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ABSTRACT

This thesis presents theories and control system design procedures for
quadrotor system. The structure of the quadrotor consists of frame, three-phase
brushless DC motors, propellers and electronic speed controllers. In addition,
sensors, microcontrollers, and interfacing circuits are installed to control the
quadrotor. The goal of this project is to design suitable compensators in order to
control the quadrotor to be stable and robust to external disturbances.

The project is conducted in the following steps. First, the supporting theories
and derivations of the mathematical model of the quadrotor are studied. Secondly,
experiments for finding lifting force and torque of the motors are conducted. Then
necessary electronics circuits including buck converter and microcontroller and
sensors circuits are designed and implemented. Next, compensators and
complimentary filter are designed. Finally, the computer program written in C
language is composed. The data from the sensors are processed in order to compute
the proper control signals to maintain the stability of the quadrotor. The
experimental results show that the quadrotor can be controlled and stabilized, but

oscillation occurs around the equilibrium point.
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wazwUasdin

’Lu‘EmmuﬁlﬁnmmﬁmUﬂummﬂmué’ﬂuﬁ’m (Quadrotor control) §adufeghed
thaulalunisfin Tasagyiniseurulifermasuannsafiosnssireg tld

1.2 daguszasalunisinlaseany
L. yhmsnesesuaz@nuinisaiuaugunsal
2. MMSANYILAEATUALININSIVBIBINAEILALUWR
= o I X -
3. Anwinsld lilaseeulvsaiass (Microcontroller) WiiemuALsEUY

1.3 SumsuNIsANYILaTNNTTaYinlATIIY

nMsAinwszuuAmuauoINIAeudluRe fomsunuuasmsndamanius
wemasliinszuanswuulsuuseanu (Brushless DC motor) LazwuusIaomIsAdaaans
v301MAeuElun (Mathematical model of quadrotor) Lﬁ@l“ﬁ@@ﬂLLUUi%UUﬂ’JUﬂM ey
llulaspoulnsaiasslunisiuadudsen 9 uasduadyaumununiuimsaseils
ponuuuli Lﬁa‘l,ﬁmmﬂmu?{'luﬁ’mafmwnwwﬁaaaﬁqlﬁ

=y g

1.4 sngazidenvasUTyinug

= L3

Wamiaznanluvigainusaduilusenaume

i}
= w

unit 1 umih nahdeingussase Funounsiinu wazmsdavinlaseny nieu
TazBunveIUsyalnusveaazun

il 2 nquuazanudiieides namwannsuagnguiiieideddunism
LuvinasIneAlaemans vgueinseanuuuiamuay nstuselreinszuansauuuliuyse
dwhedygaiadisuegadu lulaspoulnsawes msUssyndldauueniuaziinses
AENWALILUNTS (Complementary filter) wagiiorrnuiluussgndldlunisdnvilaseey

unil 3 wdnn1seaniuy aendniinisesnuuulasaieveseiniagualuie

N159DNLUUNATINAT A1509NLUUMINTDIABNNELNUNIS N158BNUUURIFUNAALAN
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(Observer design) NseaniuumInte (Compensator design) wagsiudewuaAnlunis
sanuuulUsunsuvululaseoulnsaaes

unil 4 msvnaes WWudwnismereuusaen usslia n1sUfufisusueesinmnss
nsuiuifiulalsalad msufuiisueugesinanuduauuuivgn nsnaassiaruuing
muwuwesiamue Mvnaesindnplsadeuwesinause mmaassindmuens
mewuweiiamiuazieue finanuduauuuingn  msveaesiaryuing yulsa
wavgueaimylalsalay mamasewhduneaan nsvaasimuALyLvese A uElu
uazn1IMaaeinwEdissnwvesenAsuAlua

unil 5 unnsaluazagy diaueunagunssuiuen Jymilfetu wasuuma
msUFulgaannlasuidely



unfl 2
= va o Y,
‘I/Iﬁ]‘l‘.‘}{] LASAITUINILNEIVDY
U

oA udluiadudeidoudundnw Wesnfussuulidudaduuarld
wfiosnmanle Sedesdnwmquiiifsrdedlunisnuguenniaendluin Usaerinug
atuilldsiusmsnnisuasmgquiiiiruddoysonsine i wwusaswnendamans
vavor1meAsdluin nquinisesnuuuiauen mstutemesnsuansuuliuyseu
medyaraiadisuegiadu lulasreulnsaaes wuweiuazmsuszgndldam uasfansos
ADUWALNUNIS

2.1 LL‘U‘Uﬁ']EIﬂ\WI’Nﬂﬂgjﬂﬂ‘]ﬂﬂ‘gﬁlﬂﬂﬂﬂﬂﬂﬂﬂ’lumUﬁﬂ

msifeunuuiaemnedamansvesenireudluie Sududesnaniesranmug
nangaIu Imm’%’umﬂmsﬂmmwmw%ﬂﬂﬁmwy‘u (Rotation matrices) @aufunisiansannis
MUY AL IUALUNATEUWY X, UWNY y UAXLNY 2 TURIISITILUSawWY (State
variables) iendosiuuuusaemendamansvesenniaoudluin Ssdvomma 12 fauus
uluinslivguiifiiisadesdunisedutenataveseiniasudluie wu ladwin
YasoneeuEluNe (Quadrotor kinematics) wa‘g"mad’"s’mql,tﬁat.n%a (Rigid body dynamics)
usauazluius (Force and moment) warnswuuusiaamadnaniignyiiliing
(Simplified models) 18301 AIELUWR

2.1.1 unEndnIsvyu
worsanmsvyuluszuu 2 Salunseuldes (Inertial frame) faguil 2.1 amnTolisy
wnwas P ludwudad 0 (wnui 0) iy

P = BRI 0N + Pk 0 (2.1)
waziilaRasasumued 1 Wnud 1)
P*= B + R+ Bk (2.2)

Tagauns (2.1) whiu aunis (2.2) Weulein

POi~0 + PYj™0 + PPk~0 = Pl + P}t + Plk™1



k0 = R i

SUH 2.1 syurumsuyu 2 38

¥n13gaue (Dot product) Maaestanie i”1,571 way k=1 awaiu lonadnslugliumsnd

L7 qy
AU
pxl i-+1 . i—rO i—;]_ : j—)(] i—)l . k—)O P}?
Pl = Pyl — j—>1 L i—;(] j—)l . j—v(} ]-—>1 . k—»D P}?
Pz} k—»l h i-%(] k—>1 4 j—>0 k—il . k—»(} on

s a = =l v
i]’]ﬂﬁﬂ‘b‘m%%']ﬁti‘tl’]ﬂﬂlﬁ]?!@dgﬂ% 2.1 W@euulaan

7 =rnpes 28

Ing R} fie wwindmamumimduuiiiniseuwny z Wuywiing (Pitch angle, 6)

Ry £ ( —sin(@) cos(8) 0 (2.9)

(cos (6) sin(B) 0)
0 0 1

Tuvhueudsaiu difarsannisnyumuidnuinseviny y - awnsadeummingnis

v
=1

nyusoulnu y wia Ry lidail

0 1 0 (2.5)

sin(@) 0 cos(0)

1
RL 2

(cos(e) 0 —sin(e))

uazdfisaNMIUUINURNITEULNY x ansaldsumvdngnsuyuauduunin
FOUUNU x 139 R leipradl

1 0 0
R} 2 (0 cos (0) sin(G)) (2.6)
0 —sin(B) cos(0)



Lﬂaﬂmimwm‘:wu’luisuw 2 fdlunsauwmuy (Vehicle frame) lasgarifiaves
nssunmusiugaguinaranavesernimgiudluie luiiusaderfufunisiatsan
wmamﬁaaﬁagﬂﬁ 2.2 Fauansfansoumimus Tnounu x wansieiimuile  wnu y UAASEY
firmgTusen uazunu z uansisirtasuulan LLasgﬂﬁ 2.3 uanatansaunviug laayuing
wazaulsa (Roll angle, @) wiriugud Tnsunu x Aesufivesonmey unu y Aowyuun
wazunu z Wuunuiseanduiiulan Weuld

P¥ = RELGIIPY (2.7

lng RYI(Y) Ao wm3ndmsmyumuduuniiniseuuny z veanseunimuzifuyuees (Yaw
angle, ) aunsaoulaned
cos (P) sin(y) 0)

RV (y) 2 (—sm(w) cos () 0
0 0 1

i~V (North)

j~Y (East)

ramn R, K™V (Into the Earth)
1 ort

R ——

= (East)

k™1 (Into the Eart h)

JUH1 2.2 nspunIvuy

L3

JUN 2.3 nseunvugiiloyuiinduazuulsaiiugud



ﬁa]'mmﬂiauwwuﬂﬂaﬁmmmu‘[saLﬁﬁugué ALY X ADAIUMIVDIDINIABNUY
-3 o = s =Y A
WAL Y ABLYULIN waswny z Wuknudvnlan Tuviueadeadunisfiansaivunsaulde
Weuladn

P =, B4 (B)p¥ (2.9)

lay RVZ(0) Ao wm3ndmsuyumuiduuiRnisounny y vesnsauniviug aunsadeuls
piald

cos (8) 0 =—sin(B)
) (2.10)

RVZ(6) & ( o 1 o0
sin(B) 0 cos(8)
a:i =Y dy cl" [ al a
WiaWa1suINTBU VDA (Body frame) FuTUUNTBUNAATINITNYUNTDUWINULVIU
Y o =l s =Y 4: s d’ n;' =
Wuwinuduyalsa Twhusadeatunisfiansanuunseuiles MagUn 2.4 Fauansianseu
VDR R8N X ABAIUIDINIABIL WY Y ABLIUYIN wazwny z Wuknudisensiainain
NANNA1Y901N AU Wauladn

PY =@ (P2 (2.11)
log RS, (9) fe wwindnmamuniuduuniniseuunu x veensevvenuynlsa daunse

Weulesad

AR 0
R, (@) = (0 cos (@) Sin(m)) (2.12)
0 —sin(@) cos (D)

5UM 2.4 nsauueh

a a o 1 -
WONITUINITUYUVBINTOULEDY NTBUNIMUSLATNTOUUDA aeLilasiunisulal
5 (%) 1 A = = L1 d'
(Transformation) w8ansaunena 1ila RY As lwnIngn1s51un1sulasvesnseuldes nseu
WINUZULAZNTOUUBA amsalleulanail



RY(2,6,4) = R, (DR (ORY ()
1 0 0 cos(B) 0 —sin(B) cos(y) sin(y) O
(0 cos(0) Sin(ﬁ)) ( 0 1 0 ) (— sin(y) cos(y) 0)
0 —sin(@) cos(@)/ \sin() 0 cos(6) 0 0 1
( cBey cOsy —sf )

Il

s@sOcy — cPsy  s@sBsy + cOc  sPch (2.13)

c@sOcy + s@sPy  cPsOsy —sPc  cOch

1nt s@ Av sin(@), c@ Ao cos (@), sO fo sin(8), c® AD cos (0), sP AD sin(P) Uag cy fs
cos ()

2.1.2 AuUSALANYBILUUTIRBINNATINANEN U9 N AL LT TUNS

nMsmuuuaemadamansveseinideudluie fmulsaemiiiodasimue
12 fuds ﬁ’mamalu‘iﬂﬁ' 2.5 FAUNUS (P, Pe h) 001N AELETUR LA ST INSTOULT DY
lagfuus h agauuuinnuay z Tunseuidos m'lmi'gl,mmu (u, v, w) wazausLdau
(p.q,1) maammﬂmufﬂuwm mqmmﬂﬂiauuammwaﬂmmaa'i (Ruler) (@,6,y)

{u, @ pi

Roll axis

pe. v v, 8 gl hLI)rW drr
Pitch axis Yaw axis

5UN 2.5 lluueawny

Ao dundswesnseuldey niiruwiovssenienualuie Wy x)

fio Mumiaweensoulies mefirnsTueanvesoimmeualuia (wnu y)
Gh ‘iat;v“fum'mqwaqa’lmﬂmu?ﬂuﬁm Wy 2)
AD AU UTUAUALULILNY X VBINTBUUDA
A9 AU UTAFUMINULILAY y VDINTOULDR
fo AnuSuTudununuIuny z Y9InTeuULeR

be

e

Ao yulsa

Ao AN

D yuees

= @ a

g A ITLlsa

Ao AsSudaguing
Ao AT UTLE DS

"o T e @8 E < E TTD



2.1.3 lafliinvesamaeudluwe

drudrdglunisinnsunainveseiniaeudluie fenisinsunlafiuiines
o aeudluie AnuduiussEwinedudsaiam P Pe oz —h duduvsinalunseu
Fedades fumanda u, v, w fadulsinalunseuued aunsadeunnuduiudlased

d (Dn) u
£(R)-s()

()

(CBCLIJ s@sOcy — cPsy  cPsbcy + s{bsw) (u)

cOsy  s@sOsy + cOcy c@sOsY — s@ey || v (2.14)

—s0 s@ch c@ch w

s L7 1 ﬂi! b 4 = A 1 s s ]
AuduiuS NI 0,8, P F9319INNTOUD WD R UAUATIT T p, g, T
=

e dusosuUasmnudunusann p, g, r 1 @, 6,

Tneft RD, (@) = RY2(8) = RY({) anwsaidenléwsil

p (9 /0 /0
(q) = R}, (9) (0) + Ry, (2)RVE(6) (e) + Ry (B)RV (OIRY () (0)
r 0 0 ]
Do WID{(3A /B
= (O cd s@ce) ] (2.15)
0 —s@ c@cB/ \y
INANNTT (2.15) Wavmm3ndunid (Inverse matrix) Wenledy
1) 1 sin(@)tan (8) cos (@)tan (6)\ ,p
Y%= 40 cos (@) —sin () (q) (2.16)
r

U] 0 sin(@)sec(8) cos(d)sec (9)

2.1.4 wainvasinguian3e

mnnsumainvesemasudluinilunainvesinguianie Tnwardungues
thdulunseudey awnsadunnuduiusleassd

dv
ma =F
do v fe mududaduresenimenaluin

m Ao WraveseInAsIUALUN

F A9 wsafinszviriueiniaenudluie



WA TNANNFNTUTANANNTTLATE83d (Coriolis  equation) @u1sallpuAIUdURUS
desulendu

dv dv —
md—ti—m(a+wb/i><v)—-F (2.17)

& a ° @ P w = 4
108N @y AoANUFITRNTBINTOUTRIEIDINALUATUNR Weufunseuldes e o an
TAlAENTBUUDR LPRIELNTS (2.18)

u rv— qw Fx
v]|=[|pw—ru|+ % Fy (2.18)
w/  \qu-—pv Fy

A = 2/ A = s
RIBNWAIUNAUNTITNIINIUVDINY VBN 2 9a9ileu fo

dw
—_=T
dt
P = =1 a
e fip ASUTI

T f9 usela

] #e wndndlumudainuies (Moment of inertia) ¥a0ndg 1udluin

Tudiwnsnflumudanudosvasonimeudluie sglseanmmansnatsdady
drurosunnRsmuAuianvuzidunsinauiuiiina M $all R uagUszanudiuvesames
swiuluiariadiuiidnuae Junssnauduus m fangvianauinaadussey | Ui
2.6 'lail

J‘(y2 + z%)dm —fxydm —fxzdm

\ £ —fxydm f(xz +z%)dm —fyzdm
—sz dm —fyz dm f(x2 +y?)dm
]x _ny —Jxz
£ | = ny Jy _]yz (2.19)

—Jxz _]yz Jz

WeRsanANFuRuSmuannisiaseesa Weulmdu

dw

— Yo -
I—]E"}“ (Db/jXCD—T (220)
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= a 3 < = 9
E‘UVI 2.6 ﬂ?iW'ﬂ’ﬁﬂJﬂﬁJLNUﬁﬂ'ﬁﬂJLQ@EJ‘UB\?@Wﬂ'lﬂEﬂUﬁI‘UWﬂ

- - J o o P ' o o
NNFUN 2.6 tssnnemAgudluinddnyusnauunsma 3 wnu il Jy, = I, =)y, = 0
faruaNnig (2.19) aunsasulualasl

Jx 0 0
J = 0 ]_V 0
0.0 J,

o I (Y] = 2 v @ ¥ @ o &
NUUNTNTNNAY VOUUN5NG | D19au IatTusadl

100
Jx

.

]_1=0—D
Iy

1

0 0 —

J2

ALLLIUARINIRBYYMTINAUFU WU 2MR2 /5 fadly

2MR?

