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design(figure from Sarami, 2009)
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Al wHFHHE FAAT. {9k A} ofFEHCIHE A AME
Hol ~xgeo] 9d&s A HY, ol WA HAEHe= T4 712
(shock excitation)& &3t oUA FH= AAsATH7E 2HA7F A4
3 FEAL wSo]Eu) , AwEWEE {9 ™G A4 AHS
Hol W3 g&g st o] FEHCIE A oA ARE duAE Fely
A 2 A™F(dissipate) Al 7= 9GS stk wEbA §9F A 9
7% < olslatr] dsiAe ofFEEclHe 22y SN wsWES o
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Sprung mass
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Figure. 3. Schematic diagram of a
hydraulic suspension system
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JZE a8A O W] e ~xY AT "o o] wf ~xd
Aol d&FS Fv 82U ofFEdoly WF 7IAY 4=, 7 3=
o &4, AT A=Al Adn ol& 4(Bauer, 20100 o= YEhHHA
o= 2
Fs = P(Al _AQ) = CiotalS

1 1 1 1

= —+ —+—

Ciotal Ca €L CF

CcCLCF
= 3
Ctotal cely +CGCF+CLCF 3
where,

F, = Spring force of hydraulic suspension [N]

P = Pressure of cylinder in hydraulic suspension circuit [N/m?]

A = Area of piston head in cylinder [m*]

A, = Area of piston rod in cylinder [m?]

Cioras = Total spring stiffness of hydraulic suspension [N/m]

s = Stroke of cylinder [m]

¢ = Spring stiffness of gas in an accumulator [N/m]

c; = Spring stiffness of a fluid line [N/m]

cp = Spring stiffness of hydraulic fluid [N/m]

AZIA, o R 2= AT AR GdFHE oFEH I
Y& 7IAe 221 Alsit Aoz we 7] "o F 22y
Aol mA= FFol ez Ava & 5 Aok waA 74 @7t
A ~2xy Alge FE ofFEdolE WFE ZAY 2=xd Alge o
TS ety B S A

ofFEdole Wi 7IAY 2=d Alge saZe] WA Y5



EZY W3 F2S AEstd 78 = don, I #e gy o)
veld 4 9lthBauer, 2010).

FK(S) :pK(S)AK
b1 Vln — D2 VQn
pVi=py Vs

VQ - Vl - AKS
where,

Fy = force acting onto the surface of the piston [N]
Py = pressure in the piston chamber [N/m’]

s = stroke of the cylinder [m]

A, = area of the piston [m?]

p; = pressure of the accumulator when applied static force [N/m?]
V, = Volume of the accumulator when applied static force [m-]

p, = pressure of the accumulator when applied dynamic force [N/m?]

V, = Volume of the accumulator when applied dynamic force [m?]

o]E QoFste] YERH 2/(4) < 2. (Bauer, 2010)

n

0F
cor=Frn
G F1 (hOF_S)n+1
Po Vo
hyp = Fo
Fiy
c n——-(ats=0) 4)
¢ o Vo
_ 14 —



where,

F' = Static suspension force [N]

n = Adiabatic exponent

s = Stroke of a cylinder [m]

py = Precharge pressure of an accumulator [N/m”]

V, = Precharge volume of an accumulator [m’]

2 WE T3k, et @A 22y Ase Addu e 7)e 72
= #dol glov offEHolE Y =7 ¥y 7] Fy, i 2HA
o) 27] Hapeh @l gal & 4 vk S, 27 4¥S #yv 2
T8, 3 x7] Fart Fegs 22y Ase Ave As ¢ 5
ATk olHT 2ZY Al AR AfAEroE #¥He] HY,
]2 2(Bauer, 2010)0.2 UMW oS3} 2T}

c
W= 4| ——

mp

w=27f

Fp =mpg
jo L [nEn
2 P Vo

where,

w = Angular velocity equal to natural frequency [rad/s]
¢ = Spring stiffness of an accumulator [N/m]

mp = Mass of a sprung material [kg]

J = Natural frequency of a suspension [Hz]

g = Acceleration of gravity [m/s*]

