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ABSTRACT

This research presents an investigation into the velocity control of an electro-
hydraulic system where the hydraulic oil flowrate was controlled by a fixed
displacement hydraulic pump. The pump flow rate was controlled by controlling
the speed of an AC motor driven gear pump using an inverter variable speed drive.
This research presents a mathematical model of the pump flow control system.
Comprised governing equations were derived from orifice flow equation, continuous
flow equation, bulk modulus equation, electric motor motion equation and
Newton’s laws of motion. Computer numerical simulation results were compared
with results from real time experiments.

Experiments of cylinder velocity control of the proposed pump flow control
system were conducted and compared with the conventional valve flow control
system. Both systems were tested under the open loop and PI closed loop controls,
with and without load. The valve flow control system yielded better velocity
tracking performances than the pump flow control system in all cases of
experiments, either under open loop or closed loop control, with or without load.
However, the proposed pump flow control system needed much less drive power.
The reason was that some part of hydraulic oil was always diverted back to tank via
pressure relief valve in the valve flow control system. This resulted in a constant
high system pressure and high power consumption. The performances of both
systems were also tested in frequency domain. The open loop bandwidth frequency
of the proposed pump flow control system was less than half of the valve flow

control system, due to a larger inertia of motor-pump rotor compared with the valve



inertia. Under PI control, the closed loop bandwidth frequency of the proposed
pump flow control system was significantly improved to be only 15% less than the

valve flow control system.
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%@QiBUU@LaﬂIﬁﬂﬁﬁiaﬁﬂ iwauaamummdﬂu

2.1 szuulansedn (Hydraulic System)
a = A A o v Y [

seuulansednuunefssruuniinisasuwdasiasuvesnaliilundsiuna oy
nsvibinseguengulansedninfeuiluiuiidunsaviionainesiansedniinnisvyy 9Ny
o ¢ o A ' E ! (Y L4 -dl' v ' 1 (3 1
Wgunsalvihamilluseldnusiuivaunsaluaznalndug segiuy ssuuiusnlusagud wl
u3ilansedn 1A3998A J0LATU SAUNSAMBS waziAsasdnslulssugaaInnssungg U udu
JUN 2.1 uanrevsuazunsaiiugluszuulensedn Besznaulumeynduiaslensedn

Maananuiu MNdmuaNianInsiavestidulensedn MaintuaudnsINIslvaves
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nszvenaulensedn
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2.1.1 dauusznauvasszuulansedin
drutszneuiiugiuvesszuulensednysznavluegaduidadsdnsmslnaves
ihifulansedn qﬂmcﬁmuqmﬁﬂmqLLazé’mwmﬂwasuaﬂﬁﬁﬁulamaﬁﬂ wargUnIalvingu
Hudu Feneandeavesgunaniuguvesszuulenseandifutelud
2.1.1.1 aunsaldiuitasvasssuulansadn (Power Unit)
yodurindmosszuulensednyimihiiadsdamnisinavenitulansedn tnevhlua
UsenoulUdegunsaindng fil Julensedn yaduiulansedn Mdananudu Wudu 3
fireazBoadialuil
_ dulansedn (Hydraulic Pump)
Hulensedniimiiiadrednsnsivavesiulensedn uddresnsinisinaves
ihifulanseanidngszuy dulsnsednanuliussantiinasnsiediuasidse fuane
vin wu dawvuites Huwudluie wasduwuugngy Wudu
- 1879UanA1uA (Pressure Relief Valve)
NdanaufuwimiimuauauiuresszuuaLldimun 1danaudu
annsaviuanuduresszuuldauanznsvnues Wessuuimnuduiiuniniidmun
Méannuduaginsdaliinduleasednszuenduiain Wedunsinwianuduly
szuulitianasd wastileranlasnduvesgunsal
- ynduilulansadn (Prime Mover)
ynduiulensednvmihiduduidslunistulivlensedn gatuiilansednaunsa
Juldvsomosliil vidoinioseud Tnsgnduiylansoanasidusduiilensednlfifnns
myudteflazilidulansednasrdnmnisinavenhiulensedn
2.1.1.2 gUnsalmavguiiemsnazdasnisluavastingiulansedn (Directional and
Flow Control Equipment)
gunsalmuRuNsnuvesszutlansednlann 18AIUANTIANIG 11EIRIVANENT
nslua Budu Fendrmuauiianisiuiidlunisauasfiemavesiisuleaseanlilva
shuusiaz oy
2.1.1.3 gunsalvineu (Actuator)
gunsalhewhnihfdsundsunisivavesiisulansednlidundsnuniena
wuedeuiidadunionaedouiiduy fineandeadfuiolui
- nszvangulansedin (Hydraulic Cylinder)
nszvangulensednimihidsundsnumsvaildinaniuriiundimuauiiana

wardnansiva Iidundsnunasuundeundudu Inevlunssuengulansedniivnediu 2
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WUURABNTEUBNAULUUYINUEARTIANI (Double Acting Cylinder) kagnssusnguhuuyiniemu
AiAn19vaaen (Single Acting Cylinder)
- wawwaslansadn (Hydraulic Motor)
vawesilensednshuiniasundsnunsivaveniifuloaseanainiulensednni

Méeuauiicniuazensnisivalindundsunawuuniounidayy

2.1.2 299598ss2UUlansedn (Hydraulic Circuit)

1asmuaulussuulansedniisieiu 2 wuufie 1995AIUANLUULTUA (Open Loop
Control Circuit ) kag19335AUANKUUYA (Closed Loop Control Circuit) 3951888188 Ad
Aasaluil

2.1.2.1 Nf\lsmuqmmmﬂﬂ (Open Loop Control Circuit)

a < a Yo o a ! 6

2993PuANkuUaluRsnfenldiumily msessuuiasuuulainisnegunsali
1 [ = U &/ a g N Y1 d‘ a
418 seuuliiresiinnududeu anviadimuansyuulidiy JUN 2.2 wanvrsauanwuuiln
dmsusvuulensedn Feszuviasuuuladiuinndsenaulume Julaasedniiiusuinsnis
Jrethdulansednasi 1drmvaudnsnisinanasiananisivavesindulansedn 1147
Uanadusiu kazgunsalvingu wunszuenaulansedn vieuaineslansedn lagluieas
szuulensednuuuiliniu didundingaluldnungunsaiinau (nssvenguluguin 2.2)

wlvafudain weselrtulansedngaluldanudnasy

JUN 2.2 uansasnisauanszuulansednuuulln
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2.1.2.2 'Nasmuqmwu'ﬂm (Closed Loop Control Circuit)

U7l 2.3 wansszuumunulensednuuuln szuvisaslensednmuguuuulalaeily
wusznoulude dilansednilanunsouiusnsnisivauasfimmavasiiulensednld 11d
AIUANAIINAY 1AITUNTU wazgUnIalinau 1unszuenau vieuawmaslansedn 1e
unAIMITIMUaLLULDafe stuvasauauuuulnagldiuuuumay 2 fiandlunis
AuAufiaasardnsnsinaresiniulensednununndiauny eI snuaNLUY
Wavi U wazldndrdundunazndananusuiionuaunsiauvesgunsal iy
I¢oegsliiinmnuidems Tasasaslensodnuuulmiduildnugngandululdnudelagl

nauns Fedusnnienyssendldauiuseuu Hydrostatic transmission

~
e ST
B ey
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—o ®

JUN 2.3 uanasasnisaunuszuulansedinuuuln

2.2 msAnwnazuAdeiigatesiuszuudiaalnslansedn
nsmuaudnsInsivavesifulensednuesszuulansednannsafiageuaudng
nslnaldlnennda mueslaetiu vidoruausiuiuiieg dwsussuumuaudnsnisiade
1é1 mamuaudnsmsivavestiiulensedndaluaasliduniiusinesnstedituasd
(Fixed Displacement Pump) éfm%’umsmuamé’mwmﬂwaéhaﬁu N13AIVANBATINIT LA
vasunifulensednazlddufiaruisovdouudasuiuinsnissredrduld (variable

v A =

Displacement Pump) mun1selnan waztagduiinisfnwinismivaudnsinisivasmedui
TduuuuUTuInINsIteai eannsgadendinuluszuy ssuuniuausnsnisivg
ManuainanudeiuiinsfnynazidenanisruandIuLle AIUANAIINST LazAIUAY

= o a o &
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2.2.1 M3Rguasiangiuszuudiaalnslansedn

nMITLaziaufeIiuszuudiaalnslensedniiieiunalednvazmeiugy
gUNIalyiIaIU AIUNIIAIUAL kazAUNTUTENdaNAUYadsTuY Wusy Jan1simuniade
a Y Y o | oA a = o aw A
AnanutsuinIsiauiegdeLlotnefnisdagiu audfauinismanalulaga
DGR

2.2.1.1 NM3guaziaIfgiusTUUAIUAY

Edge [4] las1usiuni1sAne Ideuaviauiieniussuudiaalnslensednainefnis
Yaguu visludunisauan Aunisuszudandanuvesaunsal wieliszuudianlaslansedn
Tnanauauesiudugy TUszdnsamasgn wazlinisusendandsanuuiniign uaziuzin
LU YAABEYBILAREAIAIUANTIALLANGAITY Beanansafigadladinisidenuaznis
Usuamauaududddglunisesnuuussuy JUn 2.4 wanslaezunsunisaguiade
#1399 WngafunIsfinyifeafuszuudiaalnslansedn wu szuunismiuay gunsallunis
911 Uszdnsain deygraoenedssuu wazn1suszana by Wudu dwsunisfinem

v o U a a a v s

sruumuRukuutounaudmiussuudiaalalansednsuduain Conway [5] IngUssendnis
muRukuudaundudmsuaIuRusTUUAITaasalagldnsinfeunvesnseuenguluns

a = d P a a a4 4 Y
mvAuAanslumadoveuie WonIuAuANIINISHLYeNse Fudunisauautoundu
wuuldnaln s Pippenger [6] lasinswaiunsyuulensednain [5] Ingldssuuluindy
doyraudaunduieldluduinuasamuaussuy Geussgndldlun1sniuAunIsiAaounves

Junaluasnsy
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CLASSICAL
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IMPLEMENTATION ~” HYBRID |
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ANALYSIS & SYNTHESIS
* * SAFETY

I IdCOSTS RE E

1l QUIREMENTS
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APPLICATION
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PUMP-+VALVE (LS)

VALVE CONTROL
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/MOTOR
CONTROL
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JUN 2.4 uansununInnsanwszuusiaalanslansedn (4]
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2.2.1.2 MIIVUUAZWAUNNLINUNITUTENTANSIUY

Aly wagani [7] Insiusiumsanwiwagiduielnunsagdendanuuasnisusendn
o w i o o  w a < a o § v a < a &
maslwihvuzissuuyinnudmivszuudiaalalonsedn myvilissuudiaalaslansednidu
finsiudnnaen lnwenfegrsvesszuudianlnslonsednfiunnaeiuiiondnsussdnsnm
wazn1sUsendanasuvesssuy lavaguladmasuidieluldladua 18 % vaandsnu
Ve Bedindanuaadsluuszanm 82 % vessruumuANsnIINISIameang 1 su
4' o 1 Y @ 1 | a a a & a
1 2.5 wansdnaunislondsnuudazaiuvesseuudiaalastansedinlaee 1U nsaadsly
viordiuUsEanM 29% Msgealder1UNEINe Ussnna 25 % uaznmsandeanduyseana
20 % uIdedilmauasuinisdunisUssndandnuaisnisidengunsal wazn158onkuY

JEUUMILAY LYyl uulinsUsendangsnuantu
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Energy
18%
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Pump 25%

20%

U 2.5 uanandsnuildluszuudidalnslansedn [7]

Rydberg [8] @nwin1susendandrnudimsuszuulansedndinsuiniosdnsnalanse

an wazmsUssenaldlurugnaivnssy lngendiegrandsnuionlulduasndsnungayde

[

lusguuLATININanNtnNLARoUNNAIUANSATINTITINAMIEINET LagTEUUNITAIUALENT

9

% I

nstnasigludmiussuudeaings sUR 2.6 wanmdsuiienlldlduasndsnunaydsly
A o = | A Y v U A ] S o v wd
szuuiasssdnsnavinflefeunfiauausnsnsvameduuuuuiulsunsnisineindulan
10 Load Sensing wasuntewdngszuvansnsailuldaulauszann 35% uaggun 2.7
Y = o 9 - = Y % g & o
wanendeuieldlduazndnungaidslussuunisaivaudnsinisivasiedunusu
Ysumsnmsdgindulameszuuiasuuule dmsussuudends wdsnuidewdngrsuy

anunsatlUlgaulauszunm 55%
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5UN 2.6 uanandsnunldlussuuiaiasdnsnaminiiinfioudn (8]
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Energy Useful Work 55%
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20%

U 2.7 uansdanuitlilussuussuudshdeiessuulensedinuuuisasie (8]

a | Y v ¢

2.2.2 suudanlaslansefniiniuandnsinisinadiennan
] (% (% ¥ (3 o vy a2 ! 96’ £ A
dmUsEUUMIUANENIINTTIManI811aY InemaluldduuuuuTuinsmsTeuniuad
waglduewnasiniildtududeninuiiseuaiiiieasisdnsnisinavesinfiulansedn
Pnuldnsdinfiuivenindmauaudnsimsivalunmsaiuaudnsinisivauazaunufianig
voniulansefin Be3rUUAIUANSNIINTSIVA18LTUNUTE AN N VB INARBUALBY
< [ 1o = = v v [ =i = @ g v
vossyuulunan lngagldadsdisnunisusendandnunagadelussuu lnedniuauily
dmSUMIUANTEUUENIINMIIameNaifiAIUANKUUTRAULUUA N UASTRA AN UUTY
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Thaju wag Nasar [9] Anwinismuausuniinszuenguuassyuudidalnslansednlag
T4aunuiuufiled (Proportional Integral Derivative, (PID)) AfALALAT wazdaAuAN
wuuiiledannsauiuainuls shmsveaeaisuifisunaneuaussesusazn1snIUAN U
7l 2.8 uandlpozunsuesszuy Felsznaulumeyaduidsfiaiednmnisinadsulensed
uuuAI MdrmugusmsInsinatdulensedn nssuenguinaLLUUABIfiATNg uay
gunsainsIv T umisnisiadeudivenszuanguniennaNfiamesAIuAy HaN1TMAABIH,
muRuIUURileRTianssaufuAnuldfinaneuaussnanni (Settling Time) wazianmty

(Rise Time) 153n315zuuiildfmuauinuuiiloflAnuA

Pl(%? P.
Qf Q
A By,
W >< T f{x\r{[
Usv(+) ™ T =3 | Usv(-)
P T
= "YuF A1 b NI =
. Q .
| ——
] AR |
| Urv |
P L,

JUN 2.8 uandlaozunsunismunusuviesssuudibalaslansedn (9]

Mohsin Hassan waz Jassim [10] Ainwinsaiupuadiasivesteineslansednlagly
AIRIUANLUUNLEA 1agIN15NAADINEMMATLANAINTL KAIINNITNARDINANBUAUDY
< 6 a o v a a Y a ! =2
ANuSIveNawasiansodnyhulafianieamgivesindiulansefnsening 60 fa 70
aIrTaLid LazaIUITeuUTeINeLneslansednfiuszuna 700 RPM 1ngn39398453uuf
o U dld U

nsAnwuansugui 2.9 Ysenauludie gasuidanddnsinisiyani 1MainIuausns,
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JUN 2.9 uanslapzunsunisrupuAsIvesssuLdiaalaslensedn [10]

Salloom wag Abdulgader [11] ﬁﬂmmﬁmmmLmLLasmmL%jsuaam'%aqé’ﬂ ﬁﬂauam
Snrmslvavesiulensednsendmuausnsinmsivawuunsenwestuda uadldndg
muqué’mwmii‘wasuaaﬁwﬂuiam5a§ﬂﬁ1waﬂﬁuﬁaiamﬁasJ lun1neaesldJanfe Copper
Alloy Aifianuvuruandrsiuduiunulunisvaaeunissa nanismaassfiaauauatinsg
ATUANLIILAEAIWINTBISE UUATA TR Tannnaadld n1vnassianunsafiazily
afanseadnsuuusalufald sUfl 2.10 uandlaezunsunsiuvesszuuiivssnouluse
Pafuidsiisnsnisinansil MdwanaufuLUUNToNIRSTuta 1d1AUANERTING
Ivauuuwsennesdulia nsruonguvinnuLuUAssfians wargUnsalnTIaiam LAz

=~ Y [ v
Yo333Uv Lo lududyaudounau

JUN 2.10 uandlaozunIunIsAILANLIAEAINEIvRssEUUBIaAlaslansedn [11]
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Jovanovic [12] ld@nwinismavauaduisivestenesiansednd msussuudian
Tnslansedn Tnedimsfinsandnmnisivavesidulansednuuuliifadu uazsusadonn
Adntumeluszuy ﬁ’ammmlm%uﬁmmu Feedback Linearization uaglluu Backstepping
grltlunsmuausyuy 3U7 2.11 uanslaozunsuvessyuy Jsusznoulmeyadurindsid
dns1nsluansdl feazauanuduiiievaveanuduluszuu 1drmruausnsinislua
waweslansedn wargunsalnyininAuiiseurewaweslansedn Han1sd1aeINIsnemY

