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Abstract: Recently, as environmental regulations for earth-moving equipment have been tightening, advanced
systems such as electronic control, have been introduced for energy savings. An IMV (Independent Metering
Valve) consisting of four 2-way valves, is an electro-hydraulic control systems that provides more flexible
controllability, and potential for energy savings in excavators, when compared to the conventional 4-way spool
valve system. To fully maximize use of an IMV, the bi-directional flow control valve that can regulate a large
amount of flow in both directions, should be adopted. The hydraulic circuit of an IMV applied to an excavator
from an overseas construction equipment company, reveals the flow control valve with the compound of
proportional solenoid valve for first stage, and 2-way spool valve for the second stage. Moreover, the two
spools are interconnected by a feedback spring, presumed to compensate for flow force acting on the second
stage spool. This paper addresses the static analysis of flow control valve in an IMV to investigate the
improvement of robustness, against flow force by the feedback spring. From the steady-state analysis of flow
control valve model, it can be concluded that the feedback spring facilitates maintaining linearity of spool

displacement for control input, and relatively constant flow for load disturbance.

71 M4 k, : spring rate of PSV spring, N/m

s -

A, : PSV control pressure acting area, m>

S

r A,.; : PSV orifice area for leakage, m?

m

: magnetic force, N

p. : flow control valve(FCV) control pressure, Pa

x, : PSV(proportional solenoid valve) displacement, m

x4 - initial compressed length of PSV spring, m @, : FCV displacement, m

A, : FCV pressure acting area, m”
k’U

(2

s © supply pressure, Pa

_ - PSV control pressure, Pa : spring rate of FCV spring, N/m

pop @ PSV reference pressure, Pa : spring rate of FCV feedback spring, N/m

A,y FCV orifice area for load flow, m”
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Fig. 1 Unidirectional flow control valve
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(b) schematic internal structure
Fig. 4 PSV(Proportional Solenoid Valve)

Table 1 Assumed PSV specificaitons

Symbol Unit Value
dy [mm] 5
dy [mm] 6
k, [N/m] 8,000

dyy [mm] 1, 2
Psr [bar] 20
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Fig. 5 PSV control pressure characteristics

6= 3 =9}
 CEEDRE
wAlo] L. 9]

Av (pSR - psu) - kz ('rv + va)
k’Uf( 7.’Eé+$vf0)7Fq:O (7)
o opQf

Fq - a{wgl‘q 0 4311.)3 (pb pc)xz

. A%

Q3= @,

Odwi{xi (pb pc) CdAlorj Pe (8)

2,09 x0T WH AIYI dTu) AEEO 2
7] 4O HlE Seo]=lE Aot p ol o
3 FrEFAlo e ~EWe] o 7 Y EHA B B
e skt AVIME BT s

st T F 49 A¥ sl=HE AAY p, 7t T
e v fFFEAoBBe] ~FWHSY] o, 9 A p 7t
AR
Av(pSR_psc)_kvwv_kvf(xv LL‘,’)—Fq:O (9)
W3Ly 4/ (pg—p[;) = Am-f \/E (10)
] Psr
. L
]
pSC
Feedback spring force 3
p,, hydraulic force y 2. Ds
k, spring force L s
Py Hydraulic force x

9,

Mechanical force
feedback spring

(a) hydraulic symbol

1
sol
—>
© D
d
D T Fm
g

77773 -

N

tx,

“|§ V
F§§

NN

7

(b) schematic internal structure

Fig. 6 Proportional flow control valve

Egloje - HEE 2018. 12

43



3.3 dHld REAOUE 41 Botpa o= AzZ2lo] gle 47
Fig. 62] 2% Hl¥| faFAloldE FEA Zde 32 ps=p, =081 FelellA s vE EEwol=
Ao AN S4e Yeile 4 (9, (1003 9B Aojgdvtoz fFAlolmE WeE AdE
HlE Edwols AFd] MEm Axydo] F7bE REEA0R Q, =0, k, =09 2L 13t 4
3 J @A A5 r VedH. (9)-(12)8] HEA FA2S A 229
F, = Ap—ka,+ky (e, —2,)=0 (11 A, (pop—pac) — by, =0 (13)
WL (Dsr—Pye) = A/ Dse (12) F,—Ap,,—kax,=0 (14)
Table 2+ a4 flafl 7PHE Aol RE A w1\ (Psp— Pse) = Aoy \/ Dse (15)
S Yehdth 7149 dy = 10mm 2] 2EHAHL 7|E
MCV 2ZHA R A w25 125HA] ghof i 2 (13) 0232
Biole] mg fRuHde dAet fAlsit v=
W ~xd) f5Ye] YIS FASIAS W EA 2, = A, (pep—p.o) ] k, (16)
E Hudbee p.=0¥¢ W 2 (9EHH
(@ )max = Aypsn/k, ©1H 2F 2mme] T, frEAo| e ~EWS 5 = HH SHo]=lE