_15_
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FREFE AP T Aol Huf, A
(4~8 Ho)ot Ao F2 HLH= ?%?(3 5 HZ)EE} ozl 2 Hz
= olstrh Adsith. &, dA7HE =
7] F3), a8 ZAe] 27] FkE st Age] v A{fIES
g =S ¢ ok 3t
ZH#l(damping) Al @ o] T8I SAolth A= FH AIHEA
A ™Y 2EoA BAsts % vhEE I fA 9] npEE o)A
BZT. 7|4 ddY 2E 9 H A A ekE }%}E—:‘.S 71AHQ wt
How Ay Wi dh3) Aol "t o] #
o= A fge FASGES & Favt ok
P @7PgA A Aol7t Thed Fooln, ol FIAM WeEF
E 74T & A "ok fAle FY @A A AdE oA
OIH Abelol Al 4 & dEsks miziAl ol ddH 2ERS
o etM fAVE 25 o, FA ALrIE HAA HE AG
oA frAe] EFAUAE delvAR H3E. o, FAE=
Aet7h doluA = ojmf st Yol F A HE YehiA
o]2 2|(Bauer, 2010)©. & eh|® the3 2t}

2

fo of v

—|—‘ 40
U:O

N9
:m\l

i*ﬁm

u&*‘

ozl o
_E a8 o
: 2

Fp=ApAy
Pp=Fp=ApQ ®)
where,

F’y, = Damping force of hydraulic suspension [N]

Ap = Pressure between a flow resistor [N/m?]

Ay = Active area of an cylinder piston [m?]
Pj = Power loss of hydraulic suspension [W]

@ = Volume flow of hydraulic fluid [m?/s]

2 (6) (Baver, 2010) & E3tel, fA mhEol @ Y B F2
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A Ag7)el 52+ fFFo #do] HH, wps FAo e AUt
A F2ole £ #Ho] He AS & F Aok oHI e =
A 7Rl 9% XF e MEFH JFFE BT FAATA "o
frob 7P A FE 2ol A AF7|= w5 HE(throttle) et
L2l 2(orifice)7t Utk wHWHO A, 2 7o] a1 Aoyt Aol
dHAsket fFFol mlEsA HH, =3 FAY A, d=e Bl
sHAl ®t}. o] 2(Bauer, 201002 YERNH ThS3 2
Ap= Qupk,
1281,
K, = " (7
md,
where,
v = Viscosity of hydraulic fluid [kg/m - s]
p = Density of hydraulic fluid [kg/m’]

e 2 T Kl

K, = Constant of a throttle valve related geometry characteristics

[, = Length of a throttle valve [m]

dp = Bore of a throttle valve [m]

SWHO| 2E FH, 52, 52 ¥y, WH BE9 AH Fo| Ut
Aol e2]u] =9 Ag-ols Aol v A dHAs= FFel AE
vl stA Aot =, fFAe] AAHA Ao dFES WA Fera
4= At} ol 2|(Bauer, 2010022 JelWE T3 2ot
Ap= Q’K,
8
Kp=—b— ®)
050’7Td
where,
— 17 —



K, = Constant of an orifice valve related geometry characteristics
o = Flow coefficient of an orifice

dy = Bore of an orifice [m]

o@s el a2 Fol7h Ae F& volxelbow pipe), el e
Aol st 471 4UE 9 So| gtk AARE, wEune S4%
o¥w 2o S4e] MM ter A7t wol QoM. F¢ @b

ol W

A AR AP ol HPHOE Wsfol I EHE ol
7 9
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15 ou] A% : AdE ApEAe A% 54 B

T8 EYEZE AA F38 Al of® FE o XFo] Sojee=A &7
A Al dEe AT i 58 EQE = CNH A E=E TS
EZE ] A¥ar=e] w9t === Figure. 494 23t

d2 A4 2l(regenerative) 3=t} Figure. 49
6, 10 o] WBE Fato AVPEA 7]5S onfoff & =+ AEF FHHS

o EF 1 3WY BHE Filel AAEE Y1 YIIT F Ut )
5

OB B—0

Figure. 4. Hydraulic circuit of the front axle suspension(CNH T5 110)

T8 EFH AAse] @A qde Ao oty
At AZFEAE FHst] A T HEREE SAHSAT F, A
A3 25 bz B VMERE SAsAT A¥e dVMEAE

_19_

Ro




ON ZeloA 7IEEE A or, 2= 100 me] of~ZE = H

7 ISO 5008 fZ4 el Bt

g

o138 Z(Artificial rough track, wooden road)