YDITEUUMEABLTINDT fimuAuaesainsanIuaussuuliadule
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=
z]

JUN 2.11 uandlpezunsumsaivpuauivesssuudidalnslansedn [12]

Nakkarat #a¢ Kuntanapreeda [13] Ainwin1smuaussslaglddaauaulaidaduwuy
Observer-Based Backstepping waviln1slddadainnnisal (Observer) Wouszuudiuys
anuzvosszuulidanmnsansaiauld 5UT 2.12 uanslaesinsunsmuaNLIIYeITTUY
Sidalmslensedniiviinsinu deuszneulufeynduidsdiiisnsinsivani dazauainu
fuiitesmwsnuduluszuy NdeuaNsasnsiva nszuenguynuLUUADIfiAM uAs
gUnsalnTatausaniounoufiameiniugN UM 2.13 LARINANDUALDIYBITLULING
muquﬁy’wm mnmamsmaaa@hmuamwu Observer-Based Backstepping @11130
AIUANKANDUALBITBNTY IlinaneuauaIIaAh Lasna1u1Bu IntimuauLUUT

waziile wazausaanduufullaisuiufAIuANKUULe
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Sangpet ke ¢ Kuntanapreeda [14] ﬁﬂw’mﬁﬂ’mﬂmwﬂﬁ’; ol @2 ATUANLUU
Fractional-Order PID tielfszuuiimnumumiusensiadsundasaninzmsianu sui 2.14
wanalaezunsuvesszuuildlunismaass gunsalaneg vesszuumiloudu [13] lagnis
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[ a

MITALITIUALAIUAUNTDUABUNIADIAIVAN HANITNARBIAIAIUANLULUSTUA LAY

1w 1

HANDUANBILAZANTIAULNANTIIFIAIUANLUUALNUAIT JUN 2.17 UanINanDUALDIVBINT
wuutudulaseningiinivauLuuileanianuanfuiaualkuuileAausausuen

nulanefInIuALLUUTEE fmuaukuuileAnUsSumlalinanauauavewIaIAi ey

= < 1w =) ada a
L’]aW‘U’VUULi’Jﬂ’NWNV}UQQJLL‘U‘UWI@@‘V]&I?HLﬂUﬂle



N
HE Pressure

|
|

' —= P o """ "7~ |
| Pre |

|
Ty L__aPlE—HA _ o
o ' B Piston Disp |

] i ===

: S =k 1
o ! Lo
: ! >< PriRE Pressure |
b — el B N
: ' m Lo
| ' Lo
! L--d Lo
| ' o
[ ' Force | | |
| | | ' i T B
| ' Coon
| Tank l Lol
| ! extl 11|
I — L Lo
I D/A b
i Lol
: A R
| ' Lo
W~ NN\ ————- Lo
[ ' ¢ —] ADF——=—1 1 11
' ' Lo

|
- — — _Pump Pressure | ¢«——AD|F————— Lo
) PEmE |

=== |

| =\" ¢ —-—— ADF——————— -

Computer Control
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g‘dﬁ 2.17 LEAPINANDUAUDIVBILTIVBINTAIUANKUY Fuzzy Self-Tuning PID [15]
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nsdetunsifufunsmuaeuseuremawesiiinssuaaduilidudulensodn
Feeiteiaglindaniuaudiania (Directional Control Valve) litamruaufianianisiva
voshlansodnifissednafien drusnmnisinavesihiulensednauaslaeaiuiiisey

voswamaslwihnlddudulensedin NgnauaumeBulesinesinursuiinesAIUAN
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aa a ] o a & a
2.3 ngufiinedtesiuszuudianlaslansadn
2.3.1 ansnstuaanndulansedn (Pump Flow Rate)

v Y ke o w 1

snnsivavestdiulansefnavgnasisaintulensedniidumeynduings 1wy ynsu
Mdwwewesliih ieyasumdnaiaseud Wudu lunuidetsninisinavenindulanse
anfilnasenainduavgniiansanian1ivasd (Steady State) Faaunsauandlauaunisn

(2.1)
Op = 0, N1, (2.1)

lne?l Op AednIMIsinanasvantulansedn (m¥/s)
o, AeUsunsnisteuntiuvesulansedn (cc/rev)
N fonnuiiisouvesanes iinnssuaadu (rev/min)

n, AeUszansnnveslulonsedn

2.3.2 dgun1sluanueasnd (Orifice Flow Equation)
nstravesiulansedniluaniuingifie Wy NairuaNdnIINITIakarAIuAY
A9 wagalvanmuau @uisafnaylvaunisnisivariuessila (Orifice) a5u1en1sina

vasinsiulansedanla [29-30] Insaunisnisluan1ueasiaa unsaasuiensaunisy (2.2)

0=C, 4 /EAP (2.2)
0

Tefl O Fedesnisivadilvarivessiia (m?/s)
Cy Foduuszavinsineueionsila
A feiuiivtdnvesoaiila (m?)
p AoANUANULILLLTDIedna (kg/m?)

AP A9ANUAULANAINT I baEn1988n (N/m?)

2.3.3 anunuiutuvesindulansedn (Density of Hydraulic Oil)

AMuruIkiuresdnulansednfaulavesindulansadnsausuinsvesvesintuls

asedn TuauddellAtaunuinduvesuidulansednazanyfgrulvlidrnaiilaely

a A

WagULUAINUR MV BANNAUNENIZNIYNY [31-32] ANTIUANNITAUNUILULYEY

Y

Y19ulenTeanNa UITOLAAISIENNITA (2.3)
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=— 2.3
P % (2.3)

ne?l 0 AeruvuIkUuYavedlva (kg/m?)
m fAeuavesvedlua (ko)

V faUsuinsvasvadlvia (m?)

2.3.4 Upuagad (Bulk Modulus)

@ v_a 2w ' = o A a a =

Apuegdaiisududnsidruvesmsilfsuanunuigungiaisenisiuasunlas
USuns Ardpnegdaisuwiasmunnuiuvesveding oamgll Anuudausvesn1gusi
U557 wazvie anaudRldaudidglunismaunisvesszvulansedn lunmmeasay
AuAliNTusUTTAsanseuTasgamgiiitiniiansan Adpuendavasadaaiunsa

asunelpeauns (2.4)

AP

B=- X7 (2.4)

Inen B Fetrnegdavesvetiva (N/m?)
AP Apn1slasukyasnnuau (N/m?)
AV fpnsilasundasusunng (m?)

V @aUsunnssusy (m?)

2.3.5 dun1snsiviaseneraiilas (Flow Continuity Equation)
aunsnisirasgadelionunisiansuidnsimsivadanarewedduaduageon

NUTUINTAIUAN UardnIINsUasuLlaIvaIavesvedlvaluUTuInsamual Auandly

JUT 2.38 uansnisivamluvesvediva
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INFUN 2.38 ansauanssnsNsivadaiavesadivanivaiiuvionisnisivaiin

warlvianan Aaaun1sn (2.5)

d
PO -p,0,= E('OV) (2.5)

laedl Q AesnsINIsivavesveslnaivniad (m?/s)

Q, AvsnsINIsivavesvedlaivniesn (m*/s)

fANuILULRAsYevedlvaaNyRE AT unaenn1sIva AeuAINaNNISN (2.5)

anansosuladuaunsn (2.6)

av Vd
Q—Qo=—+——'0 (2.6)
dt 0 dt
Tﬁamm?uawhﬂ’ﬂ‘[u@é’awlﬁﬁaaumiﬁ 2.7)
d dP
) (s 2.7)
p P
AunnTINENNTS (2.6) way (2.7) Wieagldaunisnisivauuusiewies sauansluauns
7l (3.8)
av Vv dP
O, € W7 (2.8)
i g di
e

NENNITN (2.8) INDUUINVBIFUNITNIAIUVIN (dv/dt) 1Wuaunisifiosarnnis
WasuwlasuSuans (Boundary Deformation) wavineudid@as (dp/dt) tduaunisnns

Wasuwaademinnssafivesvesiva (Fluid Compressibility)

2.3.6 nq)Uaaasvasiiafiu (Newton’s Second Law)
ndetaesvesisugnldlunismaunisnisindeuivesssuudianlaslansedn lagld
VANNITANLIIVTNGILUUIHUATINUNATINTDIUITININTETIUTIUY dmsuszuudidn
=

105lans0aNHATINYDILTINNTEYINAUTEUUADANAUTENIINUTIgNFULAAUNUGUT

N3EVAUTIUIMTNARYRIARZATUYBIGNEY TauansfsaunIsh (2.9)

SF=ma (2.9)
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a9 > F Aonasiuvainmaswsannseyinnussuy (N)
m ADNIAVDITTUU (ko)

-~ a s oA v 2
a ﬂE]L'JﬂL@@ﬁf’n']llLi\‘iLu@\m']ﬂLLi\ﬂuﬂJﬂ']\‘isUE]\ﬂaﬂ (m/s?)

2.4 wamauaum@ammﬁ' (Frequency Response)
nanouaueudinmAliunsaaeUHaneUaus AN TIsTUVA LT IYOLe
Tunmsneaevazlidynasumuludygunsefussuy anouausuanuiaiuns
munlaanuanisnaassnelinisauaukuulakagnisauanuuln dyannnseiu
izuuﬁisﬂumsmaaummmli’fé’m@ﬂm Noise, White Noise, Gaussian Noise, Periodic
Gaussian et [33-34] dwsuszuuaiuanensnsnameada dygiunsequgndsll
fndamueaudninisiva wasmuauiiemarenindulensedn dwiussuumuaudngins
Inadetly dygrunsedudsluidunesines iemuauanuiiisevaasueinasiui
nszuAady wavdsluiindmuaufianamsivavesiiiulensodn
dmFunismraneudusuenuivessruuvilngulas Discrete Fourier 79420813
Gﬁa;ﬂaiwdwé’magmaaﬂﬁ’ué’@apmﬁﬁﬁﬁaﬁaﬁ%mwiauL%ﬂﬂawmﬁ%aqszuu Tnganansad

LAUIULAINAUNTST (2.10)

G(jw) = % (2.10)

a7 Y(w) Aoailansuuesdagiaonn

foy
oy

UGjw) Aodiuanduvesdayyiand

[ ]

el' [ a a a0 =
1N@UNIN (2.10) ﬂﬂJiU’]ﬂJE]@ﬂ“UENi%UUﬁ’]%iUiZUU@Laﬁi@]ﬂﬁﬂi@aﬂﬂﬂ’m’ﬁﬁﬂwﬂu

A

[
[

asailAenuilunisiedeuiivesnszuengunazdygraniilunimadeunansuaueids
mnudAedyaaNTEiuUTELAYN Gaussian Noise dmiunmsmaLuusindvessyuuainga
Mlalaonisuinanisulad Discrete Fourier semindagraeaniudyaiaidn (@unis
(2.10)) dasiieansmlue tneruuuiiadiogiuanudfissuvannsonevausld

anudaganand aunisildlunsiwamuuelunisnansnlunwansiaaunisa (2.11)
|G(jw)|, , =20log|G(jw)| (2.11)

loedl |G(jo)|, , Aovunevesssuulumbeindiua
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AUN1SNNANAAENTVDITEUUDIAALASLanTaaN

wﬁa‘ﬁuﬂsJa:umamma‘iwmam%maaizwﬁLﬁﬂimﬂamaamﬁmuayé’mﬁmﬂviasuaa
ihulansedndeduiidudeuawmesiiiainsoaivauanuiisould aunisnig
adiamaniuessvuudidalaslensedniimunudnnnisinathiulensedndeiuadianan
npnsndeuitefiassesiafiu aunisnisindeudiveaeimesiii aunisluariugesiila

a

aun1INITIvaLUURBLeY waraunsveslaNenad Tereasidunaunsaasuielassialull

3.1 gnsnisinavesinalulansefnvasszuudiaalaslansadniinaunudnsinig

Tnaneiy

E;P

HE Pressure

T
>
y_4
—

L—»——————
el
-

)

@

o

]

&)

(2]

©

|
Prd RE Pressure|

Inverter

L v o

Computer Control

JUT 3.1 uanslaezunsuvesszuudidalastansefinfinauaudasnisinasiely

sUTl 3.1 wandlaozunsuvesszuudidalaslansedniiauausnanisinade duilily
mifeluadsd gunsnivesszuulsznaulude

1. gaduidsiiairadnsnisinavesiviulensedniiusznoude dulensednuiaiites
wuuUsudnsnisivaluld vewesivin aunsalauauarusisevveswamasiniiwuuy

BUNBIMBS wazI1aIvanmunuy 9nsIN1smavesdiiulansednnasrsanntulansedn
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muaulngauiiseuvesamesiniifirruauiedunosinesfsudyyiuaiuguain
ABNTIIMOIAIUAY

2. méamuamﬁﬂmqmilmasuamfﬂﬂulamaﬁﬂLLUU 4/3 Unidn Tuvausfidayaol
mueuddlignauneanisiadoud maedeuiinduredaniniduieiniarudesd
ffosni1 uazndrsdenlndesiduieuiuleasedngvyanyu Kuiuniadenindiuuy
Frumsunfdavinliiduannsalnandudsliioszuuldsumdmean sindoud ey
nsdesfunsiingiouth (Water Hammer %3® Pressure Surge)

3. Méafundusuulddaanniouen (Pilot Operated Check Valve) findavaaes
druresnszuangu gldlumsmenisivasesiiulensedn Wetlesiunsindeudiasosig
Funduvesnszuenguluannzdiiavnwesmanuasfirnsnsindeuiluiirmaieatu e
#i3un1 overrunning Ws1EAIAIUANTIAN1TlFluSTUUAUANSRTIN S Inadae )
aunsauAuEnsINIsivalamlieudinuunsenwatulla

4. nszvenguinufsakuuyhnuaasiiamg Wuesunsaliniuesszuy

5. gunsainsaafadiunisnisiadeudidi-senveanszuengu ilelilunisAuim
mnssalumsindeudivesnszuangy

6. gunsainTvinnnuduil arududuiignay wasaufuduitugy

7. AeuiweimuaNiivthiiuszanana wayiu-ddyannainaunsaiineg Tussuy

-

N3YMNUYBITLUVILITUIINABUNIMBIAIUANIzE YU IuAIUANEDNLY 2 dIuds
! =i | o a 3 ¢ A < v A
daun 1 dedyyramiuanluduniesinesiieniununusITeuremanes NN seuaad uy
Tululansednuuulininsn1sdneuniunsi dun 2 dedgygrunuauluindiriuauiie
nensinarenidiulansedniiemuaniianinisiniouivednszusngu uiulansedni
Inapaninidimuanasinaiwnditunduiaglvaluninssuengu wWevinlinszuengu
indeuinuiiensvesvesintulansedniluatn ssegn1sindeunvenszuanaugnnIvin
wniemwInmansilunisedeuivenszuanguazgnleunauieldlunisaivau diu

AnuRulLLarANNAUTNSEUBNgUILYNATIRIRLNBLAR AL BEFIEY

3.1.1 ans1n1shmaanndulansadn

o A o

onsnsinavesiidulensedniludiudragfvinlissuudianlaslonsednyinaule
Tnednsinisiavesunsiulansednfasisandulanseanaiuisawandlaeaunisn (2.1) Inaluy
n53v8lumsallulafasanUseanSnnwaswamansyesly aunisonsinisiravestuls

ATPANFLAAILARIANNITN (3.1)

O, =w,N (3.1)



aq

Ine 0, Aednsnsiuaaintulansedn (m%/s)
o, AsUsunn1sTentiuvestulansedn (cc/rev)

N fanusisauvasuawasluinszuaaduildtuiulensedn (rev/min)

3.1.2 ansnshuariuangInuaniiAnanisivavasundulansedn

ans1n13avesuniulansedniiluan1undiniuauiianiinisivavesundulanss
ananansaldaunismsivariueeiila aunisnisivavenidulansedniduesiialunisinw
luaFafiaglifansannisgadednsnisivalussuu wu n1sgadendn (Major Loss) wag

a . ) px| | ¢ a )
M3geyideses (Minor Loss) lagdnsinislvaiilvaniuinmaivaufianienisivavesiniule
AseAnaITaLUle 2 nsdlAsnsdlnszuenguifousen LaznIainTzUaNgULADULIN
FeatdunlnwalUl
= = - a & a a

nsginszuangulaauaan: JUN 3.2 wandlnesunsuvesssuudianlaslansedniiaiuny
vy A = o & = a 9 | o =
melunldlunmsf@nuluassll lunsalnszuenguideusendygyiuamuanavdadyyiauni
NamuAufianINsiravesdulansedn vinliwnuandl (Spool Valve) dausiavesingiy
P fiu A vibiudulaasednluaainturiuindinivauienianisivariugesndiiu PA iy
Nafundunuulddyiuneuen lugdmivesnssuengu wazidulansedniiniuiiu
guazlmanduiunaiunduiuulddyanmunisusn KUNRIAIUANTANINIS IaNLYeY

113 BT warluaiues

HE Pressure

- ==~
L D/A |

r——1 r‘**’\/{?* ———————— 1
| m I M8 Pre |
P A :
!
'S K, ‘X’ Piston Disp :
T— il ~— — S O a
T Bl A X N
: I ; / \\\ Pre RE Pressure: :
! RE
. o g—p | R ol
| |
| >< | :
| | |
. it
| |
= 4 |
o, — o
Driver | :
i
| |
L
|
|
| |
|
b
|
|
|

Computer Control

JUN 3.2 uanslnezunsuvesssuudibalnslansednvaenszuanauiiousen
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1n3U7 3.2 Smsnslvanindulensednlyarudomnaiigiy PA wazdnsinisiva
foanainsiu BT avluanduds anaunsnisivasiuessila @untsi 2.2) asnsouanssns
nslnaniugemneingiy PA wagsnsimsivasiudesmaingu BT fiaunisit (3.2) wag (3.3)
R RIo

2
QPAHE: Cd - APA\IPP_PHE (3.2)

Yo,

\9)

Oprre =| Cy ; ABT\/PRE_PT (3.3)

nsainszuanguidaudin: JU 3.3 wanslaezunsuvessyuudidalnslansedniiniuny

meUulunsainszuanguideuin Tunsalnszuenguieuindyaamuauazddayayiouni

T o

v

Ndmusiiemnansivavesiiiulensedn iiliunund (Spool Valve) ausetostisiy
P ffu B vilvhifulensedninanindusuandrmuauiienanisinadudesinaiy PB s
Mérunduuuulidyapunisuen ludduiuguusinszuengu uasthifuleasedniidny
wnszuenguarivanduniuaiuwuulddygiuniguen diundimuauiianinisiva

NUTeItNdUY AT waabnandudeainindulensedn

EI

HE Pressure

Computer Control

UM 3.3 uanslnezunsuvesszuudidnlasltansednvaznszuanguifoudn
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31n3UN 3.3 Bnsnistuaandulensednlraniudewmiedidy PB uagdnsinisiva
Y9y AT agluanduds 91naun1sn1siiarIueesila (@un1si 3.2) aunsoanaonsn
A5iaNILY2IMN91NTY PR Larsnsnn1sivan 1wt aannainidu AT seauni1si (3.3) wag (3.4)

AUAIAU

2

Opsre =| Co (|— [ApsNEr — Fre (3.3)
Yo,
2

O imie = C4 ; Yy T (3.4)

1081 0,,, FednsMsivarntulysuivenssuenau (m?)