Jy = 2 4 21Pm (2.22)
Jo = 25 4 4Pm (2.23)

NNHYIY P & (19, Tp, Ty) T AuTATBULALTY

- 0 0
p . 0 r —qy/lx 0 0\ p, /T
q)l=1|0 % 0 -r 0 g 0 J, O (q)+ 'Tfe
I = r
r 0 0 l q p 0 0 ]z W
Iz
]y]‘]z qr lT@
= @pr + i'l.'g (2.24)

Iy

by Ex
.IZ. pq ]2 ll}



il

Arosmauludase (Degree of freedom) MMNANYBILUUSIABIMAGIRFNERS

Yos01mrudaluie Veaunisladufinuazaunisnass anunsodeulase

P cOcy  sPsBcy — c@BsPy  cP@sBey + sPBsyP\ ,u
(p'e) =| cOsy s@sOsy + cBcy  cOsBsY — sPcy (v) (2.25)
~h —s6 s@ch cPch w.
i rv—qw F,
(v) = (pw - rU) +—| Fy (2.26)
W qu — pv F,
@ 1 sin(@)tan (8) cos (P)tan (0)\ ,p
0 =10 cos (@) —sin (©) (q) (221)
y 0 sin(@)sec(8) cos(@)sec(8)/ \r
.[y_Iz, 1
L Zqgr — Ty
: Jx x
P Ja=lx 1
(q) Fy 1, Nt ETe (2.28)
I e
“Wpa) A

2.1.5 wssaniazluLuue
Ll ] B0 B4 i & ° = W '
Whvunevesmdeliiassuisnsanazluluudnnszyineiniaeudluwe Taely

WATUNAVDIDINIANAATERS (Aerodynamics) hazisanuluudnanamians

& -ﬂ L 73 1 :J o as Lo 5 d‘ o ud [}
wsauazluwusiiasanuseldugrannseyhdulunaeed aznsevrvnenire ualuis

=i

AIUN 2.7 Beanansalisunsenszyinsid waznseslnsaulansll

F = Ff + Fr =+ Fb 7 F] (229)
Ty = I(F) = F,) (2.30)
g = I(Fs = Fp) (2.31)
Ty-= —Tr — TP+ Trt @ (2.32)
Fe
faci T
F, positive roll @ ,}‘}' fF
] r
b aub
Fy 7 positive pitche

positive va:w P

JUR 2.7 douveaussenuazusedaiinszyhuusinmeagudluine
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v = v 1 = o P! [ o & =
L33 Fg ‘NLUULLNIULIE]’NVIWS%‘V]']UUﬂ’]ﬂ?ﬂ&l’WUﬁIUWﬁ TAITNUAWIEUNU Z U Ty
o 1 ¥ ) o o = v
LLINATEIBYUULNUNINUE IﬂEJLL'NﬁLﬂULLiQﬂﬂﬁﬁmﬂﬂﬂ‘ﬂﬂug}ﬂﬁﬂﬂ%ﬂﬁﬂ?ﬂ L‘UEJU“LWJ']

0
F; = ( 0 ) (2.33)
mg

N8N TUYIINTHUATIINATEUN MU B DI ABIIYS NGNS WUae RE 91naunis (2.13)
Wunsovued

b _ Rpb
Fg =Ry X Fg

0
FQ:RE(O)
mg

—mg sinf
= | mg cosB sin® (2.34)
mg cosB cos@

ounuanaums (2.34) aduauns (2.26) annsoashiuuvudiaesigdammuuulaiiy
\BaduT999INABIUINANNTT (2.25) Bvannis (2.28) Wuaunns (2.35) fleaunis (2.38)

P cOc  s@sBc — cOsy  cPBsBecy + sOsy\ ,u
( ) = ( ) (2.35)

Pe cOsyr  s@sbsy + cOcy  cPsBsy — s@Bey (| V
—h s6 —sfch —c@ch w
u rv—qw —g sinb 0
(v) = (pw— ru) + | gcosB sin® +%( 0 ) (2.36)
W qu — pv g cosB cos@ -F
1) 1 sin(@)tan (0) cos (@)tan (8)\ ,p
8 =>\0 cos (@) —sin (@) (q) (2.37)
Uy 0 sin(@)sec(8) cos(¢dp)sec(B)/ \r
_ bohony ke
p e 1
N B P gy o i i (2.38)
r b
"pq) N\

2.1.6 wuuTaemndinFansigninliing

wuuiasaendinmansesauysalvesninimeudluiadaaunis (2.35) faaunis
(2.38) Faliivunzdmsumssanuuussuumunu Wesndiarmeienuazdudeu Tuiadei
Fudunsussinauuudaesisnaniieliieranseeniuusruumun
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o s nll L A a = £ at n‘;
dmsuenmAuualuie LIBWINTUHN P UANUBEHIN ANUUAINAUNTT (2.35) Doy

Px cd sPsB cPsh\ ,u
p.y = ( 0 C@ —S@) (V) (239)
P —sB s@ch c@ch/ ‘\w

Iy

A a ' a a a0 v v &
WieRisanitnaveuvennedseda yu @ uazyn 6 JAdapunn daluauns (2.36)
Weulmduaunis (2.40)
u 0
()=o)
W g

. 0
- 0) (2.40)
m
-F
wazaun1s (2.37) nanady

0] p
g = (q) (2.41)
ljJ T

o a/ dl -y 1 =3 = = | E 2 73 5
TuvuaadenuenaIsuIveNvesneasoad gr, pr LAY pg HANUDYLIN AYUUANNTT

(2.38) naneLiu

gls
_.-[0
X

p 1
(q) = | 5% (2.42)

I 1
—T,
T

2 B ) - W @ et el o a
Wafiansuinsinyiaunavesainagudluimdundn Jufivaneiaziansan
aun13g (2.41) wazaunms (2.42) %u%ulugﬂﬂ%nuﬁammlﬁﬁaﬁ

(P1 0 0 00 0 OfPy [1/, O 0]

q 00 00 0 o0fla 0 1y 0 |,

rl_ [0 N0 07050]|r 0 0 1/k||¢

o[l 0000 offe|t]o0 OLB 263
8 0100 0 0f|8 =" 0 |-V

gl oo 10 o ollyl 0 o 0

Alunuinnudesvemsinaufuaiuisasuialdainaunis (2.21) i aunis
(2.23) lopunuAt m = 0.111 kg, M = 0.111 kg, R= 0.05 m, Uag 1 = 0.225 m ki J,
= ], = 0.01135 kg-m” Uae J, = 0.0027 kg-m’ wdsantulunuen J,, Jy uae ], asly
aun1T (2.43) aglaaunsawmnesaunis (2.44)



cCoORrOo oo

OoOR OO0 OO

OO OoOCoC

SO oo oo

Lo I e T o O come Y s Y

oo oo oo

€ o8~ .o0T
+

IneRsandwlsawvynduduendne dufe y(t) = x(t) el

Y1
Y2

VE]
Ya

Ys
Ye

o o o o o R

Qv O = D

o O O = o O

o M e B s T e T <}

-'E-CDS.'-:..D’CIJ

o = O O o o
=0 gD O O

CO® OO0 O

aunsawmilgnlalunisesniuumdunaawn Tumide 3.4

2.2 Y19EfNTBANUUUMAIVAY

CYNO OO O

IO O OO0 O

Top
Tg
Ty

14

(2.45)

mseenuuUiamuUANaIM A udlualnge Aoidun1esIn (Root locus) dmsuldly
n1seenuuuiieliliaussougnniineans uasielioiniaeualuinannsonseiog el
uluiinis@suanuduiusluguresiuuitasddugleuyiusduduniaesiudsaiam

(State-space model) Weltd1niunIsEBNLUUAIFLNAAAN

2.2.1 mseanuuuiAIvAdlagefudunien
lonsuvigiiaam faunts (2.43) aansemilsidudieleu (Transfer function)
vulawiu s (s domain) dwsuusiazyadudaszaniu laeordwefoyunuiuiunu x unu
y WATUNU z w3oyN @,6, Y AMEIAU uazBunnABuIdAmIUMLILAY X WY y uasunu z

V30 Tg, Tg, Ty MUAIFU AANNS (2.46) faaunis (2.48)

B(s) —a
Tg(s) Jxs2
6(s) 1
T9(s)  Jys?
y(s) 1
Ty(s) Jzs?

(2.46)

(2.47)

(2.48)

lun1sesnuuuimuAuAdvialagedeiduniessn nsevildlaensdulow z (z
domain) Inglderdeinaiinnisesnuuuiiaruauueusion Wefvuaileddudislouves
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& o 1 4:‘ ¥ ] v v =,
nIzuUNTUlau z Ae G(2) warilendudreloundainiswazinluadnsldvesszuuisdn
Y (2) /R(z) marilandumeleuvesimunuadvia C(z) uwdndouasdululasnoulnsaaes
JUN 2.8 uansfisruUANATEnINTEUUAIUANLD LGN UAYSEUUAIUANATTA FIAIuAL

@ < Y s aa o s as [ ) aa w
weuzdon Tuzui 2.8(n) gnunuiidedniuguidva dauUasdyguuousdondudiia uas
mulasdyundvaduieuzdon Lﬂu'i:,‘wmuauLmuﬁ%ﬁaﬁdgﬂﬁ 2.8(%)

Analog controiter Plant

r(t) +-_ e(® E—— u(t) 1 Y()
) > ) C(s) G(5) >
(n) sruumuautounduluULOUEAaN

Digital controlier Plant
rt) + - 0" e~ T y(t)
© 29 7al 3 et p/a 29 %) -

@

(v) ssuumufulaunauLUUATYA

JU# 2.8 syuuprupuleundu

52uU (Plant) lunsufURduneusdonde aunsaniuuuiasndinmansuazun

Weudurandugislouuulaum s 1a WANTPBNIUUTLUUAIUANLULATVAIZYIAISRaNIUY
=) Lx 5 & o i e A s @/ L a

waria1saUUla 2z Aatuilsidunieloueess UUAB I BNATBINN AR UA Y S USU
fud (Zero-order hold: ZOH) \dereuipwuastildeguulamu z Tagendenisuas z fail

p—~ G - G
62 =z[(1-eT™% = 1 -2z1)z[L) (2.49)

S

e T WuAimunatuesnistindedns (Sampling time)

Wotldsurentuatalowvulawmy s iuiesnduaielouuulaiuy z wd? 81815000nNWUUR?

4 a

muAulageduReuluyuuazeulvuinveuduniesin dvil iefisanssuuaiungu
AaguR 2.9 iaidushelousslinanuisasdurslanauns (2.50)

C(z) _ G(2)
R(z)  1+G(2)H(2)

(2.50)
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R(z) , — E@ C(2)
> > G(2)

H{(z)

A =
3UN 2.9 szuumIuALNUa

aunInuanvuzYesruURTa mlalaeimualinguiudiuvewinurnilovesauns (2.50)
fiAwinuaug dude
1+G(2)H(z) =0

<

wIe
G(2)H(Z) = -1 (2.51)

N3l G(2)H (z) Wunyuruavdruvasiauwls z Faduduiudadou faduaunis (2.51)
annsauenaoniu 2 aunisluglueasuuazyuie fail

Goulvyu

LG(2)H(Z) = 180°(2k+1) (k = 0, +1, +2 ... (2.52)
Fevlvwunn

1G(2)H(2)] = 1 (2.53)

! o Y & o = -] Y 4 a
AUBY Z “lldaamﬂammL&EJ“L.!I‘UE:‘I;JLLESNE)‘LJI’U‘UWIW Lﬂuiqﬂﬂ@qauﬂqrﬁﬂmaﬂEmSMjﬂIWﬁ’JQUW

2.2.2 UlaanuagnIsaanuuuiidunagaian

luﬁaﬁaﬁﬂdwaﬁaaumﬂ%qaqﬁuéﬁammiﬂLLammiﬁN']wuaaixw’lﬁaeﬂugﬂmaﬁ
wuuTIaeaNnIsawmy ivusbassuunaind u(t) Wudygrundn y) Dudyyineeen
wag x(6) Wusulsamm gUﬁ"’J"LUmaaaumiamwammL%aulﬁﬁqf‘:

x(t) = A()x(t) + B(Hu(t) (2.54)
y(t) = C(t)x(t) + D(H)u(t) (2.55)
Tnei
x(t) Aa NWBsTaIMLUTaAN (State vector) HTwuladu n 47
y(t) Ao nnwasvedyyIaewnn (Output vector) ddwaufifmdu m A
u(t) fie LINwesvedyyIuAIUAN (Control vector) Hsuaudidu r 7
A(t) A9 WYSNgaAN (State matrix) Svuiedu n x n
B(t) An \vEIngduwn (Input matrix) dvwiedu n x r
C(t) Ap wmindlednm (Output matrix) fvuiadu m x n
D(t) Fo lunsngUousiu (Direct transmission matrix) Sy m x r
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Tnehluudauminddasuiidumvindfuusiumunm udluunnsdszuveradu
seuulBaduldulsiunaiunan (Linear time-invariant system) fAle syuuidadulduusiu
aunasingnisnAnwiegisunivate wszlimududeutosniiuasinuizaenisinwily
seAuiugu TnsannandeugiiliresssuuBaduliusiumanadeaunsanmldd

x(t) = Ax(t) + Bu(t) (2.56)
y(t) = Cx(t) + Du(t) (2.57)

= a s - @ | @ %
Tnewnsng A, B, C way D ldlunuan wudwwesszuuluuusduniuaiaiuisadsules
s A
pgUN 2.10

=l ) 1 9
gﬂ‘ﬂ 2.10 unursasszuulilUSEUaLRa

fhusiandausailavianuunaisaliias (Continuous  time) WAZLUULIATREASH
(Discrete time) uaﬂmﬂﬁuLLé’aé’aﬁixwNﬁu%uﬂui:wﬁﬁiﬂLuunaﬂagiﬁqnaw'mﬁmuaz

LIANAEATA

2.2.2.1 anuAuANle
naufiszeanuuuszuule 9 msnsvdeunieuirawmnvessyuuiuasanIuauld

wiolil lesandenidudsawnluldlunistiounduiemunussuy fmninannves
szuutiuansomuauls egansaeenuuuimnauaudells

Hey AnuAIuAuldvasdAn

sEUUnan X(t) = A(E)x(t) + B(Hu(t) fmnuaiunsanauauls (Controllable)
drtmualiammsudu x(t,) = X, wavalangavne x(t) = x, ln qleefl to <t < ¢,
WaIEUTaMIBUNe u(t) fldduamnanaen x,  Wdaan x, 18 lunendusudilsl
amnsamduneaindla ssuugniseninliaiuisanlupuaavle (Uncontrollable) Tne
aunsansIadauAmmuaslfvasannlnglivguied
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2/

NAMi) N1IATIAFVANAIVANLAYDIFLAN
s . v 1 dj 1 o s e
FEUUNANR X(t) = A(D)x(t) + B(t)u(t) mmmmwuammlmﬁmama ABIAUYY

} 2
s

(Rank) wosumindarmaiuAuld (Controllability matrix) M fAnvirfusdduduiis
(Full rank) Tmed

a

M=[B AB A?B - A" 1B]

2.2.2.2 anudanala

AoUBaNLUUMANARANY AI5ATIvdUABUINT ULt uaNIndanaldviel
iesndeniiuusammlulilunistounduileruaussuy Swminszuuannse dunald
Frzannsaeaniuumdunadianaeluls

ey Aanudunalavesssuy

EUUNaIR X(6) = A(D)x() + B(Hu(t) aunsadunald (Observable) f1vn¢
ann x(t) amsomlsnnaing y(t) la q el ¢ < ¢ < ¢; lunmenduiudililanunse
wiaenainailandyasesing seuviliamisadaunald (Unobservable) Taganunse
nyvdeunnudunslsvasszuulagldnguisai

N NMINTINERUAINELNRAUDITEUL

ssuunain () = A(D)x() + B(Ou(t) awrsodunaldfaoilangrduiuves
wsndaudunald (Observability matrix) N Sanvhiueddududs Tnoi

=

c
CA
N=| ca?

CAn—l

2.2.2.3 ARFRNAEAN

Tumaid szvuwumesanalidannsaiadudsaemlansunnd vildnsusuuuy
dounduliild wiounsadsuusaanitinldifidugrasunidiinanseuunisin vl
r;“hLLUiamwhjmmsa:uﬁ%ﬁ'}lﬂ’iﬂﬂum‘sﬂwﬂuﬁa% annsaunlatigmdredulimenisly
Frdaunnawm Faimifiszanasauusann 2@ tuunlnl Tnelddyruiialdan
WULYRTAN 7 y(t) wazdyyInaual u(t)

Tneifugiuud Mdunpaemiluuudaemndamaniadiefuiussuy fefunsed
aunsaanvosiIdunsaanaziinunliud L Aearnunatandeuainnsusenn
@T}aﬁﬁawaﬁimswiwé’m@mmﬁwmﬁi’miﬁmmwwa{ wardygaunendnnilldainnig
Uszana fudadsunuudasmendnenansvasiadannammldiiy

%(t) = A%(t) + Bu(t) + K. (y(t) — Cx(D)) (2.58)



19

%(t) = (A — KcO)%(t) + Bu(t) + Koy () (2.59)

d} < = € o " < o v o g 7 = s v
e Ke ABD LNINGNUAIEUNRELNN (Observer gain matrix) ¥MuunnuInuninausuwn
e v & o @ LV Y] Yo <

A1 %(t) Wmnzay daluanmnsodeuunudwssihdunaannlanegui 2.11

B | -

SEPUREGURRY WIS (VN 2 P i sy i FION RN . W I

State observer

aussnugvasidunaannIuegiuumEng K, Wundn winhaunis (2.56) ause
dun1s (2.58) WWeulein

x(t) — X(t) = Ax(t) — A%(t) — Ko(Cx(t) — Cx(t))

x(t) — R(t) = (A = KO (x(t) — %(1) (2.60)

MVUANAAINIENIN x(2) fU X(t) AD LNWMBIANARALAARY (Error vector) e(t) #3o
e(t) = x(t) = %(t)

AaluENN1T (2.60) Fenatandu

é(t) = (A—K.0e(t) (2.61)

Nnaunis (2.61) WinldaussouzaswinnesmunaInAdey e(t) 1 ﬁuaaviﬁ'u
Arlonurauuving A — K.C duamsndiananvilissuuiiadesnin Arveanneiainy
ARIALARBY e(t) egingaud FamneauinAwes %(t) Aavgidng x(¢)

oty Smnsvuuinasedanalduds aunsadenduming K, fivilunsing
A—K.C Halainumudeins Jsnseenuuuan K, annsavildnuduneussd
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=) 1
N1SUNUNING K,

3 91 v U (-] ¥ A 1 1% ) v o
JURDUN 1:  TWRs1edaulnsruvaunsadanalavsoly aranuisadunalalvivin

Jupausaly
1 = s a & @ ..
VUABUN 22 WIANUILEAND aq,ay, ..., ay NWAUIUAMANYUE (Characteristic

polynomial) Ye4unsndg A Wufe
[sT—Al = s+ a;s™ '+ ...+ a,_.15+ a,
o - a ¢ o
YUADUY 3: WUUNINTNI5LUAY Q Lo

Q= (WNT)™

N = [CTATCT(AT)ZCT oo (AT)n——lcT]

Qp-1 Qp—2 -+ a; 1
An-z GQup-3z -+ 1
TR SN Y
a, 1 R 0
i 0 3\ -

g B ' v a @ =l Y]
YURDUN 4: ﬁ]’lﬂﬂ’llamuﬂmadﬂ’l‘i L’UEJULﬂuwwuquﬂmaﬂ@mﬁWﬁ@ﬂﬂaﬂﬂuagﬂﬁl

as a

AUUTEEANS ay, @y, ..., ay

(=) —pp) (s —pn) = 5"+ as" 1 + @S+ ay

o
.

