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Fig. 1.1: The concept of the multirotor aerial robot with mulinked structure, associated
with the high level applications: object grasping and carring, aerial manipulation, passing
through narrow gap or hoe.
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Fig. 1.4: The classification of general multi-degree-of-freedom aerial robot with multiro-

tors.
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Fig. 1.5: The classification of aerial motion with poroposed aerial robot system.
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Fig. 1.6: The relationship of each section of this thesis.
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Fig. 2.1: Thrust-rpm and Thrust-drag moment relationship motor: MN3510 360Kv, prop:
14inch 4.8pitch
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fI fI

Fig. 2.2: The gimbal mechanisum for the thrust. Left: yaw + pitch mode. Right: roll +
yaw mode

2.2 000000 (Optimal Hovering Force)
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Fig. 2.3: Different types of rigid body models. (a): under-actuated model; (b) 8 rotors
without vectoring apparatus; (c) 8 rotos with 8 vectoring apparatus; (d) 8 rotos with 16

vectoring apparatus
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Fig. 2.4: The optimization results for each type of vectoring mechanism show the max value
among thrust force vector for hovering max_val(fr), while change the robot orientation
within the range of Ocoe € [~ 5, 5], Poog € [—5, §]. fixed rotor module: the max force is

18.373[N].
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Fig. 2.5: 1 DoF force vectoring mechanism: the max force is 10.7881[N].
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Fig. 2.6: 2 DoF force vectoring mechanism: uniform thrusting force 6.125[N] regardless of

the robot orientation.
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(a) (b)

Fig. 2.8: Two different structures of gimbal module. a) The single-rotor gimbal type; b)
The dual-rotor gimbal type
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Fig. 2.11: Different singular forms. (a):
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Fig. 3.3: The dnyamic model of underactued rigid type aerial robot
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Fig. 3.8: The attitude and altitude control system based on the LQI control theory, which

contains the output feedback, the reference feedforward, and state feedback controls
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Fig. 3.9: Simulation results about the attitude and altitude control system, while adding

T
the step input of r = [ 1110 ] . (a) and (b) demonstrate the desired quick unit step
response in terms of rolling and pitch rotation.

gobooobooboooooooo

000" 00%r.,,000000000 Eq3.160 Eq3.17000PIDOO (Eq3.23)
oooooO0oDoOoOoO00obOoOo00OoDOQIODOOO00OoDbDOoooobooOooDbooOooo
obdbOd Fig3.10ooooooo



70 — 030 0 doboooboooooobog —

s T T T T o e o — oo I
) Decoupling control for Hydrus

I
r{CoG},xy,d 1 :
(W} 1 . -
PID XY ) LQl Altitude !
®coc}xya ! Acoc)xy.a 1 fra Robot
| Position L & Attitude T fr. Dvnamics
I Controller Controller : y
|
{w) I !
a{CoG},z,d ————————————————————— —-——————=- !
{W_}r q
{CoG},z,d f \ ) .
wy T{coG}z , T {coG}z
X(CoG),z W W
() ()
() (W} a{CoG}, WicoG)

T'{coG}xy , T {coG}xy

Fig. 3.10: control system of hydrus
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Fig. 3.13: Skeleton model of DRAGON demonstrating the kinematics and thrust force
configuration. The green arrows indicate the rotation axes associated with both joint
angles (¢;_yaw, ¢i_pitcn) and gimbal tilt angles (6;, ¢;).
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Fig. 3.16: The relationship of control method among the different types of aerial robot
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Fig. 4.2: The sensors to measure distance from ground. (a) The sonar sensor; (b) IR
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Fig. 4.3: The sensors to measure velocity. (a) GPS module; (b) Optical flow module
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Fig. 4.6: The pc. (a) odroid XU4: arm A15 + A8, 1GHz TODO 74g(with Wifi dongle);
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Fig. 4.7: The spinal
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Fig. 4.17: Multidrop structure for the internal communication system based on the CAN
protocol. The main controller board module is called Spinal, while the sub-controller
board module is called Neuron.
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Fig. 4.18: Quadrotor type with internal communication system, which is composed from

four link modules.
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Fig. 4.21: Example to transform in the hydrus plaform

Fig. 4.22: Example to transform in the dragon plaform
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Fig. 4.23: Example to recognized object and pick up
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Table 5.1: Key forms for the quadrotor in the hovering experiment

L joints | (a) | () [ () | (@) [ (e) | () |

poop pio| o pto| pi
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component specification

Link length 0.44[m]

propeller 10[inch]