Oy ABTRTINTIMAING LA UgUNAUIA T UlBRTEEN (M)

Y

O AOBATINS WAL LUA WA UG UVRINTEUBNEY (M)

O RESHTINS M INF LT NgUNAUgRtulenseRn (m?)
A4, Foiuiinsidavemdaiiivesiiu P ludesisiu A (m?)
A4, fefufinsdavendaiivenitu B ludeniniu T (m?
Apy fofufimadavesmdifitenisiu P Wrosisiu 8 (m?
A, foiufimadavemdiiteninu A Wreshiu T (m?)

P, fernusutin (Vm?)
P, AeAuAusnwiinsyuenay (N/m?)
Py, ARAUAUATUAIUEU (N/m?)

P. fomnuauiinsiiiulensedn (N/m?)

3.1.3 9517135 MaNIUI1a2UanAUAY

1%
o w

gnsn1sivavesdulansednandulansednnluandugduhdulansedniiuidg
YanANueau @150 tauni1snisiraniueesiamilsunuaunisnivaniusesiave11ngdn
AIVANTANIY Felin1savselnndmuauduiussenintanuduluiasanudunimue

lumuaunisi (3.5) uay (3.6)

0,, =0 Tagil Po<P, (3.5)

0., =| C, 2 A, —B lagil PP, (3.6)
P



a7

1nedl 0,, Avonsinsivaandundudaidulensedn (m?)
P, AoAufunmuuavesnavanauau (N/m?)

A, Aoiunnisidavesnaingesdngiu P lugeaungdu T (m?)

1NAUNTT (3.5) haz (3.6) TUNSHNANUAUYDITULBYNIIAINUAUTBIINAIUAAAINY
sy NArvanmusuazle (@un1si (3.5) vsulensednialdarunsalvaniuiails s
AMUAUTBIULTAININNIIANUAUIBIINAIUAAANNAY dUanANUAUaEiTn (@UN1SN
3.6) Ybminsulensedanivaniundvasanusuwazivandudsindulansednla

AnuFuiUAsuLUatuaendudeifueenuarlunsyuanguilodninnisdndives
J1sulansednalinisaeSulslasauniIsnsirastg1wwoliios (@un1sa (3.7) 14 (3.12) laenus
ganla 2 nsdlfie nsdinszuenguiiausen waznstinseuanauiieudl

nstinsruenauiieusan:

i~V

Op = Op e+ Opr =+ PR P (3.7)
V,.+A4,.x) .

Opjpp = Apee + %PHE (3.8)

(VRE + Ape (Lstrake —x)) :

Oprre = ApeX — V; 1Y (3.9)
ﬂizﬁmzuaﬂqufiaum’h:

Op = O+ Qpr V”ﬂ 2 (3.10)

Oppre = App X+ WPRE (3.11)

Qe = Ay ¥ = i AHE;LW =) Py (3.12)

Taew v, Aevsuiasvesiiiuluaiesundulansedn (m?)
Ve PRUSHmsvesindiulansedniidnuivenssuangu (m?)
Vee AoUTINRsvRniulansefiniidnuinuguvesnszuengu (m?)

L

'stroke

LY

AoszevdnveInsEUangu (m)

'
& = Y

A, PRNURNdAvaInsEUanaU (m?)

[ '
= =

Ay POTUTIENARVRINUEY (M?)
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3.2 dUN1IN1SARIUTNVDISTUUDLAAIASlansaAN

aun1INTsindaunvesnuguainsaesuelaglingeasveiliu uarlunsidely

[V 7 %)

Asslfauyfgulidusadoaniuindunielunssuengu Awluaunisnisieiounves

nszvanguUanisauandluaunism (3.13)

1
X =—— (P Ay — PepAps — CX) (3.13)

piston

Il & AeAULSIveINTTUBNaU (M/s?)

m,., iR mTnveInszuenay (kg)

piston

P

£% ]
A ) =

Ay, AENUITINARATUTIYRINTEUBNEY (M?)

a

Ay, AOTUNMINARAUATUEUIDINTEUBNGU (M)

D

C Ao damping viscosity (kg/s)

[y

aun1svepdinmansvesmawasiiiinssuaaduaunsowansluaunisidaayiusdudu
nilalensaunsi (3.14)

T N+N=K,f, (3.14)

m

Tnefl N Aeamusavewewmesluiiingsuaady (rev/min?)
N faanudiseuvesuawasiihnseuaady (rev/min)
fin ﬁammﬁﬁﬂawﬂ'ﬂﬁmaLmaﬂw%mmmaﬁu (Hz)
T,, Aoraafivasaan (s)

Ko ADAMNUAITIVDITE U

mmL%aiawamamaﬂw%mzLLaaé’Um%’Uﬂulamaﬁﬂ%Qﬂ@i%ﬁ@l%@ﬂﬁ@
RS NRARIATINANTU HanaUaLuaIAMUSITaUYRINaLmes WA nszLaadutun gl un15un
Akl svRsaUNT RS SUAUNTRINaunIs (3.14) laed K, = 29 uas T,,= 0.2 s Wy

Afawlsluaunsleyiussudunilaaslafaunisn (3.15)

N=-5N+145f, (3.15)
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3.3 gun1sUsgliaauzvasszuudianlnslansedn

aumsil (3.1) fs (3.15) ansafiezdeulfogluguvesaunisuinfiaauy (State
Space Equation) a1u15auansldssaunisi (3.16) 8¢ (3.27) %ﬂaumsﬂ%gﬁamumaﬁzw
didnlnslonsednanunsautseenld 2 nsdife nsdinszuenguideusen Lagnsdinszuangy

Aot

3.3.1 nsdinszusnguideusen

Ul 3.2 uanslaerunsuresssuudidalaslensedniimuaudnanisinadeduvns
nszvanguLdsusen Mdmuaufiennisivatesedenindu P fudenindu A dwiutsy
Wlda1u uagsiogosify B Auteniiu T dwiuihfulvandud waraunmsiuusaniug

Yp35zuUdanlaslanseanuwandluannisi (3.16) 81 (3.21)

X0 Vo (3.16)
: 1
b I\ (s, — %, A3 2 Cx) (3.17)
mpiston
. 2
h?, NP7 1 A Ci|= 1 4p X5 =X = A, (3.18)
(VHE o AHExl) P
: B -
X, = =1 C, | = |AgrJX, — B + AppX, (3.19)
(VRE + ARE (Lstroke _‘xl )) p

| NS |, 7
Xs = Vﬂ i Cd\/g AppJXs =B — Cd\/g Apy\[Xs — X + WpX, (3.20)

X, =—5x,+145f, (3.21)
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3.3.2 nsa’inszuangmﬁaw%

gﬂﬁl 3.3 LLamlmaszimwaLﬁﬂimﬂamaaﬂﬁﬂwamé’mwmﬂmaé’haﬁmms
nszvenguidaudn Mdmuauiianienisinatededeningu P furenindu B dwsuihsiy
Wl wazredosingiu A fudosiaiu T dwduiiuluandu dmsvaunisiudsanius

Yp3szuudantaslanseanuwandluaunisi (3.22) 81 (3.27)

)'Cl =X, (3.22)
. 1
%, =—— (%, 4y — X, Ay —Cx,) (3.23)
piston
. 2
» :L —@) | = V=T =X, (3.24)
(VHE + AHExl) P
. p 2
= C, |— |4 «fx -x, +A4,.x (3.25)
4 (VRE+ARE(L5troke_xl)) d 0 pBN Y5 — Xy REX2

hose

2 T 2 —
XS = Vi = Cd ; APT _X‘S —])T 7 Cd ; APB XS _x4 +C()Px6 (326)
%, = —5x, +145f, (3.27)

Tnedi % A, ﬁaﬁzazﬂWiLﬂﬁauﬁmaqnizUQﬂqu (m)
x, =%, flennusivanszuangu (m/s)
X; = B, feanuiusuiiveanszuangy (N/m?)
x, = B, ARANIAUAUAUEUVBINTEUBNGU (N/m?)
x, = P,, fonmusiuily (Nv/m?)

x, = N, feanuiiaseunewesiviinnssuaddu (rev/min)

A1397 3.1 uaneAdaul senee vesszuudidalastansednildlunisdiasinisinau
YDITLUUMEADUNINAND TNNUAUN TN NALNMEAATVDITLUY ANAINYDITILUTNINUALALNAIN
18avIUTENLNEADUNTAl 31NN1TNARBIIINNUTILNALITEY UATIINNITATIVIATIN

gUNIalase
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Parameters Value Unit
Pump Volumetric Displacement 11 cc/rev
Cylinder Stroke 25 cm
Piston Diameter 40 mm
Rod Diameter 28 mm
Piston Mass 2 ke
Relief Valve Cracking Pressure 30 bar
Effective Bulk Modulus of Hydraulic Oil 700 MPa
Density of Hydraulic Oil 850 kg/m?
Damping Coefficient 500 ke/s
Orifice Discharge Coefficient 0.62 -
Initial Fluid Volume in Hydraulic Hose  1.28x10°  m?
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Pressure Sensor
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[
a o

M1509% 4.1 wanednsnisiva anusuaziuiilavesndslunsdidyaammuauaiuuin

5 Port P - A HuUaveadn
w3l — ~
INIINT D ALY (Port P-A Area)
(Voltage)
(x103 m?/s) (x10 m/s) (x10°2 m?)
0 0 0 0
1 0.017 13.5 0.0003
2 0.049 39.0 0.0010
3 0.085 67.7 0.0016
a 0.135 107.5 0.0028
5 0.190 151.3 0.0042
6 0.224 178.3 0.0058

¥
o

a ) < & A a s v
M15190 4.2 LLﬁﬂ\‘iE}@'ﬁqﬂ’ﬁiﬂa ﬂ'l']llL‘J’JLLa%WUV]LUWSU@Q'JWa'ﬁUﬂﬁm EUEYIEUAIUANNTIUAY

y Port P - B N
TN - 2
9n3IN3kKa ALLS7 (Port P-B Area)
(Voltage)
(x10°m?/s) | (x10°m/s) (x10° m?)
0 0 0 0
=1 0.013 20.3 0.0002
-2 0.040 62.4 0.0007
) 0.080 24.9 0.0015
-4 0.128 199.8 0.0025
-5 0.184 287.2 0.0040
-6 0.227 354.4 0.0054

& (%

JUT 4.3 uanansvlauduiussenindyaiamiuaundiiudnsnisiavesssuy
AIUANENTINTTIMAAI8I18Y SRIINISraNtaeInIuresAIdi AUt WY Fudati
NAN519 4.1 kag 4.2 3ansnazyinlrnsniianvazauuns nedonsilvavesinduls

AseAngeaAUIEIM 0.00023 m?/s NANYINAUTISEDIANY
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auliivindu Weseniiunntdnvesassiulivingu tnefinausivae nszuenguideudi

12 '

Sandn wszlisweiunnindadesnin AuSIasEaneunszUenguideuoenagil 0.18

< A = v 1l
mM/s WAYAIAULIIGIFANNTLUBNEULRBULINBEN 0.35 m/s
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N
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4.1.2 ﬁqu@La%’u (Pump Modulation)
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Iwaruee3ila (@unisht 2.2) Wieldfuiinisdavesndilunissiassnisviaueesssuy Tu
nMsinsnsinsiavesinsiulensedniiadismniuaznsiaiafianiizas

1397 4.3 uanadnanisivasesindulansednusiarsinturesdanunuiianis
LLazm'mL%fﬂumim?%auﬁsuaaﬂsguaﬂqusuaaizwmu@uﬁmﬁmﬂﬁaéfaaﬁuﬁé’iymm
AIUANAIN O V 019 8 V Ingiiinias 1V ansisuansdnsinsinavesingulensednve it
aulunsasdyanniuay LLazmmL%wmsﬂizuaﬂqumﬁauﬁﬁw - 9N ULABEATUVDS

MémuaNiamaiisuivdyaramuauenuiiseuveweamesiiiinssuaadu

A1509% 4.3 wandnsnsivanarAusivesssuumuaudasnislanedy

wssnulain Port P-A Port P-B
(Voltage) dnsnasiua ALLS7 dnsnsina ALILS7
(x10°m?/s) | (x10° m/s) (x10° m?/s) (x10° m/s)

0 0 0 0 0

1 0.027 21.9 0.027 43.1
2 0.058 46.3 0.058 90.8
B 0.088 70.5 0.088 138.2
4 0.110 94.9 0.110 186.0
5 0.149 119.2 0.149 233.8
6 0.180 143.6 0.180 281.5
7 0.210 167.9 0.210 329.1
8 0.241 191.9 0.241 376.2

;:;Uﬁ 4.6 wanIns A uduRUsIznId Yy AAIVANAMUEITOUNBLAB T LT
mmmaé’uﬁ’ué’mwm'ﬁl‘viasuaq513‘]’1418@saén%awzwmmmé’mwmﬂ‘maéﬁaf]ﬂu QRPISVELLR
dhiulonsedniiudostity A uazdesinty B YduAardyyIuAIUANTENsIN1TIna
Aeuddlnddoeiu faiudwilidunsiansdnnisivavesdenitiuisaesiuroudis
sniluduiieniu ImsJa‘”m']mﬂwaqqqmaqﬁflﬁﬂamiaéﬂagjﬁ 0.241x10° m*/s warituiins

\Unveandimuauiianianisinaivesiisiu P-A way P-B fewiiuwiifiu 0.0075x10° m?
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4.2 n1sauaukuulanuuilasiudunistouludnaniia (Pl Closed Loop

Control plus Feedforward)

nsmuauwuulawuuiilesauiunisteulutimin Aen1ssiuiuseninaiinmuauLuy
file uazdnygramuauuuulouluthant (Feedforward) AilsnanmisAmdmunduyes
'J’]ém%aﬁuiugm%’u (Inverse Valve or Pump Modulation) l\dudysyraumiunuszuu nn3
Wmém%a%mimg]La%’uLﬂué’cyzywmﬂaulﬂ%’wwﬁﬂmﬁauﬁ’umimuamLL‘UUL% Tagld
mmé’mﬁuﬁ‘izmwé’wﬂmmuqmﬁ’Ué’mwmﬂwammﬁwﬁﬂamaﬁﬂ dygrudounaunay
Fyanadedaaztianduamiuiianain (Eror) vesnanevaued Wlelrinuauwuuitle
AIUAYYIUAIUANTEUY [TDAAANAANAINTBINARBUAUDITBITTUY JUT 4.8 Uang

lassasavesmsmvaukuuiilesiuiumsaivauwuutoulutam

Inverse Valve/Pump

Modulation
UINV. Mod
Reference PI £ N Output
+% - 3l Controller | U, EHS "

UM 4.8 uandlpesunsunismunuuuulawuuiilesiudunisaiuausuuteuldiam

o/ = =

4.2.1 A3AUANLUUNLEA (PID Controller)

o P = Y ace A = o

mauRuLuuiTtendudanasiunsauauliduiinsgulugnavng sy Fellaussauy
Mmingetie waziin1suszandldiusgisunsuaiy n1salvAuLuunlesgnldeetsunsnately
FEUUQAAINNTIY LYY ORAIMNTINNTEATY BRAIMNTTUNITNABUMAN N15AIVANDUNYT

v < £ Y = a 1% ! [ '

