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ARTICLE INFORMATION ABSTRACT

This paper focuses on the dynamic modeling of quadrotor with respect to changes in operating
conditions. The main objective of this investigation is to provide complete governing quadrotor
dynamic equations using the Euler-Lagrange method considering all aerodynamic forces which affect
its motion. In previous papers, dynamical equations are never considered comprehensively. The study of
Ke ; quadrotor's dynamics permits to understand its physics and behavior and provides a precise model of the
ywords: R R X

Quadrotor system. Once such a model is obtained, the control of quadrotor turns much simpler than current
Dynamic modeling inaccurate models. In order to take into account, the set of forces and torques involved in quadrotor
Aerodynamic forces dynamics, the previous studies are used and after describing each of the forces and their precise terms,
Operating conditions the complete dynamic quadrature model is presented. At the end, the system's performance is simulated
Connected camera . . . e o .

in two different operating conditions, one regardless of the external object coupled with quadrotor, and
the other in the coupled condition with a camera, and by this means, the achieved dynamic model is
validated. In the first operating conditions in two different tests, the dynamic equations of the present
work will be compared against the previous ones. In the second operating conditions, the quadrotor
performance under influence of a connected camera whose motion changes continuously the system
dynamic equations is studied.
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Fig.1 Free body diagram of a quadrotor [1]
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Fig. 2 Mechanism of quadrotor manoeuvers
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Fig. 4 Euler Angles
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Fig. 6 The Thrust Force of propeller
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Fig. 7 The Drag Moment of propeller [10]
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Fig. 5 The Thrust Force of propeller [10]
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Fig. 8 The hub Force of propeller [10]
[10] ails s olo (55,0 8 i

285 U5y pslaS 5 ola (g ke adl adl (25 > (B sl o
[19] 04 salss jao (A1 -17 alayl)) 54 so (o) 2 4ol

amio b 5l 350 o Aol lsis s el (i85 S s
23S wiloads jamie "6 JSA" o a5 b ye sk plsearl s baygs,
ldslre LB 5 abal, 5l b ygis, Ol 595 5 ol Fr 5565 s Mu

4
i=1
My =| -
I —hz Hiy

i=1

|
|
|
li(Hyy — Hay + Hyx — Hy)| a5)
[ ]
1> Hix|
i=1
Fy=|2
D Hiy
i=1
0

a6

'Js; soleis -4-4
Sos 3y ol skl Jele 5 ool Ola 595 alie MlS Jg, poliaS
25 ool y5is) sln g Cosl (olis asd S gl and 25,5 cad

R; = CrpAw?R® (I -17)

Fig. 9 The rolling moment Force of propeller [10]
[10] wlg s yokets 9 S

2 Rolling moment

03 o losis 18 053 1397 slaya yurde Silse wiie


https://dorl.net/dor/20.1001.1.10275940.1397.18.3.53.4
https://mme.modares.ac.ir/article-15-11828-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-25 ]

[ DOR: 20.1001.1.10275940.1397.18.3.53.4 ]

Vet 9 oudl ol

2a3ie GBS Joslyuds 93 Hgigrdlgs Sy SSaeliyd Jalxs

oads glyseinl (Soliys SYoles 5 (24) alaf,  Solys SYoles (Sl
bl oo ) Syso & SYolee (pl gl o Sl [10-6] slo )l jo

mx = (C¢59C1p + S¢Sll,)u1

my = (cgSesy — SpCy)ua

mZ =mg — CyColly

Ixx‘? =u; + QII{(Iyy - IZZ) +]1"0_'Qr

Iyy? = Us + ¢¢(IZZ - IXX) _]rd)Qr

Lz =uy + 9¢(1XX - Iyy) @5
oolaiul [17] ;o oad &l oasS J,u8 5 bgjluancs ooled (sl

[v.\é)suu):u 2 u)s.ambR 5Q L;Lbu”‘}‘L" Cewloals

Q =l12.12 26)
R = 10_4[4*4 (27)
(10 JSo) w0 y9) cowy 5 Sjge 4 | K (05 s silo g
0 0 70.71 0 0 0
K = 0 —-70.71 0 55.46 0 0
22.03 0 0 0 53.68 0
0 0 0 0 0 10
0 0 18.47 0 0 0
0 —30.61 0 —0.94 0 0
21.08 0 0 00.93 0.93 0
0 0 0 0 0 1001 @8

