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The objective of this dissertation is to improve the dynasimulation of fluid
power circuits. A fluid power circuit is a typical way to imphent power trans-
mission in mobile working machines, e.g. cranes, excasattc. Dynamic
simulation is an essential tool in developing controllgpiénd energy-efficient
solutions for mobile machines. Efficient dynamic simulati@the basic require-
ment for the real-time simulation. In the real-time simigdatof fluid power
circuits there exist numerical problems due to the softveareé methods used
for modelling and integration. A simulation model of a fluidvger circuit is
typically created using differential and algebraic equadi Efficient numerical
methods are required since differential equations mustobed in real time.
Unfortunately, simulation software packages offer onlyinaited selection of
numerical solvers. Numerical problems cause noise to thétsg which in many
cases leads the simulation run to fail.

Mathematically the fluid power circuit models are stiff sysis of ordinary dif-
ferential equations. Numerical solution of the stiff systecan be improved by
two alternative approaches. The first is to develop numiesiclvers suitable
for solving stiff systems. The second is to decrease the hstiffaess itself by
introducing models and algorithms that either decreaséitjieest eigenvalues
or neglect them by introducing steady-state solutions efdtiff parts of the
models. The thesis proposes novel methods using the lateoach. The study



aims to develop practical methods usable in dynamic sinauatf fluid power
circuits using explicit fixed-step integration algorithms

In this thesis, two mechanisms which make the system séffardied. These are
the pressure drop approaching zero in the turbulent orifogaiand the volume
approaching zero in the equation of pressure build-up. &laes the critical
areas to which alternative methods for modelling and nuraésimulation are
proposed.

Generally, in hydraulic power transmission systems thigcerflow is clearly in
the turbulent area. The flow becomes laminar as the pressyp@der the orifice
approaches zero only in rare situations. These are e.g. a/lialve is closed, or
an actuator is driven against an end stopper, or externee fmiakes actuator to
switch its direction during operation. This means that nmig of accuracy, the
description of laminar flow is not necessary. But, unfortefyatwhen a purely
turbulent description of the orifice is used, numerical peots occur when the
pressure drop comes close to zero since the first derivatifevo with respect
to the pressure drop approaches infinity when the pressopeagiproaches zero.
Furthermore, the second derivative becomes discontinudush causes numer-
ical noise and an infinitely small integration step when aalde step integrator
is used. A numerically efficient model for the orifice flow isoppsed using a
cubic spline function to describe the flow in the laminar arahsition areas.
Parameters for the cubic spline function are selected swathts first derivative
is equal to the first derivative of the pure turbulent orificeMlmodel in the
boundary condition. In the dynamic simulation of fluid poweecuits, a trade-
off exists between accuracy and calculation speed. Théstigation is made for
the two-regime flow orifice model.

Especially inside of many types of valves, as well as betwbem, there ex-
ist very small volumes. The integration of pressures in bifiad volumes
causes numerical problems in fluid power circuit simulati®articularly in real-
time simulation, these numerical problems are a great wesaknThe system
stiffness approaches infinity as the fluid volume approackes. If fixed step
explicit algorithms for solving ordinary differential egtions O DE) are used,
the system stability would easily be lost when integratimgspures in small
volumes. To solve the problem caused by small fluid volumpseado-dynamic
solver is proposed. Instead of integration of the pressueesmall volume, the
pressure is solved as a steady-state pressure createdpigrateecascade loop by
numerical integration. The hydraulic capacitafte3, of the parts of the circuit
whose pressures are solved by the pseudo-dynamic methattl sfeorders of



magnitude smaller than that of those parts whose pressigastagrated. The
key advantage of this novel method is that the numerical lproy caused by
the small volumes are completely avoided. Also, the methdikely applicable
regardless of the integration routine applied.

The superiority of both above-mentioned methods is that &éne suited for use
together with the semi-empirical modelling method whiclkessarily does not
require any geometrical data of the valves and actuators tadaelled. In this
modelling method, most of the needed component informatorbe taken from
the manufacturer’s nominal graphs.

This thesis introduces the methods and shows several meahexamples to
demonstrate how the proposed methods improve the dynamidation of var-
ious hydraulic circuits.

Keywords: fluid power circuit, dynamic simulation, two-megg, orifice model,
small volume, pseudo-dynamic solver, steady-state swoluti
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Taman vaitéskirjatydn tavoitteena on kehittaa hydragégtelmien dynaamista
simulointia. Hydraulijarjestelméa on hyvin yleinen tap#etattaa tehonsiirto liik-
kuvissa tyokoneissa, esim. nostureissa, kaivinkonerssal)ynaaminen simu-
lointi on oleellinen tyokalu kehitettdessa tytkoneidehitt@ uutta ja energiate-
hokkuutta ja on perusedellytys reaaliaikaiselle simuidie. Hydraulipiirien re-
aaliaikaisessa simuloinnissa esiintyy numeerisia onigeJohtuen mallinnuk-
seen ja numeeriseen integrointiin kaytettavista ohjabista seka menetelmista.
Tyypillisesti hydraulipiirien simulointimallit luodaaalgebrallisia ja differenti-
aaliyhtaloita kayttaen. Reaaliaikaisessa simuloinnissaditaan tehokkaita nu-
meerisia menetelmid, koska differentiaaliyhtélot tubs&aista reaaliajassa. Vali-
tettavasti, simulointiohjelmistot tarjoavat vain ragiisti numeerisia ratkaisijoi-
ta. Numeeriset ongelmat aiheuttavat tuloksiin hairiggéka monissa tapauksis-
sa johtavat simulointiajon epaonnistumiseen.

Matemaattisesti tarkasteltuna hydraulijarjestelmat @sgkkia tavallisten diffe-
rentiaaliyhtaldiden muodostamia jarjestelmid. Jayk@jesielman numeeriseen
ratkaisuun voidaan kayttda kahta vaihtoehtoista lahdastgpaa. Ensimmainen
on kehittaa jaykille jarjestelmille soveltuvia numeegisatkaisijoita. Jalkimmai-
nen on vahentaa itse mallin jaykkyytta esittelemalla nyejie algoritmeja, jotka
joko pienentavat korkeimpia ominaisarvoja tai jattavathuemiotta. Sovelta-
malla staattisen tilan ratkaisua mallin jaykille osilleid@an korkeimmat omi-
naisarvot jattdd huomiotta. Tama vaitdskirjatyo tarjoaaia menetelmia kayt-



viii

téen jalkimmaista lahestymistapaa. Tutkimuksen taweitéeon kehittdd kayt-
tokelpoisia, hydraulipiirien dynaamiseen simulointiovsltuvia menetelmia
eksplisiittisia kiintedn aika-askeleen integrointiaigmeja kayttaen.

Tassa vaitoskirjatydssa on tutkittu kahta eri mekanisijoitka tekevat jarjes-
telmén simulointimallista matemaattisesti jaykan. Maheat mekanismit vai-
kuttavat paineen differentiaaliyhtéalossa. Ensimmainepane-eron |ahestymi-
nen nollaa kaytettdessa turbulenttisen virtauksen komistllia ja toinen on nol-
laa lahestyva tilavuuden arvo. Nama kaksi ovat kriittisa-alueita, joiden mal-
lintamiseen ja simulointiin tdssa tydssa esitetdan vatitmsia menetelmia.

Tyypillisesti hydraulisissa voimansiirtojarjestelmésgirtaus kuristimen [&pi on
turbulenttisella virtausalueella. Virtaus muuttuu laganseksi ja paine-ero kuris-
timen yli [&hestyy nollaa ainoastaan harvoissa tilangeigssimerkkeina, kun
toimilaite on ajettu paatyvasteeseen tai ulkoinen voimkofiaa toimilaitteen
vaihtamaan liikesuuntaa kayton aikana tai, kun kuristedaltéava venttiili on
suljettuna estéen virtauksen paineldhteesta kurisemidine-ero tarkoittaa jar-
jestelméasséa ennen ja jalkeen kuristimen vaikuttaviengidém erotusta. Nain
ollen simuloinnin tarkkuuden kannalta laminaarisen vksen kuvaus ei ole
yhté tarpeellinen kuin turbulenttisen virtauksen kuva@ditettavasti paine-eron
lahestyessa nollaa tilavuusvirran laskeminen paine-enoktiona aiheuttaa nu-
meerisia ongelmia, kun kaytetaan puhtaasti turbulemttsgauksen kuvausta.
Paine-eron lahestyessa nollaa virtauksen ensimmainaadea paine-eron suh-
teen alkaa lahestya aaretonta. Liséksi toinen derivaattatou epajatkuvaksi,
joka aiheuttaa numeerista hairiota seka johtaa aarettpieaéren aika-askeleen,
mikali kaytetddn muuttuvan aika-askelen integraattddameerisesti tehokas
virtauksen malli kuristimelle on esitetty kayttaen kolman asteen polynomi-
funktiota kuvaamaan virtausta laminaari- ja transitiedla. Polynomifunktion
kertoimet on valittu siten, etta raja-arvoissa sen ensimemaderivaatta vastaa
puhtaasti turbulenttisen mallin ensimmaista derivaalgaaamisessa simuloin-
nissa esiintyy kompromisseja tarkkuuden ja laskentarsgrevalilla. Tata asiaa
tutkittiin kahden virtausalueen kuristinmallilla.

Hydraulijarjestelman komponenttien valilla seka eriggs venttiileissa esiintyy
erittain pienia tilavuuksia. Paineiden integrointi piti tilavuuksista aiheuttaa
numeerisia ongelmia hydraulipiirien simuloinnissa. fsiésti reaaliaikasimu-
loinnissa n@ma numeeriset ongelmat ovat suuri haittapi#ijestelman jaykkyys
lahestyy aaretontd, kun nestetilavuus lahestyy nollakaMkaytetaan tavallis-
ten differentiaaliyhtéldiden ratkaisuun tarkoitettugkioaika-askelen eksplisiit-
tisia algoritmeja, voidaan jarjestelman stabiilius hslpmenettéé integroitaessa



pienten tilavuuksien paineita. Pienten tilavuuksien aiteanan ongelman ratkai-
semiseen on esitetty pseudodynaaminen ratkaisija. Ssansigtta pienen tila-
vuuden paine integroitaisiin suoraan, ratkaistaan pdaegtsen tilan paineena,
joka suoritetaan sisakkaisessa integrointiluupissa eusela integroinnilla.
Niissa jarjestelman osissa, joissa paine ratkaistaardpsignaamisella menetel-
malla hydraulisen kapasitanssin B., tulisi olla vahintaan suuruusluokkaa pie-
nempi kuin jarjestelman osissa, joissa paineet integamdaioraan. Taman uu-
denlaisen ratkaisumenetelman merkittavin etu on, ettét@mnetilavuuksien ai-
heuttamat numeeriset ongelmat voidaan valttaa taysin.eddéma on lisaksi
taysin vapaasti sovellettavissa riippumatta kaytett@vigisegrointirutiinista.