FuUpBUN 5 wiunsndg K, lne

@ —ag

s

2.3 mstunameivanszuansewuuliuussdudiedyainiadisuagadu

waimeslninszuansawuuluusdu WJumdesdnsnamalwihdiuasundanu
I dundsnunarimaunumuvdeman daewmesanmsovsuldfrodedauuulivin
2 undansgyireniu Tneflaunuudmdnii 2 unas Bnainnsselniiuunannanines
(Stator winding) WazIAAINDT5ILIBS (Armature winding) ufinawmBsnsTLAnTIRTEILTY
LuULaimAna3 Sevhuiidudhadauuulvdnunuenainannes Jsann1sgayde
wsglifivmainauiuuivdn (Field winding) dwaliiusyansamaiu auuwlmdniife
nnsienseualiinszuansadilvlunainorsuiees vhldiAeusedntuilsines davi
TARnsvyulel
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nMsUfuanusmamasinldlaenisiasumanusisindfiunainefiunes e
Anusnednduusiunssiummalunsmurewenes muasupmsein gy
Wﬂﬁugﬂﬁmﬁ'&mﬂ'mmsmﬂ%auLLUaaﬁunaﬂunﬁﬁmuaaﬂmwéaﬁhalﬁ Fudunis
WasuuUasradenseiy Benidynuiadisuegadu fgud 212 Felulassuildld
lulﬂiﬂauimaLaa%a%'wﬁ’m:ymﬂﬁugﬂﬁm?{auﬁww%’u’t%’muqmama%ﬁum Taan1susu
Anunivesiadisuegiadu wisrmaiileia (Duty cycle) demnunirvesiadiiamn
wihliiadsveaussiuliiunniovlvueme iy fenunhavestadiimiion sz
iinadouseiuiiandos viovhliuamosuyutn

O
100%

5] —

AN BN
w T
0 2 b P Nim

aN 0%
off
JUR 2.12 dygruiadisuegatuififiledadie q fu

2.4 lulasmeulnsalaas

amsu‘[mamu@mmmLﬂuwmaﬂwmmumm.amuwﬂsvmamawmmmmaq
ﬁzjammmmmmaaamsnuaunimmanmaunaau SR RCIRTANEH aﬂnmaamsuunlima
LLavﬂauwamai WHudu uana‘muummUﬂmmmmmmaﬂaafufu']mwamﬁuamLamu‘mu
A waviafiluiaiuandeiuldegades 4 YeIdy Q0 Lwaa@ammmwamﬁu@ma‘uu
uul‘dmLﬂiaquamummmmuama‘m‘uumammauna (Electronic speed controller
ESO) vieldlunisdunomasiniinszuansauulfudsed Taglulaspoulnsaiaesi
winvavdmsulassnuilae lulasroulnsaaed PIC18FA6K22 wazlulnsmoulnsaians
PIC18F4431 Faidundnsnsivacuism lulasin wmalulad $in
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2.4.1 auauUfvaslulasroulvsaiaas PIC18F46K22

lulasaoulnsalans PIC18Fa6K22 \ululasneaulnsaaesaun 8 On $9u2uw1 40 2
(Fni3uevruuy POIP) uamsissudl 2.13 gaiduveslulasroulnsaiaes PICIBFA6K22  fie
m"mL%ﬂff’i’ifc’j‘iumiﬂ‘svmawaﬁaaﬁam‘luﬂdmm{]mﬂﬁu PIC18F Lﬁmﬁ'u [CEISGATTRI
WIRNANUE 64 MHz mmmﬂsvmamaﬂ'}ﬁam'wmmmaaam 16 &udredund (MIPS)
uaﬂﬁl’mumﬂwm'miﬁmmiwaamumwmw n1n PIC18FA6K22 vineululvueady
(Sleep) ¢lnsznseualihuszann 20 nA windu

40-pin PDIP
MCLRNVEPIRES [ 1 N 401 RB7/PGD
RAO 72 36 [1 RBG/PGC
RA1 O3 38 [0 RBS
RA2 74 371 RB4
RA3I[O 5 ag ] RB3
RAd M6 35 ] RB2
RAS 7 34 0 RB1
REO [ 8 ] 33 0 RBO
RE1 Qo X 32 0 Voo
RE2 (] 10 3 a1[J Vss
voe O 1 % 300 RD7
vss O 12 = 29 [1 RD6
RAT [ 13 E 26 ] RDS
RAE 7 14 9] 27 ] RD4
RCO 15 o 26 [0 RCT
RC1 [ 16 26 ] RCE
RC2 17 24 RCS
RC3 [ 18 23] RC4
RDO [ 19 23 ] RD3
RD1 ] 20 21 RD2

Uﬁ 2.13 uHunmNsIasesvedlulasnaulnsalass PIC18FA6K22

2.4.2 guauifveslulasnoulnsaiaes PIC18F4431

Tulpsmoulvsaaes PIC18F4431 Wulilasreulnsaaesvuuia 8 On s1uruew 40 91
({nLTu9uUUY PDIP) LLamrﬁTﬁUﬁ 2.14 YALAUVDY PIC18F4431 A mmsna%’wﬁ’mmm
Wadlsuequadumeluga Power Control PWM 1iunnfie 8 vosdyayo wmmauuaammam
14 Um muﬂsuﬂmnwwaowamiuﬂauamﬂmEm'ssu PIC18F LRgnfiu

40-Pin PDIP
MCLR/VPP/RE3Z ——= [ 1 L 40 [1 =—= RB7/KBI3PGD
RAQ/AND ~——[] 2 30 [0 =~— RBGKBIZPGC
RAVANT =—=[] 3 38 [J =——= RBE/KBIT/PWMAPGHE
RAZZ/ANZVREF-/ICAPHINDX «— [ 4 37 [ =—— RB4/KBIO/PWMS
RA3/AN3NVREF+CAP2Z/QEA «— [ 5 36 [ =— RB3/PWM3
RA4/ANS/CAPIIQEB ——[] & & 15 [] =— RB2IPWM2
RAS/ANS/LVDIN «—= [ 7 hed 34 [ =——= RBI/PWM1
REWANG =—[] 8 pois 33 [d =——= RBOPWMO
REVANT =— [ g 3 320 Voo
REZANS «—= [ 10 bl nQg Vss
AVDD —=[] 11 -] 30 [J =— RD7/PWMT
AVSS — [ 12 o 29 [ =— RDB/PWMS
OSC1/CLK/RAT =—— [ 13 a 28 [ ~— RDSPWM4H
OSCUCLKO/RAE +— [ 14 27 [0 =— RD4FLTAS!
RCOM10SOITICKI == [ 15 26 [0 =—— RCT/RX/DT/SDOM
RCUTIOSHCCP2UFLIA =— [ 16 25 [1 =——= RCE/TX/CK/SS
RC2CCPIFLIB -— =[] 17 24 [J =—— RCEANT2ISCKYsCLY
RCITOCKINTSCKIOVINTG ~—= [ 18 23 [0 =—— RC4/INTH/SDIMSDAMN
RDOTOCKUTSCKI =—[] 10 22 [0 «—— RD3ISCK/SCL
RDY/SDO =— [ 20 21 [ «+— RDZ/SDISDA

‘Uﬁ 2.14 wiunwn1sIasssneealulasraulvnsalaad PIC18F4431



3

2.4.3 Tugagunsasieviaeildlulasaay

gunsaliithundevinsiululasmeulnsaiaes fnishndedeansluguuuuiuansefiy
oonly Tugadidentdlilasanui o

I;J@a Power Control PWM

Fyaraildlumsmuquiaiosiionuauanuimeinesuuudidnnseind fe
dyaaiadisuogaduiiauiedluiag 50 Hz 89500 Hz dwiulalaspeulnsaass
PIC18F4431 Hapsdnyayraulldle 4 ¢ (8 909) Tnvlundazdaslidygiuniiaiiud
wazffiliarenny ﬁqﬁu%aﬁﬁiaqﬁmmmtﬁaawaeiamﬁuLﬂ%'aaﬁaﬂ'mﬂmmmL%’;uama%

wudidnsatindiis 4 e
lupadeusegunsafaunsundn nusdeansdeyasunsy 1'C
Immuﬁlﬁan’i,%’l.ﬂ?juwa%ﬁ?%aaﬁuUU Inter-Integrated  Circuit (°C) ilosainnns
mamwu ’c dwangdwiunsdessluszazmiiliilnaunin uagldaedyq e 2
ey shlisestivuradn Imgauuam‘sﬂum'ﬁﬁuaqﬂuaagaqaq@agm 400 kbits/s
Mmaﬁ"muﬁagﬂﬂifﬁwﬂjwﬁﬂ Iwumﬁamsz’fa;‘qaauﬂm EUSART
2195llnIreulnsamesiiiudniuiidedadedoarsiureuiinmefuuulians 1ile
AUANLALATITEUANNETE93YUU TAseauildenld Xbee Fudugunsaididnnsedindiinn
snalmwuammmaumﬂLuaqmnLUqumaw'L'*ﬁmwmmaaaamwu USART J9ilvianunsa
deurvlulaseeulnsanaslslagnse uarly Xbee defhsasnduauding RFIC) agaely
vl Xbee fnilsanunsofnsiodearsiu Xbee Sndanislduvulians Tnedfanarady
ﬁmuzgm%wqmmﬁ 2.4 GHz

2.5 wuwesiarn1sussendldau

nsmuAmMsMsvesemAsudluia SudusoaimasmunusumiaGe Fay
Tefediiueesiiannsoindwnindauuardnsudadam wuwosildlulassuildud
LD TINAILIY (Accelerometer) laulgas Tan L duauuLiman(Magnetometer) uas
lalsalau (Gyroscope)

2.5.1 WULYDTIAAINLIS
meaé"iﬂmmLéqiﬂij’i’mﬂfmméqﬁlﬁﬂmﬂLLsamauaﬂmﬂiuﬁ'}Lmuwa% ALY
desmnussliudaswedan SvunUsvann 9.81 m/s” u3e 1g uasiifimadngdaudnalsves
lan muuwmmmmwuwasmmmLsamﬂiaﬁanmhmm*umuaumaqmmﬂmuﬁ’iuwm
disusunulanldlaefvualy 4 A, uav 4, fo auLsiTalda e sluLny x,
WUy UAsWNY Z Lmemmmmquﬁwﬁ wazyulsalaninaunis (2.62) uavaunis (2.63)
AUFINU
6 = arcsin(4,) (2.62)

¢ = arcsin (%) (2.63)
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2.5.2 WwuasinAnududuINLaivan

ilownyueesifuyuiia (Azimuth) Aelfuyuiiiaifeunndanievesaunualvdn
lan (North magnetic pole) Judenlfieuwesinauduauauudmdnlunsmyuees uae
dlosanfiemsesaunuwimanlanlilgsfamsfivunuiueues fannuduauiuuingn
wwueld FeviiiAnaunaiaedeuanyudes faduiielilinaduiuguniuiaden
iwules YA uauIWiWENLUU 3 uny FeA1TR My, My, Uag My, ADAIAUTY
auumaninldnumasluwnu x, uny y LaswY z Auddy WnyuAing wazyalsa
liladAanduaud anunsafuiunuduauuiiven LW@I“ﬁUﬂ’]‘i‘UG}L‘UEJNEZJ@JLE]EJWILHWUU

Tgiovai]
My, = My, cos(8) + M, sin(6) (2.64)
My, = M,y sin(¢)sin(8) + My, cos(¢) — My, sin(¢) cos(6) (2.65)
Mz = —M,q cos(¢) sin(8) + M, sin(¢) + M,4 cos(¢) cos(8) (2.66)
LﬁlE]

= o e = v
My, fi8 ANUTNEUINLImMAN TYReNave L BguaI luuny x
= I =
M,, @D Anuiduanuulwanngavenava i dsudlunny v
) 1 < a v
M,, Ao AdiauLlnanTunsenave st Soualuwny z

waganusaswIMMLugeslanaunis (2.67)

i, Myz
Y = arctan (sz) (2.67)
Tnefi M, > 0 Lz My, =0

2.5.3 lalsdlay

Tssouiifosnisieuees Tnnmum i indauvesemasudluiaieldluns
Uounduiadenlalsalauuseinnisnlals (Rate eyro) wuu 3 unu lesarndulalsalaufild
dmiuinanuSudy mwm%u%mmdnﬁmmmﬁwmﬂizqﬂﬁwmuka YUAND Az
gas MmensmuInusvesmsuTay

2.6 AINITDIADUWALNUNIS

é’iymmﬁwﬁauﬂé’uﬁw%’umummwUmmﬁmuﬁ"luﬁmﬂiSﬂa‘ulﬂéfaﬂmmLs‘s:}
EIRFIEY (p, q,r) Wag mLmuqmmu (¢,6,¢) mmmmmmualuww Luaqmnacymmﬂw
ﬂauﬂauuuuammmumumﬂsuwn'mm W ussdunnuemed Judu dyrasuniutiu
yildaiinldanneumesinnueainedou dwalkdyaradlideunduldivanzausonis
Urluldarunau ﬁ’qﬁu%’aﬁaaﬁmiﬂ%’uLwi@é’gyzyﬂmﬁ"a’tﬁﬁ’fgmpmﬁﬂmmwﬁﬁﬂﬁu Taseauil
\HonlgiinsasmundluunisuuuRIalun1snsesdyyinsunu
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AnsasRpUNAIUNIS LUURITaRe TUsunsuniedana3fin (Algorithm) #ivimntini
nseedyanunRluteiifuue Tnsfudyaiaitaldnnsureuinses Tnssadwvesi
nsssnpuniumiiUsznouludefinsesnuiisii uasdansesniuiigesiunands
U7 2.15

Accelerometer P P
and H-’ Filter

Magnetometer

i =y @ 9

Gyroscope

Numerical High-Pass »
Integration Filter q

Complementary Filter

d v s =l =l
E‘LIVI 2.15 1AS9a519U8 90N T0IADUNELIUNTT

as o

0 & o v ¢ | o 9
ﬁfoU']ﬂJm']LLWUQL‘Uﬂlll.lﬂjﬂl@'ﬂ']ﬂquuLsﬂai'lﬂﬂTlﬂJL'i\‘] LASLlYULYDITIAAINULUU

[ 7] q
ot

ammm'mﬁﬂfﬂsgﬂﬁ’ﬂ,ﬂﬂiaaafgruuwrummﬁgmaaﬂﬁaUéf'm'iaammﬁﬁnmu o nauiges
Sanussiinnuldenseiiuanseyii LLasLtiaﬁl’uﬁlﬁmwrmaLmaiﬁmmﬁagﬂm}’ammuﬁqa
é’rgzyjlmmﬁm%’;L%@:J,uﬁi’mlﬁmﬂlﬁﬂiaiﬂﬂ%Qﬂﬁ’llﬂ"l‘r’fmWU?ﬁuéLﬁalﬂﬁﬁagmwmﬁwuLwﬂq
ERHEY LLazﬂwﬁ'iymwﬂmﬁ']Lmu'aL%mulmimﬁ’ﬁgtyﬂmmmﬁ‘ﬁ'waaﬂﬁ’aaﬁan'ﬁaammﬁqqﬂw
AUAIAY Lﬁawmé’mﬂﬁmﬁ’]Lm‘tiaL‘?Nnguﬁlﬁ'fmnﬂ”limﬂ'%ﬁ’uﬁ’ﬁﬁha'emwm N30ATINY
(DC gain) Fadudasiiiaarudidu 0 Hz dwalinismuifusiauaaiaridsuazay uwas
ndaniidygraduniadauganiesruioeniiuds CRV R TR LI RIEIE AT
s I dudyy uduniadauueeinasudluiadliinan dnsesreundiuunii
lnaimuald , 8 uaz P Ae yulsa yufing wazyugasvesenimeudluiaildunangy
e

NTDIADNNALUUNITAUEIAU



unil 3
ANS9DNLUU

Tuuniingnisnisesnuuulassadrsenniredluie N1599ALUVINIT A dsu
muUANEIMALLATURA NM1598NUUURINTBIRBUNELILNG N150BNLUUR ISR N3
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y[n] = 0.1363x[n] = 0.1363x[n — 2] + 1.7221y[n — 1] — 0.7275y[n — 2] (3.2)
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3.5 N1508NLUUAIVALYY

- o = @ o o

WDV IUMLUUIIABIENNISALANTYDI81N1ALIUATUNS A2V 1n15uYasuuUdIass
ﬁ’aﬂénLﬂuﬂeﬁ%’umd@u’lugﬂﬁﬁﬂ?m (Discrete transfer function) tavrlUasnuwuusi
R RlIRIN,

3.5.1 N59IABITLUUATUANDINIALIUE bUNA
n1sdnaealassaiiessuvuamuanenimgudluinlulusunsuuwumuay/Simulink
Usgneusheudenlaesunsy (Block diagram) lny wanedegudi 3.17
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uSanlaevunsuimuaUsEnaue 3 diu R

1. vdenlaezunsy uansauduRusnsulasemilafadulseniarisedany
WA X, WAU y Wasuny z Tuguvesdyydnual F, TF, Ts, uay Ta  anudieiu LLﬁmﬁagUﬁ'
3.18 LLangﬁ 3.19 wansaudunusngluvdenlaerunsunisulasenann fleiaduuse
snuazusaln Fdlddmsumunuueinediai 1 fs 4 Tneflenuduiudmuaunisded

F =0.00404 D1 + 0.003966 D2 + 0.004338 D3 + 0.003962 D4 - 43.9102 (3.5)
Tf = 0.000909 D1 - 0.00097605 D3 + 0.1999 (3.6)
Ts = 0.00089235 D2 - 0.00089145 D4 + 0.0983 (3.7)
Ta = -0.000036 D1 + 0.000052 D2 - 0.000042 D3 + 0.000054 D4 - 0.0878 (3.8)

= o = ' YR
auns (3.5) feaunis (3.8) wunainmsnaansdsaznanlumds 4.1 nisvneass
MISWNRAZEIVD 4.2 PM15AaeanIwsidn ntiuldaudunudasaunis (2.29) Seaunis
W | v W Y = ¢ o Y, WY, W ' a al a
(2.32) sananiuailurde 2.1.5 Fegussuaslunud Wemianudunussewinadiiileia
AUWSIENLAZLSIDA

HC4 TafR

Duty ta Theust!