ATt FIPEEE ol AFZEA 3, 10, 30 km/he} QFHZ o)A 5 km/h
Aoh. =A% 7tE 5o WEFe Els(2005) So] AASAWE A 2
Aol =& FAYNZF)S SASIHET. 4 A4F2 3 v HASF e

o, ZAAE AF z71& Table. 33 Figure. 5~63 #Ztth dolg A

e A7 g mdk Felol WEe o gk

Table. 3. Detailed conditions of measurement when driving over the asphalt
road and artificial rough track

Factors Specification
Product CNH T5 110
Rated engine
107
Tractor power(HP)
Weight(kg) 4550
Dimensions(mm) 4191%2380*2718(L*W*H)

Front axle suspension ON

Dry asphalt road /

Artificial rough track
Road Dimensions(m) 100*5(L*W) for two roads
3, 10, 30 km/h (asphalt)

Condition

Test speed
5 km/h (rough track)
Product 356A02(PCB Piezotronics)
Accelerometer Sensitivity(mV/(m/s?)) 1.02(£10)
Sampling rate 400 Hz
_ 20 —



Asphalt road

axle

Figure. 6. Test tractor and acceleration sensors for measuring vertical

acceleration of a front axle and a body
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Figure. 7~102 o}»ZE =% 3 km/h, 10 km/h, 30 km/h= 5333

S o} JAFHEZE 5 kmh=Z FIAS o 7HE= vlolHE vehdth
Figure. 112 AlZkg el that 7t&5 ghel RMS 4otk %4, 245
Al E 7HEEE At mE ek RMS HolEE B8 £4l R
Atk of2TE Z=Zo|ME 30 km/hell A 7Hg FA YeRga 10 km/h, 3
km/h <o Jebgth 183 5 kmhe J2ERE FYP3F A9= 10
km/h=z ol~2FEE FYF A9HT § a7 Yyt o8 &8 A=
o JA7HH = THEEE 57 SHESE, ALSFE ° w24 dEhds
AL & F Ak AAbody)?] 7t B¢E A5 nprpA R &

%

4o
b FR5E, GAYFE O B GEtE 2 2 S+ Atk

3 km/h(time_response)

Acceleration{m/s?)
{=]

0 0.05 0.1 0.15 0.2 0.25 0.3 035 0.4 0.45 0.5
Time(s)

----- Axle ——Body(ON)

Figure. 7. Time response of acceleration of the front axle
and body (Asphalt, 3 km/h)
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10 km/h(time_response)

(;5/w)uoneia|arny

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time(s)

0.05

--Axle ——Body(ON)

Figure. 8. Time response of acceleration of the front axle

and body (Asphalt, 10 km/h)

response)

30 km/h(time

(;5/wjuoeiapay

Time(s)

Body(ON)

--Axle

Figure. 9. Time response of acceleration of the front axle

and body (Asphalt, 30 km/h)
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abody
a

Reduction rate =
axle

where,

ay,qy = Vertical acceleration of the tractor body [m/s*]

a = Vertical acceleration of the axle center [m/s’]

axle
ON/OFFol #glo] 714 2 30 km/h
ol A 71 AA Uetde AEFde] UEET JIFdES A= 3 km/h
9} 10 km/hE o} o 2h& ZHAEo] YEST

bt
o
) n}l_{
B
o
flo
w
=~
=]
=
=2
X
N

Table. 4. Reduction rate of suspension system (time response)

Reduction rate(body/axle) Body(ON)
3 km/h 81.32%( £ 2.26)
10 km/h 73.37%(£1.01)
30 km/h 51.81%(£7.36)
5 km/h, wood 60.86%(£=7.42)