Molempien edell& mainittujen menetelmien paremmuus tels#e siing, et-

td ne soveltuvat kaytettavaksi yhdessa puoliempiiriselirmastavan kanssa.
Puoliempiirisen mallin etu on, etta kuristimen geomeigtaja ei tarvita lasket-

taessa tilavuusvirtaa paine-eron perusteella. Tassanmadtavassa tarvittavat
komponenttitiedot voidaan paaosin ottaa suoraan valjarsfalkaisemista omi-

naiskayrista.

Tama vaitoskirjatyd esittelee menetelmat seka useita atisi@ esimerkkeja
havainnollistamaan, miten esitetyt menetelmat parah&avaydraulipiirien
dynaamista simulointia.

Hakusanat: hydraulijarjestelm@, dynaaminen simuloirittyvaiheinen, vir-
tausaukon malli, pieni tilavuus, pseudo-dynaaminen rsijka staattisen tilan
ratkaisu

UDC 621.22 :519.876.5 : 681.5.015 : 621.87
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CHAPTER 1
Introduction

Mathematically the fluid power circuit models are stiff sysis of ordinary dif-
ferential equations. Stiffness in differential equatiomsans that there is a dif-
ference of orders of magnitude between time constants isytstem. Numerical
solution of the stiff systems can be improved by two altavesapproaches. The
firstis to develop numerical solvers suitable for solvirntj systems. The second
is to decrease the model stiffness itself by introducing @ednd algorithms that
either decrease the highest eigenvalues or neglect themtiogiicing steady-
state solutions of the stiff parts of the models. The thesip@ses novel methods
using the latter approach. The study aims to develop pedctiethods usable in
real-time simulation of fluid power circuits using explifiited-step integration
algorithms.

Fluid power systems are mostly modelled by using ordinafferdintial equa-
tions and algebraic equations. During the past decadesnsxe research has
been carried out on numerical methods for solving £'s. Also the existence
of popular general purpose simulation software packagesdan theDDE
formulation, such as the widely used MATLAB/Simulink, amam@ny others,
has increased the popularity of the dynamic simulation oious engineering
systems.

The demand for real-time simulation applications is cam$gancreasing. On
the other hand, the interest of engineers towards implangettieir own inte-
gration routines has gradually reduced. One reason forghiee fast growth in
the development and usage of simulation software packagesotiel and/or
to solve differential equations. The following simulatignftware packages
are partially or completely specialised in fluid power syste AMESIim [26],

1



2 1 Introduction

Bathfp [36], DSHplus[19], Dymola [33], Easy5 [28] and Hopsan NG [13]. Sim-
ulation software, instead, offers a small choice of nunasolvers. A review
of the ODF solvers existing in MATLAB is presented in [35]. Conventitlga
simulation models must have been constructed by the dedignself or herself,
but at present, there are commonly available ready-madeaoent libraries
for different simulation programs, e.g. Simulink. The gdesh in the use of
component models from these libraries is that they appeblaa&-boxes, and
the designer cannot know according to which algorithm theykw

The integration of pressures in small fluid volumes causesenigal problems in
fluid power circuit simulationO D E's arising from equations of pressure build-
up in a node are generally stiff. This system behaviour castability problems
in the numerical integration, and special numerical meshsuitable for stiff
systems must be employed [21].

There are three main difficulties in solving stiff equatioe first is that the
stability properties of classical formulas (e.g. Adamshmoés or explicit Runge-
Kutta methods) are not adequate for the solution of stiffesys. The second is
that the implicit formulas with adequate stability propesthave to solve a set of
nonlinear equations at each step, which can reduce the ¢atigmal efficiency
of the method [17]. The numerical efficiency of implicit metls can be slightly
improved by postulating the Jacobian analytically, asqmésd in [15]. The third
difficulty in solving the equations is due to discontinustieDiscontinuities can
appear in one or more derivatives of the solution of the egnatecause of the
nature of the model, which may involve sudden valve openargsclosures as
well as digital control signals [17].

The system stiffness approaches infinity as the fluid volupmaaches zero.
If fixed stepODE algorithms are used, the stability would easily be lost when
integrating pressures in small volumes. If a variable stgprahm is used, the
step size decreases to its minimum as the fluid volume dexsd¢awards zero.
This results in very long simulation times and causes probléue to the demand
for solving the problem in real-time. Krus has developed riiedified Heun
method that utilizes the partial derivatives of flows witepect to pressures [25].
This method has been quite successful in solving pressarssall volumes,
but it still requires very small integration time steps wtliba volumes are very
small. Ellman postulated an iterative algorithm for preéssun volumes that
can be approximated for zero volumes to be used in conjuneiith the above-
mentioned method [10]. This can be called the steady-sthtang method. The
drawback in this method is that it also requires a small iratéégn time step and
is applicable only with the modified Heun method.



1.1 Objectives and outline for the dissertation 3

Generally, in hydraulic power transmission systems thigcerflow is clearly in
the turbulent area. The flow becomes laminar as the pressyp@der the orifice
approaches zero only in rare situations. These are e.g. ahaive is closed,
or an actuator driven against an end stopper, or externze fmakes actuator to
switch its direction during operation. This means that mmi® of accuracy, the
description of laminar flow is not necessary. But, unfortefyatwhen a purely
turbulent description of the orifice is used, numerical peots occur when the
pressure drop approaches zero since the first derivativevoiilth respect to the
pressure drop approaches infinity. Furthermore, the sedendative becomes
discontinuous. These characteristics can cause numeatse to simulation
results and an infinitely small integration step when a \deiatep integrator is
used. In worst case the simulation run fails.

Various orifice models describing both laminar and turbuteifice flows have
been proposed in references [11], [12], [27] and [38]. Trselrge coefficient
is taken as a function of the Reynolds number by Merritt and Y\al.eMerritt
used a linear function describing the laminar area [27] anded\al. proposed
empirical functions that give a smooth transition of thecarge coefficient
value between the laminar and the turbulent area [38]. \datermined the
discharge coefficient of a typical spool valve experiméntdB7]. In Merritt's
approximation the second derivative of the discharge aoeffi with respect to
Reynolds number is discontinuous which makes it computaliypimefficient.
Wu’s and Ellman’s models provide numerical efficiency bwgithmajor draw-
back is that they require geometrical parameter informatibich is undesirable
when using a semi-empirical approach.

The semi-empirical modeling method was developed earl¥)'$3% Handroos
and Vilenius [23], [24]. It has lately been applied in manyidlpower circuit
simulation programs. The key advantage of the method isctiraponents like
pressure valves, directional and flow control valves do aweho be dismantled
to identify the parameter values of their models. Insteadasured character-
istic curves mostly provided in the manufacturer’'s catagycan be used. A
drawback to this method has, however, been the lack of a sampirical orifice
model describing the laminar and transition flow areas.

1.1 Objectives and outline for the dissertation

The objective of this study is to improve the dynamic simolaof fluid power
circuits. A fluid power circuit is a typical way to implemenbyer transmission
in mobile working machines, e.g. cranes, excavators etaabyc simulation is



4 1 Introduction

an essential tool in developing controllability and eneedfycient solutions for
mobile machines.

Efficient dynamic simulation is the basic requirement fa teal-time simula-
tion. In the real-time simulation of fluid power circuits,etfe exist numerical
problems due to the algorithms used in softwares and metheels for mod-
elling and integration. A simulation model of a fluid powerctiit is typically
created using differential and algebraic equations. Ihtieee simulation, effi-
cient numerical methods are required since differentiabéiqns must be solved
in real time. Unfortunately, simulation software packagésr only a limited
selection of numerical solvers. Numerical problems caussento the results,
which in many cases leads the simulation run to fail.

In this thesis, alternative methods for the modelling amdusation of critical
areas are proposed. Critical areas from the real-time stronlaoint of view
are the orifice flow model and modelling of small volumes. Addternative
numerical methods for solving differential equations ialéme are studied.

This study is organised as follows. In chapter 1, the st#ffnproblem in the
modelling and simulation of fluid power circuits WyD E's is introduced and
methods used by other researchers are reviewed. Methodedoeasing the
stiffness of a model for a fluid power circuit are proposed lamer 2. In
chapter 3 numerical examples of the proposed methods amenshé&inally,

chapter 4 summarises the conclusions reached in the dissert

1.2 Stiffness problem in dynamic simulation of fluid power
circuits

To give an example of numerical solution, a simple pipe-gifsystem is in-
troduced in Figure 1.1. This system is supplied by a f@wwhich can vary
with time. The orifice flows are proportional to the squaret mfcthe pressure
drop over the orifice, which means that the equations of velflows are non-
linear [7]. One method to ease the problem of the numeridatisa of volume

flows is to linearise the equations of orifice flow.

Linearisation means that constantly differentiating nuedrities are linearised
in their operating points. This also means that to reach @arate enough
approximation of the dynamic behaviour of the system, itnbesdescribed by
a linear differential equation with constant coefficierithis leads to a situation
where coefficients used in Equation 1.1 must be updated at guee step.
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Figure 1.1. Simple pipe-orifice system.

Q1 = KiAp,
Q2 = K3Aps ,
where K; and K, are the slopes of flow-pressure curves at the flows consid-

ered, andAp; andAp, pressure drops over the first and second orifice, respec-
tively [7].

(1.1)

o 9 Cad
dAp:  V2pAp, (1.2)
K, dQ,  CyA, '

- dAp, V2pAps

When the compressibility of the fluids in pipes is taken intocmt, the conti-
nuity relations for each two pipes can be written in linesdisorm [7]

P = %(—fﬁ(m —p2) + Q)
5 (1.3)
D2 = Vj(Kl(pl —Pz) - Kz(Pz —ps))>

where B, is the effective bulk modulus of the hydraulic fluig, the pressure
upstream of first orificep, the pressure downstream of first orifice gndhe
pressure downstream of second orifitgandV; are the volumes of the pipes.

The equation set (1.3) can be written in matrix form:

5 _ BeK; B.K1 » BeQs

1\ _ Vi Vi 1 %

)= + ! : 1.4
<p2> B?/fl _BE(K‘};—m) <p2> (33}52193) (1.4)

The eigenvalues of the equation set are solved from therdetent of the matrix,
from Equation (1.4).
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LBy BeK,
1% \%1 _
B.K, _BekitKy) | =0

Va Va

The actual flow relation for each orificedg= K Ap. As either flow approaches
zero, the corresponding linearized coefficiekit, or K5, will become large and
the eigenvalues will differ widely. The equation set (1.3]) become extremely
stiff and computational costs will increase. The variablgsaand V; have the
same influence if their values differ widely [7].

1.2.1 Determination of stiffness

Typical mechanisms in fluid power systems that cause matieahatiffness
in equation sets are the volumeé approaching zero and/or pressure drbp
approaching zero.

A fluid power circuit may contain fluid volumes of differentdmrs of magnitude.
The dynamic response of such a system involves widely diffetime scales.
The part of the response associated with very short timeaotsss often of little
significance in the overall response, since it is a very dyidemped transient.
However, the presence of these relatively small time cotstaakes numerical
integration of the ordinary differential equation systeifficllt. Such systems
are termed stiff in numerical analysis literature. Conwamai explicit integration
methods such as Runge-Kutta schemes become numericalgblesinless a
very small time increment is used, which leads to excessiwa computational
times. In addition, the numerical stiffness of a given systeay change during a
simulation, for example a fluid volume in the valve contrchofber may become
very small as a valve closes [30].

