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Effective Smoothness of Surge Pressure Generated in the Return
Line of Active Suspension Hydraulic System for Vehicle
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ABSTRACT

Surge pressure problemn at the oil return line of the hydraulic circuit of an active suspen-
sion system for passenger cars was investigated by experiments and numerical analyses. In
the numerical analyses, the method of characteristics was used for simulating unsteady flow
in the hydraulic system and gas discrete model was adopted for estimating gas volume vari-
ation in separated liquid column. In the experiment, a piston type accumulator was used for
the purpose of smoothing surge pressure. By the experiments and analyses, effects of the
physical parameters of the accumulator on smoothing surge pressure was elucidated.

F371480] : Surge Pressure(AH=] ), Active Suspension System(%-% #71%4]), Hydraulic
Pipeline(f¢} &%), Accumulator(®}7+&%°I8]), Characteristics Method(5/d=41%)

NEBQE——  (,  geAoPing Asg eeux 43
A%
A PR gy cs D gAY B e FFAS
a L EE WeN Y] S d, olFEelols HEN FH=2e] AR
A, ;Ao gB e REE ey T d, D FE Ao e AE 2
A, olfBEolE H&N Bzel Wy f. o 1%l A,p)dr
A, Dol EH oY HAE WY A ol FEHlH e HAE vlEAS
C*, C™ 5434 . f iSHEAMRY 2F slaAe
| Hp Hg H,: 59344 443 A, B, P
* AT L = o] ol
gfﬁgg’iﬂﬂ A7) Al ol Ae) g4
* A3, 2AgED e T hy PRE D9 oY U ST
R, dRIAFGATA L, D FEwlolE HER #29] o)

BIATAEEHEN =R A6 A5 %, pp.lll~118 111



My el A,

m, coltEHOlE WY #5t A% R AR
m, DolfEdelH WY AAE AF

P sEEd Y499 HelAel

P, Doy - HEHA WY A4
P, :onEdolH W 7t U

P, 9=y g

P,  :olFEeels W #% FEH U

P,  :&dxel=e) A ga) WA
HARH

Q 4%

Q, olFEEOIHE ke /%

V, ol FEEely W 7k A

v, : olFEH oY Y #<t i AA
x gAY AF WS

%o Ao Y B e 2x 7] QF= WS
8, DR AERY FEE

o R I o A

v CHY AT R BRAAE

g A

ABCP : 3A3
LR 3449 3% 2 ¢

1. M &

AT AR 2F kAR £33 B4 9
B 92 ol HEY WAL AHgET
Qui'? = ARG FUALDL AFEE,
GEAPYH(PCV), olFEdolE B fFoljo]E]
2 450 on, suHzane 4g47t PCV
2 2FHEW, PCVE A5 AAME AA sk
dZoolE] el 4L Aotk o] F¢AlAd
olAs SUWTSHE) PCVARIS) bzl A
geulgo] WSy, PCVERE 7|893= 3
Az AfgolNE XR|gtEe] waEy, o]
2 A% AFH AL AR AL AA
&7 & gt wed, A 55 @
AE AR H 8517 PME HEED A
ZgrE g ARA77] Y% F-F fYo] WA

gasir}

£ APlMe TF AHEAE AUy
AYE B2 F, PCVERH 71932 A%
B FAAEEAA WA ARt Ay
tisted AP FA) )AL Fahed TgRich A4
2 A4 5F PR GRS 2d 4
FARNE Alstd Rt A= FG B
2 9] vANER F59) siae] S4TaYY
< A8, 458 (liquid column separa-
tion)A19] FF(cavity) AFALE St o]t
8 2d¥g Aot $R N0 APL Bl
AZgEe] GP7)E, ARG AE oiFEH
ole]8] 813 detuHe 71§ sHHE A7
MRAGHe| DX G 5& HE¥I o,
71§ HARRAAN ds= MALEE M &
HH o2 APAIIE Wk A g

2. Al
2.1 Bd=MY
Fig 13} & o] 4% 4 #2 ¥

oA B2 FAEEE 1A EFoF 7Y
B Ao LFETARAN A5TAAE FARA

B L i
Ho —
I Ho
] —> Vv

Fig.1 Pipe line model

Aax

L~ ~J
| ~1
P L.
[ LyR
W .
at oy C
M LIR . LIR
A C ; . B
Fig.2 x-t grid -

112 A4, oY, +9B



Hel el oste} AnlEAgN oz Wil
Fig.2ol EA® BATJH CT, C™ Aol 22
B3 thE o] dojry?

