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ABSTRACT

Presently, Unmanned Aerial Vehicle Technology (Drone) is developed and use for
a lot of thing for example military drone and photographer drone. So we can see that
drone has a lot of functions in exploration too. In this project, we will educate about the
drone for exploration. In the exploration, the drone must has ability to stably fly above
the factory chimney to take pictures in the chimney, so we chose four quadrant rotor in
our project topic. We educate about four rotor UAV in theory and performing. We use
our knowledge such as electrical, electronics, microprocessor, calculate program
(matlab, labview) to design and invent drone that has a lot of functions. Our problem is
pattery. We found that current input for motors will drop. So the drone will decrease
altitude, because motors lack force, and finally, the drone will fall, and we won't know
where the drone fall. We need to solve this problem. The drone must has an ability to

send the location signal to a controller and safely fly back to the pilot at the ground.
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2.4.2 usailaeanusalifugas (F, Gravity Force)
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2.4.4 w5499 INUTIRUYBIRINIARNURLATY (Fy Drag force)

usslasiifdnsadfuienilasundoud
1 v
Fg=——CipAp’—

a=—5CrPAr (2.11)

G A Arladuanugs elulusidatiazlde ¢ = 05

A9 ANMUAUILLUYDIBINA

Jo)

As AR Aiunivesn i (@uvianlufiafinioud)

AUANTALTIVIIUUA

m(t + quw — rv)
(2.12)

F=F.+Fyg+Fg+Fg= |m(v+ru—puw)
m( + pv — qu)

]
=

ble
o & i i
AUNITNUUAIAINULTS

laaseianuals AaranuisatAsadulIA AL sle NGAT F=ma wla

8
o =
Uu

71

(/4 ‘ gul — rv
'l 1 F Er 2 ) ]

| ¥ - N e a— =T (2.13)
pU — qu |



11
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2.4.6 usslaNiinanusngn1s Gyroscopic

1-19 = _IT[Q X (—ezpw )+ x (_ezbw2)+ﬂ X (ezpws)+ 2 x {ezbw4)]

(2.16)
2.4.7 usedaiiinannisudn Weluaudaslunyu
Tuavis 4 vywauneiuegauga wselaidfonely
Tp=—v[v' x (ezp(—war1 — wags + wars + wara))]

F=-" zb\ W1 — Ware T Warg T W) (2.17)
2.4.8 usedafliinaInauise
AausiFudy sunnssanasuiaiiamind (e o)

o = drezp(—wm1 — Wara + M3 + wagy) (2.18)
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2.5 uawmas (Motor)
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Modulation qﬂniﬂmﬁﬁmmﬁm PWM Tun1smauauifie Electronic Speed Controls %3
ESC uag Servos PWM 1lun1s Encode dayasmemslimiuniteues Pulse (faeszazinan
#1499 1)

Tuszuu Digital Electronic tufinzdindwes Binary Tefid1 1 uas 0 awunuel 1
A28 On Wagunum 0 e Off Jeedrewasnsudansdgruiife Switch W Walwife 1
Ualwide 0 udlunsdlvesdyna PWM/PPM dufitiudediu a1 Voltage a9 unuen 1

LYY

waznauNUAD 0 unumy 0 Voltage ualumisnisldnuaiunuiuus On/Off lilileane T

[

uzgatdatunuiues Pulse Width

Brslumsdsvadeyande nslead Pulse egluanuz On lunsdlves R/C

<

Electronics futaaaazeglumyine 1-2 ms. vio 05 - 2.5 ms. MUl 24 gunsal
Servo 39 ESC tussrsng Pulse uazazdunanionsaanu Pulse i wgatunaile
Pulse nun fstiunawionunit Pulse Taousily on audusvendy Servo wnyuluua
Iy fregraiu Pulse On tluaan 1 ms. asviili Servo myuammesudess widan

u 2 ms aehli Servo myuludean
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UM 2.4 fregradmain PWM

vlludigunsal R/C vimaty dyanaumiasseuarld 20 ms FsasiSoniananiin
Frame lunils Fame azUsznausievieil Pulse Haniusdu Hish (1-2 ms) wawywd

Pulse fan1uziu Low faguin 2.5

Generic PWM Pulse
&— 1 (High)

& o(Low)

Oms 20ms

Uil 2.5 Fuanas PWM

[
{4

Cal
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fausfin Fame fimunine 20 ms finu dauitddaes Pulse Arewanati Pulse i
anuzidu On Fsfszanm 1-2 ms (05 - 2.5 ms) uiivaeil Pulse Slaamuwdu Off wide
Low tiuazlailflfamesls Admaiuly uay Frame vuin 20 ms dfeindunaifigauds
wnifunaiunndeenluanavhlidenismunu Servo I8 1w e Holding Power 819
Vil Servo fineinisnsemmluszerld asdiosseauils 20 ms dwilifudertmuaves
gunsal R/C wag PPM gounann Pulse Position Modulation fifle PPM tufnainnisi

PWM uniSessiafiu daguil 2.6

Partial PPM Pulse
&— 1 (High)

— e 0 (Low)

Oms 6ms 20ms

SUT 2.6 nsdsdygyin PPM

uennMANALLIE81eINT3NY Holding Power wéa ianavasnsldl 20 ms Aanns
fgyiliaunsodien PWM wdansdeiily Frame eafuld odrafildnanlidnsdusi
Waaaandi Pulse aganIue On fududwitldusslen] vifeanaues Pulse On minidss
Tunils Frame annsaldisnislunisdsdeyanatsy Channels Tuiasiaan 20 ms leiwiaue

U A9gUN 2.7



16

Pevicd - 20ms jrcie %) o
[
I

v

" Synchro Blavk Tene jnomw J,

el —— !

CHEINNETN] i

5
"

1
f Chmranad T :
| Sevivo Sgnad 1 ]
T e
| '
Chavarned 2 1 '
| Senvo Sgnal I ! ' I I

'
'
I
1
T
'
I
I
' ' ]
| Chavaosl 3 [ ' . - [ - '|
PP Fr Sevvo Sgnod 1 i
- v T
' I
I
I
I
I
I
L

Dwcexier (
Oupuly Chavnnel £ l I |' 'I
Sevva Sgral
|
Chanosl §
| Savvo Sgnol l I I

Channed 6 I |
Servo Sgowl

Symchro Detactor
Output

2.7 MsYIIuvosFnyg

€an
o=
=n.

[

< | a | ) a | =) Y a
insosdringiuwuutesdyaaufieravds 1 PWM lunils Frame (20ms) wigingiu

3

i
8

WUy 8 Channels fianunsnwesviiaian 1 Frame Liiofiazdnane Pulse wos 8 PWM ¢ a4
9199210 Channels az 1-2 ms fuaauanisldau
AuaazkUtliiIngusellald PWM uazgunsaflald PPM
qunsal R/C ild PwM
- Servo
- Electronic Speed Controller
- R/C Switches
- R/C Lights
- R/C Receivers

- Cata Loggers

- Failsafe’s
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- Autopilot/Stabilization Systems
- Servo Contronller
gUnsal R/C AilY PPM
- R/C Transmitters
- R/C Receivers
- Autopilot/Stabilization Systems

<PCTx

2.7 Wswnsy Matlab

MATLAB Jusawsuaslunisamnm waemsideulusunsulusunsumiafifinanuanunse
AsOUARY MauANSRASanassuNTaEuLISae M sAdlnmanT waznsviByiatuves
syuu  msaisssuumuelagianiziies Image Processing kay Wavelet nngains
W3NG KaRlaUSENLMASA Munudbhelulssinalnede U3dv  wewesa  Fawiud
(Usznelve)  d1dm  MATLAB Lﬂuiﬂ‘auniué’m%agﬂmﬁﬁuatiNLst'wa':a’lmqmwm
tnineeand wazdmnslutligdy delusunsy MATLAB dutouiamn Matrix Laboratory
Matlab TrSudutuitedesnsliausauiymfuusiisnvasduavsndléinety
Matlab Suiaunadausnlag or.Cleve Molor #afeulusunsuiitunndenivimadunsy Tae
Tusunsuiildwaunneldlasins LINPACK uay EISPACK TaglUsunsu MATLAB Ndeydnund

