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Table. 1 Hydraulic pump specification

Hydraulic Pump

Displacement 20 (cc/rev)
Rater input speed 2600 (rpm)
Relief setting pressure 380 (bar)
Maximum torque 250 (Nm)
Tilting angle 0 ~ 18 (degree)
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Fig. 13 Efficiency map of hydraulic pump
25.2 S ng
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SEE DRIVE SHAFT TYPE) - D
TABLEZ |

Fig. 14 Hydraulic motor

Table. 2 Hydraulic motor specification

Hydraulic Motor

Displacement 14.4 (cc)
Minimum speed 300 (rpm)
Maximum speed 3500 (rpm)

Maximum pressure 210 (bar)

Y ZEHO &% 9 Huot tifR|R IA AA &-&(Volumetric efficiency)®t 7174
A 7 -&(Mechanical efficiency)2 Us 4 QQO0WH o] & 71X 882 J5to] Mol X g&
(Overall efficiency)g & 4 0} Fig.1bo= AY Ao Hx|d f¢ ZE AA 5&
1 7IAR 582 UE Yolew o] ZHA] 2s5tet s £= R oA @2 HoJEE 7[¥te

S o] &sto] ALbskIth. olZE A AMtd AA s 84 882 0|88l A(6)Z

09

= 2(4), 0)s
olgal A &S #+¥ 4 fdon ol RHO 5852 AL® AojHA A nEo A
Al Al2" 282 T AP7Ied AHEEN. B ZEY &2 WAV a&n I oyXA]

s AlARlH EQ3F @40]7] o] ol2fdt a4So 5ge uelF 9 wE & w2
Alofsiu e} wrly] Wat g20] Aojr}t Wastct,

—_

T,

e 2T

o =D (4)
_ D'm ° O‘)m (5)

T’v.m Qm

Nom = M+ Mo (6)
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Mechanical efficiency Map Volumetnc efficlency Map
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15 = 15 S &
10 / 1p —28
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speed (rpm) speed (rpm)

Fig. 15 Efficiency map of hydraulic motor

253 s8¢

2 Ao /\]--Q-Q A AX|= 2719 A7) AHZEES AE 8]—
EEMD# A= Table.30] LYEFHRICE 75kWeo] RE= AlA

1’87101 7HE401 o AZ2Eo] o, 55kWe] RE= AJAFS] Bxs(H7] ZE) i
HR7] AT stol 7371019 A7]o] Fofl AZ2Eo A

> nm R
o 1o
M
ot
)
)
[12al
1o

7] & ofe wE 40 =2 4 252 7L ot oo vl WAl AR
2 sje} ouxZ A oUAR o2 O] JIAA oluAlR B ToA Be oUA} A
At A Al’\E“A AMUR 23 FSA717] Holide AR oduA] ae2 BaAoR
aesfop etk & A+t oA= 75kWo AE REE o]gsto] RS tiA|sHy] wiZof ol
gh AT a&2 ootAor 1Yoy Fig.172 olf olg&d tAd Rl dg ARaS
Ueid= a&olth. o2t a& W2 il2sto qiRlo]l =2 asAdA Y & =R
BEES Aojsts o] 2o B& F shtolct.
Table. 3 Electric servo motor specification
Electric servo Motor (75kN) Electric servo Motor (55kN)
Maker Higen Maker Higen
model FMATN75N-AB00O model FMAKNS55-AB00
Power 7.5 (kW) Power 5.5 (kW)
Current 47.6 (A) Current 31.6 (A)
Maaximum speed 1500 (rpm) Maaximum speed 2000 (rpm)
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Fig. 16 Electric motor : (a) 75kW, (b) 55kW
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Fig. 17 Fuel consumption map of diesel engine 16)
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2.5.4 &X7]

Deg Bt s A

of &40l Z & ot o2t RA5S vsto] LY] Asde 22 Hui7] sl vl
AlojByof Ji+ WA WAl7[e] R B3 Alo], ¥AI7[9] #ESHES YRSt ofHX 2]/
aee ARG 2 A9 ARRH AY AXlole LATIE AR A 4] w79
Fig.180] UEhd 7Hdo 247] a5 WM& ARSIt

Efficiency Map
30
25~ \
\_k\ ‘\\
~J_ 1 \
g 20 \_‘\ ‘\\
‘é \\\'\ — \
@15 \{\\ 1-\.\‘\
3 ~
g Py 2
2 10 \\ “\\
‘\.\ ™)
5 i ) T081s
0575_.. 065 0725 o \'\\
0 . " — s
400 800 1200 1600 2000

Speed (rev/min)

Fig. 18 Example of generator efficiency map

2.5.5 874719

SM7)ol= £2 Hujo} WA BRloz AFRE|E: 7|ojo] UE o0 Fig.199t Zro] HAloj
e 2 THE YA @Ast= Planet
gear, 22|11 %]Q]™o] &7]o](Ring gear)2 FAE o] Qct. E3t planet gears AA|Fo =

olelzt 947lelo ApFoRE A, e HaR 2 P4uS 4 4 ok B4, 2 A4
£ 2istoE EU9 ojmel
a0l WA A}, ol2lgt Aol o) we stoluels Ao Atgol Hm ek

ol2gt FA7I01 SJR& et EIE A (7),(8)2 o83t A& Zhestn Aohd Al AR
A LEof] AR ZTofu]= A (9)° Zo
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Ring Gear
(Motor/Power shaft)

Planet Gear

Sun Gear
{Generator)

-

Planet Carrier
{Engine shaft)

Fig. 19 Planetary gear

Nw, + Nw, = (N, + N,)w,

NS—H\/})T B (Ns—i—NT
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N, N, =19 :52
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3. dlo Azt L Aoj7] 47