UM 3.18 vienlnezunsunansauduiusseninsiniilefaduussenuagussln

1 07
o Duty_to_Thrust1
plog R F
{04 F
Thrust_BLDC1
LD
Duty_to_Thrust1 T _@
' 1] Tf
Thrust BLDC2
pl0z
D4 Duty_to_Thrust1 T2 )
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e Duty_to_Thrust1 Tz
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2. UAeNlADYRNTULAAIAIINANTUSSEININsILUaIAI NRS S LA LS s T uen
= = a = [ =1 o I 1 @ @ a -Q 1 1 =
Aavileina daluvdenlaezunsumdudiunduduudenlnozunsuiinarnludiud 1
s A ql ¥ LP) & 1
AIFUN 3.18 uargun 3.19 uamauduiusneluvdenlaezinsunisulasAnannusseniay
wsaladumiiileia Tnedanudunusssi

D1 = 73.003 F + 559.4 Tf - 6.285 Ts - 5460 Ta + 2614.99 (3.9)
D2 = 51.705 F - 9.529 Tf + 566.72 Ts + 5561.9 Ta + 2704.95 (3.10)
D3 = 67.988 F - 503.5 Tf - 5.853 Ts - 5084 Ta + 2640.16 (3.11)
D4 = 51.758 F - 9.538 Tf - 554.4 Ts + 5567.9 Ta + 2817.95 (3.12)

&Un13 (3.5) Heaunns (3.8) Wudunduvesaunis (3.9) eaunis (3.12) auadu
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3. vdenlasrunsuvessyuvenmagudne dadumuduiusseninusionuas
a o a & ¢ @ - = T VI
ussdafuyulsn yuiinduazyuees FAsguil 3.22 uwaegui 3.23 uansuduiusangluves
vdenlaozunsudnandsusznausie udenlaorunsutannudusiusseninaussdaniu
WNU X, UNU Y UaEUAY z AUAMISITINUAINLLILAY X, LNU y WAzl z Sedydnual
P, Q, R audsiu uagudenlaezunsuudmnnuduiiusseninnnudadaumuuunnny x,
WUy uagunu z fugulse yuiivduasyuees wiedgydnwal f, s, a mudiy

HTs
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Quadroter Dynamics

UM 3.22 vienleezunsuvesszuvemAnuEluie
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f
Ts a Je gy o
Ta R R _‘|—Ib.
3
Ta PQR FsY
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JUT 3.23 anudiudngluvdenlaesunsuvsssyuuainiAgudluin

1n3UN 3.23 wiudadsznevludigudenlanosunsudes 2 daufefu fe
vdenlaozunsy P_Q R Fudumuduiusseninaussanuuuinny x, unu y uaginy z
e - v L 4
AUAMEUTMUAIUUUIUNY X, WUy uazinu z Tassadremelunanedegud 3.24 uang

v € ! a W < = [ @

AmENRUSsEnIssiatuAN T Ineduluauaunis (2.38) uasudenlaozunsy
FsY uanuduiusseninmnuindamaunuiunu x, uny y  wazunu z fuyulsa
yuinduaviuees lassainnslunansiagui 3.25 wansmuduiusssnineninusuda
fuy Wulumuaunis (2.37)
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Addz

5UN 3.24 pwduiusnigluvesudenlaezunsutes P Q R

3.5.2 nMsuwUasaunsammduileidudnsloulugufansa

nswdassumsaemuileidunalevlusuiansn lnedoravesmsasseiudyao
JuAuUAUY anunsavhlalaeRusiAnds sysz = c2d (ss (A, B, G, D,Ts) ) astulusunsuuuvuay
Tawdn Ts Ae AAunatwesnsdnaedns Tulassanud vun Ts = 0.2 ms 1éiledFudne-
ToulugUiarindadummduiussewindunn wseda) fu LDIANA (3431) AaNnIs (3.13) B9

gung (3.15)

f(z) _ 0.01762z+0.01762 2N 0.01762z71+0.01762z~2

N = 3:13)
Tg(2) 72-2z+1 1-2z7 14 z2 (
@(z) _ 0.01762z+0.01762 _ 0.01762z 1+0.01762z72 5.44)
Te(z) z2-2z+1 — 1-2z"14 z72 :
Y(z) _ 0.07407z+0.07407 _ 0.07407z~1+0.07407z2 (3.15)

TylE) 72-2z+1 1-2z"14 772

waIININIIUNNTua1eTaundl astilunadunesnluide (3.5.3) dell
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dyayrudunndnin (Bounded input) Avzladgyqiaierdnmniie (Bounded output)
Wudeaiu Snldminatiosamduing (Relative stability) Wieveniiseuuiiaivsnimann
dasvila LLasa'lm':?mﬂé"auwawhwwwﬁma%ﬁﬁm‘ﬁ'a&ﬁ’msuudauﬁ%zgtyg%ammﬁ
adesawluldiviala wisafimedduldun Anuun$du (Gain margin) Wag ANWANITIY
(Phase margin) Ssau1safinnsanléanuanouauaadnus Sedoutiauosouaunn
lus (Bode diagram)

L:ﬁ'amwﬁqﬁ%’udwaiaulugﬂﬁaﬂ%mmuaumi (3.13) faaunns (3.15) aantuaiuisa
TaduneTnkaziunmluavesszuy TagldieSeaiodinsesinageanuuussuunildune

wilaedng (SISOTOOL) Tulusunsuuumuay agldidumesnuazuwsunwlun il

3.5.3.1 LAUNWTINUAZUNUAINIUA YB9ANduRUSSEnINBunausedn Ty uas
LANRLNANG 6 oun1sTALYY
UN19IINLaTUEUNINLUANSEINaUN1TOBNKUUTALSY sﬁ’&gﬂﬁ 3.26 WUIIUIN
deunduilusruvalalaenss syuursdaildasbifiaiosnn iesanidnnauiddu
y=-49.3 deg a4 ATUBFRdImIY Weg = 8.6 rad/sec UawdlAiinuaniiu K, = -0 dB
 ANddRT Wep =0 rad/sec fiuardetesnwuuiivneiiielfssuuasled
w@desnwealy
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() L@EUNN95IN () waunWlun
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JUT 3.26 WumesInuazLEUNMIUATD YU AN

3.5.3.2 ldUN9INUasUNUNNIUA Y0IANENRUSTEVINBUNR T, uazie1dne
yulsa @ naunsYALsY
WUMIesInLarLiunnluanSEineun1seanwUUTALYe é’qgﬂff’f 3.27 Wiudman
Hounduiluszuvislalaenss seuvasladildaslifiadosnm esaniidunautidu
Y = -5.37 deg i AMBRATILNY Weg = 89.38 rad/sec upzilAnnuiniiu K, = -0 dB
A AT NG W = 0 rad/sec FufuarRososnuuufeniweitelfsruuaalng
s maely
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3.5.3.3 ldunesinuazusunmlun vespnuduiussenindunn T, uaziondne

YUEas P NouNIIVALYY
dumasinuaguaunmluansdiiounisesnuuusatee faguil 3.27 Wiudman
Joundulussuuatlalaenss seuuasladilaorlifadosaim idosanildiwaui43y
y=-754 deg nu Audfnduiny Weg = 13.2 rad/sec wazdAnuanidu K, = - dB
o ARG wep = 0 rad/sec  Hatuazdespenuuufvaaiiioldsruuand

wnesnmealy

GM 28808
Freg 157 raduec
Unststie kop

PM -TSddeg
Freq 132 racisec
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3.5.4 IHUN NI INUAZUHUNTWIUAYDISEUUNSIN1TUALYY

N19IATIEAEUNNITINYeesEuululawy 2 Lﬂum5aanu,uuLﬁawamaamimsvﬁu
dyeyaududugud Tuiifesnuuudisiadesiiodinsesinas LRONWUUTY meauwwuq
1216 WA (SISOTOOL) Tulusunsuuamuay IﬂEJm'i’]’NI‘Wﬁ’)\‘lLU@LL&“‘%ITNL‘U@UULHUV]’]@S’Iﬂ DR

aa

al
LUU’J YN ﬁaiunﬂiﬂiuauiinus‘uaﬁzuu ‘U\mﬁﬂaﬁ’ﬂ'\]’]ﬂ@E]ﬂLLUUﬁ?‘UﬂL’UEJLLH@GﬂQU
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3.5.4.1 EUNNIINUAZIHUNINLUAYDUD IR NANLAING 6 ndansyaLe

@ = 5 - 1= 4 =1
N3DONLUUMYALIELNANG 18aN198159 z = 0.9843 119lnadi z = 0.131 wawdl
1 s v € s 1 ;2 =l = aj 12 s
WU 0.051516 laglatlnduaelouldsuianinfidonadassisannis (3.16) Taganunse
al o s e
WHULEUNINTIN WAZNUNIWIUR lﬂmgﬂ‘m 3.29

Tg(z) _  0.0515-0.0507z"1

Erg(z)  1-0.131z"1 (3.16)

a - | a
L Er AB ﬂqﬂqquwmwajﬂ"anl‘IN

GM- 73888

i 8 Free 741 iac'uec
A Stacke ikop
|

e

|

|
|
{

|

1
L

|

PV £25 dey X
| Freg 0 €s6 racisec

(M) WWUN19390 () WHUATNIUR

= L4

‘Uﬁ 3.29 Lﬂu‘V]'N‘J']ﬂLLB“‘LLNUﬂWWIU@‘HﬂQ@BﬂLLUUWl‘UWL?JE}QJQJW‘V]‘U

P a A _a = fa fa o 1 d
NnwafilauIssunladiadosnmnsgiinuansdusaziaunsiudanduuan
Nanafie BUANNENITIU Y = 62.5 deg tu mMAFAIINY w,, = 0.656 rad/sec Uagey
ANNUINSTU Ky = 23.9 dB o AvwAdiadnuie w, = 7.41 rad/sec
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3.5.4.2 Wunennuazueumluavesoiwaulsa @ ndinisvaiue

nseonuuusyaweyulsa 18onElsA 2 = 0.9544 1slwadl z = 0.00635 wazd
i 0.003371 Taeldieidudelouldsuiariniiaenndoswisaunis (3.17) Taganuse
Jowdunasn uazununinlun Iéfagua 3.30

Tg(z) _ 0.0337-0.0322z71
Erg(z) 1-0.0064z1

(3.17)

v ov o2 a A A = fa fa o 1 &
Nnuanlavivisruusladadosnminszdnuansiunasinanisdudanduuan
' - | i sa e o ' |
NAIAB BIUANWANNIIU Y = 72 deg a MMNDART NN W,y = 1.03 rad/sec wayaIuAN
ca oo v
LAU9AU Ky = 19.6 dB 4 ANMDRRUMINE w,y, = 7.15 rad/sec

3.5.4.3 EUNNIINUALUHUNMTUATBLDENA yuses 1 wdanIsTALYY

nseenuUUMYMTEYNEe 18en19T1sN 2 = 0.9515 1wiwadl z = 0.2748 waxdl
nuiiy 0.009795 InelaiterdudrelouldsUianiniiaenadosiaunis (3.18) Tnsanunsa
Weudunesn wazuaunmlun Iedssui 3.31

Ty(z) _ 0.0098-0.0093z7"
Ery(z)  1-0.2748z1

(3.18)

Ay v ' a & i ca fa a1
MnuanlawtuIszuunlaiiadosnmmszinuansuwaziwaunsduianduuan
| & ' ' a o v i
Na1279 8IUANNENITIU Y = 60.3 deg & ANUAANYINNUY wey = 0.993 rad/sec Warey
ALNUINgIU Ky = 19.8 dB s anuliiadsine e, = 6.29 rad/sec

i \ GM 196D

Pu 2000 \ |
| Fres 103 rad'sec

S —— i el L i o) ) RN T SR Y Y SN L ST VY S OSSO W, IR

(n) W@UNI95IN () WHUNINLUA

JUT 3.30 Wumssinuasusunmluavdseenuuuiivaigeyulsa



P DO P = ¥ s

| Jl‘ \ — GM 18808

| | _i 3| Frec: 6.29 aa'sec
— — Aﬂfs—rqﬂ Statke ocp b
/ 1 . - r— S — TIPS B ey
\

PM E03deg
Freq € 993 radisec

(n) W@WUN95IN () WuNIWLun

o
‘UVT 3.31 Lﬁ‘LWI'NS’mLLﬁ”LLNUﬂ’]WI‘UﬂWﬁ&E}BﬂLLUUG]’J‘U?]L%EI%.JNEJE}S

3.5.5 wawauauaaL%ma'mé’aaanl,muﬁ"mﬂwa

waqmﬂaamwum‘mL%Lwawwjﬂuuww yulsa uazyuees lnearedunedu
Gh m"uuuulwuwma (Unit  step) WagAuseen Wiy 12.5 sy Fuduwsedivihli
mmﬂmuﬁ"ﬁuwmanmﬂu Tngeiduszuutloundu ilefiansunanauausdiaifsiany
ﬁaa‘lﬂmﬂsmmmmﬂﬁagﬂﬁ 3.17 Idnanavavandean wdeenwuuivae farelud

3.5.5.1 NANBUALBITIIANAIDBNULUUAIYALYEYUAND

Lmaaamwumwm%uuww wm'1s.fu‘umummamiauwawama‘uauaqmaamnmu
Futulavionhedd f9ma1998u Rise time) 11.7 Fund nmwamuaqaﬂ (Peak time)
14 U AMaLAYEEn (Maximum overshoot) Ussani 6.4% Faa63a8741 (Settling time)
22 W warilimuiananluaniivagsia (Steady stage error) egs = 0.007 cﬁ’agﬂﬁ 3.32
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time(s)
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50

3.5.5.2 HARBUAUDITIIAMAIDBNLUURIYALYELNL5A

osenuuumniveyalsa wuisruumuAilaNsInLTUDINARDUALB RO R
Futulandonieded fdrsnamntu 0.9 Fund namaiugega 2.2 M Anafugean
Useanm 27.7% dasadndt 28 Junit wazidanaiiawansluanngegia e, widuaud
flaguit 3.33

[} o -

output (roll)
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3.5.5.3 HARBUAUDUTIIAT NAIDDNWUUAIYALLEYUEDT
ilepenuuUMTALTENLEaT NUIsEUUAIUANT ANTIOULYRIHNARBUALB I BF Y
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3.5.6 nsudasilandudelouTuguansaduauniswasing
dl' LY v & o 1 = = 8/ él v a = cJ
ieoanuuuivasuazlaflsidudngleulusuianinuds ieldnuaiedeiaavaou
Handudeleulugufanialimluaunisuanis(Difference  equation) Taenisulasdandiu
(Inversion of z transform) wWataunisaanan lWlddsulusunsululpsasulnsaiass
s - - & 1 = L2 -11 = s v
fuaeyuingiisiduaiglouluguiansn deauns 3.16) Heudasdunduls
1 d L2 q’l
AUNTHNARNNADAAFDINIT

T [K] = 0.131Ty [k-1] + 0.0515Er5[K] -0.0507Ery [k-1] (3.19)
Mwnwsyulsaliteidudrelovlugufiansn daunis (3.17)  deuvasdldaunns
HaFTIADAARDIAIL

Ty [K] = 0.0064Ty [k-1] + 0.0337E7; [K] -0.0322E74 [k-1] (3.20)

Y §a fo 1 a  a 9 P av v
mvaeyugesiifandudisloulusufianin diaunts (3.18) lauUasdlaaunis
1 A v s d”
NAFINAONAR DA

Ty [kl = 0.2748T, [k-1] + 0.0098ET, (K] -0.0093ETy, [k-1] (3.21)

aun1s (3.19) feaunis (3.21) azgninlglunisi@eulusinsudmsu PIC18Fa6K22
Men1wd Liveldlunisaiuauenniseudlunassly

3.6 N1509NLUUIUILATY

luiitetiagnanitewulanniseanwuulusunsudwsululasaoulnsaians
PIC18F46K22 way lulasmoulvsaiaas PIC18F4431  s2uDILRUNINITI9uTa9lUSLASY
Tnesay

3.6.1 Waunsululasroulnsawaas PIC18F46K22

ndnaaindunasdtelviln PIC18FA6K22 azrimunAiufurDIfIRUTHIS 9
waztdaldnulugasine o Idunlugadeansioyaeynsu USART lugadeansdeyasynsu I'C
uazluga Timero lnaSudunadeluga Timero siufitouflagyaniluduneudug dely

n§niEudunaIud PICIBFA6K22 asidusumanieuees innnss lalsalay
uaglguige$innuduauuuimanimelugadeanstoyaeynsy I'C a1ntudsheriiony
unUszanana lutumeudssnanaiilunisdnamsadaaans loud msudamie
nsUSuEY MsUssafuUsamviafmdunaamy waznsaiuaudyaasiefiveise
fupoustelufio msdedeyaiilindsannsussnanalulilulasreulnsaiaes PIC18F4431
Tngldnsdearsdoyauvuvuuillivivedlulasneulnsiaesifunesadunauasieding
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Tupounsdsdoyailuansdeguin 3.35 Tnanisdedoyarionunazdonimudunousangt
vievun 4 A39 (x = 1,2,3 way 4) naenndsteyaiaiauds Tsunsuazseau Tuga Timer0 §u
P L2 1 1 € = Q‘j é

ATy 20 ms wadanaulusmMnueeswarstananadnaisluiFes 9

Funaunisdedoyasin PIC18Fa6K22 TUSs PIC18F4431

| PicisFaskaz dedioya 13 9n (yafix |

| PIC18FasK22 dadqysynas Intemrupt (10 |

|

| Pic1sraast Sudyanss Interupt (10 |

l

I PIC18F4431 oudeya 13 U (*{6-17?' %) |

|

I PIC18F4431 dsdqyain Interrupt (2-x) |

l

| Pic18rask2z Sudayaai intenupt (29 |

gﬂﬁ 3.35 unulsdupeumsasdoyadin PIC18FA6K22 lUds PIC18F4431

awnflivatatemiesaanisueanisdu TUsunsuazsesudygiusuneisudan
AONRUNDIHIUIINT BlueBee uay Xbee irglulnsmoulnsaiass PIC18FA6K22 dreluga
doanstoyasunsy USART iiladedayainiduinessudluly PIC18F4d31 wazaumsinau
wwuilslusunsuvadlilasraulnsaiaes PIC18F46K22 uanafasud 3.36

Start

| Initial configuration |

I Read data from sensor ]

| Data processing—]

| Send data to PIC18F4431 |

i

[ wait untit 20 ms |

W (EUSART Interrupt for emergency case)

I Send interrupt signal to PIC18F4431 I
[]

5l 3.36 wnudlusunsulalnsnaulvsainns PIC18FA6K22

¢ = =20 la vl
swazidenvasiusunsulilasnaulvsalans PIC18F46K22 aunsafnuidudulafinianuan
n.2.1
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3.6.2 Wsunsululasaeulnsaaas PIC18F4431
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v03MuUsA1e 9 uagilaldaluga Power control PWM nasanilialdanuluga Tusunsy
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v unudslusunsuvaslilasreulnsataes PICI8FA431 uansRaguil 3.37

| Initial configuration l

|

l O

I Generate PWM Signals —l

| Data processing_l

LReceive data from PIC18F46K22 |

i

 [External Interrupt for emergency case)

| Close PCPWM function l

1
1
¥

End
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msdauasesdiomuauauimemestuuBidnnseinddinusnasuininesing
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54% 0.3924 0.3924 0.3924 0.323/73
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ws98n F (N)

fileiia —r — = —
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Thrust force vs PWM Duty cycle (BLDC1)
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msdanunsesiemununnuidiuemesiuudifinnsedndardinuaineouinmes
Tnedsindaiilafavesdyguiadisuagiadududaus 2,500 Andu 509 auluds 4,700 A
B 949% TaevinisuFuiinadsaz 100 wieAniduadiay 2% rululaspeulnsaasiund
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HalmeInIn 1

