.-_.--__________________?f' Segment k+1

Segmentk

WP, i

t
Fg
U 5.3 M3auAun1sdamawuy LGCL [9]

Tnef L, Feszuuusuus (m)
o #P(k+1), —wP(k)
4P (TR

we(r+1), ~wP(k),

g £

Vet 14

d =‘\/(XE _Wp(k)g)z +(XN —WP(k)N)Z

[we(k),P]=[we(k).a]+[#,P]
=dcos A +4/L? _d12 sin” A
By =wP(k),, +[P(k),Pleosty

P, =wP(k), + [W(k),P]Si“ng(k)

=] Po—€
7] =tan E[u} ~ heading
Py —Cy
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(5.4)

(5.5)

(5.6)

(5.7

(5.8)

(5.9)

(5.10)

(5.11)
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5.1 #uiiida (Performance index)

Tunsadrgadhmngliornieen  Sulufuiiidmusdy  Sududosfineuiuusdsen
msdulimnzaufunssmanenqadmnefignadidu  Tnefifuusiiddyduléinnen
aunsves Chua Mtusdeamiiaransaiidniulédiu dnvuznistuvesenagiu
%50LLmmﬂ"mﬁ’unﬁm%‘auﬁmaaﬁuﬂuﬁwﬁuﬁu Fasusiidrdlumsuiuudsanasng
AuRansthmuy LGCL uiidusitddie ssosuiuud (), amnudiwesenidey
V), Aupiiigan  warnsdwemAinaunves  Chua  fanlugUvesyatimvang
(Waypoint) ﬁgna‘%"\ﬁ‘ﬁu

msUssdiudseAninmiy sxUsaiiy 2 wdedd

1. Ussiunanisduasaunquitui

2. UspidlunansDudunndlmenefogluiiuil

TnoiimsUseilunantstunsounquituiiiasldsed R Sfide  Smsrduvesiuiii
a1neieny Juru (4,) Aeiuiildusiann (4,)

R=4 /4, (5.12)

o ﬁl} HI o 3 a/ 1 ¥ A 1 74
wazdssdiuitung eaneenu Duldluudazmensud laswlsiuioanduduls 4
du (Quarters) wazanunsnUszliuldnsaunistieaiad

Ry = A,/ 4, (5.13)
e
R Ao iy Tan mensudlas (Performance index of the Qth quadrant)
don fe HuRTlenAe Jurumeniusilng (UAV's trajectory passing in - the
Qth quadrant)
4 Ao ituillunrazmandus (The total working area in quadrant)
@
A=y 4 (5.14)

waznsUsedlunadnuszmsnilsie nsUSuwssAnddnreingaiuaunsiuLuY

- 9] a  w X do ° P |

LeCL  wielvaunsadudumdwsnenglunuiiivue wasaeluszegiainistui
o d‘ = b & 2 3 v 4

fwun eUszdiuwafildlumsiumidwnelagldnafunudmnevaaldiifian uaz

i ¥ =] o = 3 1 &I = at &

Ul 5.4 wamsiuiimldlunisdaesusunsureuianed wasuisiuiioonidu 4 menud

uazimuaamingliminisaum 4 W
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@
Q2 Q1
®
1000 wns
]
Q3 Q4
@

1000 ms

]
=

1 J dd L o s
FUN 5.4 msudsiuiivihnseseu uagnisvegaihvanedmsulrenieenu
AU

5.2 m3dnaawan1siy (Computer simulation)
o o = - ! a 4 a o
wvhnsdtasnslulegldlusungy Matlab oA fiieesveenisiud
wangauvaantludalui lngldaunisves Chua  Jusdweandgaidwangvesnisiu
t:l -] o = ﬂ?{ e‘ ] :} d'd 3
laeisagsinrsdaesnisiuluiiuiidivus 7 1000 was x 1000 wes Tasfifinnsds
1 a s g
ABUNY Yadlusunsudiadl

L=30m, V=15m/s, Run time = 120 min, Safety length = 40 m.
,Max angle move = 18, 19, 20, 25, 30 wag 40 degree

Yy =R L7 o = s&‘ P o o R
wailagniufinadlumaeiiuinnanisiiaesnistuaseurquitudl  Idgndufinaduy
A1371991 5.1

A o = &’ “.
AN 5.1 wan 139182INTUURTDUARUNUN

Max angle move % of R % Q1 % Q2 % Q3 % Q4
18 68.18 64.08 71.41 73.77 63.47
19 67.62 63.19 71.79 72.78 62.71
20 68.53 63.99 73.39 73.53 63.19
25 66.36 64.65 70.75 71.50 58.55
30 65.66 63.71 69.38 69.71 59.83
40 65.08 64.89 67.86 69.75 57.80




Aumimane Tigniuiinaslunisen 5.2

2

o o = v L o] ¥ :J =
wazvhnshassdunumidnanelaglirupndeigsad 18 waz 20 degree Tunisiiy
at 173 A o 1 1 o o )
Junanruvmineg 4 Whvine Ieuiustanthvunesegiu  waskamssiaeinsiy

A9 5.2 wan1sanasanisturunidming 4 whuune

Target position

Max angle move

Time to find (sec)

