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Abstract
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n this study the feasibility of two mathematical models of the dynamics of a hydraulic bypass
Ivalve used on semi-active suspension systems for heavy vehiclesis investigated. It is envisaged
that similar models will eventually be incorporated into a full vehicle, three dimensional
simulation study. The valve system contains an electro-hydraulic pilot valve circuit, a logic
element, a damper and four check valves in a rectifier configuration.

Models were compiled from first principles in the MATLAB environment and with the
commercial fluid power simulation software, AMESim. The numerical methods used in the
MATLAB model were found to be incapable of solving the stiff, nonlinear and discontinuous
governing equations efficiently, while AMESim is very capable ofhandling detailed and complex
fluid power models.

Experimental work was conducted to determine certain steady state model parameters and to
obtain dynamic performance data with which to validate model integrity.

Several external factors influenced the valve behaviour during experiments making data extraction
challenging. Simple first order assumptions accounting for the extemal influences on the valve
therefore had to be included in the models. If this is done the basic dynamic behaviour of the valve
system is matched well by the models. In general, the number of unknown parameters associated
with fluid power systems accounted for the largest portion of the error between the simulated and
measured response.

The model as developed proved the pB_Ssibility of creating highly accurate models but also
indicated the amount of effort needed for their compilation.
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Neil Janse van Rensburg
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van ‘n hidrouliese verbyvioeiklep wat op semi-aktiewe suspensie gebruik word, ondersoek.
Dit word voorsien dat soortgelyke modelle mettertyd in vol-voertuig, driedimensionele
voertuigsimulasiestudies gebruik sal word. Die klepstelsel bestaan uit ‘n elektro-hidrouliese
beheerklep, ‘nlogiese element, ‘n demperen vier eenrigtingkleppe in ‘n gelykrigterkonfigurasie.

In hierdie studie word die lewensvatbaarheid van twee wiskundige modelle van die dinamika

Modelle is uit eerste beginsels in die MATLAB omgewing opgeste! en met die kommersiéle
vloeier-drywing simulasiepakket AMESim. Daar is gevind dat die numeriese metodes wat in
MATLAB gebruik is, nie geskik is om die stywe, nie-lineére, diskontinue stelsel vergelykings
op te los nie. Daarenteen is AMESim by uitstek geskik om gedetaileerde en komplekse
hidrouliese stelsels te modelleer.

Eksperimentele werk is uitgevoer om sekere gestadige toestand modelparameters te vind.
Dinamiese metings is ook uitgevoer om die model se dinamiese gedrag teen te korreleer.

Verskeie eksterne faktore het die klepstelsel se dinamiese gedrag tydens eksperimentele werk
beinvioed, wat sodoende die verwerking van data bemoeilik het. Eenvoudige eerste-orde
aannames moes daarvoor in die modelle gemaak word. As dit gedoen word, word die basiese

dinamiese gedrag van die klepstelsel goed gemodelleer. In die algemeen kan daar gesé word

dat die hoeveelheid onbekende model parameters die grootste deel van die foutterm uitmaak.

Die model soos ontwikkel, bewys die moontlikheid vir die ontwikkeling van hoogs akkurate
modelle, maar dui ook die hoeveelheid arbeid nodig vir die osptel daarvan aan.



“ Amanity s deepest desire for knowledge is justification enough for our continuing ques't.
And our goal is nothing less than a complete description of the universe we live in.”

Stephen W. Hawking
A brief history of time

Fluid power has come a long way. Archimedes started this revolution on earth in the third century
BC by observing how forces are transmitted through a fluid. Thousands of years later, Pascal stated
‘the fundamental law of hydrostatics in 1648. He worked on the design of a machine used for force
amplification, but only in 1795 did Bramah patent a hydraulic press. Many regard Bramah as the
founder of fluid power technology, although a key component of his press was a self-sealing gland
devised by Maudsley. In 1851, a weight loaded accumulator was devised by W Armstrong, Later
mineral oil replaced water as hydraulic power transmission fluid and the fluid power industry was
born. [Burrows 1994] Today, Fluid power technology boasts with some of the highest energy density
forms of power transmission. Active accumulators can be used to reduce high frequency pulsations
(0.5-1kHz) causing noise and vibration [ Yokota 1996]. Actuators can be positioned within pm with
forces difficult to control with any other technology. Active suspension systems are implemented on
a number of machines including our first supersonic car and in the foundations of the Eiffel Tower
to compensate for subsidence [Burrows 1996].
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1 Introduction

Modern military forces demand ever increasing mobility and ride comfort of their vehicles.
L This is essential to ensure a fast acting military force with battle ready soldiers and
equipment arriving at their destination. Advanced suspension systems, including semi-active,
active and hydropneumatic suspension systems are increasingly being considered to address this
need. This technology also lends itself to commercial implementation, giving the possibility of
commercial return on investment. The aim of this study is to provide improved modelling of a
specific hydraulic valve used on a current semi-active suspension system developed in South-
Africa by Ermetek funded by Armscor and in Brtain by Horstman Defence Systems Limited. The
valve in question (or parts thereof) has potential for use in future hydropneumatic systems
currently under research or may serve as the basis for future developments [Els & Giliomee 1998].

In this chapter a brief discussion of advanced suspension systems is given. From this, the need for
this study is defined and the methodology explained. The physical detail of the system investigated
is shown under the heading ‘System physical layout and operation’. Chapter 2 deals with fluid
power simulation methods and some of the relevant mathematics.