At = A ARIOA Alo] MeF2 oUA] Aok g&/dut AAR HsS FEAI717] Al ol
8% 2% 5 stuolot. [A| AlARIO] gt Aloje A|AR 5 mEo] it o] Hd2F
ALt AAR BAA0]S gt Alo}7] AR UHD Fig.200] 2 AAAYU x2S YERA
o 1 & Ao7lolA s xojAEH 4E(a), BE 4=H(Pr), 54 /AJEl(State of charge,
SoC)g ¥ o= whol el BRFHY & & (Wenr,wmor), BE AMHZHDyr), 3719 &
A B O] AR (Brean)o] TS Alo] FEYS Fohs HH, A HYst A]ARIY] 1E w
g MEE. oln ZFe2jx]/Beo]2 Aol AN} HEZHA Aol AE(v)e ZHEO
AY A3t o] A 25 Aloj7|olA= mjedl ol Fofl 3719 fFYeet 2719 &3
Holl s z HE] L3t} o]

she AR ZElo] SE(0), HE ABD)S] Aoass =
o el

Al Al & Alof A2 AUA] 882 =olil T Al e e SR oItk

Oll
rr

Controller
N
~ TNy
-r—-————"——~F~F~~F~~~~T~Y—"™" T/ T/ Y/ ——"—""™"— '|r -------------- "
I . I I
: High-Level Wnos, Wenr, | Low-Level !
o _E... Dp.r, B1.2.3.r i!.. : | Wme
15 g !
Po | EM i | Command || u 12 pignt
'l unit | Control [ g B
SOC, 1 [
- 1 [ » B
: 1 : )
T A1,2,3 P2

Fig. 20 Structure of the control system

e 2 A 2EOIN & SRR AYste AR 2EE A8 2 wxEdolxt WAl gt
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1 aF Ao7]oA= o8] 71X As @S Yol FEHd BERE5HO ouUA] BHjES
gst 1 £F Aoj7]e] L2 E UE

A AEj(SoC)E ¢ o g whol FLC(Fuzzy Logic
olg&sto] BEx WEQ 1A} 3 &% (wmerc)s AT o] Ay 2y HI
A =

& % g9 Azt S s "ot olf AtE £E9 olUX] FHlES ARESE AlAR
Ao s A8 2R Aol e\t 922241 Ao ds(v)e 2783

High-Level

a Power

]
| |
: i i 1 Wmo.r, Wenr, Da. , Praar :
| Py Distribution 0., Br2s .
1 : ] ‘
: Calculation |
I [}
Input — y outout
: WmoFLe v }
| 1
i o |
: i MOde ?\1,2,3 llJl,Z :
| P [ - T P
: =, Fuzzy Logic selection |
i SoC Control :
: [ |
I 1
i ) T i
} ;
| [}

Fig. 21 Structure of the high level control

3.1.1. Fuzzy Logic Control

HA| o|g e REASP] EAY AI2E o83t Lol S8 AIRE ESY] ) WA
Y, WA w2, A 24 59 Ee ZASL Yok 3 F wA| et AU FBA
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FLCE mx| |22 8% 71024
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A Al Aol ot elojxiel
MY A2Ee 22 uiE
Aol 7] Aol Ao Ayt £71
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3 ZCjoll FAV} k. o2 FRs}uAL olefdt AFRE AYL FLCE ol g B
GBI olo] JINIEH A A4S Fo] didt 5] BAFeY FARULE 2

Fig.2dols 2ol sigste molAag Ala, Wx 2 92, $3yde Hx 222 9%
BR TEH 3A &£xo] I#SH Membership Functiono]t}. B& TEH 3A &£T= Table.40]
FAIE Ruleo] wa} HsHAIH A=yl Aol ¥ P(Positive), N(Negative), L(Low),
M(Medium), H(High)e g2 A5ttt o]Z2A =&5% AME TH 33X £%9 Membership
FunctionZ}< Al (10)o] UERH COG(Centre Of Gravity) ¥rAl 0 2 Defuzzificationsdtd %]
F5Q wx wE BF 452 AW

Rule based

Input — Fuzzyfication . —| Defuzzyfication — output
inference of rule

Fuzzy Aggregation !

Fig. 22 Structure of Fuzzy Controller
b

Pmo (@) © zdr
CoOG= —*~ (10)

b

Hmo (J) )d.]?

a

Measure the load, get the joystick signal{o)

The hydraulic oil flow
to the tank through the
main valve.

Yes
¥ The hydraulic oil flow
Moetor alone i to the tank through the
Working mode Working mode flow control valve and
hydraulic motor.

Engine Working Engine alone The hydraulic oil flow ta the tank
mode with charging Working mode through only the hydraulic motor.

Fig. 23 conventional rule based control strategy flow chart
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MF

1 Low Medium High
0.5}

L 1 1 |

20 a0 60 80

Pressure(bar)

T T T T
1 Low Medium High
0.5

L I | |

20 40 60 80

SoC(%)
T T T T
MNegative Positive

0.15 -0.05 0 0.05 0.1 0.15
Joystick signal(Q)
1 Positive Low Midium High
L
=
0.5}
800 0 -500 —101]0 1500
Motor(rpm)
Fig. 24 Fuzzy logic membership function
Table.4 Rules table of the servo motor speed
Rule zojag | ) ‘
_ Ho B AH(Po) | 34 JHI(SoC) | BE 2E &% (wmo)
no. A3 (a)
1 L L P
2 L M L
3 L H M
4 M L P
5 P M M M
6 M H M
7 H L L
8 H M H
9 H H H
10 L - P
11 N M - P
12 H - P
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3.1.2. 38 #u]l ¥ 75 2E A=

ofo
rn
offl
)
Mo
=
1o
=
=i}
e
2

o)

Jjeloje] @&zl M7jojo] sM&4EL TableSo] LFE} Uhgich. 1%l mEjo] 2a]xu}
FLCZ £5f Aol 825 2O 88 &&(wmnc)2 A(14)0] st A7]o] 271 £E(w
W) B P b > o AT, B 8F 4ERc 23 HA&Es 37] R A(15)E of
gato] Fj2joje} H17]0je] RS 2T} o < wre AUhE, W SIH £Eo] Hja AF T
SA £E(vae)ot FLCE B3] Asld Bx 2EQ] 88 £E(omndogs WEs] he
o Al (16)2 o] 2Pl WA £ (wemed)S CafZCE Ot AFRE AlARIS] BEH A&
L 200RPMC 2 A stSiTt.

