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Boom cylinder

e
| Stick (Arm) /
Under traveling body Boom Bucket

/

Front linkage

Fig.1.1 Illustration of backhoe type excavator

WEY 3 SV OEEII AR L — 2 PNEEFEOLELIZIRY AT bn/zr A=z k- T
ThNs. 2KDLAR=ZEN T—LT Vo H T =LV Y e Ny k) U FD
ESLREEIZHECE 5. EATINEERFRTS O 2 DO L AA—F 72 I_"F LV OEREIZ L -
TATS. vV X OBEREIZ L AN—Z2 T AEIC L > TET D, HFA—IITEY L
N DRI R D0, —fl L LTS /R4 — 2 LRI D HERRIE S R % X 1.2
eI

©) @ DSwing left
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®<:IOI:>® @-O~ ® @stick cylinder extend (stick boom close)
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(?Boom cylinder retract (boom down)
@ ®Boom cylinder extend (boom up)

Fig.1.2 Lever patterns of backhoe type excavator (JIS)
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Fig.1.3 The experimental excavator (1/14 scale)
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Fig.2.1 Digging operation with a hydraulic excavator
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Bucket particle

Fig.2.2 Overview of bucket particles and soil particles

fERNBERE TR i &RL 17 23k U 7= DRL - i IZ/E C DRI DOIERR T D T) Fy
LRI D N Fy # X 23 10537 +— 27 hETFIVZESEHE T 5P,

N Kn CL

Normal direction Tangential direction
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\Voigt model

Fig.2.3 Modeling for soil by voigt model
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Fig.2.4 Contact of two particles
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Fig.2.7 Arm cylinder loop
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(a) General view of bucket cylinder loop

(b) Detail at bucket cylinder end

Fig.2.8 Definition of coordinate system at Bucket cylinder loop
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Table.2.1 Arrangement of coordinate system

Parts Parts No. | Frame No. Joint numt?e'r
of frame origin
Uppur bod

aFr)lz crawle); 0 0 0
Boom 1 1 1
Arm 2 2 2
Bucket 3 3 3
Boom cy linder tube 4 4 4
Boom cylinder rod 5 5 12
Arm cylinder tube 6 6 6
Arm cylinder rod 7 7 13
Bucket cylinder tube 8 8 8
Bucket cylinder rod 9 9 10
Power link 10 10 10
Idle link 11 11 11
Bucket tip 3 E E

Table 2.1 Denavit-Hartenberg Parameters

Frame Denavit-Hartenberg parameter
i-1 i A1 o] d i o,
0 I’ aol 0 0 0
E
Slr |1 0 0 0 0,
=
g 1 2 aio 0 0 0>
2 3 a o3 0 0 93
2| 0 | 4| aons 0 0 0
Lo
g 4 | 4 0 0 0 04+90°
o
Q1415 0 90° | ds 0
a 1 6’ a1 0 0 0
3
E 6| 6 0 0 0 O¢+90°
< 6 | 7 0 90° d; 0
2 |¥® aog 0 0 0
§' 8| 8 0 0 0 Og+90°
S8 ]9 0 90° | do 0
S
o] 9|10 0 -90° 0 f10+180°
9 (11 0 -90° 0 011 +90°
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T =Q' 7. + 715
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28, I 0337y b EOmERICHINT A Y2 A TH S, K(2.21) % v CTHARK
kB Vo EH 12 RDD., Z LT, 4 Ial—a s L&TZAET5E, i
HIF B 7= DI EH = R VX (HE TRV F) Ea TR TRHMOTE 5.

Emg=:£‘rd~qddt (2.22)
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HEY g~ K> T 2 388 5 720120, #EEIO =007 o NEIEN S R
LT v BB ERODBLERDHS. £, T_TOV 7 #iEq, LAy Neo
HEE & R O RS0 B 72 B bV Py OBIMEIE Y 7 B1741 . (=P, /0q,) X 0 LA
TORTEES.

PE = ‘]Eqa = ‘]Equ (2.23)

2 OOV AEITHNDOZ L > TAT y MMetimDHE & ) AR EDORBRRMELND.
Qo IZOWTEBET 5.

Gy =(9Q) P (2.24)
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NER & AKFEEN R TAE) 2K, 2 2 CHEOIEHIEITEEZ EHT 572012, X(2.25)
T T ORTHIET 5.

Xz =VC0SS (2.26)
Ye =Vsino (2.27)
S=¢-v-x (2.28)

ST v NEHROMEIT I, geld N7 v M, v TSmO WERE, wid 3 <A
ERT. TNENOAEDOEREK 29 1T, ANy MEEEE v, <0 Ay X
Oy MR EZRET DL TRV Y VX EELFHETE .

y
.~ G |\/oving direction of bucket tip
by —— « = Bucket bottom line
""""""""" X w : Raking angle
w > > ] ¢ : Bucket angle

o': Bucket moving angle

Fig.2.9 Definition angle parameters of bucket
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( Operation start )
+1 Digging operation == - Termination condition | ~{ Termination action |-