C": Hy=C,— B-Qp )

C_:Hp=C,,,+B'QRp (2)

3714, C,=Hao+B- Qpa—h;, C,=Hg
— B+ Qg+ kh,B=a/(g- Ao, Hy, Hp
% H,= Fig2d A A4 A, B 2 Po
*1-4 FESE, o BRUINY &2 CY ¢

EATN, b B2 G9dolw g &
-*ﬁ%, AT B2 997, Qt H3& Uy,
AR &, o] fFe WY e ARE A
oz By &, $o FIo FA L, RS 2rls}
o EAF)

E dAfdMEe g2 38 °l 2F9Yolmz
B2 99 LolF 4y $A4E ko A=
Z2anye) STRYE udd uNEE o
HeF 449 18 3 AL 254
Ao Aol 7t o dstndd e Alggn)

2.2 PCVOIMel f2

Fig3& AFdels o] ¢Ef7t AEE 2
g2 PCVE AX 71§ dAR==2 388
#4& vebd Rolch o] W PCVE %l &
Ao 2Ry T

2% 5% 05 e

Fig.3 - Schematic diagram of the PCV

0=+

Ctor P

1 1
A =
047] '1, Chot Cg ; (”d‘?xs)z + CE-' Ai o]u:],

P.x JFoole sH¢ ohdA ulg 948, Pe
71E HAEE ARD 99, ¢, & PCVY 4%
Aw, .= WEE @uie faAS 4,
=89 A%, x,E 2F WY, A, = 7EF
L ¥ 2o @A Ui,

2.3 PCV ~E9| esums

PCV 239 &344L g o] A
"k

d’x,
M3 tz + fi— dt +k(xs_' )
~ (P~ PYA, =0 4)
A7 m, = 2% AR f, = 2F9 vl

F ok 2EY P g 299 2] ¢
% W9, Py mE=y g, P, & PCV &9

lr.°l‘:4 3] od s g8 g,
A, v 2% 9AHe LRI

2.4 OIFZYIOIED} HRIE

Fig 37 Zo] B2gol H2B4 o7 BeolH
b AAD AY, B2 ojREdoly yau
H P o wF) e olFgUlE o rhagt
d P, o #UEH 99 P, = v Now

- 220 Bl

HAlgn”
d'p, _ ’ _dP,
+C P g".'(Pg- P)=0
dP, Ve, dP,
Qa"'BoVa dat - kPg dt ‘—0 (6)
W, Ci=1+1/k Cy=(f,] A2+ ./

AR 5F WA AUA 5 B2oNG A ke Ay 113



AD((m,+mp)] Al +m,l AP, Cy=
Bl (g mp)] A2+ mal AE) Vi Py
olm g, = ojFBACIH U9 F¢ AH A
%F m, & W28 FEF m,=p- - A,
A,je (28] BF, A2 oFEHelE Hay
B2 oA [,e ojFEHolE H&5E B2 I
o f& HxE wiAs f,=32v-1," A,
ol d,i vE #% AR BHAAT, d,
2 o|FBHoIH HEN @R AP, kE 7k
9 EYERT AF, Ve 7k29 27| AF,
Py 7t 204, Q& oiFEHIHE #
dse F% B.x= V1Y ¢4&FE V, V.= o
FEHoIE W] 7haet 718 AHolnh

3. HEFA N YH

AP 9 MF=i= Figas 2ok A¥4Ad
A PR GFelolH dgos §F 3L
FEHCIE(A)E PCV Y dFdlolHE XE
ase FASS AT AP 4%
160cc, $4%4 1.5MPa2] A8 o F-&d 87}
2ag 2F ARG dFdelest AAE A
st glow, xbgo] WELE FHL o g7l
ol e 4L SMPag 7IELR U ¥4
WelA Ad T4 ez 5 48 54 3
2 WEEE dfdelH e ¢FHe] SMPax

