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pushing motion for an unliftable object

*

using a Multi-Copter

Naoki Shirakura

Abstract

Multi-copter is expected to be used for inspection work at a high place and for
air transportation because it has an advantage that it can fly. Currently, popular
applications of multi-copter are limited to non-contact inspection and photogra-
phy, but research on "aerial manipulation" that manipulates with multi-copters
has also been attracting attention in recent years. In many cases, the aerial ma-
nipulation is performed with a manipulator mounted on a multi-copter. In this
method, the motion of the manipulator affects attitude control of the multi-
copter. Therefore, composite control of manipulator and multi-copter have
already been studied. However, the object to be manipulated in the study
of aerial manipulation is only a light object that does not affect the control of
multi-copter. This research manipulates objects that can not be lifted by multi-
copter. In the proposed method of this research, target objects are operated
by pushing or dragging. Construction of a physical model is required to realize
pushing motion. Further, the effectiveness of the proposed method is proved by

simulation experiment and actual machine experiment.
Keywords:

Multi-copter, pushing motion, manipulation, aerial manipulation, physical in-

taraction
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Fig.2.2 Physical model of pushing motion by multi-copter
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Fpin — ANT.
T, = ( 0 )i (2.2.21)

#1345, (2.2.21) 20 (2.2.20) D FORIRAT S &

Fmin - A/
Al
2 / Fmin
T} (Fpin — A') =5 = 2Md
L Pl — Fan A

2MdA’
T =+ 2.2.22
! \/F2 - sznAl ( )

min

T1 (szn - A/)(Tl + T1 ) - 2Md

Ln, 2R (2218) &b

Tpush =T + Tiran

2MdA
_ \/ o+ T (2.2.23)

min

2135, Tpysn EACEIRNCT) Frpin, ZIMAZ 5 & &, HEOBBIHME d 23R T 5
DI LB 20l h o ZvRHZR L Tw 5, $405, 1 Fun T Thush
T LB 1uL, HIEEOBBEIREEZER 5 2 ESHRETH 5.
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FlEc K> CTHlfEI T %, Fig.25 77y Fu—%—%94A4 702 NLFa 75—y
HEFNVLEZRT, v VF a7y —0LRBBT 2 EE) 5L, A6E D otk
T—AVLEEL, I, I, £T5E, A4 7 —0EBHBEALD

M.+ Mgz = Fcosgpcost N
Ix¢ = T+ (Iy - Iz)e’d)

" 2 2.2.24
Iyél = T2 + (Iz - Ix)¢w ( )
1,1 = 13+ ([, — Iy)qbg

k?%éﬂ% 7&3‘:5, F‘iﬁlﬁﬁlﬁ'@jﬁﬁ, T1s T2, T3 bi%ﬂ%h%ﬁﬂ]}%b@]\ﬂ/7“(
HHHFa—8 —DBEEE wi, wo, w3, wy 2 HWT

F = (w1 +ws+ws+ws)Cy
= (ws - w4)C’2

2.2.25
T = (w2 —wp)Cs ( )
3 = (Wi+wi—wi—ws)Cs

T%%gh% tf?zko), Ci, Oy, C3 FzhzEFn7aX7OREEE» S IV LY %
RKD2I-ODFEBAELT. T ITHKEHED OAEEIZOWT

p<1,0< 1, <1 (2.2.26)

Fig. 2.5 Model of copter control
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F

T1

Mcz+Mtg

I.¢

Lo

I
rEans. X (2227 »5, WEz ZREHAOHSN F, KHE D OLEH ¢,
O, FZNZFN, FVT 1,17, KEKELTWE I ERbr%, K (22.25) &
X (2.2.24) 5, BEBOHIHE u & €—F —DMEE w ORIFRIZ

. (2.2.27)

1 1R

73

wy + U, 1 1 1 1 w1
Us - 0 0O 1 -1 wWo
s 1 1 0 o0 s (2.2.28)
Uy -1 -1 1 1 Wy

ERIND, B, u, ZENMRALETHD, wVFarfy—DHELELZID L
NTE 20— —DRIEHZET.

ZE o PID Hlfl I3 L0 HEE & 2o oflHlEZET 5. XD HEE
it D&% e &7 5 EHIfHERIZ

u=eK,+ / edtK; + ¢Ky (2.2.29)

LERING, 1B, K, K;, Kql3ZznZznPID filgllosl, 575, MnrA vz
HLTw3, ZBEIHa Y P -7k (2.2.29) ZHWT, BEMEEDEDDS
filgEzdE L, X(2.2.28) KL>THE—F —~DOREEHIEFEZREL T3,

2.2.3 Iy hO—SHEDER

FLEEa Y ba—F12 X > TRHEZRKFESFA & RET RO NES R, <
NF a7y —DRBGHHa Y ta—TF7 DA IZ

z = 1/F%+Fy2

¢ = tan"'fF (2.2.30)
6 = 0

b= 0
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3.3 TEME

RECATLATIEFAPMICX 23y bu— Lo Th, K1 EINTn5
PLERIECIE 7% <, T RZEEPREES LT LRI THEERZ 1T 9 3
Bhotz, 2078, LEEFIHDME 2 L TE S L) ICHEMROEAFE L
EDFEZ T o7, Fig. 3.5 ICBR2UFIEAICIER L 72 BB %2 3, Sl n i
1.8 55 [V] &) RVEIfFEE#HIHZ S, PWM 2 4 F v v 2o A
7mayv bu—7 PIC18f14k50[15] & M\ THERL L 7-.