b Fwl o Jow Saoloo )Ls,-1-1-5

@ e 1 gl jlade aly (699,54 sl ;0 y539,0058 Hl8) ) sl

@) sk asly 4 0l 19z 9y X slacez o JiuS 6055 lse

oad @) Sealiys S¥oleo gl b i ay0,8 Jlae! "10 JS" s

8 sl )5 Yol glp Ko Ly 24 Ly, o Al cpl

b Jol> 19 6 11 gl 5 25) Ly,

Xper =[111001]7 9)
el U condh pll (glo g jlotat ool il Jlone S Slsiea

N s mls b B O R P VIBY | RGN E R P PPV

Xref E B U Quadrotor X
O U=-KE Model

Fig. 10 Control loop

2 ———x
E —Y
E s
2o e - -
s g
= i
ol=”
[} 05 1 15 2 25 3 35 4 45 5
Time(s)
Fig. 11 Position result of previous work
b, CamBge ame s 11 ST
2 oo X
— —_—y
£ 4
[+
21 =
o - Pl
= -~
0 /’ i i L I i 1 1 j
0 05 1 15 2 25 3 35 4 45 5

Time(s)
Fig. 12 Position result of present work
sl S5 ConBge azis 12 S

03 o los 18 055 1397 sl ya (e Silse wiie

'eSug p 5 il 51-8-4
s 30 58 650 sleps 955,008 (SESz CS - DYl o
P9Sg i Plailioe s A% ©8Swgn) Sl 4 bae slaly slactis
5 &S jghiles g wile Gay Claise glagly cepm 51 36 Gy
S 503 dygly 93 Slacie o b aygly S0 OB oo 25 Volae
3 ks D30 a4 olgioe | W (gsSeg s SI[20] ols et
Sygo by ol Ghossy cnl yo Ll oS lsl 5 51,8Y- sl w¥olee
S oo Ol ) S5 & (qsSwg s SISl JLS 5o 5 ailSlar

Oy — 1) Js, asls a5 sSasg o Sl

PPy = 1;7) g sl 6 55asg s il

POy — Iz)  sb argly 6o o5Sms 5 Sl

DSy Sl adlior y959) Sy Sl ST e yliaS oo degerme
[21] wslise Lo ysig, auly oy oz oz 355 sl 31 S50 L8,
Q= 0 — Wy + W3 — Wy 22)

JeOQr Js, 255 555, w95y 51

]rd’ﬂr a2 29ly )99, oSwyp ]

259y wsSwsns il alinZ jeme Jo ow il polie jgliiS (uiren
[22] sibsey 5% slojyme Jo>

Jely sl polie jolias

Dgd oo Lol i > Swlns O¥olae 44 ioy (pl o a5 olap s
S SR ]

0y(Lyy — I) + J:09;
Mgyro = [¢¥(zz = Lo — JrpQ;

0 (Lx — Lyy) + /e 23)

WSl A5 Yolee -9-4
3 0ad S5 slap i oobed 28,5 Lao b 1) s &8> S¥slee Jl>
gl en Camady 5l EY- Lol c¥oles looliiul b g iy sloise
m¥ = (cpSpCy + SpSy )us — Frux — Fry + Fux
my = (cpSeSy — S¢pCy)us — Fuy — Fry + Fuy
mZ =mg — CyCouUy — Fry + Fyz
Ixx¢ =Uz — Ixx¢ + ngro,x - MH.X + MR.X + MG.X + Tw,x
lyy® =u3 = Iyy0 + Mgyroy — Myy + Mpy + Mgy + Twy
Izzlp = Uy — Izzlp + ngro,z - MH,Z + MR,Z + MG.Z + Tw,z
24)
pso +Jsl sloailye iy a[ ] s E[y ] o¥slee ool o a8
Twj 3J lily o ok 5 Fuj omizmed azien[ ] Jlop pow
I3]1 G = xy:z) aisbcaj oo Jo> ob j5kizs

L5 5 53 A 5

S cglate 5,15 Laylpd g0y 1) ead zlisial (Selus OYolre Cono
ool oS blyd 50 (6,500 5,555,005 4 ()15 Jeaie peer 550 o
b w0 s LQR oS J 28 5l s nFo e b g Gmpss Su b
5 loyiall o oislbe lr olaihe o e ol o b
[22] catosal T Jguz 5o ailoas solitasl (6l sl a5 laciols

1 )5 byl -1-5

S8y eizmed g Al (69955 gl awlie 5 w)p 4 Cwnd Gl o

2 Gyroscopic effects

140


https://dorl.net/dor/20.1001.1.10275940.1397.18.3.53.4
https://mme.modares.ac.ir/article-15-11828-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-25 ]

[ DOR: 20.1001.1.10275940.1397.18.3.53.4 ]