In a stiff problem, no solution component is unstable aneast some compo-
nent is very stable. Eigenvalues of the Jacobian matrix i@ components
are used to define the stability. Thus, unstable means thaigeovalue has a
real part which is at all large and positive. Very stableteas, means that at least
one eigenvalue has a real part which is large and negativéhdfuthe problem
is not called stiff unless its solution is slowly varying tvitespect to the most
negative real part of the eigenvalues. Consequently, agmobtay be stiff for
some intervals of the independent variable and not for etf8z1].
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1.2.2 Small compressible volume

The time constant of the fluid power circuit must be definedroleoto imple-

ment more advanced methods in solvif@ E's in stiff part of the fluid power
circuit. While the time constant is a product of the flow orifened the small
compressible volume, it means that the combination of the dofice and the
small compressible volume must be studied together in dadeelect the parts
which need to be treated using advanced methods. Volumesate considered
as normal sized volumes are modelled and solved using cbamahmethods.

The flow orifice and the small compressible volume togethesmbles to elec-
tric RC circuit, in which case the time constant is defined leylibth, resistance
and capacitance. Thus, combination of small volume coedeict small flow

cross-sectional area has the same time constant than tHanadion of large

volume connected to large flow cross-sectional area, asstimae the ratio re-
mains the same.

The following rule can be followed when defining the small @uessible vol-
ume. The hydraulic capacitant® Be of the parts of the circuit whose pressures
are solved by the advanced method should be orders of mdgrstaaller than
that of those parts whose pressures are integrated. Thie isute of thumb
and assumes the effect of the different orifices to be samaitoag as can be
concluded from Equation (1.4). By these means, the time anhef the studied
volume can be stated to be negligible in comparison with ithe tonstants of
the other parts of the system. This leads simply to neglgdtie high order
dynamics in the system, which is often not the object of egeof the designers
because they do not play a major role in the dominant dynar@biour of
the machine. This is similar to neglecting the higher modeemstudying the
dynamics of a mechanical structure.

1.2.3 Turbulent orifice

Figure 1.2 shows a sharp-edged orifice. The dependency obfidive pressure
drop can be approximated by the well-known equation [27]:

Q= C,A M, (1.5)

in which Cy is the discharge coefficient antdthe geometrical orifice areal(=
Ap in Figure 1.2).p is the fluid density, whilep; andp, are the pressures before
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and after the orifice, respectively. In this approximatignis approximated to
be equal to the contraction coefficiefif that describes the ratio between the
smallest area (se&, in Figure 1.2) of jet in thevena contracta point and the
geometrical area of the orifice.

To use Equation (1.5) to describe flow in both directions, bsolute value
of pressure drop and @gn function from the pressure drop must be used as
follows [12]:

Q= CqA Mggn@l —p2). (1.6)

As described in section 1.4 numerical problems occur i.estesy becomes
mathematically stiff when pressure drop approches zeeoalse Equation (1.2).
To overcome these numerical problems various models apopedl.

In the models proposed by Merritt and Wu et al. the dischaogé#ficient is taken
as a function of the Reynolds number or its square root [238], [Bhe Reynolds
number for a circular sharp-edged orifice can be described as

Re = Wah (1.7)
14
wherew is the flow rate, see Equation (1.8)the kinematic viscosity and, the
hydraulic diameter [27]. In circular orifice, = d. By combining Equations
(1.5), (2.7) and (1.8)

_Q

Re:@:cdd,/%pl_m). (1.9)
Av v P

The measured dependency@fon the square root ake is shown in Figure 1.3.
It can be concluded from the result th@} is constant in the turbulent area and
its value is close to 0.6.

we obtain [12]

Merritt proposed a simple linear description fdy in the laminar area
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Figure 1.3. Measured dependency 6f; on v/ Re [27].

C, = 0V Re, (1.10)

whered is an empirical coefficient depending on the orifice geomi&ry. Now
a model may be built by using this expression whewnis smaller than the
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transition valueke,,.. Ellman used a cubic spline function to describe the volume
flow as a function of pressure drop [12]. Wu et al. used a smeathirical
function giving a good fit with the data in Figure 1.3 [38].

A drawback with Wu’s expression is that iteration is reqdite calculate the
volume flow( in each integration step. To solve this problem Wu et al. psep
a pre-calculated look-up table [38]. These two latter m®adehy provide rea-
sonable numerical effectiveness because the first desvatithe orifice model
becomes finite and the second derivative becomes continuous

1.3 SolvingODFEs

Numerical integration formulas for the solution OfD E's can be classified in
two different groups: explicit and implicit. While expliciformulas are most
suited for solving non-stiff systems, implicit ones becomere efficient when
solving stiff systems 0O D E's [14].

In some cases, even algorithms specially designed forsstitiems require ex-
cessively small time steps to avoid numerical oscillatiBar the integration of
very stiff circuits, theL-stable method is recommended [30].

A pseudo-dynamic solver in comparison with explicit and ligipcodes is a
very good alternative, as its programming can easily beemphted and it is
suitable for solving stiff systems. And most of all, the nuethis freely applicable
regardless of the integration routine applied. The coradEm of compressible
fluid mass is studied in Section 3.4.2 while comparing goedié a solver.

1.3.1 Explicit methods

The main advantage of these explicit codes is their easyranoming imple-
mentation. Explicit Runge-Kutta formulas with an embeddedreestimator
and variable step-size are still used in the simulation ad fiower applications.
The RK4(5) [18] and the DOPRI5(4) [9] formulas are popular de

Runge-Kutta formulas are the most popular single-step caded in the in-

tegration of ODEs. Single-step codes include predictoremtor steps. The
advantages of single-step methods are their easy implatm@mtbetter stability
properties, and higher accuracy near discontinuities iinamulti-step methods.
The main disadvantage of single-step methods is, in genbetl they require
more computational time than multi-step methods of comparaccuracy. How-
ever, this disadvantage can be questioned when integfétidgoower circuits.
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The stiffness of it$) D E's and discontinuities present in fluid power circuits may
weaken the computational performance of the multi-stefhot= [16].

1.3.2 Implicit methods

Different approaches for solution of numerical stiffnegglaid power circuits
have been proposed. Bowas al. [6] use the method of Gear [20], which
belongs to Backward Difference Fitting3(D F') methods. BDF methods are
extremely accurate but the accuracy cannot be realisedautipal fluid power
circuits due to the discontinuities. Algorithm is also talaely complicated and
difficult to program [30].

Simpler numerical integration algorithms are used in fludsver circuit simu-
lation programs. Most of these algorithms proposed in theuii simulation
literature belong to the family of two-stage semi-impliRiinge-Kutta §/ RK)
methods. Variations of/ R K methods are proposed by Krus [25], Zhang and
Ulrich [39] and Calahan [8]. These are shown toAstable by their proposers.

If system is very stiff,A-stability is not sufficient to prevent numerical problems
i.e. numerical oscillations from arising [30]. Numericaadlations normally
disappear when a sufficiently small time step is used. BowdsVdang stated
that even special algorithm of Gear used in simulations @iudis containing
relatively small fluid volumes require excessively smatidi step to avoid nu-
merical oscillation [7].

1.4 Semi-empirical modelling method

Figure 1.4 describes the interconnections between diffetemponents in a
hydraulic circuit based on lumped parameter modeling neefR3]. The circuit

composes of a pump, two valves, three volumes and a cylindeaddition to

hydraulic circuit the block diagram includes the interfadeetween hydraulic
circuit and a mechanical system. The valve, pump and cylimaelels calculate
the incoming and outgoing flows which are used in the voluméetsoto calcu-
late the associated pressures according to Equation ([RZ]JL)Similarly, such

a block diagram with interconnections could be drawn for ather hydraulic

circuit.

5= 2 Q3 Qo= 1), (111)
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Valve 1 ™ Cylinder Mechanics
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Valve 2
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Figure 1.4. Fluid power circuit divided into components and volumes.

wherep is the first time derivative of pressurB, is the effective bulk modulus
of the studied systenm/ the studied volumey);,, and@,,; volume flows in and
out of the volume, and’ the alteration of the physical volume as a function of
time in a component, e.g. actuator on movement.

1.4.1 Oirifice equation

The orifice flow through the circular sharp-edged orifice yaha Figure 1.2, is
calculated using Equation (1.5), which is then derived theaform:

Q= K/ (Pl - pz)a (1.12)

K= ch\/g . (1.13)

The semi-empirical volume flow coefficielif can be constant or variable de-
pending on the type of orifice [23]. Its value or values carnlga® determined
from measured characteristic curves [23], [24].

where

Figure 1.5 shows that the first derivative of volume flow widspect to the
pressure drop approaches infinity as the pressure dropagm@® zero.

The semi-empirical volume flow coefficient can be determiinech the nominal
graph of a certain flow orifice, shown in Figure 1.6:
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Figure 1.5. Volume flow @ and its first derivative with respect to pressure
drop Ap.
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K=——. (1.14)
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Figure 1.6. Nominal graph of a certain flow orifice [5].

Equation (1.15) takes into account that the volume flow cabab directions
through the valve, thus:

Q = K+/(|p1 — p2|)sign(p: — p2) . (1.15)
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The first derivative of flow, Equation (1.12), with respecttie pressure drop

(p1 —p2)is

4@ K 1.16
d(pl - pz) 2\/p1 — D2 7 (1.16)
and the second derivative
d*(Q) K _3/2
—_ = —— — . 1.17
o —py 2P (47

By assuming similar behaviour for the flow in positive and riegadirections,
Equation (1.12), (1.16) and (1.17) become:

Q = K+/(|p1 — p2])sign(p; — p2) , (1.18)

do) K

_ 1.19
dpi —p2)  2¢/Ip1 —pa| 449

and
@ Ky, o) 2signps — pa) . (1.20)

(d(p1 — p2))? 4

Figure (1.7) show results calculated with Equation (1.b&mall pressure drops
with a constant value ok = 1.0 x 10~ m®*/ s+/Pa.

It can be concluded from Equation (1.19) that the first déxieaof () approaches
infinity at a zero pressure drop. Furthermore, the secondadiee of (), Equa-

tion (1.20), is discontinuous. This makes the purely tughtilorifice model
numerically very inefficient. In practice, these charastas will crash the
simulation run.
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Figure 1.7. Volume flow @ as a function of pressure drapp calculated
by the fully turbulent orifice model.

1.5 Thesis contribution

According to the studies within this thesis, improvementsdioth the modelling
method and the numerical solving method’ab E's are proposed.