1.1  Advanced suspension systems

Conventional passive suspension systems consist of a spring and damper connecting the sprung
and unsprung mass (body and wheels) of a vehicle. The damper has a set characteristic and can
only dissipate energy in the form of heat. There are several disadvantages to this system including
the well-known trade off between ride (comfort) and handling (directional control) . The aim of
advanced suspension systems is to improve on passive systems by altering suspension properties
according to the prevailing driving and road conditions. This is usually done by an on-board
computer or other control system. In what probably represents the best option in terms of
performance, active suspension replaces the passive spring and damper with a hydraulic cylinder
activated by a control valve and driven by a hydraulic pump mounted on the engine. This system
is capable of rernovmg and, opposed to passive systems, also inserting energy into the suspension
(at the cost of substantial demands on engine power and added complexity). Active suspension
can provide such great improvements in suspension performance that it is used in the world’sfirst
supersonic car (named the Thrust SSC) and its use in Formula 1 racing was banned to increase
competitiveness [Miller 1988]. A semi-active suspension, in simple terms, uses a conventional
passive damper fitted with a bypass valve. When activated, this bypass valve connects the top and
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bottom chamber of the damper (high and low pressure chambers) with a low flow-resistance
valve, thereby substantially reducing the damper force. Although energy can still only be
dissipated by the damper, this setup can lead to improving the compromise mentioned between
handling, ride comfort and the additional energy requirements of active suspension [Nell & Els
1994][Nell & 'Stéyn 1_994]'. Another possible contender in the future is the use of
electrorheological fluid in dampers, where a fluid’s properties can be changed by the application
ofan elle"ctroma_gnet'ic field [Pinkos et al 1993][Petek etal 1995)[Higele et al 1'990]; Some design
and performance problems currently still hamper wide spread commercial use thereof,
Hydropneumatic suspension is a further expansion of the idea to have switchable suspension
characteristics. Here the damping and stiffness of the system can be adjusted. The damper and
spring of passive systems are replaced with a hydraulic strut (cylinder) connected to two gas-
charged accumulators. These accumulators provide stiffness (to support the body mass) and
damping is provided by an orifice in the piping system. In order to change the stiffness, one ofthe
accumulators can be shut off with a valve and reduced damping can be achieved by bypassing the
orifice with another valve. Such a system provides many possibilities with an acceptable power
input requirement [Giliomee & Els 1998]. (The power input is the energy needed by the system
to change it’s properties, i.e. switch the control valves. This should be as low as possible.)

1.2 Origin, Need and Aim

Semi-active suspension systems have been developed worldwide for many years. In South Affrica
the company Reumech Ermetek started with development in 1990. To date, four military vehicles
have been fitted with working semi-active suspension:

. “Mingwe” 4x4 Armoured personnel carrier (12t - Linear Dampers)
. “Ratel” 6x6 Armoured personnel carrier (17t - Linear Dampers)
. “G6” 155mm 6x6 Self propelled gun (46t - Rotary dampers)

. “Qlifant” 1B Tracked main battle tank (50t - Linear Dampers)

These vehicles show marked improvement in ride quality (between 4% and 48% - based on the
vibration dose value or VDV [BS-6841 1987]). Developments in hardware and control strategies
has also been made [Els & Giliomee 1998]. All the Ermetek semi-active systems use the same
valve configuration developed by Nell (1993) to bypass the damper flow.

Currently research is being done on a hydropneumatic system. Availablity, reliability and funding
prompted the use of the mentioned existing valve in the hydropneumatic system. It is therefore
well worth while to fully understand the valve’s operation and to obtain design tools to optimize
this valve system.

In both semi-active and hydropneumatic suspensions the response time of the valve (i.e. time

=
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taken to open or close) is very important. This determines how quickly a system is capable of
reacting to road inputs and changing driving conditions, since the electronic control system can
be made to have a much quicker response than any mechanical system. The ideal valve response
time depends on many factors for instance the vehicle’s body weight and the control objective in
mind. Many references ‘rega:ding_ the influence of valve response time can be found in the
literature. [Nutson 1991] [Els & Holman 1999] [Nell 1993] [Miller 198 8] [Tsutsumi et al 1990]
[Lemme & Furrer 1990] [Hagele et al 1990] [Guy et al 1988] [Els & Giliomee 1998] [Nell &
Steyn 1994]

It is important to establish convention conceming valve response time. In most cases where the
valve is part of a damper system, the time taken from the valve actuation signal to a 95%
reduction or increase in damper force is taken as the final delay time. During this change a short
period exists after triggering the actuation signal during which the damper force does not change.
This is mainly due to electro-magnetic transients in the solenoid and is measured by taking the
time for the damper system to achieve a 5% change in damper force. In this study, the damper
force is not a suitable trend for calculating time delay, and two other characteristics are used for
determination of the valve time delay. These are the pressure drop across the valve and the
displacement of the main valve poppet (where available).

From the literature it was found that typical valves have a delay time of anything between 4 and
400ms. Thisresponse time of the valve is determined by a multitude of parameters. These include
the physical layout, the electrical coil driving signal, the valve state before switching and the
hydraulic pressure in the system. The hydraulic pressure is a function of the terrain being crossed,
since itis proportional to the damper force induced by the damper compression or rebound speed.
(Simply referred to as damper speed.) From literature it is seen that this important fact is generally
ignored in studies on suspension systems and very simple constant time delay trends or
instantaneous damper characteristic changeovers substitute proper valve models in simulations.
Furthermore, simulations are usually conducted with quarter-car linearised models which is a
severe simplification of reality. The research at Ermetek included full vehicle, three dimensional,
fully non-linear models. With this class of model itis clear that the effect of varying valve response
times and proper prediction thereof become a necessary, logic and valuable extension in the
endeavour to improve modelling and development capabilities.

The aim of this study is to investigate the feasibility of predicting valve response times, using a
dynamic mathematical valve model, verified against experimental data. The mathematical model
is intended to allow refinement of current and future suspension system simulation and
development work should the valve model prove accurate.