¢ v«
UBLABTAIN 2

18LAasAIN 3

UBLMBSAIT 4

failaAa | FN) [zN-m) | F(N) [ T0N-m) | FON) | T0Nm) | F(N) | T (N-m)
50 % 0 0 0 0 0 0 0 0
52 % 0 0 0 0 0 0 0 0
54 % 0.04 | 00028 | 0.04 | 0.0028 | 007 | 00049 | 005 | 0.0035
56 % 0.08 | 0.0056 | 0.08 | 0.0056 | 0.11 | 0.0077 | 0.09 | 0.0063
58 % 0.2 | 0.0084 | 0.13 |0.0091 | 0.17 | 00119 | 0.13 | 0.0091
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66 % 0.32 | 0.0224 | 033 | 00231 | 038 | 0.0266 | 034 |0.0238
68 % 0.36 | 0.0252 | 039 |0.0273| 042 | 00294 | 0.38 | 0.0266
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Yawasiaf 1 uewmasHfl 2 UBIMBIHIT 3 UDasHaTl 4
folaia | FN) [ tNm) | F(N) [ TON-m) | F(N) | TON-m) | F(N) | T(N-m)
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84 % 0.80 0.0560 1.08 0.0756 1.00 0.0700 1.20 0.0840
86 % 0.87 0.0609 121 0.0847 1.05 0.0735 1.29 0.0903
88 % 0.93 0.0651 1.30 0.091 1.09 0.0763 1.36 0.0952
90 % 0.97 0.0679 N 0.0987 16l 2 0.0784 1.40 0.0980
92 % 1.05 0.0735 1.50 0.1050 1.19 0.0833 ™56 0.1050
94 % 1.08 0.0756 1.59 O 1\ 3 PB 0.0875 1.59 01113
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PMNNSINNANITNAERY iuInileiin1siiufilsiiauintu wssdafiueimesaiuisea
) 1% o X ' @ P - v [ ' a a [
ad19lafiuduLtunu gaflegainidulszunaniuladaauilidnvanidudady
s ot s L L1 el LY =y = = =
famuduRuSaalUll e x Ae Wesiudiifileifia uay v Aewsedn

LoLmeIFIN 1 y = 0.0018x - 0.0954
LoLmoiFT 2 y = 0.0026x — 0.1441
UoLABIEaT 3 y = 0.0021x - 0.1093
uawasHa 4 y = 0.0027x — 0.1484

4.3 N15USUMB UL USRS IAAULTS

wdanfndasueiinnnussasuugunl Suludenhnisuiuiiou eswinnis
RadalruosIaALLEe anvlaliauysal (Hanaldlinssiumisiideanis) uaziiroaman
(Off-set error) Fadpavinnsasrrgue (Tare zero) Tt m)ianduaganmgiuseine
Tuusdagiiaadudauunndaei 19y AauduAdy 189 Seavdemanoanuanunsalunig
2uAvaRTUesInAILse Tunduesainawawmas (Scale factor)

A NETUsTEMINA1NTgIU (Normalized) Ayq, Ay by 4, fudeyadu 4,,
A, wae A, \Dulumuannis (4.1)

0 0
b P 4L Llag
Ayl = [A—m]3><3 0 A_SCy O g Ay =1 A_OSy (41)
Az 0 0 1 A, = A0S,
A_SC;

08 [A_m]sxs fD Luw'%ﬂsz?l,’gm@ué (Misalignment Matrix) ﬂml,ﬁmﬁmﬁ’jﬂqﬂﬂ‘mhﬁm
A0S, fo sewnildusulsildaiaud
ASC;  fp @lnaunames

B @ = X, y Y39 Z

anusadnguannis (4.1) ieglugy

Ayl = ACCZ:[ ACCZZ ACC23 ACCZO
AZl ACC31 ACC32 ACC33 ACC30

Ay [ACCy; ACCy, ACCy31[ACCyq
” (4.2)

Whnsnelunisuiuiiieuiitie nsmAmsfines (Parameters)  w1a 12 fldun
A6y, ACGL, ACCw, ACT:, ACCs, ALy, ACss, AL s, Ay, AT, ACCs; 116%
Aetas IﬂEj“ﬁﬁmsajuLﬁuﬁﬂ%aaﬁlaﬁwaqwuwaﬁ’mmmLs'amﬂs‘hwﬁqﬁgﬂ"} Agy Ay UBE
Ay Wilueu wdudaumsmwisiiesii 12 dad é’qa’i%ﬁﬁqamﬁaaﬁqm (Least Square)
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dnguannts (4.2) eglugaunisivadiniadu (Linear algebraic equation) leiiu

ACCy4
ACC
[AX]- Ayl A21]= [Ax Ay AZ 1] ACC:ll;
ACCyp
wieaglugy
[Y]nx3 = [W]nx4 ' [X]4x3

TneAT n ﬁ'aﬁwmw‘hLmﬁaﬁtﬁuﬁﬁagaﬁu

ACCy,
ACCss
ACC,3

ACCsy
ACCs
ACCas (4.3)
AETsq

(4.4)

Auvdsituguniiuadoyaiuil 6 funsde duwis P1 (+2), P2 (-2), P3 (+y),

P4 (-y), P5 (+X) Uag P6 (x) ﬁagﬂ‘ﬁ' 4.6 ﬁqgﬂﬁ 4.11 MuaInu

5UN 4.6 MareomAgualuialusiumis P1 (+2)

JUN 4.7 Mmsreemagudluialudiuvis P2 (-2)
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AITHAAUNITUY [X]4x3 WENNTS (4.4) IneTBMdsaasioenian g

[Y]ex3 = [Wlexa * [Xlaxs (a.7)

[WTlaxe * [Ylexa = [WTixe * Wlixe * [Xlaxa
= [WT “Wlaxa - [Xlaxa

[WT 'W]Z>%4 ' [WT]4><6 ' [Y]exz = [WT 'W]Zi‘; ' [WT ‘W]4><4 ) [X]4x3
Jala
[XJ4><3 = [WT 'W]Zitl' [WT]4-x6 ' [Y]axs (4.8)

—1.001577 0.005368 —0.015259

= 0.007135 -—1.001870 —0.001556
b ¢ —0.003949 0.000931 —0.982126

0.029164 —0.016454 —0.086652
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Accelerometer data about Y-axis (P1)
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Accelerometer data about Z-axis (P1)
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Accelerometer data about Y-axis (P2)
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Accelerometer data about Y-axis (P3)
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Accelerometer data about Y-axis (P4)
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Accelerometer data about Y-axis (P5)
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Accelerometer data about Y-axis (P6)
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UndeyauAnuvIyNing auaunis (4.25)
Pitch = 8 = arcsin(—A4,,) (4.25)
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Atauany
MR il
Ax Ax (x g) Ay Ay (x g)
0 310.909 0.018976 -273.455 -0.016690
10 161.455 0.009854 2984.000 0.182129
20 227.556 0.013889 5955.556 0.363498
30 126.909 0.007746 8291.273 0.506059
40 284.667 0.017375 10343.667 0.631327
50 284.000 0.017334 12292.400 0.750269
60 376.800 0.0225998 13870.667 0.846598
70 346.769 0.021165 15171097 0.925969
80 341.500 0.020844 15884.750 0.969528
90 366.889 0.022393 16035.556 0.978733
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\Wyauuusvan
GNGY Jayanu
(deg) Ax Ay Mx My Mz
0 228.308 | -455.077 -37.385 319.615 531.769
10 276.000 | -426.857 | -128.286 301.214 531.786
20 337538 -455,385 | -210.385 274.462 531.231
30 357.846 | -441.231 | -291.846 | 229.538 530.769
40 358.462 | -427.692 | -355.923 183.692 533.308
50 337.714 | -398.571 | -412.929 111.357 533.429
60 393.143 | -397.143 | -453.286 95,357 534.571
70 435429 | -371.429 | -487.786 -52.929 536.500
80 464.000 | -340.923 | -499.769 | -139.615 | 538.923
90 386.286 | -287.714 | -499.429 | -238.429 | 538.857
100 698.462 | -237.846 | -477.538 | -316.769 | 541.769
110 410.769 -248923 | -444.308 | -406.615 543,154
120 388.571 -201.714 | -387.857 | -481.000 | 545.786
130 401.143 | -174.286 | -324.643 | -549.571 547.071
140 381.231 | -162.462 | -250.308 | -606.231 546.692
150 352.000 | -136.800 | -165.133 | -644.333 | 548.800
160 324.000 | -153.333 -81.533 —666.933 548.667
170 2165T] -174.857 11.857 -674.571 | 551.429
180 245538 -157.231 104.538 -673.077 | 552.000
190 207.385 | -157.231 193.615 | -648.462 | 552.769
200 | 209.143 | -130.286 | 267.929 | -615.857 | 550.071
210 | 211.692 | -156.923 | 342923 | -563.692 | 550.077
220 193,667 | -201.667 | 396.917 | -507.000 | 548.500
230 151.714 | -172.571 451.071 -438.000 | 545.714
240 154.462 | -161.538 | 484.615 -363.000 | 546.615
250 122769 | -204.923 | 508.308 -287.308 | 545.077
260 161.846 | -214.154 | 517.538 -202.308 | 542.308
270 124.667 | -323.000 | 516.833 | -116.500 | 538.333
280 121.867 | -331.733 | 497.133 -40.467 539.000
290 134.462 | -377.846 | 466.077 38.308 537.385
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A579% 4.5 (si9)

oGl Uoyanu

(deg) Ax Ay Mx My Mz
300 | 144.000 | -394.286 | 418.643 108.429 | 537.714
310 | 150.857 | -404.571 | 361.214 176,218 | 535071
320 | 165.429 | -375.714 | 288.143 | 229.643 | 534.429
330 | 179.692 | -439.385 | 214.462 | 271.692 | 533.308
340 | 249.143 | -424.571 | 138.429 301.214 | 532.000
350 | 244.615 | -395.077 47.154 314.385 | 533.385
360 | 237.846 | -425.231 | -39.692 I B16 | 531.769

indeymnuamameainuanns (4.27) lnsfsusamyusesionihdeyadnaly
v < v ' o 1 Y,
wsne 16,834 Welvieglumiheduauniveusiddudislan

Yaw =9 = arctan (M, / My,) (4.27)
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My, = Myqsin@sinf + My cos — M,;sind cosé (4.29)
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%$PWM Period = 2 ms
pwm = [50:2:94];

F1 = (9.81/1000)*[0 0 40 70 100 130 163 194 231 259 292 339 392 429
457 497

552 613 663 715 798 860 908];
F2 = (9.81/1000)*[0 0 40 67 96 127 157 189 221 254 301 340 392 430
489 541

604 616 632 678 780 820 872];
F3 = (9.81/1000)*[0 0 40 67 96 124 153 189 221 254 290 337 389 441
493 557

619 686 747 810 837 876 895];
Fd = (9.81/1000)*[0 O 33 54 81 107 135 166 198 230 263 306 353 403
458 504

563 618 623 634 753 835 894];

pl = polyfit (pwm,E1,1);
p2 = polyfit (pwm,F2,1);

p3 = polyfit (pwm,F3,1);
p4 = polyfit (pwm,F4,1);
xpl = [50:2:94];
Xp2 = [50:2:94];
xp3 = [50:2:94];
xpd = [50:2:94];

ypl = polyval (pl,xpl);

yp2 = polyval (p2,xp2);
yp3 = polyval (p3,xp3);
yp4 = polyval (p4, xpd);
figure (1)

subplot (221)

plot (pwm, F1, 'x',xpl, ypl, 'red')

grid on

title('Thrust Force vs PWM Dutycycle (BLDC1)')
xlabel ('PWM Dutycycle (%)"')

ylabel {'Thrust Force (N)')

legend('Raw Data', 'Estimate')

subplot (222)

plot (pwm, F2, 'x',xp2, yp2, 'red")

grid on

title('Thrust Force vs PWM Dutycycle (BLDC2)')
xlabel ('PWM Dutycycle (%)')

ylabel ('Thrust Force (N)')

legend('Raw Data', 'Estimate')

subplot (223)

plot (pwm, F3, "x', xp3, yp3, 'red")

grid on

title('Thrust Force vs PWM Dutycycle (BLDC3)')
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xlabel ('PWM Dutycycle (%)')

ylabel ('Thrust Force (N)')

legend('Raw Data', 'Estimate')

subplot (224)

plot (pwm, F4, "x', xpd, yp4, 'red")

grid on

title('Thrust Force vs PWM Dutycycle (BLDC4)')

xlabel ('PWM Dutycycle (%)"')

ylabel ('Thrust Force (N)')

legend('Raw Data', 'Estimate’)

% Voltage = 11.1 V

T, 11.21%70,04 9.04 0.27 0:42 0.59 0.79 1.01 1.25 1.51 1.78 2.13
87 3,05 B.65 4,28 4.91 5.74];

I2 11.1*[0.04 0.04 0.28 0.43 0.61 0.82 1.04 1.29 1.55 1.84 2.14
«98 3.20 3.70 4.36 5.12 5.93];

I3 11.1*[0.04 0.04 Q.27 Q.42 0.59 0.79 1,01 1.25 1.51 1.79 2.09
.50 3.13 3.70 4.29 5.11 5. Sda®

I4 11.1*[0.04 0.04 0% 2457 0.52 0. 70w, 0%g1.09 1,32 1.56 1.83
J24 2,70 3.26 3.7 g? 388 5.02)] ;

P1 polyfit (pwm, I1,2);

P2 = polyfit (pwm,I2,2);

P3 polyfit (pwm,I3,2);

P4 = polyfit (pwm,I4,2)

XPl = [50:2:82];

XP2 [3042:82];

XP3 = [i6§:2:82]s

XP4 = [50:2:82];

YP1l = polyval(PF1l,XP1});

YP2 polywval (P2 XP29-;

YP3 = polyval (P3,XP3);

YP4 = polyval (P4,XP4);

N oe
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figure(2)

subplot (221)

plot (pwm, I1, 'x',XP1,YP1l, "green')

grid on

title('"Power vs PWM Dutycycle (BLDC1)'")
xlabel ('PWM Dutycycle (%)")

ylabel ("Power (W)')

legend('Raw Data', 'Estimate')

subplot (222)

plot (pwm, IZ2, 'x',XP2,YP2, 'green')

grid on

title('Power vs PWM Dutycycle (BLDC2)')
xlabel ('PWM Dutycycle (%)'")

ylabel ('Power (W)')

legend ('Raw Data', 'Estimate')

subplot (223)

plot (pwm, I3, 'x',XP3,YP3, '"green')

grid on

title ('Power vs PWM Dutycycle (BLDC3)')
xlabel ('PWM Dutycycle (%)')

ylabel ('Power (W)')

legend('Raw Data', 'Estimate’)

subplot (224)

plot (pwm, I4, 'x',XP4,YP4, 'green')

grid on

title('Power vs PWM Dutycycle (BLDC4)')
xlabel ('PWM Dutycycle (%)"')

ylabel ('Power (W)')

legend ('Raw Data', 'Estimate')

oP o df oP oP
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$PWM Period = 2 ms
$T = rxF (r = 0.07m)
pwm = [50:2:94];

108

Tl = ((2.81%0.07)/1000)*[0 0 5 9 13 19 24 27 33 37 41 48 54 59 64 70
76 82

89 95 99 108 111];
T2 = ((9.81*%0.07)/1000)*[0 0 S 9 14 19 23 29 34 40 45 53 61 70 79 90
104

111 124 133 144 153 163];
T3 = ((9.81*0.07)/1000)*[0 0 8 12 18 24 29 35 39 43 51 59 66 73 80 88
93

102 107 111 114 121 12871;
T4 = ((9.81%0.07)/1000)*[0 0 5 9 13 18 23 27 35 39 46 53 61 71 79 92
107

122 132 139 143 15" 16897

pl = polyfit (pwm,T1,1)
polyfit (pwm, T2,1)
p3 = polyfit(pwm,T3,1);
)

’

2

o)
N
It

p4 = polyfit (pwm,T4,1);
xpl = [50:2:94];
xp2 = [50:29M];
xp3 = [5042494]:
xpd = [50:2:94];
ypl = polyval(pl,xpl):;
yp2 = polyval (p2, xp2) ;

yp3 = polyval (p3,xp3);
polyval (p4, xpd) ;

<
O

B
1

figure (1)

subplotl{ 221}

plot (pwm,T1,'x', xpl,ypl, "red")
grid on

title('Torque vs PWM Dutycycle (BLDC1)'")
xlabel ('PWM Dutycycle (%)')
ylabel ('Torque (N-m) ')
legend('Raw Data', 'Estimate!')
subplot (222)

plot (pwm, T2, 'x",xp2, yp2, 'red")
grid on

title('Torgue Force vs PWM Dutycycle (BLDC2)')

xlabel ('PWM Dutycycle (%)")
ylabel ('Torgue (N-m)")
legend('Raw Data', 'Estimate’')
subplot (223)

plot (pwm, T3, 'x',xp3, yp3, 'red')
grid on

title('Torgue Force vs PWM Dutycycle (BLDC3)')

xlabel ('PWM Dutycycle (%)")
ylabel ('Torque (N-m) ')
legend('Raw Data', 'Estimate')
subplot (224)

plot (pwm, T4, 'x"', xpd, ypd, 'red")
grid on

title('Torgque Force vs PWM Dutycycle (BLDC4)')

xlabel ('PWM Dutycycle (%)')
ylabel ('Torque (N-m)')
legend('Raw Data', 'Estimate’)
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Y=[0© 14§ 0 0 =13 @ 1 @ 0 =1 97 1 0 0z —1. O O]:
W=[0.025506 -0.02283 -1.10176 1;

0.017217 -0.0208 0.934492 1;

0.054268 0.980898 -0.08583 1;

0.039961 -1.0153 -0.08263 1;

1.017626 =0.00466 -0.11377 1;

-0.97847 -0.0154 -0.08246 1];

Wt=transpose (W) ;
PsuW=Wt*W;
PsulnvW=inv (PsuW) ;
X=PsulInvW*Wt*Y;

for i = 1:50

Ax1l (i) = (~1.001577) * Dzl ) =
{ 0.029164);

Ayl (i) = ( 0.007135)*Ax (i) +
(-0.016454) ;

Azl (i) = (-0.003949)*Ax (i) + (
(-0.086653) ;

end

0.005368) *Ay (i)
(=1.001870) *Ay (1)

0.000931) *Ay (1)

t=[1:1:500 4

figure(l)

plot (t, Bxg, "0, + NG Jeteily
title('Accelerometer data about X-axis
xlabel ('Sample number', 'FontSize',15)
ylabel ('Acceleration (g)', 'FontSize',15)

+

+

+

legend('Before calibration', '"After calibration')

figure(2)

Plot (t, Ay ' 5 €, Al PN
title('Accelerometer data about Y-axis
xlabel ('Sample number', 'FontSize',15)
ylabel ("Data (g)','FontSize',15)

legend('Before calibration', 'After calibration')

figure (3)

plot(t, Az, "xX",t, Bl +7%)
title('Accelerometer data about Z-axis
xlabel ('Sample number', 'FontSize',15)
ylabel ('Data (g)','FontSize',15)

legend('Before calibration', 'After calibration')

gxl=gx-(-0.0574959);
gyl=gy-(-0.0003523);
gzl=gz-(-0.0132955);

=11 e1007 ;

figure (1)

IOt (L:G% Yo B, gL BT ) g

title ('Gyroscope about X-axis', 'FontSize',20)
xlabel ('times', 'FontSize',15)

ylabel ('Angular Velocity (rad/s)','FontSize',15)
legend('Before calibration', 'After calibration')

figure(2)