Numerical problems are caused by the usage of turbulentenifiodel to de-
scribe the laminar flow. The improvement for this disadvgate to avoid the
usage of turbulent orifice model to describe the laminar flBar this purpose
a numerically efficient model for the orifice flow is proposétis model uses
a cubic spline function to describe the flow in the laminar tradsition areas.
Parameters for the cubic spline are selected such thatstsl@rivative is equal
to the first derivative of the pure turbulent orifice flow modelthe boundary
condition. The key advantage of this model comes from thetfat no geo-
metrical data of the orifice is needed in modelling of the ceifflow. In the
real-time simulation of fluid power circuits, a trade-offigs between accuracy
and calculation speed. This investigation is made for tleeregime flow orifice



16 1 Introduction

model. The effect of the selection of the transition pressiiop and integration
time step on the accuracy and speed of solution is investigat

To solve the problem caused by small fluid volumes, this thesbposes a
pseudo-dynamic solver that instead of integrating thespresin small volumes
solves the pressure as a steady-state pressure at eactefirbg ssing a pseudo-
dynamic solver. A pseudo-dynamic solver has been used byr&afor solving
statics of fluid power circuits [29]. The static solution Istained by firstly giving
reasonable initial values to all small volumes (such as ibre),Ithen solving the
steady-state pressures by numerical integration, andyfitgl picking up the
steady-states of the pressures after the transient stathisimethod, dynamic
simulation is only used by producing the static solution.

The superiority of both above-mentioned methods is that &éne suited for use
together with the semi-empirical modelling method, whiglt@ssarily does not
require any geometrical data of the valves and actuators tadaelled. In this

modelling method, most of the needed component informatorbe taken from

the manufacturer’s nominal graphs.

Finally, the novelty of thesis can be summarised simply bevis. A two-regime
flow model for orifice is proposed in the form in which it is @bte for semi-
empirical models. The pseudo-dynamic method for solvirgsgures in small
volumes in the steady-state is extended such that it candebinslynamics sim-
ulation. A comparison of alternative methods for solving gtiffness problems
of ODEs in hydraulic circuit simulation is also carried out. Thenhaeiour of
the two-regime orifice flow model is compared to the behavidaorresponding
two-regime models by Ellman and Merritt. The pseudo-dymresolving method
is compared to another reduced model which is based on singeatturbation
theory. In all comparisons the reference response is asthigsing explicit fixed-
step Runge-Kutta integration algorithm with sufficientlypsttime step length.



CHAPTER 2

Methods for decreasing the stiffness of a
fluid power circuit model

Mathematically the fluid power circuit models are stiff s of ordinary dif-

ferential equations. Numerical solution of the stiff sysgecan be improved by
two alternative approaches. The first is to develop numiesiclvers suitable

for solving stiff systems. The second is to decrease the hsbiffaess itself by

introducing models and algorithms that either decreasditijigest eigenvalues
or neglect them by introducing steady-state solutions efdtiff parts of the

models. The thesis proposes novel methods using the laieoach. The study
aims to develop practical methods usable in real-time strari of fluid power

circuits. Explicit fixed-step integration algorithms arged.

2.1 Degree reduction by Singular Perturbation Theory

A system is described by a relation:

F(u,e) =0,

whereuw is its state from a vector or function spaeea small nondimensional
parameter (& ¢ <gq; g < 1), andF some map. The system is calledjularly
perturbed in ¢ if [32]:

limu(e) = up;
e—0

F(U(),O) =0.

17
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Otherwise it is calledingularly perturbed. ug is the solution of the so called
reduced problem which is derived from the full or perturbedbtem when the

e is set to zero prior to solving the equation(c) is the solution of the full
equation for different values af In case of more than one solution regularity
means that all solutions of the perturbed problem convergedolution of the
reduced problem [32].

Let us examine a simple fluid power circuit with two volumesl @&wo orifices
(see Figure 1.1):

B.

P = Vl(Qs_kl\/pl —p2)7 (2.1)
and
. B
P2 = VQ(kl\/pl — P2 — ka2v/p2 — p3) - (2.2)
Let us use the following expressions:
p2 = Vp1, (2.3)
and
P1 P2
—_— = 2.4
=B ~UB (2.4)

whereV is the scaling factorp3, the effective bulk modulus of the system and
¢ a typical relative volume or density change. For typicaldaydic fluids and
pressures its magnitudedy(10?) [32].

So, the set of equations (2.1) and (2.2) can be written asfsll

Vi
Elpl = Qs — kivp1 — p2, (2.5)
and
Va
gpz = kivp1 — p2 — kav/p2 — D3 (2.6)

From Equations (2.3) and (2.4) we get
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po = UB.e. (2.7)

Now, by keeping Equation (2.5) as it is and substituting Egna(2.7) into
Equation (2.6), the model can be written as:

Vi
Elpl = Qs — kivp1 — D2

VoWe = kiv/pr — p2 — kav/p2 — D3 -

When the relation between the pressure and modulus of cosilpitiég ap-
proaches zero, the latter term in Equation (2.8) takes tima:fo

lim => ky V(1 — p2) — ka/(p2 —p3) =0

<=>ki*(p1 — p2) — k2*(p2 —p3) = 0.

(2.8)

Then by taking the square of the both sides and solvingfowe finally bring
Equation 2.8 into the form:

Vi.

§1p1 = Qs — kivp1 — D2
c (2.9)
_ k1 ’p1 + k3ps

b= e

2.2 Limitation of flow-pressure gradient in orifices by a two-
regime flow model

In the following a numerically efficient model for orifice flois proposed by
using a cubic spline function to describe the flow in the laamiand transition
areas. Parameters for the cubic spline are selected sudtsthest derivative is
equal to the first derivative of the pure turbulent orifice mipd&Equation (1.16),
in the boundary conditions. These boundary conditions aseribed by+Ap,.
They are calculated by using the current values for variahleritical Reynolds
number Re., and value of discharge coefficient in the turbulent afga to
obtain physically justified values. It must be noted that shperiority of this
model comes from the fact that geometrical data of orificeds meeded in
calculation of flow from the pressure drop.
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Let us approximate the laminar and transition areas of thelfipthe following
cubic spline function:

Q = a1 Ap + axAp® + azAp® (2.10)

whereq, . ..as are constants.

The first derivative of) Equation (2.10) with respect tp is

(;jTQp = ay + 2a,Ap + 3asAp?. (2.11)
Now by using boundary conditionsAp, and assuming the same value @f
in Equations (1.15) and (2.10) and the derivativeioin Equations (1.16) and
(2.11) the constants, . . . a3 can be solved from the following equilibrium

a1Apo + asApy® + azApy® = K+/Apy
K

a1 + 2a2Apy + 3asApy® = SNAY (2.12)
ay(—Apg) + az(—Apg)* + as(—Apy)® = —K/|—Apo| .
Equilibrium (2.12) can be expressed in matrix form as foow
CA=D, (2.13)
where
A= [Ch a2 a3]T7
Apy APOQ A1003
C = 1 ZA])O 3Ap02 s
—Apo (—=Apo)® (—Apo)?
and

T

D = [ K+/Apo ﬁ — K/|=Apo| }

By using matrix algebra the parameter vediaran be solved as
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A=C™'D. (2.14)

In practice because the matrix solution is time-consumamglytical equations
(2.15) for coefficients should be used in the final orifice modeoefficients
ay ...az can be introduced in symbolic form by solving Equation (2.1th
matricesA, C andD symbolically.

5K
“ 4Apq
ag = (2.15)
—-K
as = INICE

Now, by combining the laminar, transition and turbulentioeg the final semi-

empirical orifice model can be expressed as follows:

0= { a1 Ap + as Ap? + asAp? when|Ap| < |Apo| (2.16)
K+/|Ap|sign(Ap) when|Ap| > |Apy| '

The only task left is to find physically adequate values#akp,. This can be
solved from an analytical formula of Reynolds numberif it is possible to use
variablesk” andAp in the formula instead of), w andd. The problem is solved
as follows:

The analytical formula for Reynolds number for the orificegyghown in Fig-
ure 1.2 is as shown in Equations (1.7) and (1.9) in [12]:

7wdh7Qd
fe = v Av’

By substituting Equation (1.5) fap in Equation (1.9) we get

C.yd 2(Ap)
Re=—2>Y " (2.17)

14

By solving Equation (2.17) foAp we obtain

_ pRe*V?

_ ey 2.18
P=5cke (2.18)
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By using Equation (1.13) and the relatign= 7d?/4, termd can be written as a
function of K as follows:

(2.19)

Semi-empirical volume flow coefficierit” itself contains geometrical data as is
shown in Equation (1.13). However, in this approach the madlow coefficient
is determined from the nominal graph as shown in Equatidi¥{1.

Substitution of Equation (2.19) into Equation (2.18) ygeld

A pRe*v \/E R€2V27T\/_ (2.20)
P=78eK V320, K '

wherekK is the semi-empirical volume flow coefficient, see Equatibi4).

By using Equation (2.20) the boundary conditions for the egifnodel Equation
(2.16) can be found for any value &f if the transition Reynolds numbéte,,
and the turbulent region value 6f; ( C; = Cy. ) are known. Using these values
the boundary conditiong Ap, can be calculated as follows [12]:

Retr \/—
Apy =
\/_Cd“ 2.21)
B A o Retr \/_
bo \/_Cdoc .

2.3 Degree reduction by a pseudo-dynamic solving method

The pseudo-dynamic solver is based on the basic assumpdbif the volume
in the system to be described is small enough, the pressaoreecaxpressed by
a steady-state pressure, as explained in [10]. The meth®dwtakey ideas.
Firstly, the nominal frequency (time constant), which isated by the small
volume, is not significant in comparison with the dynamicghefwhole system.
Secondly, instead of integrating the equations for presgmadients in such
volumes, their pressures are solved as steady-state predsuusing a pseudo-
dynamic solver. The solver integrates the pressures inaaggintegration loop
while the volumes have pseudo-values providing a smootHastdolution.
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The following rule can be followed when defining the small goessible vol-
ume. The hydraulic capacitant® Be of the parts of the circuit whose pressures
are solved by the advanced method should be orders of mdgrstaaller than
that of those parts whose pressures are integrated. Thie isute of thumb
and assumes the effect of the different orifices to be samaitoag as can be
concluded from Equation (1.4). By these means, the time anhef the studied
volume can be stated to be negligible in comparison with ithe tonstants of
the other parts of the system. This leads simply to neglgdtie high order
dynamics in the system, which is often not the object of egeof the designers
because they do not play a major role in the dominant dynami@yiour of
the machine. This is similar to neglecting the higher modeemstudying the
dynamics of a mechanical structure.

The key idea in the proposed method is to find steady-staiéi@as for the pres-
sures in small volumes at each integration step, while tasgures in larger vol-
umes as well as the other differential equations are intednaormally. In other
words, the pseudo-dynamic solver consists of two cascaegration loops, the
outer and the inner loop. The outer loop consists ofdieF solvers integrating
all other variables except those which are related to snwdlimres. Inside the
outer loop, there is a separateD E' solver (inner loop) encoded to produce
steady-state solutions for pressures in small volumesinites loop is executed
by iterative means, i.e. it is controlled using the critarior convergence, it
has its own time space, the outer loop is paused during tres ioop run and
only the last value of the integrated variable is returnethtoouter loop. As
the convergence criterion, the first derivative of presssiresed. With this pre-
determined condition, can be ensured that the attainedi@olbas reached the
steady-state. The influence of convergence criterion msimulation results is
studied in reference [3]

The solution of pressures in small volumes in dynamic sitiiais imple-
mented by following the general idea of the pseudo-dynariati®on. The
general idea is represented in Figure 2.1 using the steicfithe cylinder drive
circuit (see Figure 3.2) as an adjunct.