Table 2 Assumed flow control valve specifications — » x4 4 7F 9AsE A

AAY p, R gl FHE 2AEE 28y
o]

& pol & sk

=0
Symbol Unit Value 2ZWS g 7} BAYSHA A
dy [mm] 10 Fig. 72 d,,; = Imm oA Fahfaa gjow ~x2
k, [N/m] 80,000 Fol gl A A9 F, ol 0E fEAon ~
ko [N/m] 10,000 U9 2,9 AGRH 58S depdd AE
dior s [mm] 3,4, 5
Dg [bar] 300
—0
4. HE RZLHO|LE HSMEA 16
Fig. 69 wl# frgAloldne vl &¥icol= "
B A71Y F, ol FoIA@ e &dmolsln 2 .
EW 2, AAY p, 7t AARFI o] whet FA
ol B ~ZWY g 9 ZE7] AAY p It FEH 4 4
el vldE dieg Ao A9 sl® At 71 '
d AEY 2o BRAde ASeal fresEe B 4 5 o 5 2f
ate FEw ~xR)o] 7eS 5] 9kl o
I e 2044 AE F 9 BaaEF @l el Fig. 7 FCV =, characteristics with @, = k,; =0
o

44

E, ol vlgshs Alolst p ok o Rldsks 22WH

BalfE wEm Axygol i A r,9 E4¢ AT § Aok mepy fEAo R
PR lal v =9 2o gl A g Sose f3 os) BAEE F5Yo) o
PO F = 2Ll /= Ay g EEol=MBE o)A MPH f3A o

PH Aozt 7betE & 5 Aok £, =p,. =0

Journal of Drive and Control 2018. 12



A o FEAEE AW (2,),,, > °F 2mmE
334800 A Alabe Aol At

42 S5ta2F 1 e Azalo] gle 4R
HE EEicol=MHE Aojgro R fgAojuE W
A 7PN E 2AE 4183 T} FEFA o]
WHo| FEgo] Agshs Aexddolth =g &
3 ko) SR

go] glemg ,=09 =4
9-(12)2] A5 WEHE v 2

Av(pSR_psc)_kvmv_Fq:O (17)

E] = 043’[1)3 (pS - p(f)wv

W3y 4/ (pS_pc):Alorf\/p_c (18)

Fm - ASpSCi kS'rS = 0 (19)

W (PSR_PSC):AOrf Pse (20)
HE &dcojmilE

(20)2 F3krFe] w4

oz fEYd PRIS % 5 AUrk
Fig. 82 H|H

7PN ANF

w2 fEAo iy ~FWe] 2,9 A

Uebdth d,,, = Imme]al FaiEFe WsiA7)7]

Akl dy,,;=3,4,5mm =

Q7t 2 dy,; = 5mm<l Aol 2 FEHe o5}
[ex]

u
[k

F Qo o3 FEHe] A YOoEE F =1N|
A oz, =1.71mm R} FEFAYE ~Fo 2§}
+ Aofdtel o3 Hol & A, pgy= 15N°|L
digey = 5mm oA 2ZFe Agat= Hd F5Y

%3

116.IN°] B2 &-=8o

of Mg 3¢ & 5 Atk 53, HEHL v
wolEMy A p, 0% WAHE fuAoE
ﬂ —

HE] g, o wjg- E
2 f5EE& SR o IMvl

FEAEERE o] &57] ofF¥rtal o FHT) Table
< A71Eo] INY o) FehF 2892~ 4,8 2

20004 §Ao Y FEyes Yehat,

43 R5tRen mew Az2iol s AT
FEEE RAE] dstel FFAoNn ~F)
ule] LelmolMlE 2ES Adshs oW sx
gol 1" AEA TN 4 9-(12)= 7ed
o S Axy] A k= oHlE EFEols 2~
2.0 200
—0—Xv, dlorf=5mm—=— Fq, dlorf=5mm
1.8 —o— Xv, dlorf=4mm—m— Fq, dlorf=4mm
16 N —o—Xv, dlorf=3mm-—s— Fq, diorf=3mm 160
O\

Fig. 8 FCV =z, characteristics with k,, =0

Table 3 FCV data with k,, =0 at F, =1N

m

djor f T, P Q4 F q

[mm] [mm] [bar] [lpm] [N]
3 1.71 295 66.6 11.8
4 1.29 274 114.0 46.0
5 0.41 90 102.2 116.1

ol Zg3h= o A71Eo] 18No|aL FEFAo B
HHLA7F 2nmY S 1HEF Imm HE Al 10N2]

»xgdo] HY Lol AFo] ZLIEE
10,000N/mE A4 &}s]ch.