Joint servo Dynamixel AX12

Duct diameter 0.31[m]

motor 930[kV]

battery 11.1[V], 1.3[mAh] (x 4)
weight 2.1[Kg] (Total)

Flight time/link 8[min]
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Fig. 5.3: hydrus vl platform
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lads [ @ | ® | © | @ [ @ [ ® |
x[m] 0.024396 | 0.028529 | 0.047027 | 0.076787 | 0.069975 | 0.079840
y[m] 0.057783 | 0.079567 | 0.043360 | 0.052592 | 0.048164 | 0.065887
z|m] 0.005959 | 0.010685 | 0.015233 | 0.007750 | 0.010420 | 0.013502
Yrad] | 0.041362 | 0.063211 | 0.087572 | 0.023709 | 0.034470 | 0.051896

0000000002z00000000000 (c: 0.33499[kgm?); f: 0.44[kgm?)) 000 O
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Fig. 5.4: Images from the trials of hovering under representative forms: (c),(d),(e),(f).
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Fig. 5.5: Left: the change in errors about the 3D position and yaw angle while hovering

under the representative forms(c),(d),(e), and (f).

attitude.

Right: the corresponding changes in
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Fig. 5.6: Representative images from the experimental trial of the prototype transforming
in the air.
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Fig. 5.7: Top: the path of joint angles of real machine, based on the motion planning
.Middle: the change of the error about the 3D position and yaw angle at a target hovering
point. Below: the change of the attitude in terms of pitching and rolling.
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(5.2)
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00000000000000000000000000000000000000yaw0
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
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Fig.5.10 000 0000000000000000

specification

component

Link length 0.6[m]

propeller 14[inch]

Joint servo Dynamixel MX28AR

Duct diameter 0.4[m]

motor 360[kV]

battery 22.2[V], 1.3[mAh]

weight 0.8[Kg]

Flight time/link 20[min]

Fig. 5.8: The image of the link module in hydrus v2
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Fig. 5.9: The platform of the link module in hydrus v2
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Fig. 5.10: Representative images from the experimental trial of the transforming in the

alr.
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Fig. 5.11: (a): the path of joint angles of real machine along with the yaw angle of the
aerial robot; (b): the change of the attitude in terms of pitching and rolling; (c): the
change of the error about the 3D position at a target hovering point.
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Fig. 5.12: The distoration yaw

O00Fig5.13000000 Figd.1l ~Fig4.13000000 Eq2200000x0 0.0164
0000000000000000000000000000000 0.8m|0000000
000000000000000000000000000 0.804s0:000000000
0000000 1[deg) 0000000000000 0000000000O0000000
00000000000000000000000000000000000000000
000000000000000000000000000 Fig5.120000000000
oooo
000000000000000000000000000000000000000
000000000000000000000dl0d20000000000000000
00O0o0oo0O00ooO0o0oooo

Iy ~ (d — d3) (5.5)

oooboboobooboo400b0obobobobobobobobooboobobooD
(eg. OO0 )000O0DODOOOOUDODUOODDOOOOUDODOOOODDOOOOUODOO
vobobooboboobooboooobooooobooooboooobooooboon



— 050 0 000Db0O0bbOOoO0bOoOobboOoobLOoO0nD — 143

gbooboobobooboboooboooobooooobobooboboobobo
gooooo

ggbb: yawlooooooooO 3000OUO0O0 wOOoOobOOOOOOOOo4obOOd
0000000000000 00O0O0O00ooOU0OOO0ODO0bOD 4000000 (Figh.10)
gbooobobedb0OOobO0OOO0DbOO0ODODyawOOOOOOODOOOOODOODO
gobodgbbooobouoobbooboooboboobooab

START : 0; = §[rad]

(5.6)
GOAL : 0; = —5[rad]

Fig514000000000000300000000000i000000000000
000000000 RMSOOO000 0.137[m] 0 0.110m] 000000000000 0.3[m]
00004000000000000000000000000000000000000
0000000000000000000000

gobobooboo

200000000040 00000000D0DO0ODOOOODODODODODODOOO
gbooboboboboobobooboooboobobooobobobobooobobo
oboboboobobobooboboobobo0obobobb0oboboo0obOn Figs13 O
gbooboboobooboobuooboboboboobobooboboobobooobobo
goboogobooo

goooboooobooob400bo0boobooboobooboobooooboooDo
gboooooboooboboboooobooboboboobobobooboobobono
gbooboboooboboobobooooboooboboooboboobooobooboo
goooooo

gbood: bogbooobobdoob ooboboobooboboooboobobo
gboobobooobobobobobooboboobooobooboobobooboboo
000 Figh800 (c)JO0OO00O0ODOO0OO8UIDDOOOOOOODODOOOUDOOOOODO
gooooobooboboooboobooboobooboboobuoboobooboboo
gboobooobooboobobooboboooboobobooboboobnooboboo