1.3  Methodology

General background on suspension systems was obtained from consultations with Els, Giliomee,
Nell and Steyn on previous work conducted. A literature study was conducted on the broader
field of hydraulics and the modelling of hydraulic circuits. Two suitable modelling environments
were selected t0 create mathematical models in (MATLAB and AMESim as final choice_s -refer
to par_agrai)h 1.4) The general modelling of hydraulics was investigated with simple models
constructed on MATLARB and AMESim to establish the technique and confidence in the methods
used. '

Experimental work was conducted to acquire physical constants used in the models and to obtain
dynamic performance data with which to compare the MATLAB and AMESim models. For this
purpose a hydraulic test bench at the University of Pretoria was repaired and upgraded. (Test
bench capability: 90 LPM at 300 Bar)

The governing equations for the valve system in question were deducted in a Newtonian form (to
allow for possible sensitivity studies). These stiff, nonlinear and discontinuous differential
equations were programmed in several MATLAB models with varying levels of assumptions and
model complexity. Similar models of varying complexity were programmed in AMESim.

The model  MATLAB and AMESim) efficiency and suitability for future use were evaluated on
the basis of sensitivity to parameters, complexity required, numerical stability, solving efficiency
and the skills and knowledge level required for the creation thereof. The effort and time required
to create practical models was also discussed.

Finally, suggestions are made for future research and work necessary to refine the results of this
study.

1.4 Solver environment choice

Several integrator schemes were investigated for use. Since the final model is intended to be
incorporated into a DADS full vehicle model (3D), it makes sense to use the available DADS
hydraulic components. Although the most current version of DADS was not available at the time
of investigation, it was found to be totally insufficient for the problem at hand, both in terms of
solver efficiency and possible model complexity.
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The DADS ability to interface with external software was also investigated, but this results in a
dynamics system solver left to solve fluid power equations, and is a situation generally avoided
by simulation experts.

Fortran and MATLAB are predominantly scientific oriented programming languages with
‘advanced built-in mathematical capabilities. These features drastically reduce the amount of work
required to construct a new model. MATLAB was selected for the creation of a first principles
model becai.lsc of several advantages:

. MATLAB is readily available and widely used in the engineering community.
. DADS is able to interface with MATLAB (Should the full vehicle model realise).
. MATILARB has several solver algorithms preprogrammed, tested and built in, with some

of them specifically developed for stiff systems.
. SIMULINK is a powerful non-linear modeling environment and graphical interface for

MATLAB that was evaluated and used to construct several test-models (also in {Book

& Goering 1996]). SIMULINK proved to be too slow for use in complicated models.
After initial trials (refer to paragraph 2.4.3) the MATLAB solvers seemed adequate for the type
of problem at hand. With the knowledge gained in this study, MATLAB proved too inefficient
for the complexity required from the models. This observation refers to the pre-programmed
solver algorithms, With a custom designed and optimized solver, the model should pose no
problem. The development of a custom solver was deemed to be a substantial additional task
falling outside the scope of this study.

Several commercial simulation packages have been developed internationally specifically for the
fluid power industry. A complete and updated list of such programs (24 names to date) are
obtainable from http://matwww.ee.tut.fi/~piche/fluidpower/softwarelist.html. From literature
obtained, Bathfp and AMESim seem to be two market leaders. With kind permission from the
AMESim developers a fully functional evaluation license was obtained for use by the University
of Pretoria.

AMESim (Adaptive Modeling Environment for SIMulation) is an user friendly simulation
program that can be used to model (mainly) complex hydraulic systems. AMESim has been under
development since 1986 (over 150 man-years of experience involved) and has been used on more
than 300 industrial and military projects to date. Several world leaders in the hydraulic simulation
field are employed at Imagine. (Imagine is a software developer of French origin with its head-
office inRoanne, France and offices around the world - See http://www.amesim.com) [AMESim
1998(b)]. Since AMESim provides an easy and fast user interface only requiring the dragging and
dropping of fluid power icons to create a model with substantial detail, it was considered to be
an appropriate verification tool and simulation environment for future work. The models
developed in MATLAB and AMESim are discussed in chapter 3.




6

1.5  System physical layout and operation

The system layout and operation is discussed to establish terms and definitions. Effort is made to
keep the terms and units consistent throughout the study as far as is practical. This section
contains a detailed explanation of the system and the operation thereof. For the reader familiar
with hydraulic components and their operatidﬁ, paragraph 1.5.3 is not essential.

1.5.1 Terms used

The term valve system will be used to describe all the components assembled in a single package
and in the configuration as used on the vehicle. This consists of a logic element (LC 25), a
solenoid pilot valve (WSE 3D), four check valves (CP108) and a combination of valve blocks (or
manifold blocks). The valve blocks consist of aluminium or steel blocks machined with connecting
ports, cavities for the valves, drillings and plugs to connect the cavities and ports. Three valve

blocks are relevant to this study. The original vehicle mounted valve system consists of an
aluminium block housing the logic element and check valves. Another aluminium block houses
the solenoid pilot valve. The two blocks are bolted together and a seal is obtained with “0”-rings.
(These two blocks are shown in photograph 4) For the purpose of this study a replacement steel
block (designated manifold CSS) is used which houses the solenoid valve and a displacement
transducer to measure the logic element movement (Visible in photograph 6, with detailed
drawings in annexure A4.3). Another component used is the damper pack. This refers to damping
valves, obtained from a damper of the type for which the valve system was developed, fitted in
a steel cylinder with hydraulic connection ports. It’s use will be explained in chapter 4 (visible in
photograph 5).




1.5.2 Layout

The system layout is given schematically in figure 1.1. All port names used throughout the rest
of this study refer to figure 1.1. When the damper rotates (in the case of the rotary damper) a
pressure is set up in one chamber and oil is passed to the other by the damper valves thus creating

‘a speed dependant force in the damper. As explained, the purpose of the bypass valve is to allow
oil fo flow between these two chambers with a low flow resistance, thereby reducing the force
created by the damper. The oil flow generated between these two chambers can be very high
(Approximately 1000 LPM in extreme cases for the rotary damper). In order to effectively (in
terms of energy requirements and component sizes) switch this large flow rate, atwo stage system
isneeded. This entails a small solenoid pilot valve that uses some of the hydraulic energy available

b

to actuate a large control valve (Logic element).