FsHrEol fle 9ol Ew ~xgo] Ay
W FEAEE WE o o WaFe] TasE &3
E Yehdoh diushd, o= A71E 9 o Hop
e YEMZ £, =0¥ W z, =00|EE &M
2xzdo] AZAHN k (2, —z,) AFEHE= =
2 o] pFEo] 2|

= g ko g zgahA Hch
= = B AAY p,. 5 ST

Hoj ¢, 7} ZaEHE &35 yehith

Fig. 9% 2ZW9 2,9 vdgAe] A L=

zol A M2 Axgo] gl

45

Egloje - HEE 2018. 12



i)

wle fEAo e HEA
9} o] Frul Az oF=EHo

7} Basigon Ad F,

sfolch. EA1g
| olal 2, Auasg)
| el B 2E

2.0 200
—0— Xv, Kvf=0 —o— Fq, Kvf=0
18 o —e— Xv, Kvf=10000N/m-m— Fq, Kvf=10000N/m
16 o 160
\O
14 o
12 \o\ 120
(e}
E 1.0 A =
£ \, 5
; 0.8 80 W&
., N
0.6 e Q
*e
0.4 _>.<:/"' m—=g 40
—m— o
= >ﬂ»< \ .
0.2 oo ® o O NE—p
0—o—o—0—08 \.§Q§O\ ~OTE—g
0.0 O—0—0—p—R=p_
() 5 10 15 20
Fm[N]
Fig. 9 FCV z,, F, characteristics at d,,,;, = 3mm
2.0,
—o—Kvf=0, dlorf=5mm
18 —o— Kvf=0, dlorf=4mm
16 N —o— Kvf=0, dlorf=3mm
. RN —e— Kvf=10000N/m, diorf=5mm

—o— Kvf=10000N/m, dlorf=4mm
—o— Kvf=10000N/m, dlorf=3mm

14 N

0\
o 5 10 15 20
Fm[N]
(a) spool displacement z,,
120
O—o, —o—Kvf=0, dlorf=5mm
\ —0— Kvf=0, dlorf=4mm
Q —0o— Kvf=0, dlorf=3mm
90 \ —e— Kvf=10000N/m, dlorf=5mm
—e— Kvf=10000N/m, dlorf=4mm
—e— Kvf=10000N/m, dlorf=3mm
E e
g
(¢]
30
00 5 10 15 20

Fm[N]

(b) load flow @,

Fig. 10 FCV characteristics at d,,,; = 3,4, 5mm

46

Journal of Drive and Control 2018. 12

2271 IMVE vl fFEAelin gEA sy

100

80|

Q4[lpm]

—e— Kvf=0, Fm=5N

—o— Kvf=0, Fm=10N

—e— Kvf=10000N/m, Fm=5N
—o— Kvf=10000N/m, Fm=10N

1/

1 2 3 4 5 6 7
dlorf{mm]

Fig. 11 Load flow characteristics at constant £,

Table 4 FCV data with feedback spring at

En = 1N

dlurf Ty P Q4 Fq

[mm] | [mm] | ([bar] [lpm] [N]

3 0.72 273 64.7 26.1

4 0.40 149 84.3 81.1

5 0.30 55.6 80.3 98.4
We) 2,0 Aol AT el AAe ulsk]
4 ok W AzFoz

ST 66. 64
(Table 4 Z=).

Fig. 102 H8H73 22jv|2 24wt e 2~
=9z, BIFEF @0 A54E HeEIh I
=) 2xgo] glE Aedde Arlge] dAs =
el ofste] 2ZWe7t A Wstsia ol uf
2 Rkl t&%ﬂﬂ‘ﬂ Few 2xgo] 9=
A= dy,p =3mmelA AAY p7t EIEHE= P
9 xﬂ?%*éhl% .éz%‘a vewoz Qldte -}
& Q7F dATe SAdsH Fig 112 F,0l
SNt 1ONo.2 ATk el Fohrdd 289
A73Wste] mE ReREF o WIS JEith
djory =001 Q=00 J=w) ~IFo] 9= 7
o= dy,, 7t S7FEl Tt Q7F SUFSHAE o
F dy,y =3mmolA IAHF FAFFE FAGH=
Hhdol] wEn) ~xyo] gle Agols FERst
A B AT o3 B ANRHE
W AxEe Zhe v FEAoEEE o A
& BgshdA Aol ths) AdE <] FohREol
AojE e WEe] 548 Zhenal ddEn.