144 — 050 0 000000o0oooooooobogoooboon —

® @

Fig. 5.13: The distortion vibration
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Fig. 5.14: Experiment of aerial transformation by six-links without yaw control: the start
form is (6; = §) and the goal form is (6; = —%).
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Fig. 5.15: (a): Change of angle of each joint and yaw angle. (b): Change of three-
dimensional position error.
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Fig. 5.16: hydrus v2 halo transformation snapshots
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Fig. 5.17: The result of aerial transformation. Upper: change of each joint angle of
eight-links. Lower: changes of position error(z,y, z) and yaw angle error during aerial
transformation.
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component specification

Thrust unit Rotor: 700[Kv];Propeller: 12inch

Gimbal module Servo: Dynamixel MX28AR
Diameter: 0.4[m]

Battery 14.8[V], 1300mAh (x4)

Weight / Size 4[kg]; length: 1.2[m]

Flight time 7[min]

rotor

Fig. 5.18: The image of over-actuated aerial robot composed form fource single gimbal
modules
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Fig. 5.19: The platform of over-actuated aerial robot composed form fource single gimbal

modules
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Algorithm 1 The attitude adaptation algorithm
push new command " o +y.4 ONto command_queue

minAa,,., < leb
for all command in command_queue do

A, + [[command — " o 2yl

if minAa,.., > Aa,.., then

MINAQ . — A,

end if
end for
if minAa.., > Threconiroi then

update the desired attitude of baselink ™o, 444
end if

pop oldest att_command from command_queue
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Fig. 5.20: The hovering result at tilted attitude
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Fig. 5.21: The hovering result when receiving the external moment.
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Fig. 5.22: The DI passive tiltiing plot
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Fig. 5.23: 2DoF Joint Module
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Table 5.2: Main specification

Table 5.3: Robot mass breakdown

‘ Component ‘ Description ‘
link unit 0.424[m] ‘ ‘ Unit Total
lipo battery unit 22.2[V], 3000[mAb] sefmlfm Qty O‘;‘;e;ght[ﬁi ; Weight[Ke]
in T2~ 1
70[mum], 2200[KV] (with bettery) | 4 | (battery: 0.415) 3.5479
ducted fan rotor max 13[N] gimbal roll | 4 0.440 1.760
gimbal servo motor | Dynamixel MX28AR gimbal pitch | 4 0.419 1.676
o Dynamixel joint infer
joint servo motor XH430-W350R connector 3 0.133 0.399
original internal Robot 7.38225
communication system CAN protocol :

000000000000 Figbh250000000002000000000000000
0000000000000 000000000000 CPUDOOODODOOOO0O0OOO Intel
AtomO 000 Intel EuclidD 000000000000 O0OO0DO0DOOO0OO0OOThrust Force

battery

“spinal”
Intel Euclid

(a) Quad prototype (c) Rotor gimbal module

Fig. 5.24: (a) Snapshot of the prototype comprising four links. The flight controller
called ”spinal” and high level processor Intel Euclid are attached at the second link, which
is defined as the baselink; (b) 2 DoF joint module with commercially available servo
motors; (c) Dual-rotor gimbal module: the original distributed board called "neuron” is
attached at each link unit, and dual ducted fan rotor controlled by the electronic speed
controllers(ESCs)
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High Level Processor Spinal
, stimated Attitude Attitude 6 Axis Data
. . X(cochx , XcoGly , @{CoG) . IMU
Estimated 13, 7;, Thrust Force Estimator
Desired Thrusting Force, -
Desired contrO"er(A) Optimal Control Gain Estimated a, , Ay, WicoG}
Desire Attitud (
s Oa, Og P g Thrust Force ]
| State R L Controll.er(B)
Estimator Current Joint Angles Desired PWM
Solver CAN
Estimated kinematics Desired
T Ty, Ty Ty @, W(CoG) Joint/ Gimbal \_ Interface
Angles Desired PWM & Current
Rotor Gimbal Joint/Gimbal Angles Joint Angles
Desired l\
+ » y \ Controller S
b Vi L“ o 3 o a Al P
L Lin
Link Module 1 Neuron
Desired
Raw 7. & Rotor PWM CAN
wr, .
: Driver Interface
Desired DTt
- esire
-1  Motion Capture o Anele Joint Angles
Joint Gimbal
- Current impa
_— Servos Joint Angles Servos

Fig. 5.25: The platform diagram for the quad type DRAGON. The thrust force controller
involves the realtime update for LQI control gains and the feedback control calculation .
The former process is executed in high level processor, that is, thrust force controller(A),
and the feedback control calculation associated with r, is also processed in thrust force
controller(A), while rest states are calculated in ”spinal” board, that is, thrust force con-
troller(B).