LaENISAIUANENIINIT IR LWusu daauauluuiileAuseneulume Annuwuudndiu @l
NULUUBUTINSS WagATNULUUDYNUS

[ |

ANAULUUEREIY (Proportional Gain) LuN1sWUsRUASIUULTLEUAUAINRANATA

a A

J¥NI19A1919B9NAINTHaEA1ATINLAA1NN15959 3R BelunsidellAg1aBandesnishe
AusIluNsAGiouTiveInIyuaNgu AnuWUUdndunuInaginliss uUinanoUaLeaTi,
aglsfinuannusuudndiunigeervrinbissuuiidunaiuiiawuluie uagenavinli

ssuuntnanislusiiadesainsemilauniu
P , X

ANAULUUBUNNTA (Integral Gain) AUBYAUNITALAUVDIAMURANAIA N15ATEHI

Y

A111508AANURANANNNAN LA waAnuRunAulUo1avintAssuuldiaiesnwle
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ANUWULBYIUS (Derivative Gain) WUSHULAATITUAIANULANAIIYBIAIURANATA
mimuAuLuvayiuslslunssindauaNLUUdRdTuLAAIAIUANKUUBUTINTS AarIUAY
LUUBYWUSAZLIN Damping Y0458 UU waziiiumuiiadesnn egrelsiniu n1snseiinves
Annueyiuslildlunsidelunsed

v A Y A v oA a A o g w =

MAUANTEeN I TAEiTIanANURANA1AYDINARDUALDIVBITLUU Litavilvisyuull

= = o v = =t aw g X a %
adgsammuReulaiidmun datupuuuuiile (P) Mldlunisideluassdansaetuiela

AaaNN151 (4.2) uay (4.3)
U, =KP(vd—v)+KII(vd—v)dt (4.2)

Uy =K,(v,—v)+K,(x, —x) (4.3)

Tagil U, Aedynnumuauvasiiauauuuuitle (Volt)
V, fonnusi819de (m/s)
vV fornuitials (m/s)
X, Aofuie91984 (m)
X fasmdsitiale (m)
K, fAsAunuluudngiu

K, famnuuwuuduinga

d‘ Al 1 U
"\]Wﬂg‘ﬂ‘l/l 4.8 ﬁ?ﬂﬂ’iﬂLLﬁ@QﬁNﬂWi“U@\‘iﬂ’]iﬂ’l‘UﬂqllLL‘U‘UWbL@ i’JiJﬂUﬂ’]iﬂ’lU?]iJLLU‘UﬂEJubL‘U

Sravrh Tassaunisa @.0) fs (4.5)

U, =K, e(t)+K, [e(t)dt @.4)

[y

Tae?l e(t) AoAnuRnNaInTzNINdy QY Iae9DnudegyIuninla

WasindyennIuAuINaunis (4.4) wasdyarudeuludrimmiilauannsaiuan

o

o

&
1 LY L3 G 3 ﬂ:l %4 L% dl
a’gumama\‘mmmaﬂﬂmg}La%uf\]zi@ﬁmmwmaigmmmuammammim (4.5)
U@) = UPI + UINV,Mod (4.5)

laedl U (1) Podyaynainiunusiunmue (Volt)
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JUN 5.2 uandlnasinsuueseuunIsAmuaANansInIsimaniennad uaggui 5.3 uand
lpezunsuvesszuunIvAuEnIINIsinamely 3laozunsuvesssuunisaaadumiunyd

NanuANsnsINsakasiirnwenihdulansedndaliinnu

HE Pressure

P={RE Pressure

AD[F—=———— |
AD|——————- !
AD|—————==—-

Computer Control

JUN 5.2 uanslaezunsuvesszuudidalaslansedniinauaudnsinislaniends
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5.2 gunsalinauluszuudiaalnslansedn

5.2.1 yadun1aslansean (Power Unit)

gasumddlansednusznaulumenawasini Julansedn 1ndimuauannudiu uwag

v
v

BuneswesmuauauiiseuNawmesini JUTl 5.4 uanwaduidanildlunsideluassil

FesvavdeiinamalUll

3UN 5.4 uanagaduiaslensedin

5.2.1.1 uata3lW1 (Electrical Motor)
wowweswivihuihidutuleasednainnissudygraunan Inverter Tuns3delunds
Uldnewaslninssuaadu 3 ia 3nKHER Mitsubishi 31 SF-JR 2u1a 380 V ¥uin 1.5 HP

fimns1550ugean 1450 RPM sauansluguil 5.5

JUN 5.5 wanadewmesinfinszuaadu
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5.2.1.2 Uslonsedn (Hydraulic Pump)

[

Julansedniiminiadednsinisluavesirdulansednlvidnsinisivangevu
nsAnwiluasaildlulansednuuuiiuilosiivsunnsnisineundiuai a1ngEn Honor Ju

2GG1U11R U3n@smsanedt 11 cc/revolution ﬁﬂLLamgU‘ﬁ 5.6

JUT 5.6 uanstulansedn

5.2.1.3 1132Uannunu (Pressure Relief Valve)
1Ma1UanAnUAuUYNrTNNsyunedulenseaniiuanAusunleneld 91uidetld
MAUanANNAL INLHERN Kawasaki 31 RD6C-10-2/315 €1UAIUAUYINNUEGIGA 400 bar

Aananalugun 5.7

STYREOL

UM 5.7 uansavanadnueiu

5.2.1.4 3uL1951Ma3 (Inverter)

a ¢ ¢ o Y A o < A o e ve &

dunesmasyiminiusuauiisevvesamesiiinnszuaadunlddudulanse
anmudyanIuAudwINANiimeIAIUAN UM 5.8 kansdunesinesnldlunuide
luneil ANERER Toshiba Ju VF-S11-4055PL-WN (R5) vu1a 5.5 KW dwmifunanauaues
Wana1vesduiesinesarunsafazusulduuudnludfuazuuuaignisaean Tunisldeu
duiedmesiu Jldauisanedniianse (Acceleration Time 38 ACC) WaElIaIMULN
(Deceleration Time 38 DEC) (3U# 5.9 waz3u#l 5.10) L1819 ACC Aagi4L3ail

BunesiwezuiuAmnnudanANudEusun 0 Hz lduranudgan (FH) duaamiag
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DEC flegaunanduneiimeszuiuaanudanmannudgegn (FH) luiduaenudisudui
0 Hz ATNaRaUALBATNLIAITBIBWIBSIMas A TaUsulalugae 0 -3200 s JUN 5.9 wans
nsminansvansuganddluavauueameasiuiinsdiususuudnlul@ Ui 5.10 uans

nsNanevausdaddluaIunuNemas st uuAsen

U7 5.8 uansdunesinesniuauAusIsauresewmasiiinsswaadu

Output ; Output ‘ ;
frequency (Hz) A When load is small frequency (Hz) A When load is large
E .......... . ; E
= ; ;
0 | 5 > 0 : 5 —
‘_>| |<_’| Time ‘_>| Time
. \ [sec] \ I‘—bl [sec]
Acceleration Deceleration Acceleration Deceleration

time time time time

JUN 5.9 uannsminanauauetdLIa1veduesinesnstiuTuLuualuiR [35]

: ;
774

Output frequency (Hz) A
£ H

Time [sec]

DQ

JUT 5.10 uanensinHaneuaueudelavesduiedineinsalufuluuase [35]
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5.2.2 1@AUANEnsINIsva (Flow Control Valve)

1drmuAusnsnisinanuunsenedutia (Proportional Control Valve) ¥
AuAudnsNsinawagfiensnsivavesindulansedn msiteluadsilindmunusng
n13bva 31NKHER Tokimec Ju COM-3-2C-30-CH-11 TdfyaynauAIuANagsEning 10 V &
Snsmsluageandl 30 L/min Suantsnevauasidaiatil 0-100 wWedidusvosninaiiud
dosmslnathiulensednil 50 ms [36] Fandrmuaudnsnisivanuunsonedudaillily

MmAdelunsetivandlugun 5.11

3U# 5.11 uanundimuaudnsinisivasuunsenedutiavenigulansedn

5.2.3 yanduauiiansazanundunuulddyninnieuen (Directional
Control Valve and Pilot Operated Check Valve)

Mdmuguiiensnsivasesiiulensednagyimihiieruaniianenisiietiduiios
og1afien deliildnuauinsnisinavesihdulensedn U 5.12 uanmndrruauia
yanslvavesihifulensedin 9nguan Vickers $u DGAV-35-0C-M-U-H5-60 fidns1n1slua

gegan 20 L/min Mddyamniunuauie 24 V [37] wagndinundusuulddyaaniguen

g 7]
¥

9nfEA Tokimec Model: TGMPC-3-DABK-DBAK-51 #il#lunsidelunsal
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TRIAIUANTIAN

Madnunauuuly Asiva

o

dyeyrunieusn

U 5.12 uansndimuauiieninisivavesindiulansednuaz naiunduiuulddayayu

NYUBNATUAY

5.2.4 nszuangulansedn (Hydraulic Cylinder)
a o Y o & o a e a A A [
nszvengulansednimihmdugunsalinanulussuudidalaslensedn A undsanu
vosbannuiulansednidundsnudinauuuirfouiidadu muldedldnssuenguuuy
AugIviuaasiene daandlusun 5.13 Tngnssuenguilsseznisiadoungen 250

mm FPIREUHLALENA1NTEUBNAU 40 mm kazruIaLduRIuANEiWEU 28 mm

3U# 5.13 uansnszuengulansedniuied wuuvinaudesiianig
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5.3 32UUA52979 (Measurement System)

SEUURTIVIndntNInA ld@ndvesssuu Mntudsdyaaluireuiawesaiuny

D AgY}
(%

dioliuszananassly Tusmuddeildedestlonsiaindoll wuwesiadumis wuwes
Sornusiu Iwesindnsinisina waziedesiamdmslii feiisivaziBondelud
5.3.1 WU InnuLLe (Position Sensor)
wulwosadumisivihiiinssermsideuivesiugy wieldszeznsindoudly
Funamanuilunsiedeuiivesiugy mAfeildfisume s iadumis NERER Penny
Giles model SLS — 130 series fszezlunsin 750 mm Tnawwwesilddusuulmnuidle
filmod (Potentiometer) AidAUAIUNIUSZNAIE O = 1,000 Ohm ﬁﬁmimu 10 59U A4

LLaQQTuEUﬁ 5.14

JUN 5.14 LanaaulgoTinewae

5.3.2 \ULgasINAINAY (Pressure Sensor)

wuesiannuduniniiiannudurenidulensednlussuy Sainisingds
e Tneududau 3 shumisie fitlulensedn Adiushgngu wasiidufgngu s
FapnuiuvesssuvIgldirugesinaauiu 3nNEREn WIKA 3u A-10 Juaile Piezo-Electric
aunsadnanudiulaasan 400 bar wazdidyamesn 0 84 10 v 4 lwideswunn 10-30 VDC

f;ﬁ’mamiugﬂﬁ 5.15
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JUN 5.15 Lanuaulgo3InAURY

5.3.3 finNa39n0n51N151%a (Flow Rate Meter)

wumesingnsinisivaldindnsinsivavesindulenseandilnasonainiy snsinns
Tnafiluasonaindesingfu A uay B 9891142 11u3deildwumeiinsnsanisinavia
Positive Displacernent WUULW o3 mﬂﬁgwam SIKA ﬁu VZ-0.2-AL-S @1a9ainsnsinisina
g9gn 16 L/min u,azam'1sm/‘hmulé’ﬁmmﬁuqqqmﬂizmm 400 bar fidynrueanauin 0
fla 10 V 1lvideswun 10-30 VDC fauandlugud 5.16

JUN 5.16 uanailinasindnsinisiva
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5.3.4 1A50493030Ma9tN#H (Power Meter)
P59l Ar1d Wl AT nsldmdslwdaldlussuudaalnslansedn 1ae
n3delupsslldesestioiniaslni 9 nindn Kyoritsu Ju 6305 aunsadamdanislnii

Iewislaifiuuy 3 wla waglviiuuy 1 wla dauandlugud 5.17

|
Wit
&

JUN 5.17 wanaasasilainiiaaliih

5.4 szuuAuAY (Control System)
sruUAIUANTUTEUUTIAIUANNTTYINUTBISEUL kasSudaanasinunUssaiang 39
= = o & Y a ¢ ¢ a A o
szuumuuldlunisAnuiluasslivsenauldsieg asuiiimainiual NMindnsedeansiu
gunsnineuen uaznliauadliiy dellseazdundadaluil
5.4.1 paunmasUszuana (Processing Computer)
ADUNILABSUITLNANAIIMTNTS U AN L oS 9N HUYIINSUSENaNAR 1Y

Tusunsuiiladeuld anndudsdyaueanluaiuaussuy dwanslugui 5.18

JUN 5.18 waneszuUARLIAesAIUAL
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5.4.2 n3aRanedeas (Data Acquisition Card)

'
oA L4 (% (% a

n1inRnfedeaITYTMTNNAnfedeasI¥1inegUnsaingiadn AuasuilmaiAIuAY

wavdsdyarneenlunluauseuy UN 5.19 waniniindndedeals 3 ngnan National

v 9

v
v

Instrument  §u PCl - 6221 (68 - pin) Aldluanuifeluasel lnelnudnvazaiuaziden

o

16 bit, 833 kS/s max analog output rate, @u13asudyrandnuueuiasnts 16 4oq i

>

[

AUQUIPDNLUVBUIADN 2 dQYQI0d a1NN50TU-ANFYYIUATADATIUIU 24 499 Laze1u

[ |

FAEURIUNTAIDDNLUUBUIRDNTUIN £10 V

5UT 5.19 uananindnsiodoanssu NI-DAQmx PCI - 6221

5.4.3 wsianuaslnin (Power Supply)
U7 5.20 uanansfouvasluiiiimihiiudasiiihnssuaaduaunn 220 VAC 1ulwidin

nIzuansIvuIn 0 89 30 V nlwimihiilduwnassieliinssuanseliiugunsalluszuy

a

dianlaslansednianue WU NAIAIUANSHIINITING MFIRIVANTIANIS kazaunIaingiain
o

199 udu addeildniioudaddnill aanguan Instek 3u GPS-3303 3 ch Afid1uIuYes
oluldau 3 Yo

— .= - _ = = il
[ e CURRENT  VOLTAGE _ CURRENT VOLTAGE
Y @) &) 292K . B,
o N o g = ) %
ER :
L c ]

= = \j e s |
i | - ’}
o, eI '

Qm@ i

U 5.20 uanwmifauasluii
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(%
[

ToyaTIazidALAL AN NYUEYBIRUNTAITIIMIANNNATlBYRIUTENENEN UN T

M19199 5.1 wanseazideavesgunsallusyuudidalnslansedn

aunsal AN

Variable Speed Drive  Manufacturer: Toshiba: VF-S11-3PH-380V
Power: 5.5 Kw

Electrical Motor Manufacturer: Mitsubishi: SF-JR 2HP 4P
Power: 1.5 Kw
Maximum speed: 1450 rpm

Hydraulic Pump Manufacturer: Honor: 2GG1UT1R
Type: Gear Pump
volumetric displacement: 11 cc/rev

Proportional Valve Manufacturer: Tokimec: COM-3-2C-AN-11
Type: 4/3 closed center
Time response: 50 ms

Direction Control Manufacturer: Vickers: DG4V-35-0C-M-U-H5-60

Valve Type: 4/3 open center
Time response: 60 ms

Position Sensor Manufacturer: Penny Giles:DLS-750-P60-CR-P
Type: Draw wire potentiometer

Pressure Sensor Manufacturer: Wika: A-10

Type: Piezo-electric
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NANTIINA AN

Umﬁa%msmamiaﬁ’wammiv‘hmué’wﬂamﬁaL@@%ﬁww%’ussuuéLﬁﬂimﬂamaaﬂﬁmmu
Snanslnadeduiionaaouaunismandamanifiairatu nanmsvasosuaninisnIugy
mnuEimsiedeudivenszuenguivszuuas dmsuszuudidalnslansedniinunusng
nsluadiends uazsvuudidalnslensedniieuaudasnsivasedy uavanvineuans
naneUALaTAAvesT UL sasTldna N edufl el TsuLfie uaussousuagnns

aduanamasliivesseuu Feliswazdunssnalull

6.1 N1591009ALABUNIADS (Computer Simulation)

sadotlaresuemeazdoanissiasinisiiuresssuudidalaslansedniiniuau
Sasnsinadaeiiufsreuiunes nanisdrasinisiuressruudidalnslonsedndi
muwé’mwmﬂuaﬁasﬁuﬁnmméf’;aaumié’mﬂiamuz (@1A15 3.16-3.27) N1TAIUIUM
ANMBUVDIFNAT I AITOUTNIAANNTFILUTANIULAI8ITNITVOY Rung-Kutta duaU 4 1ag
T¥nsideulusunsusenndiiemuummnouvesszuufinrmanisauiu 100 Hz lag
Faudseneg AldlunsAwialunisdiasinisyinuierenfinnesléiuiainnisasiainain
szuualaarangiovesgunsal dmsueuAtedasuansnissinesnisvhauressE AUy
Snsnsivadeiusinduiinismuauuuuidauagnmsnunuuuuledle Fsnnsaruauuuy
Dnaeldilalugiadu (Pump Modulation) udyanumua uagmimuauuuuadiloasld
n15AUAULUUTile (Pl Control) Srufiunisasuanuwuuleuludieamin (Feedforward
Control) Wudyanamuay Muazidoananissnasinsinauyesszuudidalnslensedni
uaudarnmslnadedusigetelud

U7 6.1 wansnansiaesweINanoUausInNSlunAnA LIS I8 5B
wuudutiule (Step Velocity Response) wanauauaininuiiineanisauguuuudailod
namaUAUBITEINIINTAUANLUUDR SAa191Tu (Rise Time) 7 10% - 90% vasanTy
AIF9 (Steady State) Useanad 0.1 s wag 0.07 s d1m5UN1sAIVANKULTAkasLUUTATILe
AUAITU AnIa1Aea (Settling Time) 7 1% vasan1nzasiafiAiuszanas 0.37 s wae 0.48 s
dmfunismuauuuuilauazuuudaiilonudiu Aranuiinwaindian1zasia (Steady
State Error) Ussu1ad 0.9 cm/s wag 0.7 cm/s d1msunisaiuauuuuilauazuuulaiile

AUAIAU
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12

_———— Reference
————— Open Loop Control
Close Loop Control

Velocity (cm/s)

0.4 0.6 0.8 1.0 1.2 1.4 1.6
Time(s)

JUN 6.1 uanensTaeanshinnudganaenuiidduuiudulavesnismuauwuuln

wazwuuUaiiledmsussuumuaugnsnisivanedy

U 6.2 uamawanisdrassauduiiuvesnisiamudygiuainuiidredauny
Futule muduiiingagaussanm 7.5 bar lanngasia Aldnnmsdassnmaitnudie
MsmuRuuuUDakaznsaIusuLuuniile Fadunanisdrasslummmsaiiferiutunams
novauasruifIluguTl 6.1 mnuduiiuveanismuauuuutaileasgainitnsniunuuuy

a A Y =) 1 A o 1% = g &£
WU L‘LlENf\]']ﬂWJWJU?]lILL‘U'U‘WIEJWJ‘EJLW@JﬂQJUELJJ’]mﬂ’JUﬂNlﬁi%‘U‘UNNﬁW@UﬁU@J‘WLi'J“U‘L!