Figure. 12~16-& =3 24| ¢ 7}@ 5 14 FEo] HIFFDo=E
Yebd Tz e} RMS tlolElo]th SO 2631-1¢ w2, QAAel] f-3l gt
259 HAeE FAVNEENA 48 Hz O]S}E AT wekA
Figure. 16& 4~8 Hzo| 714 %= Zkol tidk RMS S T3 HolEH S :rL
stk A AES HwEEST. F £ WE AF9 VSR
NG 7t A2 F8 S5 webs TSR A7|7F FUhst
2o 2 YEstth sk Rk dE2E 5 kmh= F33 A5 A FHl
A= 30 km/he| o} AZEE FY3 FeEY JHEE gho] A}RA|TH
T G E U F #HeE UBED tdeoE Ao AT F
o ZA(body)ell A7beE & 7HEES BEEdES AHEH, ARG H ol A 9
43 24 3 km/Mhet 10 km/he] 7FE=3Ee] zpol7E Aol It

rr rl

o] 3L
o
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3 km/h(FFT)
0.5

0.45
0.4

— 035

)

o
w

Acceleartion(m/s?
&
i
v

Time(s)

Body(ON)

Figure. 12. FFT analysis of acceleration of the front axle
and body(Asphalt, 3 km/h)

10 km/h(FFT)
0.5

0.45
0.4

—035

)

o
w

Acceleration{m/s
o
N
o

Time(s)

Body(ON)

Figure. 13. FFT analysis of acceleration of the front axle
and body(Asphalt, 10 km/h)
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30 km/h(FFT)

0.5
0.45
0.4
035

)

0.3 .

0.25

o)
¥}

Acceleration{m/s’

0.15

0.1
0.05
0
0 1 2 3 4 5 6 7 8 9 10
Time(s)
----- Axle ——Body(ON)

Figure. 14. FFT analysis of acceleration of the front axle
and body(Asphalt, 30 km/h)

5 km/h, wood(FFT)
0.7

0.6

Acceleration{m/s?)

Time(s)

----- Axle ——Body(ON)

Figure. 15. FFT analysis of acceleration of the front axle
and body(Wooden road, 5 km/h)
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RMS_acceleration(FFT, 4~8Hz)

o =] o
i = =
] - =

=3
e

Acceleration{m/s?)

|

Figure. 16. RMS acceleration of the front axle and body(FET
analysis, 4~8 Hz)
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N Axle M Body(ON)
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Table. 5% F3t4 &4 dlolEo] g 4~8 Hz FE2] 7145 =2 RMS
e HnE SHAUTH AT ENAM= SRV FUIEFE Z}z’a%O] =7}
sttt ol& NI AFEI fFASTE shARE QL
2 3P A7t M E VSR ZAES et a8 Az 99
o 4% 28 5 km/hd JdFFEANA 7P F AL Eo] UEET
Figure. 149] 354 7}& o] g Zof A, 4~8 Hz F-&o dF3t= 7}
%7 7bE #Hew  AskeE £ xS P A JEwTh
Savaresi(2010) sl mW=2W d7FEX= Figure. 173 o] AHY 3
53 dEe} 2ol FAFst=tl 4 A wEkA 1 Fsel b o
wola TE Aok F, AU7PEA ONelA = 4] AlF7E F71skAl =
At & = Aded, F 2 Hz A5 3 Fu4 ol &=
2P == gy agE F3E JHsAel wokxltheE Z& Figure.
17(Savaresi, 2010)< &3l &A1& = Ut

rr r{r A
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Table. 5. Reduction rate of suspension system (FFT analysis, 4~8 Hz)

Reduction rate(body/axle) Body(ON)
3 km/h 43.43%(+4.98)
10 km/h 73.67%(+3.80)
30 km/h 54.32%(£2.42)
5 km/h, wood 75.15%(+1.72)

Increasing damping |

Magnitude [dB]

—-25 L

—30
100

Figure. 17. Effect of damping ratio :

example of a road to

101

frequency(Savaresi, 2010)
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PsysAA = Fmax

where,

maximum pressure of pump which a system can provide

Psys
[N/m?]

maximum force imposed on a cylinder [N]

Fm ax

o] AL

E.. =19620 N

P, =210 bar,
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AA=A —A4,=0.000934m* & AAh 7)o HHASFE 1.3HBE A3}

oFgHclHe e LANEF Aol 7 FashchBaer,

= Bl 4 w29 A5ent 2

3| Hz o317} Agsittn aeid gtk o714

16 Hzol THAFSE 258 HAE Stk 142 Ao 4 S o] &
n

=1.6, Fyp = 19620 N,
g=9.81m/s’, f=1.6, p,V,=3047 Pa » m*& wiydstdct. 1

wow P47 dHAol FoldT. mEWBA 24 AfE W )
fopo] B2t wude 2t wwddth % gudo] 242 7
gol A3, @4 AS7H HolAA AR wAFt: 2 5 Aok @
B AEWBE A © oA, B FARL AL F YL AR
2 uRde AUEA ed fi 2o JALL A7) el e o
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Figure. 182 StollAl M3 F 84S st AYsEa FA%
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Figure. 18. Schematic design of a front axle hydraulic
suspension system
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2.2. A7 A& 7(test rig) 7\