Controller 000D 2000000000000000 LQIDOOCOCODODODOOODORotor
Gimbal Controller 0 300000000 2000000000000000000000CO
0000000000000 000000000000000000O000000O0 (Spinal)
0000000 (Newon) 0O OOOOOOOODODOOOOOOOODOODOOOOOODOO
goooboooobobooooboobooboboooboboooboooobobooon
ocoooodooooooo we,bo0000000000 e, 00000006000

T
ooooooooooooo dd = ( q1_pitch 9l yaw 42_pitch 492.yaw Y43_pitch 43 _yaw ) .
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(a) spiral-like form:
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(b) zigzag-link form:

q:(o 157 0 0 0 1.57 )T,mamd:(0,—0.4,—0.4)

(¢) 7"L”-like form:

qz(o 157 0 0 0 0>T,(”"ozmd:(0,0,0)
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Table 5.4: RMS tracking error
’ Form ‘ rz[m] ‘ ry[m] ‘ r.[m] ‘ o [rad] ‘ aylrad] ‘ alrad] ‘
(a) 0.051 | 0.029 | 0.008 | 0.006 0.006 0.047
(b) 0.086 | 0.089 | 0.017 | 0.020 0.018 0.038
(c) 0.144 | 0.046 | 0.009 | 0.005 0.016 0.039

00 (00000000000 RMSOOOOOODOOOOOOO0OOOUOOOODOOO
00 (b)0UOODOUDO0OOO0O0OD0O0O00O000000U0O0O0O0DOO0OOoUoOoUoOO
gbobooboooooboooboobobooboobobbooboobooboon
000000000000 00000000000Eq359 000 Q000000000
M e 0 Mo, 00000000000000000000000000000000
goboobooobbbooobooboooboooobooooboobooboooboooboon
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Fig. 5.26: Hovering snapshots of representative fixed forms with plots of the tracking

errors: (a) spiral-like form; (b) zigzag-like form; (c) “L”-like form
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@ ©)

Fig. 5.27: The snapshot for the aerial transform of quad type DRAGON.



— 050 0 0000o0oooobooobooobooobooboobon — 167

sl N

I~
-0.05 —~———~"
0.1} —
[rad] — , ,
1.5 N ' | |
| \ = b1 pitchi — q2_pitchi — Y43 _pitch
1.0 N — q1.yaw ;— Y92yaw 7 — 43 _yaw
0.5 \\\ —pe 1
G S~ s
-0.5 1 1 | E— —— . - — — —
I R |
-4 1 1 1 I 1 1 1 ' 1
(I T T
1 1 1 1 1 1 1 1 1
0 10 20 [sec] 30

Fig. 5.28: The tracking errors of 6 DoF states associated with the joint angles and desired
attitude of baselink("'a, ). The dotted lines correspond with the representative forms
in Fig.5.27
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Fig. 6.1: The introduction of the motion based on the SE(3)
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Fig. 6.2: Fisheye lens camera(Camera board: CM3-U3-13Y3C-CS, Lens: Entaniya Fisheye
250).Fisheye camera model.
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Fig. 6.3: Conversion from image of fisheye camera to that of virtual pinhole camera: the
virtual pinhole camera is horizontal to the ground and the fisheye camera is rotated.
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Fig. 6.4: (a) 0O 0O (b) pitch 450, (c)roll 30 O
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Fig. 6.5: Top: hardware platform DJI M100. Bottom: system diagram of the platform.
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Fig. 6.6: The motion of following a truck in the case of [20km/h]
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Fig. 6.7: The horizontal distance between aerial robot and truck, along with the tilt angle
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Fig. 6.9: The motion of landing on a truch in the case of [15km/h].
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velocity of truck.
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Fig. 6.11: (a): Labeled tree with red cloth. (b): Labeled tree detection method: the blue
rectangular frames are ROI and white contour in one of the ROIs is detected region.
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Algorithm 2 Tree database update algorithm
L + getCandidateTreeList()
for all candidta_tree in L do

