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Abstract: In this study,a novelsynergisticswing energyregenerativénybrid system(SSEHS)for excavatorsvith alargeinertia
slewingplatformis constructedWith the SSEHS the pressurdoostingandoutputenergysynergyof multiple energysourcesan
berealized while theswingbrakingenergycanberecoverecandusedby meanf hydraulicenergyAdditionally, consideringhe
systemconstraintsand comprehensiveptimization conditionsof energyefficiency and dynamiccharacteristicsan improved
multi-objectiveparticleswarmoptimization(IMOP SO)combinedwith anadaptivegrid is proposedor parametepptimizationof
the SSEHS. Meanwhile,a parameterule-basedcontrol strategyis designedwhich can switch to a reasonablevorking mode
accordingto the reattime state.Finally, a physical prototypeof a 50-t excavatorand its Amesim modelis establishedThe
semisimulationand semiexperimentesultsdemonstratéhatcomparedvith a conventionakwing system,energyconsumption
underthe 90° rotationconditioncould be reducedby about51.4%in the SSEHSbeforeparameteoptimization,while the ene-
gy-savingefficiencyis improved by anotherl3.2%after parameteoptimization.This confirmsthe effectivenes®f the SSEHS
andthe IMOP SOparametepptimizationmethodproposedn this paper.The IMOPSOalgorithmis universalandcanbe usedfor
parametematchingandoptimizationof hybrid powersystems.
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1 Introduction

Excavatorsaareoneof themostcommonformsof
machineryin the constructionand mining industies.
More than 95% of excavatorsin use are hydraulic
excavators. However, conventional hydraulic
excavatorssuffer from the problemsof high energy
consumption, low energy utilization, and poor
emissions(Haga et al., 2001; Gong et al., 2020).
Increasingenvironmentapollution and energycosts
promote the developmentof novel energysaving
technology for hydraulic excavators(Tong et al.,
2020)

In recentyears researcton the energyrecovery
of excavatorshas focused mainly on the gravity
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potentialerergy recoveryof boomworking devices.
In contrast, less researchhas been conductedon
swing braking energy regeneration systems in
complexworking conditions(Do et al., 2021;Lin et
al., 2017; Qu et al., 2021). At present,the energy
regenerationscheme of swing systemscan be
summarizednto two types,the pureelectricscheme
(Tongetal., 2021; Abdetbagi et al., 2014),and the
hybrid systenmschemegTongetal.,2020;Wangetal.,
2017;Thompsoretal., 2021).Pureelectricschemes
are used mainly for small and mediumsized pure
electricengineeringnachineryastheyareaffectedby
the enduranceand output power of electric energy
storageunitsandmotors.Hybrid systemshavewider
applicability andreliability. Fuelelectric hybrid and
fuel-hydraulc hybrid are commonhybrid schemes.
Many scholars have carried out modeling and
experimentatesearcton fuel-electrichybrid systems,
achievingthe regeneratiof swingenergy(Kwon et
al.,2010;Lin etal.,2014;Liu etal.,2016;Gongetal.,
2019). Nevertheless, the limited space of the
excavatoraswell asthe high additionalcostscaused
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by the useof supercapacitorand other components
makesfuel-electric hybrid schemesot the optimal
choiceat presen{LatasandSrojek,2018).

Comparedwith fuel-electric hybrid systems,
fuel-hydraulichybrid systemsarewidely useddueto
their high compatibility, high powerdensity,andlow
cost(Xia etal.,2018).Ho andAhn (2012)proposeda
fuel-hydraulic swing system with a closedloop
transmissiorstructure Basedon the premiseof not
reversingfluid flow, the swing energyis regenerated
through a four-quadrantpump/motor,achieving an
energyrecoveryrateof betweer22%and59%.Lin et
al. (2013)constructedh swing energysavingsystem
combining hydraulic energy storageand a pump
control system, in which the braking energy is
convertedand storedin the accumulatorand timely
releasedo drive the main pumpto rotate.Caterpillar
hasreleasednultiple patentsor energysavingrotary
systemsusing hydraulc excavatorswith the use of
controlvalvesandhydraulicaccumulatorgo recover
and reusethe swing braking energy (Shanget al.,
2014; Hillman et al., 2016). Yu et al. establisheca
novel fuel-hydraulic excavatorswing energysaving
systemwith a variable motor anda valve-controlled
accumulator(Yu et al., 2016; Yu and Ahn, 2020).
However,the presenceof a flow proportionalvalve
leadingto throttling lossweakenghe energysaving
performancef the system.

