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ГИДРОТУРБИНЫ

Theмresultsмofмaмsystematicмstudyмofмtwoмmathematicalмmodelsмofмaмmultiщactuatorмelectroщhydraulicмdriveм
designedмforмaмringмgateмofмhydraulicмturbineмmovementмareмpresentedмinмtheмworkъмWeмhaveмinvestigatedмtheм
mainмfactorsмwhichмhaveмaмnegativeмimpactмonмtheмsynchronizationмofмtheмservoмcylinderмmovementшмsuchмasм
theмloadмcapacityшмtheмexternalмforcesм мadditionallyмappliedмtoмtheмservoмcylindersшмandмtheмmanufacturingм
errorмofмhydraulicмcylinderмpistonsъмFunctionalмdependencesмofмtheмsynchronizationмerrorмfromмtheseмfactorsм
haveмbeenмobtainedъмTheseмdependencesмallowмtoмdevelopмreasonableмrecommendationsмforмselectingмtheм
mainмparametersмofмtheмhydraulicмdriveмandмdetermineмtheмoperationмregularitiesмofмthisмdriveъ
RING GATE OF HYDRAULIC TURBINE; MULTIACTUATOR HYDRAULIC DRIVE; 

SYNCRONIZATION OF HYDRAULIC CYLINDER; MATHEMATICAL MODELING; MATLAB.

м м м м м м м м м
м м шм м м м м

м ъм м м шм м м м м
м м м шм шм :м м м ;м

м шм м м м ;м м м
м м шм м м м ъм

м м м м м м м м м
мMatLabъм м м м м м м

м м м м шм м м м щ
м м м м м м м м м щ 

м м шм м м м м м м м м м
м м м м м ъ

м м ;м м м
;м м ;м м

шмMATLABъ

Toмshutщdownмtheмsupplyмofмwaterмlowмtoмhydrauщ
lic turbine in the case of an accident or if need for 

repairмorмmaintenanceмworkмandмtoмreduceмleakagesм
through closed guide vanes and prevent the developщ
mentмofмaмgapмcavitationмonмbladesмofмtheмguideмvanesшм
preщturbineмgateмvalveмareмoftenмsetмinмtheмpenstockъм
Theirмalternativeмareмtheмringмgatesшмwhichмhaveмtheм
formмofмannularмshieldмisмlocatedмbetweenмguideмvanesм
and stay vanes. A characteristic feature the gate of 

thisмdesignмisмuseмofмmultiщactuatorмhydraulicмdriveм
forмmaneuveringмofм suchм shieldъмOneмofм theмmainм
requirementsмforмringмgateмhydraulicмdrivesмisмtoмproщ

videмinщphaseмsynchronousмmotionмofмallмservoмmotorsм
фusuallyмщмcylindersхмincludedмinмtheirмstructureъ

Theмresearchмresultsмofм ringмgateмmultiщactuatorм
hydraulicмdriveшмconsistingмofм6мcylindersмandмelectroщ
hydraulicмservoмcontrolмsystemмareмoutlinedмbelowъ

Theмmainмpurposeмofм thisмstudyмwasмtoмevaluateм
theмinluenceмofмexternalмforcesмactingмonмtheмringмgateм
andмtechnologicalмerrorsмofмpistonsмmanufacturingмonм
synchronicityмandмinщphaseмoperationмofмelectrohyщ
draulic drive. This evaluate could be the basis for the 

calculationмmethodologyмofмringмgatesмmultiщactuatorм
hydraulic drive.
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Theмprimaryмgoalsмofмtheмstudyмwere:мobtainingм
dependenciesмofмdisplacementмpistonsмsynchronizaщ
tionмerrorмonмexternalмfactors:мtheмmassмofмtheмmovableм
loadшмexternalмforcesшмadditionallyмappliedмtoмtheмhyщ
draulicмcylindersшмasмwellмasмtheмdiferenceмofмefectiveм
areaмofмtheмpistonsшмcausedмbyмtechnologicalмerrorsм
ofмmanufacturing;мevaluationмofмinluenceмtheмringм
gate weight on synchronicity of servo actuators rods 

movementъ
Twoмmathematicalмmodelsмwereмconsideredъм Inм

theмirstмmodelшмallмrodsмofмhydraulicмcylindersмconщ
nectedмwithмaмcommonмringмbyмspringмlinkageмandмtheм
ringмitselfмwasмconsideredмabsolutelyмrigidмфigъмэхъ