(=0.015259) *Az (i)
(-0.001556) *Az (i)

(=0.9681W6) *Az (1)

(P1)','FontSize',20)

(BL) ' pFot8ize’, 20)

(P11 ¥ FontfSife ', 20)

109
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plot(t,gy,'o',t,gyl, '+r');

title('Gyroscope about Y-axis','FontSize',20)
xlabel ('times', 'FontSize',15)

ylabel ('Angular Velocity (rad/s)', 'FontSize',15)
legend('Before calibration', 'After calibration')

figure (3)

pletift gz "0 ;L 921 HEt )

title('Gyroscope about Z-axis', 'FontSize',20)
xXlabel('times', 'FontSize',15)

ylabel ("Angular Velocity (rad/s)', 'FontSize',15)
legend ('Before calibration', 'After calibration')

n.1.4 TUswAsNEIMSUNSUSUMB UL S A NI T U a L ILIMEN

for i=1:700
dataxpowZ (i) = datax(i)*datax(i);
mdataypow2 (i) = -(datay(i)*datay(i));
mdatazpow2 (i) = -(dataz(i)*dataz(i));

end

$Metrix W

W = transpose (dataxpow?2);

$Metrix H
for i=1:400

H(i,1) = datax(i);
H(i,2) = datay(i);
H(i,8) = datazsm
H(i,4) = mdataypow?2 (i) ;
H(i,5) = mdatazpow?2 (i);
H(i,6) = 1;

end

Ht = transpose(H);
PsuH = Ht*H;

PsulInvH = inv(PsuH);
X = PsulnvH*Ht*W;

M 0Sx = X(1)/2;

M _OSy = X(2)/(2*X(4));

M 0Sz = X(3)/(2*X(5))%

A = X(6) + (M 0Sx)"2 + (X(4)*((M_0Sy)~2)) + (X(5)*((M 0Sz)"2));
B = A/X(4);

C = A/X(5);

SC = [1/M SCx 0 0 ; 0 1/M SCy 0 ; 0 0 1/M SCz];

fer a=Ll: /8
xx x (i) = datax| x(i) -~ M OSx;
yy_x(i) = datay x(i) - M OSy;
zz_x (i) = dataz x(i) - M 0Sz;

end
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for i=1:78
xxx_x(i) = xx_x(i) / M _SCx;
yyy_x(i) = yy x(i) / M SCy;
zzz x(1) = zz x(i) / M _SCz;
end
for i=1:78
H 3 =(i;1l) = mux w(d);
H 3 x(1,2) = yyy x(i);
H 3 x(1,3) = zzz x(i);
end
for i=1:78
W 3 x(i,1) = sqgrt((xxx_x(1))"2 + (yyy x(i))"2 + (zzz x(i))"2);
end

H _3t_x = transpose(H 3 x);

PsuH 3 x = H 3t x * H 3 x;
PsulnvH 3 x = inv(PsuH 3 x);

X 3 x = PsulnvH 3 x * _HF3te® W 3 X;

R x = X 3 x/(sqeplp?3 = (B N\\K B AM021072 + (INGN(3))72));

for i=1:78
xx_y (i) = /datax y(i) - M OSx;
yy_y(i) = datay y(i) - M OSy;
zz y ()= dataz gii=" MIOSE/
end
for i=1:78
xxXJylli), = &3¢ vild=y Me8Ex;
yyy_y(i) = yy y(i) / M _SCy;
zzZ ¥ (&) =N\zzo )L M SC2 ;
end
for i=1:78
H 3 W (1) =
B A §(r2) =SyPiytil,
H 3WW(i93) G2z 2Ny N
end
for i=1:78
W_3_y(1,1) = sgrt((xxx_y(1))72 + (yyy y(i))"2 + (zzz y(i))"2);
end

H 3t _y = transpose(H 3 vy);

PsuH 3 _yv = H SW WR*VYHE3, v
PsuInvH_3_y = inv(PsuH 3 y);

X 3 y = PsulnvH 3 y * H 3t y * W 3 y;

Ry = X_3_y/(sqrt ((X_3_y(1)) 2 + (X 3y(2))°2 + (X 3 y(3))"2));

for i=1:78
xx_z (1) = datax z (i) - M 0Sx;
yy_z (i) = datay =z (i) - M OSy;
zz_z(i) = dataz_=z(i) - M 0Sz;
end
for i=1:78
®xxx_z(i) = xx_z (i) / M _SCx;
yyy_z(i) = yy z(i) / M_SCy;
zzz_z (i) = zz z(i) / M SCz;
end
for i=1:78
H 3 z(i,1l) = xxx z(i);
H 3 z(i,2) = yyy z(i);
H 3 =z=(i,3) = zzz z(1);



112

end
for i=1:78
W3z, = sqrt ((xxx_z(i))"2 + (yyy_z(i))"2 + (zzz_z(i))"2);
end
H 3t =z transpose(H 3 _2z);

PsuH:E_z =H 3t z * H 3 z;

PsulnvH 3_z = inv(PsuH 3 z);

X 3 z = PsulnvH 3_z * H 3t_z * W_3_z;

RiE = X_3_2/(sqrt((x_3ﬁz(l))ﬂ2 + (X_3_z(2))“2 + {X43_2(3))”2));

R = [R xRy R z];

= d v

015 TUsunsudmsunisnagauniyulsauazyuiing dreisuivaiin
A3

%Raw Data : Ax,Ay,Az

Axl = Ax/16384;
Ayl = Ay/16384;
Azl = Az/16384;

pitchl = asin(-Ax1);
rolll =faeif) (a2l ceospitrnt)) ) g,

£ = [1:0 4104&

figure (1)
plot(t,(pitchl*lBO)/pi,'o‘)
title('Pitch (Raw Data)')
xlabel ('times')

ylabel ('Angle (deg)')
figure (2)

plot (t, (rolll*180)/pi, '0")
title('Roll (Raw Data)"')
xlabel ('times')

ylabel ('degree')

% Calibrate
for i = 1:10

Ax2 (1) = ( 1.001577) *Ax1 (i) + (-0.005368) *Ayl(i) + (-0.015259) *Az1 (1)
+ (-0.029164);

Ay2 (i) = (-0.007135) *Axl (i) + | 1.001870) *Ayl (i) + (-0.001556) *Azl (i)
+ ( 0.016454);

Az2 (1) = ( 0.003949)*Ax1 (i) + (-0.000931) *Ayl (i) + (-0.982126) *Az1 (1)
+ (-0.086653);

end

pitch2 = asin(-Ax2);
roll?2 = asin((Ay2 ./ cos(pitch2)));

figure (3)
plot(t,(pitch2*180)/pi,'o‘)
£itle("Pitch (After calibration)')
xlabel ("times')

ylabel ('Angle (deg)')

figure(4)
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plot(t, (roll2*180)/pi,'o")
title('Roll (After calibration)')
xlabel ('times"')

ylabel ('degree')

n.1.6 TUsUNTUAMTUNITVAGBUNIATMIYULDS HI8LYUTDITAAIINLSS
UWAZLTUILRTINANNDNEUINLIWEN

$Raw Data : Ax,Ay,Az,Gx,Gy,Gz,Mx,My,Mz

Axl = Ax/16384;
Ayl = Ay/16384;
Azl = Az/16384;

Gxl = Gx/7501;
Gyl = Gy/7501;
Gzl = Gz/7501;
Mx1l = Mx;
Myl = My;
Mzl = Mz;

Mxl = Mx/1575.3846;
Myl = My/1575.3846;
Mzl = Mz/1575.3846;

gl o

oo

pitchl = asin(-Axl);
cos _pl = cos(pitchl);
sin pl = sim(pitchl);

rolll = asin((Ayl ./ cos _pl));

cos_rl =jaosTrolll)}

sin rl =\sin@@elll);

Mx2 = (Mxl .* cos pl)+(Mzl * sin pl);

My2 = (Mxl NNsid xl 9 sha \SHDr Myl X \Bas/ e -fMz]l " sindrl .+
cos pily;

yawl = atanz (Mx2,My2);

t = [T:1:37]¢
% pitch2(1) = 0;
%

for 1 = 2:400
% pitch2(i) = pitch2(i-1) + Gyl(i)*(1/400);
% end
figure (1)

plot(t, (pitchl*180) /pi, "o")
title({'Pitch (Raw Data)')
xlabel ("times'")

ylabel ('Angle (deg)")

figure(2)

plot(t, (rolll*180)/pi, 'o'")
title('Roll (Raw Data)')
xlabel ('times')

ylabel ('Degree')
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figure(3)

plot(t, (yawl*180) /pi,'o")
title('Yaw (Raw Data)')
xlabel ('times"')

ylabel ('Angle (deg)')

% Calibrate
$one = [1:1:37];
for i = 1:37

Ax2(i) = ( 1.001577)*Ax1(1i) + (-0.005368)*Ayl(i) + (-0.015259)*Azl (1)
+ (-0.029164);

Ay2 (i) = (-0.007135)*Ax1(i) + ( 1.001870)*Ayl(i) + (-0.001556)*Azl (1)
+ o 0:0162454);

Az2 (i) = ( 0.003949)*Ax1(i) + (-0.000931)*Ayl (i) + (-0.982126)*Azl (1)
+ (=0.086653);

Gx2 = Gxl - (-0.057496);

Gy2 = Gyl - ( 0.000352);

Gz2 = Gzl - (-0.013296)¢

Mx3 = Mxl -( 38.4344899);

My3 = Myl -(-193.7977001);

Mz3 = Mzl -( ©9.0476978);

Mx4 (i) = (-0.001998)*Mx3(i) + (-0.000056)*My3 (i) + (-
0.000014)*Mz3 (1) ;

My4 (i) = (0:5000012) *Mx3(1) +,(=0:001979) *My3 (i) + (-
0.000027)*Mz3 (i) ;

Mz4 (i) = (-0.000012)*Mx3(i) + (~-0.000057)*My3 (i) +
(0.0022728) *Mz3 (1) ;

end

pitch2 = asin(-Ax2);
cos p2 =|cos)(pitch2)’;
sin p2 = sin(pitch2);

roll2 = lasin ( (Avd #||Qos R I

cos_r2 =\cGosTrollZ)y
sin r2 =\elhn @pll2);

Mx5 = (Mx43.% cos p2)+ (Mzd\ ¥\ Binipl:

My5 = (Mx4 .* sin r2 .* sin p2)+(My4 .* cos r2)-(Mz4 .* sin r2 .*
cos_p2);

yawz = atan2 (Mx5,My5);

figure (4)

plot (L, (pitch2*180) /pi; 'o™
title('Pitch (After Calibrate)')
xlabel ('times')

ylabel ('Degree’)

figure(5)

plet (b, (E6l12%1.80). /Bl ; "6")
title('Roll (After Calibrate)'")
xlabel ('times")

ylabel ('Degree’)

figure(6)

plot (t, (yaw2*180)/pi,'o")
title('Yaw (After Calibrate)')
xlabel ("times"')

ylabel ("Angle (deqg)')
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n.1.7 Wsunsudmiunrsvageunidtyulsa yuinduazuugasaae

lalsslay

Gxl = (Gx/7501) ;

Gyl = (Gy/7501) ;
Gzl = (Gz/7501) ;
Gx2 = Gxl -(-0.057496);

Gy2 = Gyl -( 0.000352);
Gz2 Gzl -(-0.013296);
t = [0:34/1000:33.966];
roll oldl (1) = 0;

pitch oldl1(1) = 0;
yaw_oldl (1) = 0;
roll weld2(l) =40
pitch 0ld2 (1) =
yaw _old2 (1) = 0;

0;

for i=1:1000

rolll(i) = roll oldl(i) + Gx1(i)*0.034;
pitchl(i) = pitch oldl (i) + Gyl(i)*0.034;
vawl (i) = yaw oldl (i) + Gzl (i)*0.034;
roll oldl (#4fl) Sewed A1) 3

pitch oldl(i+l) = pitchl(i);

yaw oldl (i+1) = yawl(i);

roll2 (i)ff ¥ roll ,Oldd(1)| ALEx2.(] ¥OR@B4y
pitch2 ({)) =opitfhf olfdietal )| of NGy 3l 1 KO0 3@;
yaw2 (i) = yaw old2(i) + Gz2(d1)*0.034;
roll old2 (i¥l) = poliEe-(a=

pitch old2(i+l) = pitch2(i);

yaw_old2 (i+l) = yaw2(i);

end

figure (1)

plot (t, (EQl 14~ 180w Rilitd (rol N80 I pi MiGa?m)
title('Roll angle')

xlabel ('
ylabel ('
legend('Before
figure(2)

plot (t, (pitchl*48%) /PR, (pitch2*80)7pi, ": ")
title ('Pit Wy

xlabel (
ylabel ('
legend('Before f
figure (3)
plot(t, (yawl*180) /pi,t, (yaw2*180) /pi, ':r"')
title('Y le

xlabel (
ylabel (
legend(

L Rhon

oA fter. Calikbtation™)

h angle

n'Mafter Calibration')

e

on', "After Calibration')



n.1.8 TUSHASUAMSUNISNAFDUAIFILNAELAN

t = [0:34/1000:34];
TE£(1) = 0;

Ts(l) = 0;

Ta(l) = 0;

P t(l) = 0;

g (L) = bg

R t(1) = 0;

roll t(1) = 0;
pitch t (1) 0;

yaw_t (1) = 0;

for 1=1:1000
P t dot(i) =
Q t dot(i)

R, £ deti(i)
roll t 'dot (i
roll t(i) }
pitch_t dot
piteh £{i))
yaw_t dot (i
) ;

) = P_t(i)

Q_t(i)

(1)
)

Rt (i)

B £ (i+l)
¢ £(E+1)
R t{i+l) =
roll t(i+1)
pitch thi+19
yaw_ t (i+1)

L (e
t(i)9 5
&

B
Q_
Bayt (&) +
IO Ihgia(eis)
i Eehi-tL4t
yaw t (i)

1

end

x(1001) = 0;
Gy (1001) = 0;
Gz (1001) = O;
pitch(1001) = 0;
roll (1001) = 0;
vaw (1001) = 0;

figure (1)

plot(t,Gx,t,P t, ": &)
title('Angular velocd
xlabel ('
ylabel (',
legend ('

figure(2)
plakt (E,; Gy,t Q t, ety
title('Angular velocgity
xlabel (7°

ylabel (':
legend ('

figure(3)
plot (t, Gz, LRt
title('Ang T W
xlabel ('
ylabel ('?

(88.1060*T£ (1)
(88.1060*Ts (1)
{370.370*Ta(1)

(P t dot (i)
(Q_t dot (i)
(R_t_dot

) + 1%2%(Gx (1) - P t(i));

)+ 1*4% (Gy (1) = 0 t(i));

) (Gz (1) = R_t(i));
Pit(i)) + 1*& (Bell (i)

)
)
o+ 1*6* )
+ (Gx (i) - )

e BB\ G T

= WEENGR) = — (B (1Pl 4 IO Taw (1)

=MD 340N,

4 GRS )
N~ 503 48
Mol 1 dot( )
(pltch todoty (i)
(yaw_t dot (i)

2 Q)i
* 0.034);
*D2034 75

+
ik
+

+ B * (pi DRI

)
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- yaw_t (i

)
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legend ('Measurement', "Eatimate"’)

figure (4)
plot(t,pitch*180/pi,t,pitch t,':x")
title('Fitch angle')

xlabel ("Time (s}

ylabel ('
legend ('M

'Estimate')

figure(5)
plot (t, roll*lSO/pl,t rold &, "t )
tltle('Q
xlabel ('

ylabel (' (deqg)
legend ('Measurement

figure(6)
plot (t, yaw*lBO/pl t,yaw t;':r")
title ('

xlabel ('
ylabel (' ( q)
legend ( 'Measurement

o s s A
n.1.9 Wsunsudwiuwdastayaainlawuaatlugalawuauilagld

Fast Fourier transform

fs = 1000/34; % fs = freguency sanmpling
dt = 1/fs;
Ts = 34; w Te o= Time (8)

t = 0:dE:iT's=dt ;
figure (1)

plot (t, (roll*180) /pl % plot roll angle im time domain
title('Angle',y!'FontSize

xlabel (' {
ylabel ('
figure(2)
plot (t (pltch*180 /pi) t.pletopiteh angle in time domain
title('A ' YW Font E

xlabel ( ) g
ylabel ('Fi
figure (3)
plot (t ,(yaw*lSO)/pl) $oplot-yaw angle in time domain
tltle('fn e For e

xlabel ("'
ylabel('tq le (deg)
ROLL = fftshlft{fft(roll));
PITCH = f£ftshift(fft (pitch));
YAW = fftshift(fft(yaw));

dF = f£s/1000;

f = -fs/2:dF:fs/2-dF;
figure (4)

plot(f,abs(ROLL)) %
tltle ( TG PP

xlabel (
ylabel ('
figure(5)

Va domain

,20)




118

plot (f,abs (PITCH));
title('Tw sided s
xlabel ('
ylabel (']
figure (6)
plot (f,abs (YAW));

title (' Two- d s
xlabel ('
ylabel (' %

g

n.2 Wsunsudwmsululasaaulnsataas

n.2.1 Wswnsuawmsululasraulnsatass PIC18F46K22

#include<pl8f46k22.h>
#include <i2c.h>
#include<timers.h>
#include<usart.hy
#include<stdlib.h>
#include<string.h>
#include<math.h>
#include"imu.h"
#include"xbee.h"
#include"delay.h"
#include"port.h"
#include"timer.h"
#include"calculation.h"

#pragma config FOSC = HSMP,PLLCFG = ON, WDTEN = OFF
#pragma config LVP = OFF

#pragma udata large_udata

float P_t_dot,Q_t_dot,R_t_dot,roll_t_dot,pitch_t_dot,yaw_t_dot;

float P_t,QLtsR_t,roll_t,pitch t,yaw t;

float
Roll_a_out,Roll_a_outl,Roll_a_out2,Roll_a_in,Roll_a_inl,Roll_a_in2,Roll_g o
ut,Roll_g_outl,Roll_g out2,Roll_g_in,Roll_g inl,Roll_g in2;

float
Pitch_a_out,Pitch_a_outl,Pitch_a_out2,Pitch_a_in,Pitch_a_ini,Pitch_a_in2,Pi
tch_g_out,Pitch_g_outl,Pitch_g_out2,Pitch_g_in,Pitch_g_in1,Pitch_g in2;
float
Yaw_a_out,Yaw_a_outl,Yaw_a_out2,Yaw_a_in,Yaw_a_inl,Yaw_a_in2,Yaw_g_out,Yaw_
g_outl,Yaw_g out2,Yaw_g_in,Yaw_g inl,Yaw_g_ in2;

float yi1,y2,y3,yl old,y2 old,y3 old;

float x1,x2,x3,x1_old,x2_old,x3_old;

char str[7],buf[64];