Q=A-v (11)
Q.
= 12
(’l)p 771).[) * Dp ( )
wr.u = (Up (].3)
N, + N, N,

Table. 5 Conditions of carrier and sun gear speed at cylinder up

}l} —7‘5—2_ Wep Wino
N, + N, N,
(15) wlr > Wy oy Widle ( - . )w - ( 2 )UJ
. udle en r.ou
Ns Ns
’
(16) W < Wy .y Widie +wen.ad Wino.FLC
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A S AL AACo)N ESEE 9 E3 A (1)S olgslel 2 4 Atk ol

(7% olgstel 2% WEIZL 25 0 wEo] A: 452 A4k

2% e E3 947lole] 1o Ht 1:19] Jlojulst ALGEY] W Al(18)o] Lehd
1

Wy g = Wy (]'8)

Melole] XML& Eet M7|ole] XA L, O WEE QFxojwiH o] JJ 1WA (Rs)S Table.6
o e Yot A mEje] BaHT 9% 2eo 52 % HF A5 (0 A(19] o
dst] A71ol 27 £E(0's) & T w's < wmorc O AR BE £ES 2 2UZ
OFEAIZITE Omodmt = A7) A= 1A £ L 0|TF Wmolmt < W's < WmoFLc Y& WmorLc H.CF
=2 A7]0l £=7F BRsh7] fiZo A(24)S5 0l&3t wme. S Lottt o]et go] ZF R
SH%o] Table.bofl UEA Al5S o]&5t Al {55 3T w's > wmome B T, HAAHO|
A BEEHE §9° &Y ZHE AlE 2 UAve FTEH 7] giRo /Y ZE F vlgEE
sl +2 4 At o

[

S Folof st ot FFAWES U= FZ Qe A=
NG E= el QA JiAHA ()= Al(22)F ol&s +& & At
N, + N, N,
w,s = (%)widlc - (F)w%d (]-9)
N, + N, N,
Wrtmt = (bT)widle B (F)wmu.lmt (20)
r.d.tm ° DTIL
Q= Q- it (21)
T]’Uﬂn,
o8 (22)

fs = C e \/QPm/p

Table. 6 Conditions of carrier and sun gear speed at cylinder down

}ll ZE—Zj Wen Wino 63
’
(23) w s < Wmo.FLC Widle + Wen.ad Wino.FLC 0
N,+ N, N,
(24) Wino.lmt > w,s’ > Wmo.FLC Widle ( : , )w - ( - )w 0
Amt : . ) idle en r.d
Ns Ns
’
(25) w g > Wino.imt Widie Wimt 65
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Holld 2 Aol 2120l met AFHo= o FYEEe} A BE, AR REH9 &
&, HE APS mes 7 S=Rl/B 013, 2709 HE 22X AEol AFSiAIH o
S Table.70] YeF Wit xolAF Alset <IF, BE REY 9|fl4s P(Positive),
N(Negative)2 YERHIT. A1, A2, AsZ Z2F Fifof, 47101, F7]o 5 Z=2ix]/EB 0|2
tigh Alzoln] &5 AZo] 7t JEHiE on, SHAEC] BoljAl JEHE off2 LE AT
vi, vz £ A2 JiEE Ao 4E 22X|1 29] Aol Azoln JHE 49| L(Left),
R(Right)2 et Wilch o]ZA Ao des2 A & A7z BUXIAY A AolH
of Ao} ol 5 RES9 A2 exampled ©o]-&3to] A3

Table. 7 Control signal for operating drive mode

mode Q@ Wen Wmo | Ay(Carrier) Ay (Sun) A;(Ring) Py Yy
Engine
. P P 0 on off on R R
drive
Assistant
) P 0 N off on on R R
drive
E+A
. P P N on on on R R
drive
Engine
0 P P on on off - -
charge
Regene
] N 0 P off on on R L
ration
Ec+Rg N P P on on on R L
Ed+Ec P P P on on on R R
example)

casel : 200kg, 0.1m/s, SoC=50%

Q= A+ v="7496L/min

Qu

w, = —— = 530.5rpm

! nv.p * Dp
Wmo.FLC — *1127rpm

’ Ns + Nr Ns
W, = ( N )widle - (W)wmaFLC = 6845Tpm
Wen = Widle — 200Tpm

Ay, - 4

Wmo — Ns Wenp Ns Wy = 70 rpm

=>a=P w,=P w, =N --> Engine drive + Assistant drive

en

=> )\1 = 0on, )\2 on, A3 = on, 1/11 = R, wz = R
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example)

case? : 200kg, 0.1m/s, SoC=25.3%

a=Engine drive, b=E+A drive, c=Engine charge, d=Engine charge and Regeneration,
e=Engine drive and charge

o
N

=
-

o

o
-

Reference velocity(m/s)

O

AS]
o
o -
=]
ML
o

30 40 50
Time(s)
— 600 . . . . .

B [8)]
o o
o o
T T
! !

w
=]
o
T
I

Engine speed(rpm

J 1 L 1 L L
200
0 10 20 30 40 50
Time(s)
__2000 . . . . .