Figure 2.1 shows the principle of encoding the pseudo-dymawiver. The
simulation is started by defining the initial values, whiale gubstituted into
differential and algebraic equations. The integrationhi@ outer loop at time
t, = 0+ At, is carried out according to the initial values. The integdatalue
of pressurep, is updated into differential and algebraic equations initimeer
loop, and the loop is started. Note that every parameter chtwvand from and
every computational action carried out in the inner loophef pseudo-dynamic
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Figure 2.1. lllustration of pseudo-dynamic solver.

solver are related to small volumes, i.e. the inner loop eamconly the stiffness
problem. Integration in the inner loop is carried out untié tpre-determined
stopping criterion for convergence is reached. Note thebtiter loop is paused
during the inner loop run and this loop has the independerd ipace,. After
the inner loop is executed, i.e. the iteration is converged®aling to the stopping
criterion, the integrated value is returned to the outep lofbwhich the execution
is now again continued. The returned variables are suteditato differential
and algebraic equations as new initial values for the nexg¢ step. The results
are stored and handled in post-processing after the owpritdegration time
has run out.

2.3.1 Pseudo-dynamic solution of steady-states of fluid p@wcircuits

The idea behind this algorithm is to consider each pressode ras a finite
volume. By doing so, each node represents a volume in whigspre builds
up or decreases dependent on the total flow of the node, eesuitin of flows to
and from the node. There can be several independent pipddiieging volume
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flow to and from the node. The pressure build-up in each nogebmalescribed
by the conventional continuity equation, Equation (2.28)Merritt [27].

B
)= ZCA 2.22
P= Q, (2.22)

where B, is the oil bulk modulus.V is the considered volume of each node.
When used as a pseudo-volume, this is selected such that lid wesult in the
high integration speed and accuracy in the inner loop of gis@lynamic solver.
AQ is the sum of flows into and out of the node.

The total flow is described using Equation (2.23).

AQ = Qin - Qout + V7 (223)

whereV is the externally supplied flow into and out of the volume (@gmp or
actuator flow).

The flows in and out of the volume can be described using Equé#i.24).

Qinv Qout = f(Ap) . (224)

Equations (2.22), (2.23) and (2.24), make up the system ulation, which
requires an integration routine to update the pressureghi$end, a standard
fixed step fourth order Runge-Kutta implementation is usdwre/the time steps
in the solver are set sufficiently low to the account for theys-dynamic in the
system. This, however, also means, as opposed to the steatdysolver, that no
update algorithm is used, as the pressures are directlyteghtg the integration
routine. For the steady-state solver, the update law aldoahfdtering effect.
In other words larger, artificial volumes work as a filter i fhpseudo-dynamic
model, that is, they reduce pressure peaks. For the pseudoric solver, this
effect is instead replaced with pressure build-up in theesptut to make the
routine numerically more robust it may be also beneficialdd some pseudo-
dynamics to the components with discrete states [29].

In the conventional continuity equation of Merritt [27], &ation (2.22), the
variation of the studied volume (e.g. hydraulic cylindextaken into account.
Normally, if a volume is so small that its pressure dynamscaegligible, it is
rarely connected with a variable volume of the flow sourceabuaor, and thus
the termV in Equation (2.23) is negligible when solving the pressiimesuch
volumes. However, pseudo-dynamic solver can also be usaahiimg pressures
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in small volumes connected with actuators or pumps with sisemption that the
pressure variation within a single time step has negliggfffiect into the actuator
or pump flow. Indeed, the main idea of the pseudo-dynamidrsplinethod is
that no changes happen in the dynamics of the system sirduldiide steady-
state is solved. Consequently, the main idea and the adwapfatye pseudo-
dynamic solving method will be lost if changes in the dynasro€ the system
are included in the pseudo-dynamic solver.

2.3.2 Pseudo-dynamic solver

As an example of the function of the pseudo-dynamic solferprractical fluid

power circuit introduced in Section 3.1.2 is representae lre the system of
equations. The sequence is illustrated in Figure 2.1. Timeerdional fourth

order Runge-Kutta method is applied as an integration reutin the function,

firstly, the initial values presented in Table 3.3 in Sect® are defined. Then
the integrator time step length and simulation time are ddfin

After the initial values are given, the outer loop of the ph®dynamic solver
is started. The sequence can be factorized into steps asvéoll Every step
is related to only one volume in the fluid power circuit. Thatthe sequence
is valid for all types of fluid power systems only by re-organg the steps
according to the fluid power circuit to be modelled.

Step 1: The volume flon; through the orifice 1 into the volunig is calculated

using Equation (2.24).
[92(p, —

And the pressure, in volumeV; is integrated from continuity equation, Equa-
tion (2.22).

b1 = %(@1 — Q).

Step 2: The variables solved in the previous step, (1) are moved to the inner
loop of the pseudo-dynamic solver to substitute the initedles. Note that in
every entry to the inner loop, the presspgés reset to zero. In the inner loop, the
pressure; is solved similar to the previous step but the voluvhes substituted
with the artificial volumel/. The artificial volume is selected large enough such
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that numerical problems does not exist when calculatingattiéicial dynamic
response. Of course, selecting too large volumes shoulddideal to limit the
calculation time of the inner loop of pseudo-dynamic solMBuring the inner
loop run, the continuity equation, Equation (2.22), is updausing the pseudo-
value Qapseudo for volume flow @, which is a function of pressung in a small
volume. Itis also the only variable during the inner loopaten.

B.

V (Q2pseud0 - Qcyl) .

P2 =
After the defined convergence criterion is satisfied, thadstestate value for
pressure is returned to the outer loop. First, the volume fl@wthrough orifice
2 is calculated to enable the correspondence to the actstalsylynamics in the
integration of pressurg, at the next time step.

QQ — OdAQ /2(p1p_p2) )

Step 3: To calculate the piston velocity, the piston acceleratiaa to be inte-
grated. The piston accelerationis described using the force equation of the
spring-mass-load attached to the cylinder Equation 2.25.

g DA~ b0 bt (2.25)

m

whereA,,, is the cross-sectional area of a pistbrs the viscous friction coeffi-
cient andk is the spring coefficient.

After the piston velocity is solved, the volume flow of cylend).,, can be solved
using Equation (2.26). This volume flow is used as the inugdiie in the inner
loop at the next time step.

Qeyt = TAey - (2.26)

Finally, the cylinder position is solved by integrating tRguation (2.25) for
the second time. The cylinder position serves as the dliiyiloriterion for the
accuracy of the pseudo-dynamic simulation model. It is tmmpared with the
results attained using a reference model, see Section 3.1.4
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After these three steps are completed, variable values@edsand substituted
into equations to serve as new initial values for the nexetstep. This loop of
three steps is executed until the defined simulation tim&jssed.

The key advantage of the method is that the numerical prablemused by
small volumes are completely avoided. The superiority efgeeudo-dynamic
method comes from the fact that the method is freely appkcedgardless of
the integration routine applied. With the proposed methiogl dynamics of any
hydraulic circuit, including small or even the smallestwolkes, can be solved
quickly and stably. The proposed method could be applicatse in other
fields of engineering, such as when simulating dynamics @étetal circuits
with small capacitances.



CHAPTER 3
Numerical examples

3.1 Hydraulic circuits implemented in numerical examples

This section introduces three different hydraulic cirswithich are implemented
in numerical examples. The circuits are a simple volume Wwiscun off through
sharp-edged orifice, a typical hydraulic cylinder drive artalo-way flow control
valve connected with accessories for test purposes. Aciualits are not built-
up but the examples exist only in simulation models.

3.1.1 Run-off volume

Figure 3.1 represents a fluid source with pre-determinddhirdonditions and
parameters, a sharp-edged orifice as shown in Figure 1.2 seypbaate tank for
fluid recovery. These components are connected with pipésnoa compact
fluid circuit.

In the fluid source container, presented in Figure 3.1, tregas defined volume
V' and initial pressurg, at the initial state. The effective bulk modulé is
defined for the differential equation of pressure drop, ssgalon (3.1).

The value for the pressupg is solved by integrating the differential equation
of pressure after the fluid begins to flow out of the source. Vdlae for the
pressurey, can be considered as zero because the fluid flows freely tarke t
With this assumption the pressure drop over the orifigeis directly the value
of the pressure; .

29
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Figure 3.1. Simple fluid circuit that is difficult to solve numerically near
Ap=0.

3.1.2 Cylinder drive

Figure 3.2 presents the cylinder drive which is typical aatlon of fluid power

circuit. To simplify the system model, the power unit compgsof hydraulic

pump, pressure relief valve and tank is approximated aseat fldiid source with
constant pressure. The fluid flow is directed through twoamito the hydraulic
cylinder. The first orifice is the directional valve and thea®d orifice is the
sharp-edged orifice as shown in Figure 1.2. The hydrauliodgt is connected
with a spring-mass-load.

At the initial state, the volumeg; andV; are filled with oil but not pressurised.
The fluid starts to flow through the directional valve (orifilbeinto volumeV;.
At the same time, fluid flows further into volunig through orifice 2 as the
pressurep; rises. The cylinder starts to move the spring-mass-loacoasne
V5 is filling up and pressurg, rises. Because volumig is connected with the
cylinder chamber, the cylinder movement makes the voliionend pressure,
to vary. This variation interacts back with the voluivie The spring-mass-load
resists the cylinder movement interacting back with theinas.

The effective bulk modulus3, and volumes \{; and ;) are defined for the
differential equations of pressures @ndp,), Equation (3.6).

3.1.3 Two-way flow control valve

Figure 3.3 presents the two-way flow control valve as a pad t#st circuit.
To simplify the system model, the power unit composed of ardaylic pump,
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Figure 3.2. Cylinder drive circuit with two orifices.

pressure relief valve, hydraulic accumulator and tank p@xamated as an ideal
fluid source with constant pressure. The fluid flow is direttetthe tank through

a two-way flow control valve and two parallel orifices. Thetfosfice is a sharp-

edged orifice and the second is a directional control valvielwban be closed
during the simulation to create some impulse in the systdm.slpply pressure
can also be alternated stepwise for the impulse creatiqroges.

S T =
2-way flow control valve

» oS L'
: 7171

Figure 3.3. Two-way flow control valve in test circuit.

In the initial state, the volumels, andV; are filled with oil but not pressurised.
The fluid starts to flow through the compensator throttle efftbw control valve
into volumeV;. At the same time, the fluid flows further into voluriigthrough
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the control throttle of the flow control valve as presspreises. The pressure
drop over the control throttle is set to be constant. The earaator throttle keeps
the pressure drop constant by closing when presgumses and by opening
when pressurg, rises.

3.1.4 Reference response

The accuracy and numerical effectiveness of the proposettimand methods
are studied by comparing their responses in the numerieahples with those
obtained by using a conventional fourth order Runge-Kuttegration routine
with a small integration time step. Firstly, numerical exd@s are implemented
using conventional methods and models. Integration isethiwut using the
conventional integration routine with the fixed step sizeadfufficiently low
value. This conventional method is selected for calcutetiof the reference
responses because itis commonly acknowledged in literatudt there are plenty
of references.

