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transform (FFT) @sdndudasldmssonuuinasmendiaenaas
Lm:mm:auﬁmzuuﬁﬁmia@16?\1ayj’uﬁh INMINAFBUNLITS
aaﬁ%‘iﬁwaﬁgﬂﬁm atn91sAiann 35 wave propagation $11Iudas
Ifia3asiininsnmilng uarszuy data acquisiion system i)
sampling rate §9 wanaNIMUSIdeIMIsEULTa AdaNue
1n g walwld time delay fignamunesunIsinsumMlamzR
fnIUTas1Nawedit frequency response test NAaIEALVBS
SQIHIUNIU (noise) Aintuluszuy Famansaasaseyldan
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modulus Yluuudraasnnadiamaniiionugndasedluzag
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Abstract

In many industrial applications where control valves and actuators
are connected by hydraulic lines, either steel pipe or flexible
hose, the dynamic characteristics of the lines become important
and could dominate the overall system response. Effective bulk
modulus is one of crucial parameters having influence on the
dynamic of hydraulic system. The bulk modulus is a measure of
fluid compressibility and is inevitably required to calculate
hydraulic undamped natural frequencies in the system. The
objective of this work is therefore to present two novel techniques
that can be used to identify the effective bulk modulus of the
hydraulic system. 1) The first technique is the use of wave
propagation theory in conjunction with flow-rate sensor, pressure
sensor and data acquisition system. This method is suitable for
the design stage of hydraulic system. 2) The second technique is
the use of frequency response test/ FFT in connection with
mathematical modeling. This method is appropriate for the
analysis of existing hydraulic system. Results in this research
work show the validity of both techniques. However, the wave
propagation method requires superb instrumentation, high
sampling rate data acquisition system, and long hydraulic
pipeline, in order to obtain time delay sufficient for further
analysis. It is also found that the limitation of the frequency
response test is the unavoidable noise level in the operating
system. The coherence function is the useful parameter to

indicate the analysis reliability. Frequency response test shows
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that the identified bulk modulus and developed mathematical

model are valid in the range from 0.2 to 50 Hz

Keywords: fluid power, bulk modulus, wave propagation, system

analysis, experimental testing, computer simulation

a1ane3tia (Nomenclature)

4, = actuator cross-sectional area for side1 (m2)
A4, = actuator cross-sectional area for side2 (mz)
B, = actuator viscous damping (N/ms-1)

F = controller gain

F, = LVDT gain (V/m)

G = D/A gain (mA/RefNo.)

i = applied current to servovalve (mA)

k; = linearised flow gain of servovalve (m3 s>1/mA)
k = flow constant of servovalve (m°s /mA (N m~)"?)
m = total mass (kg)

N = A/D gain (1600 RefNo./V)

B = pressure for side1 of actuator (N/mz)

P, = pressure for side2 of actuator (N/mz)

P, = load pressure (bar)

P = supply pressure (bar)

PI(O) = pressure for side1 of actuator at steady-state (bar)
P, (O) = pressure for side2 of actuator at steady-state (bar)
P = compensator gain

[ = flow rate for side1 of actuator (m3/s)

0, = flow rate for side2 of actuator (m3/s)

R, = cross-port leakage resistance (N m“/m’ s")
R = controller gain

4 = actuator volume for side 1 (m3)

v, = actuator volume for side 2 (ms)

z = actuator displacement (m)

z, = feed back signal of z

Zyop = reference signal of z

B. = effective bulk modulus (N/m’)

B. = bulk modulus of container (N/mz)

B, = bulk modulus of hydraulic oil (N/mz)

C, = velocity of sound in hydraulic oil (m/s)

e = control signal

f = frequency of pressure wave (Hz)

14 = length of transmission line (m)

Yol = hydraulic oil density (kg/m3)

o s 3
1. Un uazdanilszasa

szuulaasadin I%ﬁ'uas;mLLWi’%mu‘LuqmmwﬂiwﬁLﬁ'mﬁaaﬁu
AR M’%ﬂﬁmmﬂﬁmﬁgamnlumsmﬁ'auﬁ [1] Aa819LTH
LA3894N3 CNC, pick and place robot, msmquﬂau@aﬂuma
W3, qﬂﬂﬁﬁsaﬁumi&"uanﬁau (vibration absorption) Lﬂéad
Fmasanwmaiu (flight simulation) minaseulugasmnIzw
(industrial testing) [2] %89 LHasunanmsfissundiasdantiae
ﬁﬁ%ffﬂ (power to weight ratio) ﬁgd [3] wazANNRIANTO IATINe
LLidﬁ%aLLﬁdﬁmﬁgalﬁﬁuLﬂéaﬁnﬂ@ﬂuﬁwL’Jmﬁsmﬁa ERGELRE
ﬁaﬁmﬁmzﬁumﬂuamm‘amuqu woudianlaslaasadin
(electrohydraulic valve) [4] %dﬁ’llﬁmiﬂmd (closed-loop) v