6.8 E
IMVE 20 FEAloE 4715 o] & #St
257 & LE &, WiEHe frEEHAs 51
Hom zHFo =N dHELS 2ol AN 2 3
AAERES T8t AuA a&S F=
WEA2"et IMVE Tt HeliMe & W

frEgAlol7) 7hsstHA t8F fEe] &8
HE §58e B 71Ee BlE fEAoEE
7} a7k

H Q] ARIAb A AdE IMVEAe] Z47]
of HEx&= HlE FEAEEE 17 v &=
ol AoJQfo® 2% FEAMHE ~FHLAE 7
A7) HE SEvols 23 fFA|opliE A~
Z Aolel] Fm 2xelo] HAEo] Qi)

B AFA e e A2y ATy aew X~
zgo] FRFA WA= Aes B3] Hsk
FUAIEEZHE 224 YRz
Al e EE 78 e EARY
Hol| st A= Aol
Fol st Z4dE &

HlE &#wo]l=wy zojqtuto g H
2ES JTHAATIE AT B2 AAeAE ~F
ol 7k Ale f5Eel Uk Badr)sol
g fFrEAloEE gl Ao YA}
a4 s AYshs 2Z2HE 54
WH3lE| QL 278 wistel] tjgh v o] v
FS RISt oldl Hlgte] HEm i
H A= s

bl
3}

i
o 1
Mg

i

o

— >
£
o
£ L
=
i)

© W o
3L
o
R
4
ot
ot

LA
i
i
rr o
o

1o N 9 b X ©

(> o
g ool T oox

o
==
=
2,

l

o®
o

k)
EY

N
mg -
ol
Ho ot Jo
4z
ol
ok

2
do m>

offf
J® 7

r 52
fr)
Ho

2
0
et

e o o

-
N

g oHoox T
H oox k=)
ot
ot
2
rlr
18
ox
do gt
ol

ol
ok
rir

o
iE B
o X

-

(i

= il
)
>
oS
o
b
i
g|£
rlr

l

o S 3 = A R A .
o

WoE o dr N o OO
HUJE_NAQE

[y ool

o
N

o] AT 20185 AT AT 2347
S7NEA AR (FAHE: 10063469) Aol o]}
of FYPHATS WY

1)

2)

3)

4

5)

6)

7)

8)

References

Caterpillar, Catalog for 336F XE Hydraulic
Excavator, 2016.

H. G. Park, S. A. Nahian and K. K. Anh, "A Study
On Energy Saving Of IMV Circuit Using Pressure
Feedback", Journal of Drive and Control, Vol.13,
No.4, pp.31-44, 2016.

J. Y. Huh, "Energy Saving in Boom Motion of
Excavators using IMV", Journal of Drive and
Control, Vol.14, No.3, pp.1-7, 2017.

J-C. Lee et al., "Development of the Independent
Metering Valve Control System and Analysis of its
Performance for an Excavator", BATH/ASME 2016
Symposium on Fluid Power and Motion Control,
Paper No. FPMC2016-1745, pp.VO01T01A021, 2016.
A. Shenouda, Quasi-Static Hydraulic Control Systems
and Energy Savings Potential Using Independent
Metering Four-Valve Assembly Configuration, PhD
Dissertation, Georgia Institute of Technology,
Georgia, 2006.

A. Shenouda and Wayne Book, "Optimal Mode
Switching for a Hydraulic Actuator Controlled With
Four-Valve Independent Metering Configuration",
International Journal of Fluid Power, Vol.9, No.l,
pp.35-43, 2008.

G. H. Jung, "Steady-state Analysis of Proportional
Flow Control Valve with Large Capacity", 2009
KSFC Spring Conference Proceeding, pp.67-72,
2009.

G. H. Jung, "Static Analysis of Dedicated
Proportional Flow Control Valve for IMV", 2018
Spring  Conference on Drive and Control,
pp.115-122. 2018.

caoje - HEE= 2018 12 47