A Raking mode )T\ Condition 1 Rotation

Monitoring N i ;
—

cylinder force

e

Moving direction

. — '2.5m \.End of rotation
\Rakmg angle W&’ Y, Approach to the cabin :
| 2 Under Condition 2
Cylinder force threshold | onattion %
Over i v —
4 Lift-up_mode Y - Certain level
Moving directior{{:j\\ End of rotation t
Lift-up angle f\a/ \__ J
Keptfor v
\_ atpleast 0.15 seconds. / ( Operation end )

Fig.2.10 Automated digging algorithm
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eI DAEIZHEN 2 DOHEHIT— RE2 )0 B2 20 HIHIZ1T 5 . IEHIVEEBIAE % X
RRAT 4 w7 VI FRBIONRNTy F U XOMGRRE LTHE ORIELL T DY
A1 Rakingmode TENET 5. 7eds, B OMENEE TIET — LU U F B KT
ETDHZ LITWE, =AY UFITBE AR T VWb o & L7z, Raking mode
T, N7y MemoOEITH X, N7y MERIZH L TH L CORiE Lo AE xR
Tetd. ZOMEIEK2101RTEOIE, T<WAyTHD. T<WAWIANT Y M
FEgEIECTREL, N7y MESOBB F A RET S, AR, A7 1y 7L
N7y N O EZ RN EDOMEE THER S Y 5. 7y MNMebnOHETT )i m & [BlERH A
ERELIBHIZIT S 2 & T, N7y Memnvilzii< Ko lc@fET2 2 &2k 5.

Raking mode HIZHE D MNEEIML, AT 4 v 7 vV XEIINry v o2 H#H
HDNTNLNRD B CORE LIZBEEA#EZ 5 L, Liftup mode (28I Y i, 7
v FEIE BTEEREEDS. N7y el & RITEMERGRED &, Ty FORELHEE T
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O L, 7y MR 2.10 17T 5] & _EIFMAE Lift-up angle KRNI % L C k)
S OME) THTe. LT, Liftup mode (2 XY 37w MESALE N 72 0 HIAR )
BT B, ZDLE, U FHENN ) A AR TR 72 OO LY,
Raking mode & Lift-up mode DY)V 2 SBHEITE Z 0, KIS RNLEITRD Z &%)
LT 270, U HHTIOfEE T > N A 7 JEEED S0Hz Dr—/ X2 7 4 L ZIT K
DALVERS 5. X525 & BITEEN A E - 72 RITHRIK T 0.15 s i Lift-up mode % £
FF4%. Z o Liftupmode (2 X 2EMEITRHA N L —2 28D T LEE)] ZR#EEL
TW5.

Z D%, U RS HBEMELL T T H AT Rakingmode (28] B b, Z o7 v
AL TIIBECES AT O U o FHEN T 27O DRI A= LD, ZD X
91 Raking mode & Lift-up mode 28]V %, U 7 HES) ZBENTTICIR B85,
ETRINGET D ETRAIZRT 5. & TRIFZANT v MESEATER LSRR 2.5
m OfLEIZ72 % (Condition 1), & L<IE, /347w Rl &\ MEET0 & i SSER
(N bR MAKZ T B E TNy 3RS TS (Condition 2), Td» 5. Condition
20337y R BIRAI L7 2R ZIENRWE D IZT 272D D5 TH 5. 51 Condition
LIZE L7256133 7 » R % Condition2 DA/ 5 L CHEEES 5. £D%, —ED
B ETRD L, BEREIAKT I 5.

24 HEEHID I 2l—v a3y
EL-ABEH T V) X 8% EROBGRTHELLY I 2 b —ra VET LT
KV RFES 5.
241 HAEMEHIOTZDDIRT A — 2 FE
Valb—yarTiE20t 7 T AOMEY 3 VLY, S 2 E A HREIT S B O
ET D, K21 ITRT RO, ANy b OSSR OFERIF.O A D 9 m AL E
(ST NEEASHIENC A LT 70° & e D REAAWINIE L Lz, KEioY I ab—
a VCHERT 2 BEEHI ORI NS T A —2 %K 23 1CF L ® 5. Raking mode T, #
RIEZEE DS 1 B OIEANZ 2D D IR 8 s FREEIN L 72 2 T 9123 T M elm DM d B 2
09m/s & L, /347 v MNARHEEI-20%s & L7=. Rakingmode 1D/ o R ge & 3
by bWy OBIEE R 212 17T, Ty 0 RLFICAR D LAy FOJE
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EDSHE I AT SN D 72D KR SN AE T 5 O T R4 o MRS & ik
TLH0a[IETHHMNT, < WAy OR/IMEZ 10°8 L7z, £7, Lift-upmode T,
Ny BRI EE X 0.54 m/s, /34 BRI 3-4.5%s & LT,

Fig.2.11 Initial posture of the excavator

Table.2.3 Parameters for the bucket control

Threshold of mode switch 200 - 400 kN (every 50 kN)
Translational velocity 0.9 m/s
Raking mode
Rotational velocity -20 °/s
Translational velocity 0.54 m/s
Rotational velocity -4.5°/s
Lift-up mode
Lift-up angle 60 °
Holding time 0.15s
45
40
—35 -
S 30 |
2 25 A
3 20 A
(@]
£ 15 -
=
S 10 -
5 i
0 T T T T T T T T T T T T T T
-80 -60 -40 -20 0 20 40 60

Bucket angle ¢ [° ]

Fig.2.12 Relationship between bucket and raking angle
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Fz, 20t 7 T ADWMET a~ND Y T RIg EDORMFERNT A =5, HEOENEE
— AL MR EDENIFNTG A= BRIRET VZHEAT S, HEETLDNRT A—HIT
BIL CTIER 24 17T, ARG XA — 2 OB EITFEED HEOFHIEA LV, 2o
INT A —Z T E O TEREE O FEMRIEIC L 2HIRE DU A HEN A FHRIL,
FHIME L R 2 b=y a VER—ET DX ITREL TWD. ok, HES AT LD
RN 2T 2 7201225 THEA L7248 2 U o X E OF Sl I — R BN OfRE
B #T TR, EROMEY 3~ LD ) o ZORMEND Z ORFERKIL 0.05s & L
7-.