Selenoid Confrol Valve WSE3 | p

SralE | }
T\‘Q T /W

X Y

Fratection
Rotary Damper )(Driﬁce for )( :cEil ‘i

WSE3

Lagic
Element
LC 25

Damping
Yalve

wmm Damper Bypass Flow CP148 Check Valve B

= Controd Cireuil Flow

Figure 1.1 System layout and master port name reference




1.5.3 Components |
Individual components will be described before an explanation of the system operation is given
in paragraph 1.5.4.

Logic elements are devices used to switch large flow rates. Most designs only have a open or
closed state and therefore the o '
name logic element derived

from binary logic (1 or 0 for
‘on’ or ‘off’). The valve

contains a poppet controlled

by externally applied
hydraulic pressure. With

hydraulic pressure applied to
port X (poppet chamber,
referred to as port X by the
manufacturer in figure 1.2
and as port P in this study),
the poppet is in the closed
position and flow cannot
pass from port A to B or
vice versa (figure 1.2).

Similarly, with the control

pressure relieved, the poppet
is free to move and flow can

AT 7% (50 %)

pass freely between ports A __ _

and B. The poppet used in |{{# Valve poppst 7

this study has a diameter of éﬁ}i Sae clemen...

Closing spring

(8) Cormglcover . .. NS m”mﬁ)

poppet travel of 8mm. Note |00 =i g KRR S Ax L
the spring acting to close the Figure 1.2 Cutaway look of the LC25 logic element

25mm and a maximum

poppet assisting any pressure

in the poppet ciamber [Catalog (b)]. Forces acting on the poppet result from the control pressure
P and spring acting to close the poppet. Both pressures A and B act on their respective areas to
open the poppet and contribute a drag force on the poppet related to the flowrate (referred to as
flowforce). Different poppet types are available with different area ratios (A,:Ag). Special logic
elements with damping noses and orifices are used to perform specific tasks like pressure or flow
regulation, The Rexroth logic element trainer [Schmitt & Lang 1998] gives a detailed description
on the operation and use of logic elements in hydraulic circuits. A simple equation can be used
to calculate the external forces acting on the logic element in steady state:
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(eql.1) P,-A, +P;-Ap =P, -A +SpringForce + FlowForce

(Px from figure 1.2 is equivalent to Pp in this study)

The solenoid pilot valve (figure 1.3 and 1.4)' is used to control the pressure at port P (the
pressure in the logic element poppet chamber). An electric signal (24 V, 1.1 A)is used to toggle
a solenoid that forces a ball poppet onto its seat thereby halting oil flow from port X to P (figure
1.4) and allowing flow from port P to Y. With no electrical signal applied, oil is free to flow from
port X to P. [Catalog (c)] This valve has a small flow rating (12 LPM) and is protected by lmm
orifices in the X and Y lines in order to limit the maximum flowrate through the valve. The need
for these orifices (as prescribed by the catalog) is, however, debatable. A WSE3 valve was
opened to examine the operation thereof and to measure some physical parameters. Notice the
pressure compensating chamber that applies pressure Px from both sides on the poppet in order
to reduce the maximum solenoid force needed.

Solenoid

—

) f

il
o VQ%ZZT 3

d

L

LLLLLL S

d
]/A//

Xﬁ P@ @Y

Zr

Figure 1.3 Pilot valve schematic Figure 1.4 Pilot valve schematic layout used
(Component description below) for deduction of the governing equations

Components in figure 1.3:
1 - Solenoid coil
2 -~ Solenoid armature

o

e




10

3 - Solenoid valve housing

4 - Pressure compensating piston
5 - Pressure compensating bore

6 - Closing element

7 - Spring -

8 - Electrical plug

9 - Hand emergéncy button

When the valve system is used in the semi-active system configuration, the damper creates a
alternating pressure at the valve system ports, depending on the damper travel direction. Because
this altemating pressure cannot be used in the control circuit it must be rectified in the same way
alternating current electricity is rectified to direct current. This is done with a bridge rectifier made
up of four check valves [Catalog (a)). To simplify installation, two types of check valves are used
which allows flow in opposite directions (CP 108-1 and CP108-2). The check valves can be
represented schematically as in figure 1.7.

Figure 1.5 CP108-1 Check valve cutaway view

Figure 1.6 CP108-2 Check valve cutaway view
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CP108-2

——
__—....]
CP108-1

Note: Physical layout only related to the CP108-1

Figure 1.7 Schematic layout of the CP108 check
valves. (arrows indicate function only)

1.5.4 System operation

Refer to figure 1.1 for the system layout. The pilot valve switches the pressure in the logic
element control chamber to a high or low pressure. This allows the logic element state (open or
closed) to alter. The high and low pressure supply needed by the pilot valve is taken from the
damper chambers. The rectifier circuit containing the four check valves ensures that the
alternating damper chamber pressures are separated into high and low pressure sources for use
in the control circuit.

A problem with two stage hydraulic circuits in suspension systems, such as the one described in
this study, is that the pressure differential across the damper valves drops to zero as the damper
speed reaches zero. This leaves the pilot control circuit inoperable. [Nutston 1991] This fact has
to be taken into consideration when future design attempts are to be made.




12

1.6 The following chapters

~ The chapter layout of the dissertation is as follows:
In chapter 2 a literature survey and a brtef overview of the mathematics involved in simulating
fluid power systems are given. A simple test case is established and evaluated.

In chapter 3 the AMESim and MATLAB mode] development procedure are presented. The
governing equations used in the MATLAB model and AMESim model layout figures are
presented. A sensitivity analysis on the AMESim model gives insight into the accuracy required
of model parameters.

B

Chapter 4 deals with the experimental work conducted and gives a short discussion on some

results.

In chapter 5 the experimental and AMESim results are superimposed and evaluated. This is
discussed and analysed before a conclusion is drawn in chapter 6. Annexure 5.1 indicates the
MATLAB model success.