8 o
=
= &
S ’
4 /
g 6 / — == Open Loop Control
a I, Close Loop Control
<4
D_ [
o 4 /
IS /
S /
o ]
i
24 /I
7
0 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Time (s)

JUN 6.2 uanamsdnassanududuveanisamuausuulaiazuulaiiladmsu

FEUUAIUANENTINSInasnety
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g‘dﬁ" 6.3 LAAINANITTIADINANBUANBIANSIIUNITAANUEY QY IUAIUEIT198Y
wuuletl (Sinusoidal) wagdyayraiaiunu (Control Signal) 28en15AIUANLUULTAF MY
izwmw’]ué’mwmﬂmé’w%m %Juiu@La%’ugﬂisi’ﬁﬂué’igﬁgmmuqmmamauauawaqssw
AR IAIINLEIE19BY mama‘uauaammL%’maam'imu@mLUUL%ﬁmiLU?{&JuLLUaamu
Fyranuiisnads avanuianainiadsiideaesvesanuiiilunisianudy g

a A 1

8 v o & U Ao )
ANULIIDNDINANUTEN 1.14 cm/s LLazazyaunz:umuqmswmﬂﬂuimaLaﬁuumaﬂwmzmu

sUnvuRduIU-an Ut uvalELeagssninsUszana 2.2 V §3 4.6 V aennanseniig

ANSR1809INTVINIUVBITEUU

20

— — — Reference
Velocity
Q)
€
o
=
(3}
o
[0}
>
T T T T T
0 2 4 6 8 10 12
Time (s)

6 Inverse Pump Modulation
D 4]
)}
8
©
b
T 2]
c
2
w
g 01
c
o
O

-2

-4 T T T T T

0 2 4 6 8 10 12

Time (s)

JUN 6.3 uanInsinaeinsinnudyanaenuiidsduuuleiiasdygunivautenis

muauLuuUadmiusEuumIuANsnTINs iname Uy
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Ul 6.4 LanamanisSassnanouausInIIlun SRR LYY AT
wuled uardyaamuauvasnismuaukuulniledwiussuuauaudnsnisivadeda
NARBUALBIANLIIENINTaN I RAR Y Y I AIS I sldAnIINIAURNLUUITR
[esanimuguuuuiileaziisiasuiindvesdyaamuauilovaweranuianaiai
nsauauwuulalianunsavilianasld Armnuiianainmdsaeswesnanusilunishinaiy
Fyaunuiisnsdaiiasyana 0.61 am/s dyanuniuaui 2 drufediuiiudyg o
mvuauuuuilouludramiilidulugiaty wazdiuvesdyyrumuauuuudeunsuiilisn
AIUANKULTILE AvasdyaanIuaudulnguandy1ved Inverse Pump Modulation
drudygyranrvauaindinuankuuitlefidiegsendng 0.2 V i1 +0.2 V Aadu 5% w9

YR IUATUANTISNLA

20
===——azrg.4 Reference
15 1 Velocity
@
IS
S
=
3
)
=
-15 T
0 2 4 6 8 10 12
Time (s)
6 — — — Inverse Pump Modulation
PI Control
s 7\ W)
YRS BV I\ r
g |1 1k ',
N I i\
< \ [
= 21! \ \ I \
g . \ I
5 \ I \
o | \ \ ! \
S l
s 0 -V_\\\_/_\’\\_/l/_\\\_/
=
/
8 \ / \ / \\ /
\ / \ \ /
2] N \ </
-4 T T T T T
0 2 4 6 8 10 12
Time (s)

JUN 6.4 uanin1sinasin1sinanudyainanusisnduuuleiiasdyanaauay

YoM ImUANLULUAR ladmSusTUUAIUANSRI IS IR e Uy
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UM 6.5 wansnan1sdnassanuduiuvesssuumiuaudnsinsinanistdy anuduly
294n15A7UANKUVLUATINITWAEULUAIMINAULTI8198Y AvududuituguiidIunn gy
AUTINTEUDNAUNTIZTIANUANAIIV BN UNNTARUDaasru I liviiy AuRugage

AuNsEUanaUuilA1UsEa 16 bar WagANUAugIEan U uguilAUsEanM 7 bar

20

Pump Pressure (bar)
)

0 2 4 6 8 10 12
Time (s)

JUN 6.5 uanmsdnaenuiulivessEuunuANLUUUaTesTUUAUANSRsINsinam ety

U7l 6.6 uansudutiannnissiaesmeheuresssuumuaudamslvadaet
armfutiuressruunuauuuulngle anuduiuiidnuusiu-ammudyyraunnisndie
fumsmuauuuuiaudasdimanufufigininiesainnisnszyivesdyaiuniuauaind
muALUUTloTliNTIBanALAANaIAYeINARDUALBIAIIEY MNFUgEARwTINsEUeN

guilAUszanm 18 bar uarmRlgIaan U UgUAUSEIN 9 bar

20

15 4

Pump Pressure (bar)
IS

0

0 2 4 6 8 10 12
Time (s)

JUN 6.6 uananan1sInaesnududvessruuaIuANkUUTailavedTsUUAIUANENTINIG

Tnasmety
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6.2 NANTINAABINUIZTUUIN (Real Experiment Results)

6.2.1 manadauaMuISIsaUNamasiiniuazsnsimsluavastiy

wamanivassruumUauSIIIN1sinafedutusgfunamanivesawmeslniuas
Juleasodn maghiluaudaudosvesnisuyuiiinn sUfl 6.7 wansannuiasouves
wemeslnihiinanevaussuudutulavesmsnuauuuulavessruunuausngnsiva
dhoda Tunmaaesdsnmmislvaitudnseenlalnanduiilaenss duszuuidifivan
foyyraumvauwuuiutuleddluiidunefinesimuaumiuiiisevtesamesuidlddy
fulamsodn dwiumslinudunedmesiiu nanss ACC uazamiiag DEC Idgnaseiies
fignina 0 s (3U 5.10) toulaninegninssiinaivesawmesnihilliduivlensedn e
ldnsraiannudisevveanamesiih

é’ﬁgaunmﬁmu@:umi‘ﬁwmummSuna%ma%ag"’[,uszm 0 V fis 8 V lunmsmnageunanusa
soutasawosiwihi Sunefineignileufedygnuamuauuuutuliuledl 4 v wae 8 v @
Dudyananuausgauduna ey sEAUEIEATe98uIesAes N1SHOUALITBIATINSY
souvauawasinidedugyinuniual 4 V was 8 V finatvtuwiafudszanal 0.3 s uay
ez 0.1 s fuandugud 6.7

namauausIniisevtesamesliing mnlifasannamiaiiAetulusewing
329181 0.0 s - 0.1 s wawweilwihdnansuaussaandlusunuuesszUUSUN U fe
winilanansofiessaemamansvemamesinihdeaunsdeuiussusunils fuandy
aunnsil 3.14 -3.15 lngAasiivasaan T,, agfiansannaiueweswindnansuaueivos
ANIEITBUIN 5% - 63% T T,, DAUszann 0.2 s (JUT 6.7) wagAnuasil K, dualld

INMIMSANLEITEULBIRDs T (RPM) memnudvesdulaesines (f,) dliaAnviiiu

x _BEM
£
J L 1450 _ o
50
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1600

— " — —— — ——— — e e ]

1400 -

1200 A

1000 A

800 ~

600 -

Motor Speed (RPM)

400 A
— — —  Maximum Motor Speed

200 4 Medium Motor Speed

0.8 1.0 1.2 1.4

Time (s)

JUN 6.7 ugnsnisneuauesedygiauuuiutulavesmnusisaureemasiih

elansmvauiuuin

sUTl 6.8 uanamansuauasasuvututulavesnsruanguaglinisaauauLUY
Un 18338 UUAIUANERTINT AR (uUTEaEnT) wAYRITEUUAILANSATINIG LA
saedly (Fuitud) mué{’zgﬁywmmm%aLLUU%uﬁuiﬂﬁ 10 cm/s @MSUTEUUAIUANDNT
nsluadaedy sameslnihildduduas Sudunyuainaanudasou 0 s 1450 RPM A
Fynamuauiidanainaeuiianesaiug dmsusruumuausninIsivaciends
vawnoslyliivhanuiinusiseugegamudaynyneuauiidanainaeufiinesaiun wa
N5NARBIAIIANTNTL wazLIANA (Settling Time) TasszuumUANSATINIS AR e
Sndsruumvausasinisinadaety wanafedamnislravesszuuniuausasinisiva
fetiuaziuegivanusisovvesmameslui dudldtudy lumudarudosfiuinves

'
! a

wowwoslwiluariilansedninliAanisinafidlutiwansvauesding vnsiszuuniuny
Snsnnsluadiends Sasnnslvavesihdulensednainanintiuiisnsinisinagega
paoaan lagndrmuausnsimsivauuunsenedulia ssdugunsaimunudnsinisiua
wagfmvnsvesiniulansedniilvalumigunsaiviinu naneuausvesszUUAILALSATING
nadhondaiidnamineyssan 0.05 s 1IA1TuUsEIN 0.02 s uagIaIANIUTEIN
0.05 s uazHaneUAUBIwBITEUUAILANSATINTInadetudidnamiteUssum 0.15 s

LANITUUTELN 0.15 s hazkIaAsRIuseanad 0.35 s



80

14 A
12 A
r
10 ’
0 |
€ |
S g4 |
=) [
5}
9 |
O 6 A
> |
|
4 -
: — — —  Valwve Control
Pump Control
24 |
|
0 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Time (s)

JUN 6.8 uanIn siUTeuLisunaneuauenusndya a1 uuututulassninassuy

AIUANENIINTS IMaMEAILaEITUUAIUANSNIINIS el angldnmsaiuauwuuiln

'
a

JUN 6.9 uanwanauausinusuuututule anuiuly wardygiuniuauues
JEUUAIVANEATINITInaRI8187 TuvaeidinIvAnsnsINIsinalinsUatesundiuagig
sz INaIUANANALTNIEYERUTIvMY amnfinnnseadiveddiule
ATedAnNnouNAanAUALILTINN I lrAIANAUTNTAEINTI1ANAUYDINEWan
ANALYEUS nliAndoutniiial 2 s wagiiiendvanmuauinauausulunay

U A W Y ¢ o A vy va = v o -
anasIuNIEIdAINTuANUALYEdItanANdunlafilife 30 bar HwiMdIn 2 s 7
dyayruamuauddbianusanasiinndu 0 cm/s wiszuudenddidalnied iwszdule

a v 1 %7’ C% 1 (3 v al' v A
ATDANEIAITIYUINUNIUIAIVAAANUAUNANUAUAINUIEUI 30 bar
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20

n
n
[} L 30
v’\l I l,v.v‘(vt\”v‘l“v‘\'ul‘v/ﬁ"\‘fl\’v
1
151 1 N ” h | K
Ve Gy A S W PRU R UL VYRS,
1 > /g
w — — —  Desire Velocity =3
£ ————  Velocity 20 2
= 10 '—W/Y"WVMM —————— Pump pressure 2
= o
8 | o
© [ Jo
> €
I g
5 - 10
0 -VJ -LVMHMWW
T T T 0
0 1 2 3 4
Time (s)
o
4 -
©
(@]
8
S %7
b
©
5
» 2
°
€
o
O 17
0 -
0 1 2 3 4
Time (s)

[

JUN 6.9 uanmanauauaLuuluTUlauad Y AMUANYBITEUUAMUANENI NS aMENAT

o

JUN 6.10 wansmanauauesnuiwuututule Anuaudy wardyginmiuaues

FUUMIUANENTINITInanie U AnududugdutivaevsetiouvaeiumiandiUaasly

v
a =

Anduluszuunmsaruaudnsinisivasiedy wsgnsidenldindimuauiianianisivaves

(% (%
o w Y

udiulansednuuuuniile Fuilnidulansednluandudals ausuluvesssuuniuay

gn3nsinametun 2 s ldanasi 0 bar arumdimuay wsizuewasiiilidaiunsanen
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1AiuTL9991NANULARYYRINDLADS UYUIAS190MIINS Mavestntulansednsailioatasil

wnliianadsosq wagarusutuasdugudvselutainuaiUssuin 5 s uawmaslnily

anunsangalan 2 s faudimdwesdurzanamwnduaud (JUA 6.10 a1)

3
L]

U

=
7

Velocity (cm/s)

20

Control Signal (Voltage)

,,.V"vr\-‘\//\.uv'\»-v\
~

— —
——

NN A~ o~

Desire Velocity
Velocity
Pump Pressure

10

T T T T '20
0 1 2 3 4 5
Time (s)

5

4 -

3 -

2 =)

1 4

O -

0 1 2 3 4 5
Time (s)

pump Pressure (bar)

6.10 LARINANBUALDIAULTIUVTUT L ALAL Ay IUAIUANTBITTUUAIUALSAT

nslnasety
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NAYBIANUANANITasAId BT E e Tu s daunaiuldlusud 6.9
uay U7 6.10 dmiuszuumunusnsnsinasiend nadsdinnuidestiesnitaiunsa
Vol inuddsdafing 2 s ﬁﬂﬁwamauaummmL%"Jmmﬁﬂé’qmuauLLUUGﬁzuﬁ’ulmﬁ
e 2 s 9nAIEY 10 cm/s TuianaiEa 0 cm/s Wansmasweansvgaiusyana 0.1 s
dnsuszuumuaudnmnsivadedy Jufitanudesmnnnidnilataslathning
pudsniing 2 s Inenaneuaussnuimesszuumuaudnsnsinadetluumed
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ABSTRACT. Two types of velocity control electro-hydraulic systems, valve and pump flow
control systems, were extensively investigated in this study. Valve flow control system
tested in the study was one of the conventional types with the use of proportional valve
and conventional gear pump. The proposed pump flow control system was of the simplest
one. An inverter type variable speed drive was used to drive the same gear pump in
order to adjust the pump speed and hence the discharge flow rate according to the de-
sired cylinder velocity. Mathematical model of the pump flow control system is presented
in the article, and its numerical simulation results were obtained by solving the state
space equations. Open loop and proportional-integral (PI) closed loop performances of
both valve and proposed pump flow control systems were tested and compared. Velocity
tracking performance of valve flow control system either under open loop or PI closed
loop control was always better than the proposed pump flow control system. However, the
power consumption of the proposed system was much better than the valve flow control
system. Response speed in terms of bandwidth frequency of the proposed system under
open loop control was less than the wvalve flow control system by half due to the large
wertia of motor-pump rotor. Under PI closed loop control, bandwidth frequency of the
proposed system was improved to be 15% less than the valve flow control system.
Keywords: Electro-hydraulic system, Velocity control, Pump control, Variable speed
drive, Gear pump

1. Introduction. The electro-hydraulic system (EHS) has been an industrial transmis-
sion workhorse from the past due to many advantages, such as high power-weight ratio,
ease of use and great reliability. EHS technology has been constantly evolving to this
day. Not only improvement in efficiency and controllability of EHS was concerned, but
its environmental friendliness and energy-saving have also been key research issues [1,2].