Table.2.4 Parameters for the soil model

Radius 25 mm

Density 1650 kg/m?

Young’s modulus 6.5 MPa

Poisson’s ratio 0.23

Damping ratio 1.0

Friction coefficient | 0.9

Time step 1.0x10* s

K24 DT A —=F TR & 2 IRJCZEM] RIS T o # MCiAER, EAICK Y B
HE FSEFREL, ROWRIT2RET L2 LT 201 (TR T X 9 ¥ 5 et 2 F
R 5. EBIEFREIC X DT, KL OMELE OEWIC L > T, R OXEENE
fbL, ZOZBERT I ab—ra URERICEEL 52 200 20729, [Fl—OkK 4]
WL Z B W CTHRIBOFIfE ST A — % ORAEG D THAI L7z, HE Lo FIEIC L
DRLFOFLEZEFE L, R CHIE T A —X OfAGbE CIREIZ21T5. 2h% 25
[ 0 K92 & C, [l —DHlH T A —2 TR DR OPMEE T I 2L —va v
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Fig.3.2 Definition of parameters of the bucket
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Fig.3.5 Initial posture of the excavator

Raking mode & Lift-up mode 28]V %% 2 5 Bf & Lift-up mode TDH/ N7 F5l & LT
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Table 3.1 Parameters for bucket control

Threshold of mode switch 200 - 400 kN (every 50 kN)

Translational velocity 0.9 m/s

Raking mode Rotational velocity -20 °/s
Initial Bucket angle 70 °
Translational velocity 0.54 m/s
Rotational velocity -4.5°/s

Lift-up mode
Lift-up angle 30-90 °(every 10 °)
Holding time 0.15s
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Table 3.2 Parameters for soil model

Radius 25 mm
Density 1650 kg/m?
Young's modulus 6.5 MPa
Poisson's ratio 0.23
Damping ratio 1.0
Friction coefficient 0.9

Time step 1.0x10%s
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Y3l T 5.
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Fig.3.6 Bucket tip trajectories on respective of lift-up angle (Threshold=350 kN)
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Table 3.3 Parameters for bucket control

Threshold of mode switch 200 kN

Translational velocity 0.9 m/s

Rotational velocity -20 °/s

Raking mode Initial bucket angle 50 — 80 °(every 10 °)
Initial raking angle 10°
Raking parameter -0.4 -0 (every 0.1)

Translational velocity 0.54 m/s

Rotational velocity -4.5°/s
Lift-up mode

Lift-up angle 60 °

Holding time 0.15s

VIialb—Ya I 2ETRLIEGD LFERRD 20t 7 T ADHED 5 M2 LD,
LaMimAH T2 b D& T 5. 34 HiDK 3.5 LITERRY, ATy FOSImESEIAD
FEE LG 8.5 m BEALIALEZ HIINIE & L7z, TIEET /WL 34 i TR L7k 32
DIRT A —ZZBWTHRT-DFE & 1650 kg/m® 7> 5 1600kg/m® [ZEF L=, £7=, kit
ORI L DHELEBR L, [F—DORFH T A —F OGO THIHIBLE S 7
%2058 ORIFTYI 2 b—ya &I, FROVE 2T 5.
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Lift-up OFF @54 @ Raking parameter = & OHEHHlIE % 7~ 7.
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Fig.3.10 Bucket tip trajectories when raking parameter is 0 (Lift-up OFF)
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Fig.3.11 Bucket tip trajectories when initial bucket angle is 80 °(Lift-up OFF)
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Fig.3.12 Bucket tip trajectories on respective of initial bucket angle (Raking parameter=0)
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Fig.3.13 Bucket tip trajectories on respective of raking parameter (Initial bucket angle=80 °)
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Fig.3.14 Payload with initial bucket angle or raking parameter changed

