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]

A7, B AgEoe] rlE@ng 2 A9, S, BHe Zo] Fugf EY(soft soil) AFole

(120)= #E(Penetration) 2 Z7|(curl)e] 2709 @AIE F&to] =2 34 S
sltd, old uwiel Alo]R(140)= WA E(boom) FSIEZE FAdte] wFlo] Aol ALl FHo| HE=E &,
e zlold trtEW WIlo] EdS HEE g},

i E9ke] Aol 7|Eg ol AS-, & w@ed Eof(hard soil)Q] Aol WAlel A EYS #AF
(Penetration)d 4= vy, weld, A= AAHF(120)E #E(Penetration), E7](drag), 2 #7|(curl)e] 374
o] dAE Fate] E4F FAS Y EE g,

olol wel, AOJF-(140)+= WA &E(boom) ZJEE
(arm)S FAJo=ZH 2 =2 RS &
of 97 EYe HEZR FAXA Ht.

i

olldl = = 6 WA = 10bE Fdte] RUHE(130)7F W ARE 2R3 FAHS Ay,
PRI} A EHolAS Adyste AL AYstr] 2E o,

= 6ol Yeld AAH, 7o) #27]= E(boom), H(arm) Z W (bucket)ol <& F23H, F(boom), <
(arm) 2 W7 (bucket)& XOY BW #HFolA Zzte] & 7|50 2 3d 5255 8 5 9

™

R

A =

()]
rlo
td
i)

53], w(boom), ¢H(arm) H B Zl(bucket)& ZtZt 01, 0., 0;9] fA A Z2FE Fo= 3dd = don, 3

7] ME 65" <0< 85° , 0° <0< 1807 , -30° <0< 150° o2 AT}

aga, WAle A2 EYY FHE 1Hsi, EY THE FodE EY(soft soil)P HEdt E%(hard
soi )«] 2719 Ejo 2 UHEE gt

T, A ARE 7HE gl e AolEo]l MRl AR Tl EAE, FdEL dE5E 5 gl
E3], FofEL BE(Penetration) FFo] Y& = o, E7)(drag)t 27 (curl) 993 2 A o
Aol AT = Ark. o9} T oA, & 6°l LERA 7MY =27 ADANS/Viewd) £ ZRIHS F
slo] &9 4 ).

% 7a YA = 10bE = 69 & RAFPHFE(130)7F thgst A5-o st AlEHelAs A3E el Heold).
E 7at Bree EgdAe] w3 ARE AEUcAs ARE U Biola, ® 7bt ¥ 7ac] UERL WA
AERE FEUE EYY gus EGA 47 H83 A9 WA "HelA SAHE AP A7 UEd a8z
o|t}.

3] AR AR (1200 #E(Penetration) E 77 (curl)9 2 A=
]
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[0071]
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SE3, £ b % Tao] vEbd 299 M7l ARE Yool mgu gud 2o 247 48892 4T
A

(s}
i RARRC I “Hi]fi A Ao 93] #AAE Ao AVE Yehd ZAIgzA, "udt B¢ HF
(Penetration) B 7H7](cur)9] 2719 G@AE Eslo] @A A4S Fdse A9 Ao A Frteke AS
& 5 Uk

UEl =Wola, % 8be % 8aol] e ¥ F
=5 Ao 7715 vEpd 2=

= 8a9} T3, wukdl Eko] st AR AAGF-(120)= #HE(Penetration), E7](drag) ¥ #7](curl)e
o 3]

= 9at WA #E(Penetration) Fol|l FollZo] EA3l= HAF-E AlEHIA 3= AL Yeld =Wolar,
E 9bv = 929 AFolAe] M Holx SAHE AFdH] A7]E vERd 2 Zo|th
% 10at WA 7 (curl) Foll FoEo] EASE F-E AlEHA s HAHS UEW Zwola, ®
10b¥= = 1029 A-ollA9 WZ HellA S48 A= 2715 vepd e Zo|tt
% 9a YA = 10bE F3t9, FolE X WA "Holi A Ade We X9 HEds 7 x2 2A-E

ol =& Ao A ezl S W, A= AAF(12007F MFA HA =S

ol
rir r_%l

o}
a3

% 13 go] gt w3y Are
7]
A= —

e Aol dgete]l 2UE 45 2 JAE AAs =y AL
SHT. = 11904 a;, a, a

7} & (boom), %(arm), WZl(bucket)e] WA ZAolE YelWiL, at xFI WHlo] o]F= Zx(attack 4%)E

b
W EE (xyy, vi)®] FAE thgel 904 2 2 55h 33} o] W7l Yol 9Ixel )xste] AR

784 2

X = Xpg taz*cosa

34 3

Vg = Vg tay¥sma

i,
R
P!
N
r o
(m
Lo
fo
N
s
i)
dlo
o,
-
%
1
=~
HE
w
%
1
(@)
1o
iy
o
°
o
il
o
32
i

&= (boom) 2] F-2+ 9|z} A%
F24 4
x

& = 4 Fcosd +a,tco(E —6,)
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[0080]
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34 5