ﬁqguﬁ 2.8

"MATLAB

sUfl 2.8 TUsLNY MATLAB

U
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2.8 TUswnsu LabVIEW

LabVIEw 1Hulusunsuildfnsedoansiundesiionisy fisgnousnsiuedn Data
Acquisition Tl Monitoring wislunsaauaun1sindaeg 1wy Strain gaumgll wie
fyudu  Tesdidieuseiivdygudun  Tnsodweildaneuigesivaniaedandy
WsIFuvIensELads LabVIEW annsastueiiiudiumne DAQ Card  wéadudinAndu
Inlddayald fafunisin LabVIEW TWldaedeaionsauniisinguseasd uaz Application fla
Tdrouind input (uerls uasdesnts Output axls anduiwhnsiden Hardware lfse
ufpans n1sldau LabVIEW glmsifugrudunsideulusunsumesuns iesinms
Andodoansszninetuvadusunsuduniosion e ﬁagjmauaﬂﬁ?u Al dfoadeulusunsy
ﬁwé’ﬁmiﬁNmLﬁ'aL’%aﬂ%'auuams*?mt,ﬁ'sﬁ'}m Process Iy Monitering vi3an1sideumds
Wismsmuauszuy Ly TWlusunsuannsonmadeus Strain feulddndndeldidundnd
Amusudndsrosdsidalumunuligunsaitug vhauseld Husu Taelusunsy LabVIEW
fidnydnwalfagui 2.9 Wsunsu LabVIEW fesdusvnaudidny 3 daude

1. Front Panel Judiusernisin warnumdewionsmiteaninain Block
Diagram Swvihwihiafiewaiesilatnaidiag Input ﬁf]amﬁqlﬂ%ﬁuﬁ:muau d2u Output
fieenunasduiuanina

2. Block Diagram vhuthiliafioudlu Sourcecode Ingldlusunsuawnnsniin
a3AUsENauYDe Block Diagram ﬁﬂﬁLquIUiLLﬂiu Node 13U For Loop, Casestructure Wag
Hardunndeemans Hus

3. lcon/Connector Mgl Front Panel azUsznaudag Icon e uazliaeifeusad
filuusiay lcon Jaflodeuranuudy avanunsawdsy Virtualinstrument (Vi) Al sub

VI %30 Object fiindualdlu Block Diagram 1#n

" E ™ =

MATIONAL INSTRUMENTS
bVIEWm|

SUT 2.9 Tusunsu LabVIEW

SCECRCRCRCRT

et
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2.9 TUsunsu PSpice

. o ° a a ¢ o v =
TUsunsy PSpice tdulusunsusnassnsvitauvenasdidnnsedind welvdndnw
awmmaamwmwiﬁaulﬂa&ﬁaﬂﬁﬁ’ﬁﬁa FauaAuua TSIy PSpice thuduvaausum
Microsim \Jug3i3u uazAnlusunsu PSpice aiuun saunlull wa. 2541 USwm OrCAD &n¥
Tugivaeanisdnansnumeg selusinsunspauiainesididnundefianisvesussvm Microsim
Wl PSpice naneiludiunileveaustn OrCAD luseassnesdu 9 Wuduun Tnsdh
& dl o = a a d’f 17 [ 7| n'ﬁ
TusunsuazaunsaldifiavinnisiseuniIsasuasaidnnsetindludesdulawvintu Tne

TUsunsu PSICE ﬁﬁzgé’nwﬁﬁqgﬂﬁ 210

PSpice

Community

gﬂﬁ 2.10 TUsunsu PSpice
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MANN1TOBNUUY UazlATIETINVDINTTAIUAN

X ° - % fala | %) r.-i a o ) < v
luunilgdiauvemsidenldgunsalnfinansenudemsldnuniosduliaudu el
anunsovinalaiilsedvonimanntu  Ingdeeumuusiiluenaisalionisairaaiesduld

AUTU
3.1 gunsaldmiudnaesmmnans

M3EBNUULIATAIUANGIY Electronic Speed Control (ESC) iusidunainasi
e Teenssudaad Pulse Width Modulation (PWM) &anain Servo Tester a1
A ieUaasdya i Input Tiuamasyinnumumdwesroulniaaes Jsusenauly

Mg unasdendsnulvv yanoulnsaaes uagtawasliuusiiu duandlugua 3.1

Brushed Motor Wiring

Brushed Electronic
Spreed Control (ESC)

JUR 3.1 25vsdnaesmsinauewewesliudsetiu

3.1.1 Electronic Speed Control (ESC)

\fonld ESC Ju Hobbywing Skywalker 2-35 20A Brushless ESC With 5V/2A BEC For

o

RC suilfimmmnzauivaunsal Wesnndusaiulwiild wasnszuadiltlunewes e

me“i,ugﬂﬁ &5
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g'dﬁ 3.2 B5C j"u Hobbywing Skywalker 2-3S 20A Brushless ESC With 5V/2A BEC For RC

3.1.2 Servo Tester

2 | : = ¢ o
donld Servo Tester §u CCPM Servo Consistency Master (dsaamfugunsaialdls
Iwlunsasedynia PWM laganunsaidenvunadygiumudesnsle seuu Digital Wuag
Py | i v v o A cal v o
HdtyyrauuA High uag Low freen159gunseuy Digital lUmuaugunsalifasniunuee
@ 1 = o .
deyey U Analog WU MIATUANAILTINEWRSIUNITAIUAN A¥UTUAIULIATIYEY High-Low

(Duty Cycle) fshoeanolud

50% Duty Cycle w814 aunan i High 50% wazAuaidu Low 50%
25% Duty Cycle WAL ﬂ’lUL’JmﬁLflu High 25% LLazﬂ’l‘ULia’]ﬁLﬁu Low 75%

80% Duty Cycle wu1eA131 Ausiafivliu High 80% wasenutiaifiiu Low 20%

[ =l o n:l 1 a LS | L2 ¥ 2/ £
mMsvTununaniinanunseualnihniteeenludgunsaiiaemuaudail 61Uy 50%
Duty Cycle agvilviigrandu High 50% falunszualniiiidnveanluazimdeun 50% wvas
& s o ¢ o g ¢ v < < 9
viavua Wethlumuguueines sgviliteinesuyuimeauss 50% vesnnuiigan fagl
N33
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3‘Uﬁ 3.3 Servo Servo Tester ju CCPM Servo Consistency Master

3.1.3 uawmastsuUsenu

] 1 9 Gl
Wonltuainediu EMAX MT2213 935KV BLDC Motor @11Insedsuwumaes 3-45
7 1 [ | @ o < = 1% as = = 4 = & s
uagldnszudldgaunn Wudumdnlumsvinnuveaasesduliaudy Jsmsiesesduliaudu

szapedliidiludeaiusswnanluiniivyuldmeuawmoingun 3.4

U 3.4 wawmaifu EMAX MT2213 935KV BLDC Motor
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3.1.4 uyasInanwaaulnia

| i ) & o < " .
ludwesunamdsnuilllusenes GonlduunmeIussam Lithium Polymer (LiPo)
] ! v ! < a 174 <
wszienszudliilagsniuusmesuninaly Teelduumnes 11.1v (3 Cel) anug
1 s =J
2200 mAh 9183 25 ¢ AIFUN 3.5

31Jﬁ 3.5 WumAes 11.1V (3 cell) ANY 2200mMAh F1eNTEIE 25 ¢

3.1.5 Tunn

wonldluinsu 107x4.5” CW CCW Carbon Fiber Counter Rotating tws1¢3niluuin

A 9 v e A v w ) -
wazusseniildideldiugunsaifidonundsduiivmedguil 3.6

5UT 3.6 Tuiingu 10"x4.5” CW CCW Carbon Fiber Counter Rotating
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3.1.6 d@elw

awlndonldiduiuy AWG 14 Faflausiuniutos @unsanunseuansesnisiale

: v o Yy o =
wagliflonsanglnludiflesninauoudagudn 3.7

Ul 3.7 anelW AWG 14

3.2 N1992NLLUUINIDT

- v i Ve ' o P = R B v =

NFUN 3.8 sziiuliimeasildiinisde Sudunvededinisinailiannisldan 3
nszuanlituindouluinlviinnnauniggeegn 8-10 wend Awiuvweanglwilddmiuse
WIsRealivuanlugwenagnuiunseuadildld  wazdeslAanudiuniuvesanyluitee

iiparliaussdndanasenianglnilifesvign fgun 3.8

— =
l Current Measurement | F Soope

|
|
e L‘ *
— DC Voltage Source Motor \ .