& EFEC 2ole AASE I/HEAIE Adord aAlY] ol
g3 Y Aol BEFstER, AA AEe oA tE d7PEACl H
A AIZE HlGo] ol Easit wEtM A om EFEA AVME
A5 AAste] 3z S S=d Ao Ve HEs= A ARt
I Hlgo] ol gdn. o7 ofE AEAY FAE THEL
o Ao dagFe AEsr] skl VPEA U =& ANFE B
AE 7A4E 227t A8

Figure. 195 Al9719] MeF=oltt. AAlet FArskAl F+A4st7] 9i38ho
ZEAReh S 2R2 WHA TS IR A, FH G (2009)0]

o~

& EFHY HAME A7MPEAY P& Sl AFs }9& AEd 9
a8 BREES A8t Aldd= Figure. 209 #Zo] 7 AHE 5
of dloer, mAgd Y /e 7T E T3l 7HXlF(excitation part)e} 3

Z F(hydraulic circuit part)E A A st= FEZ T4 = A Figure. 21
7R AMEE A”-E, ARME dzs Yt ddbe 553 R
TSR, WA BB A FA FFo A7t WFS Alojst
7] #1138k AEH“ 71%5S 71 AREEZ %H—s}g}u}. 9o §9F H
FO = Figure. 223 Zo] ofFE#H olHe F% 15
AT 7ERE] Aot A™E e X 9 FoF FFol tiE AAE A
o2 Table. 63 2t}
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Sprung mass

11

Unsprung mass

/\ Hydraulic
circuit part
Excitation
part
I Compress
or rebound

Figure. 19. Schematic diagram of a test rig

Figure. 20. Part of excitation system in the test rig
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Figure. 21. Cylinder, servo valve(left), and amplifier(right) in
the test rig

Figure 22. Accumulators(left) and hydraulic unit(right) in the
test rig
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Table. 6. Detailed specification of excitation part in the test rig

Parts Specification
Frame Size(mm) 1500x1020x725(WxDxH)
Effective area(cm?) 7.07, 19.60
Hydraulic Cylinder Stroke(mm) 150
Mass(kg) 100
Accumulator Nominal volume(L) 1
Max. flow rate(LPM) 109.2
Model No. 403F-90L-30-21.201(Moog)
Servo Valve Rated flow(LPM) 90
Rated pressure(MPa) 14
Rated current(mA) 30
Amplifier Model No. WSSA-100(Woosung)
Input voltage(V) -10 ~ 10
Model No. UNI-98(Unipack System)
Hydrauljc pump Maximum flow 23
rate(LPM)
Model No. H-15HP-4P(Higen)
Electrical motor Rated power(kW) 11(60 Hz)
Rated speed(RPM) 1760

ot 3250 2¥QlS Figure. 233 o] AAtFol] ALgEH«= 29
e Q4R HEFES AAsIE 7holE FiEoE FASIAT 7t
o] AL, AAZo] 7}E 740 mm, ME 636 mm, ¥4 10 mmE +
AdEodom AFRHoREE FFo| HY WS AXst Hd 2000 kegf7}
AFel AAst7] 98t 7?@’?—

Figure. 24+ #<¢ 3 2HE AX3 2ot #< /\24 7 o]—oﬂ
A TAR Fe 8= 5§ 298 AA9 ¥e 2
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Figure. 23. Test rig guidance designed by CAD program

Figure. 24. Configuration of hydraulic circuit part in the test
rig
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Table. 7. Detailed specification of hydraulic circuit part in the test rig