- =

o o]}

o o

o o
T

500

Motor speed(rpm

30 40 50
Time(s)

Mode
O o o @

0 10 20 30 40 50
Time(s)

Fig. 25 example of mode selection
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3.2. &} £& A o}7]

Alol7le MAZYE Bash YASL wob AA| Satyt Ysts Sato] AxGtes ofe] o
FololElo] 15 A5S Fb o Atk S5 4 AAHE of2] Jhx] BHAAA 24T
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| Low-Level II
i E ] Wmo
| : -
|nput i Wmor, Wenr, Dp.r, BI.E,Sr +‘ Z = FUZZ\/'P'D Eu : (.lD.kn Plant
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Fig. 26 Structure of the low level control

o714, Kp, Ki, Kax= Z+7F 8]8]] A l(Proportional gain), A& A Q(Integral gain), 0O]&
7IQ1(Derivative gain)o|t}. e(t)= Q== A3 &% Atole] QARo|H, de(t)= 2
A9l 0]E, u(t)= Aol A5 (Control signal)olth. PID Aoj7]9] A¢l(Proportional
-Integral-Derivative Gain)g AAsHA 2451, M= 712 PID A|oj7]9] X}, 2HA]
A 50 243 Aol A5g WEATIE AL ojujFith WA, Quidoz Ao £
Y(Tuning)S Manual tuning ¥ o2 A|3EFQ ¥ (Trial-and-error method)S ©0]&35}9]
28 Uzttt str|gE o]ZE A "R PID Aloj7]= vl AlAEL, WA} AJAED AZE A]A
MY AAE, S8l WG 2008 wdlo] gy AlAo] thste] BEARe Ao] e A
SHAl xgttt. olgjst ZAIE SiAEst’] #4sto Fuzzy-PID Aoj7]E AAISte}. Fig.282
Fuzzy-PID A|017]19] 7I2feg Ut 54 AP RIS Alofstr] {lste] PID Aoj7]
9] A9l &L Fuzzy inferenceso] 95 EQct A (26)9] PID AQl Kp, Ki, Kax= Fuzzy
tunero]] ©Jsto} REE|LL O] P52 TA] Fuzzy-PID Alof7]of =€
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| P
| Keeft)
A 4
Reference— (s \&merf | .
(2 K fe(de —;(Z)—- Plant Output

J D

i K4 de(f!

dt

Fig. 27 Structure of the PID controller

Fuzzy
inference
e(t)
de/dt % Kz, Ki, Kd, tuning
S
)
Reference—(3) »| PID o Plant » Output

¥

Fig. 28 Structure of the Fuzzy-PID controller

Fig.289] Fuzzy-PID A|0]7]9] Fuzzy &2+ F 7§9] Y2 (error: e(t), derivative error:
de(t))2 7HIth. A2 AIAR o) de(t)?] Ztizt(Absolute values)22 004 19] H
95 7MY, d=gkel o] ¥l Z(Zero), S(Small), M(Medium), B(Big)o2 d7stict.
J2]3 Fuzzy inference blocke Fig.299] UENHJA T, Fuzzy YISl Membership
functions& Fig.302t 2},
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Fuzzy PID
controller

MF

LXEN

e
LA
-

Fig. 29 Fuzzy inference block
Fd 5 M B
0.5
0 0.2 0.4 0.6
e, de
Fig. 30 Membership functions for e(t), de(t)
A 4% A7) AACIAE Fuzzy Moi719) rulest stoluale meleeel AlAglo] £,
PID A1 Zh A Zhol 9lste] A Qlon, PID Aloj7|e] HYH Kp, Ki, Kas A &5}
stz sl 12 & Aol7]et oA COG  defuzzyfication ¥H-Z ARESIRLL o] F
Table.82} Fig.319]] UEI9iCT.
UA A AL AR 2elA 52 JhAa Qo olelgh BAE s Ausoz
E2 Ahg8sto] PIDZAEE2{7} stabledt Alo]/dE S ESI= gain H QoA HHZ
ohdet A 201419 Alo] eg o] digh A5 AL oidolo.
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Table. 8 Rules table of the fuzzy-PID controller

de(t)
(kp, ki’ -kd)
Z S M B
Z (S,B,M) (S,B,S) M,Z,2) (B,Z,2)
S (Z,B,M) (S,B,M) M,Z,7) (B,Z,7)
e(t)
M (Z,B,B) (Z,B.M) (M,S,S) (B,Z,7)
B (Z,B,B) (ZM,B) (8,S,S) M,Z,2)
kp ki kd

Fig. 31 3-D rule view of the fuzzy P, I, D tuners
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4. z|”g} 9 AlEold

o] &2 FLCo| 298] As|Xict. ol FLCY Fuzzy inference

) F(Membership function)g =ZgHstc}. o]2{st MFQ] Ao HE
dedAte] 4 £ AlRYA R WH(Error & Try method)oll ok 7gsizlct. oA szl MF
ot FLCE ol&st A2’ s ¥ a& Ao a7 Ao & AFolA = GA(Genetic
algorithm)g ©0]&3td MF2} Aggregation rule, ¢y =23 £zo] ™2 pump

displacementg #|Ast sto] AJAH”l 552 09} ShaLAt gt

=z 1B

4.1.1 §AX 2 12]%(Genetic algorithm)

o

GA= 7|7 & g 12]&(Machine learning algorithm)9] $F £&5=2 At AEd @ XIg}
o] g ol &St FEA AL Yot GA9 7|2 4 Q40+ A=

AE, WA AR I EAR0] ALMA} S0 = Ot 2
BEHG. 9A 54 des dAstL 72 2ATS AL AEsto de2 Frkeit. E5t
A Zagh e AMA A=) At 3o oJ5) ohs AloiE Aate =
ot ot Algie) 2= BAYS Bt & & AF TVEe 55 € UK os
2 ittt Al AlgioA] Azg <l =71 =

ol2fgt WS AN Aol Al AoigtsE 2Aze] Heprt ¢glow dueE2 Ta5H

}.