Vg =G FSIE — ay * s - 6,)

o714, ©1, 02, 2T Oy WI JeHs WAL g5 FA 6 A I 83 o] yEhd ¢

AU
T84 6

g1 4;+)r'¢—(a +a1)
6= o (7 )

*al*a
T4 7
g =tan™'( Yo Ao+ gy cos 8 ) —xg =g *Sil.l%
x‘@-*(al"'ag*'305‘9;)—,}’3J-*a2*s1u%

74 8

6,=7+6—(a+6,)
where (-65°<0,<85°), (0°<6:;<180°), and (-30°<03<150°).

oj¢b 2 Aot A MMl rxste], 2 el Ao wE A& HA s 247] A|="(100)2S AT
Ee] F7]eF Wl Z|xdto] wigE Felee] AAE AT = k. A, FelEo] AEHW, wiEd
FellEg F37] 98t A2 AAF(120)= HZ FA2E oA AAs

1245 glEe He7] sl A& A4 2A] Axgel WA ARE AAeE HAL A
Wolth, %, % 12a U4 % l2d M3 Aol golge] i A%, EU) el uf
Aze AASE $9L e,

% 12a% FEEE EY #E(penetration) PGl FeliEo]l lS Ao AFH HEHE YErd Zlolx, &
12b REHE EF 7](curl) D Aolzol d& A9 AFE WHE yehd Aotk = 13as B
g Ekel & (penetration) Gl FefEel l& Aol A WEHE Urhdl Aola, = 13he HHIT E

&l #71(drag) Gl Folgel d& 5o AFH HEE yehd Zoln.

1229} & 12co] YErd AAY, B "o] #BE(penetration) FGol|A AHojE FHol SIRES uhili
g, HF "elA FAHE Ay HEe v FFHIM S Ve 3 2gstal, ¥

I-FI

e kAL 9ate], E(boom)S HEA Hil, WH FINEE WA EXS I EZ(curl) A€, g
I WZ Brto g AARL, MEZL =3 Alo]Fo] AlZETTE

2 o2, & 12be} & 12del YERA AAE, WA o] 7] (curl) EE E7](drag) FFelA Gz S
S whA H9, WA "ol SRE AFE wEe m3re g8 E718e] 71E #S 23, #EHe
wake 2o 3hs 7T,
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[0098]

[0099]

[0100]
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T 13ae FEolE EGelAe] Wzl AR5 vEd Edela, & 13be #Huet EQelA ] WAl HEE vEd
Erlolty. = 13a B = 13bel vErd ZAHE, & 2R A man, & 2AE, o 2QE, #Z x4
Ex ool gl& A5, #T(penetration) FHlA FefES W F9-, A7|(curl) = E7](drag) 399
A FelES v A9 Ztztel] tiste]l & AFE DEste], FoES EFel vyt s ow dsd
A 22 Rge AP 5 QA

53] AlofH-(140)=, &= 13a B I 13b} o], w5 Gl wAle] Fojwdt HFdhs B9, WA RUES
skl A7 (curl) HEE AYsheF Alojstar, B7] i 7] Gl wZle] Feledt HEFd= B,
i S| ZAAA WS SFE oS Es Aot}

B

rO

(m

et n
re ﬁ

olgtel Nz ¥ uiel ANdlo] whe Af A} F7) Axwe] x3E mAYR(130)9) AP 34 R A
&4 52 el hste] At

i
—
=
fr
-
i)

gl ANdo] We A A5 247 Axde] A% AH5 $4S e 2wl
237 A4, Bx Az depiHE 22 209 wse g Atow Adsel WA, wepa, Ao}y
SenE s oA A28 sebeE ] sk LTS ujoE Hojof g},

weka], B o] Ao AoEoly =2 2ol Wslel tl§sly] sk, EEHFE(130)= HA BT
715 o] g3 Ay LEtold EZ PID Alo”|(adaptive sliding mode PID controller with a fuzzy
compensator (ASMPIDF))& X389, PID A7 & F3te] =279 ZJEES Aosi}.