Vet 9 oudl ol

2asie SIS doslyuds 93 Hgig)dlgs Sy SSaeliyd Julxi

bl ol alie Ly L3 5 L ool I8 IS ams ol 4yl

sy (sl 45 IS gles 45 w0 lsiae "19 b 17 (gla S8 anslie
MalS I8 90 ol 50 MalS w05 o ls 3 00l sy Blanl a4y (g3 ,006S

b_i:,atiobﬂ Glog s 4wl GBlaal cpl 4 o, lp aS 1> .l ol

p(rad)

] 05 1 15 2 25 3 35 4 45 5
Time(s)
Fig. 15 Yaw angle result of peresent work
2 8 gk sl 4 15 S

-3
4 %10

ey(rad)

Time(s)
Fig. 16 Yaw angle difference of present work and previous work
(etp = l»bperesent work l»bprevious work)

S5 2l 5 gk gl ol 16 U

aw

Wy
N &
8 8
<X
V\_JU!
5
®
1

=3
o
o
-
0
r

25 3 35 4 45 5

w2
R N B
8 o8 8
< X
Em
®
~

o
o
o
o
()

25 3 35 4 45 5

400
200 L)
X:5
0 Y:2127
G ) : ; A
0 05 1 15 2 25 3 35 4 45 5
400
-
H
) X:5
Y2127
0 05 1 15 2 25 3 35 4 45 5

Time (s)
g. 17 Rotor velocity results of previous work
S5 5 sy, Sy 4 17 Y

Fi

wy
N &
o 8 8
L u

X:5
¥:217.3
-200
i} 05 1 15 2 25 3 35 4 45 5
500
b 0 X:5
Y:216.2
500 L . L . s s
05 1 15 2 25 3 35 4 45 5

Wz
N o
g8 8
o
ol \
pe3
@
a

5 1 15 2 25 3 35 4 45 5

Wy
a
5
3
v

L L . L L L L L

25 3 35 4 45 5
Time(s)
Fig. 18 Rotor velocity results of peresent work
P25 5o o sy, Co p 4z 18 YK

o
o
o
o
N

141

el cud 1 Jgua
Table 1 List of constants

Slade axlg oles salyly ol
kgm? 5 Ll
8.1 x 1073 kgmz Ixx ] )5‘5)3'5: 6“‘)"-.'.‘ uLo.a
8.1x 1073 kgm? Iy Z3Y X 90 Jo> s
142 x 107 I,
kgm?s~! . N oo e
0 kgm?s~! L e ©
0 kgm?s~! {yy Js= oS5 4 g0l
0 L, Z3Y X e
1 kg m 559,08 ey
9.81 ms™2 g oo oS ol
0.0821 - Yaloz o
0.05 - Cp Syl
6.283 rad! a Tyt oyl s
0.11 - i T(699)9 Ol S
0.67 rad 1o a4l
0.29 rad O Badl o 4l
1.2 kgm™3 p lgo J&=>
75.5x 1073 m? A )59y Sl
0.155 m R ¥, gt
F931sS py S glis)l
0.05 m oo 7 S e
Loy olliws o
0.024 o | S b g S )
G oKws
0.1 m? Ay » 890l S coles
o m? Ay z X Ll
0.2 m2 4, 3Y X )97e L)
0.8 kgm™1s1 c lse cojl o po
1.08 x 107¢ kgm? Jr 3555 sl Oles
0.05 m Xg P e S Subee
0.04 m Ve Gy olKws
0.06 m Zg '
s 10°
3 BF f N ™ - === e,
< A~ -
>, I \7.‘ -- ‘"_'_‘_'_\':*_:':-—'-——_—"_—':#—_'_'_"_:_;_:_:__:_'t
-5
0 05 1 15 2 25 3 35 4 45 5
Time(s)

Fig. 13 Position difference of present work and previous work
(ex = xperesent work — xprevious work » ey = yperesent work

yprevious work and e; = Zperesent work — Zprevious work)

S g polo I g ciglas 13 S

(=3
£ os
=8
0 05 1 15 2 25 3 35 4 45 5
Time(s)
Fig. 14 Yaw angle result of previous work
8, sk gl A 14 Sl

5510 (6502l VS oiel Cand 4y gl 45 84 e ala>de [22]
Sly o2 g Cundon gl ob 29b o abi>de "16 b 11 gla K" o

! Solidity ratio

2 Lift slope

3 Inflow ratio

4 Zero angle of incidence
® Twist angle of incidence

03 o losis 18 053 1397 slaya yurde Silse wiie


https://dorl.net/dor/20.1001.1.10275940.1397.18.3.53.4
https://mme.modares.ac.ir/article-15-11828-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-25 ]

[ DOR: 20.1001.1.10275940.1397.18.3.53.4 ]