o Vo £
SZUUﬂ’JU@]‘&lanlﬂaEJ”IGﬁ&JHEﬂI&I’]ﬂ‘D%

FTUUMUANUUUEI "L&idw:Lﬂmmunﬁﬂ'mqm‘hl,mm
anus riaussldiimsnamnadnidaiilioaNatasTuansmsau
99 szuunszuangulansainazdasmuIndIRIuITILAZA Y
AWNFINNLAIBINEUAINNITZIUVDITZUL [5, 6] udadnalsiaw
rauflazlimisanuuuszuumugui@le uwudinaims

a & v A o & ' A = =
amamMaasnnInzaNIzdasinmInawuanan JaRTnllds
anudndunazdasnmuaiasfieng g asszuuaas [7, 8]

[

Bulk modulus w1t ndawaIanuaunsalunsiunmu
a

]

a o 4

dansonaivesintgu wledntaniinfennuaunTalunNTRIHY
wnnnunasiiiia ldgsgunsaiinulaienms Snnadildlums
Aenzimdanuisswmdvasszundndas [9] danudnfinneas
284 bulk modulus naeludsinduliainmsienzieanuuy
suylaasedin mssuuLiaaInIadiamaas nians
WIBUWABUTERINKA simulation LazHANNINAsEUIN
% A wa a A A &
WoaUJudn1s [10] s:uumuqu"lamaaﬂ lunans g n3dl AN
muqua@ﬁda%iﬁ'mvlnaﬁnnqﬂﬂiriﬁwm ANMVLNIURZT ROV
sruuvia lansadininaatnaunneadn bulk modulus UaITTUL [11]
ao o A o ad a & '
lunuwidvaduitldauadznmsluniinseinidl bulk modulus
wn . ~
laeld3T wave propagation L&z frequency response test GREY

ANMUAIERUUAZTEIINANUANG1IN

2. 357 1 : "153@I1RA7 effective bulk

modulus ‘L-ﬂﬂsli'f wave propagation

2.1 ann13Vad wave propagation

5’1\15\15\‘mmﬂﬁ hydraulic transmission line [12] AT C,

auluihdulaasefninnuFuWuEnudT bulk modulus naAe

c, = |Le (1)
el

1o

B, = effective bulk modulus 484 hydraulic oil/hydraulic hose

(N/m’)
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. . 3 o o . i, o
p = hydraulic oil density = 860 kg/m Wanlt syanmnszualwiln input Aslinuiwaslinglunms
A a . Aa & = A o A A
1iiafi91304191n hydraulic hose AIfianwe1aNn uazwamanizas  nasevuszuuiluuoy step tionszduliimafsuudasuuy
hydraulic hose LB4INAGENITABUALAIVBITZULAENINN ANUD nunrule
a o o 'Y =
PDINRBANUARIMINTNLAIBENMEANNTIVa LTS Tluas

NALOMULWILFUYIBUY hydraulic hose A9thi

Servovalve P, Pressure sensor
j— 1 — CO 2 Q‘
U R @ o

T
Lda @ |

Flow meter

f = frequency of pressure wave (Hz) >< 122 m hydrautic floxibl hose
T, = period (s) L

¢ = length of the transmission line (m) ; & Q’ressure sensor
fhRaIoneswilsfiamesasmInizansvesnauaue Flow meter
ATwilaInumsauine delay time U89AUAUULAZAAIINT Restrictor valve

Inawesiaiu szwinslansrisessuaas transmission line 1o L

FWENMT (1) WAz (2) a8 delay time 7, snansaidawle

3U 1: Hydraulic circuit for bulk modulus test

sUva9
U

T, =1 ﬁﬁ (©)