A k, C
PID Aloi7]e] A9l AEEQ wlE AQCE), HE AJAC 1), wE AQC )L 71&7] ZFaf(gradient

descent method) ol —L7']3}04 AsHor WMA “jr. g, HA BAVE FolE EAd wE EbvE W4
2 yAss dare

2 FH7] A2 NNO(HE AFH) A mAg AxEe nedt. 5, 47 ¢
2EE 2%} NAY A2EE mejse, QHORA Ao Ha, FHORA ZAE F4u(q)E 74

oF QlEe) ) WA E Thee) F314 95t ol vhehd 5 gt

gty = flgq.q)+but)

A q= Azw geeln, T @D 2 ouag gaen, b WA g ggelth agw, wDE A
o]t
Aol HAL PID Alo71E 2JE A AH q(0)7 7€ A= o ()E F52

A, Ed e el FekA 109} 2ol vkl % 9l

)

A~
F us

il
)
_O|L
rlr
2
©
o
2

814 10

e(t)=g,@)—q)

>

a8,

Zol g

=5
r4
flo
iuf
oo
:i
m
o
o
o
i)
n
%0,
O
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[0101]

[0102]

[0103]

[0104]

[0105]

[0106]

[0107]

[0108]

[0109]

[0110]

[0111]

[0112]

[0113]

[0114]
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o4 11

s(t) = e(t) + ke(t)+ k, j'e(:)d:
0

o714 k9 ko= non-zero ¥ “dolth.

oJHel PID Ao e &Eteld EWE 002 sHsel(ie. STOI=G ey gomny g5w 4
altt.
784 12

w(O) =" -fg.9)+d, +ket)+ket)]

SD=0q 3o 2a4 118 deo 434 1331 ol 49T & At
#9413

B(E) + ke(t) + kpe(t) = 0

oSt % 158 o3kl 433 PID Alo] Aluel thete] A
£ 155 A% PID Aol AZHe 23 tholelLalEol,

#5941

U =1, 1,
AN ua olA Aol YO o axgan 9e) AeEs P AolAGT, ul oA AelvIsh
APID Alo]7] Atole] zko] A} @ x}H(residual approximate error)®] F3FS FHs}7] Q&) AAE HA WA

Lol RE PID Alol7li theel 5844 159 o] thEhd 4 it

_13_



[0115]

[0116]

[0117]

[0118]

[0119]

[0120]

[0121]

[0122]

[0123]

[0124]

[0125]

[0126]

[0127]

#4416

e=—f—-bu+gq,

s=e+ke+hke=—f—-bu+4

e A=gq, +ke+ke .

n

54 18

4

5§ =—s[D(at,,; +1)+ [ —A]

gofr i by o] Bl mEW, v F

V =sA—sbu,, —su,—sf <0

pib Aoi71el Ha ARy, g

4
So14 15 9 eha] 170 Epd A4 =

4 14% o4 179 tsha, Pl 5B FehA o

199} ¢t}

. A
1y, mE AAC e 7187

(chain rule)ell 71%3&te] 73Al4d &=
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&
%0,
o

(gradient descent method)}
o},
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T3} 22
: 055 Ouy
by =—1,~ ﬁf’d = 1, 5be
Oty Ok,
[0128]
T34 23
: Oss O, '
k=-n _‘f"d =nsb| e(t)dt
[0129] Wna K, :
T84 24
; Oss ou_
B pid _ 5
k,=-n, - —= n,sbe
it g O,
[0130]
s T T, N
[0131] 7)1 A, > Th> Tl = 747 ky- &, 4 o] A7 %5 (learning rates)oltt.
[0132] AHg 5 A28 %2 (unavailable system dynamic) bi IbIsgn(b)@ UFEMHQomZ, =842 22 WA 249 1}
bl PID Alo)7] AIRNELS o5 84 25 W] 273 o] oA A 5 T},
T4 25
k =n_|blsen(b)se
[0133] d 7p| ‘L o
T34 26
. f
k!_ =1, |b|Sgll(:b)Sje(f)df
[0134] °
T4 27
k,=n, ‘b|sg,11(b)sé
[0135]
[0136] SJelNE E 162 9 = 160 Fakel A wavlel mate] el AEet)
[0137] = 162 % = 16be & WOl AAlde] wE A B g Y A% Faeet £ A% FE U =
wolt.
[0138] =228 HA e QlolA, ZA71e] FArt guiEa sgd W, FA7]Y] P39 SR & ¥ dv. Al

_15_



S 10-2015-0122895

=

=

=P

g PID Aof7]ol <

(¢

PSR
=

k]
pil

=baiet, mebd,

=

(sliding surface)(s)o]aL,

B

[0139]

_g]

[e)

=

PB
PB

PS
PS

Positive Small, PB&= Positive Big

p

L

H* 1

NS

Negative Small, Z+& Zero, PS
Al
I.