T —
[
a
o
*

JU# 3.8 2995lulusunsu PSice

et

Voltage Measurement
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3.3 TAS9E5 19198 TN

A 1 d o o L3 =l 1 "I
NFUN 3.8 Tun1srensasindaesnisiauvetewss aiinsee Servo Tester &

o o o d o v v € < o
Dusimuedyaaeuay ESC Mhlulddgliiludwemesrely Fsnsdesa  Servo
Tester Wuariin1sdaniefiunmun 3 @ fe aedygiunvay wazaslidmiuli Servo

Tester ¥1191U a8 Servo Tester agldusinu 5 1an Tuvinau

3.4 N1SVN9Y

ludmvesmahvugunial Buanmstheunsalwdazdusigananis uazanuiiily

M3viuvesusavaUnsal Fslimsenisiunldnu Tunsveass

Back EMF

Brushless DC Motor Control Fnamc_.

Physical Connection

Motor
Windings

Power PWM £ 3
Input Power -
——

Control [c
; Mobraodya
Position ;
4 ;(? ;¢ :Vz Seracrid)

|
Inverter B2z 2 dNiined W T D TR
3 60 90 120 150160 210 240270 300 330 380

1T4T STZT GT BT Rotor Electrical Angle (Degrees)
Position / Speed Rotor Pasition Feedback
Control Triggers

5UN 3.9 2asmevienueed ESC Manlddunaines

1 o

A [ [ a o v € a o o
“U']ﬂEU‘VI 3.9 Inverter LUua’Jua’iwatyiy1mwm1’£wmatmaimmmiwu FIUNITNINUY

v &

Winuldiu ESC wsawildrufiinaiuffe ESC awlddmiunisaivauueimesliuusenid
v = L7 1 o H:l 8/ ‘d 1 2 1

YUNALEN wagagAaainsFurAdmuANIINeUendIieAIUANNITTenTEUA LW

L4 :!! 5 Y 7 al 1 =5 o Ve (] o L3 1

wowwes  Falumsveasanunszuanldnieluisasiidglohlviianudsdnduisdumely

d 12 = v o d: 1 - d‘ o 124

Wiosnanumumuresangli - Jsliiinisnaaesiegiaelvednlnuaisiiavihunldenu

wazaeldadimussudy  wazihwdnagldmunsandunisiilvldaulsasauueseaduly
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NANISNNADY

4.1 N1SNAADINDLADS

Tn1s9aeansvineuresmemesienisia Power Supply Wuddnelwildiulees
WaANNNTAUSUAILSIAU LagNTELALIAILFDINTT LNEMIAIANLLSITOU LasLIIEnNTIuaLnDS
anunsavinbanilaldluialae NSl IIRUa s 20%-100% 1HA15MaaIRInIT 9N 4.1 #1579

< i P~ =
71 4.2 915199 4.3 157199 4.4 WagANTNT 4.5

M15199 4.1 NMIVARDINBIABSAI 1

% Vm A rpm trust
20 11.09 0.1 1519 15
30 11.06 0.95 3319 94
40 11.03 1.95 4247 155
50 10.99 3 4997 228
60 10.93 54 6087 337
70 10.85 8.2 7013 434
80 10.83 8.3 6990 438
90 10.83 8.3 6944 437
100 10.82 8.5 6424 442
P157991 4.2 NMINRABINBLABSEAT 2
% Vm A rpm trust
20 11.08 0.1 1990 33
30 11.05 0.95 3345 96
40 11.01 2 4318 168
50 11.00 SHL 5132 238
60 10.90 5.4 6128 338
70 10.81 8 6947 444
80 10.81 8 6926 446
90 10.81 8 6915 444
100 10.81 8 6915 449




P ¢ o
A17799 4.3 N1TVABDINBLADIANIN 3

% Vm rpm trust
20 11.07 0.1 1598 21
30 11.04 1 3195 106
40 11.01 21 4166 175
50 10.96 355 4980 245
60 10.88 6.1 6001 354
70 10.79 9 6783 447
80 10.79 9 6746 459
90 10.79 94 6768 466
100 10.79 9.1 6765 a67

G]"Iﬁ'Nﬁ 4.4 ﬂ?iﬂﬂﬁ@\ﬁ.li]l,ﬂa{(;lj']ﬁ 4

% Vm pm trust
20 11.05 0.2 1069 23
30 11.05 0.45 2606 62
40 11.03 0.9 3249 98
50 11.00 1.55 3940 142
60 10.94 2.75 a776 213
70 10.88 4.2 5568 297
80 10.82 6.15 6285 32
90 10.75 8.25 6877 442
100 10.74 8.8 6992 453

ﬂ']’i'Nﬁ 4.5 mwmaamama%ﬁaﬁ 5

% vm rpm trust
20 11.08 0.2 1076 8
30 11.06 0.4 2617 52
40 11.03 1.2 3814 129
50 10.99 ol 4596 181
60 10.93 4,05 5709 309
70 10.81 7.1 6729 428
80 10.6 8.4 6997 434
90 10.81 8.5 7009 449
100 10.8 8.4 7046 a79

27
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4.2 nMiveapduanailUIsuLisuliialdn1sAIuANLUY Open Loop uaz Close

Loop

A4 a X duvoe o o |
LﬂiaLﬂﬂ{]fyﬁ'}mu%q\lﬂwqﬂqiﬂﬂaENLLﬂ{jﬁquﬂ?Uﬂq{LﬂﬂquQUﬂuLL‘UU Close LOOp

d ot s & J al
AN 4.6 NINANUAUNUTTENINUTINU LLﬂBﬂ'J’]lIL%TiE]U

Openloop Volt Drop

7000

<))
8
(=]

:

4000

Speed (RPM)
w
8
]

. !
W= KN Ep - , ——o—Tachometer
‘ 1 |

|

2000 - ;
1000 =S 0 AP
[ ‘ [ | | | | |

11. ¥ 105 10.0 9.5 9.0 8.5 8.0 7]
Voltage (V)

d s a L3 1 1 as U
M990 4.7 ﬂ‘i’]Wﬂ’l’WﬁJﬁMWﬁﬁ'ﬁS%?’Nﬂ'}’}ﬁJL%’)iEJ‘U wazuswnlunuliensy JEUININTIATUAN

UU Open Loop wag Close Loop

Motor Thrust
700 - — = ! = f . 4 P, = |

|

600 -
-E- 500 g —@i— 0x11 Closeloop
= —#— 0x22 Closeloop
g 400 —#— 0x33 Closeloop
S ol ——0x44 Closeloop
=—==—0x11 Openloop
500 —&— 0x22 Openloop
—+—0x33 Openloop
100 0x44 Openloop

0 . ; = SN S S, - ' t 1
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M99 4.8 nANNFITUSTEnINUsY uanTrualeldn1sauAuLUY Close Loop

Voltdrop Closeloop Motor

14.000 o &

12.000 ‘/‘/\‘\‘

—— -_——./\!
%’ 8.000 f 0—'——./4__&..\-’ | =—4—Current Ox11
E 6.000 — == Current 0x22
(v}

4.000 S | =d—Current 0x33

2.000 _ e S e Current Ox44

0.000 & & A

114 10.5 10.0 9.5 9.0 85
Voltage (V)

o e e ' ) = o o
15199 4.9 NI INAUFUNUTTELUANUTIAU LLﬁ5ﬂ')']llLi?i@ULﬁJﬂI‘Uﬂ']'ﬁﬂ?UﬂﬂJLLUU Open