#1 #2 #3 #a #1 #2 #3 #4
X1 | 300 300 700 700 20 4425 | 315 | 708 205
Y1 | 300 700 300 700 18 438 | 317 | 719 206
X2 | 300 800 700 100 20 3494 | 715 | 1011 | 4203
Y2 | 200 300 800 700 18 2208 | 726 | 1029 | 4283
X3 | 250 500 600 700 20 1900 .| 936 | 257 3467
Y3 | 400 700 600 250 18 5512 | 2% | 258 5 )
X4 | 300 500 700 500 20 30 936 | 1122 | 4762
Y4 | 500 700 500 300 18 30 953 | 1139 | 3402
X5 | 600 400 700 300 20 260 (| 22| | 165 3920
Y5 | 300 700 200 400 18 2862 | 946 | 165 648
X6 | 400 300 800 700 20 LT8Ry 2o N @15 205
Y6 | 600 800 300 700 18 1818 | 300 | 726 206
X7 | 300 450 800 300 20 835 @21y 115 30
Y7 | 900 600 300 500 18 4316 | 329 | 726 30

L7 A a = & M et o/ ] as 1
wiunanmsuiiennaeiu. Turseunquiuiladvgn  Laaeieguil 55 uas feg
wuvemsturesemaeuiauntihme 4 Whwne waasiagui 5.6
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i WA N A= i i
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] = | W \ da . Irud-d
sufl 5.5 Wumensiuese s uiitusseurguituillatingn

0 L I i L i i I i I

o] 100 200 300 500 00 700 a00 900 1000

= 2 1 s o Aa v
JUT 5.6 segaduninisiuveenaunfudumidming 4 Wwvane

TunS AT UUTNNNISDUMEaun1suad Chua fuainiAeus s LR LS Audeduily
o / e T o ci’ x4 . 5 Y I s —_— I &' ﬂlﬂl.
ansvhldR uasdumseumguituiildann fdsenunsafumidmeneiinssaeeguuiuid
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Avuald wazdaunsanaueelulunslieornirenu Juaiansziu WswedfivuausSu
Triduuaziuavmavnulildudnlng wieesnusnwauau Taeludesfiaudedudnlusuinn &
mavuudamiivesveimsduffinasthanndazuands annswedoudlusuasu uas
ansilussgndldiumsvhusuiivnagnsisnams FosndldinalulaBusanis
Ussanananmeeundislunisudamaningls  vsenisaiansziudumtivanefidesns
aelERuifTvun



unil 6
d5UNan1339Y uazdatduauu

nuATImMsTRLsEUURmUAIMsTudaluiAvesemmel fautedul 1unsasien
muaunsty  wazdraenstuluSgadmneiidivun  wasdaiaundmuauiledasin
poulnsa elilumsusuusianuvesinmunuilediandalolnusnlui@ welflumsmun
nsluasIoavesaINIFe Snaunsaimufmueiledasinaeulnsalunsnses
&uusumuiiinannsduasiieusenaisseudidnfiduduidwesemeen Fady
tadudfguesdueiimiamuss Mdlunsimvivnamsiuvesenaen deiedifoya
vimamsduiigndesvauziueglueinia uasdsliszgndlédyaneauiuy Chua Tums
dwnslemasy wagdmemistuluiuiiidvun uaznsdumitne 4 Wuane e
Wuwwimslunmsufialdnuais

6.1 d@5UNan1591884
6.1.1 msdaesnstudaludfveseimeasulSaudsAuludgaithene 12 9a
Tun1smununistudalusifvesonnirenul$autsiul fmuaitedifngdle annse

mununMstulieInIAeuinmIAIG, mngs, vivenstu wagiirnldmuiiFeanns
TagagUnanisiiassnmstudaluRluggalimane 12 Wwmnsfidwunlfaminld fi

6.1.1.1 wavesnImIUANTIEINstuRaRagURl 321 MmuRufianiensiy
aansamuasilioimas wiuluaaufiensiisedsléiduedi Tnsrfanainvesiiananis
fufiintunen  nsfiomesuldtuiaadmnidonsud  emeasudaiuiin
mansTuluigaithvnedely - Sufinrufienainvesirmenistudulusumisiiudeu
ihmng wazimunuiladiandalovesimunuiiamensduflamsenuralufing
WBeoafifeans (Bank input) WAvYARUALLWUINGAY (Rudder input) telwernimetuduly
Tuiemaiidiosnslngaziiuduiduiiv Fadugiuuurssnmsmuauiiduitedaeinaeulnaa

6.1.1.2 HATBINTIAUANAIAGTILANIIGUR 3.22 1aindamunusNsefunsy
(Pitch to elevator) uislildmmigmmieinis wazonimeuansaduluiinuged
fvualifigadmangld nefidmnuRamanaiisadnios defesndn 2 wes nafifiaaw
Aanainvesgunnndt 5 wes  mseaswdsugahmnefiiinnugdlunisduiiiian
mmguansnmiagiuiienerenuduinvseduey  hldRadAawaiavesnigs
nnTwnd  wevdindamunuusziunsduldidunmipsefunstuiideamsduluss
auguinneud  emeuiannsaduluSienugedidesnts  Taefimnufawaiaifiss
wintdey