o

»a

f
o re mx r&

2 APolH AGHE BRYLE AL A AU & AgFolct olF 75|
9% e et 2ol MYHCh WA Yrlo] 5o £IS pach A(28)% 2ol P7loi%
£t 29 o2 A9 A2 Wyl vt Bm £39 g% 2o =39 1 glo] 2ot
ol A(8)2 ol§sto] Ff2olo] AAH A% BEIQ £ Mylojo] AAT BE EY E
32 7tk 2R E3b BA e o Wi 53 Yol WY o Wil 7
FF017] o] (298 Zol UEpch. olF A(30)(31).(32)2 olgstol AFREle} B
& BE 250 A ouAlel WIS Bol AT oUAIE AT olg) AR 2R

Fig.160] Uebd % 2892 o 83T WH7] 28()e Fig170] Uehd L3l7)
BEl/ZHE 28 e)T BIEIE] 28 25 0.952 A
St o]% A(33)2 o] §sto] AAE 2Eo] ALGE oUAIES TSHAOT o] AXE ALG
oAUAI7t GAY BAF4L2 AHE

4>
tu
>
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T , Py = R
— p
n={z Il 2
1—7977, = Tmo when wnlo >< Tma < O (29)

B = fon s T v i (30)

/ = Ny At (31)

/ ngn ® Nive * Moat dt (32)

E.,=FE,+E, 6 —E (33)

sys mo gn

4.1.1.2 GA ¥4 2 2

[

o] AT NS dolizte ¥al Al7]
FLC9 MF 21 evaluation ruleo| &

(B4)= ¥ S=of Ao Tefa o] AptZS X
187k 87bA] Wiah gL Tl Ee RAT

B Apoli:
M2 AgEC) A
I Alo|i o] Alof AR

rr

o &
1>
1o

]

(_)'E

k)
il

=]

>

>

rﬂ

_I

E =

D, = a0 + ay® + a3 P? + a,P* + asoP + agv® P + a;vP? + agv® P? (34)

© A9 FLCO| AH&" MF= ALl EdEio] MPEAIS ARE shlen Atche]Eo] FEjd

oigt oS Fig.329F 2ol Uieb Uitk 479 WS ALgstol MFOIA sfte] Alielzo)
AR Ry WBT 4 AT ULk oleizt MFY HE et WAS Tt QAL e
5o yT WaEH ALGH

FLCO|A] MF valueE evaluationdt= 7}&F tHEAQl ¥FH L min-max 9ot B AL

& evaluation rule€ min, mean, max 37X|2 Wof o] ruleq] MEl Est GA TAH

42 ARt Qe wao] wATe 577Ho HEd WEN it 10002 XHte

G Y A 221 guelEoRt 7 1Y PANS Agsit olF W dd

S AL Al Adl= 1002 2o Algl gt
=)

rE

2 Hl&2 0.35, olF

_3"_



ol

Al
=

J

i 4ojo] A5 Lol of

Fig.340] YetHA

High

Low

——— i — . —

SoC

Fig. 32 Example of MF parameters of fuzzy in GA

o

201 g(x).h(x)&

A sH
1 a

ol )t HHato] AEEE 2

__O_I

.

o 3

gul

f

ol A

olElgt SIYFE A4 L2 WA xi o o

Huo|&Zs

o

I a bt 1d3 540l o

[

of

(35)

1

i

i=1

,a,b)=f(z)+ Yja + g,(x,)+ Db h,(z,)

L(z

(36)

L i=1,2,

(37)

(38)

oa

_32_



0157

017

0.05

v(m/s)

fitness value
~ ~ ~
- [x®] [4+]

~l
[

(o)}
w

U | L

20 40 60 80 100
Time(s)

Fig. 33 Reference velocity

Best: 68.6792

Best fitness value
Mean fitness value

[=)]
o

100 200 300
Generation

Fig. 34 Result of GA Optimization

_33_



4.2. Algold

4.2.1 Aol 2
AZstd dolBE AFe] Astel R 4 FEE AMESimE ol §3ko] BIY 2 A
BeolMe ST Figss oA AWE UZE oux B4 A2EE AMESME o §3hd]

vl Folth. ojgs] MAE AlgclH RPL olgste] WA AXs} AY MAEEL o

Taa
&3t Aoj7lg AEAIA B2 2H glo] AXTHS o] &ste FaE= A2 Hlw W A5
et

Fig. 35 figure of simulation model using Amesim

_34_



4.2.2 Algdold 2

GAE ol&sto 2Ast ARl Biase 7530 YEUI. g ¥4S52 200kgdt 600k
o Z7] & 7HA] ES SAVJEIOl dish Fig.360] L&}
%

O ZolAE AEE YUY gL olgstel ARHoINS APsAT 1 AYESL ok Lk,

Fig.370 LRt Zlat Zo] SoC| 8o 2t 15 & FAFo] Wates e = 4+ Atk
SoC7t Hth® leycle®] Aol s AR Bop SAIFo] Wil SoC7t 0¥ SAF 2ot
AbERFo] W2 7S & 4 9ok TSt Fig.38.390] UERd Zxh Zo] FQtH A|ARN(RZ

H
. | 5
AY 50%)e] ouiA] AFSTFO] AN ALGALL 7|Ee] AlAREC 3 AlolH AuE
S & 39

Sl & 4 Sich ol2i@ AUE vigoR Ax AP Fo AUAY A2%e] A
C}.
0.15
0.1
)
£ 005
©
=
-a 0
ra
L
® -0.05
==
o
Q
-0.1
-0.15 ¢ i j i i —
0 10 20 30 40 50
Time(s)
Fig. 36 Reference joystick signal
Initial SoC 20% Initial SoC 80%
25 [ 200kg ‘ : ‘ : B2 ' '
24
23t
Lo22t 1
a \/‘
21t : / 1
20 \ 1
191
18 : ‘ : : ! : : ' : i
0 10 20 30 40 50 0 10 20 30 40 50

Time(s) Time(s)