The first step in simulating the reference model is to endwaedll initial con-
ditions correspond to the numerical example. After tha,ititegrator time step
length is prolonged or abbreviated so that the thresholdevédr stability is
found. Normally, the most unstable of all pressure respoaskred in the model
is the one related to the smallest time constant. Conseguéntlefines the
longest possible time step length which can be used in tlezeneée model of
conventional numerical integration. The accuracy of theppsed method or
model can be investigated with two alternative approaches.

Firstly, the reference response can be simulated using samaestep length as
is used in the proposed solution. The responses of the nefemaodel and the
proposed one are compared as a pair according to the timkestgp, as is done
in Section 3.3. In this case the first responses are simulesied an integration
time step of a sufficiently low value to obtain the "correctspense known.

Secondly, the response of reference model which is sintllaeg an integra-
tion time time step of a sufficiently low value can be fixed. Bvessponse
attained using the proposed solution is compared to the fieeplonse of the
reference model as is done in Sections 3.2 and 3.4.

After every pair of comparison attained, their behaviowwampared and evalu-
ated. The response of the reference model can be stated torbetavhen using
a sufficiently small integration time step since the refeeemodel is commonly
acknowledged.
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3.2 Two-regime orifice flow model

In this section the run-off volume and the cylinder drivecuit are studied as
numerical examples of the two-regime orifice flow model. Sahthe results
shown in this section have previously been presented imenede [4]. Both ex-
amples are implemented using MATLAB software with its esien Simulink.

3.2.1 Simulation of the run-off volume

The circuit studied is represented in Section 3.1.1. Studihe orifice was
started by forming the Simulink model based on the diffeedequation of pres-
sure drop, Equation (3.1), and alternative equations ofohene flow, Equation
(2.16). Usage of these alternative equations depends oentyoressure and the
defined boundary condition. The boundary condition separéie turbulent area
from the laminar and transition areas.

Volume flow @ through the orifice is solved from the pressure drop by Equati
(2.16) either in the turbulent or in the laminar and traonsitareas depending on
the current pressure and the defined boundary condition.

3.2.2 Differential equation of the pressure

By integration of Equation (3.1) the value for the pressuian be solved as
noted in Section 3.1.1. In this cage-= p,. In the initial state the volume floW
is calculated by Equation (2.16).

p=—7r0Q. CEY

where( is the volume flow out of orifice [27].

Due to the assumption made in Section 3.1.1, whéf) = p, also the pressure
drop Ap(0) = po in the initial state. Hence the volume flag solved from the
square root of pressure drop has non-zero value.

In the first time step in Equation (3.1) is substituted by its initial value men-
tioned above. Hence Equation (3.1) has a value of non-zerchvémables the
integration and simulation to continue.
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3.2.3 Influence of the cubic spline function

The cubic spline function produces error to the volume floluesin comparison
to the conventional orifice flow model. This issue can not lweded because the
conventional model has the characteristics that are meadiabove. And on the
other hand it is intended to get those characteristics oit$ gfystem. Hence the
influence of cubic spline function is studied.

In Figure 3.4 the steady-state response of the cubic splimetibn together with
two alternative two-regime orifice flow models and also fullybulent model
in the laminar and transition areas are presented. In tgioree models the
transition pressure threshold is used to separate the daraid transition areas
from the turbulent area. The volume flow with respect to thespuare drop is
calculated by the conventional formula until current poeesneets the transition
pressure threshold. When the current pressure is lower teaimansition pres-
sure threshold the flow is in the laminar and transition arém@man’s model
the volume flow with respect to the pressure drop is calcdllayethe cubic spline
function. In Ellman’s and Merritt’s models this regime bs&lthreshold value is
governed by alternative methods.

The two-regime models differ advisedly from the turbulerddal with the aim
of continuous volume flow near zero pressure drops. Fromigdlypoint of
view, it is not clear if the fully turbulent flow model givesdhmost correct
response. Since it is commonly acknowledged in literattime fully turbulent
description together with sufficiently short integratand step length can be
used as reference response in comparisons.

The steady-state responses of the first derivatives of v@llow with respect to
the pressure drop of the three different two-regime orifioe fhodels in laminar
and transition areas are presented in Figure 3.5. It candrethat the the first
derivative in Merritt's model collapses at the transitidmetshold point due to
the discontinuity between derivatives in laminar and tlebtiarea descriptions.
Discontinuities are not present at the other models sireedlume flows at the
transition threshold point are set to equal.

Figure 3.6 illustrates the dynamic behaviour of the firstivde¢ive of volume
flow with respect to pressure drop of three different twoireg orifice flow
models while the pressure is approaching zero. This istiitesd as function
of simulation time. It is evident that all of these models baused to limit the
flow-pressure gradient near zero pressure drop surrousiding
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Figure 3.4. Steady-state responses of the volume flows of the three
different two-regime orifice flow models compared to the fully turbulent
orifice flow model.

3.2.4 Post-processing

The post-processing manages the results of simulation rResults must be
post-processed in the case of run-off volume since the siindyg to show com-
parisons between models which cannot be shown directly fitwendynamic
responses. Separate simulation runs are driven with \atime step lengths
and transition pressure threshold values.

The integrated absolute error (ITAE) of pressure dfgpis attained by using
the midpoint rule [31]. The pressure drop response of thg futbulent model
obtained by using the time step length/ef = 1 x 10° s is used as the reference
response. The pressure drop responses of the two-regimelsraved compared
with the reference response. In the two-regime models the step length
has been varied between 5 ...%50° s and the transition Reynolds number
between 200 ...1600.
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Figure 3.5. Steady-state responses of the first derivatives of the volume
flows with respect to the pressure drop in the three different two-regime
orifice flow models.

Because of the dissimilar lengths of compared vectors theynéerpolated in
order to get comparable vectors. The difference betweerpaced discrete
pairs is then integrated numerically. By means of this irdggn the area that
describes error departed from reference curve is obtaiAédr every discrete
pair is compared and integrated the sum of attained valus®igd into the
separate array. Absolute value of difference is used todapossible negative
areas which would deduct the total area. The results arershowigures 3.7
and 3.8.

The integrated absolute error of the pressure digpis also used when the
influence of time step length and transition pressure drapimvAman’s model

itself is studied. The time step length is varied betwgenr= 0.1 ...2x 103s.

Transition pressure threshold valie, is varied according to theoretical tran-
sition pressure drop between 1 ... X%\pgr, S€€ Equation (2.21). From
the point of view of the accuracy, the theoretical transitmressure is taken
as the reference point because it is physically justifiede 3lmortest time step
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Figure 3.6. Run-off volume. Limitation of the first derivative of volume
flow with respect to the pressure drqff. in dynamic response.

At =1 x 10* s is selected as the reference point. It can be assumed tosie mo
accurate of varied time steps because the integrator tigtorakes the most in-
tegration steps. Then the reference response for pressypésdsimulated using
these reference point values. The array mentioned abouée iy results of
different pairs corresponding to varied time step lengtit teansition pressure
thresholds. This array is then plotted as shown in Figure 3.9

The integrated absolute error of the first derivatives of ibkime flow with
respect to the pressure drop are attained similarly by demgidpoint rule. The
reference response is simulated from every separate meutgl the time step
length of At =1 x 10° s and the transition Reynolds number &f,. = 1000.
Then responses of every model are simulated by varyingrieegtep length be-
tween5 ...15< 10° s and the transition Reynolds number between 200 ... 1600.
The comparisons are made only within the model in questiantta lack of
common reference response. The results are shown in Figu@snd 3.11.
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3.2.5 Results: Run-off volume

The study for run-off volume using alternative modellingtheals was carried
out for the orifice diameter af, = 9 x 102 m.

First the reference pressure vector is formed by a simuatio whose simula-
tion time is based on the desired duration of the laminar eartsition areas, i.e.,
the time that cubic spline function is in use. Desired dorats defined by test
runs which show that end pressure settles at a low enough,vay practically

zero. In this study the duration for calculation in laminadaransition area was
defined to be 0.2 s.

In Figure 3.7 the transition Reynolds number has been ketantnand the time
step length has been varied. The figure shows that the inéebgaror of pressure
drop between fully turbulent and the model in question iases rapidly in all

models after time step length is longer than @0° s. At lower value the error
increases quite moderately and only small difference bertvmeodels exist.

In Figure 3.8 the time step length has been kept constant fandransition
Reynolds number has been varied. It can be seen that theimaridithe tran-
sition Reynolds number has smoother influence on ITAE valae the used
time step length has. All models keep increasing the errdoievas the transition
Reynolds number is increased. This is natural due to thelfattarger transition
Reynolds number means more deviation from the fully turduteoadel as can
be stated from the Figure 3.4.

The two-regime orifice flow model has been compared alsodt ds described
in Section 3.2.4. Figure 3.9 shows the integrated absotube ef pressure drop
between the compared pairs in relation to the time step thegugd the transition
pressure drop. In terms of accuracy and speed of calculdéteoptimum point
is the best combination of time step length and transiti@sgure drop. In this
case the optimum point cannot be defined clearly but the ITAlHevincreases
smoothly as a function of time step and transition threshold

In Figure 3.10 the transition Reynolds number has been kepstaot and the
time step length has been varied. The figure shows that thgrated absolute
error of the derivatives of the volume flows jump rapidly beém time step
lengths 6 ...8x 10°s. After this the ITAE value starts levelling off. Because
this phenomenom is common to all two-regime models it agptaat the nu-
merical singularity point related to the used orifice diaenés$ located around
the time step length ot = 6 x 10° s.
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Figure 3.7. Run-off volume. Integrated absolute error of the pressure drop
of the three different two-regime orifice flow models when time step length
is varied. Comparison to the fully turbulent orifice flow model.

In Figure 3.11 the time step length has been kept constanthentransition
Reynolds number has been varied. From this figure can be saethéntran-
sition Reynolds number has much influence on integrated atiesetror of the
derivatives when its value is below the theoretical valudne TTAE value of
all the models descend close zero at the theoretical tram$eynolds number.
This is natural since the reference responses of all modelsiaulated using

this theoretical value.

3.2.6 Mathematical model of the cylinder drive circuit

The cross-section area of the directional valve orificas calculated by Equa-

tion (3.2).

A, = sc,

(3.2)
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Figure 3.8. Run-off volume. Integrated absolute error of the pressure
drop of the three different two-regime orifice flow models when transition
Reynolds number is varied. Comparison to the fully turbulent orifice flow
model.

wheres is the maximum opening of the valve anéd 7 d,.

The cross-section ared, is then substituted into Equation (1.13). Thus, the
variable K is obtained for orifice 1. The orifice 2 is similar to that shoimnn
Figure 1.2. Thus, the variabl€ (hereinK; and K5) is defined for both orifices.

The position of the valve spool is controlled by a propordlomagnet. Its func-
tion is fairly ideal since the position follows the contradsal with a particular
delay. By assuming first order dynamics the feedback sighaf the spool
position can be modelled with Equation (3.3).

(3.3)



3.2 Two-regime orifice flow model 41

. _ -4 _
Reference response: Aman / RK4 /At, =1x10™"s/Ap =0p,  Pa

500

400

300

200

ITAE of Ap [sPa]

Transition pressure dropAp [Pa] 10 Time step At [s]
2r

Figure 3.9. Run-off volume. Integrated absolute error of pressure drop as
function of time step length and transition pressure drop.