Hydraulicмsystemмforмtheмirstмmodelмconsistedмofм
sixмblocksмofмtheмsameмtypeшмwithмaмcommonмcontrolм
signalъмSchematicмdiagramмofмsuchмblockмisмshownм
inмigъюъ

FigъмэъмKinematicмschemeмofмservodrive:мRGм мringмgate;м
HCэш…HC6м мhydraulicмcylinder;мXэш…X6м мinstantaneousм

displacementмofмcorrespondingмhydraulicмcylinder;
Cslэш…Csl6м мstifnessмofмcorrespondingмspringмlinkage;

Xм мinstantaneousмdisplacementмofмcommonмring;
F

c
 – external forces

Inмdescribingмmathematicalмdriveмmodelмfollowingм
assumptionsмwereмmade:м parametersм areм lumped;м
continuityм conditionм ofм theмworkingм luidм isм perщ
formed;мelasticityмmodulusмofмworkingмluidмisмconщ
stant;м throttlingмgapsмlowмcoeicientмofмelectrohyщ
draulicм ampliiersм areм constant;м electrohydraulicм

ampliiersмdesignмisмideal;мinмmathematicalмmodelмdoм
notмtakeмintoмaccountмtheмactionмofмguideмsupportsшм
onмwhichмmovementмofмtheмgateмisмperformedъмDisщ
placementsмandмvelocitiesмofмhydraulicмcylindersмandм
pistonsмatмtheмinitialмtimeмwereмassumedмequalмtoмzeroъ

Figъюъм Fragmentм ofм hydraulicм
driveмprincipleмdiagram:мPSм м
pumpingм station;м HDм
hydraulic distributor; RG – ring 

gate;мHCэм мhydraulicмcylinder;м
PGэшPGюм м pressureм gauge;м
EhAэм м electrohydraulicм
amplifier;м FbTэм м feedbackм
transducer;м PLCм м programм

logic controller

Each drive unit is described by four nonlinear 

diferentialмequations:мtheмmotionмequationмofмelecщ
trohydraulicмampliierшмtheмmotionмequationмofмacщ
tuatorмmovableмpartшмtheмequationмofмlowмcontinuityм
through the pressure gaps of the spool and lower 

cylinderм chamberм andм theм continuityм equationм
throughмtheмtopмcylinderмchamberмandмdrainмgapsмofм
the spool.

Thusшмtheмirstмmathematicalмmodelмincludedмsixм
systemsмofмequationsмforмeachмofмtheмblocksмandшмinм
additionшмequationsмforмcommonмloadingмmovingмandм
its turning.
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where m
i
м мmassмofмthe iщthмspool;мz

i
м мdisplacement

of the iщthм spool;мK
FJi

м м electromagneticмconverter
gainмofмtheмiщthмelectrohydraulicмampliier;мJ

i
 – control 

signalмstrengthмofмcurrentмforмtheмiщthмelectrohydrauщ

licмampliier;K
fbi

 – feedback factor of the iщthмelectroщ
magneticм ampliier;мx

i
 – stroke of the iщthмpiston;

Kνzi 
м viscousм frictionмcoeicientмofм theм iщthм spool;

C
emci

м мspringмstifnessмofмthe iщthмelectromechanicalм
converter; mэъ6м мmassмofмtheмiщsмpistons;мpээъъъэ6шмpюэъъю6 

