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Adgaicr— Hexicopter bod el of romne-aing Lo ned
Arrlal Vehdde (UAYE which has 6 shv rotors wiih flsed pdeck
klades and ponlineer characterisics. thal ceuse controlling the
oiticede of bexneopler is ot I8 tds paper, Modded Elmes
Hezorresd Beoural Noiwork {MERMNY} b ased o control aonouads
apal plisinde of Heavw-l0 Hesasopier to ged efier perfarmanse
ik Elman Recurrent Sewral Sebwack ([ERNNE This Madified
Elimdiin Fisddicin NMewrdd MNovwerk hos o alil-lecilmsh W ek
provides a thnamis trace of the gradients in the paramsseter space.
In ihe solFfeodbasch. the galn recifldems arc tralned  as
vopnection weight, This cenneclion weidht could cihange the
plsplakilicy of Elman Berurrent Mogral Netaark oe the thme
virving system, The Night date are taken from 6 real fight
erperiment, Hesolie show thet the Wodilied Elmpy Becnrrost
Moenral Netwerk can increase perfsrmande with small ecrer aod
penerine @ bl respease then Flmon Heurrent  Searal
Metwark.

e et Taverse Coureol; Blwon Becorres Seara!
Mevwurs;  Neww-ME Nevacoprer;  Wallled Ebwar  Bemnrew
Aol Nehwnnk,

I PNTRODUCTION

The hemacopaer has been developal and stdied o this
decade due to s advaniapges amh os vertical dake-off ond
Famdmg W TOL) maneuvers, and bover 1, 2] The hexacaprer
hes six meotors e actustors widls prapellzrs which ire meenied
on o ngid body frame making 120 degrees of angle @om cach
olhes, The Propellers of bexacopder luve three seis of
clockwise pnd  counber-cleckwiee,  Bach  propelier of the
hemiopicr privkes an upward  tiest by pressing i
dowavani. The ongelr velwity of the rmiors cm be
contiolled hased on this propeller configursion. The other
pdvimbages of this hexacopter am the gossibility of magaging
e 0F ol molor fachires asd iy abhle e DY mean
pavicad1-5]. Une of the man =ae relsied do the wse of
hexncopier i amifuile  and  alitods  eondrel,  Howewer,
vonimalling the hewscophr s mat msy & 1 ks Be sonlnear
systen. multivanable asd coupling parameters pwd wesinble
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systemslis, T Thereliwe, o s impornmi s obien & precise
condmller of @ hexacapaer i oeder b overcnme the: problen
and perform the missioes,  Rescimchers have studied sy
mirthods s walve e problems ol hexscopier contrinl systens
sch 2 FID[R], MID-LORS), Back Stepping contmal[10§ b
e methads have lemvilatema 10 be warking o8 o neilinear
sysdem. The other methods Lo fxy logic[ T ond MNewal
Metourk[3, 12] hove beew developed o sohe the problan of
camdml hesscopler. These nmethods especialy neurl network
can work with the nooliser system omd adaptive o the
envimmmer.  Ino the proevicos work, costral of  hess-liR
hexacopier using Mewrnl Nepwork has been conducted. The
Hewmnl Metwork mieg Elman Fecurment Meurml Network
(ERMNM) aloritkmn as leaming algorithm s similar o0 e
Backprepagation learving mechanizme The Ehlvan recarres
neural network (NN 6 o subgrow of eewrent nefwark neode]
2 ks o oadifitom] laver wsed 0 memorize previos
activatioms of the hidden newroms e feed woall the dden
avurons after the ooesstep ume delayved. The Elman Becarres
Wewml Menwork hag besn mucsessfid 1o contnl  heay-lifi
Bexacoper and show a good regponss and small somor on e
med deta given|3].