Parts Specification
Size(mm) 740x160x636(WxDxH)
Frame Payload(kgf) 2000
Material Steel
Effective area(cm®) 3.85, 2.59
Hydraulic Cylinder Stroke(mm) 140
Mass(kg) 10
SBO300-2.0E1/112U-300AK (Hy
Model No.
dac)
Accumulator Gas type Nitrogen
Nominal volume(L) 2
Nominal pressure(bar) 15
PWK06020V-01-C-N-6-24PG-
Model No.
18.0(Hydac)
Flow Control Valve Rated flow(LPM) 10
Rated pressure(MPa) 35
Rated current(mA) 850
Model No. DB10P-01-C-N-500V(Hydac)
Relief Valve Rated flow(LPM) 120
Cracking pressure(MPa) 22.8
Model No. RV06A-01-C-N-05(Hydac)
Check Valve Rated flow(LPM) 20
Cracking pressure(MPa) 0.035
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Figure. 26. Data acquisition system used in the test rig
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s

Figure. 27. LabVIEW programming code used to

measure sensors in DAQ system

Table. 8. Detailed specification of sensors in the test rig

Parts Specification
LVDT Range(mm) 0 ~ 150
Potentiometer Output signal(V) 0~5
Range(bar) 0 ~ 50
Pressure Sensor Output signal(V) 0-~5
Signal type frequency(rectangle)
Range(LPM) 0.2 ~ 30
Gear Flow Meter Maximum
63
pressure(MPa)
Range(kgf) 0 ~ 1000
Load Cell Output signal(V) 0~5
Temperature Range(C) -50 ~ 200
Sensor Output signal(V) 0~5

ANE71Y 74 &, AE7Y A S8e fsted ddS AAEath
7R o] AME®H| 1 V(11 mm/s), 2 V(65 mm/s), 10 V(80 mm/s)e] Al
o = (step-input)x} 0.85 Hz(FZ 25 mm), 2 Hz(J= 12.5 mm), 4 Hz
(FZ 55 mme| ARRITe] dHS FFstAS W, ¥4 Alsol wat v
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Figure. 28. hydraulic simulation model of a front axle
suspension system using SimulationX

Table. 9. Hydraulic components and their characteristic value validated in

simulation model

Hydraulic component Validation data
] diameter of piston/rod, maximum static
Cylinder . o _
friction, dynamic friction coefficient
Accumulator nominal volume/pressure, elasticity

pressure drop(according to voltage),

Throttle valve . -
viscous friction

Hose hydraulic capacity

2 (100 Adge 7|stad Fxo o
29, @A oA 2z A AYHE Yo AUy I2E §
Hol Aldr T X Alolo A BAsE= 33 AA vpES 3 gho|th

=
[}

A7\ AA vhEEe AAnEEoy &
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= (P1A1 - P2A2) +fbounda7'y
P,=P — AP (10)
where,
F’ = Cylinder force transferred to sprung mass [N]

P, = Pressure of a cylinder piston head [N/m?]

P, = Pressure of a cylinder rod [N/m]

A, = Area of cylinder piston head [m?]

A, = Area of cylinder rod [m?]

S boundary = Boundary friction concluding static and dynamic friction

AP = Pressure drop caused by viscous friction [N/m?]

£ g

s AFE HH

A
Figure. 299} Z3tt).

A

EY

s
oo
H

TE Ao Hoj oA WHE7t A7le FE2 60 ~ 80%
oAt wheba Hof <17F ekl 10 VeI 0, 60, 80%°l 3i@3t= 0V,
6V, 8 Vo] e AVFslE wWel A4 58S WSt
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regarding flow versus current
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C), = Hydraulic capacity [m°/N]
V' = Volume of a dosed volume [m®]
p = pressure of a dosed volume [N/m?]

C}y = Hydraulic capacity of the fluid(due to the fluid compressibility)
[m°/N]

Cyy = Wall capacity(due to wall elasticity and local gas bubbles)
[m°/N]
A7 whEgs &% npREe Agdold oA Al AAF npz
ol WrFetaitt. ofFEElE Y A, nSUWEE Hdlz AAs
o} 7}zl Fo] AdHE &5 AAS HEINS v dYd 9 volHE
z3sich dao 54, ¥4 o Y GPL olFEuolE w
of Rkt ofFEHolE e =l et 42 o 2o

(12)
where,

p = Pressure in an accumulator [N/m?]

v = Volume in an accumulator [m®]

R = Gas constant of an ideal gas [N - m/K]

7T = Gas temperature in an accumulator [K]

B; = modified Bender coefficients []

Y, = arguments of an accumulator []