A reasonablesystem structure and control
strategyarekey factorsin the designof swinghybrid
systems,while appropriateparametermatching is
also crucial for improving the energysaving
performanceof such systems(Lin and Liu, 2013).
The modetbased parameter optimization and
matchingmethodcansignificantlyshortenthedesign
cycle and obtain a better parametercombination
(Borthakur and Subramanian,2019; Gong et al.,
2019). However, it is challenging to obtain the
optimal combination of control parametersdue to
parameter coupling. Modekbased intelligent
optimization algorithmsare an effective methodto
addresghis issue.Commonintelligent optimization
algorithmsinclude the particle swarm optimization
algorithm(PSO)(Poli et al., 2020; WangandWang,
2020), geneticalgorithm (GA) (Chen et al., 2018),
and simulated annealing algorithm (SA)
(Suppapitnarmet al., 2000). PSO has gained
widespread application for system parameter

matching and optimization due to its simplistic
structure,rapid convergencespeed,and exceptional
global seach capability (Clerc and Kennedy,2002;
Wei etal.,2022;Prasanthéetal., 2021).Nevertheless,
accordingto currentresearchthere have beenfew
investigations of parameter matching and
optimization of excavatorhybrid systemsbasedon
intelligentalgoiithms,andminimal researcthasbeen
conducted on the multi-objective parameter
optimization of key componentsin swing hybrid
systems.

Given the significant energysaving benefitsof
swing braking energy regeneration, a novel
synergisticswing energyregeanerativehybrid system
(SSEHS)for excavatorswith largeinertia slewing
platformswasdevelopedn this study.In this system,
the swing braking energy of the excavator is
efficiently recoveredandreusedUnlike conventional
parametematchingmethodsfor hybrid systemsan
improved  multi-objective  particle  swarm
optimization (IMOPSO) algorithm is proposedto
optimize the s y s t &ay parameters,including
displacemenbf the hydraulic transformer(HT) and
thevolumeandpressuref theaccumulator

2 System configuration

A slewing platform with a large inertia of the
hydraulic excavator frequently performs rotary
acceleratiorbraking motion during the working
process.In this section,the working principle and
energy loss mechanismof the conventionalswing
systemof a hydraulicexcavatorare analyzed,anda
novelswingenergysavingsystems presented.

2.1 Conventional swing system

Fig. 1 showsthe structureof two typesof exa-
vatorswing systemsFig. 1 (a) showsa conventional
swing systemcompogd of a pilot handle control
system,hydraulic pump, swing motor, swing med-
anism,andvalve-controldevices.

Thereare four motion statesof a slewing plat-
form: stationary,acceleratedswing, uniform swing,
and braking. During the working motion, a lot of
energyis lostdueto theworking characteristicsf the
swing hydraulic system. This resultsin excessive
energy consumption,a low energy utilization rate,
and poor exhaustemissions.Basedon current re-
search,the energyloss of a swing systemcomes



mainly from four sourcesthe acceleratioroverflow
lossandthebrakeoverflowlossin therelief valve,the
throttle loss in the main valve, and the mechanical
lossin the swing mechanismAmong these the me-
chanicalloss cannotbe avoided,while the overflow
energyloss can be reducedby meansof energyre-
generatiorandflow matching
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Fig. 1 Swing systens of excavators
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2.2 Synergistic swing energy-regenerative hybrid
system(SSEHS)

To reducethe energyconsumgion of a swing
system with a largeinertia slewing platform, we
proposethe SSEHS(Fig. 1b). The SSEHSIs com-
posedmainly of anHT, hydraulicenergystorageunit,
pilot handle control system, hydraulic pump, and
somenecessarygontrol valves.In the hydraulic en-
ergystorageunit, the hydraulicaccumulatoservesas
an energy storageelementto store the recovered
swing energy.The HT usedin this systemis com-
posedof a variabledisplacemenpump/motorand a
fixed displacemenpump/motorconnectedy arigid
shaft, which inheritsthe characteristicof high effi-
ciencyandhigh reliability of the hydraulics/motor.