350

Initial bucket angle
m50°
m 60°
100 m70°
m 80°

-01 -02 -03 -04
Raking parameter

R N N W
g o g1 O
o O o o

Consumed energy [kJ]

a1
o

Fig.3.15 Consumed energy with initial bucket angle or raking parameter changed
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Fig.3.16 Efficiency index with initial bucket angle or raking parameter changed
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Fig.3.17 Bucket tip trajectories with density 800 kg/m* (Raking parameter=0)
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Fig.3.18 Bucket tip trajectories with density 2400 kg/m* (Raking parameter=0)
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Fig.3.19 Simulation results (volume) with density 800 m?/kg
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Fig.3.20 Simulation results (volume) with density 2400 m*/kg
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Fig.3.21 Simulation results (volume) with density 1600 m*/kg
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Fig.3.22 Simulation results (Efficiency index) with density 800 m?/kg
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Fig.3.23 Simulation results (Efficiency index) with density 2400 m*/kg
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Fig.3.24 Bucket tip trajectories with radius 37.5 mm (Raking parameter=0)
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Fig.3.25 Bucket tip trajectories with radius 50 mm (Raking parameter=0)
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Fig.3.26 Simulation results (volume) with radius 37.5 mm
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Fig.3.27 Simulation results (volume) with radius 50 mm
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Fig.3.28 Simulation results (efficiency index) with radius 37.5 mm
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Fig.3.29 Simulation results (efficiency index) with radius 50 mm
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Fig.3.30 Bucket tip trajectories with radius 50 mm (Raking parameter=0)
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Fig.3.31 Simulation results (volume) with radius 50 mm
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Fig.3.32 Simulation results (Efficiency index) with radius 50 mm
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Fig.3.33 Initial posture of the excavator for slope
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Fig.3.34 Bucket tip trajectories on slope (initial bucket angle=60 °)
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Fig.3.35 Simulation result (payload) on slope
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Fig.3.36 Simulation result (Consumed energy) on slope
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Fig.3.37 Simulation result (efficiency index) on slope
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Fig.3.38 Bucket tip trajectories on slope (initial bucket angle=25 °)
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Fig.3.39 Simulation result (payload) on slope with initial bucket angle tiled
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Fig.3.40 Simulation result (consumed energy) on slope with initial bucket angle tiled

71



I
o

Efficiency index [kg/kJ]

(e R S N 2 e o)

Raking parameter
m0
m-0.1
m-0.2
-0.3
m-04
60 70

Initial bucket angle (to slope) [ ]

Fig.3.41 Simulation result (efficiency index) on slope with initial bucket angle tiled
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Fig.4.1 1/14 Scale RTR Earth Digger 360L (made by RC4WD) !l
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ZIREET 5.

4.2 BRI oD SEERIE

4.1 T L7 MERREMEARY 39266 & [FRRICIE S Y v &, R, N7tk T
.42 TRT XD RMET AT LT X THEISH TR Y, MERA OINEENLRN
EV o TmEMFRRRORSE AT S, Fo, Ny T U—FRWZEEN 26 kg, FAHHHI
DR 15kgMd v, 27 —NAEOREI N EHT L. 2D, FEi L FRIC LTI
TEETHD.

M5-6 straight nozzle
(low pressure)
OD:4mm oil-return pipe /
M5-4L nozzle (low pressure) /_IjA / OD:6mm oil-return pipe
i — ——/ (low pressure)

oil tank exhaust pipe

oil outlet (M5-4)
straight nozzle

U(;/ j/
/ big pump
/Dzémﬁm—suckpip 3

ow pressure.

3 M5-6 nozzles

OD¥mm oilreturn pipe/ oil inlet _/oil-remove nozzle
(low pressure) (2 Mé-6 straight nozzles) (M5 piug)

M5-4 traight nozzle

OD:Ammioll pipe; (high pressure) V2 excavator hydraulic system image

Fig.4.2 The hydraulic system of the excavator scale model™

42 ODMET AT 2O X 2 X 4.3 12~ 7.
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Fig.4.3 Hydraulic circuit of the experimental excavator

B A3 R TMES AT AX, 1 DOV Y U X 2 BIRCTHRE ST 555, WA S
CV Y o ABEMERIETED. LML, BEOV) X EFARCERB ST 56, £V
U U HIEE R EOEENM A Bl S D K 92, v —& U — L7 T 5 B
bnH. ZhE, RTOWRANR—ETHY, FWMEL Y A ZIEHT L2k >ToY
YHENOENREIR DT, ST OB bERE CULTBRE) AR USAETYH, (Rl
DIENDBRNFIZHND T2 THD. LB T a4 ROV Y ¥ 2B X8 51203,
B3 U H OMRREEAZE L, MO ER Y L 72D KO VT ORRE & IET 4
TLRBHDH. ZD XD BREED S, MEBRESAIIFRIED RN AT L TH Y, EE)
DUATLED BHITEPEEL <72 D.

EEH O EZ Y —RE—F THEST L2 LT, VU U XOMMELE#ET 5. £V
YEDOMEZ LY, ANy MEEE, BEGESE) L, #EAIEELZT S . RETHW S E
BRENMETL DT> A7 A TIE, $ilE V7 OB O AN KE < 7251 EEn L,
U X OMFEREESEINT 5. Lo TRETIHE, VT OREZGIET S Z LT
U v X OMMEERE A HIE L, N7y bOSmiE L B ERIET 52y he—7 2&E
T, 2OV TIEPWM POV REAFE) WD Z & T —RE—Z 2L > THMT
5.