6.1.1.3 navesmsmuALLLBiuanIfaguRl 3.23 damumidindnufides Bank to
aileron  controllen) vimihfimurspidewsimstulasdinisluiiweshamuaudnbnud
s (Alleron servo) tileliomagu Judeilugigaihmngldnuienis Fumudeign
faAlid 445 saen Juduldnpdesdunndsugaihmnoesiingaad +45
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aammmqmﬂaammﬁ'mma mﬂwmﬂmmsmd 12 3a gnAmualidiwiiliennirenu
Uu‘[wﬂmqmuqmya LLavmmwmwuamuLammaﬂﬂfﬂ"aaﬂu%dmvwmmﬂmw,ﬂaau
Qmﬂmmdwummﬂuﬂﬁw ‘HGG‘]’Jﬂ')UﬂmjﬂLaﬂLLﬂLE]EJ\‘lﬁ’]?sJTiﬂﬁ’JUﬂﬂlmJLElEJx‘]‘lﬂLU‘UBEJ’Nﬂ
Tmaumw@wmmwmmﬂuas
6.1.1.4 Na'uaam'zﬂ'mﬂuLmumﬁ"ﬂumammiﬂw 3.24 mﬂ’mﬂmmumﬁ“ﬂu
(Pitch to elevator controller) mmmwmvﬂuum siun1siu Tmaaqm*ﬂﬂwmaﬂamuau
UNUNNTEAU (Elevator servo) LLa”mmﬂmuﬂmmmuumaiﬂmnmvﬂﬂumiwlﬂm
g 12 Q@lﬁiﬂwumwmwmmmmm + 4 8Im 'luml,muma'\mﬂsnuuum
yauthmneiidesnis u,avmaa%uulﬂmamﬂ’muw’lmv&ﬂﬂia uaqmnuumﬂ'mﬂmmumq
ﬂ‘UﬂEI’IﬂJ'ﬁQ‘UiJiﬂ‘tsﬂ'i.yﬂ‘UﬂTi‘U‘lﬂ,mL‘U‘uaEJ’Nﬁiﬂﬂuﬂﬁ’luwﬂwa’lﬂLWElﬁtaﬂu@El
6.1.1.5 Na"UEJ\‘]ﬂ"l‘iﬁ’)UﬂMﬂ’]"llJL‘i'ﬂUﬂ’ﬁUU“ﬂLLEWNﬂxﬁ‘ﬂﬂ 3.25 famuauarusily
n13Uu (Velocity hold controller) mwmwmuﬂmmmﬁﬂmsmiaamﬂﬂwmaﬁamum
AULIY (Throttle servo) mmmmmummmmmaamﬂmw 30 m/s AdiAANuRaNaIn
W ‘Lw]1mewa'm'mmuuumwﬂfmma LLavmawvLﬂaﬂwﬁmquulﬂswm'ﬂwma
Tl '?Nﬂ’l‘l/ﬂﬂ‘\lﬂLﬂ’?‘lﬂ:ﬂEJ’L‘Vii.IﬁJ‘Wﬂﬂﬂ?ﬁum'ﬂLLIF}ﬂﬁl’lﬂﬂUﬁl’]Lmuﬁﬂﬂﬁ]UU‘Uaﬂa’]ﬂ’lﬁmu ndueg
Turzdufiasiimunaandouwintuls winasIne Mg LUTuRasnsdunsudng
et mngleiudn famuaumLifamsamuaaaE i ufeansiag it
HananaLae
6.1.2 Mm3dnaasnsiuasvsndnluinvasernasiulfaudadu
Tun1smunu finsagnmusumsliuinuhmunivesilediamdedle VOIYA
MIUALUKUIISEAY (Pitch to elevator controller) Tneldamueuilvdaninaeulvsa wax
mﬁwaaamammuﬂmmw%’umué’miuﬁﬁasﬂwa‘lﬁé’aﬁ
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ABSTRACT

The objective of this paper is to present the soft control
strategies for guidance and navigation of autonomous flying
robot by simulating the system of a flying robot. The
robot’s trajectories are assigned in the series of waypoints.
Fuzzy PD+I control schemes are employed and shown the
effectiveness of the design by Matlab simulation program
with Aerosim toolbox software. The model of flying robot
for simulation in this paper is selected to be compatible with
the model of Aerosonde UAV from Aerosonde Pty Ltd. for
unmanned dynamics.

Index Terms— Fuzzy PD+1, Flying Robot, UAV
1. INTRODUCTION

More than five decades, an autonomous flying robot has
been attracted attention for engineers in many sections such
as military, academic and entertainment. Although many
successful applications in military section have been
completed, but academic section is still catching what the
unpublished military know-how. The plant is not only
fascinated to young engineers, bui can also be used for
inspiring engineering students. To make the control
curriculum be practical yet cost effective in both time and
budget, a software-in-the-loop simulation for designing and
simulating an equivalent system of the autonomous flying
robot is constructed. Given desirable waypoints along the
flight plan, one may freely select a control scheme to
stabilize and perform the target tracking with robustness. In
this paper, we use fuzzy PD+ strategy [6,7] which can
handle nonlinearity and outperform conventional PID
version as shown in [1,2,6,7]. In this paper, the control
signal is produced for guidance and navigation having the
model obtained from Aerosim toolbox. The plant model is
an improved plant model of Aerosonde, in the sense of being
more realistic [3,4,5]. Next section presents a brief review
of fuzzy PD+I.