During the SSEHSworking process,the pro-
posedsystemhas three working states:energyre-
lease energyrecovery,andstationaryEachworking
statis elaboratedhsfollows.

(1) Energyreleasestate The main pumpoutputs
energyand drives the left hydraulic pump/motorof
the HT to rotatethroughthe main valve and shuttle
valve,while theleft hydraulicpump/motorof the HT
is driven by the outputenergyfrom the accumulator.
As a result, the swing motor and slewing platform
beginto rotateunderthe synergisticwork of the two
energysources.To reducethe overflow loss during
accelerationthe pressureon both sidesof the swing
motor is measuredn real time and fed backto the
controller. Then, the displacemenbf the main pump
is adjustedby the controller,andthe outputenergyof
themain pumpis reasonablynatched.

(2) Energy recovery state. When the slewing
platformis in the brakingprocessthemainvalveand
the right flow valve are closed Immediately, the
pressureon the right side of the swing motor rises
rapidly. Then,the hydraulicoil ontheright sideof the
swingmotorflows into theHT throughthedirectional
valve andthe checkvalve,driving the HT to rotate
continuously.Controlledby the HT, the braking en-
ergy of the slewingplatformis recoveredand stored
in the hydraulicaccumulator.

(3) Stationarystate.Whenthe swing energyre-
coveryis completedthedirectionalvalve Il worksin
theneutralposition.Thehydraulicenergystorageunit
is closed.The main valve is in the neutralposition,
andtheslewingplatformis in a stationarystate.
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3 Parameter matching and optimization

Reasonableparametermatching can optimize
the dynamic characteristicand improve the energy
efficiency of the energysaving system.Unlike the
conventionalparametermatching methodsusedin
hybrid systemsin this sectionanIMOP SOalgorithm
with an adaptivegrid consideringsystemconstraints
is establishedand the optimization principles and
processeareexplained.

3.1 IMOPSO consideringconstraints

3.1.1 Fundamental principles and evaluation cri-
terion

The issue of multi-objective optimization can
usuallybe describedasfollows:

minF (X) = (f,(X), f,(X),...,f, X)) ,
X =(X, %o, ) X IR
gg/.(X)tI:O Jj =,2,..p

S.tif}(X):O y =1,2,.9
b/ex ¢g i £2,.n

(1)

where  F(X)=[f,(X), {,(X),... T, (X) is the
m-dimensional objective vector, and g; (X) and

h, (X) are the inequality constraintand equality

constraintyespectively.

For the multi-objectiveoptimizationissueillu s-
tratedin Eq. (1), the velocity and positionof paricle
X after the k+1 iteration of MOPSO with
m-dimensionaldecisionvariablescan be calculated
by thefollowing equation:

X(k+1) - X(k) 'V(k 1) (2)
VED WO (R X )
© ©)

+C, rz(Gbest -X (k))

where pf denotesthe inertia coefficient which
varieswith the numberof iterations,c, is the indi-
vidual learning codficient, c, is the social learning
coefficient, and r, and r, are random values uni-
formly distributed within (0,1). P, * denotesthe
individual best historicd position of each particle
after k iterations,and G, denoteghe global best
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Note thatwhile a traditional PSOalgorithmcan
solve a singleobjective optimization problemwith-
out constraints,it cannot effectively solve a mul-
ti-objective optimization problemwith systemcon-
straints.To addresghis issue,evaluationcriteria are
designedisingPatrodominane theoryasfollows:

(1) The particlesthat do not violate the con-
straintsare superiorto the particlesthat violate the
constraints;

(2) If both particlesviolate the constraintsthe
particlewith a smallerdegreeof constraintviolation
dominates;

(3) If both particles do not violate the con-
straints,the nonrdominatedparticle is optimal based
ontheParetadominanceheory.

In the aboveevaluationcriteria, the degreeof
constraintviolation of the particleis definedas
: max(0g, X)) , Lmax(Oh X))

A=A "5 T @

where G (X)=max{g(X,}|9XX,}...|g&y ). ,
and H,(X) :max(h(le ,Ih(ij lh Xy D] , in
which N denotesthe number of populations.For
particlesthat satisfy the constraints Q(X) =0. The

largerthe value of Q(X), the fartherthe particle is
from thefeasibleregion.