Vet 9 oudl ol

2a3ie GBS Joslyuds 93 Hgigrdlgs Sy SSaeliyd Jalxs

4 (t ~'_‘/———A;j j;)
N l"
2 \ — Quadrotor position
; — - —Trajectory path
3

Fig. 20 Position result in 3D trajectory traking of present work
G A s by o ol 8 CosBge azeys 20 S

0 1 2 3 4 5 6 7 8 9 10
Time(s)

Fig. 21 Aerodynamic forces result in 3D trajectory traking of present
work

§0% A yamn b0y 50 ol IS Salidg T (slog i ojlasl a5 21 JSCi

Quadrotor

e

¥

L]
d, — r//“\:—}

d; dy

Fig. 22 Diagram of camera connection arm
Omp9d Jlail 53k 1,510 22 JS

Sy 33k Slania2 Jyux
Table 2 Characteristics of quadrotor

e oy ol Sl b
0.25 kg m, 1Sd ey
0.25 kg m, 2 S ey
0.2 kg m, 3 e
0.1 m d, 1) b
0.05 m d, 2 o Jsb
0.02 m dy 3 S sk

el 33 O jg0 4 Ay olKiwd ,3T3 pow g

[0
rp=10
()1 -31)

Ldy

rd
72cos(a2)]|
r, =|d, .

2 7251n(a2)

| d; (w-31)

r(d, d
(72 + 73cos(a3)) cos(ay)

dy  ds .
rz = (7 + 7cos(a3)) sin(ay)

ds .
d; + 751n(a3) (z-3D)

93k 9 Ol degermo pr 3550 5 (ol polie S Sl g5k 05 >

03 o los 18 055 1397 sl ya (e Silse wiie

50
S 0
s
3 35 4 45 5
&
o
L
3 35 4 45 5
S 0
-50 =
0 05 1 15 2 25 3 35 4 45 5
+
Y
3 35 4 45 5

Time(s)
Fig. 19 Rotor velocity difference of present work an previous work
S gyl 5 0 baygig, e p oglis 19 S0

5 17 ladsia™ ;5 00,5 arle 0gi oo Jlosl 55,0058 @ jlsn (w55 oS
Q4) by ools Sealiys Sl )3 Loy, s pos 45 555 oo alidls 18
5ol ol ol g s Sglite by (25) ala, JolS Seoliys
3 onda S o oud eolasul Jae jo a8 el Seulinsg pl slag
oS e "18 USE" sl e s Cizmes el 00 L5 G yo o]
axl (nl s e by Gom psld plie 4 laygiy; ol Sy
359,0055 £y 35y o9 Belaie 5 959,018 JLSLe ()l pae I Jol>
pae cplas coul Jbsjo cplcwl ol oy Slaise lage 5 (gwain 55 0 L
ool WXV domas )8 Glen A (Jhse 0 5 el alaie DLlS gl

el Jlre (650l Z sliwly jo il s

o (2635 )0 Jo (Spoliy sy, -2-1-5

G 37 (Sealizog ] slog i 5 5555,0155 (Sealips U8, pusyp
Iy i yoms Sy 5590085 Sy Jsbo 5o a5 (S0 jsliss 5 ol
Joe sl "0 S s a1 (69955 Olyie & nj e S g0 JU0
b Jol 21 520 gl 5 o Jlael (24 alal)) allie ol 5 ool s
B 53,5 05 Gl S Joyo S8 &5 Gl sgh e ali>de
Seolods ] slogys sl odd dal seas b 55,0055 Cuadse
ol o o b g iyl (glalisdle L6 ejll o] 51 Lol gla5liass
oS (Sealadgnl Glog s s 53 5595,0055 (28,5 3 b g IS
Szl o 3550 Ll s

t
=sin{=4+— J1-30
X sm(%+6)+1 ( )
y=sin(z>+1 (< -30)
log(t + 1)
— 7 (z-30)
z 10 +3 al

2 5y byl -2-5
Ol Ay Cosloads Jato 559,005 4y (Shayg0 90,50 (22 Sl o
Gllae (S Sy o3k S b g 055 (8 1B (o 9590
5 ool Jol Sad 058 o0 gluoles B Jgar Slasin b5 "19 "
ozl Gy wdls Jate H559,0055 w4 wiay Slatie 3550 3
Ol Ly 5 35 eie St o gy 0l ool (Seslins silo e (Souzey
Iy pg> Iy Jol losid wlatse cggoge (nl 4 Cobie b oo F o0 (28

142


https://dorl.net/dor/20.1001.1.10275940.1397.18.3.53.4
https://mme.modares.ac.ir/article-15-11828-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-25 ]