accurnuiator (a)
rocumulafor (8

—— Y @ fetum Iine

L

| controllex

Fig.4 Schematic diagram of the experimental

circuit

o AXE= £ PCVY = Z-8o) ofsfe] of
Folol® W9 4=E#7 PCVel Q48 71§ 3
AR2E FA3 FYHUA 71§ HARRCT
XA qEe] gk wely pCve) 71§ A
#2oAN AT HAXLFHE F2 AFolE
o] qtEo] 5SMPa WA WAEY] wjiol,
E AT7ME AYe] Heg 93t dFelolH
E sl ¢8-S SMPaz AAF &0
E)(A)E PCVY gFololy] XEo| AX|sle] A
& Yot 18, 3] WEEE PCVel A
A4 ZF = PCV Y dFololeS: 9FeE 5MPa
BZ2og A% § UEE vy & §99] o
FEHHEF:30)F AHES e & 71
£33 24, & PCV FEA vlud & o] ¢
ojz|1= FElA AFo] o|RANEE Fgc)
AR ARoE A%l 47 8mme} 10mm
A F FFE AMSIIGEen, #29 o= Az
dixel 718 AAYE Ao1E nHE dm=
grt PCVY T EE i SojM9 23
Hol| g AFAe AAAE Hilo) PCVE
AAA I o Aolrls M9yt 1~2Hz ol8=
iz lomz? Fa 2 Hz WE FIHE
2 slgon =g ol FEF AoJAlE QI7HA
9 FAREIYE BFA37] Hso Figsst 2
& 2948 AFAEE PCVe| 17kttt Fig.
5614 PCVe] &dol= HFate) 04AY o
PCV A & dFolely] tigo= A8
o]Fgdold el ¢E& 5MPac|ith AW

0.4}

02

Solenoid current{A)

0.0 1 L i a 1 L I L 1 " 1
0.0 0.2 0.4 0.6 0.8 1.0

Time(s)

Fig.5 Current signal to the PCV

114 47, 0|9, &I



Yoz NAILE ARE AFEYIE(BIE A
£32 ex AR A9 At MRgY
& AR BHoz TR ZAgEn &
FE Ze oAFEHE(B)E FNDE AFuol
ARG Aol Figsel vehd v =2 2%
E PCVe 7ty 3@ zo] RAse e
TE ST & Q7ML AP
A EHo3 AE3 oFEEHCIEHB)Y EHe
g zejste] W2EY ojFEdelelg A
A3ttt TAE4 o|FEUOIHE Uv Ale
FY AlEFAME ALY ASEHA 7] wE),
AREE ol EHO|HE Tt TaEA, B
T WPEAe TAHELE AMgET|Y AdE:

24U WAL 0mmE &1 HAE YRS

WalAlA f3Fo] Ztt 45 70, 80cm’e] HuE
Y 2EH olFEHCIHE A, AZsie A
A8k

4. A % @

718 HAAR2AA BAE= MALHEE AN
e AN Zaadel #ERFo] Fo)
 SASAYE AHEEn, B8 AAxAE 7
w8 4(4)~4(6)2 Runge-Kuttalez A
AT A AR AR 2 2EAE F
Ay A&7t 2% PCV AF 9] @A S £
2} oJFEHolH HARY nEAS f,E 712
R gy FAHY FHL T 7 e
AHgEk

Fig.6& PCVIZEH 7|g9a= 37As: 3
AR MALE ARE oJREHIEBIE A
&A@ AelolA PCVY wrEZzA] PCY
2% AWM FAHY [XYEe) H3 8
B Aotk A (a)= AYATIH, (b)
= AEF ek, A ALE3 AAHARE 3
8mm, 2o 4mg! ZF@oln, PCVE HEE 94
W& AL 25mmelt), Aol PCVE Figh
o Je HRAEE Ukl Fnpg: oHz2
HEZASAC A R A4 @A PCV
F el wepy fE geo] Ax 0¥
A AdsH, PCVE AW 27lde Aoz}

Noow
[s ] o
E

g
o
~——

Pressure{MPa, abs}
o i
T

o
[}
——T

o
[=)
T

(a) experiment

P
(3] [=]
LI DL |

g
o
™7

Pressure(MPa, abs)
5> o
T v 1

o
tn
T

F

L ] i
0.0 0.2 04 086 0.8 1.0

Time(s)

(b) simulation

o
(=]
T

Fig.6 Comparison of experimental result and
computed result for surge pressure
wave(without accumulator(B))

2.95MPaA xRl Y Ate] MR|gEo] 7|25
or o] QJEiake] MAYe] AFH 25
Yozich ooz YHUFL PCV HFol
TE AFEN-Ho BT FF(cavity)E PCV
Mt v £28 7|80 $H3HoR LW
FIWA S Ao A"t SA4THY)
A% Axtddhs A¥dne) viny F dAge
& 4 gk ol E HAUHE A= fE
TR A2 AFE F PCV IF 944
o]FEHIE S AX5Hz el & g=lA ok