Table, 3.3 122 L 7BRE%# R T, Fig. 34 IV AT LADREBBXZ T, *
7z, Fig. 3.3 IZKERBIC L b I s PWM EE 2R, MIEKICIE swl K sw2
D2DO2DRY B MIFoNTEY, ZnZNOrRy 2T LT, HlEE—
F, f#FILE—F~NEIREBEST 2, EEHOAAL v Fld~eLF a7y —25REIE
TOEAICHT, ZOAAL v FRMINE LY AT LAFEREE—FFICAD, 9 LF
a7 =TT 2EOMEED PWM 55 L LTI ns. EFIEHDAA v
FldeNFasy—on—F—%EILIELORHCHHTSE, O, v FBHX
NBES AT LIMEIEE—FICAD, v —% =25 11T 30 EIEEL PWM 25
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Tu—%—DMEZ{FEILT 5,
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L L flight mode
H L land mode

X H stop mode

Table. 3.1 Truth table of safety controller
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Fig. 3.4 State transition diagram of safety controller

21



5V

=0
ow
S
2 — 1M
IC1
R2 wn R7
10kQ N 330Q vdd Vssj—2
? z RAS5 PGD s e
. g™
RA4 PGC £
4 1 2 __ Mu_l_
el VICLR VUSB -
PIC18f14k50 1
i ApiA PN 6 e
J P1B RC1 -
2 P1C P1D it
el DN
] N9
e} pin10
(@] (o]
= X
mo | ] ] o
o — o —

Fig.3.5 Circuit of safety controller
22



F4E REER

4.1 Y=2al—y3rvxEE
4.1.1 ZEBFHIEHDRER

WLUBEEICRE R N2 IERICE 272012, 2 VF a7y —OLREAGIH O MEE %
1o 7. Fig. 4.1 CEZBMHOEFER 2R T, FigTld, BEDZES%Z 0.4]rad]
ELTREGIEZIT2> T3, Fig. 4.1 226 HEEICIR L Tw 3 2 & 2ER T
5.

4.1.2 {IEHIEDEER

BEEEE, MOBENSYA~OEED - ®, MEHa Yy e —7 OGEEE 175 7%,
Fig. 4.2, Fig. 4.3 ICAZiEHI#EORRZRT. £7, Fig. 4.4 ISAEGIHEIC X 2 B H)
DIEFERT. EEETIE, x X, z AMOB#Z2 &5 3ME2EEL, wvFas
Y —%BEH S5, Fig.4.2, Fig.4.3 25, HEOBEIZ L T3 2 L 2M%ER
TELD, BIECHEMEL OO TLHREDMERTE 5, UM EHIEE P O L34
HICHVTWw 2 PID $llfllo 7 4 Vv BSBfR L Cwb EEZ o, PID 74 v &2k
WIS 5 2 L0, WEPMFRFTE B,

4.1.3 #HUSEDEER

PIal—vavIitTRETEICL 2 LF a7y —oM LEEEBRZ1T4 -
2. Y32l —%lEv T a7y —DiR5EILTH % Erle Robotics f1:2> & fefit I 41
TWLBEEL[16) ZfH L 7. Fig.45icy Ialb—yvavoffifili~rFa”
Y —%mRY, £, Table, 41123 I aL—% ETORILF a Sy —DREEMR
T, v Fasy =3 MLEEZT) oDy P27 2757 LT, FfT%3
DORY v 7 2O AT 7, M LEEFEERIL 1, 2[kg) DR 2 HE L, HER
BEEE 1, 1.5 [m] DA GDET, Al 4 838 =Tk o%, WTNOFEERICE
W, BRIENRY & & O EEERREUE, FRIEEBEBRGE p, = 0.2, BIEEERE

23



pe =01 LT3, £, whFa?ly—ilERLZy P 7 278 L#HAE
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Fig.4.1 Result of orientation control

Mass of Multi-Copter | 1.15 [kg]

Mass of End-effecotr | 0.04 [kg]

Length of End-effector | 0.25 [m]

Table. 4.1 Paramaters of Multi-Copter
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Fig. 4.3 Result of vertical position control
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(a) Start (b) Horizontal movement

-

(c) Vertical movement (c) Diagonally movement

Fig. 4.4 Flow of Position control

Fig.4.5 Multi-Copter and End-effector
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Fig.4.6 Scene of simulation experiment
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Fig. 4.7 Flow of simulation experiment
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