Loop

Open Loop Volt Drop Test

8000
7000
6000
5000
4000
3000
2000
1000

Speed (RPM)

10.5 10.6 10.7 10.8 109 11 11:1 11.2
Voltage (V)

——-M1 —e—M2 —@&-M3 —0—-M4 —@—M5
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o o o € ' [y = - = = 1
A15199 4.10 NI INANMUAUWUTTEWINMLIIAU LAZAMUTITOULLBLUIHULNEUTENINNNT

AUALLUY Open Loop waz Close Loop

Voltdrop Test

6200
6000
—i—0x11 CloseLoop
) o —4—0x22 Close Loop
o SO0 —— 0x33 Close Loop
E 5400 ——0x44 Close Loop
o
? 5200 —e—0x11Open Loop
5000 A7 ! ——0x22 Open Loop
— N2 f LY == 0x33 Open Loop
4800 L N7 |
11.1 10.5 10.0 9.5 9.0 = 0x44 Open Loop

Voltage (V)

d s o/ 1 - ‘J = 1
M1919% 4.11 ﬂ’i’]Wﬂ'J’]lJE‘IMWUSfiSWTNﬁ’J’mL%’J'ia'U HATLLIIURN LHDINEUTENINNITAIUAN

WUy Open Loop Wag Close Loop

Motor Torque

—fi—Closeloop 0x11

~4— Closeloop 0x22

—4—Closeloop 0x33

== (Closeloop 0x44

== 0penloop Ox11

—@— Openloop 0x22

= Openloop 0x33

l I | | \ ~——Openloop 0x44

T T I 1 I 1

2000 2500 3000 3500 4000 4500 5000 5500 6000
Speed (RPM)
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[1] Unmanned Aerial Vehicle

https://www.it24hrs.com/2013/uav-unmanned-aerial-vehicle/

[2] Blushless DC Motor
http://www.learnengineering.org/2014/10/Brushless-DC-motor.html

[3] Electronic Speed Controller

https://en.wikipedia.org/wiki/Electronic_speed control

[4] Servo Tester

https://www.arduitronics.com/product/603/servo-tester

[5] Lithium Polymer
https://en.wikipedia.org/wiki/Lithium_polymer battery

[6] AWG Cable

https://en.wikipedia.org/wiki/American_wire gauge

[7] Rotor
https://www.phantomthailand.com/%E0%B9%809%E0%B8%88%E0%B8%B2%E0%
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%BT%E0%B9%88%E0%B8%ADY%EN%BE%87%E0%BI%83%E0%B8%9A%EQ%B8%9
E%E0%B8%B1%E0%B8%94%E0%B8%ADYE0%B8%B8%E0%B8%IBIE0%B8%81

(8] Construction of a Four Rotor Helicopter Control System

Etd.dtu.dk/thesis/243342/Thesis_dagur.pdf
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Four Rotor Dynamics

When designing a control system to stabilize a physical system, generally the

first step is to derive a mathematical model of the physical system. This is not
always an option as some systems can be extremely difficult to model correctly. In
practice when the mathematical modeling is possible, the mathematical models of
the systems are generally nonlinear (22, p. 29)
The topic of this chapter is to derive a linearized state space model, describing the
dynamics of the four rotor helicopter about a chosen operating point. The linearized
state space model will then be used in chapter 5 as the basis for the design of a
linear quadratic regulator (LQR).

In order to derive the linearized state space model, some preliminary steps
have to be taken. First, a way to describe the movements of the helicopter in an
inertial Cartesian coordinate system, i.e. the fixed reference frame, has to be derived.
This is necessary in order to track the movements of the helicopter in the fixed
reference frame. Second, a nonlinear mathematical model of the system has to be
constructed. Then a nonlinear state space model is derived. Finally the nonlinear
state space model will be linearized about a chosen operating point of the system.

For this purpose Matlab/Simulink will be used (1).

4.1 Attitude Representation

The nonlinear dynamic model that will be represented in section 4.2 is valid in
the helicopter body frame. This means that if the helicopter was controlled by a
pilot sitting in it, this model would describe the forces and torques the pilot would
be experiencing.

As this helicopter is remotely controlled, the pilot is standing in a different
frame of reference than that of the helicopter. This frame of reference is called the
reference here, see figure 4.1. In order to be able to track the movements of the
helicopter it is necessary to be able to project coordinates back and forth from the

reference frame to the helicopter body frame. That is the topic of this section.
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Figure 4.1: Four rotor helicopter sketch showing its orientation relative to its

body frame. The big arrows above the rotor disks show the rotation

of the rotors producing thrust in —e,, direction. The arrows around

the axes show the direction of positive body rotation. The reference

frame is also shown in the figure.
Figure 4.1 shows the two frames of reference. These are two right hand Cartesian
coordinate systems. The reference frame is fixed in space and is defined with z, axes
lying in the Earth’s gravitation vector, pointing downwards. The x, — y, plane lies
horizontally with the y, axis to the right relative to the positive x, direction. The body
frame has the same internal axes orientation as the reference frame with the z,
defined positive in the opposite direction of the thrust vector which is orthogonal to
the x, — y;, plane.The projection from the reference frame to the body frame is done
by multiplying the coordinates with an attitude matrix. The Euler z, rotational
sequence is used to derive the attitude matrix, see appendix C. The rotation about z,
v, x is conventional- ly represented as the Euler angles l[J, U P respectively, see

figure 4.1. The attitude matrix is shown in equation (4.1).

e(0)e(v) (9) (h"’ —s(f)

[Aveg] = | —c(d)s(¥) +5(9)s(O)e(¥))  e()e(y ) (0)s(v)  s(¢)c(f)
s(0)s(¥) + c(@)s(O)c(¢)  —s Q)C( (0)s(0)s(¢) C(e"zc‘(@))

4.1

For convenience c(...) = cos(...) in equation (4.1) and s(...) = sin(...).
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The projection from the body frame coordinates into the reference frame
coordinates is done with the transposed matrix [Ay gq,]T. The transposed matrix can

be seen in equation (4.2).

r |0)e(¥) —c(d)s(¥) + s(9)s(O)e()  s(d)s(¥) + e(¢)s(8)c(v)
[Ayos] = [c(O)s(¥)  c(@)e(®) +5()s(B)s(¥)  —s(P)e(®) + e(¢)s(0)s(¥)
—s(0) s(¢)e(9) c(@)e(0) i

The use of the attitude matrix can be demonstrated for the representation of
the Earth’s gravitation vector in the helicopter body frame as seen above. This is
done by multiplying the gravitational vector by the attitude matrix as in equation

(4.3).

0 —s(8)mg
Fg=Ae.;mg=A |0| mg= |3(¢)c(8)myg (4.3)
‘! e(¢)e(@)ymyg

If e, would have the same orientation as e,, for an example, Fg acting on

the helicopter would be presented like in equation (4.4) in its body frame.

0
Fy=10 (4.4)

mg

4.2 Nonlinear Equations Of Motion

In this section the dynamics of the four rotor helicopter are represented in the
form of two general nonlinear mathematical equations of motion, Newton’s second
law of motion and its analog for rotating system, Euler’s moment equation.
As discussed in chapter 3, efforts were made to make the frame of the four rotor
helicopter as stiff as possible. By doing that, the modeling of the internal dynamics of
the helicopter construction could be avoided. Treating the helicopter as a stiff body
simplifies the modeling considerably and the resulting modeling error is considered
to be trivial. The helicopter is therefore treated as a stiff body, moving with six
degrees of freedom, three translational and three rotational. In addition to that, the
helicopter rotors are considered to be stiff.

Two general equations of motion are used to describe the dynamics of the
helicopter (6, p. 13). Newton’s second law of motion, see equation (4.5) describes

the relation between the total forces acting on the helicopter and its relative
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accelerationdt. It’s analog for rotating systems is Euler’s moment equation, see

equation (4.6). It describes the relation between the total torques acting on the

dh
helicopter and its relative angular acceleration %
dv
=m— 4.5
F=m = (4.5)
B dLg .
=& (46)

Equation (4.5) applied to the four rotor helicopter, can be represented as equation

(4.7), see appendix A about rotating frame of reference.