Fig. 37 The comparison of SoC depend on initial SoC and load

_35_



200k 600k
1.4 9 3 g

—Proposed system —Proposed system
—Conventional system r —Conventional system
1.27 257 [ ]
~ 1 ﬂ T 2 [4
2 2
= <
o 0.8f 16 15
= =
T T
06 _J: i 1 |
g [ I =l
0.4r 0.5
t [ I
0.2 ' ' ‘ ‘ ‘ 0 ‘ ' ' ‘ ‘
0 10 20 30 40 50 0 10 20 30 40 50
Time(s) Time(s)
Fig. 38 The comparison of power with proposed and conventional system
200kg 600kg
35 60
—Proposed system —Proposed system
— Conventional system —Conventional system
30 50 F
257
w w407
E E 30
o 151 @
c c
L w20+
107+
5 10
0 ' ' ‘ ' ' 0 ' ‘ ' ‘ '
0 10 20 30 40 50 0 10 20 30 40 50
Time(s) Time(s)

Fig. 39 The comparison of energy with proposed and conventional system

ANXIAl A|AENO] H]5] 200kg, 600kge] o} =ZACNA ZtzF 10.1%, 18.5%% ALE o q&|7}
Zagt A 2 4 Atk 600ked T O We &g SAo] Yt gk sl AF Al of
YAl g Sl TEolX= olyX|Z7 § ©7] djZold.
Table. 9 Used energy and improvement at 50% of initial SoC
system load[kg] E,, [kWs] Improve[%]
Conventional 200 34.22 -
600 52.75 -
Probosed 200 30.08 10.1
- 600 43.10 18.3

_36_



._...u|
T

oK

168
=<

2 Al

Fig.40

Fig. 40 Test bench

_37_



o

A}
= 50%

E£c 2
2F
]

VS
L4

:i

=
o

il Zt2+ 0.05, 0.1, 0.15m/s2]

[9

Fig.413} 420] UEpHilon] Alge] x7]

=

=2

o}

7R Rt 2700 o

=
m

Fsic

< 200kg¥}t 600kg
[¢)

2%

=

mﬁ%&ﬂﬂqﬂ <
T % — = O
mvaHQGae% K L : ! o
oo oy JJ K BT Fo A g ks
g,ulm_wymo_ﬂmwﬂ% ey
i, iK [0] ,AO (0]
P mta_ ~% <
,%u = KT 2
mzu = oy B o o or KO - 13
ity TR A ro u g0 SH
1 5] o =<
T g= ol
EﬂlAEL_\_e_eW_‘H_w_EoAIUo um_o
A_'NM — @ = 0
ﬂOdT.I;O T
T . 9ddT . - 1@
e EC T o o
ofo K
ﬂnﬂﬁﬂmﬂu%% T
AT o <R g =
= -
— < - 19 =
q1__A|1_o_ewuboq_mu_lﬂ_w__nﬁm — 4.,.5\
g dmm o - =
xhaﬁaoyARH__ﬂﬁ ) =
—_ X! AL _ . o —
q_@otn__r‘_w% .L_Lue ) i~
UTsg3Tlss E% i 19
%“a.mq_.ﬁmuorﬂ% mwA_.
K K N
= w0 == o O i
uxe_me_ﬁ.mwﬁ_r_%ﬁ mﬂi_
mﬂ,_anln_u__.; w..oﬂ mm:._ K o
I TR i Y Ko R - 18
= 3} ~ : 108 e
Eo,.._/lLMQ. W]ﬂoﬂl ME__OL
A — X fo o <X =
KM X _ _.mq_ao% = oV
- Xlo o) @b 0 o o
THow gt o
T 5 5wy K o - 3 2
| o ™ ﬂ_H7 1_|H_._E E_EJI
a ErA_l‘_O - ~N
Al R FEE T oy A
:_Mem] R T of
J4 T oy " 5o w0
7B aﬁwﬁlow ] < T _ _ _
WE TR o . =
W o = oK o) XA b= Q = = ™
A < oo - 1o = =) S
o - o =
ol A3 = 76« D o o < o™ i T
. RN TE (wwhusweoeidsiq (syw)Auoojop
T ol o oo %o oju T of afa] ' '

Time(s)

_38_



70

60

T T T

I M I I
o = o
I o™

300

£ E £
= o =
- < 2 B 1o = 18 L i
)
o B = o
L 18 o™ L 18 L il
L 1
L 1 o T L 1 o = -
| 1 (o]
| 1 (=) o o o o L : —
2 S 3 S 3 3 & 9 |’ ° S
n?_ a?_ m1 = - i (wN)enbioy suibu] (wN)enbioy 1010
(wdi)paads suibuz (wdi)peads Jojop

50 60 70

40
Time(s)
- 39 -

20 30

10



o]
o

)]
o

a]
o

Pressure(bar)
b
o

o

Power(kW)
M

1 n I -]
O i J | | | | | | |
0 10 20 30 40 50 60 70
Time(s)
40 T T T T T T T
©30F
=
=
§ 20
2
w 10 -
0 | | | | | | |
0 10 20 30 40 50 60 70
Time(s)
Fig. 41 Result of experiment at 200kg
E 600
E
5
= 400
M
%
= 200
w
O
0 | | | | | | +
0 10 20 30 40 50 60 70
Time(s)

—Rod chamber pressure
—Hydraulic pump pressure
—Hydraulic motor pressure

o
Y
o

40 -




-0.2

EEE_S_&M,

30 40 50 60 70
Time(s)

20

10

300

I
o o
o

o o

(wdi)peads suibug

20 30 40 50 60 70
Time(s)

10

2000

I
=]

1000

(wdi)paads Jojop

-1000

20 30 40 50 60 70
Time(s)

10

50

40

Time(s)
- 41 -

30

20

| — | | o

o o o
=+ o™

(wpN)enbioy suibuz



Motor torque(Nm)