3.1.2Archive and adaptive grid

The Archive is a collection usedto recordthe
information of nondominatedpatrticlesin the opt-
mization processof the IMOPSO algorithm. An
adaptivegrid constructionmethodis usedto obtain
the Paretooptimal solutionandimprovethe solution
convergenceand diversity of the IMOPSO. The
m-dimensional objective space composed of
m-objective  functions s divided into
K;® K, 3.. K, hyperplaneggrids, andthe modulus
of theith objectivefunctionof eachgrid is definedas

max f, - minf.
q= ax(x)K LX) -

Codingtransformatioris usedto encodehegrid
of the particle,andthe grid numberof theith particle
canbeobtainedrom:

Numb= N +KN .+ K., N (6



where N;, N,,...,N, is the number of the ith
particlein eachgrid. Theparticlesarein thesamegrid
while the grid numbersNumb of different particles

are equal. The lower the particle densityvalue, the
greaterthe probability of beingselectedasthe global
optimal particle and the smaller the probability of
being deleted,so as to improve the diversity and
global searchability, and avoid the prematurephe-
nomenon.

The calculationstep flow of the IMOPSOalgo-
rithm with adaptive grid consideringsystem con-
straintsis illustratedin Fig. 2.
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Fig. 2 Calculation stepof the IMOPSO
3.2 Parameter optimization

Within the proposedSSEHS the HT andaca-
mulator are the key componentghat hawe a signifi-
cantimpact on the efficiency and dynamic chara-
teristics.Therefore,in this section,the parameteref
thesetwo importantcomponentsvill be matchedand
optimizedusingthe IMOP SOalgorithm.

3.2.1Parameter matching objective

A typical working cycle of an excavatorcanbe
divided into four stages:excavation,full-load rota-
tion, unloading, and emptyload rotation, among
which 90° rotation movementis the most common
working condition.Therefore this working condition
was selectedas the standird parametermatching
condition, andthe following parameteioptimization
objectiveswereformulated:

(1) Theinput energyrequiredby the mainpump
duringthemovemenbf theslewingplatformis small,
andthe systemhashigh energysavingefficiency.
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(2) The energystorageunit of the SSEHShas
high energystorageefficiency.

(3) Theenergystoredandreleasedy theenergy
storageunit is balancedafteraworking cycle.

3.2.2Decisionvariable selection

The displacement®f the HT motor/pumpV,,,
theprechargepressureP, , andthecorrespondingas

volume of the accumulatolV, aretakenasthe ded-
sionvariablesof the multi-objectiveoptimization.

X=00%% %] VYoV RY @

. denoteghedisplacementef theHT left

motor/pump and V,; the displacementof the HT
right motor/pump

in which 'V,

3.2.30bjective function design

Accordingto Objectivel setin Section3.2.1,the
energysaving objective function f,(X) is designed
asfollows:

f,(X)=E,, -E,.. E

acc loss
_ B x"xa rmr nt 0
-_ Sk o "4 ﬁ n P2 n )
hsm /gre 1- (; -
2.5% 10 Sel 8
R % - dt
a’C")(l FRr
2 2, 2 ~ 8
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- ¢ T Rt
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2°dx
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in which the volume loss of HT is not consdered,
E,, is the input energyof the swing motor, E,. is
theenergystoredor releasedvhenthe pressureof the
accumulatorchangesrom P, to P,, E_ is the en-
ergy loss causedby frictional torque E, is the ki-
netic energyof the slewing platform and /A, and
h,,, arethetotal efficiencyof theswingmotorandthe
mechanicalkefficiency of the rotary reducer,respe-
tively. A1, isthetotal mechanicaéfficiencyof theHT
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and P, representshe averagevalueof P, . d is the
displacementoefficientof the variabledisplacement
pump/motorand Q,, is theflow of the swingmotor.
Accordingto Objective2, the objectivefunction
f,(X) of the energydensity of the energystorage

unit is designedasfollows:
d ]/n° n-1 ni
R vl AL

Accordingto Objective3, the stability objective
function f,(X) of theenergystorageunitis designed
asfollows:

— Eslj7rec
dp MR B g XA U
¢ X % l-ng
(10)

in which E, is the energyoutput by the hydraulic

pump,and P, .. is the maximumpressurensidethe

connectingpipeline betweenthe HT and the main
valve.