2. FUZZY PD+I CONTROLLER

Twenty years ago, research in fuzzy control was in an
infancy stage. As time goes by, many sophisticated fuzzy
control techniques have been proposed providing the
research area to be relatively matured. Even though the
fuzzy logic based control can be found in many standard
textbooks, but there is still some application in some control
architecture and aspects that may be useful and is still left
behind for the investigation. This paper is an example of a
new application of fuzzy PD+I configuration to the robot
flight simulation. The reason to use this scheme is that the
control configuration can preserve the linear structure of the
conventional PD+I controller, but it has non constant gains
to handle nonlinearity. In addition, the structure can coped
with the integral wired-up effects. The proportional,
derivative and integral gains are nonlinear function of their
input signals, which have self-tuning (adaptive) capabilities
in set point tracking performance. Furthermore these
variable gains make the fuzzy PD+I controller robust with
faster response time and less overshoot than its conventional
counterpart. To begin with, we have

uPD (n)=—uPD(n—l)-f-KuPDAuPD(H) (1)
upm=u;m—D+K ;Au;n) (2)

Kypp and Ky are the fuzzy control gain for fuzzy PD
controller and fuzzy I controller respectively. Finally, we
combine the fuzzy PD controller (1) and fuzzy I controller
(2) together. The result is

Upm (M =upp ) +up(n)

=—up,m—D+K, pplip, (m)

(3
+u;n—D+ K, [ Au, ()

This equation is the final fuzzy PD+I control law and
the overall fuzzy PD+I controller for simulation block
diagram is shown in Fig.1
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Fig.1 Fuzzy PD+I controller

The fuzzy controller design is divided into three parts,
which consists of fuzzification, control rule base and
defuzzification. To fuzzify components of the PD+I conirol
system individually and combine the desired fuzzy control
rules for each of them, we use the overall PD+I fuzzy
control law given in (3). The input and output memberships
function of PD component are shown in Figs. 2 and 3
respectively and the input and output memberships function
of T component are shown in Figs.4 and 5 respectively.

Fig.2 Input membership function of PD
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Fig.5 Output membership function of I

The fuzzy PD controller employs two inputs: the
average error signal d{(m) and the rate of change of the
error signal 7(n) . The output of the fuzzy PD controller has
one output: Aupr, .The fuzzy I controller has two inputs:
the delayed error signal e(n —1)and the rate of change of
error signal #(n). The output of fuzzy I controller has one
output:  Awu b the selection of the control rules chosen for
fuzzy PD and fuzzy I controller are shown in Table 1

Table 1 Fuzzy PD and Fuzzy I rule-bases of input and
output membership

Rule base d(n) r(n) Output
R1 P P 0
R2 P N | L
R3 N P -L
R4 N N 0

Rule base | e(n—1) r(n) Output
RS P P L
R6 P N 0
R7 N P 0
R8 N N -L

The defuzzification process 1s based on center of mass
as follows

Au(u n=

Z{membersthvalueof inpulx correspon&agoutpu%

Z{membershipvalueofinput}

3. GUIDANCE AND NAVIGATION SYSTEM

The guidance and navigation systems are developed in order
to operate as the autopilot which this system can control the
flving robot to be stabilized in the air and guide to fly to the
desired waypoint which updates from the list of users. This
system can divided into two main systems, which are
navigation control system and autopilot control system. The
navigation control system has two main tasks for controlling
the flying robot. The first task is the waypoint generator
which monitor the arrival of flying robot at the waypoint and
updates the next waypoint. The second task is to generate
desirable trajectory for the flying robot to track the waypoint
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for generating the desired heading and altitude based on the
desired latitude, longitude and altitude. In doing so, we
introduce an autopilot control system. The autopilot control
system is the system which can steer the flying robot along
the trajectory while maintain in stable control of the
airframe. The autopilot control system consists of five sub-
controllers. All five sub-controllers utilize performance of
fuzzy PD+ configuration to achieve the desirable results.
The five sub controllers are described as the feedback
control loop of input and output parameters as the following.

1. Heading controller
Input is the heading of flying robot and the heading
reference calculated from navigation control system. The
two outputs are the desired bank angle and the rudder
actuator command.

2. Bank to aileron controller
Input is the error between the desired bank angle generated
from heading controller and the actual bank angle of flying
robot. The output is the aileron actuator command.

3. Altitude to pitch controller
Input is the error between altitude reference from navigation
control system and actual altitude of flying robot. The output
is the pitch angle reference.

4. Pitch to elevator controller
Input is the error between pitch angle reference from altitude
to pitch and the actual pitch angle of flying robot. The
output is elevator actuator command.