[ DOR: 20.1001.1.10275940.1397.18.3.53.4 ]

Vet 9 oudl ol

2asie SIS doslyuds 93 Hgig)dlgs Sy SSaeliyd Julxi

d (0L oL .. .o,
E(ﬁ) - % = IZZ¢ + Izz¢ + Il,z d) + 11,2 ¢
+ 1, (P + dﬂz) +1,,(d
+d) +135(h +d2) +I3,(d
+d) (5-41)
gy plo 5 (7 -28) abaly oo 1 iz 9 Vb Lasly; bl
4 degazme Seolns S¥olre wiawl sdal 4 dy 0 a5 Sialyog ]
1wl Oy g0
M = (c¢59c¢, + s¢s¢)u1 — Fux — Frx + Fux
My = (c¢595¢ - s¢c¢,)u1 —Fyy —Fry + Fuy
Mt?' = Mg —cpcous — Frz +Fu
Ix$ = Sp + Uy + Mgyrox — Muy + Mrx + Mg, , + Tuy
Iy = Sg + uz + Mgyroy — My + Mpy + Mg,y + Twy
IZII.)' = S‘(p +uy + ngro,z — My, + Mg, + MGz,z + Tw,;z
42)

slygme Jo asgeme oyl cod i alz 5 Iy dx Y Ly, o o5

)'l ;.;L'J.?‘ C"'Q?S‘/) 559 ‘Sd)u‘“&‘"’“’ oW Py Coge L 9gZ gy X
Cewlodds uLa),u).a) u)j.od.\uy‘)lxcg;m

Iy =5Ly+hix +Ihx +134 (Al -43)
Iy = Iyy + Il,y + Iz,y + IS,y (w-43)
Iz=1ly+1hL, +1, +15, (z -43)
S¢ = _ixx¢ - il,x ¢ - iz,x ¢ - 13,X(d3cos(a2)

—d,dssin(az)) — lx(¢ + dzcos(ay)) (I -44)
So=—lyyb — 114,60 — I, ;0 — I3 ,(éi3sin(ay)

—dytr3c08(az)) — I35(6 + dssin(ay)) (w-44)
Sy = —ld — il,z é— I, 0y — iz,z a — I3 ,0, — j3,z(d’ +a)

(z -44)

e caly (69959 a4 by 5o 93k b hsS s5,0lsS [y oy sl
20kl 1z sy X slbcg 3 (IS 69958 Oy 4 o 1 ollas
Sik slagly Cosdye Grimen wi Jol> "24 5 23 laSs" b
s i e 3 (46 545) S¥olee ool "22 5"
a, = sin(2t) @5)
i
az = sin (O.St + E) (46)
SYobe )0 89290 slapy ez Sl pl o a5 0ed o ala>de
o3ll il oals yiin (24) Yolse S Ju8 S a4 Coas slagly

©99,9 50 oads ool polie 4y Heig,0leS o, alold o a5 ol gl
ol i o g ot 555,955 & S

S5 4o -6
Lyl s 0 Oless 4 azgi b gig,0088 (Swlns gile Jow allin ol o

2 —_—x
-
E =y
s | T z
=1 T O L T T e
o .é
= /

/
0
0 1 2 3 4 5 6 7 8 9 10
Time(s)

Fig. 23 Position results for step response of arm-carrying quadrotor
93k Jolo 55990055 Ay Gl 50 ComBge 4 23 JSB

143

W py> 35 pe Slaie degere oy S pe Sl (omyp jslite 4005 o

e P o 25 Do )
mrg + myrq + myprp + ms3rj

= @ -32
e me ( )
=m+my+m, +mz («-32)

—sg

Fg, = Rl ,m.gé, = mg| oS

G, xyzMtg €z td Cec:] ()l -33)
lV[G2 = rGZ X FGZ (o —33)

yG2C9C¢. - ZG2C95¢

Mg, = myg [_Zczse ~%G,C9C¢
X6,Co5¢ + Ya,50 (z-33)

Y c¥olee 00 )b oyl Sl cwyp jekie 4 froses

5 Sl Givr syl wd S U s Tirans Ssdee sasil

5 Trot, Trot, 5 159,085 (25,2 iz 655 Trot egomme Jomily

IS5 3k paw 5 pss cJs) SloSid ciix 655 w4 Trog,
O 5 O y90 4 119

1
Tirans = EMt(xz + y2 + ZZ) @b

ds .
U=-mgz—mygz—mygz — msg (z - 7sm(a'3))

35)
Tror = %Ixxcﬁz + %Iyyé2 + %Izzlj)z (36)
Trot, = %11‘,(4)2 + %IWGZ + %11,21/)2 @7
Trot, = %IZ,X(ﬁZ + %Izﬂyéz + %12,2(1[; +d,)° 38)