F = mi—: =m(a' +Q x v) (4.7)

In equation (4.7), Q is the Euler relative angular velocity vector in body frame [p, g,
r)’, a’ is the relative Euler angular acceleration vector in body frame [p', g, r']’ and
v is the relative velocity vector in body frame [u,v,w]’, see (6, p. 14).

The cross product from equation (4.7) can be seen in (4.8).

P Uu quw — TU
Qxv=|g| X {v|= |ru—pw (4.8)
R w U — qu

The right matrix is called the Coriolis effect. It is the acceleration that is caused
by the fictive forces that arise when Newton’s second law of motion is transformed

into a moving frame of reference, see appendix A.

Equation (4.7) can now be written as (4.9).

5, i qu — v m(% + quw — re)
F= |F;] =M |+ |ru-—pw = |m{0 + ru— pw) (4.9)
F. i U — qu m{w + pv — qu)

Equation (4.9) describes the forces causing the translational acceleration of the four

rotor helicopter.
Equation (4.6) can be written like (4.10), see appendix B concerning the angular

momentum.
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r:%:r@nu;u (4.10)

The first term on the right in (4.10) is shown in (4.11),

o
’ —_—
I'=TI— (4.11)

a2
where dtis the Euler angular acceleration [p’, g, r']” and I is the inertia tensor, see

appendix B. The values of the inertia tensor have been measured for the four rotor
helicopter, see appendix E, and are used in the simulations.

The angular momentum of the helicopter L is given in (4.12),
Lo=1I0 (4.12)

and the inertia tensor for the four rotor helicopter can be seen in (4.13).

=219 | b
=Y Gk & (4.13)
a0/ L

The cross product term in (4.10) thus becomes (4.14).

P I:E:l‘ (IZ: ) Iyy}qr
Q x LQ = |q] X Iyyq e (I:uz‘ Ay I:Z}pr (414)
' i Izz?‘ (Iyy_ rz)pq

Equation (4.10) can be written as (4.15).

Ve T (I::z = Iyy)q"'
=B = (B Gh (==, (4.15)

To| Lt + (Tyy = Lea )y
Equation (4.15) describes the torques causing the angular acceleration of the
helicopter in its body frame.
Equations (4.9) and (4.15) are the complete set of nonlinear equations describing the
dynamics of the four rotor helicopter, assuming that the helicopter is a stiff body.
The three axes of its coordinate system are its principal axes and center of gravity of
the helicopter is situated at the origin of the body axes (6, p. 12).
In equations (4.9) and (4.15), [mu’ ,mv ,mw’ 1" and [l,p ', I,q ", I..r Tepresent
the external forces and torques respectively acting on the helicopter.

These are the sum of several different forces and torques discussed below.
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4.2.1 Forces Acting On The Helicopter

In order to discuss the forces and torques acting on the helicopter, the body
frame of the helicopter is defined as shown in figure 4.1.
The force that the rotors produce is called the rotor thrust T. As the position
and orientation of the rotor disc for each rotor relative to the body frame is invariant,
the direction of their thrust vector is always -e,,. Equation (4.16) shows the
cumulative thrust of the four rotors.

Fr=—epy T; ; icl:[14] (4.16)

The individual thrust measurements as functions of the rotors angular velocity
can be seen in appendix |. A theoretical basis, called the momentum theory (25, p.
59), for simple analysis of the rotor performance can be seen in appendix J.
The gravity acting on the helicopter is F,. This force vector has the positive direction
of z, in the reference frame, see figure 4.1, As the gravity force is fixed in the
reference frame, its influence on the helicopter depends on the helicopter’s
attitude, see chapter 4.1. Relating F, to the helicopter’s body frame is done with the

attitude matrix, see section 4.1 for validation. It can be seen in equation (4.17).

—s(f)mg
Fy, = Ae,,mg = {s(aﬁ)c(é))mgji
c(@)e(f)myg

(4.17)

In (4.17) §(Y) =Sik..) apidgl.. . S\cast\.),

In flight, the drag of a rotor Fy, is conventionally called the H-force. The derivation of
the H-force can be seen in appendix D. It works opposite the flight direction in the x
- y plane of the helicopter body frame. Equation (4.18) shows the cumulative force

from the four rotors.

Fg=|-%|Y_H ; icl:[1,4] (4.18)

-3 el
In (4.18) Ivland vl are the unit velocity vectors relative to the body frames x - y
plan. These unit vectors decide the orientation of the H-force in the x - y plane.

The air resistance in the helicopter body frame causes a drag force Fy. This
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force is in the opposite direction of the unit velocity vector in the helicopter body

v
frame 121, The equation for a drag force in a fluid environment can be seen in (4.19),

(7, p. 13-20).

1 g U
Fg= M§Cprf’U m (4.19)

The drag coefficient C; is a function of velocity (16, p.397). As the application of this
project is strictly indoors it can be assumed that its velocity is limited to 0-2 [%].the
resulting drag coefficient is roughly estimated to be C; = 0.5.

Assuming that the drag coefficient is constant, then equation (4.19) shows that Fy is

proportional to the squared fluid velocity. In this case, the fluid (air) velocity is the
helicopter velocity. In (4.19) the air density is 0. The frontal area of the helicopter
body is Ar . To simplify this expression the frontal area is assumed to be the same for
all flight directions. The largest frontal area of the helicopter was measured and is
used in the simulations, see appendix G.

Combining all the forces discussed above gives equation (4.20).

m(u + qw — rv)
F=F.+Fg+Fg+Fag= |m{®+ru— pw)
m{ + pv ~ qu)

(4.20)

Defining
ZF,- =Fp+Fy+ Fg + Fy

and isolating the acceleration vector [u” v/ w™ 1" in equation (4.20) gives (4.21).

i L qw — 1

B = — iy — L — ! 4.2

v - Z F; — |ru - pw (4.21)
0 pU — qu

Equation (4.21) describes the complete set of forces causing translational
acceleration in the nonlinear dynamic model of the helicopter.
4.2.2 Torques Acting On The Helicopter

The torques acting about the x and the y axes of the reference frame are
caused by the thrust vectors induced by the four rotors. In these cases the thrust
vectors are situated in the center of a straight line between the two rotors in the
rotor pairs causing the rotation. The thrust vector pairs causing a rotation about the x

axes are Ty + T4 and T, + T, see figure 4.1. Similarly the pairs causing a rotation
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about the y axes are Ty +T; and T, + T4 Equations (4.22) and (4.23) describe these
two torques.

%J (4.22)

5"} (4.23)

T'z=em [((Tl +Ty) — (T2 + T3))

o

Ty =ew [((Tl +i%) — (T + 1))
In (4.23) (, = (, is the distance between any two of the rotors in a rotor pair. Dividing
it by two gives the radius from the center of the frame to the point on which the
force is acting.

As discussed in chapter 2, the spinning rotors have to overcome air resistance
when rotating. This results in torque I, acting on the body that the rotor is attached
to. The orientation of the force component of this torque is in the opposite direction
of the rotation. The torque is a cross product of the radius from center of rotation
and the force acting perpendicular on it see appendix B and the torque vector is
oriented according to the right hand rule (2, p. 50).

Figure 4.1 shows the rotational direction of the rotors that gives negative thrust
relative to e,,. The torque caused by the drag of the rotors can beseen in equation
(4.24).

T'r = exb(~mur1 ~ Tara + Ths + Tapa) (4.24)

The drag of the rotors is a second order effect that depends on the shape of
the rotor blades. In order to find the second order equation describing the torque as
a function of the rotor angular velocity, the torque of each rotor was measured at
different angular velocities and the results were fitted using Matlab, see appendix |.