Pleasaeferto ElectronicSupplementariateri-
alsfor the detailedmodelingprocess.

3.2.4Constraint determination

Basedon a 50t hydraulic SUNWARD excawa-
tor, somesystemparameter®f the swing systemare

selectedas : #,,=0.92, A,.=0.96, A =088,
h,=091 , E,=1647KJ , P ,»=27Mpa |,
P =20Mpa , P,=30Mpa , n=14

hy = B 9.93,V, =130mL, Q, = 324L/min,

Meanwhile,consideringhelimited installationspace
and the cost of componentsthe displacementof
pumps/motorof theHT shouldbelimited as:

55¢V, €200, 55¢V,, €20C  (11)

To makethe HT work in the efficient working
state,its maximum output torque and speedshould
meetthefollowing requirements:

P .o, . P& By > (V.
Tene Gy, 2 g 2%@ t 12

M ¢ 3000

hL

(13

Additionally, to prolong the life of the energy
storage unit, the limit of the minimum working

pressureP, , initial working pressureP,, and max-
mum working pressureP, of the accumulatorare
limited as:

02%, B OB, /R<P . <P, (19

Moreover, to improve the energysaving effi-
ciencyof thesystemtheswingbraking energyshould

be recoveredas much as possible by the energy
storageunit:

Yn ni
00, ¢ B %d

Oéi -B "

0
6E (19

Basedon the above analysis,the systemcon-

straintscanbe summarizedsfollows:

€55¢ x, 6200
i55¢x2 ¢200
10¢x, 6200
1028 x, O.®
,?gl( ) :OSPamax Plxz
%92( ): P max
,:\93( )=23663amax -0'9":Pp_ma)2(1 ‘OQPZX
1
tg,(x)=10° “‘Xl"‘a* -3000
i
i Uny § i ni g
16,(X)=2aR" -R" &,
! “Ng +
! Yn,, 3 1 ni1 x=
T X, d _—= =0
£ 05(X) =0.9E, X:E ‘" RB" 6
' -n o -
17

3.2.50ptimization results

Selecting the maximum number of iterations
as Maxger=1000 , the size of the Archive is
nArch=100. Theindividual learningcoefficientand
the social learning coefficient are selected as
cl=c2 =0.%, while the maximum and minimum



inertiaweightsare w;,, =1, w,

min

=0.1, respectiely.

(a) Initial particle swarm

(b) Optimized particle swarm
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(c) Particles in Archive
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Fig. 3 Resultsof three-parameter optimization
Table 1 Rangesof particlesin Archive after optimization
Left displacementf HT Reftdisplacemendf HT Prechargepressure Gasvolume
Type
Vi, /mL Vg ImL P, /MPa V, /L
Minimum 170.8 114.4 17.9 28.2
Maximum 168.9 1154 18 28.5
minF (X) 170.5 115.1 18 28.4

According to the calculation steps of the
IMOPSO shownin Fig. 2, writing an optimization
programin MATLAB, and performingthree opera-
tions, the distribution of the optimization objective
function obtainedis illustratedin Fig. 3. Fig. 3 (a)
showsthe distribution of the initial particle swarms,
Fig. 3 (b) showsthe distributionsof the optimized
particle swarmsafter 1000 iterations and Fig. 3 (c)
showsthe particlesin the Archive. From the optimi-
zationresults,the initial particle swarmis randomly
dispersedn the feasibleregion and convergesafter
iteration. Note that a small numberof particlesdi-
verge whichis duemainlyto thecharacteristicsf the
adaptivegrid division andthe particle densityeval-
ation shownin Eqgs (5) and (6). Particleswith low
densityaremorelikely to be selectedasthe globally
optimalparticlesto improvetheglobalsearchability.