Hydraulic oil flow rate of the EHS could be controlled at the control valve, at the pump
or both. The valve control EHS commonly uses fixed displacement pump to generate
a constant oil flow rate. The opening area of proportional control valve is adjusted in
order to control the hydraulic oil flow rate. EHS valve control systems were studied for
controlling position, velocity and force [3-7]. For the valve flow control system, not all the
oil flows through the proportional valve. The rest of the oil would return to tank via relief
valve. This makes the system operate at the oil relief pressure; hence, power consumption
is kept at maximum at all times.

Hydraulic pump is directly controlled to discharge oil flow rate as needed in pump
control EHS. This leads to a better energy consumption of pump control EHS when
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compared with valve control EHS. However, the drawbacks of pump control EHS are
slower response and less precision. Therefore, the performance improvement of pump
control EHS has been studied by several researchers recently [8-16]. The work in [§]
presented a pump control EHS with the use of load sensing cylinder to control pump
swash plate in order to control oil flow rate. Proportional valve was also used to direct
the flow and further adjust the flow rate. A similar pump control EHS was proposed
in [9]. It differs from [8] in that instead of load sensing cylinder, a stepping motor is
used to control pump swash plate. A hybrid force control EHS force control for pressing
machine with bidirectional piston pump driven by alternating current (AC) servo motor
is proposed in [10,11]. In addition to AC servo bidirectional pump, an auxiliary pump
was used in [12], an accumulator was used in [13], in order to compensate the oil flow.

Drawbacks of the pump control EHS with variable displacement pump or bidirectional
pump [8-13] are the high costs of the equipment and the complexity of the circuits.
Alternatively, pump control EHS could also be constructed with a lower costed fixed
displacement pump. In order to be able to adjust the discharge flow rate from a fixed
displacement pump, variable speed electric motor would be used to drive the pump [14-16].
A pump control EHS with the use of fixed displacement pump and proportional valve was
presented in [14]. Auxiliary devices were proposed to add to the fixed displacement pump
control EHS. [15] added an accumulator to the system in order to improve acceleration
response. Proportional relief valve was added in [16] to reduce energy loss.

This paper proposes a simple low cost pump control EHS. The pump used in the
proposed system is a conventional gear pump, and is driven by an inverter type variable
speed drive. Instead of proportional valve, a simple 4/3 directional control valve is used to
direct the oil flow. The cost of the proposed system in study is far lower than pump control
EHSs explored in other studies [8-16]. Mathematical model and numerical simulation of
the proposed system are also presented. Both open loop and closed loop performances
of the proposed system and the valve control EHS would be experimentally tested and
compared. Frequency responses of both proposed and valve control systems would be
experimentally conducted in order to understand the limitation on response speeds of
both systems.

Nomenclature

Appg: cross sectional area of cylinder head end Vpgg: initial fluid volume in cylinder head end
Agpg: cross sectional area of cylinder rod end Vj,,4: initial fluid volume in hydraulic hose

Apy: cross sectional area of P-A port Vgg: initial fluid volume in cylinder rod end
Apr: cross sectional area of B-T port x1 = x: piston displacement

App: cross sectional area of P-T port xo = &: piston velocity

Cy: orifice discharge coefficient x3 = Pgg: piston head end pressure

C: damping value x4 = Prp: piston rod end pressure

Lgtrore: total cylinder movement x5 = Pp: pump pressure

Mpiston: Mass of piston x¢ = N: motor speed

Pr: ambient pressure B: hydraulic fluid bulk modulus

Qpagg: flow from pump to cylinder head end wp: volume displacement of pump
Qprre: flow from cylinder rod end to tank
Qpr: flow from pump to tank

2. Flow Control Systems. Two types of velocity control EHSs are studied and com-
pared experimentally in this study: valve flow control and pump flow control systems.
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2.1. Valve flow control system. The valve flow control system used in this study
(Figure 1) is one of the conventional EHSs. The system utilizes a fixed displacement gear
pump driven by a fixed speed electrical motor. The control signal from the PC controller
calculated based on the measuring data is sent via D/A card to the proportional control
valve. The opening area of the proportional control valve is adjusted according to the
control signal, metering the oil flow rate through it. The response time of 0-100% spool
displacement of proportional control valve according to the valve manufacturer is 50 ms
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F1GURE 1. Schematic diagram of the valve flow control system

2.2. Pump flow control system. Figure 2 shows the schematic diagram of the proposed
pump flow control system. The proposed pump flow control system is of the simplest
one, with the use of the same fixed displacement gear pump used in the valve control
system. The pump is driven by the same electrical motor used in the valve control system.
However, the electrical motor speed is controlled by an inverter type variable speed drive
(VSD). A 4/3 directional control valve is used to direct the oil flow to either the head-end
(HE) side or the rod-end (RE) side of the cylinder according to the velocity command.
At the cylinder sudden stop command, the downstroke of directional control valve is
faster than pump due to the valve’s smaller inertia, and the valve tends to completely
shut off before the pump does. Open center type directional control valve is then used
(Figure 2) in order that the oil could bypass into tank during the sudden shutoff; thus,
oil pressure surge could be avoided. The directional control valve utilized in pump flow
control system, unlike the proportional control valve in the valve flow control system,
cannot meter the flow. Therefore, additional pilot operated check valves are placed at
both sides of the cylinder (Figure 2) in order to meter or restrict the oil flow during
the downward motion of the cylinder. This act could prevent gravitational overrunning
motion. The control signals calculated based on the measuring data are sent to both the
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FIGURE 2. Schematic diagram of the proposed pump flow control system

electrical motor variable speed drive and the direction control valve. The response time of
0-100% spool displacement of direction control valve according to the valve manufacturer
is 60 ms [18]. The combined cost of VSD, directional control valve and check valves, used
in the pump flow control system (Figure 2) should always be lower than the comparable
proportional valve and its driver used in the valve flow control system (Figure 1). Thus,
the total cost of the proposed pump flow control system is lower than the conventional
valve flow control system.

For both valve and proposed pump flow control systems, the piston position, pump
pressure, and cylinder HE and RE pressures are measured and sent to the computer
via the National Instrument 6221 data acquisition card. The velocity feedback signal
is obtained by numerically differentiating the piston position measured by a draw wire
potentiometer. The sampling rate implemented in both control systems was 100 Hz. The
fixed displacement gear pump used in both control systems has a volumetric displacement
of 11 em?/rev, and discharges a maximum flow rate of 260 cm®/s. The specifications of
EHS components used in both systems are shown in Table 1.

3. Mathematical Modeling of the EHS. This topic discusses the mathematical model
of the proposed pump flow control system. The mathematical model comprises the mod-
eling of piston dynamics, electrical motor dynamics, and cylinder pressure dynamics. The
detail can be explained as follow.
The motion of the piston is described by the Newton’s second law equation as shown
in Equation (1).
1

mpiston
For the ease of modeling, the dynamics of induction motor and pump driven by variable
speed drive can be modeled as a first order system. The pump revolving speed, N, is the

function of the inverter frequency input, and is obtained from Equation (2). The values
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TABLE 1. The specifications of the EHS components

Component Specification

Variable speed drive Manufacturer: Toshiba: VF-S11-3PH-380V
Power: 5.5 Kw

Electrical motor Manufacturer: Mitsubishi: SF-JR 2HP 4P
Power: 1.5 Kw
Maximum speed: 1450 rpm

Hydraulic pump Manufacturer: Honor: 2GG1U11R
Type: Gear Pump
Volumetric displacement: 11 cc/rev

Proportional valve Manufacturer: Tokimec: COM-3-2C-AN-11
Type: 4/3 closed center
Time response: 50 ms

Direction control valve Manufacturer: Vickers: DG4V-3S-0C-M-U-H5-60
Type: 4/3 open center
Time response: 60 ms

Position sensor Manufacturer: Penny Giles: DLS-750-P60-CR-P
Type: Draw wire potentiometer

Pressure sensor Manufacturer: Wika: A-10
Type: Piezo-electric

of constant gain, K,,, and time constant, T,,, were obtained from the experiment to be
29 and 0.2, respectively.
= TL 8 (2)
ms+ 1
The volumetric efficiency of the pump is not considered in the modeling. Therefore,
the pump discharge flow, @) p, is assumed to be proportional to the driven speed as shown
in Equation (3).
Q p =W pN (3)
The flow from pump to cylinder head end, () psgg, via valve port A and the flow from
cylinder rod end to tank, Q)grrE, via valve port B equations are derived from orifice flow
equations as shown in Equations (4) and (5).

Qprane = (Cd\/g) Apay/ Pp — Pyg (4)
QBTRE = (Od\/g> Apr\/ Prp — Pr (5)

The flow return to tank through the relieve valve occurs only when the value of pump
pressure, Pp, is higher than the relieve valve cracking pressure, P.., as described in Equa-
tions (6) and (7).

QPT:OifPP<Pcr (6)

2 .
Qpr = (Cd\/;) Apr/Pp—Pr it Pp > P, (7)

The compression of the hydraulic oil causes the changes in pressure at pump discharge
and in the cylinder. The changes of pressures are described by the bulk modulus equations,
Equations (8) to (10).

Vhose :
Pp (8)
B

Qp = Qpapr + Qpr +
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(Vg +6AHE33) Pus (9)

. Vi + A Ls roke — L .
&prrRE = ARET — Va REé trok ))PRE‘ (10)
Equations (1)-(10) can be rewritten in the state space form as shown in Equations (11)
to (19). The state equations explaining the changes in pump revolving speed and cylinder
motion are shown in Equations (11)-(13).

Qprang = Appt +

.7.31 = T3 (12)
) 1
Lo — (l’gAHE = :U4ARE —~ CIQ) (13)
mpiston

Because of the different flow directions during the extension and retraction of the cylin-
der, the state equations explaining the changes in oil pressures are different for both cases,
and are shown in Equations (14) to (19). The values of parameters used in the model,
Equations (11) to (19), are shown in Table 2.

Extension:

b sy =P >((cd@)APAM—AHEx2) (14)

(Vg + Aupx,

Gy = b NS (— (C’d\/g) Apry/T4 — Pr+ AREiEz) (15)

(Veg + Agg (L

o A I (— (cd\@) A YL (cd\/g) A e meG) (16)

1 Vhose
Retraction:

M PN ) ((—Od\@) A5 =P~ AHEx2> (17)

(Vg + Aupt,

A\ p 2 —
"N\ (VRE + ARE‘ (Lstmke Tr xl)) <(Cd\/;) APB 2T TR AREx2)
T5 b (— (Gi\/%) Apr/as — Pr — (Cd\/g) App a5 — x4+ WP%') (19)

—~

18)

Vhose

TABLE 2. The EHS parameters used in the mathematical model

Parameters Value Unit
Pump volumetric displacement 11 cc/rev
Cylinder stroke 25 cm
Piston diameter 40 mm
Rod diameter 28 mm
Piston mass 2 kg
Relief valve cracking pressure 30 bar
Effective bulk modulus of hydraulic oil 700 MPa
Density of hydraulic oil 850 kg/m3
Damping coefficient 500 kg/s
Orifice discharge coefficient 0.62 —

Initial fluid volume in hydraulic hose ~ 1.28 x 107°  m?
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Table 2 shows the values of the parameters used in the mathematical model. They were
obtained from equipment data sheet and direct measurements.

4. Controller Design. Open loop and PI closed loop controls are tested and compared
in this study. The details of both controllers are explained as follows.

4.1. Open loop control. Figure 3 shows the block diagram of open loop control for
both valve and pump flow control systems. Open loop valve flow control system uses
inverse valve modulation, whereas open loop pump flow control system uses inverse pump
modulation.

The valve or pump modulation is the static relationship between the valve or pump
control command to the EHS output. For velocity control EHS, the EHS output could
be either oil flow rate or the cylinder velocity.

Figure 4 shows the valve modulation with oil flow rate as the EHS output. To obtain
the valve modulation, various constant voltage inputs were sent to the proportional valve
in the valve flow control system. The pump which operates at constant speed discharges
a constant flow rate. The valve port areas vary according to the varying valve control
inputs. Corresponding steady state oil flow rate to each valve control input was then
recorded, and the relationship is constructed. The oil low rate when divided by cross
sectional area of cylinder head end or rod end can be interpreted as cylinder extension
or retraction velocity. The inverse valve modulation which is used to convert cylinder
velocity back to the valve control command could then be obtained from Figure 4.

Figure 5 shows the pump modulation with oil flow rate as the EHS output. In the
same procedure of obtaining valve modulation, various constant voltage inputs were sent
to the inverter variable speed drive in the pump flow control system. Corresponding oil
flow rate to each pump control input was recorded, and the relationship is constructed.

Velocity Valve/Pump Output
; C d Input
Reference | Inverse VaIV(.a/ Pump | Command Inpu EHS
Modulation

F1GURE 3. Block diagram of open loop control system
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FI1GURE 4. Valve modulation between valve control signal versus oil flow rate



124
2314 T. JANGNOI AND U. PINSOPON

0.00025

0.00020 -

0.00015 ~

0.00010 ~

Flow rate (msls)

0.00005 -

0.00000 <¥ T T \
0 2 4 6 8

Control signal (volt)

FIGURE 5. Pump modulation between pump control signal versus oil flow rate

Inverse Valve/Pump
Modulation

Uinv. Mod

Reference [=]] + ¥+ Qutput

+%_ Controller | Up RIS X

F1GURE 6. Block diagram of PI closed loop control system

Both valve and pump inverse modulations were modeled as lookup tables in the control
code.

4.2. PI closed loop controller. Figure 6 shows the block diagram of PI closed loop
control system. The inverse valve or pump modulation previously used in the open loop
control system is used in the feedforward loop of the closed loop control system. Tracking
performance is improved upon using feedback PI closed loop control. The total control
action is then the combination of the PI and inverse modulation outputs, as shown in
Equation (20).

U(t) = er(t) + KI / €<t)dt .2 Ulnverse Modulation (20)

where e(t) is the velocity tracking error. In this study, the PI gains, Kp, and K| were
tuned experimentally by using the Ziegler-Nichols method. For valve flow control system,
the control signal is sent to the proportional control valve. While for the pump flow
control system, the control signal is sent to both VSD and direction control valve.

5. Simulation Results. This topic explains only the simulation results of pump flow
control system. The numerical simulations of the valve control system could be found in
several articles such as [19]. The simulation results of the proposed pump control system
were obtained by numerically solving the state space equations (Equations (13)-(21)).
Fourth order Rung-Kutta integration method was used to calculate the solutions of the
state space equations.
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F1GURE 7. Tracking response simulation of the proposed pump flow control
system under (a) open loop control and (b) PI closed loop control
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FIGURE 8. Pump pressure simulation of the proposed pump flow control
system under (a) open loop control and (b) PI closed loop control

Figure 7 shows the computer simulation of sinusoidal velocity tracking responses of
the pump flow control system. The inverse pump modulation obtained from the actual
experiments (Figure 5) was used in the computer simulation. Figure 7(a) shows the
tracking response of open loop pump flow control system. Figure 7(b) shows the velocity
response of PI closed loop control. PI controller could reduce root mean square (RMS)
velocity tracking error by almost half, from a value of 1.14 ¢cm/s in case of open loop to
a value of 0.61 cm/s.

Figure 8 shows the pump pressures obtained from the same computer simulation as
of Figure 7. The pump pressures vary periodically according to desired velocity. The
pressure during retraction is higher than one during extension because of different piston
areas of both sides. For the PI closed loop control (Figure 8(b)), the pump pressure varies
in the same trend as the open loop control (Figure 8(a)) at a little higher value due to
extra control effort output by PI controller.
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6. Experimental Result. The motor speed was kept constant at 1450 rpm for the valve
flow control system, and was varied between 0 to 1450 rpm according to the control scheme
for the pump flow control system. The key performance indices (KPIs) to be compared
between both control systems are RMS velocity tracking error and power consumption.
PI gains of the PI closed loop control were tuned experimentally by the Ziegler-Nichols
method. The results in this study are divided into 2 cases: open loop control and PI
closed loop control.

The dynamics of pump flow control system largely depends on the dynamics of the
motor-pump because of the large inertia of the rotating combined elements. Figure 9
shows the pump speed open loop step response of the pump flow control system. The
pump discharge flow was diverted back to the tank in this test; thus, the hydraulic system
was unloaded. Constant control signals at the values of half and full scale VSD commands
were sent to the VSD, and the pump speeds were recorded. Delay times of 0.05 second
could be observed in both responses. The pump speed response has a 10%-90% rise time
of approximately 0.22 second which is roughly equivalent to a natural frequency and a
bandwidth frequency between 1.8-2.5 Hz at damping ratio between 0.7-1 according to any
classical control textbooks. The topic of system bandwidth will be lately discussed.
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FI1GURE 9. Pump speed open loop step response of the proposed pump flow
control system

Figure 10 shows the comparison of velocity open loop step responses of valve and pump
flow control systems. The response of valve flow control system was faster than pump
flow control system. Delay time and rise time of 0.05 and 0.01 seconds were observed in
valve flow control system, whereas delay time and rise time of pump flow control system
were 0.15 and 0.28 seconds, respectively. For valve flow control system, pump operated
at constant speed discharging a constant oil flow rate during idling, proportional control
valve then reacted to the constant step command received at time zero. On the other
hand, the pump was at rest during idling for the pump flow control system. The much
larger inertia of motor-pump rotor in pump flow control system compared with the inertia
of valve in valve flow control system is the reason of the much slower step response of the
pump flow control system.