Yet another torque that the rotors cause on the body, to which they are
attached, is the gyroscopic torque [, (4, p. 14). When the rotor is spinning and its
body frame is moving with angular velocity € the body experiences a torque from
the rotors. The orientation of the torque depends on the rotational direction of both
the body frame and the rotor. Equation (4.25) shows the cumulative torque for the

four rotors acting about the center of mass of the helicopter.
PQ = —fr[ﬂ X (ﬁezbwl)—é—ﬂ X (—ezbwg)JrQ X (ezbw;g)—i—ﬂ X (ezbw4)} (4.2—5)

In equation (4.25), the inertia of the rotors, /. is assumed to be the same. The
calculation of the inertia can be seen in appendix F. When the helicopter is moving

with a velocity v #0in the x - y plane of the reference frame the air velocity is higher
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for the advancing rotor blades than the receding. This causes the thrust vectors point
of attack on the rotor disk to move from the center. (4, p. 14) which causes flapping
of the rotor blades. This effect depends on the angular velocity of the rotor blades
and the velocity of the helicopter. As the rotor is considered to be rigid, the resulting
torque is transferred directly to the helicopter frame. The equation for this torque is

(4.26).
Ly = —7[v' x (ezp(—wm1 — wnra + wirs + wara))] (4.26)

It has been suggested that in the case of the four-rotor helicopter, the torque

contributions in (4.26) cancel each other out and thus do not affect the dynamics of
the system, see (31, p. 148). It is intuitive to see that this is an acceptable assumption
because the torque on the frame is symmetrical about the velocity vector in the
Xp=Yp plane. It should though be noted that these torques stress the helicopter
frame nevertheless, see appendix G.2.5 where this problem is discussed briefly.
As [f is a function of both the rotor angular velocity and the helicopter’s velocity,
the contribution of [f to the overall dynamics at low velodities is trivial. When the
four rotor helicopter in this project is in hover, the wind velocity about the blade at
half of the rotor radius is approximately 22[1?] while the maximum helicopter
velocity is about 2[23] The overall wind velocity about the rotor blade is thus
dominated by the angular velocity of the rotor.

The constant Y in equation (4.26) depends on the design of the rotor blade. No
attempts have been done to derive ) through rotor measurements as [f is
considered to be trivial as explained before.

Whenever there is a change in the velocity of the rotors, torque is applied to the
body frame. This is due to the law of conservation of angular momentum

(4, p. 15). This can be seen in equation (4.27)
To = Leap(—wan — dpo + wM3 4 Opgq) (4.27)
Equation (4.15) can now be written as (4.28).

Lozp+ (L, — I )ar
Leo -+ hyn — Tun o

[N}
oo
~——

By defining
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Y Di=Ta+Ty+ T +Tg+T;+T,

and isolating the angular acceleration vector [p° g r’]’ in (4.28), equation (4.29) is

derived.

p Tj: 0 0 (L2 = Iyy)qr
il=10 7;—J 0| [ Ti— |(Jow — La)pr (4.29)

0 0 ﬁ (Iyy = Ls)py
Equation (4.29) describes the complete set of torques causing the rotational
acceleration on the nonlinear dynamical model of the helicopter.
Equations (4.21) and (4.29) are the complete nonlinear dynamic model of the
helicopter in the helicopter body frame. The next step is to derive a linear state

space model of the helicopter dynamics.
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Motor

Brushless DC motors are considered more suitable for the job at hand than
brushed DC motors. The brushed DC motor have the field windings on the stator and
armature windings on the rotor and using brushes for switching. A brushless DC
motor has a permanent magnet rotor and a wound field stator and controlled by a
switching electronic circuit. By omitting the brushes of the DC motor, which wear
down and can lead to bad electrical connection, the efficiency and the reliability is

increased.

As mentioned in chapter 3 the motor chosen for the four rotor helicopter is a
brushless DC motor, Robbe Roxxy 2824-34 (32). The operating voltage for the motor
is 7.4[V ]-11.1[V ], with a operating current of 4[A]-8[A] and a maximum current of
9lAl.

To drive the motor, a motor controller, BL-Ctrl V1.2 by MikroKopter, was chosen
(28). The controller has a Pulse Width Modulation (PWM) input for throttle values.
This PWM signal has to be of a servo control standard, which is used to control servo
motors and often called Pulse Position Modulation (PPM). Servo control uses 1 -
2[ms] long pulses running at 50[Hz]. Each pulse is modulated with a value ranging
from 0 - 100%. When the pulse is modulated with 0% value the pulse width is
1[ms]. If the modulation value is increased to 100% the pulse width becomes 2[ms].
The minimum pulse width is thus 1[ms] and the maximum pulse width is 2[ms].

Figure 6.2 shows the servo control principles.

Y

F 3

b}
Fd

t [ms]

0 1-2
Figure 6.2: Servo control. The pulse width of the signal varies from 1[ms] and up

to 2[ms]. This range represents a value of 0 - 100%.
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The motor controller is set up to run the /2C (Inter-Integrated Circuit)
communication protocol as well. This standard is a two way serial computer bus
protocol that supports 128 devices on a single two wire bus. For further reading see

(30).

The /2C protocol can be chosen in stead of PPM to send throttle values to the
motor controller. When the initial thrust measurements on the rotors were done, the
stability of the rotor angular velocity using the PPM standard was poor. The /2C
standard, however, performed flawlessly and was therefore chosen as the
communication protocol to deliver the throttle values to the motor controllers. The
reason for the poor stability using the
PPM is not that it is unreliable, but rather that the motor controllers are optimized to
run on the /2C standard. Another advantage of the /2C protocol is that it can run
much faster than the PPM standard, or up to 400[KHz]. Sending one throttle value is
done by sending 18 data bits. At a typical sending frequency of 100[KHz] it would
therefore take about 720[Us] to send data to all motors. The /2C can send and
receive data regardless of the microprocessors other duties so it takes very limited
time from the processor.The motor controllers operate on 5[V ] voltage level while
the MSP430 microprocessor operates on 3.3[V ]. In order to communicate with the
motor controllers using the /2C standard, a level shifter had to be implemented. The
level shifter is simulated and explained in appendix K.

The motor has three phases and the controller uses three-phase full-bridge circuit to

control it, see (24, p. 2-27).
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Figure 6.3: Three phase bridge control.
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In figure 6.3 the diagram of a three phase bridge control is shown along with its
switching sequence. When the motor is running, current flows through two phases at
a time. The current control is done by two switches, an upper switch and a lower
switch. The upper switch is controlled by a switching control signal with a period of
66[Us], 15.15[kHz], and a various duty cycle. By doing this the current through the

phases is chopped, causing the current to be within a certain level, or hysteresis.

.
i

5
0 DT-; Tg ,t
Figure 6.4: Current hysteresis and duty cycle.

Figure 6.4 shows the actual current flows through the phases of the motor. When the
switches are tumned on, with period of T; and duty cycle D, the current through the
phase rises to the top of the hysteresis band and then they are turned off causing
the current to fall down to the lower limit of the hysteresis band. The higher the

duty cycle becomes the higher current runs through the phases.
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dUN1T LASWANNITIUY

Rotating Frame Of Reference

In order for Newton’s second law to work for mass moving with a non-inertial
frame of reference, fictitious forces acting on it have to be introduced. These forces

are added to the existing natural forces acting on the mass.

In the following, a term for describing Newton’s second law for a moving frame

of reference is derived, see (7, p.6-6).

Figure A.1: The moving system S’ turns with the angular velocity W while O’ has the
acceleration ay relative to the inertial system S. The primes are used to

mark the variables that are related to the moving frame of reference.

Figure A.1 shows the inertial system S with O as its center and the moving
system 57 with O’ as its center. The variables related to the moving system are

marked with primes. If S and S’ have the same starting point at t = 0, ry = vt where
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Vo is the constant velocity of O’. At the time t the particle P is located at r in S and

at r’in S°. The angular velocity of S’ is .