The valve model is represented by Equilibrium (3.4) [24].

Q1=0
Qr = C,(Uy — U)\/p1 — pr }(U<UO)_

The functions for flows in Equation (3.4) describe the tuebtlflow area. In
the simulations alternative functions for the volume flowsthe laminar and
transition area are used according to Equation (2.16). DedicientC, is a
valve-specified coefficient including valve geometry, Hemge coefficient and
fluid density. It does not contain information about the eabpening. The
relation betweed', and K can be written as follows:
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Figure 3.10. Run-off volume. Integrated absolute error of the first
derivative of volume flow with respect to the pressure drop when time step
length is varied. Comparison to the model in question itself.

K

-5 (3.5)

Cy

Equation (3.6) presents the differential equations fosgueesy); andp,. The
parameters are depicted in Figure 3.2 and their values akersim Table 3.1.
The volume flows); and(, are calculated using Equation (2.16). In the initial
statep; (0) = 0 andp,(0) = 0.

pP1 = %(Ql - QQ)
5 (3.6)
P2 = 726(@2 - Qcyl)

The volume flow out of the volume 2).,,, has to be defined. This is described
by Equation (3.7).
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RK4/d =9x10°m/At, =6x107°s

" Reference: At=1x10"s/Re_= 1000
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Figure 3.11. Run-off volume. Integrated absolute error of the first
derivative of volume flow with respect to the pressure drop when transitio
Reynolds number is varied. Comparison to the model in question itself.

Qcyl = (bAcyl . (37)

Next the cylinder force',,; has to be modelled. The effect of the spring-mass-
load is taken into account by Equation (3.8).

Fcyl = pZAcyl =mi + bx + kx. (38)
The piston acceleration is solved from Equation (3.8) devid:

5o P2y — bt — kx . (3.9)

m

The piston velocity can be solved for Equation (3.7) by ira¢igg the piston
acceleration once. Similarly, the piston position is sdN®y integrating the
piston velocity once.
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Table 3.1. Initial values of variables used in simulations of the cylinder
drive circuit - Case: two-regime orifice flow model.

Vi= 3x10°m? dei= 60x 10°m ps =100 x 10° Pa
Vo= 3x10°m? | d, =(1...3)x 10°m| s = 5x 10*m
B.= 1.5x 10° Pa d, = 10x 10°m U= 10V

p= 900kg/n? Re,, = 1000 Uy = 5V
v=30x 10°m?/s| C,; = 0.6 m = 5000 kg
b= 500Ns/m k =180x 1®*N/m

3.2.7 Simulation of the cylinder drive circuit

The stability of simulation model was studied by simulatihg practical circuit.

Two different simulation models were formed. One of the Sinkumodels con-

tains the two-regime orifice flow model Equation (2.16) whiile other contains
only the turbulent orifice flow model. The fixed-step Runget&umtegrator is

used in the simulations.

Both Simulink-models are driven by using 3 different diamet®r orifice 2.
The diameter values are defined as 1, 2 and 3 mm. The contr@ldiy the
directional valve is kept at its maximum during the simwatruns. The orifice
2 is chosen to be alternated to show the influence of orificeneliar on the
function of the different orifice models and the system ditgbil he initial values
of variables used in the simulations of the cylinder driveuit are presented in
Table 3.1.

3.2.8 Results: Cylinder drive - Two-regime flow orifice model

In the simulation runs pressure drop; and Ap, are studied because the
pressure drop over the orifice influences all the other patenim the simulation
model. Responses of pressure drops are shdwn,n Figure 3.12 and\p, in
Figure 3.13. In the figures the solid line represents theoresp when the two-
regime orifice flow model is used and the dashed line represbatresponse
when the pure turbulent orifice flow model is used.

From Figures 3.12 and 3.13 it can be seen that the two-regiifiteedlow model
gives a smooth response for pressure drop while the turbolgiice model
causes numerical noise. Figures 3.13 show that the incogdsee step length
increases the noise in response of turbulent model.
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RK4/At=1x10"3s
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Figure 3.12. Cylinder drive. Pressure drop\p;, when time step
At =1 x 1073 s and orificed,, =3 x 103 m.

The influence of the integration time step length on the syss&ability was
studied by simulating both models separately using a véineglstep length with
all 3 different orifice diameters. With this approach thejest usable integration
time step is defined. If the integration time step is longantthe defined longest
usable integration time step, the simulation run fails. Maxn time step lengths
in terms of system stability are presented in Table 3.2. Bsealts show that
when using the two-regime orifice model the time step candm ft6 % to 32
% longer than the time step used in the turbulent orifice model

3.3 Pseudo-dynamic solving method

In this section the cylinder drive circuit is studied as a euical example of the
pseudo-dynamic solving method. Some of the results showmsrsection have
previously been presented in reference [1].

The numerical example is identical to the one respresentsédtion 3.2 only
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RK4/At=2x1073s
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Figure 3.13. Cylinder drive. Pressure drop\ps, when time step
At =2 x 1073 s and orificel,, =3 x 103 m.

initial parameter values are varied. Also two-regime cgifibw model is not
used i.e. only turbulent orifice flow is described. To simptifie problem and
to deminstrate the pseudo-dynamic solver it is assumedhbatariation of the
cylinder volume is negligible. It remains at least order afgnitude smaller than
the volume between the orifices (voluiigin Figure 3.2).

The pseudo-dynamic solving method is applied as repres@mtgection 2.3. In
the pseudo-dynamic model the voluivigis enlarged to the artificial volumié.
The initial values of the variables used in the simulatiohthe cylinder drive
circuit are presented in Table 3.3.

3.3.1 Results: Cylinder drive - Pseudo-dynamic solving mabd

Figures 3.14 to 3.17 illustrate the behaviour of pseudcadyin model compared
to reference model. Responses are reached by using intetyna¢cstep lengths
At=1x10%sandAt=1x 1073s.
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Table 3.2. Maximum integration time step length in terms of system

stability.
Orifice 2 Time step & 1073 s)
diameter (mm) Two-regime orifice mode| Turbulent orifice mode
1 4.118 3.191
2 3.627 2.749
3 2.571 2.200

Table 3.3. Initial values of variables used in simulations of the cylinder
drive circuit - Case: pseudo-dynamic solving method.

B.=1x10°Pa | d;=10x 10°m | Cy= 0.6 k=18 x 10° N/m
Vi=1x103md | dy=1x103m | p=900kg/n? | m= 5000 kg
Vo=1x 10°md d,= 60 x 103 m b=500Ns/m| U= 10V
V=1x103md | p,=100x 10°Pa| p,= OPa |p,= OPa

Figure 3.14 illustrates the cylinder position wham =1 x 10#s is used. Re-
sponses of pseudo-dynamic and reference model are identica

Figure 3.15 illustrates the cylinder position whan=1 x 103 sis used. There
exists divergence between responses of pseudo-dynamicetarénce model.
Response of pseudo-dynamic model is identical to responBegyure 3.14 but
the response of reference model differs significantly. T8epo-dynamic model
behaves more stable while in reference model there exétis geviation.

Figure 3.16 illustrates the pressure differedge, between volume$; andV;
when At =1x 10*“s is used. Responses of pseudo-dynamic and reference
model are identical.

Figure 3.17 illustrates the pressure differedge, between volume$; andV;
whenAt =1 x 103 s is used. There exists divergence between responses of
pseudo-dynamic and reference model. Response of pseudoadymodel is
identical to response in Figure 3.16 but the response ofaeée model differs
significantly. The pseudo-dynamic model behaves moreestabile in reference
model there exists numerical noise and static deviation.

The static deviation illustrated in Figures 3.15 and 3.1 ba explained by
the numerical noise which appears in Figure 3.17. Numerio&e originates
from too long integrator time step. By means of these obsenathe pseudo-
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Figure 3.14. Cylinder drive. Pseudo-dynamic solving method in com-
parison with conventional method. Piston position, when time step length
At=1x 10"%s.

dynamic model can be noted to be more stable.

Figure 3.18 illustrates the increment in the error of presgu when time step
length At is varied. The error attained using pseudo-dynamic methoeases
moderately when time step length is increased. The erramati using con-
vetional Runge-Kutta method starts to increase regulathr éifne step length

is longer than 4x 10“s. This finding supports the statement above that the
numerical noise is due to integrator time step length.

In Figure 3.19 the variation of the compressible volui, with respect to the
time step length\¢ is illustrated. The aim of studying the change in compréssib
volume is to observe the conservation of fluid mass. The fliadsws calculated
using the fluid volumé’; and fluid density as follows:

my = pr. (310)

The first time derivative of fluid mass is
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Figure 3.15. Cylinder drive. Pseudo-dynamic solving method in com-
parison with conventional method. Piston position, when time step length
At=1x1073s.

iy = pVy, (3.11)

where

Vf = Qin - Qout .

The change of compressible volumé’ is achieved using Meter-in - Meter-out
method in which the difference of volume flows into and outlod tolume is
integrated (Equation 3.12). Thus, the variation of the casgible volume can
be used as a measuring instrument for mass conservation.

AV = [ (@ - Quo. (3.12)
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Figure 3.16. Cylinder drive. Pseudo-dynamic solving method in
comparison with conventional method.Ap,, when time step length
At=1x10"s.

On top of Figure 3.19 the situation where both loops of psalyd@amic solver
have the same time step length is illustrated. The volumagdhan pseudo-
dynamic method is much larger than in conventional methodewttme step
length is shorter than & 10 “ s. In longer values of time step the pseudo-
dynamic method is close to reference value and starts tmappit. The change
is of positive sign, i.e. in volume exist compression. Thenpeession is due
to greater incoming flow compare to outgoing flow. This pheanan can be
explained by the iterations that are carried out in the irlnep of pseudo-
solver. With short time step lengths due to the limited nunabé&eration rounds
the pressure is not reaching its steady-state value andntbeguwrated value is
returned to the outer loop. This causes inaccuracy to pressnd inbalance
between incoming and outgoing flows. The conventional ntettumserves the
balance until time step length is shorter than 4 x416. After this point there
starts to exist numerical noise and inbalance due to it.

As improvement to pseudo-dynamic solver the inner loop 8tap length\¢;,,.,.c.
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Figure 3.17. Cylinder drive. Pseudo-dynamic solving method in compar-
ison with conventional method. Pressure differedge, when time step
lengthAt=1x 1073s.

is increased up to 1& At. This enables the pressure to reach its steady-
state value within the limited number of iteration roundsheTower graph in
Figure 3.19 presents that the pseudo-dynamic solver cagstre balance at the
reference value through the tested time step range.

3.4 Reduced model based on singular perturbation theory

Some of the results shown in this section have previousiy lgesented in
reference [2].

This study was started by formulating a semi-empirical nhotla two-way flow
control valve [24] in MATLAB M-file. This code is used as a redace for the
pseudo-dynamic model. The two-way flow control valve stddgerepresented
in Section 3.1.3. The model is derived according to the sempirical modelling
method [22].
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Figure 3.18. Cylinder drive. Integrated absolute error of pressurgrhen

time step length is variedA?,.r = 1 x 10°s

For the differential equations of pressures &ndp,), Equation (3.6), the ef-
fective bulk modulusB. and volumes; and13) are defined. In the pseudo-
dynamic model, volumé&; is enlarged to artificial volum&. The initial values

are presented in Table 3.4.