2 Literature Study

I_n this chapter background is given on modern vehicle suspension system valve requirements.
Trends, problems, methods and software of the fluid power simulation industry are surveyed
and some of the mathematical theory underlying this field is discussed. Detailed descriptions of
the models developed in this study are given in chapter 3.

2.1 Fast valves

Many requirements are set for valves used on semi-active and hydropneumatic suspension
systems. Since the models investigated in this study are intended for use in the development of
such valves, a clear description of the requirements placed on these valves is necessary. These
valves are generally required to switch large flow rates very rapidly. Further requirements
according to Nutston (1991) are:

. Valves used on suspension systems must be much cheaper than industrial equivalents

. High-volume production must be possible

. Power consumption must be kept low (typically below 12 watts)

. Very high reliability (99.99%) is required

. Durability must approach 107 cycles for use in the vehicle environment

The following can also be added:

. Easy maintenance and/or easy replaceability

. For semi-active systems zero leakage is not necessary

. Valve size and weight should be kept as low as possible - a small size facilitates various
mounting options

. As low as possible flow restrictions in the open position are desired _

. The effects suspension shock loads and therefore hydraulic shocks should be considered

. The failure mode for the shock absorber assembly should be the hard damper mode (i.e.

bypass valve closed).

All the above requirements are, however, overshadowed by the dynamic response requirement.
The exact requirement is dependent on the control strategy used, but in general it could be said
that instantaneous valves would be ideal. It is much simpler to limit the switching times with a
_ control system, than to be limited by the physical setup. The dynamic response requirements are
summarized as follows: [Nutston 1991]
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Suspension type Required response
Discrete seiécﬁable 200-500 ms step response
Semi-active | 2-10 ms step response
Fully active ' -3db@ 120 Hz

Flow rates through the valve depend on the size of the damper and therefore the size (weight) of
the vehicle. The range of required flows could vary between a low 12 and a very large 1000 LPM.
(Flow rates larger than 80 LPM can be considered as too large for most direct acting valves.)
Since very large electrical signals would be required to switch such large flow rates directly, a
popular system is the use of a double acting system (i.e. small pilot valve controlling the main flow
control valve). With this system, some of the available hydraulic power is scavenged and used to
amplify the low energy electrical signal. The additional pilot system extends the time delay
(response time) and increases the cost and risk of failure of the system.

These dynamic requirements could easily be met with servo valves (proportionally actuated spool
with feedback control) but they are far too expensive and bulky for use in automobile suspension
applications. Several fast-acting valves have been developed. In most cases, however, only very
small flow rates are switchable and the valves are complex, bulky and expensive. The current
trend towards Pulse Width Modulation (PWM) control in hydraulics also lends it to the
development of very fast valves. It should be remembered that in conventional hydraulic
application (cranes, earth moving equipment, etc) very short (10ms) valve response times are
generally not required. Most of the development work in conventional hydraulics has been
towards the maximum transferable power [Burrows 1994][Burrows1996][Tanaka 1994] and iri
the cases where the system dynamic performance is of importance, servo valves meet the
requirements.

Some research has been done to create fast acting valves. These valves are experimental and most
of them are delicate, bulky and expensive and not intended for use on suspension systems. It is,
however, clear that very fast-acting valves could be a possibility in the near future: From [Cui et
al 1991][Sato & Tanaka 1993] and [Tanaka 1994] the following table can be compiled to
illustrate the development history of fast acting valves:

Year Flowrate Response Time Developer
1972 <4LPM 1 ms Hesse, Moller
1976 | 10 LPM Cut off @ 50 Hz El Ibiary et al
1978 |26 LPM 1.6 ms Mansfield, Tersteegen
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1980 [9LPM 3 ms Engelsdorf

1980 8 LPM 3.5ms Tanaka

1988 | 8 LPM 2 ms S Tanaka

1988 | 8.5 LPM >3ms . " |Luoetal

1988 | 6 LPM <1ms Unknown

1991 18 LPM 2-3 ms Cui, Burton, Ukrainetz
1993 80 LPM 100 ms Tanaka, Sato |

In the case of electrohydraulic valves both the electromagnetic circuit and the hydraulic circuit
determine the valve’s time delay. Typical solenoids include a high permeability ferromagnetic
material inside a coil. When energised, the number of ampere-turns and reluctance of the coil
determine the flux generated. The resulting solenoid force is proportional to the flux generated
across the air gap in the magnetic circuit. The maximum rate of change of the force is governed
by the inductance of the coil and therefore also on the electronic driving circuit design. [Nutston
1991][Nowici & Oliveto 1994] Various other factors influence the overall performance, especially
the use of pressure compensating chambers in the valve design.

The Finite Element Method (FEM) is used if detail analysis is required of high performance
solenoid magnetic circuits. This indicates the complexity of solenoid design and analysis. The
driver circuit (or absence thereof) used to energize the coil can greatly affect the overall valve
performance and several sources indicate the gains achieved by such circuits. (Typical example:
30 ms reduced to 10 ms) [Tanaka 1994])[Chimielwski et al 1994)

2.2  Hydraulic simulation overview

Fluid power stmulation is fraught with problems. Most literature sources make reference to some
of the challenges posed by fluid power simulation. The following list obtained from literature
serves as a summary of these problems and the work conducted globally:

2.2.1 On an international basis, fluid power simulation is a competitive business because of the
high level of research and investment required. Companies and institutions guard their
simulation methods and techniques. Most literature only state the existence of a problem
and the success of the solution investigated, but hardly ever will the exact solution,
equation or algorithm be given,
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Hydraulic systems generally consist of large oil volumes in the connecting pipes and
relatively small oil volumes in the control valves and other components. These highly
different sized fluid volumes in any hydraulic system give rise to a “stiff” numerical
problem. This creates a host of complications for the numerical methods used and i is
probably the b1ggest problem in solving fluid power systems. The small volumes have a
very fast time constant compared to the larger volumes. This causes an undesirable high
frequency component in the solution that greatly affects the solver efficiency and stability.
[Piche & Ellman 1994][Ellman & Vileniis 1990][Tilley & Burrows 1995][Krus internet
(b)][Jansson internet (c)][Richards 1998] Refer to paragraph 2.4.1 for a discussion on
integrator algorithms. One of the selling points of commercial software is their ability to
deal with numerical stiftness.