Pressure(bar)
r O
o o

N
o

Power(kW)
- N W

o

50
g 40
> 30

S 20
W 4o

0 10 20

60

70

—Rod chamber pressure
—Hydraulic pump pressure
—Hydraulic motor pressure

Time(s)
1 | |
0 10 20 30 40 50
Time(s)
0 10 20 30 40 50 60 70
Time(s)
Fig. 42 Result of experiment at 600kg

_42_



Do)
[>
@
O

i)
|JO
O
[

HHJ
>4

i

>

[~

o

tjo

=,
rO

ol

=L

2

(1) M=g Fe) stoluejs g mpiE el AAS Aorshs FHH Aok Al A8l
TxH 542 olgslof ofe] 1A P BESS A

ol
_o'y‘
4%
o

(2) Al2= 7bEo] Qo] 2R &£} Ratxdd, ojux| FHU] wet 25 Reol & £
I BE BN 5 Puls ANst: Fuzzy Logicd FYST Azoolel 5ol Hojye
gty 517 918 Fuzzy-PID controlerS A7 st9ict.

(3) Aot Al2Elo] Alg o] 2HS Amesim -Matlab/Simulimk FA]&2o]AdE 0]

&sto] fLHsIT. o2 7HA] A&’ @450 58 W, AAY Aol A AojvlE AR
sto] Alggfo]dE ARdstal Al Hoteh A& e EAC} oA &5 TF &F
= EﬂolEie o]-g5to] AJARD AREE| = ofufx|et AR oHX|E Al4tsto] A]ARIO] ARG
e F oUXE st

=
)

=743 FLCE agfsto] oyA] a&2 =tist

o A28 QA5 uAAAY &g
Je2]1 Aggregation ruleg GAE ©o|&sto] z|Ast

g 4 9l=S WE AW FLCY MF

stoich. AKate Wao] os) Bx BE R wisle] P4} £ ALY 582 I
clstAlZAct Al gelolie Fo) Aok AlAme 200kg %S 10.1%, 600kgS] H9 18.3%3t
=2 o
o]

_I

"e‘ﬁés ol L A oux] a2 FF

Aol A2 &al o3 M=

_43_



IET 4H4

Ak A, 2014.
St A

AR, “AA AA7IAG S AT S A, % s 73
EE e I o RSURIANE

R K
T FAA7A O A7 AdE T4 vk =
[3] T. Lin, et al. “Research on the energy regeneration systems for hybrid hydraulic excavators”,
Automation in Construction, Vol.19, No.8, pp.1016-1026, 2010.

[41Y. X. Yu and K. K. Ahn, “Optimization of energy regeneration of hybrid hydraulic
excavator boom system”, Energy Conversion and Management, Vol.183, No.l, pp.26-34, 2019.

[5] Y. X. Yu and K. K. Ahn, “Application of Hydraulic Transformer on Energy Saving for
Boom System of Hybrid Hydraulic Excavator”, The 20th International Conferenceon Mechatronics
Technology 2016, Dalian, pp.118-123, 2016,

[6] Y. X. Yu, E. J. Jeong and K. K. Ahn , "Review of Energy Saving Technology of Hybrid
Construction Machine", Journal of Drive and Control, Vol.15, No.4, pp.91-100, 2018.

[77Y. X. Yu and K. K. Ahn, “Energy Regeneration and Reuse of Excavator Swing System
with Hydraulic Accumulator, International journal of precision engineering and manufacturing -
green technology, 2019, https://doi.org/10.1007/s40684-019-00157-7.

[8] Y. X. Yu and K. K. Ahn, “Improvement of Energy Regeneration for Hydraulic Excavator
Swing System®, International journal of precision engineering and manufacturing green
technology, Vol.7, No.2, pp.53-67, 2020.

P1Y. X Yu and K. K. Ahn, “Study on the Energy Regeneration of Hybrid Hydrualic
Excavator using Hydraulic Transformer®, 16thInternational Conferenceon Control, Automationand
System S2016, Gyeongju, pp.16-19, 2016.

[10] S. Y. Lee, “Development of Simulation Model for PEMFC Hybrid Excavator”, Journal of
Drive and Control, Vol.16 No.3 pp.16-22 Sep. 2019

[11] Y. X. Yu and K. K. Ahn, “Energy Saving of an Electric Forklift with Hydraulic
Accumulator”. ICCAS 2019.

[12] X. Hea, Y. Jiang, “Review of hybrid electric systems for construction machinery”,
Automation in Construction, Vol.92, No.1, pp.286-296, 2018.

[13] M. A. M. Zulkefli and Z. Sun, “Fast Numerical Powertrain Optimization Strategy for
Connected Hybrid Electric Vehicles” IEEE Transactions on vehicular technology, Vol.68, No.9
2019

[14] W. Li, B. Wu and B. Cao, “Control strategy of a novel energy recovery system for parallel
hybrid hydraulic excavator”, Advances in Mechanical Engineering, Vol.7, No.10 pp.1-9 2015

[15] D. Wang, W. Lin and Y. Zhang, “Fuzzy logic control for a parallel hybrid hydraulic
excavator using genetic algorithm”, Automation in Construction, Vol.20, No.5, pp.581-877 2011
[16] J. Yang, L. Quan, Y.Yang, “Excavator Energy-saving Efficiency Based on Diesel Engine
Cylinder Deactivation Technology”, Chinese Journal of Mechanical Engineering, Vol.20, No.25,
pp-897-904 2012