3 v v ' =3 o '
a:mu"lm'l mMNIual £, p, haz 7, NITEUIINATUITWATAN

effective bulk modulus 284 transmission line ‘Lo

2.2 N193LA312311A7 effective bulk modulus

Tﬂ Elsl“ff wave propagation

lunuwddsdt lévinnsnaseunuvialaase@nuuy flexible hose
(Synflex@ series 3130 series 3130 medium-high pressure hose)
%al‘ﬁ’luqﬂmmﬂamaﬁnlmﬁﬂﬂ M1 setup gunsnilu

v ia o P o .
Waalfiidin1s aagu 1 uaz 2 iialElunnyia delay time va9a1

Fuuazsammslnavesinii sswisaenssesduas
transmission line 7ia flexible hose A8 12.2 m é’dzﬂ 3 vl,ﬁgﬂ
IHlummaseuiiielwmeaadasiuauadguiiimasionuaniann
Fynnanssualwiuuy step input 3lWAY servovalve tialila
‘Lﬁﬁms"l,m"umﬁwﬁ’m%;jvia flexible hose gunInlindnTnislng
ARG (Parker Hannifin) LULIAALTIF gﬂa@ﬁgﬂiﬁﬂmn
MmasduedszuUrie WislFlunsiananauauasLLy transient
yassamslnauazaudu lasfl flow meter uaz pressure
sensor AAAGI B FUMUITIUEENIN servovalve UazAAANI b
Funissnutansuad flexible hose LudITnans NI Inaua:

AMUABE U T URZV B AN mi:uuﬁﬁu‘lﬁ]

-

B

) 5 ] o s
lumnasey L}faamnamﬂmmmummLsnaﬂa'nmag‘lwma 5 31 3: Flexible hose used in bulk modulus test
019 15 /min @91 flow meter 3% SCQ060-0-02 Fannidanld
asnmunsniadasnsinaldia 60 vmin dyanaslui Ut i
min ®tyty lunstufinHanauauadluy transient 370 flow meter way

f ' = o A a o ' A &
output af;ﬂ%’m‘? -3 113 3 Volt anadufisnnziFauduuszaniizlng pressure sensor S:‘U‘.ULﬁiJ‘fl'a%la (data acquisition) LUUMSA AaAd
4 o 9 . A )
fiaadavasszun gnnasaulasniild pressure gauge WA luraufinaaiduyana uazlilsunsy Labview [13] lums
awfuutlasan 70 113 130 bar asuugunIniinanueu auay anudlumsiivdays (sampling rate) lannas 3 goga

9 U u U 9

a8 ! . =2 A & @ o v o .
2119 0 -150 bar Hany 1ol output agluga9 0 - 5 Volt Fagn whitszunifudayaazaanintilddia 32 kHz Wedan time delay
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Eﬂ 4: Pressure and flow rate responses used for bulk modulus identification

°uadé’tyzywmmmé’mm:é’mwmﬂmaglflumaé}v'us] wintin aviu
famunsneaen sampling rate ldgarinls ﬁﬁ]zvlﬁ"ﬁa%mﬁﬁmw

gnﬁaamﬂ%mvhﬁ?u aghslsfiann mseaen sampling rate %uagii
Avanususalunsdszaisnarasmianazaaniaaasaaunu
dyanmiiialdanmnasen wionrsdyamiH el fiter

leusasliasgy 4

M3t filter n3evinlalasmslelusunsay MATLAB/signal
processing toolbox [14] 1iasananudsssuanalesm ldves
s:uﬂamaﬁnag}imﬂwﬂammmﬁ"l,mﬁu 200 Hz @91i% Butterworth
digital filter 1§ cut-off frequency gl 200 Hz 39ldgninanTdau
fafidassziiaszislunsld fiter nvasfamideazrildifans

AATUIAY8Y amplitude Uaz phase delay N1ANANFINTT cut-off
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frequency Satinazdnadmyamesevliisilainmsld fiter la'le
lwiAams distort va9FIMllNLAY delay time 89
HAMDLAUBITIANNAWAATINMT IR |duaniaszy 5 anduldi
¢ delay time I@ma?&lﬂa%iﬁ 27 §adIwN (ms) uazaaENNT (3)
AANTOFWITAAN effective bulk modulus laeadt

p _ (12.2)° x860

=0.18x10° N/m? )
T; (0.027)

e

Pressure/bar

Time/ms

Delay time of pressure response

Flow rate/L.min”'

Time/ms

Delay time of flow rate response

31] 5: Delay time of pressure and flow rate responses

2.3 @329891UA1 effective bulk modulus (5,)