nearest_tree < tree_db.getNearestTree(candidate_tree)

if nearest_tree.distanceTo(candidate_tree) < Threg;s; then
nearest_tree.updateData(candidate_tree)
nearest_tree.vote()

else
tree_db.addCandidateTree(candidate_tree)

end if

end for

6.3.3 UU00O0OODOOOOOOO
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Algorithm 3 Searching algorithm
target_tree < labeled_tree

loop
uav.approachTo(target_tree)
uav.circularMotion()
target_tree < tree_db.getNextTargetTree()
if target_tree is None then
break
end if
end loop

oooooood

gbobooboboobobobooboboobobbooobobO Fig6.1200
00000000 2000000000000000000O0 (DO)0DO0OOODODODO
vboboodbobooboboobooboobobuooboboobooboboobo
ubooobooboboboboobobooboboboboobobooobooono



— 060 0 0DOD0DO0ODLOODDOOODO — 189

\
N
. Labeled tree
Other trees
N

. Start position

t

Sear\ching area
(a) (b)

Fig. 6.12: (a): Narrow searching method. Trees in the searching area are selected counter-
clockwise. (b): Deep searching method. The tree which locates deeper than the previous

target tree and nearest from the previous target tree is selected.
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ooo
vy = Ky(dref —d) (6.13)
vy = V (6.14)
vy = K (Zref —2) (6.15)
vo = K,A0—V/dyey (6.16)
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Fig. 6.13: Explanation of circular motion. The right-handed coordinate is set on the aerial

robot.
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Fig. 6.15: Top: hardware platform DJI M100. Bottom: system diagram of the platform.
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Fig. 6.16: Snapshots of the tree measurement expériment in forest drone robot competition
at Yufuin. The aerial robot goes around five trees and measures diameter.
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Fig. 6.17: The tree database and map generated in an experiment in a real forest.

Table 6.1: Result of tree diameter measurement.

tree number estimated diameter[m] | true diameter[m] | errorm]|
1 0.234 0.299 0.065
2 0.277 0.307 0.030
3 0.209 0.227 0.018
4 0.308 0.326 0.018
5 0.192 0.218 0.026
6 0.220 0.217 0.003
7 0.357 0.350 0.007
8 0.278 0.218 0.060
9 0.219 0.228 0.009
10 0.357 0.272 0.085
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Fig. 6.18: Snapshots of the tree measurement experiment in forest drone robot competition

at Yufuin. The aerial robot goes around five trees and measures diameter.
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Fig. 7.1: Left: the multirotor with two-dimensional multilinks capable of aerial transfor-
mation. Right: the whole-body aerial manipulation achieved by the transformable aerial
robot.
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Fig. 7.2: The whole-body enveloping rule according to the kinematics of the multilinks
and the geometry of the target object. The joint angle ¢; and contact point P., can be
retrieved recursively. (a): the case of enveloping convex polygonal column. (b): the case
of enveloping cylinder.
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H = diag[hi]; G fric = diag[gpic,] € R?V*3N
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R 7= S

Fig. 7.3: (a): Kinematics of target object and multilinks based on force-closure, where
Pgi,PZ_, P?i are the position of contact point, the link and joint expressed in the object
frame {CoG} respectively . (b): Statics of target object and multilinks, where F; and 7;
are the contact force and joint torque respectively.
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Fig. 7.4: The best form to grasp box-type and cylinder-type object resulted from the
proposed searching method.
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Fig. 7.5: The result of proposed searching method to find best form to grasp cylinder using

quad-rotor type(Fig.5.8 ). (a): the change of the max component in the vector 7 while

changing the angle ¢ (the angle between link and tagent link crossing the corresponding

contact point as shown in Fig.7.2 (a)); (b) the change of the max component in the vector

of thrust 7 while grasping object and hovering; (c) the change of the min component in

the vector of thrust 7 while grasping object and hovering. (d) the change of the cost value

described in Eq 7.10 . The red area and the blue dashed line correspond to the valid