The stiffness of a model can be reduced by replacing the small (and generally insignificant)
fluid volumes with incompressible ones. This adds differential algebraic equations (DAE’s)
to the set of differential equations (DEQ’s) which necessitate the use of specialized
solving techniques and causes further numerical problems. [Ellman & Vilenius
1990][Richards 1998]

Fluid power phenomena are highly nonlinear, placing a further strain on the numerical
method used. Some parameters generally have to be obtained from a lookup table, or
empirical equation, thus complicating the model (and adding inaccuracies to the model).

Many discontinuities arise. Typical examples include electrical signals, masses with bump
stops (end stops) and flow rates.[Ellman & Vilenius 1990][Jansson et al. n.d.]
Discontinuities can adversely affect most numerical methods unless special precautions
are taken. This requires customised algorithms. The MATLAB solver used in this study
makes provision for such discontinuities. (Discussed in paragraph 3.2)

The well-known orifice flow equation (eq 2.1) used in fluid flow calculations has its own
problem. Singularities arise in the Jacobian matrix of the integration algorithm when zero
flow is reached. This can be solved by altering the equation slightly. A detailed discussion
follows in paragraph 2.4.2 [Piche & Ellman 1994]

There are many parameters in the model for which values have to be found from the
physical system. Often the physical system cannot be opened to measure these
quantities.[Handroos & Vilenius 1991] Some parameters are very difficult to obtain (like
fluid bulk modulus, viscous damping on masses or oil air content). [Tilley & Burrows
1995][Xue & Watton 1995][Viersema n.d.]J[Mock 1981][Book & Goering
1996][Richards 1998][AMESim 1998 (c)] Techniques developed to overcome this
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probleminclude nonlinear empirical models with parameters identified from measured data
[Handroos & Vilenius 1991][Vilenius & Simpura n.d.] and dimension less forms of data.
[Kruisbrink 1998] The experimental work necessary to obtain any of the parameters is
tedious and complicated (chapter 4).

For some phenbmena like flow forces (Bemo_ulii forces) [Ellman & Vilenius 1990],

© cavitation [Burrows et al 1992][Richards 1998][AMESim 1998 (c)], pipe friction, pipe
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elasticity [Tilley & Burrows 1995] and shock waves [AMESim 1998 (c)] proper models

- are complex and difficult to implement, do not exist or are rough approximations. Long

pipe runs with wave, friction and momentum phenomena require partial differential
equations (PDE’S) for which special care must be taken if they are to be included in the
system of differential equations. One dimensional finite element models are often used to
model long pipes instead of simple lumped pipe models. [Tilley & Burrows 1995][Lida
et al 1992][Jansson et al. n.d. JJAMESim 1998 (c)]

Thermal effects are important in many hydraulic systems, but are rarely modelled.

Real fluids are condition dependant. The bulk modulus, viscosity, etc. changes with
pressure and temperature [Richards 1998]. This is ignored in most simulations.

There are a vast number of different component suppliers across the globe. All of them
have their own unique components and product ranges. This causes models to be very
application specific and a massive component model library is needed for commercial
simulation software. [Watton & Xue 1994] [Handroos & Vilenius 1991][Tilley &
Burrows 1995] A basic set of sub-models can be used efficiently to model any larger
system, although this leaves one with unknown model parameters. [Lebrun & Richards
1998] Many hydraulic systems are once-off projects that require unique models at a
reasonable cost and effort [Tilley & Burrows 1995].

Hydraulic circuits can have a number of layouts that will fulfill its purpose. The final
layout depends on the designer’s preference and experience. This complicates the
automatic design of circuits by computer and the subsequent optimization. [Tilley &
Burrows 1995]{Donne et al 1995] If, however, the modeling technique is well understood
and the basic set of component models are available, the use of computer simulation can
greatly aid the system designer to access designs and design changes.

Noise and vibration is also a major problem with hydraulic systems. Work is being done
to predict the noise and vibration behavior of a fluid power system.[Tilley & Burrows
1995]
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Fluid power circuits are often used to actuate mechanical systems. These systems have to
be incorporated into the hydraulic simulation model. This usually requires adding DAE’s
to the list of fluid power equations [Gassman 1993][Korte 1990])[Tomlinson & Tilley

simulation programs to simulate different sections of a mechanical and control system.
However, with hydraulic systems interfacing with mechanical systems in different software
environments, the integrator step size demand of the two systems may be conflicting
[Richards 1998].

Many techniques are under investigation to aid in fluid power simulation. Neural networks
can be used effectively to model hydraulics. [Xue & Watton 1995] Unit Transmission Line
Elements is a special method where the system is split into many subsystems and

connected by special time-step equations. [Jansson et al. n.d.])[Krus internet (b)])[Jansson

internet (c)] This method can reduce the stiffness demands on the integrator algorithm,
but requires very specialized models.

Most of the design work in the fluid power industry is done on the basis of existing
hardware and catalog specifications. In many instances, the advantages of dynamic
simulation is outweighed by the cost and time involved. Generally it is only the
development industry that requires simulation or is able to afford commercial software.