W% WEe) 4 viEEe] A9, Wue] 0V, 6V, 8 Ve AL 7}
e W GE AFe Ve v VA Y& YstArh wH By
wdlo] A7) deoldel Aget Wrel H4e wFstgch w% B
o mdo] hE A& e g
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QzaA\EMTo
= f(Re)

o

Re 1o

13)

where,

Q = flow rate in a throttle valve [m?/s]

« = orifice coefficient in a throttle valve []

p = fluid density in a throttle valve [kg/m®]
Ap = pressure loss between valve ends [N/m?]

d; = diameter of a throttle valve [m]

A = Cross sectional area of a throttle valve [m?]

v = flow velocity in a throttle valve [m/s]

4340z 2ule AEdoldol SYHYEAE Fopus] Slske] A
15t 9e Yestgnh Al 4 2 Hz 125 mmE shkga A
doldel sk WA ANF7le] Yol AAsEA Lopugith wH
Hol AL 0V, 6V, 8V bl W Heutle Y A mws

_48_



z

>
e
o)
o
Red
b
)
o
>
>
(m
i)
o
[
o

>~
Pl

BN

= gl A%
7%]% =] 27}
bk A EeE o

e AAde] 7}
9. AE Aue A
Q]

o

O

o 2
i

K o o
1o

4 M om

A,
_>|,1_1’
A
o
fru
g o
o
:L
S
=
L L I
r_\,L 40 @ o

—|—’

2 _EL 3; e

A ]9] ARkl 2000 kge] =pAe
= 9t#HQl 156 MPas =%7|%
AE7F 3, 10, 30 km/he] o}~ZE<9} 5 km/hE
12 B A50] AAAE HEEE AEHAT. AW AL AT

Al

Ll
AN
N

o
A

I

o

fu

(A

o §°"
of

o

e 2 (m

o, g FE o EHZ?_P(FFT Fast Fourier Transform) 7}47—1: Hl 3 R
2 APt

Algdold &49 dso =
I 2xY g AFY VSR WEE 29
= Elolojo] HA G Aol Jow, Az = 4
I #Eo] Aok HAAS FAs] AellA 71Ee] AlEdeld 2o
olo] rYA-S Fr7tst¥UY. Elolo] YL Lines(1991) %O] A=A,
13.6R389] & E‘r°l°19l 22 AFR =
7hRE ol W2, EeT|AA A5 7}110 J%O] =il aF
o] 7hE AF l 2t7] w&Eoll(Rideout, 2003), A7} #& 1
mm), 4 Hz(6.4 mm), 8 Hz(3.2 mm)o|At}. HlolEl&= nSWH A Fol
Ao o wie} HA A & v

mpAlg o 2 wEiE 259 HAE AdPS AAEAT 24 AEF
ol AR At 8] FEeEHe BAVE EASH 4 H] o
wrEbA Toghol ZbzF WststAl "ok I FollA Zani7E Wstd o 5
2747 RS BT 183 F£A7F M 2L AHE HAHsE s

rk°l

—

lo

_49_



Aoatdth. &, AEH HAHE dElE AEE ol Havt e
ARE FoaA gk 4 Hz 64 mme] /b gEielA mE pn
3 4 227 s &= Fol B Bokde @
3 4 gEelA mE BHe] AL A$A FA7ol
ML FABW HAYe] FolAA HEE, HAYH SAF Fol 7}
4 Fe JUE BEE 2% WN A5S BN ARG o