In this paper, the Modifiel Elman Becurenn Mewsal
Metwork is wsed to bmprove the performanes and the dynsmic
chareerisies  of Bl Bocument  Meral  Meraark @
cantullmg  heovy-li#  Besacopier. Thie mosEfication s
performed by adidizg 2 seli-feedback connection with the fxml
gin on the context laver, This self-foafback cavses the ol
mERn yer ol a e & cgeals 1o the onpun of h&den lover g
k-1 time. Therhors, it cosld mumse doemic characeristic of
e wpsiem, und ceavergence speaf] 13] Modifisd Elmam
Recarem Mearal Metwork has bees wed a8 cnirolkr
perment mognet synchronous generalior (M50 sy=tem| 1],
predicion rerwork ieaflic] 14, and Gl dlagnosig 15],

Thas pipeer @5 ormnized as follews Soction | desoribes
miroduction. Seotion 2 deseribes the hewvy-lift hesacopier
manie], Section 3 desoribes the direst inverse control el
aelworks veng the Madifiod Elman Becusrent Meomal Meatwork
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(MERMNN feaming alganthn. Secnon 4, cuperimens reeol
usl nmilyse of the dewlopsd eminlic ef ik heavy-hil
hexncapter in eondueted ond preented. Too sum oo oo
summary 5 presemed mthe st secbon.

1. MODEL OF HEXACOMTER,

A Dhmawic Mol of Hevpoupior

The d:.-l:dl'ﬂl.l:‘- chargeremeale  briefly describss  amgess
hexacopier according o the geometry af hexacopier This
hexacapier coasisls of six roars lecabed cathagemelhe ad fixed
body frame showmin Fig 1. The combiration al” the pair mdoc
kes e moesimens o hexaooper Lee Baoll roladion
wmwoand the X axig), piich movemenst fmafion amond the Y
anish, yuw irolation about the £ oaxish Hell movement s
phizmed when the balarce ofrodors |, 2 and 3 doed, 5 and )=
changed |speed inoreses ar decreasesh FUch movement s
chizmud when the balencs of the spead of the elom 1 nd & {or
3l 4 isﬂmmﬂm:raw movement 18 god when by b
mmulimen s change of speal ol e mpdoers (L 3. Shari2 &
Bl

& Eemewmriie of Flevacepier

The kingnntic charseteristie is o comnoetion batsgon fixed
bmby lrome azdd cardh inerizl frame. In Fig 1, the fnume
sirwciure of hexacopaer nnd mtation directien of the rotors are

ilmsrased. From this figure, it is som ded hesacopta motion
hax twn refoence systome Lo bedy fxndd Bane wud cardh

mirial frome,

Eady Fimd Framm

g | Tho srecivre of hiessoopicrimd s frone

The dircetion of msobor refaton and e aienution of ke
hexficopier is precentad in Fig. 1 Ir ghnwve theee Baler segles,
namely roll enghe 4, pirch angle 8, and vaw angle w ot is &
foam ol wector = [, 8, )" Veotor &= [k, v, 2 f dhows the
posinon of he kespcopier inhe Inertind frams, Therehone, the
pran sfoemadion mairia of the kodv-fixed frome (B) 1o the corh-
ficed frame (F) and q@@mizn motmyis ohained hy:

AT e ik
Fm g m
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where a0 00 the hexscopoer's agular acoelerations in
e B axix, while § | # are the hesacopler's linear aceelembans
m the Foawie, g, e Are the monmenie af bedy imertio an e-
axia, g e dhe gy spoed. sl moas dbe mam of e
hemacopier,

e e e e e ———— Poa

. 2. Blouk Dty o MReavs- KN Hescopoe: Cons Srdem

Bileck disgram of o cantzel System for heavy=1ift lexacopaer
o yeneral d.-ph:"!l.'d la Fiy, 2 The noall (o, gride s 01F) sand voow g
mavement of beavy-lft bexacopier are contrelled by atide
ot e the vl s e i referenee sae similine. This e
called the e loop control. Bat the outer Inop control is wseed
e comrol e x and o emaens which directly depbets the resl
prsiion oof thee Beavy b hezacopler,

M. DarECT INVERSE CoNTROL BASED 08 ELvas RECURRENT
NEL AL METWORK

A Breed rverse Condral (0RC

Moumul Motwoerk Dired owerse contral [MM-DIC) s b
amplest salution for cantrol of a nonlinear system thas coasiss
of comnecting in serics the inverse madel and the plana The
dynamic properics o eliminaded by trmizng on the e
ikl ms brveried o dbe pland] DA, 17]. Thos, il mabkes (e ingrsd
of the twerse madel 1= cimibe 10 the destnel ovped plant. Ti
cansad the mverse modul Ametion ns o controller that mukies o
amibr respons: o the given reberence sipmal. NR-DIC congst
of sy keniificution ond en invorss meedsl, Bl disgrom
ef the meamal noteasrks based dimoct mverse combrelber schamg
(NM-DICT 5 prsemed in Fipe 2 5 seem m dhis Apee, MH-
DIC scheme mn be oxpermestally somulated by usg a
systcin ideatificebion wnd s inverse model asd Fig. 4. show
mniming configurston sheme of syalcm wbificaton el
mvenss model
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Fg 4 Tanimg comilljieilien odhotic &) s lkenabiee, bl linem:
male]