Despite all the above-mentioned problems, good results are obtained by the international fluid

power simulation community. (Typical examples in [Burrows et al 1992][Korte 1990][ Tomlinson
& Tilley 1993][MATLAB 1998 (a}][ AMESim 1998 (d))[AMESim 1998 (e)].) Many advantages
can be obtained through the use of simulation. With any hydraulic design certain safety factors

must be applied. To the usual designer of these systems the maximum pressure and flow values

that might occur in a system are only a guess or are based on simple calculations. This has resulted
in the component suppliers substantially under specifying the safe operating conditions of hydrau-
lic components and systems. With computer simulation, an accurate indication of the maximum

pressures and flowrates can be obtained. This may lead to greatly reducing the component sizes
needed (thus saving on hardware costs and space requirements), or in the other extreme,
prevention failure of due to underestimated peak values. [Burrows et al. 1991].
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2.3  Compressible fluid power assemblies.
To model any dynamic, compressible fluid power system in the simplest manner, two governing i
equations are needed.
The first is the well known orifice equation of the form;

_ | 2-AP
(eq2.1) Q= Cd-A e

with: . Cd the discharge coefficient [dimensionless],
A the orifice area [m?), -
AP the pressure drop across the orifice [Pa],
p the fluid density [kg/m*], and
Q the flow through the orifice [m"/s].

The second is the fluid compressibility equation:

. B
(eq2.2) =2 Q

with: [ the bulk modulus [Pa]
V the fluid volume [m?]
2Q represents the excess fluid to be compressed [m?/s], and
P is the time derivative of pressure

The XQ in the above equation is quite significant in the sense that it applies conservation of mass
to the problem. It describes the flow =
compressed into the available volume.
] A simple way of thinking about the

— ( compressibility is to allow the a
Vol, B l""")— . _ =
- Qa Qb compressible volume to be isolated. =

This can be demonstrated with a
simple example.

2 Case 1 in figure 2.1 can be seen as the
lumped mass representation of a
hydraulic pipe. To simplify deduction

> —> of equations and easy programming
Qa Qb when several pipes meet at a node, the
fluid volume is removed and placed in
the form of an accumulator. This is

Figure 2.1 Lumped pipe volume
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similar to drawing a control volume around the compressible volume. For the node in case 2 the
flow entering the compressible volume can be writtenas Qc = + Qa - Qb with Qc used in the

place of £Q of equation 2.2.

2.4  Numerical metheds and stiff problems

A stiff method may be defined mathematically as one where the smallest time constant is much
less than the simulation time or where a large range of time constants are present. The time
constants can be calculated from the eigenvalues of the Jacobian matrix [Richards 1998]. From
paragraph 2.2 it is apparent that many demands are placed on the numerical methods used to
simulate fluid power systems despite the appérent simplicity of the governing equations shown
in paragraph 2.3. |

2.4.1 Integrator algorithm

Most of the work done in fluid power system simulation thus far, has gone towards the
development of suitable and stable integrator algorithms. Although no detailed mathematical study
of integrator algorithms and their mathematical properties were attempted in this study, it is
worthwhile to summarize the findings of some authors. No detail relating to these methods was
investigated.

In the work of Piche and Ellman (1994) several integrator algorithms are investigated and tested
including the method of Gear (a Backward Difference Fitting or BDF member), several semi-
implicit Runge Kutta methods, Euler and trapezoid rule methods. Furthermore, several methods
specifically suggested for fluid power systems are evaluated (methods of Zhang and Ulrich, the
method of Krus, the method of Calahan). Both Burden and Faires (1997) and Piche and Ellman
(1994) mention that A-stability of the numerical method (i.e. stable for any positive time
increment) is not a sufficient condition to prevent numerical oscillations in very stiff problems.
Ellman continues to show that a L-stable method gives better results (The definition of L-stability
falls outside the scope of this study). Richards (1998) reports explicit Runge-Kutta methods to
be totally unsuitable for stiff problems, and that linear multistep methods (Gear, Adams Moulton,
Adams Bashforth and LSODA methods) are difficult to implement, but suitable for use with stiff
problems,

The MATLAB ODE suite comprises of several integrator algorithms designed for specific tasks.
The ODE23 and ODE15s algorithms are developed specifically for stiff problems. The following
table gives a quick and selective summary taken from the MATLAB help file [MATLAB 1998

(b)].
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ODEl5s | A variable order solver based on the numerical differentiation formulas (NDF’s). [
It is also capable of using backward difference fitting or BDF (Gear's method) -
and is a multistep solver

ODE113 | Variable order Adams-Bashforth-Moulton solver

' ,ODE23s | Modified Rosenbrock formula solv‘er

ODE23t | Implementation of the trapezoid rule

From initial investigations on simple models most solvers provides an answer. The MATLAB

solver ODE15s for stiff systems was found to be fastest and gave the least warning messages.
After many simulation runs on more challenging models and comparison with AMESim results,
all the MATLAB solvers proved unstable (ODE 15s was last to fail).

AMESim has a highly developed integration algorithm that automatically switches integrators
depending on the stiffness detected and the discontinuities encountered. This relieves the modeler
from a lot of work in the sense that algorithms and step sizes are chosen automatically. Other
advantages are that even if the characteristics of the equations change during the simulation, the
integration algorithm automatically adjusts. The DASSL algorithm is used for differential
algebraic equations and the LSODA algorithm is used for ordinary differential equations. The
[.SODA algorithm incorporates 17 different methods and switches automatically. These methods
are highly adapted for the AMESim environment. Extensive discontinuity handling is built into
all the submodels and algorithms and special provision is made for partial differentiation equation
incorporation,

2.4.2 Orifice equation

During initial phases of modeling in MATL AB very oscillatory and unstable solutions were found
even for trivial test problems. This phenomena is the result of a singular Jacobian matrix
(8Q/0AP ) used in the numerical method as explained by Ellman (1990) and Richards (1998).
The standard orifice flow equation widely accepted for simulation is (similar to eq 2.1):

2-]AP|

(eq2.3) Q=Cy-A -sign(AP)

Where sign(AP) facilitates flow in either direction through the orifice. This equation produces an
infinite slope for Q as AP passes through zero. As mentioned the resulting singular Jacobian
causes numerical oscillation. The above equation is further only valid with turbulent flow.