HU Y o FITEMRIENCE Y LP-150F) (GRkIBEEY) 2 BR Y {1, fdiffe & & ke 2 G
T 5. iz, £V XTSI Y PSEST76-02 (SMC #EH) 2 Hiv oiF, BEEhF DJE
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Fig.4.5 Top view of the experimental excavator
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4.3 W BXENERL O il 7 15

oy br—T OHAEETX 4.6 (7T XL O PID#EICTHS. Z @ PID #ilf#l & % i
Fov U o2 L, SEEFEZTT D

Manipulated variable - -
by PID Duty rate Hydraulic fluid
Target velocity + PID Valve Z Servo Motor Z Hydraulic | Cylinder velocity

Controller Compensator (Rotary Valve) Cylinder

Measured velocity

Fig.4.6 Block diagram of digging PID controller

F & L2 BUE B REHIEENC 350 ) T PID HIENEA < A S TLBRIBL Ry h
DEEGE O T HEEHLED O WEE 2 L > THIEY U VA BN E2 TS, 2o B
U BB S B 2 R, JIE SN BUEOHE L OfFZ£E% PID HlfEH#HC A
713 %. PID HlfgR N EH L ERIDE T —RE—4 ~857 % Duty lt (VUL
AMg) ZREL, V—RE—X ZEE STV TBEZ T 5. Duty LA RET D

720, VT REICKRT D U ) v X O R A BN IS L o TR L 72,
VU DOREREOBINE X 2 X 4.7 1277 2 a NSV DERBS V) X OFEFIZL Y,
BUEIIRTZ T 225, Bieda, X 4.7 1273 K 5 72 Duty HulZxf L CHERH T Sh 5.

Cylinder velocity

0.14 0.15 0.16 Duty rate

Fig.4.7 Velocity characteristic for duty rate

Z ORFERED G HIH] Duty FeA 0.15 1Z5%E L, PID filfi#las & Ml oE T, Duty lhz
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WiEL, YU HXOREREZITS. PID f#EID/ T XA —5 (HBl7 A 2, FEHRERH],
PO 1, 7y b =V OB O AR B IRVIRET, Y X T DfE
BATNCKT D EDINE 2R L, FEBRIICHE LT, TOREE, THIEXZE LT
HilE & 72 Blginolo o, RETIIEEMIC PD Sl Z AW DS. — ARG 71 %
RELTIUIILEMEZ M ESELENTEDLN, A= "= a— FBRBELLT AR
LW ZOIDARMETIE, F——va— b, £V X ~OfEBhOF &5
BLOHIENC K> TBIERKEZ M LS 5720, "I XA =2 %2REEMHE Lz, Z ol
BT 5 PID /NT A—H %K 41T,

Table 4.1 PID control parameters

Boom Cylinder Stick Cylinder Bucket Cylinder
Proportional Gain (Kp) 0.065 0.055 0.03
Integral Time (T; [min]) 0 0 0
Derivative Time (T4 [min]) 0.001 0.001 0.001

4.4 aﬁﬂi:éiﬁﬁéﬁﬁlﬁﬁﬂ%%ﬁ

FEREEIC L D RGEERBR AT 5 72018, AEHUEZRE X GBRETE 5 L0 ICHiET 5
VENRHDH. TD70, FHEEFMEEL b & CHEBERIEEREZ TV, HIEFEE K
B3 %. BIEWGEIZT 58166 R 2 EmIISFHET 5 72D ORSEFHMEfEIE & LT, X
@GDIZRT LD 7 PR #ERT D, MIEY 2 U X HHENE, B2 A7y

(CHEAIADMEN D DT, ATy FOEEZBHET 57217 Tldel, Xry o
BHLHEETHD. EHFERET, WESINTAATy MAEO L OV E S, ZON7r
v N OAEIZERT 2 AR ALE O VAR TH S, WESNIAT Y MAEDRa °D
& EDIUMIEE Xaya) e TH. ZDOLE, Nry MER ° D L &0 BN E
Xei,Ya) CH T2y, WAEITUT O TERINS.

Deviation [mm] =/(X,, = X,) + (¥, = ¥,,)’ @.1)
BIE ST~ o FOBBOT— 25 0 fd o750, FHRETUTORTRSR
5.
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1 n
Average Deviation [mm] - E \/ (X, =% )2+ (Y, —y.,)° (4.2)
i=1

K(42)D L) ICAEZ EHEIREERD L Z LT, N7y bOEE L JEALE O )5 D

FEEERIM L E L 7 D .
HLEBHEFEBR T Raking mode D 7 & BifE X, Z8th 2 PRI EhE S & 5 22 i8HIC L 0 17
I, FOLEDNRTRA—=FEZRKA2ITRT. FLEBIFE 2=, F3IZCERLE-LDO L

FERTH 5.

Table 4.2 Parameters for the bucket control in trajectory tracking control experiment

Initial bucket angle ¢x 54°
Initial raking angle e 10°
Raking parameter d ye /d¢r 0
Translational velocity v 64 mm/s
Rotation velocity ¢ -20 °/s
Initial x position 660 mm
Initial y position 0 mm

INHEDRTA=HT2ETOYIalb—aONRT A=W 1/14 Alr—)v
ThHHZEEBELTRE L. b, 2B TRLIEY a ~VOERER & RIS NT >
N ERIF AL E T S ME 2 UL s T 5. 20L& &0 BEREIE0E 42X 4.8 (2, HE®
JEZX 4.9 17T, 7B, KEBRETIZY 7 b= TICXDFHIT — % OB ORI,
Yo7V o TERMAEIERLTEY, BEREEETIIRY. L, VAT AL U7
NEA DTN EBEMNS VY HEREERD DI T, HEZRD HERICY
VU BIENL DS H R HRITEEE CHOINERSH L. TDT, HWELAIRT HIF
FHEY > 77U o TR OFETH 5 0.015s & LT,
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Fig.4.8 Target trajectory of trajectory tracking experiment
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Fig.4.9 Target velocity of each cylinder of trajectory tracking experiment
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4.4.1  PID &I 0 Zr T OHNE B HEH1H T2 B 5