5. Velocity hold controller
Input is the error between desired reference speed and the
actual speed of flying robot. The output is throttle actuator
command,

4. SIMULATION RESULT

The navigation control system and the autopilot control
system are tested and simulated by Matlab/Simulink
program using Aerosim toolbox. The tested model is
Aerosonde UAV which mathematical model is developed
by Unmanned Dynamics [5]. The Matlab/Sumilink
implementation with Aerosim block of overall system is
shown in Fig.6

|- | s i
.. ~ ]
i SN S

Fig.6 Matlab/Simulink of overall system
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The simulation results for navigation control
system and autopilot control system of Aerosonde UAV in
the flight plan of 12 waypoints trajectory are shown in Fig.7
to 11 respectively. The gains and all parameters for tuning
of fuzzy PD+I controller are shown in Table 2

Table 2 Control gains and parameters of the fuzzy PDH
controller

Motion Kp Kp Kuep K Ku
Altitude
Navigation 5 0.005 1 0.0005 0.85
Heading
Navigation 1.05 0.000005 1 0.000005 0
Heading
Controller -1.1 -0.0001 1 -0.00005 0.1
Bank to
aileron 0.6 0.0002 1 0.0005 1
controller
Altitude to
pitch 9.9 0.0005 1 0.0005 1
controller
Pitch to
elevator -2.02 -0.0007 1 -0.0009 1
controller
Velocity
hold 10.2 0.0005 1 0.0005 1
controller
= 7 0 W 0
e K :
4} r e o 'l

Fig.7 Altitude, reference input generated by altitude
navigation controller, pitch angle reference, and error
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Fig.8 Bank angle reference input generated by
heading controller, aileron actuator, and error
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Fig.9 Pitch angle, reference input generated by
altitude to pitch controller, elevator actuator, and error
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Fig.10 Velocity, throttle input, and error
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Fig.11 Flying robot trajectory with desired 12 waypoints

5. CONCLUSION

We have shown new application of the fuzzy PD+I control
scheme for a flying robot. As we have seen, the designed
system is effective shown by passing the assigned waypoints
accurately. Nevertheless, real-time implementation of the
system is required to justify the effectiveness of proposed
scheme in real-time environment. The finding is also
implied potential application for implementing flight
simulator using for teaching a fuzzy control class.
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Abstract- This paper describes an attitude estimation of a UAV
based on low-cost accelerometer and gyroscopes. This attitude is
represented by its roll and pitch angles. The accelerometer can
measure the angles between the actual gravity vector and the
measured gravity related to the roll and pitch of UAV.

The first estimation is based on accelerometer which we can take
the advantage of fuzzy logic control implemented with Kalman filter
to estimate the raw data of accelerometer. The second one is based
on gyroscopes by integration of the differential equations relating to
the UAV’s attiude and ifs instantaneous angular velocity. The
results of the two estimations are compensated in order to take
advantage on both of them. The experimental results show that this
system can accurately estimate the attitude of the UAV including the
testing on the vibration platform.

I. InTRODUCTION

The attitude estimation of UAV is its ability to localize
itself with respect to its environment which the angular
orientation of UAV may change along its path. In this case, a
real time estimation of the attitude may be necessary. All
terrain navigation requires at least rough measurements of the
roll and pitch angles to ensure the UAV can fly stable under
the control of an autopilot system. In our method, we use a
low-cost accelerometer and gyroscopes. Roll and pitch angles
may be estimated by using the gravity components deduced
from the measurement of the 2-axis accelerometer, but there
are more forces working on a flying UAV such as centripetal
force when following a circular path. If this is the case, we
need gyroscopes to correct this over short period of time.
This is the main idea of our system. Moreover we implement
the fuzzy logic control corporative with the Kalman filtering
to eliminate the effect of vibrations force on the
accelerometer. The compensation of two sensors and the
final state of attitude estimation correlates these angle
estimations with those resulting from the accelerometer and
LYroscaopes.

In this paper, the hardware development board has been
implemented and successfully tested on the vibration
platform equipped with low-cost sensors. Experimental result
are presented and discussed in the last section.

II. Accelerometer

The 2-axis accelerometer can be used to determine the
UAV’s attitude (roll and pitch).

The 8th Electrical Engineering/ Electronics, Computer,
Telecommunications and Information Technology (ECTH
Association, Thailand - Conference

airplane '

Fig. 1. The relation of the accelerometer axis and gravity.

Figure 1 shows an accelerometer which can measure the
earth’s gravity. The axis of this accelerometer is
perpendicular to the UAV. The angle Theta between the
actual iravity vector and the measured gravity is related to
the pitch of the UAV. We can calculate the pitch orientation
of UAV as follows:

Pitch =Theta + 90°
Accelerometer = cos(Theta)*gravity
Theta =A4cos (Output_accelerometer / gravity)
then
Pitch = Asin (Output_accelerometer / gravity) (1)
For calculation of the roll angle, another axis of
accelerometer which perpendicular to the pitch accelerometer
is needed to determine.