grasping formrangeas nad the best grasp form respectively as discussd in Eq 7.12
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Fig. 7.6: The result of proposed searching method to find best form to grasp box using
quad-rotor type(Fig.5.8 ). (a): the change of the max component in the vector T while
changing the angle ¢ (the angle between link and tagent link crossing the corresponding
contact point) and the contact distance d as shown in Fig.7.2 (a); (b) the change of the max
component in the vector of thrust 7 while grasping object and hovering; (c) the change
of the min component in the vector of thrust 7 while grasping object and hovering. (d)
the change of the cost value described in Eq 7.10 . The red area and the blue dashed
line correspond to the valid grasping formrangeas nad the best grasp form respectively as
discussd in Eq 7.12 . Note that the view angle of the third plot is different with other
plots, resulting in the relative different position of the area in the space
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Fig. 7.7: The improper approach and grasp method which depends on the slipping motion
between duct and the object surface and may cause the stuck problem if the joint torque
7 can not exceed the value of the fiction f at the contact points.
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Fig. 7.8: The concept of improved approaching motion. The key point is to achieve the
first two points contact by the two continuous links on the both side of center joint. The
angle of center joint is set as g.;, , which is the result form the proposed searching method.
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Above Object Descend to Contact Transport
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Fig. 7.9: The strategy of aerial approach and grasp motion which can separate into 3
phases: approach, grasp and closure. The approach phase contains three sub-phase: ap-
proaching above the object, transforming and descending, and approaching to contact the
object
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pivot pointi"-..,_b
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Fig. 7.10: The rolling motion on the surface of cylinder. The desired acceleration of robot
{W}%des is paralell with the line segment from center joint FP.; to object center F,, and
the desired yaw angle W}a, ... contains the constant offset Aa, resulting in the final two
points contact shown as the transparent form.
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Fig. 7.11: The approach motion to contact in the case of polygon. (a) The desired accel-

eration (W}, is the combination of the two vectors which are paralell with the direction
of the y axis of the contact frame {C;}. (b) The slide motion can be achieved by the
proposed acceleration (W}#,., which is parallel to the direction of the polygon side. Note
that, we assume the link corresponding to the first contact is baselink (which has same
orientation with {CoG} frame. Then the desired yaw angle of the aerial robot can be
calculated as shown in (b)
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Fig. 7.12: The process of aerial manipulation to transport cylinder object. Upper and
lower images are captured from side-view and top-view respectively, and the direction of
the world frame {W} is shown in (D.
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Fig. 7.13: (UP): the normalized load of each joint. (Down): the angle of each joint, and

the difference of height between aerial robot and object.
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Fig. 7.14: The detail about the third sub-phase in approach phase(approaching to contact).
(UP): the change of dgapiiny, - distance between object and each link, along with W}a, the
yaw angle of aerial robot. (Down): the changing of t {(Whp jes: the desired acceleration of

aerial robot
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Fig. 7.15: The process of aerial manipulation to transport box object to a case. Upper
and lower images are captured from side-view and top-view respectively, and the direction
of the world frame {W} is shown in (D.
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Fig. 7.16: (UP): the normalized load of each joint. (Down): the angle of each joint, and
the difference of height between aerial robot and object.
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Fig. 7.17: The detail about the third sub-phase in approach phase(approaching to contact).
(UP): the change of dgapzmki3 distance between object and each link, along with 0j;p,ks:
the angle between the link3(baselink) and corresponding column surface(polygon side).
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pass through. Thus, in this work, the ability of transformation is applied to tackle this
problem.
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Fig. 7.19: The configuration of the vertical gap enviroment associated with the trans-
formable aerial robot DRAGON. The width of both robot and hole are 0.8[m]
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Fig. 7.20: The motion of passing a vertical gap by the transformable aerial robot Dragon,
which the whole duration is 80[sec]. In the upper light sub image of each image set, the
blue robot model indicates the desired pose at each time point, while the full color robot
model is the real pose.



240 — O0v0 0 00000O000DOO0O0bObO0b0DOOoOobObOOo0oD00 —

0.1 [
— Ar, [m]— Ar, [m] — A, [m]

m o
MUNATATIN
\

0.075

i —
o025 \BU' A¢%\:v
005 VW

[ W

-0.075

-0.1

0 10 20 30 40 50 60 70 80[sec]

0.1

0.075

A M

0.025

iy lm.,aﬁﬂ#m‘ﬁi“‘%ﬂ\!& Y|y
-0.025 .v, N ‘
syl |

S =

0075 Ax{dogyx|TAd] |
— Aaggoegyy[rad]
0.1 - Aa{CaG},z[rad]
[rad]
0 10 20 30 40 50 60 70 80([sec]

Fig. 7.21: The tracking errors of 6DoF states of the {CoG} frame. The position errors
are less than 0.075[m]|, while attitude errors are less than 0.1[rad]
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