ALNIIANBIMAY parallel law
111
- =
ﬂe ﬂo ﬂC

NNFNNT parallel law [12] uaadlwiAning bulk modulus 283

®)

iiiulaasedin wazvesviaNussgiali dInasadi bulk modulus
pa95uulagsIn B, uazanmdwmmal £, asiaanin
bulk modulus 3a9tdulansedn B, Lsue

frnanldlumynagey [12]
B, =16 x10° Nim”

(Shell Tellus 37 oil, ﬂm&lﬁuLLazqm%ﬂﬁ Iﬂmaﬁm 100 bar 50 ° C)

Be =022 x10° Nim*

(flexible hose Synflex@ series 3130 series 3130 medium-high
pressure hose)

Wounueasluauns (5) Wy

B,=0.19 x 10° N/m”

azinldi B, Acwmld Sanalndidsateantud g, A

ATZAFAINNNINARELAIE wave propagation

{ ¢ ' .
3. 351 2 : 3531@512¥innaA" effective bulk modulus

”wms‘nmaammn FFT

3.1 N13INATITHRVUINRDIAMAAIIAIVDI

v
izﬂﬂﬂﬂ%']‘lﬂ%ﬂlﬂﬂiaﬁﬂ

Walumadanlunsianeinnan effective bulk modulus N3
A o

NAFOULUY frequency response test / FFT DIWILLRNNZRUNY

szuvlaasednfiinifansuda (existing system) lanniiiaus

lavlddadnsszunsnihninuuylansedn nszuanguildidu

a

LL‘LIi.JrT’mgI‘LILamﬁﬁmuaad‘ﬁﬂma (single rod - double acting) N
Sunssivtinluumnds Hnulasmimuguuasgaslimd
densalaonsldviouuulans wandiuaassaslansedn usaslu
ju6 s:uuﬂﬂﬁmﬁﬂﬁwmuﬁam:uumuqmuu proportional
feedback naanuuuliaanIniednyym input Adwuy step,

sine-wave, La¥ random 'l,ﬁlﬂl”wgfiwu closed-loop vLﬁ

m TZ

— [ —

LVDT

\2
I

| o |~

Controller

31 6: Schematic diagram V833 UUBNINAN
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PRBS signal
from 1200
signal processor

[ 1

CH1 CH2

by

2 3
ag+a;s +a,s” +ass

PL202
FFT analyser

Eﬂ 7: Block diagram setup for frequency response test

menzsiiasduinduardasiinuuitassneadiamaasuad
Aa &) ' Ao A ' P o )

szuunfidn g, udnasfidmnivasszuunon ivelWaansald

M3 simulation waaINavad output Azula (lwnuidefifesces

2309043ngL) WisnfisuAuNafinInmMImasauailu

Wead s uuudnanmwadiamaaivesszuunszuenguls

maaﬂﬁmuquﬁamsﬁaﬂnﬁa UIDNEAI LA aIT

PMNFNNINT W avasas gy Adm vl dugadunds

(linearized model) [15]
0, =0, =ki (6)
oot

k= k./’\/Ps _Pl(o) = kf\/PZ(O)
ﬁ]’maumiﬂ%mmmuqmadﬂizuaﬂguﬁtmadﬁﬁu

. P, —P.
Q1:A12-+£P1 +—( : 2)
ﬁe Ri

oV, . P —P.
0, :Azz_ﬂ_2P2+—( IR, 2)

e 1
NNNYMIARauNIvaIiIfu
P A, ~ Py A, = B, +m3 ©)

@)

®)

saa A A o oA, o« & o
Imﬁmil,l,ﬂaagﬂmﬂmm uaznoanzuaulandugud aa3y
sumavh i ldwsnduanealau (open-loop transfer function)

32379 input i WAz output z Ae:-

== %2 3 (10)
i a,+as+a,s" +as8
L?ja
b 7(A1V2+A2V1)kiRi
g = 2“2 VBT
P
ao:(A1—A2)2
AV, + A2V, R, B, (V,+V.
alz(lz 21)R1+ v(l 2)
ﬂ(’, ﬂﬁ
B RV, V.
a, = v 121 2+m(Vl+V2)
B. B
RVV.
a3:m i’172

ﬂZ

22111631 open-loop transfer function 33314 input i WAz
output z wuliladiaT (unstable) AdnuszUUILYIU S
Fuiudasfiniininguuuy closed-loop Lialfifianuatius
fyImnIzezIIaveInTzUangy z legnialasld LVDT
(linear variable differential transformer) [16] L8 feedback

) o o ) . . A

faunauungs summing junction Galdsunsulilu
controller/LabView Eﬂ 7 W89 block diagram wa332UU closed-

loop

61 compensator gain P VL@TQﬂaa@ILL“niﬂL"iﬁvLﬂimiN reference
input WAz summing junction tavhl¥msISsURsusEWing
/D input WAz output nleiredu Taelufiuasie closed-loop
pole YB3 UU
_ byF,F,GNR +a,
~ b,F,F,GNR
(4,V, + AV, )k, R, F, F,GNR .