NIy NSRBI M L T D L X DT a Y B Y L — DDA, K BRI
T UV ORRIIT — X LD EIHFHICEIVER L, KICHET 5. @uEBREH 55 ok
BA2X4.10 1Z7RrF. Z O PID filfHl D A O HIFENC & 2 W B 6E S8Rk 5 2 (H B rIIZ Ver.1
EMERRT D

500 ¢ ~#— Target trajectory 1
-©- Measurement trajectory

-100 1 1
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x-axis [mm]

Fig.4.10 Result of trajectory in tracking experiment (Ver.1)

EERZAEE 17.9mm TH Y, EREOHEIZEEGE LY HiE 2ol ZiUI 7 — A0
R Lol Z ENFRTHS. 411 [ZHEBEF O T — LU U X O &R
9.
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—Measurement velocity
—Target velocity

\elocity [mm/s]

Contraction quantity of boom cylinder

Time [s]

Fig.4.11 Velocity of boom cylinder (Ver.1)

X 4.9 (3T XD IZEED DK 2.5 BRNE T — L2 U U WA, TR HROS K9
(CHIRHEN 52 60003, M 411 \RT R T =L U U FRHEAEELZ LT
7. X401 ISRENCOR L2 SO R FEUE T O 7 — LA DA & TH Y, £
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mm &< 725, I HICEROHIAINEE CIE, HHHLEN &L 70 b SHEHIEN BT 57
O, WEBEBMETT 5. 207, ZofEFETE, HEOBEANZR W T+
HIBZHRCTES, BEMHENI 7 L) XAORGEEBRICH NS Z N TE . LR
ST, PuEBREOREEZA LXE57-0, ar ba—J2%ET20ERH 5.

442 B Loy ba—JC Xk DH0EBHEHE R

441 HOFER LY, Bz PID HlH DA TOZEAI TIIFTE O E NG LN 2
Lol iz, ZOHENC L BHERERZ1T S &, i bR NITE Y, X410
IRTHER LD BITE VBRI & 220, FOICBHI CE RN R THEIND. 207D,
BEOmEZBMELT, avriie—J2%BET5.

Bl 411 IZRTEINCT =LV ) U EBHEETHBEOBENBEL Y b o72D
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X, MEOISEENE 7n L NI o=y (T—Ah, AT 4y 7, Nry b)) OBEER
K THDHEEZOND. ZNHDI b, PID flfHgR 5 DS E2ZT TV T )
BINTH T IIET Y U X OMBEFRAE L2\, £, MEY 3 L OEEFIC LT,
NIy NIEHRALE ORI EE ISR LT, =AY U X ORI E N R b EET S, 2
AUTINZ T, T—=ALv ) U BRI ZDEIEILI DO X OHFTRHRE V. X410
(R LIEERRERIZEBN TS, Ny b UERRT (v 7 V) U ETHARTT — 4
VU A OIEBBIEENZ ERFIKT, X 4.9 TR L2 & D ITHEAEIEZIT > T e,
ZZTC, M AR IR TEINCT =LV ) X OFENREAET D F T EEYHE 2R FF
THEOICL, T—=av U U FOHEN BAENHEL2 mm/s DFEFIHICA 72, LA
e BAEHED AN &2 baT 5.

— Actual velocity
==Target velocity
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o

Time [s]

Fig.4.12 Method to improve control by holding target initial velocity of boom cylinder

*7-, FTOR, 413 (R THERIB ORI O L 9 IR E DN BN AT v T
UUE, Ny v EOVTIEAD T EFICTAZLICED, =AY HF
WS CHEENR 21255 L O I L OB dET 5.
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Fig.4.13 Hydraulic control until the velocity of the boom cylinder satisfies the tolerance (Ver.2)
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Manipulated variable
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Target velocity  + PID Valve Servo Motor Hydraulic | Cylinder velocity
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Measured velocity

Fig.4.14 Block diagram of improved digging PID controller

Z DT EEEE RIS Ver.2 & FFFR L, Z OBLEIBIEERORE R 41X 4.15 (Z/RT.
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Fig.4.15 Result of trajectory in tracking experiment (Ver.2)
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7y NOEHMEDO X A IV T RENTZND THH.
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e, T—Lv ) U EORENFRFHLT T ETOR, Zhb 2203 ha—b
ST 10 %R B LI Uiz, EY 3 L OBLEBEHENIZBWT, £V v F
OWHRANEIE CTH L. ZOFIIEITIET —2PREET DRICAT 1 v 7 LNy MSEhE
T 5720, HHIPIOBIEBMEMED BT 283, 7 — L0MEB) LIGD T b DIREMD
WEIC LY, ENLUBEOHIEBIEENGGET 2 E&E2 L. L, AT v 7, A
oy RN U E DAV T ERT TNDDT, 7 —h ) A ~OIEBYHOHEAG B3k
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Ver.2 D73V 7 Ol %2 Z ORIETEICETE LI-b 02 H E, Ver3 EFFFAL, =
DOEIE TVEZ MERBEORAK TR T EX 416 DL I 5. ZHIEK 4.14 127157
HONEOHIEHZLBE LD THD.