Fig.7& PCVERE 7|&8az 3HAs = 37
BRo| AAYHL AN BH e £% 70cm’,
7t A 015MPagl olFEHEI(B)E
AX g Aol A PCVE wHEx2e o) PCV 3
F 3AURANAN FAT SHRHE vebA Ao

AEA 5E WA S 09 BRAAY AA 4 A 115



5
=
%r_
B
5
&
&
00 " L 1 i A 1 1 "
0.0 0.2 0.4 0.6 0.8 1.0
(a) experiment
@
S
£
i
E
0_0 L 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0
Time(s)

(b) simulation

Fig.7 Comparison of experimental result and
computed result for pressure wave (with
accumulator(B), acc. capacity : 70cm?,”
acc, gas charge press. : 0.15MPa, abs)

ok Ag89s 9 PCV ¥EE% Z4& Fig69
7ot FdEth 49 3 AlEdeld A 4
Aol Figbol Bz b 4e] £AYH
2 Fukek MAgkEe el gston] o)y
olfFfEdelee] A3 MY AR o
Folul, Aoyt e =7]e 0.79MPacl®, 33
Mol 9% AatAde Adde} uma % °d
gL & 4 Ach

o) oJEH(B) el 7l ALY Wl A
A8 Azhel njR)z FEqS A B4 02 Fig.
7¢] AgAE 9L PCV w2z 264 o|F8
#olE(B) Mol 7k FAY4H & 0.4MPa® 4A
& el PCVE wiEZ3AE o PCV A%
FAARAN FAT FHHE Fig.8ol viehi

12

i
‘1.0 r—
0.8 f
06}

04

. Pressure(MPa, abs)

02

0.0 -

0.0 0.2 0.4 0.6 0.8 1.0

Time(s)

Fig.8 Record of pressure wave(acc. capacity :
700m acc. gas charge press. : 0.4MPa,
abs)

Atk Fig.8el uehd ¢rEniaols 7=
9] HAAH 2R Jka FAYE 0.4MPa7lA|
S48 geol vk o dAFEed 2F A
713k o] wAEIY, FAtE e 2RE Hugy
e 4 AeIae) 71&717) ghaketA €90t
olell Wdle] 7k FAtHe] 0.15MPa® AAd
Fig.7¢] a0 AXgEL vehtr] gt
ZFA4E o 2RE a9 HE deFA
9] 71871+ Fig.89 #$-ut} ¢zt ar), meky
A g AzEek 3k BT ojFEHe]
B 9 7k~ FH9e] 0.4MPaZ HA® Fig.
89 A¢wct 7kx FHUEe] 0.15MPaR 43
¥ Fig.79] 797 viA g Aoz wedch
Fig.9ole olffEdlolE(B)e] &3 W3yt A
2148 Azl A= 9L FATYE B2 Fig.
79 A¥AZ 9@ PCV dEZ3 A4 oiFE
#olE9) 8% 47 80cm’st 45cmPE AT
e PCVE wiEzag o PCV. A% 39
2o ZAF GFAYS JeEhilch 279
A (a) €% 80cm®, 7k £A¢E 0.15MPa
gl AFEHIEE AT A9oln, (E &%
A5em®, 7k 2498 0.15MPagl ojFE# olE
& AMESH A S0t (a) R (b)Y 2§l AR
A olFEdlH 23 A Yehix)
skou], 43ko) & ol Edo|HE AMT 1]
(@)9] ¢BAsTA 7187)7F £3Fe] FE ofF

116 A4, oldd, &9¥



Pressure{MPa, abs)

0.0 0.2 0.4 06 .08 1.0

(a) acc.- capacity : 80cr

Pressure{MPa, abs)

0.0 0.2 04 . 06 0.8 1.0
Time(s)

(b) acc. capacity : 45¢r

Fig.9 Records of pressure wave (acc, gas
charge press. : 0.15MPa, abs)

EtolHE AHEH 2¥(b)e FEAEIH 7%
71dch gtslg ot o] Axe] &3 Ao|HME
F=HZ AR Zeolw RolA] gech 4Y
ANERE F §#39 oFEdHlE} ALY
2 AT e AE & g lend,
o] 75 ojfEelelse 2u B RA7} Frld}
o ZFA el HEs7lelE fge] 8 4 glew
2 olF-Edleleo] WE AW LFHA} e
=g

Fig.10& o7& HE AMT AAUF A
#ade}t 3ABE AR e BAAE vebd R
ojct, 1ol M A9 Ar|= PCV7) 2HzE b
Bzag o PCV A% @20 238 ¢
2ol Huxo|t}, H¥o) AMER sABEE AF
8mm % 10mm, Zo] 4m¢l 7ol PCV e