Atk wEWLe] A AEH i AT Ho|E NFUCE rw
amel saas AA4e Fe TE Tz stk 9 4F

o o

_ 50 —
SERs LS



Table. 10. Summary of the tests for the simulation model

Additional
L e ) Measurement L
Test Objective Excitation siganl data condition in
model
To compare the data of | Acceleration of front axle | Acceleration of
1. Boundary ] )
. simulation model and real | (Asphalt : 3, 10, 30 km/h | sprung mass( -
condition test
tractor data Wooden road : 5 km/h) on/off)
To test the performance Sine wave Acceleartion of Tire
2. Performance .
tost of comfort and contact | (1 Hz / 10 mm, 4 Hz, 6.4 | unsprung and | model(stiffness
ability mm, 8 Hz, 3.2 mm) sprung mass : 340 kN/m)
Sum of RMS )
L - ) Tire
3. Optimization To optimize the . acceleartion of .
, , Sine wave(4 Hz, 6.4 mm) model(stiffness
test simulation model unsprung and
: 340 kN/m)
sprung mass
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Figure. 30. Comparison of a step signal between real
data and ideal data(1 V, 11 mm/s)
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Figure. 31. Comparison of a step signal between real
data and ideal data(2 V, 65 mm/s)
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Figure. 32. Comparison of a step signal between real
data and ideal data(10 V, 80 mm/s)
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Figure. 33. Comparison of a sinusoidal signal between real
data and ideal data(1 Hz, 25 mm)
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Figure. 34. Comparison of a sinusoidal signal between real
data and ideal data(2 Hz, 12.5 mm)
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Figure. 35. Comparison of a sinusoidal signal between real
data and ideal data(4 Hz, 5.5 mm)
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Figure. 36. Improved hydraulic pneumatic suspension circuit using
SimulationX program
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Figure. 38. Boundary friction versus time graph in the
suspension system
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Figure. 39. Cylinder force versus time graphs in the
suspension system used for accumulator validation
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Figure. 40. Cylinder force versus time graphs in the
suspension system used for throttle valve validation(6 V)
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Figure. 41. Cylinder force versus time graphs in the
suspension system used for throttle valve validation(8 V)
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Figure. 42. Cylinder force versus time graphs in the
suspension system when imposed sine wave(0 V)
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Figure. 43. Cylinder force versus time graphs in the
suspension system when imposed sine wave(6 V)
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Figure. 44. Cylinder force versus time graphs in the
suspension system when imposed sine wave(8 V)
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Figure. 45. Comparison of acceleration of sprung mass
between suspension and non-suspension(3 km/h, asphalt)
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Figure. 46. Comparison of acceleration of sprung mass
between suspension and non-suspension(10 km/h, asphalt)
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Figure. 47. Comparison of acceleration of sprung mass
between suspension and non-suspension(30 km/h, asphalt)
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Figure. 48. Comparison of acceleration of sprung mass
between suspension and non-suspension(5 km/h, wooden
road)
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Figure. 49. Comparison of RMS acceleration of sprung mass
between suspension and non-suspension
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Abstract

Simulation of the Hydro-Pneumatic
Front Axle Suspension of

Agricultural Tractor

Cho, Bongjin
Department of Biosystems Engineering
The Graduate School

Seoul National University

In this paper, a hydro-pneumatic circuit for the front axle suspension
system of an agricultural tractor was modelled and simulated which
could be used to effectively reduce shocks caused by unevenness of
off-road conditions. A test rig was fabricated for model validation. The
simulation model of the designed hydro-pneumatic circuit was for A
hydro-pneumatic suspension circuit was configured, and the simulation
model for the circuit was developed by a simulation program and a
laboratory-made test rig. The circuit consisted of a cylinder, an
accumulator, and a throttle valve. The accumulator could absorb energy
of the vibration like a spring, and the throttle valve which was similar
with a hydraulic restriction could dissipate kinetic energy of the
vibration like a damper. The specification of the cylinder was
determined by the weight of the korean tractor. The specification of
the accumulator was decided by a natural frequency of the shock. The
throttle valve was a flow control valve which could control the area of

-8l - 2] 2 11 &



the bore.

To develop the simulation model for the circuit, the SimulationX was
used. The test rig was designed and configured. The test rig was used
for testing the component and the system of the circuit. By measuring
the cylinder force, the model was validated. The test for verifying the
simulation model was conducted, and the results showed that up to
83.9% reduction of vibration levels was achieved. Finally, the control
algorithm which was concerned with the features of the tractor was
developed. The algorithm was composed of a comfort mode and a
working mode. The test results for the algorithm showed that the
comfort and the working ability were improved by 5.1%, and 18.6%
respectively.

In this study, the hydro-pneumatic circuit which was the fundamental
component of the front axle suspension system was developed. Also,
the simulation model for the system was developed. By using the
model, various experiments and algorithms can be tested based on
simulation results. For further studies, the suspension system should be
installed, and tested in real farm land. Also, the optimized algorithm
should be configured.

keywords : Suspension, Front axle, Shock reduction, Simulation, Test rig,
Control algorithm
Student Number : 2015-23025
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