Figure 11 shows open loop square input responses of both valve and pump flow control
systems. Pump discharge pressure is also shown in the same figure. For the valve flow
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FIGURE 11. Open loop square input responses of (a) valve flow control
system and (b) proposed pump flow control system

control system (Figure 11(a)), oil pressure serge above relief pressure could be observed
at the time 2 second, the same instant of valve shuts off, due to the compression of oil
before the relief valve is opened. Such surge in oil pressure could not be observed in
the case of pump flow control system (Figure 11(b)). The reason, as mentioned earlier
in Chapter 2, is the use of open center type directional control valve in the pump flow
control system (Figure 2). Oil could flow back to tank freely at the valve shutoff instant.
The pump pressure at the time 2 second of pump flow control system did not suddenly
come down to zero even the pump command was reduced to zero (Figure 11(b)). The
revolving motion of the pump did not rapidly stop at the zero pump command due to the
inertia effect of the motor-pump rotor. The pump still continually discharged the oil flow
before it completely stopped. The discharged oil flew back to tank via the port opened
at center of the directional control valve. Pump pressure after the time 2 second was in
the decline trend (Figure 11(b)). It would be a while before the pump stopped and the
pump pressure would come down to zero.



128
2318 T. JANGNOI AND U. PINSOPON

Figure 12 shows the open loop sinusoidal velocity tracking responses of both valve and
pump flow control systems. Delay of 0.17 second could also be observed in the pump flow
control system as in the case of open loop step response (Figure 10). Delay in tracking
could not be observed in simulation (Figure 7) since the delay was not included in the
mathematical model (Equations (11)-(19)). The RMS velocity tracking errors of valve
and pump flow control systems are 1.27 cm/s and 2.40 cm/s, respectively.

Figure 13(a) shows the power consumption of open loop valve control system that
was relatively constant at approximately 2302.82 W. The pump pressure was relatively
constant at 30 bar, at the relief pressure (Figure 13(a)). For the valve flow control
system, the pump outputs a constant flow rate at all the time since the motor speed is
kept constant. Not all the oil pump flow would pass through the proportional control
valve, the rest of the oil pump flow would divert back to tank through the relief valve.
That caused the system pressure to be relatively constant at the relief pressure, and the
power consumption to be constant at its maximum value. Figure 13(b) shows the power
consumption of pump flow control system that varied periodically according to velocity
response and had the average value of 132.41 W. The pump pressure periodically varied
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between 1 and 20 bar (Figure 13(b)). For the pump flow control system, pump discharged
only enough oil flow rate according to the velocity command, no excess oil would have
to divert back to tank through the relief valve. The system pressure was then at the
value that is enough for moving the load, not at the relief pressure. The maximum values
of the pump pressure obtained from the experiment (Figure 13(b)) were a little higher
than ones obtained from the simulation (Figure 8(a)), due to the uncertainties in system
parameters. The other reason is that the model of the pilot operated check valves (Figure
2) was not included in the mathematical model (Equations (13)-(22)).

Figure 14 shows closed loop sinusoidal velocity tracking responses of valve flow control
and pump flow control systems. The PI controller gains were tuned experimentally using
the Ziegler-Nichols method. The controller gains of the valve flow control and pump flow
control systems were found to be Kp = 0.01, K; = 0.0001, and Kp = 0.02, K; = 0.00025,
respectively. Closed loop control improved the tracking performance of the pump flow
control substantially. RMS tracking error was reduced by 40%, and the tracking delay
was reduced to be 0.13 second. RMS velocity tracking errors of valve flow control and
pump flow control systems were 1.18 cm/s and 1.45 cm/s, respectively.
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Figure 15 shows the power consumptions and the pump pressures of both control sys-
tems. The same trends could be observed as the open loop case (Figure 13), with lit-
tle higher values of the power consumptions and pump pressures. The average power
consumptions of valve and pump flow control systems were 2328.07 W and 132.48 W,
respectively. Table 3 shows the comparison summary of the performance KPIs achieved
in all cases of experiments. While tracking performance of the pump flow control system
was not up to that of the valve flow control system, its power consumption was better by
a big margin (Table 3).

TABLE 3. Comparison of RMS velocity tracking errors and power consumptions

Experiment RMS (cm/s) | Power (watt)
Open loop valve flow control 1.27 2302.82
Open loop pump flow control 2.40 132.41
PI closed loop valve flow control 1.18 2328.07
PI closed loop pump flow control 1.45 132.48

7. The Frequency Response of the EHS. In order to better understand the limita-
tions of tracking performances of both valve and the proposed pump flow control systems
in terms of response speed, frequency responses of both systems were tested. Gaussian
noises at a sampling rate of 50 Hz were used as input signals. For valve flow control
system, the excitation signal was sent to the proportional valve. For pump flow control
system, the excitation signal was sent to electric motor VSD and to directional control
valve in order to alter both the oil flow rate and the oil flow direction. The velocity
responses of both systems were measured. The transfer function in frequency domain can
be calculated from Equation (21).

Y(jw)
U(jw)

where Y (jw) and U(jw) are the Fourier spectrums of velocity output and valve or pump
input signals, respectively. Frequency responses of both open loop and closed loop systems
are tested and shown below.

Figure 16 shows frequency responses of open loop valve flow control (Figure 16(a))
and pump flow control (Figure 16(b)) systems. Valve flow control system has a higher
bandwidth compared with pump flow control system due to the faster time response of
the smaller inertia of proportional valve. The bandwidths of valve and pump flow control
systems were approximately 5 Hz and 2.5 Hz, respectively. The dynamics of the open
loop pump flow control system is limited by the dynamics of the combined motor-pump
components. This limitation in terms of bandwidth could also be realized in time domain
by implementing step response test as explained early in Figure 9.

Figure 17 shows the open loop sinusoidal velocity response of both systems at the
critical bandwidth frequencies. The velocity amplitudes of both experimental cases were
about 7 cm/s which is —3 dB smaller than the 10 cm/s amplitude of the reference signal.

Figure 18 shows the closed loop frequency responses of both systems. Closed loop
control improved the bandwidth of pump flow control significantly. The bandwidths of
closed loop valve and pump flow control systems were approximately 6.5 Hz and 5.5 Hz,
respectively. Figure 19 shows the closed loop sinusoidal velocity response of both systems
at the critical bandwidth frequencies. The reductions of velocity tracking amplitudes
confirm the value of bandwidths of both systems.

G(jw) =

(21)
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8. Conclusion. The main contribution of this paper is the proposal of a low cost pump
flow control system. Mathematical modeling and performance tests of the proposed low
cost pump flow control system were deeply investigated in this article. The results from
computer simulations agreed with the actual experiments. The conclusions of the study
can be summarized as follows.

1) A simple pump flow control system could be constructed with the use of conventional
gear pump, inverter type variable speed drive and a 4/3 directional control valve. Open
center type directional control valve should be used in order to avoid oil pressure surge
during cylinder sudden stop command. The total cost of the proposed pump flow control
system is less than a conventional valve flow control system, and is much less than a pump
control system that utilizes variable displacement pump.

2) The dynamics or the bandwidth of the open loop pump flow control system is limited
by the dynamics of the combined motor-pump element due to its large inertia. The
bandwidth could be vastly improved by implementing closed loop control. The bandwidth
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of the open and closed loop pump flow control system achieved in this study was 2.5 Hz
and 5.5 Hz, respectively.

3) The bandwidth of valve flow control system, either under open loop or closed loop
control, was always higher than pump flow control system due to the smaller inertia of
the proportional valve. The bandwidth of the open and closed loop valve flow control
system achieved in this study was 5 Hz and 6.5 Hz, respectively.

4) The velocity tracking performances of valve flow control system were better than
pump flow control system in all cases of experiments. However, the power consumption
of the pump flow control system was always much lower than the valve flow control system.

5) A valve flow control system with proportional valve and fixed displacement pump
(Figure 1) could be converted to be a pump flow control system at small cost by adding
an inverter type variable speed drive and altering the system control scheme. With the
use of existing proportional control valve, pilot operated check valves are not needed as
shown in Figure 2. Proportional control valve could be commanded to restrict the oil flow
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during the cylinder downward motion. Therefore, proportional control valve, by itself,
could prevent gravitational overrunning motion.

6) Our current work emphasizes on performance improvement of the proposed pump
flow control system already achieved under PI control. Various adaptive controllers are
under intensive investigation. Their performances on the proposed system will be com-
pared with PI controller, and the result will be reported in the near future.
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Abstract

The velocity control system of hydraulic cylinder by controlling hydraulic oil flow rate was studied and
built in this study. Inverter variable speed drive was used to control the electrical motor speed such that hydraulic
pump could deliver the flow rate according to the desired cylinder velocity. The performance of the proposed
hydraulic pump control system would be then compared with the conventional hydraulic proportional valve control
system. The power consumption and RMS velocity tracking error of the open loop valve control and pump flow
control systems were obtained experimentally to be 350 W with 1.75 cm/s RMS error and 47 W with 2.19 cm/s
RMS error, respectively. The power consumption and RMS velocity tracking error of the PI closed loop valve
control and the PI closed pump flow control systems were obtained experimentally to be 410 W with 1.47 cm/s
RMS error and 53 W with 2.02 cm/s RMS error, respectively. Experimental results indicated that tracking
performances of the valve control system were better than those of the pump control system in all cases. On the
other hand, the power consumptions of the pump control system were always superior to those of the valve control
system.

Keywords: Electro-Hydraulic System, Velocity Control, Pump Control, Inverter Variable Speed Drive
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1. Introduction

The electro-hydraulic systems (EHS) are widely
used in industrial applications due to high power,
safety in severe environments and high stiffness. The
controlling objective of the EHS could be position,
velocity or force according to its application. The
control challenge of the EHS is its nonlinear behavior.
EHS technologies in mobile and stationary hydraulics
have been under continual development from past to
present. Not only improvement in efficiency and
controllability of the hydraulic systems were
concerned, but their environmental friendliness and
energy-saving have also been one of the key research
issue [1-2].

Normally, the controlling of hydraulic oil flow
rate of EHS is controlled at the control valve, at the
pump or both. The valve control system controls the
opening area of control valve in order to control the
flow rate of hydraulic oil. Whereas, the pump control
system directly controls the pump oil flow rate. The
valve control system yields faster response and higher
control precision, but consumes more energy
compared with the pump control system.

Both EHS valve control and pump control systems
have captured interests among researchers in the past
[3-7]. Velocity control [3] and force control [4] were
accomplished with the use of the valve control system.
For the pump control system, [5] and [6-7] present
examples of velocity control and force control,
respectively.  Bidirectional variable displacement
pump was used in [5-7] as the mean to control the
pump oil flow rate. Using such pump makes an

expensive equipment investment as compared with the
use of conventional fixed displacement pump.

The objective of this paper is to investigate an
alternative approach to control the pump oil flow rate.
An inverter variable speed drive is used to drive the
electrical motor which drives a fixed displacement
pump. Pump oil flow rate control could be
accomplished by controlling the speed of the driven
motor. The proposed pump control system is much
more economical for the equipment investment
compared with the use of bidirectional variable
displacement pump [5-7]. Both open loop and PI
closed loop velocity tracking performances and power
consumption of the proposed pump control system
would be experimentally compared with those of the
conventional valve control system.

2. Flow Control System

Two types of EHS velocity control systems are
tested and compared in this study: valve control
system and pump control system.

2.1 Valve flow control

Fig. 1 shows the schematic diagram of the valve
control system used in this study. The system utilizes
a fixed displacement gear pump driven by a fixed
speed electrical motor. The control signal from the PC
controller calculated based on the measuring data is
sent via D/A to the proportional control valve. The
opening area of the control valve is then adjusted
according to the control signal, metering the oil flow
through the control valve.
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Fig. 1 Schematic diagram of valve control system.

2.2 Pump flow control

Fig. 2 shows the proposed pump control system.
The same fixed displacement gear pump used in the
valve control system [Fig. 1] is used, but driven by an
inverter variable speed driven electrical motor. A
directional control valve instead of the proportional
control valve used in the valve control system [Fig. 1]
is used to direct the oil flow to either the head-end
(HE) side or the rod-end (RE) side of the cylinder.
The control signals calculated based on the measuring
data are sent to both the motor inverter drive and the
solenoid control valve.

HE Pressure

4

Inverter

- <] :
AID [l
Pump Pressure é" :: ::::::ii‘

Computer Control

Fig. 2 Schematic diagram of pump control system.

For both valve control and proposed pump control
systems, the piston position, pump pressure, and
cylinder HE and RE pressures are measured and sent
to the computer via the data acquisition card (DAQ
Card, NI 6221). The piston position sensed by a draw
wire potentiometer was used for calculation of the
velocity feedback signal. The control loops of both
control systems are closed at 100 Hz sampling rate.
The fixed displacement gear pump used in both control
systems has a volumetric displacement of 11 cm’/rev,
and is capable of producing a maximum flow rate of
260 cm’/s.
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3. Controller Design

Open loop and PI closed loop controls are tested
and compared in both valve control and pump control
systems. The details of both controllers are explained
as follows.

3.1 Open Loop Control

Fig. 3 shows the diagram of the open loop control
for both valve control and pump control systems.
Valve transform is used in the valve control system,
while pump transform is used in the pump control
system. With a velocity reference command input to
the valve or pump transform, an appropriate valve or
pump voltage control input could be calculated.

Velocity Valve/Pump
. Output
Command Input
Reference Valve/Pump » EHS
Transform

Fig. 3 Open loop control of valve control or pump
control systems.

The valve or pump transform gain is the static
relationship between the valve or pump voltage control
input to the EHS output. The EHS output could be
either oil flow rate or the cylinder velocity. Fig. 4
shows the valve transform with the oil flow rate as the
output. In order to obtain this relationship, the
cylinder was detached from the EHS circuit. Various
constant voltage inputs were sent to the proportional
valve, and corresponding flow rates at steady state was
recorded. The flow through both P-A and P-B ports
are found to be symmetrical [Fig. 4].
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»

0.00015 A

Flow rate (m3/ )

0.00010 A

0.00005 A

0.00000 ‘ . y 3¢
-6 -4 -2 0 2 4 6
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Fig. 4 Valve transform between valve control input
versus oil flow rate.

With cylinder attached to the EHS circuit, the
valve transform with the cylinder velocity as the
output could be obtained [Fig. 5]. In the same manner,
various constant voltage inputs were sent to the
proportional valve. Positive voltage outputs yielded
extension motion therefore positive cylinder velocity,
and vice versa. The cylinder extension and retraction
velocities are not symmetrical because of the
difference of cross-sectional areas of HE and RE sides.
The maximum retracting velocity is higher than the
extending [Fig. 5] because the RE side has a smaller
cross-sectional area.
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Fig. 5 Valve transform between valve control input

versus cylinder velocity.

Fig. 6 shows the pump transform with the flow
rate as the EHS output. The cylinder was first
detached from the EHS. The various constant voltage
inputs were sent to the pump inverter drive starting
from initial null value and increased to its maximum
value, and then decreased to null wvalue. The
corresponding flow rate for each voltage input was
recorded [Fig. 6]. Hysteresis could be observed when
the voltage input was decreased from its maximum
value. This hysteresis is caused by the pump internal
friction.
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Fig. 6 Pump transform between control input versus

flow rate

With cylinder attached to the EHS circuit, the
pump transform with the cylinder velocity as the
output could be obtained [Fig. 7]. The maximum
extending and retracting velocities are not equal as
stated previously. The hysteresis in this case is more
severe than the case in Fig. 6. In addition to the pump
internal friction, the friction in cylinder is the reason
for this phenomenon.
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Fig. 7 Pump transform between control input versus
cylinder velocity.

3.2 PI Closed Loop Control

A PI controller is used in the close loop [Fig. 8] in
order to compensate for the tracking error incapable to
track with the use of valve or pump transform alone.
The equation of PI control output is shown in (1).

u®)=K,e()+K, I e(t)dt + Feedforward (1)

e(t) is the velocity tracking error. Kp and K; are
the proportional and integral gains, respectively.
Feedforward is the valve or pump transform between
flow rate and control signal.

Valve/Pump
Transform
Velocity +
reference| + Output
- -

P—?—V PI Controller EHS >
- +

Fig. 8 PI control of valve control or pump control
systems.

4. Result and Discussion

The sinusoidal desired velocity with 5 cm/s
amplitude and 0.25 Hz is used as the reference and no
external load for the tests of all controllers. The key
performance indices to be compared among all
controllers are RMS velocity tracking error and power
consumption.  The PI gains of the PI closed loop
control were tuned experimentally by the Ziegler-
Nichols method.
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Fig. 9 Tracking response of the open loop valve

control system.
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Fig. 10 Control signal of the open loop valve control
system.
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Fig. 11 Power consumption and pump pressure of the
open loop valve control system.