X is the valve opening rate
commanded from PID controller.

\r Boom
Servo Motors ; )
& \ < j |l r—
Rotary Valves | ™ Boom
Stick
Tank § 1T ] [ j——— Bucket

Fig.4.16 Hydraulic control until the velocity of the boom cylinder satisfies the tolerance (Ver.3)

Ver.3 O#LEIBIEEROKE R A2 417 1R
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Fig.4.17 Result of trajectory in tracking experiment (Ver.3)

417 1R T X DI Ver2 LV b HEFUEICTWILE L e o7, F£72, FEHRZET
121 mm & 720, BIEREE IR E L. 4.18 12 Ver.1 775 Ver.3 OXYHRZER £ &8
R ERT. ZORED, Verd DR AENK /NS <, BB SE L.

w
ol

30.5

PN N W
o o o1 O

12.1

Ver.1 Ver.2 Ver.3
Control Version

[
o o

Average deviation [mm]

o

Fig.4.18 Average deviation of each control version
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4.43 TP O HEHIE B EH] S ER

442 TR LT R % b &0, TEAHHI L7z & & OWEBIEHRIEERZ1T 5 .
Z OEOHIEBHEFRIE SRR Ver.3 Tk _7=Hilf# kI T, K47 IR Lizv ) v
B DORERED BV T OBEOYIBIEZ RET 2 K 510 L THIE A AA T, Zhud
X 4.7 {28\ T Duty 28 0.14 705 0.16 D & &, BENREAE LARWREHITA > T
H. TDID, vV UF OISO TIC LT, ZOREHERITT L D128
H Duty tbZ2GRET 2 Z & T, PDHMEHNRERK LR BNOURBIZEN D EEZOND.
2L, 2O, T—ADIRBEMRRL DD, AT 4 v IRy NOBERT —
LEWRTEL 2D EEZOND. LL, T—ADISEWNRAT 4 v 703y b &
HARTRL 225 L, HAIBRGEIREN D 7 — L0354, IHIK A% 52 &1k b, i
RN LD, ZIHIOSE LT, MV TREZRELSTLHILEDDH. £ D720,
ZEHIO & E XD b AV TBHELZ RE T ORMPAMEIZR D720, T OIREMESED
72 OHIEIT IR OIRHIIE IZ 2 KRBT HE AW B2 b D, HuBEIEHIS &
722 HHEEK 4.19 129 RE A+ CEY RS 14.9 mm, R 9.3 mm, 7> S E 674kg/m?)
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Fig.4.19 Excavated soil in digging experiment

X 4.20 |[ZEBRERE T, EBREoEMES a7 RO EEYmE SR G S22
HEHicL, TR HEEZEITS.
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Fig.4.20 Experiment environment

Raking mode Ol XT A —4 %23 43 1R T. HEEZREHIT 56, HEIOOK
INTEY, PV ZO\EBREML, U o FORENES 8D, EHUTHEY, HAE
W LRI SN EDZENRKREL D, A== a— ERNEI VT RDH T LN
THE I D72, Raking mode OFIEHINT A —Z X HEET Y VU ZHEE PRSI ZALT

HEITERE LT,

Table 4.3 Parameters for the bucket control in digging experiment

Initial bucket angle ¢z 54°
Initial raking angle e 10 °
Raking parameter d ye /d¢r 0
Translational velocity v 32 mm/s
Rotation velocity ¢ -10 /s
Initial x position 660 mm
Initial y position 0 mm
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F70, B2V HFOEIFEAS A 1L Table 44 [ZRTHDOE L. K3V X OHIES
A THRE 20 R L, ERREICE LT,

Table 4.4 PD control parameters for digging experiment

Boom Cylinder Stick Cylinder Bucket Cylinder

Proportional Gain (Kp) 0.04 0.055 0.03

Derivative Time (Tq [min]) 0.001 0.001 0.001

¥, Bk X 91z, HWEIOREDOT-DIZ, PD HEE LTWS., b DO ERS
A TAT o T E B RE IR I SE5R O fE 4 X 4.21 (2R,

T T T T T T T

500 —#— Target trajectory 1
—O—Measurement trajectory

0 100 200 300 400 500 600 700 800
x-axis [mm]

Fig.4.21 Result of trajectory in digging experiment

B 4.21 (\ZRT KD ITHRHIBIAAR D H1E, AR TEA U7 SEMESE D 72 8 OHilEIC
KV, T=AV VU ENAT 4y IV RNy N U HEHART, B 2
EC, BEELE LD LIRWVEHIBLE L 7eo 7. 2Dk, N7y FEFDL ETFLZENT
=9, BEMEEIIST CEE L, 2RI EENSORNNRRZ EBE 2 HD. N
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v MIEENSDOKINTEY, £V X OWRENC T 2N 2521, Z o
F o TU U U FOMFHRE DOHIERE LT L, FHCAT 4 v 7 U R3Oy
HZENTET, ARG TIER Lz, 72, &2V XIS U CTHIBI ST
BY, TEXNEZTIRETEE ) VX OMMERICHY NELC L7280, £V o
PR 5 X O ITHIET DR H 5.