The particle rangesin the Archive are sumna-
rized in Table 1, in which

minF (X)=min(f, + f, ). Accordingto Table 1
andthe existing variable pump/motorspedfications,
the systemparameterareselectedhs: V,, =165mL,
Vir =125mL, P, =18 MPa, V, =28L

4 Modeling and simulation
4.1 Model of the SSEHS

In this section,we describethe semisimulation
and semiexperiment researchmethod applied to
study the proposedenergysaving system. A 50-t
hydraulic excavatorprototypewas establishedFig.
4). AMESIm softwareis a kind of multidisciplinary
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platform dedicatedto the modeling,simulation,and
analysisof complexsystemsWith an extensivecol-
lection of modellibrariesandsophisticatednodelng
tools, AMESIm can preciselyemulatethe intricate
physicalbehaviorsof complexsystemsgencompas-
ing fluid dynamics,machinery,thermal fluids, and
control systemsBasedon the structureand parane-
tersof thephysicalprototype asimulationmodelwas
constructedusing AMESIim (Fig. 5). To verify the
accuracyof the constructedsimulation model, the
physical prototype and simulation model are com-
paredunderdifferent swing angleconditions.In this
processthepilot controlsignalof thetestprototyeis
collectedand used as the input pilot signal of the
simulationmodel. The resultsof the comparisorare
illustratedin Fig. 6.

,___________________
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Swing motor  Pressure sensors

Fig. 4 50t hydraulic excavator prototype
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Fig. 5 Simulation model of the SSEHS
Fig. 6 showsthe results of a comparisonof

platformswingspeedandpumppressuréetweerthe
simulation model and the physical prototypeunder
the samepilot signalcontrol. By selectingreasonable
systemstructureparametersthe working dataof the

simulation model in conventional mode and the

measureddata of the physical prototypewere con-

sistentin size andtrend. This provesthe rationality
and accuracyof the constructedsimulation model
system. Meanwhile, it indicates that the ene-

gy-saving efficiency and dynamic characteristicof

the SSEHS systemcan be further studiedbasedon

this simulationmodel. To further comparethe effec-

tivenessof theimprovedMOPSOalgorithmproposed
in this paper,a set of comparativeparametersare
designed using conventional parameter selection
methods:V,, =180mL, V,; =90mL, R =12Mpa,

V, =60L, B, =30Mpa.
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(b) Pump pressure
Fig. 6 Resultsof a comparisonof platform swing speedand
pump pressurebetweenthe simulation model and the
physical prototype under the samepilot signal control

4.2 Rule-basedcontrol strategy design

The following feedbacksignalsare selectedto
designtherule-basedcontrolstrategyfor the SSEHS:
the pilot pressuresignal P, of the operatinghandle,
thepressureP, onbothsidesof the swingmotor,the
swing speed W of the slewing platform, and the
pressureP, of the accumulatorjn whichP, andPx
representheleft andright turn pilot pressuresignals,
respectively,and & and v, are constantvaluesfor

the control. The rule-basedcontrol strategydesigned
is depictedn Fig. 7.



The selectionof control parameterglirectly af-
fects the energysaving efficiency and dynamic
characteristicof the SSEHS. A large value of a
resultsin a large pilot pressurerequiredto startthe
slewingplatformwhentheinitial stateof the slewing

platform is stationary.Meanwhile, the value of

determineghe swing speedof the slewing platform
whenit endsthe energyrecoverystate.The working

pressures’, and P, of thehydraulicaccumulatoare

the key parametershat affect the stateswitching of
the SSEHS.Therefore,|t is necessaryo chooserea-
sonablecontrol parameterdo obtain a better ene-
gy-saving rate under the premise of ensuringthe
slewingdynamics.
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Valves control and . e
hydraulic transformer nergy saving system
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Fig. 7 Block diagram of the rule-basedcontrol strategy
4.3 Systemdynamic analysis

In this subsectionwe comparethe systemdy-
namic characteristicsof three different swing sys-
tems:the swing systemn the conventionamode,the
SSEHS before parameter optimization, and the
SSEHSafter parameteroptimization. Figs 8 and 9
show the system dynamicsof the different swing
systems