NB
NB

1|'2 <

L

L=y

0

=

1,

o] H]H A3} (defuzzification)
0<w <

=

o714, NB+ Negative Big, NS

A% (singleton)

o4 28
o171

=

[0140]
[0141]
[0142]
[0143]
[0144]
[0145]

W
ﬂvuo

f

7 E5 TpgolA] ol ol

(120)+=

=]
-

B2 AR

[0146]

.

e

s

tel W7l 18 A=E v 2

o 23

715 ok

3
|

P Ag

Al

[0147]

Wt

[e)

o (e} I~
S 98 F

ol

8ol

A

°f

s
BEANA = At

3

dolH 258

o]

=

= 3

A

[0148]

JJo

A
Tor

)45 of

o

.

ks

0
H

el

o))

[0149]

Aotk wEbA,

3 &

g o3

PSR
=)

p

L

stk

S

A7t 7be

A o)z

o]

248

oy
0
e
)
BO

Gl

)
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[0150]

1000 A& H A5} A7) AlAE,

120: A= AR,

140: Ao}
=H
=41
100
Zhx| 2 110

A2 25 [~120

2ags ~130

X[ of & ~—140

dedl+d2443

Tenam profile

_17_

b depth

srane

ZIHEd 10-2015-0122895



ZIHEd 10-2015-0122895

k1
[
@

Vertical (mm)
& 3

k 1

100 150 200 250 300 350 400

Horizontal (mm)

Dig environment
Pattarm recognition

MNeural Natwork

P

Measurement

Perception

Conrrol

SELF-OPTIMIZING STRATEGY
FOR EXCAVATOR ROBOT
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Bucket
joint
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|
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3500.0 7

Sandy soi

~Clay soil

3000.0 4 £
2500.0 4 J \
2000.0 4 ’

1500.0 1 Y 4

Force (newton)

1000.0 A

500.0 1 P

001_‘,:_, gy e - et e
00 10 20 30 40 50 60 70 80 90 100
Time (sec)
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EHH8h

2p00———————————————
—Sandy soil
| ==-Clay soil
1500.0 - y S
r ;. I8
— ." \\
5 ’ At
s : ;
2 1000.0 o —— B
; .’-’ !.' \ ‘I
o ' 4 [
S ¢ 4 \ 1
w [ S, !
N \
50001 / '

|
{
L\
7y
7

|}
]
00 / v - * - - - - - ' - ’ - - - . - - V\—-
00 10 20 30 40 50 60 70 80 90 100
Time (sec)

Fesciive Folde (Hewlani

T

\'

an‘.;x.
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EH]10a

- RO

——pfansd |

§ O i
o
3.
.
L
S,
i’
2y
&
]
.
& =

1000

200 -

0% -

Tn.n'.m
EH]I
y »
0, .

0, = Bt

0, = Boj (Boom joimn)
O, % Aj (Arm joint)

0, = Bj (Bucket joint)
0, = Bt (Bucket tip)

_22_

ZIHEd 10-2015-0122895



EH]2,

Obsaacle

a) Obstacle in the penetration segment
of the bucket path “soft soil”

EH12

Rz
b) Obstacle in the curl segment
of the bucket path “soft soil”

Ed]12c

Ra

¢) Obstacle in the penetration segment
of the bucket path “hard soil”
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EHiad

d) Obstacle in the drag segment
of the bucket path “hard soil”

EH13a

Trn“q, * T Tuss'ls
Bmymkmmwmaw%m —t }

Amjint, |——+—+—+

-
-

Ewcel}ant} R e i

I s o
qb
2T+

3) Without rock
Touil Penelralion T.M ——
Boom joint
408
mioit Attt —————+—]
| Curl
|
b) With rock in the penetration segment
Peneiration 1
Tom0 , 3 Rm_emun

¢) With rock in the curl segment
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Penefration
Tral t 1. Tias='l8

S
Boom joint }fmw»mw%ﬂlm—o—l—l—i—i—{

, Cur
R

a) Without rock

Penelration Tow=108

. Toatd A T
mbhtW—l—O—!—l—i—'—], s s

|
mpm:}:#{i#::z{{
|
\

Bucke joint

b) With rack in the penetration segment

Tuwssd " Mﬂfm Tes=H0
Amn joint -
PR :
Bucketjoint |——+— Mwi—l—{
c) With rock in the drag segment
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Sliding Adaptive

law

Adaptive
law

PR
Cordroller

Goal Self
Adaptation Optimizing

IlfSrJaI Controller Excavation
trajectory Process

EW16a

Nestershp hnctonpits Pt oS 181

input variabie *S"
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