8. Efoen Recurremd Nearal Network (EENY)

Efman Recement Newrul Metwook & developed by Jebirey
Elnen o ane kind of globally foedsfonwant locally recurmen
netwnrk model] 18], Elmses Raousent Menml Metwork { ERBM)
comssts of four layers, L6, m mput Tver, 3 condesd Bayer, a
hidden layer, and an oetpud loyer. EENN has Been macely
rescarvhad for the purposs of sysiom identification. predisting,
feult dizgnesis and ferecasting]15, 1%, Fiz 5. shows the
mhicomre of Eliman Becurmen! Neweal Nelwrk .

MpuL it | T)

Fg 3 Ewren Becwrrore Meeral Motwork Amchae: bire

Ax shawn in Fig 3, ERNN can be considersd to be a
epecinl type of mewral neroork with connectioes fom the
bidlen faye e ahe fomext lover Tie ¢oslex) laysr s an
plditionnl lnyer fhat fancrise: e 0 mewory bomemorize
previons actvitions of the hdden loyer and w0 food all the
hidden laver after the ane-siep tbme delay. Therefare, ERMN
has 3 speciol explicit memory 1o seve the empoml infmEcion
2t pandexd loer. Furthenmors, FEMMN can spproasmaie
high-omder dymumic systiemms: ond = converge speed = fist
enaugh. Giiven fram the Fig. 5. that the inpan & xik)y, the ougpm
i yink| i) ard the toal ingue fo the likden layer i is zinitkl

Wik e ejustions of e aechilec s &

E R (A B T 1] 4

1

= (kb= _||'I:_| i i3
CE)=aik-1) 1]
3
_|l_l|;E|.._|l-|:|_-|I.| ‘ ]
whirre wy is the woights ol the hiddon hiyer (o the outpst
yer, wg i the welghts of the comext Laver 1o the hidden kyer,
iy i the weights of the inpat layer o the hidden loper and Fis
o pctivahen funcisim e ha bodden over, The ERNBR ramming
= similar 1o the back peapagaten tramdng. In beiming elgorithm
of ERMM, the training wis dons iemabvly by minimizing B
resuhing emor £ or fwe differezce between the acbual outpet

k) and e oulpad genssmied by the swetwenk p,a0 B exprossed

sl

i 3
Ey == k1=, L

Besed om the em; value in eguation (8], the weights of
ach lyyer can be melified by the Rllowing egetions;

L3
. D {-u#m -_L-I,du-|]-:||..u (¥
"'.:.-"': L]
—'l—l“ [ ] T
s ==y kb= p  Abhw = e i)
Ly
b e
'-—':l TN |l:l|1| ik =1j I (L
Wl =1p 4 m o -0
k =]
Whaere %) L {12

O A R
LY
b= i
by | 1]

The gpeaeral weight modification in the grafient desces
mithad is:

HF;
A= —j—L (15
ik
=,
.ﬂ-':l,-u-mn.lll -I:*H.n.-JIH (hap
o )= b=, G P 1 2k (13
Ay JK o g T L O, (= e = a6

wiere 7 ks e learsing raie value,

L Moditiod Elwau Becwerent Mewra! Netword (HERKN

Thee moddified Elvan sstevrk is o typse of recemen neuaal
aetwerk with four livers eof newrans e, the input leyes, the
Bidden loyer, e comest byer and s o loer, The
WMERWK differs fram the original FRMNY by baving seli-
fedhsck links with fixed gain in the cosfest laer Fig 0
depicts the madified Bman network.
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Fig f b el e e Moirl Mook foriolsmin

Fig 6. shows the self-feedhack ({] in the contest laver thet
has walue % @ o= T, Wihen tee gain 3 5o, the MERNN is
idustical to the aripinal ERNM, In thic poper, the value of § =
0,08, Genemlly, equation MERMNM |5 similar so ERNM, but i 15
differest n comext [ayer m MERMNMN use self-feedback (Rl the
eqpiatans of the amhileciore MERNDM ar:

Lo M= B =T A v, = e ) {1
= e (L)
£kl == k- b+ @z k-1 L
. _ . Lol oy L
g U= Doy (R —1)2 (k) (26
Whike rmning sgorithm of MERNMN
Bet LK = ALy L0 1 (2 0 {2k
Au (Ep=my ik —x ke 1 — s ek {22)
) ik, 123§
Au, = 8= pa e, [k =1f——
oy D 2 )= i Bl =1}
| (2d)
au, ik ~1) Fa.rpAk)
Saibarivate {24) into (P9 gives
ir f ar, ik =L} (35}
- -l e
s L e

Eguatica {15} can proside an mfiaite mnpulse regponiz.
This is the eason wh the MERNYN wan able tn maded higher-
order dynnmic avsiems,

1Y, ExPeriMENTAL KESULT

In this research, experiments are done by using resl data
Might of a heavy=IN Iesncopier el consist of one sas (i
ruinny and others for besting. The maiming of reat fhalt daia
using the Bechpropapation sfgosithm ia identificstios system
ned dhe ERMM in iverss medel, The newml nefwosk
canfigumbiun for this wentification systam s (e plant meode)
wonzats o mn impul layer widh 26 acurons, o hidden layer wath
35 mearons and m papet bser with 4 oeurone While, the
cenfigumtion af the imverse: model comsists af o zingle inpm
Laver. a sinple hidden layer, smd & gngle outpat lier with 24,

33, el b neroma, respecively, P T, Shows the best iesult of
sdentification Enininy that reoched ds comvorgenes in S5, 000
epoche angd the abbties] Mean Speare Eror (MSE] for this
muining wis 4500 x SF On the lesting stage, the ohizined
MSSE was (35

— Dby

¥ u—mﬂ_ﬁ

IR 2 W oy HR R
"ich

| Hn WD

g @ N = M
i,

P T By iden lifcson Tes Hopmas

Tha tesst resuft For the ioverse midel is shown i Figers B,
Tiee wnlsidig sequised 7.5, 00 epohs 1o produce o imineg M5E
of 0J97 and MSE of lesting ix 00820

L "

el ey

Fap. d tvwse Model Test Fecperees

Testing of NN-IMC done afisr the weight of the trmnng
and t=siing of aystém  idemification and inver=e model =
chanined. The resul of this test i depectad in Fig 9. el Fig
Il The Fig #. rofleots thin the owpans of the simulatsd MR-
DIC wish ERNM algorithm shown inored comves are m gond
agreement with the real dight vest dotn sheswn im blae curves
bt an-a wall, pisch and vaw movemant, there (g a small enrer.
The valee of Mean Sgunre Bror (MSED is Q0256 The Emor m
mll; mitch e yaw mevoment is 388 depree, 5,26 dogrev, nmd
5% deproc respoctively. While Fig. 10, show nesult msponsc
sewf M-I with MERNM algoaithm. The ouigut response cam
{ollowr the neal fest dsln alteough there is o small crmoe @ nell
muvrrgml. The sawlue of MSE 1 0009%, Emer o mef]




movement 15 558 depres, prich mevemsant 15 5350 depres md
yaw mevernent is 4.3 depce,
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The wber Beus in theis gaper b5 alviede, Boah algorihoms
shoaw a pond response and can fallow the real test data. The
highest pesition of altinede can reach by all of the alporihom
ahismigh there is o small smor at the beginming 11 & sl hy
Imitiatizing wihen DeavyeLi bexamapier sans i Oy,

Vo Coaomns

In this pagpe, I.'I.'I'ﬂﬂllhII! the attitinle cheeloristies of o
heavy-lift Bexacepter using newrnl mebwarks hased  direct
imverss control sysem is developed. A Elman recarment newral
networks amf Modifiad Elman raumrent neemal netwark s
uilized leenving mechanism. Experivests combused i
praving the prposed algoartim rould improve erlsmance
conboller. Climan Recurremt Meosal Network (EREBNER) amd
Moclified Elman Facurent Bewmal Mobwark [MERMM) an be
uitlized by comrod the stiude of o heavysNif Bexicopeer with
bew' crror und poed svstom weponess,  Remls slow tht the
PMERMNMN  algorlune has Towee slitede sx]  alhinde - oo
comparz with that of fhe EEMN algporibme  Further
enperiments are cinducied in oeler do myestigabe, implamen

] arpilyes ihe MERMN alporithn te comml maneusers of
ligskwie =N Tigaointiag s,
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