1 . . 2 1 . . 2
Trot, = 513,,(((1)2 + a3cos(a2)) + 5137},(92 + d3cos(ay))

+%13,Z(z/)2 +d3) 39
o iy Wl 9y dex & =1,2,3 sl Vb Ly, 0 &5

@ e GFLSY Gl Al Z Y Xlejeme Jom bS]

1adbes 525 )pe

L = Tirans + Trot + Trot, + Trot, + Trot3 -U 40)
ol 2y ©ogerr @ akaly FISY- Ll sable (o cons 1

D95
d 0L\ 0L
2t 57) ~ e = M (4D
d 0L\ 0L .
aay) 5y =M b
d (0L 0L
gt (53) = 37 = M7~ Mg @b
d (0L aL . .
E % _% = I + Lixp + Il,xd) + Il,xd)
+ IZ,X ¢+ 1'2,)((]S 41
+ 13’X(¢ + dscos(ay) (-4D
— dydssin(ay))
+ I'3qx(q'b + d3cosa2)
d (0L\ 0L . ..
E(%) - % = Iyy9 + Iyy9 + Il,y 6+ Il,y 0
+Ly0+1,,6
+ I3y(6 + d3sin(ay)
- d2d3cos(a2))
+ I35(6 + d3sin(ay)) (o-41)

03 o leis 18 ©)393 1397 S pa (e Suille wiie


https://dorl.net/dor/20.1001.1.10275940.1397.18.3.53.4
https://mme.modares.ac.ir/article-15-11828-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-25 ]

[ DOR: 20.1001.1.10275940.1397.18.3.53.4 ]

Vet 9 oudl ol

2a3ie GBS Joslyuds 93 Hgigrdlgs Sy SSaeliyd Jalxs

el Olaise Z by jo oSy Hls

Gy Slaize X by ;0 4G oy

B Slaize ¥ bl ;0 a5 Jlop

G Slaize 2 glbiwly o oS oy

b, sl

(N) oo 5,0 5105

(N) oyl olsd 55 5539,0158" (55,05 1o 0

(N) oy ol )3 (339 G959 505

(N) 192 coaglin (595 51

(N) J 5o by 5o 0k (59,8

(N) 535, <l g5,

(kgm?) oo

(ORS=E

(Kg) 159,915 o>

(kg) plk S oy

(Kg) 55L 5 ,535,0155 o> Egacme

(Nm) 555 glagyes 5l Jol> j5lss jloy

(Nm) (a0 51 5kesS lo 5

(NM) 5Ssg s Sl ,gls lop

(Nm) Cla ,glecs oy

(Nm) s, jeis lo

(Nm) cosl 5 slog i 5l Jol> jsletS Jlo

(N) (Salipog ol (loyglisS 5 log i

oy

(Nm) 555, ,gbess

(Nm) 55, Jg, ystusS

(M) oy olss ;5 559,005 12 35 50 CupaBso o
(M) @y oBiws o plk i oz 35 50 CaBge oy
(NPl 55i5; ol (595

(N) o A1 58,5 055 b ol (530

(N) Ces A1 285 S5 ) (g ol (55505

() o252 &5 > oz 55

DL Sad i i 535

() 2 S iz Sz 55

() 3 S iz sz 55

() Jasl o8 > stz 6550

(1) Jesily 55

(N) boaslyy ol 5555 ggome

Wy ol X j97ee Joor Cols slag i 5l ol jsliss
(Nm)

Aoy olfiss Y j9mme Jg el slog i I ol s
(Nm)

(ms™) s ceyu

(M) ooyl ol X (gliwsly jo 5535,0158" (Jas Coadyo
CuxBga 1o

(M) oyl oBiws Y bl jo y559,0leS Jas Coxdge

03 o los 18 055 1397 sl ya (e Silse wiie

T

T;
Tige
TogEe
Trot
Trot1
Trotz
Trot3

Ttrans

U
Up
Uz

Uz

<X RS

g —==M(N.m)
T;;’ 10k F(N)

oL — — —r r———— —1
2 4 6 8 10 12 14 16 18 20
Time(s)

Fig. 24 Aerodynamic forces result
‘51.,&;;99)3} g ol am 24 Ko

ol S5 2 a5 (Sesluognl sl (oolod 9 o oslisul 3,5Y- Ll
4 (Seelins SYoles oyt OYEs (o ial a8 F La5 j0 WHIA8 o 50
(51055 5 52 58 5 5l o Al o 43,5 L5535 gl b
sl 5o o il T sl sl (Sonlias Joro )599,3158 <8 o 50 Jo3s
0aisS ;S 5l epSope b Sglaie (6,15 Lyl g0 j0 ptas o,Slos
4 (Seels Jao oyl SaS a4 g oads (5ludds (g00e &jp0 4 LQR