5 n —&— Experiment without acc.
)_ += W+ Simulation withoul ace.
" —w— Expariment with acz.
= 4k -- @~ Simulation with ace,
2 3
E
§ 3t | 399
5
z2 21 :
L
1F T
.t"""—-—..,,‘_‘w'
e
o . 1 . L . "t
0.006 0.008 0.010 0.m2

Pipe diameter(m)

Fig.10 Effect of intemal diameter of the retum
line on pressure peak value (with or
without accumulator, acc. capacity :
70cm’, acc. gas charge press. : 0.15MPa,
abs)

FAEE edgd2x FAAL 25mmelx, oJFEwe]
BHE 8% 70cn’, 7k~ 2349 0.15MPag] A
2 ARREAT AY 2 AEdHeld AnERE
oJFFEHOIEIE AMEEe N NRIYHY) AYE
37} @435 JeEPg S #lsych £ AR
9] Ao S8 g9 HuA= FiEHY, of
HE A% A% F54 o]FBUHE A}
£8& o} AHE3A Askg "ol F S 2F
veldg & 4= sldh ojsigke] AR HA
o] FIlEE dge] HuAr}l A4 AL
#zAHe  Af9 AZW AN 77 BopE
&do) Fold FR AFE YAolAMe wigtol
AHoB wolA)7] wiFelr), BTN 9
g A& Ad= d¥Zdae) vmd F o
e &4 5 Atk

5% WHFHAE 7449 Z1E sARE6A
FAEE MAGEE ARAFII Ak Mgt
Y F58 J2EH o]FEHIHE ALLE ulg
F2 AAAAQ] ojFEH | &3 FAYY
2 3AHRE AR F9 gevge 2AEAY
2 D HAXFL FE 18 YT Aol B
e HAUA FhE § 2%, AR RS
AR oo} gtk o]t stebuge] tig AAle
E d7e] ARE wgold AEY 22 9g
ol 43l TF HNFRAE FUA 718 AAnz

A 5% WA HUA 2 d2AM9 M3 4 A 117



oM WAshe AAYEE Wad FeA S
Foum st AL HANAT

5. 8 &

A5} 55 WIS FUAY 718 AR
2ol LB AALHe] ek} WY 52
g o) DT & wEe ITATE
[k AEw thed gk
1) 55 WHAE 41 AE HARZA
o MALY LTS AW R BAFAY
o g 3 ABUClEE ol F3
Fgatgrh

2) 5% WA M 715 A2
AAYRE AR ZHoe W2EY of
FEACIEE A48T A9 Fo AR
EdclEHY §3 A9, =29 3
Aol MAYHel vE J%e WA F
5ok

3) BEATAY 2 7k olsEde] 9% $H

ANE Bol BF WAL /YA N8
BN AN v2E FYs)
dag 5 Yee BAHAG,

it

ne2d

RO

1. REf— G K B KBRS, Ik
BE ERIEC, “T77472>Fa-L42
~via Ot LBREY, BAEEERE

(C#), 574 5343, pp. 599~605, 1991.

. TREEA, AILrERE A, ORE, =ik

B BT 7T 4 TR ariclBE
MOTRENHIE", B AESmEEeR S rE(CHR), 57
% 535%% pp. 722726, 1991.

. H. Ogino, I. Maekawa and H. Yamaga-

chi, “Analysis of Surge Pressure Gene-
rated by Fluid Column Separation in Pre-
ssure Control System of Vehicle”, Pro-
ceedings of the 2nd JHPS International
Symposium on Fluid Power, Tokyo, pp.
501506, 1993.

. E. B. Wylie, V. L. Streeter, Fluid Tran-

sients in Systems, Prentice hall, Engle-
wood Cliffs, pp. 37—~74, 1993,

. E. Wylie, “Simulation of Vaporous and

Gaseous Cavitation”, ASME Journal of-
Fluids Eng., Vol. 106, pp. 307~311, 1984.

- BIREE, ok, U B Rk, A

B BV 2 IEE R HRAROEESEE
AR, HABEERERSCE(BIR), 496 47
8% pp. 2638~2643, 1983.

- oldd, A8, 898, FUBEA 197

Ag) 4 A% R AYRAN AX 9 A
W7, WEIIAF) FYRTE, pp. 9092,
1995.

- AAE, AEE, 2AE, 989 8, AT

HArpr 2 AF71E", A5E AN AEX
7]% Workshop, pp. 508~523, 1997.

118 384, 199, &9%