#pragma udata

unsigned int check = @,count = @;

char e[2];
e :Prototype

void InterruptHandlerHigh (void);

R L L T —— Interrupt vector

// High priority interrupt vector
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#pragma code InterruptVectorHigh = @xes8
void InterruptVectorHigh (void)

{
_asm
goto InterruptHandlerHigh //jump to interrupt routine
_endasm
)

// return to the default code section

#pragma code

F R T :Interrupt routine
// High priority interrupt routine

#pragma interrupt InterruptHandlerHigh

void InterruptHandlerHigh (void)

{
if (INTCONbits.TMROIF) // Check TMRO interrupt flag
{
count++ ;
INTCONbits.TMROIF = @; // Clear interrupt flag
}

// Transmit data from PIC18F46K22 to PIC18F4431
if (INTCONbits.INTOIF)

{
if (PORTBbits.RB2 == @)
{
INTCONbits.INTOIF = @; // Clear interrupt flag
check = 1;
}
else if(PORTBbits.RB2 == 1)
{
INTCONbits.INTOIF = @; // Clear interrupt flag
check = 3;
}
else INTCONbits.INT@IF = 8; // Clear interrupt flag
}
if (INTCON3bits.INTL1IF)
{
if(PORTBbits.RB2 == @)
{
INTCON3bits.INT1IF = @; // Clear interrupt flag
check = 2;
}
else if(PORTBbits.RB2 == 1)
{
INTCON3bits.INT1IF = @; // Clear interrupt flag
check = 4;
}
else
INTCON3bits.INT1IF = @; // Clear interrupt flag
}

//RX EUSART

if (PIR3bits.RC2IF)

{
while(Busy2USART());
gets2USART(e,1);
PIR3bits.RC2IF = @;
if(e[@] == 's')



LATCbits.LATC7 = 1;
CloseTimere();

CloseI2C2();

Close2USART();
//LATCbits . LATCT = 0;

void main(void)

{

Ax_c=0,Ay_c=0,Az_c=0,6x_c=0,G6y_c=0,Gz_c=0,Mx_c=0,My_c=0,Mz_c=0;
float Pitch=0,R0l11=0,Yaw=0;

float F=12.5,Tf=0,Ts=0,Ta=0;

char M[2] = ",",R[2] = "\r";//new

unsigned int d1=3500,d2=3500,d3=3500,d4=3500,t,i,h,1,Time=0;
int Ax=0,Ay=0,Az=0,Gx=0,Gy=0,Gz=0,Mx=0,My=0,Mz=0;

float

//initial condition for complementary filter
Roll_a_out = 8;

Roll_a_outl
Roll a out2
Roll_a_in
Roll a inil
Roll _a in2
Roll_g_out
Roll_g outl
Roll g out2
Roll_g in
Roll_g inil
Roll_g in2

Pitch_a_out
Pitch_a_outl =
Pitch_a out2 =
Pitch_a_in =
Pitchyayind” ’=
Pitch_a_in2" =
Pitch_g out =
Pitch_g outl =
Pitch_g out2 =
Pitch_g in =
Pitch_g inl =
Pitch_g in2

Yaw_a_out
Yaw_a_outl
Yaw_a_out2
Yaw_a_in

Yaw_a_inl
Yaw_a_in2
Yaw_g_out
Yaw_g outl
Yaw_g out2
Yaw_g in

Yaw_g_inl
Yaw_g_in2

muw uw w nw wn nnou
OO DD
M e e We Le e e e e W tes

]

I
e W

e W

e

- .

e W M e

DO OO
-

e

wnm n w non
e s s e e

. e

[} o
e W W

[

1
&@@@G\-@G}@Q@@@

-
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//initial condition for state observer

P_t dot = @,
Q_t_dot = 8;
R_t_dot = @;
roll_t_dot = 0;
pitch_t_dot = @;
yaw_t_dot = 9;
Pt =0;

Qt =29;

Rt = 0;

roll_t = 6;
pitch_t = @;
yaw_t = 8;

//initial condition for compensator

X1l = 9;
X2 = 0@;
X3 = 0;
yl = 6;
y2 = B;
y3 = 0;

X X
IN IH
o o
= e
=5 O
o

P
IUJ
o
(]
a
I

. e

]

<
(%]
|
o
—
a
I}

2

<
=
jo]
—
a
n
0O

<
lUd
o
[
a
I

B

initial_ports();
initial_external_interrupt();
i2c2_initial();

delay ms(100);

initial_USART();
delay ms(100);
sensor_initial(); //new
delay_ms(1e@);
delay_ms(10000);

for(1=2500;1<2800;i++)

{
dil 14
d2 = 1%
d3 = i;
d4 = 1;

delay ms(18);
// Send duty to PIC18F4431

t = di;

LATA = (t & 6b0001111110000000 ) >> 7 ;
LATC = t & ©be000oeere1111111 5
LATEbits.LATE2 = @;

LATEbits.LATE® = 1;

LATEbits.LATE® = ©;

while(check != 1);

t = d2;
LATA = (t & ©be@@1111110000000 ) >> 7 ;
LATC = t & ©booeeeeeen1111111 3

LATEbits.LATE2 = ©;
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LATEbits.LATE1
LATEbits.LATEL

]|
@
e s

while(check != 2);

t = d3;
LATA = (t & 6beee1111110000000 ) >> 7 ;
LATC = t & 0boepeeeeee1111111 v

LATEbits.LATE2 = 1;
LATEbits.LATE® = 1;
LATEbits.LATE® = 0@;
while(check != 3);

t = d4;
LATA = (t & ©beeel1111116600000 ) >> 7 ;
LATC = t & ©bo0oooeReeO1111111 3

LATEbits.LATE2 = 1;

LATEbits.LATE1l = 1;
LATEbits.LATE1l = @;
while(check != 4);
}
initial_timere();
while(1)
{

START:

// Read data from sensor
read_imu(&Ax,&Ay,&Az,8&Gx,&Gy, &Gz ,&Mx, &My , &Mz ) ;

// Calibration

calibrate(&Ax,8&Ay,&Az,&Gx, &Gy, &Gz ,8&Mx, &My, &Mz ,&Ax_c,8&Ay_c,&Az_c,&Gx_
c,8Gy_c,8&Gz_c,&Mx_c,&My_c,&Mz_c);

// Find state variable
state_variable(&Pitch,&Roll,&Yaw,&Ax_c,&Ay_c,&Mx_c,&My c,&Mz_c);

//Complementary Filter

Rollwawin &yRoll ;

Pitch_a_in = Pitch ;
Yaw_a_in = Yaw

//Low Pass Filter
Roll_a_out = ©.0011*Roll_a_in + @.0018*Roll_a_inl +
0.0011*Roll_a_in2 + 1.9277*Roll_a_outl - @.93*Roll_a_out2;

Roll _a_in2
Roll a_inl

Roll_a_in1;
Roll_a_in;

1

Roll_a out2 = Roll a outl;
Roll_a_outl = Roll_a_out;

Pitch_a_out = ©0.0011*Pitch_a_in + ©.8018*Pitch_a_inl +
0.0011*Pitch_a_in2 + 1.9277*Pitch_a_outl - @.93*Pitch_a_out2;

Pitch_a_in2
Pitch_a_ini1

Pitch_a_in1;
Pitch_a_in;



0.0011*Yaw_a_in2 + 1.9277*Yaw_a_outl - ©.93*Yaw_a_out2;

9.1363*Pitch_

Yaw

Pitch_a_out2
Pitch_a_outl

Pitch_a_outil;
Pitch_a_out;

Yaw_a_out = 0.0011*Yaw_a_in + 0.0018*Yaw_a_inl +

Yaw_a_in2
Yaw_a_inl

Yaw_a_out2
Yaw_a_outl

1}

Yaw_a_in1;
Yaw_a_in;

Yaw_a_outl;
Yaw_a_out;

//High Pass Filter
Roll g in

Pitch_g_in

Yaw_g_in

Roll g out

Roll g in2
Roll_g_ini
Roll_g _out2
Roll_g outl

Pitch_g out
g_in2 + 1.7221*Pitch_g _outl - ©.7275*Pitch_g out2;

Pitch_g in2
Pitch_g inl

Pitch_g out2
Pitch_g out1l

R

oll_g in

+ (Gx_c*0.02);

Pitch_g in + (Gy_c*0.02);

Yaw_g in

+ (Gz_c*0.82);

©.1363*%Roll_g in + @*Roll g inl -
©.1363*%Roll_g in2 + 1.7221*Roll_g outl - 0.7275%Roll_g out2;

1}

Roll_g_ini1;
Roll_g in;
Roll g outl;
Roll g out;

©.1363*Pitch_g_in + @*Pitch_ g inl -

Pitch_g_ini;
Pitch_g in;

Pitch_g outl;
Pitch_g out;
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Yaw_g out = @.1363*Yaw_g_in + ©*Yaw_g_inl - @.1363*Yaw g in2 +
1.7221*Yaw_g_outl - 0.7275*Yaw_g_out2;

Yaw_g in2
Yaw_g_inl

Yaw_g out2
Yaw_g outl

Y

aw_g ini;

Yaw_g in;

Y

aw_g_outl;

Yaw_g _out;

// Sensor Fusion

Roll

Roll = @;
Pitch = @;
/*

= 0.30%(Roll_g out)
Pitch = ©.30*(Pitch_g_out) + 0.70*(Pitch_a_out);
= 0.30*(Yaw_g_out)

// State observer

P_t_dot
Q_t_dot
R_t_dot
roll t_dot

i

]

H

(88.1060*Tf) + 2*(Gx
(88.1060*Ts) + 4*(Gy

(370.378*Ta) + 6*(Gz

pitch_t_dot
yaw_t_dot

P_t

Pt

+

i

Pt + (Gx - P_t)

Qt 4+ (Gy - Q. t)
Rt + (Gz - R_T)

(P_t_dot * 0.02);

+ 7*%(Roll

+
+

+ 0.70*(Yaw_a_out)

P_t};
Q.t);
Rt g

9% (Yaw

J

+ 0.70*%(Roll _a out) ;

- roll_t );
8*(Pitch - pitch_t);

- yaw_t

)i



Q t
R_t
rol
ot

yaw_t

*/

Y3
x1
X2
X3
yl
y2
y3

X1 i
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= Q_t + (Q_t_dot * ©.82);

R_t + (R_t_dot * 8.02);
roll t + (roll_t _dot * 8.02);
pitch_t + (pitch_t_dot * 8.82);
yaw_t + (yaw_t_dot * ©.82);

TE -
ch_t

T

it

Compensator

= @ - Roll*57.272727 ;

@ - Pitch*57.272727;

© - Yaw*57.272727 ;

(0.0064 * y1 old) + (0.0337 * x1) - (0.8322 * x1_old);
= (0.1310 * y2 old) + (@.8515 * x2) - (8.8507 * x2_old);
= (0.2748 * y3_old) + (0.0098 * x3) - (0.€093 * x3_old);
olidi = %153

X2 .0ld = %2
x3_old = x3;

yl_
y2_
y3_

TH
Ts
Ta

//

dl
d2
d3
d4

/a
of 3

old = yi;
old = y2;
old = y3;
= y2;
= y1;
= y3;

Convert data form thrust to duty

thrust2duty(F,Tf,Ts,Ta,1)-150;//-26
thrust2duty(F,Tf,Ts,Ta,2)+50;
thrust2duty(F,Tf,Ts,Ta,3);
thrust2duty(F,Tf,Ts,Ta,4)-300;//-285

end data to computer

itoa(Time,str);

str
str

cat(buf,str);
cat(buf,M);

itoa(dl,str);

str

cat{buf,str);

strecat(buf,M);
itoa(d2,str);

str
str
ito
str
str
ito
str
str
ito
str
str
whi
put
del
for

{
}

cat(buf,str);
cat(buf,M);
a(d3,str);
cat(buf,str);
cat(buf,M);
a(da,str);
cat(buf,str);
cat(buf,M);
a(Yaw*57.272727,str);
cat(buf,str);
cat({buf,R);
le(Busy2USART());
s2USART (buf);

ay _ms(10);
(i=@;1i<=63;1i++)

buf[i] = '\@’;
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// Send duty to PIC18F4431

= dil;
LATA = (t & ©b6001111110000000
LATC = t & ©6booeeeeese1111111
LATEbits.LATE2 = ©;
LATEbits.LATE® = 1;
LATEbits.LATE® = 0;

while(check != 1);

t = d2;
LATA = (t & 8b0801111110000000
LATC = t & Pbooeeoeoesl1111111
LATEbits.LATE2 = @;

LATEbits.LATEl =
LATEbits.LATE1

Il W
(oo
s B

while(check != 2);

& d3;
LATA = (t & ©beeP1111110000000
LATC = t & ©bPbP0OLOLeO1111111
LATEbits.[EATE2 = 1/
LATEbits.LATEB = 1;
LATEbits.LATE®
while(check != 3);

1
L]
we

= d4%
LATA = (t & ©beee1111110000000
LATC = t & 6booeoeeeen1111111
LATEbits.LATE2 = 1;
LATEbits.LATE1l = 1;
LATEbits.LATEl = ©;
while(check != 4);

if(Time >= 1500)

{
LATCbits.LATC7
LATCbits.LATC?7
CloseTimere();
CloseI2C2();
Close2USART();
LATCbits.LATC?
while(1)
{
}

}

while(1)

{

o
(=
e W

I
®
-

if(count == 1)

{
TMROL = exCe;
TMR@H = ©x63;
count = @;
Time = Time+1;
INTCONbits.TMROIF
goto START;

) 5 7

) ¥ 7

) 5 7

Yoo ¥

=e;

B
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n.2.2 Wswnsudwmsululaspoulnsatass PIC18F4431

#include <p18f4431.h> // Device config form Project
#include "delay.h™ // PIC18 cycle-count delay routines
#include "pwm.h"

#include "ports.h”

#include <stdlib.h>

#include <pcpwm.h>

HSPLL, WDTEN = OFF
OFF

#pragma config 0SC

#pragma config LVP
char ch[5];

unsigned int i=@,n,h,1,p1,p2,p3,p4;

F e :Prototype
void InterruptHandlerHigh (void);
R e :Interrupt vector

// High priority interrupt vector
#pragma code InterruptVectorHigh = ©x@8
void InterruptVectorHigh (void)

1
_asm
goto InterruptHandlerHigh //jump to interrupt routine
_endasm
}

// return to the default code section
#pragma code
F e :Interrupt routine
// High priority interrupt routine
#pragma interrupt InterruptHandlerHigh
void InterruptHandlerHigh (void)
{
if (INTCONbits.INTOIF)

{
if(PORTCbits.RC6 == @)

{
INTCONbits.INTOIF = @; // Clear interrupt flag
h = (PORTA & ©b10P00OOLLV111111) << 7;
1 = (PORTD & ©@b©1111111);

pl = h+1;
LATEbits.LATE2 = @;
LATEbits.LATE® = 1;
J
else if(PORTCbits.RC6 == 1)
{

INTCONbits.INTOIF = @; // Clear interrupt flag
h = (PORTA & ©b1P0BPEELLO111111) << 7;

1 = (PORTD & ©b01111111);

p3 = h+l;

LATEbits.LATE2 = 1;



LATEbits.LATE® = 1;
}

else INTCONbits.INTOIF = @; // Clear interrupt flag

LATEbits.LATE® = ®;

}
if (INTCON3bits.INTLIF)

{
if(PORTCbits.RC6 == @)
{

INTCON3bits.INT1IF = @; // Clear interrupt flag
h = (PORTA & ©b1P0000REEO111111) << 7;

1 = (PORTD & ©b81111111);
p2 = h+l;

LATEbits.LATE2
LATEbits.LATEL

H
1;

}
else if(PORTCbits.RC6 == 1)

{

INTCON3bits.INT1IF = @; // Clear interrupt flag

h
1 (PORTD & 0b81111111);
p4 = h+l;

LATEbits.LATE2 1;
LATEbits.LATE1 14
set_dutycycle(pl,p2,p3,p4);

else

(PORTA & 6b160000EEV0111111) << 7;

INTCON3bits.INT1IF = ©; // Clear interrupt flag

LATEbits.LATEL = 0;

}
if (INTCON3bits.INT2IF)

{

INTCON3bits.INT2IF = @; // Clear interrupt flag

set_dutycycle(2500,2500,2500,2500) ;
Closepcpwm();

void main (void)

£

initial_ports();
initial_external_interrupt();
initial_pwm(©x@4E@); //TPWM = 2 ms,PTMRPS = 16
resolution = log((40x10"6/4%(16/4))/508)/log(2)
set_dutycycle(2560,25600,2500,2500);
while (1)
{
}
i

,input: @-500@
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MICROCHIP

PIC13(L)F2X/4XK22

28/40/44-Pin, Low-Power, High-Performance
Microcontrollers with XLP Technology

High-Performance RISC CPU:

.

-

.

.

C Compiler Optimized Architecture:

- Optional extended instruction set designed to
optimize re-entrant code

Up to 1024 Bytes Data EEPROM

Up to 84 Kbytes Linear Program Memory

Addressing

Up to 3896 Bytes Linear Data Memory Address-

ing

Up to 16 MIPS Operation

16-bit Wide Instructions, 8-bit Wide Data Path

Priority Levels for Interrupts

31-Level, Software Accessible Hardware Stack

8 x 8 Single-Cycle Hardware Multiplier

Flexible Oscillator Structure:

-

.

.

Precision 16 MHz Internal Oscillator Block:

- Factory calibrated to £ 1%

- Selectable frequencies, 31 kHz to 16 MHz

- 64 MHz performance available using PLL —
no external components required

Four Crystal modes up to 64 MHz

Two External Clock modes up to 64 MHz

4X Phase Lock Loop (PLL)

Secondary Oscillator using Timer1 @ 32 kHz

Fail-Safe Clock Monitor:

- Allows for safe shutdown if peripheral clock
stops

- Two-Speed Oscillator Start-up

Analog Features:

.