A (6,8 oo sl s
399 4 Gl s3] 50 b a3l iy SIS L ol IS (Sl
oo b Gl 5 (Sealis S¥slan bl i o155 (ool 5,
S99 b aS ul caslin g ol awslie ol> S5 50 ead &l Sl
S g Wl Sglite (6518, e 93 wlie Loyl (JpuS (29>
0303] 3 rizmen Wi Sl S il slaisdsys T3l 4 by,
oy i nl o ol gl sl (Kool ol slog s )""L‘ e (b9,
20 g ol alasde WS o JLio |y oo sl i 5l s j53g,0lsS a5
G215 1, s 5 y535,8055 Cpabye B 425 o B S &5 e
585 5 L mimen i) dlalisde LB ojlail Lagy ol s
52 s NS 5B S o (g5, lizmed lap i nl s (595 5959,905
LaS ol @ e (90 23l o 555,055 0 Slae b pgd ()15 Ll
RS 50yt Awigy D90 4 |y e (Solns SYolas 095 S >
gy b (Solips )L, 5l Jolo mls 5 Lyl cul jo 0 (o)
b ) Sy 53k o5 2 ) Jol sleyslitS g by i 5 (Sesbinns

e S g8 -7

oxi5Lis K oepjlaz> b g pows opsd cJsl Ho3g, s lid I cand oyl jo
ZL gY X joome odioliif g Sl o3l 4w bog g0 oS S

il e
(m?) colus A

(M?) X ;5200 slwly )3 555, ;3158 e Colae Ay
(M?) Y j9me lialy 53,555,155 350 Colae Ay
(M?) Z jme sliwl, ) 555,055 5o Colons A,
(Ns?) culy o516 b

Sl 59y o pd Cy

2959y LedS o Cq

sl g o Cr

Oy S 88 o b el o cape CFF
ooy A 528 S0 50 g Sl G i pe CPOF
(Nms?) &,s ,s56 d

(m) ok S Sk dy

el Olaise X gll) )04 lsp éy

s y] Slaie y gliwl)y jo 4S5 Sls éy

144


https://dorl.net/dor/20.1001.1.10275940.1397.18.3.53.4
https://mme.modares.ac.ir/article-15-11828-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-25 ]

[ DOR: 20.1001.1.10275940.1397.18.3.53.4 ]

Vet 9 oudl ol

2asie SIS doslyuds 93 Hgig)dlgs Sy SSaeliyd Julxi

[3] F. Sabatino, Quadrotor Control : Modeling , Nonlinear Control Design, and
Simulation, Master's Degree Project, KTH Electrical Engineering,
Stockholm, Sweden, 2015.

[4] Y. Naidoo, R. Stopforth and G. Bright, Quad-Rotor Unmanned Aerial
Vehicle Helicopter Modelling & Control, International Journal of Advanced
Robotic Systems, Vol. 8, No. 4, pp. 45, 2011.

[5] Zhenyue Jia, Jiangiao Yu, et al. Integral backstepping sliding mode control
for quadrotor helicopter under external uncertain disturbances, Aerospace
Science and Technology, Vol. 68, pp. 299-307, 2017.

[6] Y.R. Tang, X. Xiao, Y. Li, Nonlinear dynamic modeling and hybrid control
design with dynamic compensator for a small-scale UAV quadrotor,
Measurement, Vol. 109, pp. 51-64, 2017.

[7] Y. C. Choi, H. S. Ahn, Nonlinear control of quadrotor for point tracking:
actual implementation and experimental tests, IEEE/ASME Trans.
Mechatronics, Vol. 20, No. 3, pp. 1179-1192, 2015.

[8] M. Nourimotlagh, P. Safarpour, M. Pourgholi, Dynamic modeling ,
simulation and control of a quadrotor using feedback linearization and PID
controller based on MEMS sensors experimental data, Modares Mechanical
Engineering, Vol. 16, No. 12, pp. 175-185, 2016. (in Persian .. l4)

[9] P. S. Gohari, S. Taghvaei, H. Mohammadi, Boundary surveillance using
chaotic motion planning and control for a quadrotor robot, Vol. 16, No. 11,

pp. 217-223, 2016. (in Persian . l3)

[10] R. Norouzi, H. Shahbazi, K. Jamshidi, Design and implementation of a
neural intelligent controller and a hybrid PD controller for quadrotor,
Modares Mechanical Engineering, Vol. 17, No. 10, pp. 194-204, 2017. (in
Persian .,3)

[11] JJ. Xiong, G. B. Zhang, Global fast dynamic terminal sliding mode control
for a quadrotor UAV, ISA transactions, Vol. 66, pp. 233-240, 2017.