B.
(4,7, + 4,7, )k, R, F,F,GNR

B

(4, - 4,) (1

e

LVDT gain F, =50.6 V/im

A/D gain N = 1600 RefNo./V
D/A gain G = 0.0125 mA/RefNo.
1

1

controller gain F|

controller gain R
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IINNIILNIN compensator gain P lFzusadon closed-loop

transfer function bé1

& ! — (12)
Zr  1tes+eys” +oys
Lﬁla
(Alez +A22V1)Ri " BV(VI +V2)
¢ = B, B.
(4Vy + 4.V, Je; R F, F,GNR (4 -4, )
ﬂe 1 2
BRIV, mlty +7,)
. s 2
(47, + 4,7, k. R, F,F,GNR (4 - 4, )
ﬂ@ 1 2
mRV\V,
o B
37 (47, + AV, kR, F,F,GNR (4 - 4, )
B,

3.2 N1INAABULNDK1A effective bulk modulus

‘[ﬂﬂ‘l?}’ dynamic test LLag FFT

msnasoulasmsiansnsusnasvasszuululawuanud
(frequency response test) vlﬁgﬂl"ﬂumﬁmi’lzﬁm@h B, 7
UEA IFAUTINTIALATUNNNINAREY FYWITHLLL pseudo
random binary sequence (PRBS) a%'ﬂd%uﬁ]’m Solartron signal
processor [17] "Lﬁgﬂ‘lﬂﬁl,ﬂué‘rgnpmﬁlﬂumsmzéju (excite) 5=UU
bandwidth 2838y MUY PRBS Qﬂr‘imuﬂ"ﬁﬁ 0 - 100 Hz &9
ﬁadww‘\imwuﬁm%’ummszﬁuwa@auauaaﬁaﬂwaaszuuvl,ama
an Im“ﬁ'@hmeﬁdﬂmwaaﬂs:uangugn%ﬂﬁlﬂuqﬂﬁwﬁaL'%'uﬁu

(initial condition)

iwdestsziadynas PL202 (18] TdgnllunisTausciinsest
HamaUAwEITEIANA laufidnymm input V09I ULIABIdBDY
111 channel 1 WaTATYQYNA output YBIILIADIABDL AL
channel 2 MYUSALU A8819VDIFYYIM input / output Telaas |y
Iugﬂﬁ 8 NANBUALAITBINNTWTONALAN coherence IECRLART
9 /" coherence uaadlWiFuisanuFafiavasmsiiaTz
iaga‘uauﬂ%aaﬂszmaé'mumﬂm fazagszning 0 -1 %a‘ﬁ’agm:ﬂ
amusidaiiald @ coherence AsRAMAiINNTY 0.75 ﬁ]’m"ﬁagaﬁ

a '

ldanmInasey amdnldinmsiwnedanad Januingeie

o

124 0.2 - 50 Hz S9ifaduNAnaatNIuNAAaR YN TATLNIK

]

(noise) Tuszuutiulas
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Eﬂ 9: Frequency response and coherence plots



Experiment Mathematical model

Gain/dB
Gain/dB

0.1 1.0 10.0 100.0

Phase/Deg
Phase/Deg

0.1 1.0 10.0 100.0

Frequency/Hz Frequency/Hz

31] 10: Frequency response comparison between experiment and theoretical model

INFENMIUVDINRDY (12) Aasiens g Navaseuldan 3.3 @198 0UAN effective bulk modulus
wasdfudmsldagnihanle dad

AYNITATBIDE

total mass m = 280 k oA
& fnasnnlslunisasrasay [12]

actuator cross-sectional area for side 1 4, =1.96x10™ m? B, =16x 10° Nim?