In this study, a two-way flow control valve is modelled by ugthree different
methods. The first method (model 1) is to use the semi-enapmodel accord-
ing to reference [24] while taking the dynamic behaviourta primary volume
V7 into account. This causes numerical problems in small floidmes. The
model is expressed in Equation (3.13):
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Figure 3.19. Cylinder drive. Variation of the compressible volumé/.
Aty =1x107°s.

- Cs —p1+p2— (Cr+ Ca(ps — 1)) K

K
Csy
= K\/ps —
Q bs — 1 (3.13)
Qi = kiv/p1 — 2

. B,
P = Vl(Q - Qt) )

where(C, Cy, C3 andCs are empirical constants [23], [24)K is the variable
for the compensator throttle, including the orifice geometlischarge coeffi-
cient, spool surface area and square root of the densityl §fndisv/Pa]. &,
is the variable for the control throttle, including the aréigeometry and area,
discharge coefficient and square root of the density of oll§iPa]. p,, p; and
p are the supply, primary and secondary pressures.

The second method (model 2) is described in section 3.4.&. tAind method
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is the pseudo-dynamic solver which is implemented basedherfitst method
according to rules described in section 2.3. This methoamspared with the
semi-empirical and singular perturbation methods.

3.4.1 Singular perturbation theory in modelling two-way flow control valves

The second method (model 2) is called as the singular patiorbmethod. It
is developed from model 1 to avoid the integration of the fues in primary
volume Vi, see reference [24]. In this reference, steady-state mafdelo
orifices in series is used. It can be shown that the use of lsingerturbation
theory leads to exactly similar model. The drawback of thethnd is that this
pressure is needed in the dynamic equation for the pressmpensator. It
must then be reproduced with a static equation from the sodiog pressures
and semi-empirical flow coefficients for the pressure corsptar and control
orifice.

By applying singular perturbation theory in Equation (3,18 dynamic degree
caused by the compressibility between the pressure comafersnd control
orifice can be neglected as follows.

By expressing Equation (3.13) into the following form:

_ Cs —p1+pa— (Cr + Co(ps — 1)) K
Cs
Vi

g@l = Ky/ps —p1 — k?tvpl — P2,

K

(3.14)

and substituting new variabldsande introduced in section 2.1 such that

p1 = \ijsv (315)
and
_bs b1
€= B VB, (3.16)
Then it can be written as
p1 = WB,e. (3.17)

Then substituting Equation (3.17) into Equation (3.14)dse
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Table 3.4.Initial values of variables used in system simulation.

B. = 1x10°Pa d, = 1x10°m | C= 0.6

Vi = 1x105m3 dy = 1x10%m | p=  900kg/n?

V, = 1x10%m? dew = 5x10%m | p;= 1.02x 10f Pa

V =  10x VW K, =5x 101 % pe=  3.69x 10° Pa
Atpurer =(0.5 ... 3)x 1055 | Atiner= 10X Atpurer | ps=(100 ...200)x 1P Pa
simtime= 0.1s e = 10 Ci= 4.65x 107 /"9 L

Y%
Cp =-179x10°\/% | ¢y =20 | = 1.02x 10°PPa
oo Gt pe— (Cit Colps —p)) K

Cs (3.18)
ViVe = Ky\/ps — p1 — kiv/p1 — D2 -

According to singular perturbation theory we write Equai8.18) when lime — 0.

Consequently, the latter term in Equation (3.18) becomes

0=Kvps—p1—kiv/pr —p2. (3.19)

By taking the square on both sides of Equation (3.19) and rsplfor p; we
finally bring Equation (3.18) into the form

- Cs —p1+p2— (Cr+ Co(ps — 1)) K
Cs
K?p, +k‘t2P2
K2+ k2>

(3.20)
P =

Allthough, now one degree and a small time constant is negle¢he use of
Equilibrium (3.20) causes numerical problems when the tgif + k%) ap-
proaches zero.

The parameter values applied to this numerical example @®epted in Ta-
ble 3.4.
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3.4.2 Results: Two-way flow control valve

The following results are achieved using a constant suppdggure ofp, =
200 x 1C° Pa. The directional control valve is close@.{ = 0) momentarily
between 0.4 ...0.% simtime and opened again to create an impulse into the
system during the simulation run. As a reference the modekimulated using

a main-loop integrator time step length of>510° s (right in Figure 3.20).

Its pressure response is selected to be the reference powitich all other
responses are compared. Responses achieved using a n@integyator time
step length of 3x 10° s are illustrated in Figure 3.20. Pseudo-dynamic and
singular perturbation methods are shown on the left and-sempirical model
using different time step lengths on the right. The respsrdethe pseudo-
dynamic and singular perturbation models show identicabatin behaviour,
while in the response of the semi-empirical model 1 physisaillation occurs
due to the dynamics of the small volurite The oscillations are apparent also in
reference response but on the different magnitude. Thedmxy of oscillations

is different i.e. more numerical noise is involved to reswhen longer time step
length is used.

The following results were achieved using a main-loop irdégy time step length
of 2 x 10° s. The stepwise supply pressuref= 100... 200 x 10° Pa
(Figure 3.21) is used to create an impulse in the system.

Responses of the three compared pairs are illustrated imd=g)@2. The re-
sponse of pseudo-dynamic model is stable and shows onlyratehm peaks
in the impulse point. In the response of model 1, physicalllaon occurs
due to the dynamics of the small voluri@. It also does not react properly to
the impulse. The singularly perturbed model is highly ublgtand its response
shows long-term although damping noise after the impulsetpd his can be
seen from Figure 3.23

In Figure 3.24 the variation of the compressible voluixg is illustrated. The
change in volumé/; is calculated similarly than in Section 3.3.1 is described
(see Equation 3.12).

On top of Figure 3.24 in the response of the pseudo-dynaniersthere is

a high peak in volume change at the impulse point. The regpdesreases
close to zero quite rapidly and oscillates slightly. Aftee hext impulse point
at which the directional control valve is close@.(, = 0) the response takes
constant positive value after minor oscillation. This isda that the output is
more resistive. The response of singular perturbation atehows constant
zero. This is due to the fact that in this method the incoming autgoing
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Figure 3.20. Two-way flow control valve. Comparison of responses of
pressurep; attained by three alternative methods to reference response.
At,ep =5x 10°s.

flows are set to equal. |.e unfortunately the method is notparable with this
measure.

The lower graph in Figure 3.24 shows that the responses ofesmpirical model
oscillate in a damping manner after the impulse which theysapposed to since
the physical volume is taken into account in this method. difierent amplitude
originates from the different time step length.
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Figure 3.21. Two-way flow control valve. Stepwise supply pressure.
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Figure 3.24. Two-way flow control valve. Stepwise supply pressure.
Variation of the compressible volum®V;. At,.; =5 x 106 s.



CHAPTER 4
Conclusions

A numerically efficient, physically justified two-regimeifice model was pro-
posed. The laminar and transition regions in the orifice magee described
by a cubic spline function that gives a continuous first dgve of flow with
respect to the pressure drop. The conventional turbuléiteomodel was used
to describe the turbulent region.

The model can be used in the semi-empirical modelling of fhader compo-
nents because it does not necessarily require any geoaietficrmation about
the orifice type. If physically adequate values for boundamgssure drops are
desired, the equation for the Reynolds number can be usettidating them. In
that case, the transition value for the Reynolds number aatutibulent region
value for the discharge coefficient must be used. It was shbainthe model
gives quite an accurate approximation of the dischargdicueit as a function
of the square root of the Reynolds number. Steady-statemesp®f the volume
flow and the first derivative of it with respect to the pressinagp were illustrated
together with two alternative two-regime orifice models.

The dependency of the calculation error on the integratoe tstep and the
selected boundary pressure drop was also investigatedraylading a simple
hydraulic circuit. A physically justified transition prase drop was used in
simulation of the reference response. Integrated errore Wastrated for the
proposed model and also for the alternative models. Thevimiraof these
alternative models does not differ widely from the proposeztiel. However,
they require geometrical data of the orifice which is unaekin semi-empirical
modelling of fluid power circuits.

61
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The proposed two-regime orifice flow model was used also instimeilation

of a practical fluid power circuit. It was shown that the tvemime model
provides better integrator stability than the conventidnebulent model since
larger integration time steps can be used. Also numericeenapparent in
responses calculated using the pure turbulent orifice naidelot occur. It was
shown that the proposed two-regime orifice flow descriptsomore suitable for
dynamic simulation.

A pseudo-dynamic solver for small volumes in fluid power egstsimulation
was proposed. The pressures in small volumes were caldudatendividual

steady-state solutions at each time step of the actualrstiiae solves the dy-
namics of a complete circuit. Two different numerical exsspf fluid power
systems were studied: a cylinder drive and a fluid power ttiwith a two-way

flow control valve.

In the case of the cylinder drive circuit, the pseudo-dyrambdel provided
better integrator stability since larger integration tisbeps can be used. Also the
numerical noise apparent in the responses of a referencel wanal be avoided.
The reference response was obtained by using the convehfiourth order
Runge-Kutta integration routine with sufficiently shortgtation time step. The
dependency of the accuracy on the integrator time stepustriited in compar-
ison to the conventional method. Also the dependency of m@sservation on
the time step length was illustrated.

A two-way flow control valve was taken as an example to dematstihe ef-
fectiviness of the pseudo-dynamic approach in finding atewidor the circuit
with a small volume. The dynamics of a simple circuit inchglithe two-
way flow control valve was modelled and solved by applying¢halternative
methods. The pseudo-dynamic solver was compared to theedduodel by
using singular perturbation theory and also to the semikeécapmethod which
takes the physical small volume into account. This modelwsasl also to attain
the reference response by using sufficiently short timelstegih. The responses
of pressure in the small primary volume of the valve werestliated. The mass
conservation in different models was illustrated.

It was shown that the proposed pseudo-dynamic solving mdethsuitable for
the dynamic simulation of fluid power systems. The pseudwadyc model
provides better integrator stability since larger intéigratime steps and more
driving input signal can be used. Also the numerical noiggaggnt in the re-
sponses calculated by using alternative reduced simalatadel can be avoided.

The stability of the numerical integration can be provedheatatically when
using A- and L-stable implicit methods. In the pseudo-dynamic methodk it
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not possible to prove the stability mathematically. Howgetlee results show
clearly that the stability of an explicit Runge-Kutta methcah significantly
be improved with the proposed method. As stated beforejaiixplethods are
numerically efficient, and thus the proposed method is g¥e@articularly in

real-time application.

The novelty of this thesis can be summarised simply as fallofvtwo-regime
flow model for orifice was proposed in a form suitable for semipirical mod-
els. The pseudo-dynamic method for solving pressures irfl smlaimes in
steady-state was extended such that it could be used in dggmammulation. In
addition, a comparison of alternative methods for solvimgstiffness problems
of ODEs in fluid power circuit simulation was made.
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4 Conclusions
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