F T, HicligHHa Y hr—2 L LT, VU X ORERIEICNE, >V &
WEOPHIEAZBIMLE. AT ADT 0y 7 K%K 422 1R
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+ Controller
, . L
Target velocity + PID + Valve Servo Motor Hydraulic
Controller | + Compensator (Rotary Valve) Cylinder v
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Fig.4.22 Block diagram of improved digging controller

ZOWEEI 2 hu—T OKGIET A R 45107 T. BREEEORIE S A 135 v

U > % LR THiE S8, £ OIS G FZBRAVIE Lz, g EOHI 7 A 13 mH
0L, EERAICIE LT,

Table 4.5 Velocity PD control and length P control parameters for digging experiment

Boom cylinder Stick cylinder Bucket cylinder
Kp 0.032 0.044 0.024
Velocity Loop
Tp [min] 0.001 0.001 0.001
Length Loop Kp 0.1 0.12 0.12

FEORYIHay he—FFHWT, X 421 TR UL7EFEER L FEEED /ST A — & TiliflE

BIEFEBRZIT 72, FERZX 423 127
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Fig.4.23 Result of trajectory in digging experiment by Velocity PD control and length P control
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Table.4.6 Parameters for the bucket control in verification experiment

Threshold of mode switch 700 kPa

Translational velocity 32 mm/s
Rotational velocity -5°/s

Raking mode | Initial bucket angle 50 — 70 °(every 10 °)
Initial raking angle 10 °
Raking parameter -0.4 -0 (every 0.1)
Translational velocity 19 mm/s
Rotational velocity -1.1°/s

Lift-up mode
Lift-up angle 60 °
Holding time 0.15s

PEHIEBRICBITDHEEBE = RLVXIE, ROFETRD D, X 424 ([ TEBEDO D &
DR % 7w,

D
PEXI
L

Fig.4.24 Illustration of the hydraulic cylinder
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4) (4.3)

nHAOT =2 NoDHLTHE1 OOV XITBITHEETRLF EIZLLT O TERYE
5.

E=§EEAM (4.4)
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00 OEE OIAIE Z X 4.25 12, AR & HE T XL OFREREZ ZEK 4.26,
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Fig.4.25 Digging trajectory in verification experiment (Lift-up ON)
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Fig.4.26 Result (Payload) in verification experiment
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Fig.4.27 Result (consumed energy) in verification experiment
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Fig.4.28 Experiment result (Lift-up OFF)
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Fig.4.29 Extension side pressure of stick cylinder in verification experiment (Lift-up ON)
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Fig.4.30 Extension side pressure of stick cylinder in verification experiment (Lift-up OFF)
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Fig.4.31 Extension side pressure of bucket cylinder in verification experiment (Lift-up ON)
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Fig.4.32 Extension side pressure of bucket cylinder in verification experiment (Lift-up OFF)
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Table 4.7 Experiment result (Lift-up ON and Lift-up OFF)

Payload Consumed energy | Efficiency index
Lift-up ON 387 12.9 30.0
Lift-up OFF 397 12.9 30.6

Xl 4.25 @ Lift-up ON, [X 4.28 @ Lift-up OFF O#RHI#LIE % Hiflg+ % & Lift-up mode (2
£ 551 & ETFEMEIC L - T Liftup ON O L3 WIEHIIC72 5. Liftup ON DA, X
429 2R T XD, AT 4 v IV HXDENBEEEZ#E %, Lift-up mode |2 L 55| X
FFEMEEZTTS . K 429 L0 A== a— NI DL ODES EBIEMITICR S
2B HEHTE TV 5. Liftup OFF O34 TIEIX 4.30, X432 18T L9 ICRE LM
fEEHEZ TS, K431 IR K217y FOE S Lift-up mode DENEIZ L - TH
HPMETFTLTWS. ZD X 9T Liftupmode 12 & » T, #EINO K 2K <&, BE
(ZRRE LTe—EDESMHE TORAINFIRE L 70 5. 7235, K427 1R XK 91240 BLL
BECIIENPREZEZ TWDA, ZORECIHBEICHIEIAK T LTHY, tHoERE
E7my hR=YOEMEICE Y ENPREEBZIZEZEZOND.

4.7 (2% X 51T Lift-up ON O34, Lift-up mode (2 & 0 EWRHI & 72~ 72728,
P B 1% Rakingmode DB DIBEDHNEL poT-. £7-, MEHTR/LXILFE UMHE L 72
v, 207w, HINEIT Liftup OFF OGO NE < oo, Tk, K430, K
432 12T K 91T, BRE LTZBEME 700 kPa &8 % 7= % IR O JFE ) CTHEHI S 4u T
%72, Lift-up mode CHENI L 7-454 & I\ MBI CHENI S 41, Lift-up mode 1 X 58] % -
TEMEOB & BEEKIC R s Toeb EEZBRD.
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DHENIZELE > TW25E, O TFHIR AR KR & R 10338429 5 73, Lift-up mode 12
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SRVENETHS.

INBHDZ EnG, #2472 Raking mode & Lift-up mode % #HA A ot 7= H BhHEH] 7
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g EIRVEZR L2, v a2 b—y g TERICBIT A IE 2R TE TV
LWz D,
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