Fig. 9 shows the tracking response of the open
loop valve control system. The RMS velocity tracking
error was 1.75 cm/s. Fig. 10 shows the control signal
that varied periodically according to the reference
velocity. Fig. 11 shows the power consumption to be
relatively constant at 350 W. The pump pressure is
also shown to be relatively constant at 60 bar, at the
system relief pressure. In this valve control system,
the pump outputs a constant flow rate at all the time.
However, not all the pump flow would pass through

05@&3/
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the proportional control valve, the rest of the pump
flow would flow back to tank through the relief valve.
That caused the system pressure to be constant at the
relief pressure, and the power consumption to be
constant at its maximum value.
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Fig. 12 Tracking response of the open loop pump
control system.
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Fig. 13 Control signal of the open loop pump control

system.
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Fig. 14 Power consumption and pump pressure of the
open loop pump control system.
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Fig. 12 shows the tracking response of the open
loop pump control system. The RMS velocity tracking
error was 2.19 cm/s. Fig. 13 shows the control signal
that varied periodically according to the reference
velocity. The tracking performance in this case is poor
compared to the open loop valve control. Delay in the
velocity up-stroking and de-stroking was clearly seen
due to the slower response characteristics of pump
compared to valve. Jumps in tracking velocity were
also seen at the middle point of each reference signal
wave according to the switching of the pump
transform (from extension to retraction), and its
hysteresis effect [Fig. 7]. Fig. 14 shows the power
consumption to be the average value of 47 W. and the
pump pressure that varied between 1 to 10 bar. Unlike
the case of the valve control system, the pump did not
output the constant maximum flow. Therefore the
system pressure was not always at its maximum value,
as was not the power consumption.

15

N

B

o
L

Velocity (cm/s)
e o

0 2 4 6 8 10
Time (s)

Fig. 15 Tracking response of the PI closed loop valve
control system.
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Fig. 16 Control signals of the PI closed loop valve
control system.
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Fig. 17 Power and pump pressure of the PI closed loop
valve control system.

Fig. 15 shows the tracking response of the PI
closed loop valve control system. The PI controller
gains were Kp=0.05 and K;=0.5. The RMS velocity
tracking error was 1.47 cm/s. Fig. 16 shows the
control signals from both valve transform and the PI
controller. The control action from valve transform
was identical to the open loop case [Fig. 10]. The PI
controller contributed extra control effort [Fig. 16],
and could yield a better tracking performance. Fig. 17
shows the power consumption and the pump pressure.
The same trends could be observed as the open loop
case [Fig. 11], with a little higher values of the average
power consumption at 410 W.
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Fig. 18 Tracking response of the PI closed loop pump
control system.
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Fig. 19 Control signals of the PI closed loop pump
control system.
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Fig. 18 shows the tracking response of the PI
closed loop pump control system. The PI controller
gains were Kp=0.2 and K=0.0025. The RMS velocity
tracking error was 2.02 cm/s. Fig. 19 shows the
control signals from both pump transform and the PI
controller. The PI controller contributed extra control
effort in addition to the pump transform output, and
resulted in a better tracking performance. Fig. 20
shows the power consumption and the pump pressure.
The same trends could be observed as the open loop
case [Fig. 14], with a little higher values of the average
power consumption at 53 W.

Table.l RMS error and power comparison

Experimental RMS | Power(w)
(cm/s)
Open loop valve control 1.75 350
Open loop pump control 2.19 47
PI plus feedforward of valve control 1.47 410
PI plus feedforward of pump control 2.02 53
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Table 1 shows the summary of key performance
index comparison of all controllers. The valve control
system outperformed the pump control system in the
tracking performance at the expense of much higher
power consumption. Closed loop control of both valve
and pump control systems provided better tracking
performances compared with the open loop control.

5. Conclusion

The EHS pump control system was proposed for
the velocity control application. The experimental
results show that tracking performances of the valve
control system were better than the pump control
system in all cases due to the faster response of valve
and hysteresis in pump. The power consumption of
the pump control system, however, was almost 10
times lower than the valve control system in all cases.
The reason is that, for the valve control system, pump
output a constant flow, and much of that flowed back
to tank through the relief valve. Therefore the system
pressure of the valve control system was at its relief
pressure at all times, as was its power consumption at
its maximum value.
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Abstract
Electro-hydraulic system (EHS) has been widely used in industrial applications due to its advantageous
characteristics. The challenge of the EHS control is its nonlinear behavior. Various adaptive control
schemes have been used to tackle this challenge in the past. Fuzzy self-tuning PID controller is proposed
for the EHS force control in this paper. The design of an adaptive PID controller coupled with a fuzzy
controller used for tuning PID gains is explained in detail. The performances of the proposed fuzzy self-
tuning PID and the conventional PID controllers were experimentally tested and compared. The
characteristics of the fuzzy self-tuning PID controller of being able to adjust the PID gains real-time
yielded a big advantage over the conventional PID controller with fixed gains. The experimental results
show that the fuzzy self-tuning controller gave a 25% faster step response, and a 10% less RMS error in

the tracking of periodic commands compared with the PID controller.

Keywords: Electro-Hydraulic System, Self-Tuning, Fuzzy, PID, Force Control

Nomenclature V.. -initial fluid volume in hydraulic hose

= . cross sectional area of cylinder head end V.. :initial fluid volume in cylinder rod end
A, :cross sectional area of cylinder rod end p : hydraulic fluid bulk modulus.
APA : cross sectional area of P-A port
A, : cross sectional area of B-T port 1. Introduction
APT : cross sectional area of P-T port Electro-hydraulic system (EHS) has been
C, : orifice discharge coefficient widely used in various fields of industrial
F.. : external force application. Some important characteristics of the
L. :totalcylinder movement EHS are high power-to-weight ratio, fast response,
Mpison © Mass of piston high stiffness, and controlling signals flexibly [1].
P, : ambient pressure The operation of an EHS could be position,
QPAHE : flow from pump to cylinder head end velocity or force control according to its
Qe : flow from cylinder rod end to tank application. The control problem of the EHS is
Q., :flow from pump to tank quite complicated because of the nonlinearity and
V.. :initial fluid volume in cylinder head end large uncertainty in hydraulic system. The source
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of the complication is from hydraulic fluid
properties such as bulk modulus, compressibility
and viscosity.

The document [1] gives a broad review on
the studies of the EHS control problems in the
past. Among adaptive controllers, the fuzzy
controller has captured interest among
researchers of the EHS control for a long amount
of time [1-6]. Fuzzy controller was implemented
in various EHS application, such as velocity
control [2,3] and force control [4-6]. Fuzzy
controller was chosen to be the controller alone
by emulating the action of the PID controller [2,4],
or was used as the online tuner of PID gains
[3,5,6]. In all cases, the fuzzy controller was
proved to be a capable controller compared with
the conventional PID. However the design of the
fuzzy controller is quite arbitrary. The design of
fuzzy rule base is vastly depended on the control
designer, and the design rational was not clearly
given in most of the previous reports.

In this paper, the fuzzy self-tuning PID
controller is proposed for the EHS force control.
The fuzzy controller is used as the real-time tuner
of PID gains. The design of the fuzzy controller
is explained in a great detail. The performance of
the proposed controller is then compared
experimentally with the conventional PID

controller.

2. Dynamic Modeling
Dynamic modeling of the EHS could be
derived by using the orifice flow equation, the
continuity equation, the oil compression equation,
and the piston force balance equation. Figure 1
shows the schematic diagram of the EHS used in

this study. It consists of a power unit, a

proportional control valve and a cylinder. A
compression spring was used as the source of
the external force. The system has two
separated sets of governing equations according
to the extending and retracting motions of the
cylinder. Only the equations for the cylinder
extension are explained in this paper. The
equations for the cylinder retraction could be
easily obtained by modifying the extension

equations slightly.

m HE Pressure
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RE Pressur

<l> \—’\34 | s
X N
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|
|
|
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|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Computer Control

Figure 1. Schematic diagram of the EHS used in

this study.

The motion of the cylinder piston is described

by the force balance equation as shown in

equation 1.
e 1
X - (PHEAHE - PREARE - Fext) (1)

piston

where x is the displacement of the piston. As
the external load of the EHS in this study is a
spring (figure 1), the external force is therefore a

function of the piston displacement, F_=kx,

ext
where k is the spring constant.

The flow equations through the valve are
derived from orifice flow equation, and are shown

in equations 2 to 4.
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,2
QPAHE = Cd N APA PP_PHE (2)
yo,
2
QBTRE_ Cd R ABT PRE_PT (3)
( \ P
2
QPT= Cd R APT PP_PT (4)
P

The pressure changes at the pump discharge
and in the cylinder due to the compression of the
hydraulic oil are described by the bulk modulus

equations (equations 5-7).

_ Vhose =
Q, = Qe ', 7PP ®)
(v, +A.x)
. 4 HE HE .
QPAHE - AHEX + ﬂ PHE (6)
(v + A (Lo, —x ))
. RE RE stroke .
QBTRE = AREX - ﬂ PRE (7)

Equations 1-4 can be rewritten in a state

space form shown in the equations 8 to 12.

X, =X, (8)
1

X, = (PHEAHE N PREARE e kX1 ) (©)
piston

. _ P

X3 = _(QP _QPT _QPAHE) (10)
hose

. b

Xy — (QPAHE _AHEX2) (11)

(VHE + AHEX1 )
%, = b vax) (12)

)) (_QBTRE Re” 2

(VRE + A (Lstroke - X

where X, = X, piston displacement

X, = X, piston velocity

X, =P,, pump pressure

X, = P, cylinder head end pressure

X, = F’RE, cylinder rod end pressure
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3. Controller Design
Two types of controllers are tested and
compared in this study, PID and fuzzy self-tuning
PID controllers.
3.1 PID Controller
The equation 13 shows the calculation of the

PID control output.

de(t)
u(t) =K e(t) +K,fe(t)dt+KD— (13)
dt

where e(t) is the tracking error. In this study,
the PID gains, K, K, and K, were tuned
experimentally by using the Ziegler-Nichols
method.

3.2 Fuzzy self-tuning PID controller

Figure 2 shows the structure of the proposed
fuzzy self-tuning PID controller which consists of
two parts: the PID controller with adjustable gains

and the fuzzy controller that is used to tune the

PID gains.
Fuzzy
Controller
Ke | K |Kp
A A 4
Reference PID Output
+ % - Controller : EHS )

Figure 2. Block diagram of fuzzy self-tuning

PID controller.

The performance criteria requirements used

for the controller design are as follow:
® settling time less than1 second.
® steady state error less than £10 kg.
® overshoot as small as possible.

® force operation range of 300 kg.

The output response was used for designing

the fuzzy rules, and is shown in figure 3.
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Figure 3. General step response for rule design.

The step response can be divided into five
zones (figure 3) noted as z —Z_, which are
identified according to the error (e) and error
difference (de) are as follow [7]:
Z:e>oandde<0, Z :e<oandde<O0
Z :e<oandde>0, Z :e>oandde>0
Zs:ezoandAezo

There are three rules basic:

1. If both e and de are zero, then keep the
present control setting.

2. If e will go to zero at a satisfactory rate, then
keep the present control setting.

3. If e is not self-correction, then control signal is
refined depending on the sign and magnitude of
e and de.

There are two inputs and three outputs for the
fuzzy controller. The inputs are the error e(f) and
error difference de(t), with ranges of both inputs
between -10 to +10. The outputs are the PID
parameters, K; , KI' and K; , which are used to
adjust the PID gains (equation 14). Five linguistic
variables, Smali(S), Small(MS),
Medium(M), Medium Big(MB) and Big(B) are

Medium

used in all rules. Mamdani model and Max-Min
method is applied for fuzzy interference. Center
of gravity method was used for defuzzification
process. Gaussian method is employed in all

membership functions.
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The rational of the design of fuzzy rules
(tables 1-3) is as follows. When the response is
in the area Z,, the P and | parts of PID controller
are considered dominant in order to give an
aggressive output for a short rise time, therefore
K; , KI' are both set to MB and B. When the
response is the area Z,, the P part is considered
dominant in order to suppress the overshoot. All
parts of PID are treated at about the same
weights when the response is in the area Z,.
When the response is in the area Z,, the | part is
considered dominant in order to settle the

response.

Table 1. The rule of K. gain

NB N Z P PB
NB S S S MS M
MS | M MB
de z S MS M | MB
MS M MB B
PB M MB B B B

Table 2. The rule of k' gain

NB N 4 P PB
NB S S S | MB

de Z S MS M | MB
MS | MS | MB | MB
PB M MB B B

| W |0 || T

Table 3. The rule of k. gain

NB N 4 P PB
NB B B B | MS

de 4 B MB M | MS
MB | MB | MS | MS
PB M MS S S

nlnoln| nv|ln
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The range of each PID gain was pre-
determined experimentally, and was found to be
K,€[0.05,0.14], K,€[0.003,0.012], and
K,€[0.001,0.006]. The PID gains are real-time
calibrated linearly according to equation 14 with
the use of the parameters K; , K,' and K; ,

obtained from the fuzzy controller,.

K -K
' P Pmin !
K =—,K =0.09K_ +0. . .
. ) K, =0.09K, 005 Figure 6. Rule surface view of K,
,  K-K, , (14)
K =——,K =0.009K +0.003 ’ 4. Results and Discussion
rmax =i The schematic diagram of EHS used in this
K; _ K, Ko, K =0.005K; +0.001 study is previously shown in Figure 1. The piston
.y L' A position, pump pressure, the cylinder pressures
and the acting force acting were measured and
Figures 4, 5 and 6 show the rule surface sent to the computer via the data acquisition card

views of the PID gains according to the fuzzy (DAQ Card, NI 6221). The force signal sensed by
controller. the load cell was used for the force feedback
signal, while the cylinder pressures were for
monitoring only. The control loop for PID and
fuzzy self-tuning PID controllers were both closed
at 10 Hz sampling rate.

“\.;'&‘3‘:;\‘ The step, square wave and sinusoidal force
signals are used as the reference signals for the

tests and performance comparisons of the two

controllers. The PID gains were tuned
experimentally by the Ziegler-Nichols method to
be K,=0.07, K=0.006 and K,=0.003. Figure 7
shows the performances of both controllers with a
50-300 kg force step reference signal. The
maximum overshoot (OS) and the steady state
error achieved by both controllers are the same
(table 4). However, the fuzzy self-tuning PID
yielded a 27% faster rise time (Tr) and 25% faster

settling time (Ts) (table 4).

Figure 5. Rule surface view of K,
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Figure 7. Step response

Figures 8 and 9 show the changing of PID
gains of the fuzzy self-tuning PID controller during
the step response tracking. The proportional gain
K, gain initially increased, giving an aggressive
output for a short rise time, and decreased later
as the response converted to the steady state.
The differential gain K, increased while the
integral gain K, decreased during the overshoot
period in order to suppress the response
overshoot. The fuzzy controller could tune the
PID gains exactly according to the rules explained
previously. Interestingly, the PID gains of the
fuzzy self-tuning PID controller converged to the
steady state values of K,=0.078, K=0.009 and
K,=0.002, nearly identical to the values obtained

from the Ziegler-Nichols tuning.

| ——Kp gain| 7‘
[

L 1 L L ) L
] 02 04 06 08 1 12 14 16 18 2
Time (s)

Figure 8. K_gain
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Figure 10 shows the 100-300 kg square wave
tracking responses of both controllers. The
performances of both systems in terms of OS, Tr,
and Ts resemble the case of step response
tracking performances. However, more ringing or
oscillation of the responses could be observed in
the case of PID control system. This resulted in
a 16% less RMS tracking error of the fuzzy self-
tuning PID control system compared with the PID

control system (table 4).

400

= == Reference
350+ 3== RID i
— Self-Tunung Fuzzy PID

300

Force (kg)
L8] L]
[=] o
s 8

o
S

=
S

50

Figure 10. Square response

Figure 11 shows the sinusoidal response
tracking performances of both controllers. Similar
to the square wave tracking, the fuzzy-PID
yielded a better tracking performance in term of

RMS error (10%less, table 4).
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Figure 11. Sinusoidal response

Tables 4 and 5 show the comparison of the
tracking performances of both controllers. The
fuzzy self-tuning excelled the PID controller in
almost criteria. This is due to the fact that it
could adjust the PID gains according to the

feedback tracking response.

Table 4. Comparison of the performance index

Steady
Ref. state Os Tr Ts
Controller Signal
signal error (%) (s) (s)
(kg)
PID 300 2 2 0.18 0.5
Fuzzy Self- Step
300 2 2 0.13 0.3
Tuning PID
PID 100-300 NC 4 0.18 0.5
Square
Fuzzy Self-
Wave 100-300 NC 3 0.12 0.3
Tuning PID

Table 5. RMS error

rms error (kg) / cycle
Command
PID Fuzzy Self-Tuning PID
Square 28.46 23.78
Sinusoidal 71 6.38

5. Conclusion
The fuzzy self-tuning PID controller was
proposed for force control of the EHS. The gains
of PID controller were tuned by the fuzzy
controller according to the feedback tracking

response. The characteristics of the fuzzy self-
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tuning PID controller of being able to adjust the
PID gains online yielded a big advantage over the
conventional PID controller with fixed gains. The
experimental results show that the proposed
controller gave a better tracking performance. The
fuzzy self-tuning PID controller gave a more than
25% faster response to the step response and
more than 10% less rms error to the periodic

tracking compared with the PID controller.
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