мpressuresмinмlowerмandмtopмchambersмofмhydraulicм
cylinders respectively; Sэъъъ6 мefectiveмareaмofмrespecщ
tive pistons;Kνxэъъъ6м м viscousм frictionмcoeicientмofм
respective pistons; F

cэъъъ6м мdryмfrictionмforcesшмapplied
to respective pistons; µ

i
м мcoeicientмofмlowмforмtheм

iщthмspool;мP
S
 – supply pressure; Vэi

шмVюi
 – values of 

initialмvolumesмofмtheмlowerмandмtopмhydraulicмcylinщ
dersмchambersмrespectively;мEм мefectiveмbulkмmodщ
ulusмofмworkingмluid;мC

slэъъъ6м мspringмlinkagesмstifnessм
ofмrespectiveмhydraulicмcylindersмwithмtheмcommonм
load; Xм мdisplacementмofмtheмcommonмload;R – raщ
diusмofмtheмringмgateмshield;м м мrotationмangleмofмtheм
ring gate; Mм мmassмofм theмringмgate;мKν – viscous

frictionмcoeicientмofмtheмgate;мF
c
м мdryмfrictionмforceшм

applied to the gate; J
p
м мpolarмmomentммofмinertiaмfor

the ring gate shield; K
mωм мviscousмfrictionмloadмcoefщ

icient;мK
M

м мpositionalмloadмcoeicientъ
Theмsystemмofмdiferentialмequationsмwasмsolvedмinм

anмintegratedмenvironmentмMATLABмusingмbuiltщinм
functionsмODEюяsъ

Inм theм secondмmodelмwasм consideredмhydraulicм
driveшмworkingмwithмringмgateшмconventionallyмdividedм
intoм sixмunrelatedм amongм themselvesмpartsъмKineщ
maticмdiagramмofмtheмsecondмmodelмisмshownмinмigъяъ

Itмwasмassumedмthatмsuchмaмsimpliiedмschemeмmayм
beмusefulмinмtheмpracticeмofмdesignшмwhenмitмisмnecessaryм
toмfastмфrapidхмassessmentмofмtheмdesignмfeatureмimpactм
onмtheмproposedмdesignмsolutionъмAssumptionsмandм
initialмconditionsмareмtakenмtheмsameмtoмacceptedмinм
theмcaseмofмmodelмwithмcommonмgateъмEachмofм theм
driveшмincludedмinмhydraulicмsystemшмisмalsoмdescribedм
byмfourмnonlinearмdiferentialмequations:мmotionмequaщ
tionмofмelectrohydraulicмampliierмspool;мmotionмequaщ
tionмofмmovableмpartмofмhydraulicмdrive;мcontinuityм
equation through the pressure gaps of spool valve and 

aмlowerмchamberмofмhydraulicмcylinderмandмcontinuityм
equationмthroughмtheмtopмchamberмofмhydraulicмcyщ
linder and drain gaps of spool valve.

Thusшмtheмsecondмmathematicalмmodelмincludesм6м
systemsмofмequationsмofмtheмfollowingмform:
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FigъмяъмKinematicмschemeмofмservodrive

Theмsystemмofмdiferentialмequationsмwasмsolvedмinм
aмsimilarмwayъмCalculationsмshowedмthatмatмaмuniformм
distributionмofмtheмloadшмtheмmassмattributedмperмeachм
cylinderшмwillмbeмequalмtoмэьмtъмWithмthisмloadмcylindersм
areмmovedмsynchronouslyшмandмsynchronizationмerrorм
isмabsentъмDuringмcarryingмoutмtheмnumericalмexperiщ
mentшмdeviationмfromмnominalмmassмinмtheмrangeмofм
щэььмtoмя87мсмforмoneмofмtheмcylindersмwasмsetъмThusшм
inмtheмinalмphaseмofмexperimentшмgravityмforceмofмtheм
loadмwasмcomparableмwithмmaximumм forceшмwhichм
can be achieved by hydraulic cylinder. According to 

theмresultsмofмthisмnumericalмexperimentшмdependenceм
hasмbeenмbuiltшмasмshownмinмigъм4ъ