_44_



I. 7] AY

1
Jfu

sign Explanation unit
GEN Generator -
ES Energy Storage -
IVT Inverter -
CVT Converter -
EM Electric Motor -
PG Plantary gear -
MCV Main Control Valve -
Ns Gear ratio of sun gear -
Nr Gear ratio of ring gear -
Wr Angular velocity of ring gear rev/min
We Angular velocity of sun gear rev/min
Ws Angular velocity of carrier rev/min
Tr Torque of ring gear Nm
Te Torque of sun gear Nm
Ts Torque of carrier Nm
N p Mechanical efficiency of pump -
No.p Volumetric efficiency of pump -
No.p Over-all efficiency of pump -
Pp Pressure of pump bar
Dp displacement of pump cc
Tp Torque of pump Nm
Qp Flow rate of pump L/min
Wp Angular velocity of pump rev/min
N Mechanical efficiency of hydraulic motor -
No.m Volumetric efficiency of hydraulic motor -
No.m Over-all efficiency of hydraulic motor -
Pm Pressure of hydraulic motor bar
Dm displacement of hydraulic motor cc
Tm Torque of hydraulic motor Nm
Qm Flow rate of hydraulic motor rev/min
Wm Angular velocity of motor rev/min
o Converted joystick signal m/s
SoC State of charge %
FLC Fuzzy logic control -
Wmo.FLC Angular velocity of assistant motor dicided by FLC rev/min
M Control signal for carrier clutch -
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Control signal for sun gear clutch

A3 Control signal for ring gear clutch -
w1 Control signal for double clutch 1 -
) Control signal for double clutch 2 -
31 Area of main control valve orifice m?
R Area of hydraulic motor valve orifice m?
Bs Area of Flow rate control valve orifice m?
Vi Targeted velocity of cylinder m/s
w'r Reference velocity of ring gear rev/min
Wr.u Ring gear velocity at cylinder up rev/min
Wen Angular velocity of engine motor rev/min
Wmo Angular velocity of assistant motor rev/min
Widle Idle velocity of engine motor rev/min
(Wen.ad additional angular velocity of engine motor rev/min
Wr.d Ring gear velocity at cylinder down rev/min
W's Reference velocity of sun gear rev/min
(Wmo.Imt limitation velocity of sun gear rev/min
Wr.Imt limitation velocity of Ring rev/min
Qps Flow rate through flow rate control valve rev/min
C viscosity cP
p density kg/m’
MF Membership function -
GA Genetic algorithm -
Br Reference value of orifice area m?
Wen.r Reference value of engine motor velocity rev/min
Wmo.r Reference value of assistant motor velocity rev/min
Dpr Reference value of pump displacement ce/rev
Ten Torque of generator Nm
Tmo Torque of assistant motor Nm
Ten Torque of engine motor Nm
Nen Efficiency of engine -
Newt Efficiency of converter -
Nivt Efficiency of inverter -
Mgn Efficiency of generator -
Noat Efficiency of battery -
Een Used energy at engine kWs
Emo Used energy at assistant motor kWs
Een Generated energy at generator kWs
Esys Used energy at whole system kWs
u Control signal -
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I. A9 ZA A4
Clutch Speed sensor
Maker MIKI PULLEY Maker Setech
Model 125-16-12G Model MS-2000
Voltage 24(V) Maximum speed 20000(rpm)
Maximum speed 3000(rpm) Voltage 12(V)
Rotating part inertia 1.35x107%(J) Pressure sensor
friction torque 80(Nm) Maker Gefran
Double clutch Model ks-n-e-e-b25d-m-v
Maker MIKI PULLEY Maximum pressure 1000(bar)
Model 121-16-10G Voltage 10(V)
Voltage 24(V) Flow sensor
Maximum speed 3000(rpm) Maker Kracht
Rotating part inertia 9.05x10°(J) Model FDA7000
friction torque 160(Nm) Maximum flowrate 80(L/min)
Flow control valve Voltage 12(V)
Maker rexroth Displacement sensor
Model 4WRA(E)B6 Maker Setech
Maximum pressure 350(bar) Model ps-pm-1000
Maximum flowrate 30(L/min) Stroke 1000(mm)
Current 1.24(A) Accuracy +0.25%
Torque sensor
Maker Setech
Model TMA-10KM
Maximum torque 98.07(Nm)
Voltage 10(V)
. #xst W
D [ SoC MF | -wmo MF | +omo MF | MF rule
1 8159659 -0.95906 -0.28853 0.407811 -9.68475 O(min)
2 7784635 0 0 =22 786 0
3 -9938926 0 0 -371 793 0
4 -7994444 30 40 -500 791 0
5 8746751 30 22 -400 2(max)
6 9957556 60 40 -850 0
7 9424094 60 40 -850 0
8 7830888 65 51 -900 0
9 55 50 -900 2
10 63 93 -1600
11 60 45 -1299
12 80.0332 100.5764 -1600.99
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Excavator system proposal and research
on efficiency improvement using combined
Hybrid hydraulic power train system

Yong-Soo Park

Department of Construction Machinery Engineering
Graduate School, University of Ulsan

Abstract

With the recent emergence of fossil fuel depletion and environmental pollution
issues internationally, the construction and industrial heavy equipment sectors are
required to develop technologies to reduce emissions and energy consumption. In
the next year, the US is expected to enter into force “Tier V' and “Stage V.~
including emission regulations, fuel economy and CO2 regulations, and Europe and
Singapore are banning the use of engine-powered construction equipment indoors.
It also announced that it will ban the entry of engine-powered construction
equipment from major cities from 2025. Currently, research on energy saving of
construction equipment is actively being conducted to solve such environmental
pollution and fuel economy problems, and hybrid systems including energy

recovery are one of the most popular energy solutions.

For such an hybrid system, this study proposes an excavator system using a
hybrid hydraulic powertrain system that combines a power distribution hybrid
system using planetary gears and a parallel hybrid system, while establishing a
system control strategy using fuzzy logic. And, by optimizing membership functions
and various control variables in fuzzy logic using genetic algorithms, maximizing
efficiency, constructing a simulation model using Amesim - Matlab/Simulimk

co-simulation, verifying this, and experimenting based on optimized parameters

and controllers. And check the matching of behavior and trend .
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