actuator cross-sectional area for side 2 4, = 0.94x 107 m? . - A o
(Shell Tellus 37 oil, ANUAKURZD WA Tagiads 100 bar 50 C)

actuator volume for side 1 V; =167 x 10 m? 10 P
Be =1.0x10 " N/m

actuator volume for side 2 ¥, =80x10™% m* , ) . N
(reinforce flexible hose LUU double-wire-braid high pressure

servovalve linearised flow gain k, =5.20x10™° m’®s™'/mA

LVDT gain F, =50.6 V/m

A/D gain N =1600 RefNo./V

D/A gain G =0.0125 mA/RefNo.

hose)

Wounuanaslusuns (5) wuin

B.=1.38 x 10° N/m"

andnld g, Acwomld Sanulndidaiutuer g, 7
controller gain £ =1 AR MINNNNINATBUAIE frequency response test
controller gain R =1

compensator gain P =4.60 ,
. 3.4 asradauan effective bulk modulus

actuator viscous damping rate B, =500 N/ms”~ N N
1 ﬁ'mn’l‘ﬂ‘ﬂ step responses

cross-port leakage resistance R; =2.45x 10" Nm?/m?®s~

Lﬂ"al,ﬁummmL%aﬁa‘lﬁﬁ’uﬁamuaﬁ“msﬁmua @ ﬁ
supply pressure P =200 bar Y €D Be

Aenedldgnihainamisendnais launald step input uaz

. o ° A &9 o g
N&IINANT simulation "lﬁgﬂﬁnmLﬂ’%mut,ﬁuuﬁ'uwaﬁvlﬁmﬂmi aneialulawuasiim duniaiananeasgngugnastitiu

v A e ¢ o & o 3 =<
na§aua3aas3l 10 laums triak-and-error 61 4, luuuudiaes ADWAIVNNUGUY ATUUSYYNT step input JIYANARET

o o a [ gt =2 =
maadaaaad vnldnTuen bulk modulus 28932 ULBNINRINAS Usuidounesesliagluszwing -5 fis 5 mm, 10 fis 10 mm, -

o 2 15 i3 15 mm FygsezanUiuandaududinan uazaine
B, =1.40x10" N/m o 4 e = A e 4
winduday iavhldmuguifanaafewduiafananisas
A v a :
nazuanguDLduled989 MadIouieuIzninINanIINasas
. . o £ Vo v =
WLAZWAIINNNT simulation 6331) 10 -12 Talduaasliinuiionnm

aamﬁawaﬁagaﬁaaaam
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4. unasy
4. undyl

nnsaaseuluiaslUains uszanmsdenzviaas parallel
law WU slEviagaw (flexible hose) luszuulaasadin vinleien
effective bulk modulus 28435:uulassIndinTans1asllunnnin
Wassuiisununsleviouuy reinforce flexible hose (double-
wire-braid high pressure hose) &9 85% tnfiannsaanuuuluds
transient response Uszinnaasaildnwazdesimifasanson

ludnuaaunmssanuuuy

a A . I A A 4
NOBNIINTZAILVBIAAYU (Wave propagation) tHunafanuits f
30 M lwn13A Tz RwnaN effective bulk modulus V8953 U UG
Aiaanuaniuszninshiulaasednuas viehduldd wadsns
Ko & o A A o o o Aa a
A5 dudasldinTosliolndamisine Auan nlamnna uas
7¥UU data acquisition system il sampling rate g3 HANAINT

v o o . Ada a v . o
wiIdaInIszuLYie Adanusnanng walile delay time 9

=~ o o
Weawasun M lunnsdua

dafvasnmibinaia FFT ildmsdSouiisulwdanheile
KRl LLa:ﬂia‘LlﬂQm%am?: transient LLas steady state 5ﬂﬁ°’«353
MInsEuEnednsUsuufiiimseanuuy1iuda (existing
system) atslsfiony Tadnavesitmsnnaaindudesd
LU ndiamans uazdassziaitlwiemedygm
UM (noise) NNNNTATIVA MMNHANTIATIEZANLINAN
effective bulk modulus LazLULINRBINATAMIATIAIY

andaseyluziniud 0.2 - 50 Hz

naenssndsznad

2898UAMUIEN Festo Thailand Co., Ltd. NiidailagUnIal Two-

[

channel proportional amplifier Waldlunudand
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Experiment Simulation
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Eﬂ 11: Step responses between -5 and +5mm

Experiment Simulation
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Eﬂ 12: Step responses between -10 and +10mm

Experiment Simulation
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Eﬂ 13: Step responses between -15 and +15mm
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