Under the 90° swing condition, the maximum
outletpressuref the main pumpin the conventional
swing systemis 27 MPa sincethe main pumpis the
only energysource Comparedvith the conventional
swingsystemtheoutletpressuref the mainpumpin
the proposedSSEHSIs greatly reduceddue to the
assistancef the auxiliary energy.Before parameter
optimization, the maximum outlet pressureof the
mainpumpin the SSEHSs 14.3MPa, whichreduces
to 11.5 MPa after parameteroptimization. Furthe-
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more, in the stageof swing accelerationthe speel

trend and size of the slewing platform of the three
differentsystemsarethe same(Fig. 9), which proves
that the proposedSSEHScan effectively reducethe
outputpowerof the main pumpwithout affectingthe

swing accelerationperformanceln addition, in the
swing brakingphasethe brakingtime of the SSEHS
is about 0.6 s longer than that of the conventional
swing system.This is becausdhe maximumswing

speedof SSEHSIs higherthan that of the conven-

tional swingsystemMeanwhile thebrakingpressue

of the SSEHS during energy recovery is slightly

lower thanthe setoverflow pressurdo avoid energy
losscausedy brakingoverflow.
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Fig. 10. Accumulator pressureand overflow flow
As shownin Fig. 10, the hydraulicaccumulator

pressure remains consistent after each accelea-
tion-brakingworking cycle of the SSEHS jndicating
thatthe energyreleasedandrecoveredoy the energy
storageunit is balancedDue to the smallerdesigned
volume of the accumulatomafter parameteoptimiza-
tion, therangein pressuref theaccumulators larger
than that before parameteroptimization during the
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accelerationprocess,dropping from the initial 30
MPato 20 MPa Howevercomparedvith the SSEHS
before parameteroptimizaion, the overflow loss of
the systemafterparametepptimizationis smaller.

4.4 Energy-savingefficiency analysis

Figures11-13 showthe energyconsumptiorand
energylossof differentswing systemsFromthe data
shownin Fig. 11, the outputenergyof the mainpump
in the conventionakwing systemis 1284.0KJ when
six slew acceleratiorbraking motion cycles are
completed,of which the output energyin a single
cycleis 214.0KJ. For the SSEHSbeforeparameter
optimization,the outputenergyof the main pumpis
625.6 KJ, and the outputenergyin a single motion
cycle is 104.2KJ. Moreover,from Fig. 11, the sin-
gle-cycle output energy of the main pump in the
SSEHSwith optimizedparameterss 78.4KJ, which
reducesthe energyconsumptionby about135.6 KJ
comparedo the conventionakwing systemand25.8
KJ comparedo the SSEHSwithout parameteopt-
mization
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Fig. 11 Energy output of the main pump

Fig. 12 Overflow energyloss

Fig. 13 Accumulator energychange

Fortheconventionabwingsystemthe overflow
loss during the acceleratiorbraking processof the
slewingplatformis a significantfactorleadingto low
energyutilization. As canbe seenfrom Fig. 12, the
overflow energylossof the conventionalswing sys-
temin a single slew cycle is about182 KJ, andthe
total energylossis up to 1094KJ for six slewmotion
cycles.With thehelpof thepressuradjustmenof the
HT andtheenergystorageunit, thetotal overflowloss
of theswingsystendecrease® 416.6KJ andfurther
decrease$o 237.7 KJ after parameteoptimization.
The energychangeof the accumulatoris shownin
Fig. 13, wherethe initial storageenergyof the ac-
cumulatoris setto bethe samefor the conveniencef
comparativeanalysis.In a single rotation cycle, the
energychangeof the accumulatoiin the SSEHSbe-
fore and after parameteoptimizationis 102 KJ and
145KJ, respectivelyln contrastthe energyrecovery
and utilization rate of the energystorageunit after
parametepptimizationis higher.

5 Comparison and discussion

As shownin Figs.8-10, in termsof therotational
dynamic performancethe proposedSSEHScan ef-
fectively reducethe pump outputpressurdn the ac-
celerationprocesswith the help of the energystorage
unitwhile ensuringdynamicperformanceTheoutput
pressuref themainpumpof the optimizedSSEHSs
24.4% lower than that of the SSEHSwithout opf-
mization, and 57.4% lower thanthat of the conven-
tional swing system Additionally, afteroptimization,
theoverflowlossof the SSEHSs reducedindicating
that more swing braking energyis recoveredby the
energystorageunit, which confirms the benefitsof
the parametepptimizationmethodln termsof swing
energyconsumptionthe proposedSSEHSachieves