II. Gyroscope

A gyroscope is a device that measures the angular rate of
the UAV in degrees per second. The sensitivity axis of the
two gyroscopes are sef orthogonally. The relation between
the angle and the gyroscope’s ouiput, by integrating the
gyroscope outputs, then can calculate the atfitude angle of the
UAYV as follows:

dy =V,
where y is the position on the y-axis and ¥, is the velocity
along the y-axis,
d(alpha) = angular rate = gyroscope output (2)
where alpha is the angle. Integrating (2), then we obtain

Page 557
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alpha = angular rate = | gyroscope output. Roll/Pitch i
mnan
Ra{\}vy:iZH Filter Integrator 1
IV. Fuzzy Filter System RetUpich
In this paper we use fuzzy logic control for filtering the Roll/Pitch ) ! Compensation

vibration noise of the accelerometer by which its Ace. iﬁ:ﬁ’ e
characteristic is up and down continuously. Membership Raw data
functions are simple triangles and only 12 fuzzy logic if-then ] ) ]
rules create the output of the fuzzy logic which actually Fig. 2. Block diagram of the filtering process system.
vields the angle from the accelerometer _

Input membership fimctions are i-1, i-2, i-3, i-4 and the VL Experimental results

output membership function are Positive, Zero, Negative.

The hardware system described above has been
All 12 rules can be defined as follows:

implemented and test on the vibration platform is shown in

L. o ’ Figure 3.
Rule 1: If'i-1 is P and i-2 is P then output is P.

Rule 2 : If i-2 is P and i-3 is P then output is P.
Rule 3 : Ifi-3 is P and i-4 is P then output is P.
Rule 4 : If i-1is P and i-2 is N then output is Z.
Rule 5 : If i-2 is P and i-3 is N then output is Z.
Rule 6 : If i-3 is P and i-4 is N then output is Z.
Rule 7 : If i-1 is N and i-2 is N then output is Z.
Rule 8 : If i-2 is N and i-3 is P then output is Z.
Rule 9 : If i-3 is N and i-4 is P then output is Z.
Rule 10: Ifi-1 is N and i-2 is N then output is N.
Rule 11 : If i-2 is N and i-3 is N then output is N,
Rule 12 : If i-3 is N and i-4 is N then oufput is N.

And,
12 Fig. 3. Test platform in this experiment.
Z - A Figures 4 and 5 show the estimation of the roll angle from
| the accelerometer and the gyroscope respectively. Figures 6
the fuz A\ ety > ) )
o uzzy outpu 12 and 7 also show the estimation of the pitch angle obtained
Z A from the accelerometer and the gyroscopes throughout the
) motion respectively. It can be seen that the vibration noise
i~ from the accelerometers and the gyroscopes can be cancelled
where [k is the input membership value and looked pretty good relative to the movement of the fest

Aji is the corresponding output membership value, and platform.
i-1,...,i~4 is the sequence input data at the 1st iteration to
the 4th iteration.

V. Filtering Process System

This process system is mainly important part for filtering
the sensors’ raw data. And the Kalman filter is an iterative
filter that can predict the desired output using simple linear
calculations, For every iteration, the Kalman filter will
change the variables in the linear model a bit so that the
output of the linear model will be closer to the second input.
Fuzzy Kalman filtering architecture for attitude estimation of
the UAV is shown in Figure 2.

Fig. 4. The estimation of the roll angle from the
accelerometer.
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Fig. 6. The estimation of the pitch angle from the
accelerometer.
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Fig. 7. The estimation of the pitch angle from the gyroscope.

In the final state, we compensate the roll angle and the
pitch angle from the accelerometer and the gyroscopes 1o
achieve the attitude estimation angle as shown in Figures 8
and 9,
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Fig. 9. The compensation of the pitch angle estimated from
the accelerometer and the gyroscope.

VII. Conclusions

This paper describes the implementation of the fuzzy logic
control for estimating the attitude of a UAV which can
employ the autopilot system under the vibration
environmental platform.

However, for more accuracy of the attitude estimation
system, it depends on the tuned weight of the accelerometer
and the gyroscope to gain up the results in the compensation
process. Further work is currently being developed on the
ilight control system to be completed for the UAV’s system.
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Abstract. This paper presents the soft control strategies for automatic landing of Unmanned Aerial
Vehicle and simulation the result of controller. The soft controller parameters can be modify and
show off the results response of control surface of Unmanned Aerial Vehicle which can fly to the
desirable waypoints along the flight plan, one may freely select a control scheme to stabilize and
perform the target tracking with robustness. The main control system of Unmanned Aerial Vehicle is
developed from Fuzzy PD+1 controller with auto-tuning gain parameters and the simulation is carried
out by Matlab/Simulink simulation program including with Aerosim toolbox software. The model of
Unmanned Aerial Vehicle for simulation in this paper is selected the model of Aerosonde UAV from
Aerosonde PTY LTD., which is developed mathematical model by Unmanned Dynamics.

Introduction

The Unmanned Aerial Vehicle (UAV) has to be produced a response that is accurate and fast despite
serve variation in the environment of target. Hence the challenge for autonomous design is to produce
closed loop simulation used to control to stabilize the UAV and navigation controller can guide UAV
to flyable trajectories in the series of waypoints along the flight plan. The critical control of UAV after
finished the target flight is automatic landing. The design controller synthesis techniques is
implement by Fuzzy PD+I with auto tuning gain parameters for automatic landing purpose and the
fuzzy controller for landing system is guided by the experienced pilots which emulate from manual
landing. The Fuzzy PD+I can be response much faster than other conventional controller. The
simulation signal is produced for guidance and navigation for automatic landing depends on the state
variables which produced from Aerosim toolbox and the proposed scheme more realistic plant model
of Aerosonde has to be taken. First of all, it is necessary to take into account nonlinearities of the UAV
and to consider the guidance and navigation for automatic landing system is inherently nonlinear.
Examination for over all system is provided by Matlab/Simulink program including with Aerosim
toolbox. The results after auto-tuning the gain parameters is shown that the performance of Fuzzy
PD+I controller can control the UAV for safe landing.