« Charge Time Measurement Unit (CTMU) module:

Analog-to-Digital Converter (ADC) module:

- 10-bit resolution, up to 30 external channels

- Auto-acquisition capability

- Conversion available during Sleep

- Fixed Voitage Reference (FVR) channel

- Independent input multiplexing

Analog Comparator module:

- Two rail-to-rail analog comparators

- Independent input multiplexing

Digital-to-Analog Converter (DAC) module:

- Fixed Voitage Reference (FVR) with 1.024V,
2.048V and 4.096V output Jevels

- 5-bit rail-to-rail resistive DAC with positive
and negative reference selection

- Supports capacitive touch sensing for touch
screens and capacitive switches

Extreme Low-Power Management
PIC18(L)F2X/4XK22 with XLP:

+ Sleep mode: 20 nA, typical

+ Watchdog Timer: 300 nA, typical

+ Timer1 Oscillator: 800 nA @ 32 kHz
+ Peripheral Module Disable

Special Microcontroller Features:

« 2.3V to 5.5V Operation — PIC18FXXK22 devices
+ 1.8V to 3.6V Operation — PIC18LFXXK22 devices
+ Self-Programmable under Software Control
+ High/Low-Voltage Detection (HLVD) module:
- Programmable 16-Level
- Interrupt on High/Low-Voltage Detection
+ Programmable Brown-out Reset (BOR):
- With software enable option
- Configurable shutdown in Sleep
- Extended Watchdog Timer (WDT):
- Programmable period from 4 ms to 131s
+ In-Circuit Serial Programming™ (ICSP™);
- Single-Supply 3V
+ In-Circuit Debug (ICD)

Peripheral Highlights:

+ Up to 35 I/O Pins plus 1 Input-Only Pin:
- High-Current Sink/Source 25 mA/25 mA
- Three programmable external interrupts
- Four programmable interrupt-on-change
- Nine programmable weak pull-ups
- Programmable slew rate
* SR Latch:
- Muitiple Set/Reset input options
« Two Capture/Compare/PWM (CCP) modules
+ Three Enhanced CCP (ECCP) modules:
- One, two or four PWM outputs
- Selectable polarity
- Programmable dead time
- Auto-Shutdown and Auto-Restart
- PWM steering
+ Two Master Synchronous Serial Port (MSSP)
modules:
- 3-wire SPI (supports all 4 modes)
- 12C™ Master and Slave modes with address
mask
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MICROCHIP _PIC18F2331/2431/4331/4431

28/40/44-Pin Enhanced Flash Microcontrollers with
nanoWatt Technology, High Performance PWM and A/D

14-bit Power Control PWM Module:

+ Up to 4 channels with complementary outputs

« Edge- or center-aligned operation

+ Flexible dead-band generator

+ Hardware fault protection inputs

+ Simultaneous update of duty cycle and period:
- Flexible special event trigger output

Motion Feedback Module:

+ Three independent input capture channels:
- Flexible operating modes for period and pulse
width measurement
- Special Hall Sensor interface module
- Special event trigger output to other modules
+ Quadrature Encoder Interface:
- 2 phase inputs and one index input from encoder
- High and low position tracking with direction
status and change of direction interrupt
- Velocity measurement

High-Speed, 200 Ksps 10-bit A/D Converter:

+ Upto 9 channels

+ Simultaneous two-channel sampling

= Sequential sampling: 1, 2 or 4 selected channels
» Auto-conversion capability

+ 4-word FIFO with selectable interrupt frequency
Selectable external conversion triggers

* Programmable acquisition time

Flexible Oscillator Structure:
» Four crystal modes up tc 40 MHz
+ Two external clock modes up to 40 MHz
+ Internal oscillator block:
- 8 user selectable frequencies: 31 kHz to 8 MHz
- OSCTUNE can compensate for frequency drift
+ Secondary oscillator using Timer1 @ 32 kHz
+ Fail-Safe Clock Monitor:
- Allows for safe shutdown of device if clock fails

Power-Managed Modes:

+ Run CPU on, peripherals on

Idle CPU off, peripherals on

+ Sleep CPU off, peripherals off

+ |dle mode currents down to 5.8 uA typical

+ Sleep current down to 0.1 A typical

Timer1 oscillator, 1.8 uA typical, 32 kHz, 2V
Watchdog Timer (WDT), 2.1 uA typical
Two-Speed oscillator start-up

Peripheral Highlights:

+ High current sink/source 25 mA/25 mA

» Three external interrupts

* Two Capture/Compare/PWM (CCP) modules:
- Capture is 16-bit, max. resolution 6.25 ns (Tcv/16)
- Compare is 16-bit, max. resolution 100 ns (Tcy)
- PWM output: PWM resolution is 1 to 10 bits

+ Enhanced USART module:
- Supports RS-485, RS-232 and LIN 1.2
- Auto-Wake-up on Start bit
- Auto-Baud detect

+ RS-232 operation using internal oscillator block
(no external crystal required)

.

Special Microcontroller Features:

* 100,000 erase/write cycle enhanced Flash
program memory typical

1,000,000 erase/write cycle data EEPROM
memory typical

Flash/data EEPROM retention: 100 years

+ Self-programmable under software control
Priority levels for interrupts

+ 8 X 8 Single-cycle Hardware Multiplier
Extended Watchdog Timer (WDT):

- Programmable period from 41 ms to 131s
Single-supply In-Circuit Serial Programming ™
(ICSP™) via two pins

In-Circuit Debug (ICD) via two pins

- Drives PWM outputs safely when debugging

-

Program Memory Data Memory SSP g
10-bit ,E § 14-bit Timers
Device | Flash | #Single-Word | SRAM | EEPROM | I/0 | A/D |CCP gpy | Stave | EUSART | 5 8 | PWM | o "0
(bytes) | Instructions | (bytes)| (bytes) (ch) PRe™ g &l (ch)

PIC18F2331| 8192 4096 768 266 24 5 2 Y Y b § Y 6 1/3
PIC18F2431| 16384 8192 768 256 24 5 2 Y Y Y Y 6 1/3
PIC18F4331| 8192 4096 768 256 36 9 2 Y b i Y W 8 1/3
PIC18F4431| 16384 8192 768 256 36 9 2 Y Y Y Y 8 1/3
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4.3 @nasatan1slgeaIu MPU6050

P4
Inveng_ense MPU-6000/MPU-6050 Product Specification | Revision: 3.2

Document Number: PS-MPU-6000A-00

Release Date: 11/16/2011

5 Features

5.1

Gyroscope Features

The triple-axis MEMS gyroscope in the MPU-60X0 includes a wide range of features:

5 8 8 & % 8 80

5.2

Digital-output X-, Y-, and Z-Axis angular rate sensors (gyroscopes) with a user-programmable full-
scale range of £250, +500, £1000, and +2000°/sec

External sync signal connected to the FSYNC pin supports image, video and GPS synchronization
Integrated 16-bit ADCs enable simultaneous sampling of gyros

Enhanced bias and sensitivity temperature stability reduces the need for user calibration

Improved low-frequency noise performance

Digitally-programmable low-pass filter

Gyroscope operating current: 3.6mA

Standby current: 5uA

Factory calibrated sensitivity scale factor

User self-test

Accelerometer Features

The triple-axis MEMS accelerometer in MPU-B0X0 includes a wide range of features:

4 2 0 8 B B

5.3

Digital-output triple-axis accelerometer with a programmable full scale range of +2g, +4g, +8g and
+16g

Integrated 16-bit ADCs enable simultaneous sampling of accelerometers while requiring no external
multiplexer

Accelerometer normal operating current: 500uA

Low power accelerometer mode current: 10pA at 1.25Hz, 20pA at 5Hz, 60pA at 20Hz, 110pA at
40Hz

Orientation detection and signaling

Tap detection

User-programmable interrupts

Free-fall interrupt

High-G interrupt

Zero Motion/Motion interrupt

User self-test

Additional Features

The MPU-80X0 includes the following additional features:

LI I |

9-Axis Motionfusion by the on-chip Digital Motion Processor (DMP)

Auxiliary master I°C bus for reading data from external sensors (e.g., magnetometer)

3.9mA operating current when all 6 motion sensing axes and the DMP are enabled

VDD supply voitage range of 2.375V-3.46V

Flexible VLOGIC reference voltage supports multiple 1°C interface voltages (MPU-6050 only)
Smallest and thinnest QFN package for portable devices: 4x4x0.9mm

Minimal cross-axis sensitivity between the accelerometer and gyroscope axes

1024 byte FIFO buffer reduces power consumption by allowing host processor to read the data in
bursts and then go into a low-power mode as the MPU collects more data

Digital-output temperature sensor

User-programmable digital filters for gyroscope, accelerometer, and temp sensor

10,000 g shock tolerant

400kHz Fast Mode I°C for communicating with all registers
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3-Axis Digital Compass IC Honeywell
H M C 58 83 L Advanced Information

The Honeywell HMC5883L is a surface-mount, multi-chip module designed for
low-field magnetic sensing with a digital interface for applications such as low-
cost compassing and magnetometry. The HMC5883L includes our state-of-the-
art, high-resolution HMC118X series magneto-resistive sensors plus an ASIC
containing amplification, automatic degaussing strap drivers, offset cancellation,
and a 12-bit ADC that enables 1° to 2° compass heading accuracy. The I°C
serial bus allows for easy interface. The HMC5883L is a 3.0x3.0x0.9mm surface
mount 16-pin leadless chip carrier (LCC). Applications for the HMC5883L
include Mobile Phones, Netbooks, Consumer Electronics, Auto Navigation

Systems, and Personal Navigation Devices.

The HMC5883L utilizes Honeywell's Anisotropic Magnetoresistive (AMR) fechnology that provides advantages over other
magnetic sensor technologies. These anisotropic, directional sensors feature precision in-axis sensitivity and linearity.
These sensors' solid-state construction with very low cross-axis sensitivity is designed to measure both the direction and
the magnitude of Earth’s magnetic fields, from milli-gauss to 8 gauss. Honeywell's Magnetic Sensors are among the most

sensitive and reliable low-field sensors in the industry,

FEATURES BENEFITS

P 3-Axis Magnetoresistive Sensors and » Small Sizé for Highly Integrated Products. Juét‘Add a Micro-
ASIC in a 3.0x3.0x0.9mm LCC Surface Controller Interface, Plus Two External SMT Capacitors
Mount Package Designed for High Volume, Cost Sensitive OEM Designs

Easy to Assemble & Compatible with High Speed SMT Assembly

p 12-Bit ADC Coupled with Low Noise b Enables 1° to 2° Degree Compass Heading Accuracy
AMR Sensors Achieves 2 milli-gauss
Field Resolution in +8 Gauss Fields

» Built-In Self Test » Enables Low-Cost Functionality Test after Assembly in Production
» Low Voltage Operations (2.16 to 3.6V) p Compatible for Battery Powered Applications
and Low Power Consumption (100 pA)
b Built-In Strap Drive Circuits p Set/Reset and Offset Strap Drivers for Degaussing, Self Test, and
Offset Compensation
» I°C Digital Interface » Popular Two-Wire Serial Data Interface for Consumer Electronics
P Lead Free Package Construction » RoHS Compliance
»  Wide Magnetic Field Range (+/-8 Qe) » Sensors Can Be Used in Strong Magnetic Field Environments with a
1% to 2° Degree Compass Heading Accuracy
» Software and Algorithm Support » Compassing Heading, Hard Iron, Soft Iron, and Auto Calibration
Available Libraries Available

p Fast 160 Hz Maximum Output Rate » Enables Pedestrian Navigation and LBS Applications
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National
Semiconductor

LM1575/LM2575/LM2575HV

April 2007

SIMPLE SWITCHER® 1A Step-Down Voltage Regulator

General Description

The LM2575 series of regulators are monolithic integrated
circuits that provide all the active functions for a step-down
{buck) switching regulator, capable of driving a 1A load with
excellent line and load regulation. These devices are avail-
able in fixed output voltages of 3.3V, 5V, 12V, 15V, and an
adjustable output version.

Requiring a minimum number of external components, these
regulators are simple to use and include internal frequency
compensation and a fixed-frequency oscillator.

The LM2575 series offers a high-efficiency replacement for
popular three-terminal linear regulators, It substantially re-
duces the size of the heat sink, and in many cases no heat
sink is required.

A slandard series of inductors optimized for use with the
LM2575 are available from several different manufacturers.
This feature greatly simplifies the design of switch-mode pow-
er supplies.

Other features include a guaranteed +4% tolerance on output
voltage within specified input voltages and output load con-
ditions, and £10% on the oscillator frequency. External shut-
down is included, featuring 50 pA (typical) standby current.
The output switch includes cycle-by-cycle current limiting, as
well as thermal shutdown for full protection under fault con-
ditions.

Features
® 3.3V, 5V, 12V, 15V, and adjustable output versions
= Adjustable version output voltage range,
1.23V to 37V (57V for HV version) £4% max over
line and load conditions
Guaranteed 1A output current
Wide input voltage range, 40V up to 80V for HV version
Requires only 4 external components
52 kHz fixed frequency internal oscillator
TTL shutdown capability, low power standby mode
High efficiency
Uses readily available standard inductors
Thermal shutdown and current limit protection
P+ Product Enhancement tested

Applications

= Simple high-efficiency step-down (buck) regulator
m Efficient pre-regulator for linear regulators

= On-card switching regulators

= Positive to negative converter (Buck-Boost)

Typical Application

(Fixed Output Voltage Versions)

FEEDBACK
7V - 40V(60V) vl LM2575/ %
UNREGULATED LM2575HY £y +5v
DC INPUT =30 OUTPUT REGULATED
7 OUTRUT
Coyr 1A Load
330 u¥

Note: Pin numbers are tor the TO-220 package

SIMPLE SWMITCHER® is 3 registered trademark of National Semiconducior Corporation
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4.6 1an&15AiaN15149U Blue Bee - XBee Breakout Board

Enable Your Design

ThaiEasyElec.comll

On-Ling Blaciranics Shap 1or Embedded Syiten

BlueBee User Manual

1. Introduction

BlueBee (part number ETEEQ17) is Zigbee base board which contains
two of 10-pin 2mm-pitch connectors for Digi’s Xbee module. Including
with on-board footprints for various types of sensor, it supports
temperature and humidity sensor SHT11 (or SHT15), ambient light
sensor TPS852 and absolute pressure sensor (and also temperature)
SCP1000. Easy to interface with 5V-tollerant low voltage buffer
74LVCH2435, the board can be interfaced with both 5V and 3V3 MCU
(or USB to serial module).

Common BlueBee module consists of Xbee connector, on-board 3V3-
regulator, 741 VCH245, TS3A5018 (analog switch IC) and necessary
components only. No sensors and companion devices are installed. To
order the module with optional sensor(s), please see section 3 “Options”.

To upgrade firmware of Xbee module, the board can be seamlessly
connected with ThaiEasyElec’s USB to serial module (version 2). See
more detail in Section 6.4 “Firmware updating”.

2. Features
Hardware

- Xbee module’s connectors

- Onboard 3V3 voltage regulator

- Onboard logic buffer SN74LVCH245 supporting 5V signals

- 3 LEDs indicating association, connection status and RSSI signal

- Through hole PADs for direct connection with Xbee module

- SHTI1 or SHT15 temperature and humidity sensor (optional)

- TS852 ambient light sensor with Microchip’s analog to digital 1C
MCP3202 (optional)

- SCP1000-DO1 absolute pressure and temperature sensor (optional)
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4.7 Laﬂﬁﬂi@:ﬁamﬂ‘ﬁmu XBee 2mW Wire Antenna - Series 2

§ Zh ORI A4S 4]
8: 25 RT Modules

Koot XBee-

Key Features

High Performance, Low Cost Low Power
XBee XBee
« Indoor/Urban: up to 133’ (40 m) * TX Peak Current: 40 mA (@3.3 V)
+ OQutdoor line-of-sight: up to 400’ (120 m) * RX Current: 40 mA (@3.3 V)
« Transmit Power: 2 mW (3 dBm) * Power-down Current: < 1 pA
* Receiver Sensitivity: -96 dBm XBee-PRO (52)
XBee-PRO (S52) * TX Peak Current: 295mA (170maA for
« Indoor/Urban: up to 300’ (90 m), 200’ {60 e
m) for International variant * RX Current: 45 mA (@3.3 V)
* Qutdoor line-of-sight: up to 2 miles (3200 + Power-down Current: 3.5 uA typical
m}, 5000' (1500 m} for International variant @ 25 degrees C
» Transmit Power: SO0mW (17dBm), 10mw XBee-PRO (S2B)
(10dBm) for International variant « TX Peak Current: 205mA (117mA for
* Receiver Sensitivity: -102 dBm International variant)
XBee-PRO (52B) * RX Current: 47 mA (@3.3 V)
» Indoor/Urban: up to 300’ (30 m), 200' (60 » Power-down Current: 3.5 uA typical
m) for International variant @ 25 degrees C
* Outdoor line-of-sight: up to 2 miles (3200 Easy-to-Use

m), 5000' (1500 m) for International variant ) "
No configuration necessary for out-of box

¢« Transmit Power: 63mW (18dBm), 10mW RF cammunieations

(10dBm) for International variant
AT and API Command Modes for

*+ Receiver Sensitivity: -102 dBm configuring module parameters
Advanced Networking & Security Small form factor
Retries and Acknowledgements Extensive command set
DSSS (Direct Sequence Spread Spectrum) Free X-CTU Software

Each direct sequence channel has over (Testing and configuration software)

65,000 unique network addresses avallable Free & Unlimited Technical Support

Point-to-point, point-to-multipoint
and peer-to-peer topologies supported

Self-routing, seif-healing and fault-tolerant
mesh networking

Worldwide Acceptance

XBee-PRO® ZB RF Modules inherit Digi Certifications.
ISM (Industrial, Scientific & Medical) 2.4 GHz frequency band
Manufactured under ISO 9001:2000 registered standards c €

XBee®/XBee-PRO® ZB RF Modules are optimized for use in US, Canada, Europe, Australia, and
Japan (contact Digi for complete list of agency approvals).

FCC Approval (USA) Refer to Appendix A for FCC Requirements. Systems that contain XBee(®/ m
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Dragon Economy 30A

DRAGON VERSION Economy 4.0

DRﬂGOD gueailaneuinsa DRAGON Economy
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Brushless Speed Controller
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Type Cont. Burst Battery cell Weight BEC Size (mm) User
Cuarrent{A) | Current (A) NiXX/Lipo (2) Output WHL*H Program

10 sec. Card

DRAGONSA SA 10A $-12 NC 24 Lipo 10 5V /1A 21x22x4 a4
DRAGON12A 12A 16A S-I2NC 24 Lipo | 10 5V/1A 21x22x4 ikl
DRAGONIOA 20A 30A S-12NC 2-4 Lipo 20 SV/2A 23x33x6 W
DRAGON3OA Economy 30A A0A S-12NCH 24 Lipo | 24 5V /2A 25 x43x7 18
DRAGON30A 30A A0A S-IZNC 2-4 Lipo | 22 SV 2A 23x33%6 #
DRAGONA0A SBEC 40A 60A S-1BNC 1 2-6 Lipo | 30 5.5V /4A 23x $2x 7 153
DRAGONGOA SBEC 60A 80A 5-IBNC12-6 Lipo | 35 5.5V /4A 23 % 32x 14 &
DRAGONSSA SBEC R5A 100A 5-1BNC 246 Lipo | 47 5.5V /4A 34 % 52x 14 &
DRAGON | 10A SBEC 110A 1204 5-18NC |\ 2-6 Lipo 75 5.5V 44 34 %52 % 20 &
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