For an observer in S equations A.1 show r, v and a.
T =x€; + Y&y + 3¢,
i dz
v= e, + y + Fe: (A1)
du, duy
a = "grey+ y(y—l'#f
Equally for S” equations A.2 show r’, v’ and a’.
' = el T grrr e,
! do’ dy' 1y dzl
v =l gyt E e (A.2)
I dg d2<u.. !

o' = gpte, + "th Bt e

It should be noted that because the unit vectors for the moving system are

A a # dv’
constantly changing their orientation 4t and dt
dr
Asr=10+r, di can be expressed like in equation A.3.
dr dro  dr!
et TP 1 G A3
& At & 5 )

The first term on the right hand side is vy and the second term is shown in A.4.

dr' \&" @) ™\ 402 e s
— =% e ¢ oL —— 4y — A4
& T X Vg v NSRRI G, T/ (LY

The first three terms on the right side in equation A.4 are v’. For the last three
terms it should be noted that the unit vectors for S’ are rotating with the angular
velocity W and their lengths are constant. Equation A.5 shows the term for the three

unit vectors in S’ differentiated.

/
de!, , de aey ,  de, . ‘
~ = X €, =W X e, — =w X, Ab
dt 2 g v d - (4-5)
Equation A.4 can therefore be written like A.6.
"
dr o )X (2'e! 4+ ylel + 2'e) AG
—— =V twX (@e,+ye,+2'e, (A.G)

dt
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Combining equation A.1 and equation A.6 gives A.7.

d,f
E?t—z'v"mimwxr’ (A.7)

Equation A.3 can therefore be written like A.8.

v=(vop+wxr)+v (A.8)
The term inside the parentheses in A.8 is the velocity of the particle P as if it

were at rest in S”. The term v’ is the velocity of 5’ relative to P.

Differentiating v in A.8 with respect to time gives A.9.

dv dvy dlwxr) dv

— = LA A9
dt dt dt dt 0]
InA9 dt ~ Tand, o Applying Newton’s second law to A.9 gives A.10.

d{w X'#) dv’
;. o 45 cas A A.10
ma = mag + m o, +m o ( )

The third term on the right in A.10 is shown in A.11,

!
dv dvl,

! ; de} de; !,
m = m( el 4 Supl | Gt dey o, Eex

dt S T @ Sy T @ 2T V2 dt gt )
(A.11)
i’
Tn% =m(a + w X (1;(";. + 1::;(;5;1 + U;sz))
or as shown in A.12.
dv’ ; ,
V= M m(a +w X ) (A.12)
dt

This equation shows the forces acting on S’ relative to P.

Equations Of Angular Motion

Two general equations are used to describe the dynamics of a particle in a
moving frame of reference. One describes the forces acting on it (see in appendix A)
and the other, describing the angular momentum, or the torque, acting on it, is
introduced in this chapter.

The term for moment of inertia that can be applied in the general case of

moving reference frame, called the inertia tensor, is also introduced in this chapter.
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B.1 Torque
The impulse p of a particle is shown in B.1. It is equal to the change of

momentum for a particle (2, p.186).
P = mv (B.1)

The term for angular momentum LO of a particle with the impulse p with respect O

is B.2 (7, p.5-2).

Ly=rxp=mrxuv (B.2)

Figure B.1 shows a circular motion of a particle in a plane. With the radius

Figure B.1: A particle moving in plane around a fixed point 0. The angular
momentum L, is perpendicular to both r and v.
r, angular velocity W and the mass m, the angular moment is B.3. Here L, is a vector

product of rand p.

Lo = mriw (B.3)
As the particle is moving in a circular motion around the fixed point 0, B.3 can be

written like B.4 (7, p.7-9).

Lo=Iw (B.4)
Here / is the moment of inertia for the point mass of the particle times radius
squared, mr.

Differentiation of B.2 gives B.5.

dLo d(rxp) dr dp
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dp g . dr = .
By Newton’s second law @ = ¥and using @ ~ "and p = mv equation B.5 can be

modified to B.6.

%:vxmv—l—rx}?‘ (B.6)

In B.6 the first term on the right hand side is zero because v x v = 0. The second

term on the right hand side is the torque, see B.7,

To=1rxXF (B.7)
or B.8.
dLg
e B.
at 0 &)

Equation B.7 shows that the torque Ty is a vector product of r and F. The torque is
therefore perpendicular to the plane of the circular motion around the fixed point 0.
Generally the axis of the coordinate system are moving. It is therefore necessary to
apply equation A.7, see (6, p.12), to give B.9.

dLy _ o /

— 0 =T F0 X\ (B.9)

dt

This general form of the torque can be used to describe the torques acting on a

mass in a moving frame of reference.

B.2 Inertia tensor

In order to find the impulse moment Ly of a stiff body with respect to 0, it is
important to know the moment of inertia for that body. This is the topic of this
section.
For the orthonormal set of unit vectors, ey, e; and e, the impulse moment

Lo can be described like in B.10 (7, p.8-1).
Lo = Liwyey + Towses + I3wses (B.10)

The axes the unit vectors e;, e, and e; lie in are called the principal axes. The
moments of inertia in B.10 are thus called the principal moments of inertia. Figure

B.2 shows my’s contribution L;o to Ly. This is shown in B.11.

Lo =75 X py = mgrs X (w X 73 (B.11)
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By inserting a orthonormal coordinate system with its center in 0 and the unit vectors
e, e, and e, r; can be written as (x; y; z) and W as (Wx, Wy, Wz). The vector

product W x r; can than be written as B.12.

w X 13 = (2jWy — Yiy, TiW, — 2iWy, Yie — Tiwy) (B.12)

Figure B.2: The mass m; contribution L;o contribution to L.

L;ocan be found in the same way, by the vector product of my; and Wxr;, see B.13.

Lio = eom; {(y2 4 22 we = ziyiwy 2 A
+ eymy {_yi-i’-iw:r + (‘rzz 5= th)u.?y *ryizf"f': } (B.13)
+ e,m; {—z; 105 = ZYiwy (2 + yPw. )

By summing all m;, the impulse moment L, with respect to 0 can be written like B.14.
L, Ipz *D:r:y Dy | |we
L NNDE DBy o 5180 B oy (B.14)
L, Nl _Dzy L. Wy

The first matrix on the right hand side is called the inertia tensor 1. The individual

terms of T are shown in B.15.

Du.'y = Dy:r = Z Mi&;Yiy Dypy = Do = Z iz, Dy: — D:y = Z:r7liy?'zi

Lw =Y wui(y? + :f) Lo =Y mila? 20} Ls=T, 'm.,-(;r.f? + y?)
(B.15)

The upper terms in B.15 are called the products of inertia. The lower terms are the

moments of inertia. Equation B.14 can now be written like B.16.
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Lh=1I0 (B.16)
If the coordinate system, with which the stiff body is moving, can be turned so
that O lies in the body’s center of mass and the body is symmetrical around all the
axes, then B.14 can be simplified to B.17, see (7, p.8-3) and (6, p.15).

i L. 0 07 [w
=10 1, 0] |w, (B.17)
Ly 0 0 I |w

Z

Euler Angle Rotation

The projection between two coordinate systems, inertial frame coordinates and
moving frame coordinates is the topic of this chapter.

A successive angular rotation about the three orthogonal frame axes is called
the Euler angle rotation. Out of the six possible ways this can be done, only one will
be introduced here, see (33, p.320).

It is common to define the Euler roll angle P as the rotation about the body’s
x axis, the pitch angle ¥ about the v axis and the yaw angle l[) about the z axis.

By assuming that initially the moving frame axes are aligned with the axes of the
initial frame, transformation L/JI:I 1V 0O¢ is done in the following way:

Rotating about the z axes is the first step. It is done with the transformation

matrix seen in C.1.

i3] cos(v?)  sin(y) 0] | X X
y1f{ = |=stn(v) cos() 0 | Y| = [.Aw} ¥
Z 0 0 il VA g

Initially, the body axes were aligned with the reference axes X, Y and Z. The next

(C.1)

step is to rotate about the y axis. That is done with the rotational matrix seen in C.2.