Research Problem

The objective of this research is to develop an automatic landing controller which can autonomously
land a UAV. During the normal flight of landing that requires the aircraft to land which must be
control surface and avionics control so that the aircraft is still able to maneuvers to a desired landing
position. For landing procedure normally the expert pilot will control the aircraft by human piloted
platforms and observe the action of aircraft by maintain the speed, roll control to maintain wing level,
glide slope the aircraft and estimate the descent rate to match the distance to landing point on runway.
The distance that the aircraft can glide is dependant on the altitude and lift to drag ratio of the aircraft.
If the aircraft is higher altitude than another, the descent rate should be higher also. That is the
different of glide angle depend on the altitude of aircraft while the aircraft is landing. The pilot which
has more experience can approximate the glide slope of the aircraft suitable to the distance to landing
point and wind effect must also be considered which it will effect to the desired landing position.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or br any means without the written permission of TTP,
www.ttp.net. (ID: 110.169.214.206, King Mongkut's Institute of Technology Ladkrabang, Bangkok, Thailand-08/04/13,15:46:27)
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This research is to develop the automatic landing controller that tries the thinking process that the
expert pilot goes through during landing the aircraft, enabling the system to autonomously land a
UAV in the desired position. This research is proposing the Fuzzy PD+I with auto tuning gain
parameters technique for automatic landing purpose. This research being proposed is a new area in
UAYV development and this work will be the starting point for research in the new technical approach
in the future. The automatic landing controller will prevent the UAV from causing property damage
when landing without expert pilot and finally to save the UAV itself. These points justify the need for
this controller to improvement the UAV performance.

Literature Review

There are more some well-known studies on the use of fuzzy logic control for the flight control path of
UAV the study indicated that the fuzzy logic control is very suitable for the tasks and can be easily
implemented to the controller. The development of fuzzy logic of an integrated system by using
conventional fuzzy logic and adaptive neuro-fuzzy inference system (ANFIS) [1] is to be integrated
system that reduces the agility of the aircraft when any component has problems by adjust the gains of
the PD and PID that control the autonomous flight system. The design and implementation of a fuzzy
inference system that is response-driven and can be use for sub-optimal tuning of PID-derived
Controllers of a simulated autopilot [2]. The desired response behavior is identified by the user and it
utilized by the FIS to tune the control parameter. This system also has a generalization capability to
tune a number of aircraft with different performance characteristics. Auto-Land Controller using
fuzzy logic [3] has been designed and implemented to the LERUAV for the landing phase in the
Real-time Simulator (RTS) at ADE, Bangalore. The design approach adopted is to harness classical
controller synthesis techniques for inner stabilization loop and to design fuzzy logic control for outer
loop controllers based on rules derived from the controller strategies used by the experienced pilot.
Fuzzy logic control can provides approximate solution to complicate control problem via the use of
fuzzy rule base expert systems focuses on the nonlinear control which operating effectively in the
automated landing of UAV [4] which combines elements of human pilot intelligence with landing
knowledge. The design a controller with outstanding performance and stability during landing phase
of flight in presence of very strong winds can be approach in four different types of controller
(Classic, Neuro, Neuro-PID and Anfis-PID) and the result of flight tests with this controller a mixed
Nuero-PID of Fuzzy-PID controller has a better performance in comparison with the controller which
are based only on classic methods or only on neural networks methods. Fuzzy Logic control can
implement with neural networks and genetic algorithm to improve the performance of the
conventional automatic landing systems as its study in [5] and the proposed scheme can successfully
expand the safety envelope of an aircraft to include severe wind effect while landing.

The review of above mentions research mainly cooperate with fuzzy logic control for landing
process and the main focus of this research we implement the automatic landing system by Fuzzy
PD+I controller with an simple auto-tuning gain parameters and simulate the results can be shown in
the very graphs in summary.

Fuzzy PD+I controller configuration

Twenty years ago, research in fuzzy control was in an infancy stage. As time goes by, many
sophisticated fuzzy control techniques have been proposed providing the research area to be relatively
matured. Even though the fuzzy logic based control can be found in many standard textbooks, but
there is still some application in some control architecture and aspects that may be useful and is still
left behind for the investigation. This paper is an example of a new application of Fuzzy PD+I
configuration to the robot flight simulation. The reason to use this scheme is that the control
configuration can preserve the linear structure of the conventional PD+I controller, but it has non
constant gains to handle nonlinearity. In addition, the structure can coped with the integral wired-up
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effects. The proportional, derivative and integral gains are nonlinear function of their input signals,
which have self-tuning (adaptive) capabilities in set point tracking performance. Furthermore these
variable gains make the Fuzzy PD+I controller robust with faster response time and less overshoot
than its conventional counterpart. To begin with, we have

pp MW=—tpp D+ K, ppAupp 0 (1)
uym=u; m—DH+K,;Au; ) (2)

When K, and K, are the fuzzy control gain.
Finally, we combined the Fuzzy PD control law (1) and Fuzzy I control law (2) together. The result is

=—upy, =D +K ppAupym+u;m—D+K ;Auy ) 3)

This equation is the final Fuzzy PD+I control law and the overall Fuzzy PD+I controller for
simulation block diagram is shown in Fig. 1
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Fig. 1 Fuzzy PD+I Controller.