Onмtheмhorizontalмaxisмinмigъм4мvalueмofмrelativeм
load is plotted:

rel
,

mg
M

P S
=

s p

where mм мloadмmassшмmovingмbyмhydraulicмcylinder;м
g – acceleration of gravity; S

p
м мefectiveмareaмofмtheм

piston; 

Onмtheмverticalмaxisмinмigъм4мrelativeмsynchronizaщ
tionмerrorмofмpistonмdisplacementмisмplotted:

rel

max

,
∆

∆ =
∆

where ∆ – instantaneous synchronization error; 

∆maxм мpermissibleмerrorъ
Fromмigъм4шaмcanмbeмseenшмthatмdependenceмhasм

aм nonщlinearм characterм andм errorм valueм increasesм
dramaticallyмwhenмapproachingмgravityмforceмofмtheм
loadмtoмtheмmaximumмvalueшмwhichмcanмbeмachievedм
byмhydraulicмcylinderъмHoweverшмinмtheмvaluesмareaшм
limitedмbyмpermissibleмvalueмofмsynchronizationмerщ
rorмф4мmmхшмcharacteristicмisмlinearмфigъм4шbхъ

Fig. 4. Dependence of synchronization error of

hydraulicмcylindersмdisplacementмfromмmass
deviationмfromмnominalмvalueмinмwholeмrangeмof

massмchangeмфaхмandмinмaмrangeшмlimitedмby
permissibleмerrorмфb)

Analysisмofмigъм4шbмallowsмconcludingмthatмpermisщ
sibleмvalueмofмsynchronizationмerrorмisмlimitedмbyмtheм
ratioмofмtheмloadмweightмtoмtheмmaximumмforceмequalм
toмю7ш5мсъмThusмtheмdeviationмofмloadмmassмfromмtheм
nominalмvalueмisм6ш6мсъ

Duringмcarryingмoutмtheмnumericalмexperimentшмexщ
ternalмloadмinмtheмrangeмfromмьмtoмNмwasмappliedмtoмoneм
of the hydraulic cylinders additionally apart gravity 

а)

b)
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forceъмAccordingм toмresultsмofм thisмnumericalмexperiщ
mentшмdependenceмhasмbeenмbuiltшмasмshownмinмigъм5ъ

Fig. 5. Dependence of synchronization error of

hydraulicмcylindersмdisplacementмfromмexternal
loadшмappliedмtoмoneмofмtheмcylinderмinмwholeмrange

ofмmassмchangeмфaхмandмinмaмrangeшмlimitedмby
permissibleмerrorмфb)

Onмtheмhorizontalмaxisмinмigъм5мvalueмofмrelativeм
load is plotted:

ex
rel = ,F

s p

F
M

P S

where F
ex

 – external force additionally applied to

hydraulic cylinder.

Onмtheмverticalмaxisмinмigъм5мrelativeмsynchronizationм
errorмofмpistonмdisplacementмisмplottedмasмinмigъм4ъ

Fromмigъм5шa it is evident that dependence of synщ
chronizationмerrorмfromмexternalмloadшмappliedмtoмtheм
cylinderшм isмalsoмnonщlinearшмbutмinмrangeмofмvaluesшм
limitedмbyмpermissibleм synchronizationм errorшм isм aм
linearмfunctionмфigъм5шb).

Analysisмofмigъ5bмallowsмtoмconcludeмthatмpermisщ
sibleмvalueмofмsynchronizationмerrorмisмlimitedмbyмtheм
ratio of external force is additionally applied to hydrauщ

licмcylinderмtoмtheмmaximumмforceмequalмtoмэшю6мсшмiъeъшм
maximumмvalueмofмexternalмloadмisм479юмN.