€9 cos(8) 0 —sin(0)| [x; )
vz | = 0 1 0 y1| = [Ag] | w1 (C.2)
29 sin(f) 0 cos(0) 21 71

The last rotation is about the x-axis. The rotational matrix can be seen in C.3.
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Ty 1 0 0 T9 Z9
ys| =0 cos() sin(@)| |w| = [4d] w2 (C.3)
23 0 —sin(¢p) cos(d)]| |2 29

This results in C.4.
xr T3 X X
y| = |v3| = [Ao] [A6] [Ay] |Y | = [Auss] | ¥ (C.4)
z 23 Z Z

The projection matrix can be seen in C.5.

c(@)e(y c(f)s(1h) —5(0)

[Auos) = | =c(0)s(8) + s(@)s(O)c(v) ~ c(D)e(®) + 5(8)s(B)s(B)  5(6)e(®)
s(@)s(y) +c(0)s(0)e(v)  —s(P)e(d) + c(¢)s(0)s(v)) c(g’)()c((?))

C.5

For convenience c(...) in C.5 means cos(...) and s(..) means sin(...).

The projection from the moving frame coordinates into the inertial frame
.
]

coordinates are done with the transposed matrix [Ayge) , see (33, p.319). The

transposed matrix can be seen in C.6.

o | cOeld) —cd)s(¥) +s(d)s(0)c(y)  s(d)s() +c()s(0)c(v)
[Avos]” = [e(@)s()  e(@)clwh) +5()s(0)s(t)  —s(d)e(¥) + e(¢)s(8)s(v)
—s(9) $(0)e(0) 8./
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Thrust And H-force
D.1 Rotor thrust
The theoretical thrust produced by a rotor in forward flight can be seen in

equation (D.1), (6, p.147).

T = po A, 02R2Z 9 glf1 4 2 3“ =)+ /\] (D.1)

"y

In (D.1) P is the air density, Rr is the rotor radius, Ar is the rotor area and (), is the
angular velocity of the rotor. The ratio of blade lifting area and disk area is called the
rotor solidity. It can be seen in (D.2). Here b is the number of rotor blades and c¢ is

3
the blade chord atzRr

_ Blade area A.g, bR, bc

gy A = = 2
" Diskarea A, 7R 7R, &
The thrust coefficient of equation (D.1), Cr can be seen in (D.3).
ay2 3
(ir = 1 590(1 M —)+ A (D.3)

In (D.3), a represents the lift-curve slope of the airfoil section (25, p.119). The
effective pitch angle of the rotor blade is U, Equation (D.4) shows the tip speed

ratio.
v u? + w? cos(argtan
. \/ N 64 ( g V2 -i-“uﬂ) (D 4)
O, R, ‘
The disk plane inflow velocity A can be seen in equation (D.5).
sin(AWU
- SnAWU) (D.5)

O, R,
AWU from (D.5) depends on u and w. The relationship can be seen in

equation (D.6), (4, 106).

\

if u>0,w>0 then argtan( /m)
i g
]f U LW < 0 Z‘h( 2 arg tdll( m)
if u<0,w>0 then — argtan( m)
i if uw<0,w<0 then — arg tcnl( )

AWU = > (D.6)

2—|—1
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From (D.5) Ai can be written like equation (D.7) (4, p. 106).

A o 0.047\/—226.35#2 + \/226.352#4 +1 (D.7)
D.2 H-force
The H-force of a rotor is described by (D.8).
Hy = psAr 2R 7116 — TApuby] (D.8)

In equation (D.8), & = 0.012 (4, 106) is the profile drag coefficient. All other

values have been described above.
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The inertia of the helicopter

The inertia of the helicopter can be described in an inertia tensor as shown in
appendix B. The inertia tensor shows the inertia about the three principal axes.
As the helicopter is an irregular object, it would be much work to approximate its
inertia. Instead the inertia about the three principal axes has been measured.
Figure E.1 shows the setup for the measurement. By using a spring with a known
spring constant attached to a rigid support, the helicopter can be treated like a
torsion pendulum with suspending it to the spring. The period time of the harmonic
motion this rotation follows when rotated and released is measured and used to
calculate the inertia about the respective axis.
A spring was made of piano wire. To measure its torsion constant, a rod with known

inertia was used. Equation (E.1) shows the inertia for a rod.
1 .
I =—NKHA" E.1

In (E.1) M is the mass of the rod, and [ is the length of it. The relationship between

the period time and the torsion constant is shown in equation (E.2).

1.
T =2my[ = E.2
27\ 7 (E.2)

In (E.2) K is the torsion constant, /. is the inertia of the object and T is the period

time.

Figure E.1: The inertia measurements are done by suspending the helicopter on
a spring with a known torsion constant. Thereafter the helicopter
is brought into rotation and the period time of its harmonic motion
is measured in order to calculate its inertia. This is done about the

three principal axes of the helicopter frame
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Equation (E.2) can be written as equation (E.3).

K=k (E.3)

(37)2

By calculating the inertia of the rod using equation (E.1) and by measuring the

period time of the harmonic motion of the rod suspended in the spring, the torsion
constant can be calculated using equation (E.3).

By rewriting equation (E.3) the inertia /c can be isolated as shown in equation (E.4).

1
2L

By measuring the harmonic motion period time of the helicopter rotating about

I. = K(2-)? (B4)

its three principal axes, equation (E.4) can be used to calculate their respective
inertias.
The torsion constant K was measured by using a rod with ( = 0.524[m] and M =

0.524[kg]. Three measured period times gave a mean period time T = 12.05[s]. This

(o)
gives the torsion constant T = 0.00326' s The mean measured swing periods
about the x, y and z axis were measured 9.7[s], 9.67[s] and 14.53[s] respectively. By

using equation E.4 the inertia tensor shown in equation E.5 was derived.

20 -0 0.00777 0 0
I=| W\ GOININe= 0 So (E.5)
0N\ ¥ 1., 0 0 0.0175

This inertia tensor is used in the simulink model
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Rotor Inertia

In order to calculate the spinning rotors gyro effect and the torque caused by
change in angular velocity of the rotors, it is necessary to know their moment of
inertia about the center of rotation. To do this, one of the Roxxy Robbe motors was
disassembled and the inertia of its rotating parts was measured along with that of
the blade.

Figure F.1 shows one of the rotors used on the helicopter.

Figure F.1: One of the helicopter rotors
To calculate approximately the rotors moment of inertia it is disassembled into
three pieces, the rotor blade, the stator and the rotor mount. These pieces are all
irregularly shaped. Their form is therefore fitted to a regular form with known
moment of inertia. These are a rod, a ring and a circular plate respectively.

The blade mount, see figure F.2, is approximated with a circular plate

Figure F.2: The blade mounting. The lower part is fastened to the motor with
three screws. The blade is than fastened by tightening the nut.
Its moment of inertia can then be calculated using F.1.
1 2

I =—mr

5 (F.1)
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The estimated radius of the rotor mount is rm = 0.007[m] and its mass is mm =
0.005[kg]. That sives /,, = 1,225977£kgm2] The stator can be seen in figure F.3. It is
approximated with a ring rotating around an axle in its center. Equation F.2 shows the

formula for the inertia of a ring.

‘:a"{
Figure F.3: The stator. Here the permanent magnets can be seen.

V= mr? (F.2)
The estimated radius of the stator is s = 0.013[m] and its mass is ms = 0.018[k¢]. This
gives Is = 3e Tkem’].
A picture of the rotor blade can be seen in figure F.4. It is assumed equivalent to a
rod rotating around an axle in its center. Equation F.3 shows the formula for the

inertia of a rod.

Figure F.4: One of the rotor blades used on the helicopter

1
I= Fm/? (F.3)

The length of the rotor blade is (, = 0.254[m] and its mass is m,, = 0.006[kg]. This
gives [, = 3.29_5[kgm2]
The total inertia of the rotor is shown in F.4.

=iy + L4 Ig = 3.56_5[I.:gm2] (F.4)

The approximations used to calculate the moment of inertia for the rotor, are

considered to give a good estimation of its true moment of inertia. The rotors

moment of inertia together with its air resistance control the time constant of the
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rotor. As the time constant has been measured no attempts have been made to

measure the inertia of the rotor.
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