Automatic landing with auto-tuning gain parameters
The main tasks of automatic landing controller are performed to the roll control, desired heading to
runway and auto-tuning gain parameters of desired pitch angle for the final leg of landing which
relatively to the desired descent rate of UAV. The technique of tuning gain parameters [14] were
designed using fuzzy logic base methodology by using the error and rate of change of error of UAV’s
altitude, which generated from the simulation and the set of fuzzy rule base was formulated to
decrease or increase the control gain parameters k,, k; and k4 of the automatic landing controller. The
fuzzy controller for landing system is starting from the point (latitude/longitude) to landing which 1s
far from touch down the runway in the amount of meters which can be calculated from the formula of
distance to landing point, dianding.
dianding = acos(sin(latl) x sin(lat2) + cos(latl) x cos(lat2) x cos(lon1-lon2))
Which

latl = latitude of UAV

lon1 = longitude of UAV

lat2 = latitude of landing point

lon2 = longitude of landing point
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And the completely of fuzzy landing system is showed in the block diagram as Fig. 2
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Fig. 2 Block diagram of automatic landing with auto-tuning gain parameters.

Analyzing and simulation

The navigation control system and the autopilot control system are tested and simulation by
Matlab/Simulink program including with Aerosim toolbox. The tested model is Aerosonde UAV,
which mathematical model is developed by Unmanned Dynamics [11]. First of all for design landing
system, we collected the useful data of which it’s landing by experience pilot. The test UAV model is
similar to physically shape as Aerosonde UAV which is shown in Fig. 3

Fig. 3 Testmodel of UAV (left) compare to Aerosonde UAV (right).

After we analyzed the data of test UAV to perform the fuzzy logic controller, thereby we
summarize the control gain and parameters of fuzzy controller for navigation control system,
autopilot control system and landing system are shown in Table 1.

Table 1 Control gain and parameters of Fuzzy PD+1 Controller.

Motion Kp KD KUFD KI KUI
Altitude
Navigation 5 0.005 1 0.0005 0.85

Bank to
aileron
controller

0.6 0.0002 1 0.0005 1

Altitude to
pitch

sontialler 9.9 0.0005 1 0.0005 1

Pitch to
elevator for
landing
controller

-0.7 -0.00007 1 -0.00001 1
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The Matlab/Simulink with Aerosim Toolbox of overall system is shown in Fig. 4
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Fig. 4 Matlab/Simulink of overall system.

The simulation of overall systems, firstly we simulate the navigation control system of Aerosonde
UAV in the flight plan of 12 waypoints which the simulation results of controller and the trajectory of
UAV are shown in Fig. 5

Flying robol lsjectory snd Spacifisd WayPoinls

Lorirr) Ui

Fig. 5 UAV’s trajectory with desired 12 waypoints.

After the satisfaction of navigation control system and autopilot control system, we simulate the
automatic landing system of UAV at the altitude of 120 meters which heading direction to the take off
point, and the simulation results are shown in Fig. 6 to 8 respectively which UAV can landing safety
to ground.
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Conclusion and future work

The implementation of Fuzzy PD+I controller for application of Unmanned Aerial Vehicle which can
shown by the results that UAV can flown stable and be passing the assigned waypoints accurately.
Furthermore, Fuzzy PD+ configuration has the fast response to the state of change of characteristics
of Unmanned Aerial Vehicle which is the nonlinear model. The auto-tuning gain parameters method
which present in this paper can adjust the gain parameters of k;, ki, and kq to decrease or increase
according to the moving of desired altitude set point of Unmanned Aerial Vehicle and the simulator
can show the results of UAV can tracking the set point target while landing phase. Moreover, to
compare the results of simulation Unmanned Aerial Vehicle trajectory and the tested UAV, we can
found that at the level flight altitude of 120 meters, the tested UAV and simulation Unmanned Aerial
Vehicle (Aerosonde) can landing to the touch down point with the spend of time equally at
approximate 35 second which it can show that the simulation Unmanned Aerial Vehicle (Aerosonde)
is more accurately model. However, further refinement of the fuzzy rules base is desirable for the
improvement in the performance and analyze the Unmanned Aerial Vehicle dynamic stability which
is valuable information to learn about airplane dynamic stability and problem identified and solved
before Unmanned Aerial Vehicle is flown. Nevertheless, real-time implementation of the system is
required to justify the effectiveness of proposed scheme in real-time environment. The finding is also
implied potential application for implementing flight simulator using for teaching a fuzzy control
class.
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