Impactмofмcylindersмareasм фdiameterхмdiferenceшм
whichмwasмobtainedм inм theмcourseмofмnumericalмexщ
perimentшм isм shownм inмigъм 6ъмDuringм calculationsшм
diameterмofмtheмcylinderмpistonsмwasмchangedмwithinм
toleranceшмwhichмinмtheмmanufactureмofмpistonмaccordщ
ingмtoмh8шмisм89мmkmмforмяюьмmmмnominalмdiameterъ

Onм theм verticalм axisм inмigъ6мparameterм∆D
rel 

 is 

plotted:

max

rel ,
D

D
D

∆
∆ =

∆

where ∆Dм м instantaneousм valueмofм diameterм deщ
viationм fromмnominal;м∆Dmaxм мmaximumмvalueмofм
diameterмdeviationъ

Figъм6ъмDependenceмofмsynchronizationмerrorмfromмchangingм
theмdiameterмofмoneмofмtheмhydraulicмcylinders

Onм theм verticalм axisм inмigъм 6м absoluteм valueмofм
synchronization error is plotted.

Fromмigъ6мitмisмevidentмthatмtheмsynchronizationм
errorмcausedмbyмtheмchangeмinмtheмdiameterмofмoneмofм
theмhydraulicмcylindersшмrelativeмtoмtheмnominalмvalueм
isм linearъмMaximumмsynchronizationмerrorмatмaмdeщ
viationм ofм theм pistonм diameterм fromм theм nominalм
valueмatм89мmicronsмisмьшю84мmmъ

Thusшмtheмstudyмofмmathematicalмmodelмofмmultiщ
actuatorмdriveмwithмindependentмmassмshowedмthat:

maximumмoverloadмofмtheмdriveшмcausedмbyмdiferщ
entмvaluesмofмmovedмmassшмrelativeмtoмmaximumмforceм
ofмtheмdriveшмatмwhichмsynchronizationмerrorмisмwithinм
acceptableмlimitsшмisмnotмmoreмthanмю7ш5сшмorм6ш6см
relativeмtoмtheмnominalмvalueмofмtheмloadъ

externalм loadшмwhichмareмadditionallyмappliedм toм
hydraulicмcylinderшмinмadditionмtoмtheмcurrentмgravityм
forceмofм theм loadшм alsoмhasмaм signiicantм impactмonмм

b)

а)

∆шmm

M
ref

∆
ref

∆
ref

∆Drel

M
ref
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synchronicityмworkмofмdrivesъмPermissibleм valueмofм
externalмforceмtoмtheмmaximumмforceмisмэшю6съ

synchronizationмerrorшмwhichмisмcausedмbyмanмerrorм
withinмtheмmanufacturingмtoleranceмisм insigniicantм
andмdoesмnotмexceedм7смofмpermissibleмsynchronizaщ
tionмerrorшмbutмdueмtoмtheмactionмofмotherмfactorsмmustм
be taken into account.

Theмstudyмofмmultiщactuatorмdriveмmathematicalм
modelмwithмaмcommonмloadмallowsмmakingмtheмfolщ
lowing conclusion:

theмpresenceмofм commonм loadм substantiallyм reщ
duces synchronization error caused by the action of 

externalмforcesмappliedмdirectlyмtoмtheмcylindersшмhowщ

everшмmakesмtheмdriveмmoreмresponsiveмtoмforcesмapщ
plied directly to the gate. The latter is due to the fact 

thatмtheseмforcesмactмonмsigniicantмshouldersмфupмtoм
4ш5мmхшмasмaмconsequenceшмcreateмconsiderableмoverщ
turningмmomentsъ

Theмexecutedмtheoreticalмstudyмofмmultiщactuatorм
hydraulicмdriveмofмringмgateмforмhydraulicмturbineшмalщ
lowsмtoмdetermineмcommonмfactorsмofмthisмdriveмopщ
erationшмtoмidentifyмtheмmostмinluencingмfactorsшмandм
toмassessмtheirмnegativeмimpactмonмtheмsynchronizedм
movementмofмpistonsмandмdevelopмsoundмrecommenщ
dationsмforмchoiceмofмtheмmainмparametersмofмhydrauщ
lic drive.
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