[12] Palunko, lvana, and Rafael Fierro, Adaptive control of a quadrotor with
dynamic changes in the center of gravity, IFAC Proceedings Volumes 44.1,
pp. 2626-2631, 2011.

[13] D. Bernard, F. Riccardi, M. Giurato, M. Lovera, A dynamic analysis of
ground effect for a quadrotor platform, IFAC-PapersOnLine, Vol. 50, Issue
1, pp. 10311-10316, 2017.

[14] 1. Sharfet al., Ground effect experiments and model validation with
Draganflyer X8 rotorcraft, 2014 International Conference on Unmanned
Aircraft Systems (ICUAS), Orlando, FL, pp. 1158-1166, 2014.

[15] S. Bouabdallah, Design and control of quadrotors with application to
autonomous flying, PhD Thesis, State Engineer, Aboubekr Belkaid
University, Tlemcen, Algeria, VVol. 3727, 2007.

[16] J. Diebel, Representing attitude: Euler angles, unit quaternions, and rotation
vectors, Matrix 58.15-16, pp. 1-35, 2006.

[17] S. Khatoon, D. Gupta, an L. K. Das, PID & LQR control for a quadrotor:
Modeling and simulation,” Proc. 2014 Int. Conf. Adv. Comput. Commun.
Informatics, ICACCI 2014, pp. 796-802, 2014.

[18] Benallegue, Abdelaziz, Abdellah Mokhtari, and Leonid Fridman.
"High-order sliding-mode observer for a quadrotor UAV." International
journal of robust and nonlinear control 18.4-5, pp. 427-440, 2008.

[19] J. M. Seddon, and S. Newman. Basic helicopter aerodynamics. Vol. 40, pp.
78-89 John Wiley & Sons, 2011.

[20] S. Bouabdallah and R. Siegwart, Full control of a quadrotor, 2007 IEEE/RSJ
International Conference on Intelligent Robots and Systems, San Diego, CA,
pp. 153-158, 2007.

[21] S. Bouabdallah, R. Siegwart, Design and Control of a Miniature Quadrotor,
Valavanis K.P. (eds) Advances in Unmanned Aerial Vehicles. Intelligent
Systems, Control and Automation: Science and Engineering, vol 33.
Springer, Dordrecht, 2007.

[22] Bresciani, Tammaso, Modelling, identification and control of a quadrotor
helicopter, MSc Theses, Department of Automatic Control, Lund University,
Sweden, 2008.

145

(M) (oo ol oBBss Z gLl y0 559,058 s Coabye z
Sl mdle

(rad) 2 S glaggl; condso az

(rad) 3 S glaggl; condso as

(rads™) cuie g S g8 sae A

(rad) (ool ol&iws ¥ (sliwl; 5o 5959,0155" (slugly Cundgo 0
259 93y P U

(Nm) j ;920 sliwly jo ol jobeas Tw.j

(rad) ooyl olfiws X (sbel) ) 55550158 (slassly condge ¢

(rad) il olfiwss 2 sbisly o 55550158 (slassly condge 4

(rads™) la,gs, 45l ce w2 o Q,

059,9085 Hale ol (sl b 59, Slavgly i e !
(rads™1)

(rads™) )55, slagly sz Cepm @y

oy YL

oalgdl T

W 9552 5

P S G

C9Swgn)  BYro

Ll hor

o) Al odgazes 5 IGE

451 slael i

ZL Y X e J

361 olael k

oe0) Flodgaza slz)l> OGE

&= ref

sb w

&xlp-8

[1] G. lJithu and P. R. Jayasree, Quadrotor modelling and control, 2016
International Conference on Electrical, Electronics, and Optimization
Techniques (ICEEOT), Chennai, pp. 1167-1172, 2016.

[2] S. Khatoon, M. Shahid, lIbraheem and H. Chaudhary, Dynamic modeling and
stabilization of quadrotor using PID controller, 2014 International
Conference on Advances in Computing, Communications and Informatics
(ICACCI), New Delhi, pp. 746-750, 2014.

03 o leis 18 ©)393 1397 S pa (e Suille wiie


https://www.bookdepository.com/author/John-M-Seddon
https://dorl.net/dor/20.1001.1.10275940.1397.18.3.53.4
https://mme.modares.ac.ir/article-15-11828-fa.html
http://www.tcpdf.org