Although the turbulency approximation is valid in most hydraulic flow situations, the numerical

(i BDE Y75
1B T8508
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problem must still be resolved. To do this Eliman suggests a novel way of modelling the orifice
with a transition between laminar and turbulent models at a user specified Reynolds transition
number (Re,). For the laminar region an empirical polynomial approximation is used to model the
orifice. This equation (eq 2.4) does not cause the singularity in the Jacobian matrix thereby
allowing for efficient solving. Since all orifices differ in their specific ﬂow models, the user has
to adjust the C4 and Re, values for suitable behaviour. This equation is, however, not entirely
suited for use in this study and a slightly adapted version was created. The new orifice equation
used in this study is given by equation 2.5. A similar scheme for transition between laminar and
turbulent conditions is used by AMESim [Alirand 1999],

225-Ret-p-v°
T = 2 N2
128-C2.D

¢ 3 2
64.D Ty T Ty

LCd-A 2:4P if AP >t
\ p

All terms in eq 2.4 and 2.5 have the same definition as for eq 2.1 except:

(eq2.4) Q=+

v the kinematic viscosity [m?%/s]

D the orifice diameter [m]

Re, the Reynolds transition number (laminar / turbulent switch) [dimensionless]
T, 18 & temporary variable

The C,and Re, values could be obtained by steady state experiment or possibly by computational
fluid dynamics (CFD) analysis [Hayase 1995]. The problem is that the values obtained change
with every different valve design, oil properties and even over time as wear sets in (depending on
the valve design). Furthermore the Cd and Re, values might not be a linear function of poppet
height, depending on the internal geometry. If the relationship is available, a simple lookup table
may then be used or an empirical approximation.

Equation 2.5 has been modified to include the effects of flow direction reversal and different
poppet types. To include the effects of a variable poppet height the most basic assumption is to
calculate the flow area A as the annular area under the poppet, with a diameter equal to the seat
diameter. For this case the area A is replaced with 7 - D+ x where D is the poppet seat diameter
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and x is the poppet height. The MATLAB implementation of this function is given in annexure
A33.12. '

_225.Rel-p-v’

g2 D
( R APY’ AP’ AP |
sign(AP). X0 R 45-(—] ~~150-[——) +225(~) if 0 <|AP| <,
64 Ty Ty Tyt
Q=
sign(AP)-m-x-D-C, |24F if |AP| > |7
p
(eq2.5)

Further information required from the orifice equations is that of effective area for the pressure
forces to act on the poppet. This area may be assumed constant throughout the poppet travel (as
in [Ellman & Vilenius 1990]). A scheme where the area increases or the average of pressure Px
and Pp is used was investigated, but did not provide any noticeable improvement. In AMESim
a scheme is used where the effective area is determined by a truncated cone drawn from the
poppet seat to the poppet.

Since the assumption of an annular flow area (initial MATLAB approximation used) is not
completely accurate, the AMESim approximations for effective poppet area was adopted for use
in the MATLAB models. [AMESim 1998 ()]

For sharp seated conical poppets (as used in the logic element model), AMESim determines the
flow area and active diameter as in figure 2.2 with

equations 2.6 and 2.7, .

b 4

Area = 1 -X-sin(a )(ds- x-sin(a )- cos(a ))

(eq 2.6)

da = ds-2-x-sin{a }- cos(a ) (eq2.7)

Figure 2.2 Sharp seated conical poppet
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For sharp seated ball poppet variable orifices (as used in the pilot valve mode!l), AMESim uses
the following equations to determine the effective flow area. (Figure 2.3, equations 2.8 & 2.9)

r

db)?|
7 -ds? ¥4l [Hg]
Area = 1 : :
4 Y241

with;

area
2-x db)?
¥=—"qt (——) -1
ds ds
(eq 2.8)

Figure 2.3 Sharp seated ball poppet db

These special cases of the orifice equation are implemented in separate MATLAB functions:
orificeSC.m for the Sharp seated Conical orifice, and orificeSB.m for the Sharp seated Ball
orifice. (Refer to annexure 3.3.10 & 3.3.11) These orifice area assumptions are however
substantial simplifications of the real situation where effects like uneven pressure distribution
profiles, turbulence and boundary layers, drag and stagnation pressures (fluid momentum changes)
will have a marked effect on the force balance for the poppet and its flow coefficients.

2.4.3 Numerical method validation: Test case

To establish the modeling techniques and to gain initial confidence in the solver algorithms the
MATLAB and AMESim models were compared to a test case used by Piche and Ellman (1994)
to develop and test suitable numerical methods. The strategy followed in developing any of the
later models was to start with small manageable elements that could be compiled into larger
models. The example by Piche and Ellman proved to be a suitable starting point for this purpose.
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The test case consists of a steady state flow source with a step change. The flow passes into a
lumped volume at pressure P1, through orifice one into a volume at pressure P2, through a second
orifice and drains to atmosphere. Volume 2 is 1000 times larger than volume 1 to establish
 stiffness. The AMESim model layout is shown in figure 2.4.

{m§ R o 3

T ¢ T ¢
T o7 e 9
Q O o Ll
[-T-'m>o>o

Figure 2.4 Piche and Ellman example model layout
in AMESim

It was found that AMESim produced very stable results under any circumstances, In MATLAB
a choice of several different solvers was made together with a range of tolerance requirements for
the integrator algorithm. The ODE15s algorithm designed for very stiff problems proved accurate
and fast. The ODE23 range of algorithms in MATLAB provided solutions only at high tolerance
levels and solved several magnitudes slower than the ODE15s.The ODE 45 algorithm (general
Runge-Kutta) does not converge at all.

The MATLAB and AMESim results are superimposed in figure 2.5. The results showed exact
agreement to the results of Ellman (by visual inspection).
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MATLAB and AMESim Solution of Ellman Stifiness Example
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Figure 2.5 MATLAB and AMESim solution of Piche and Ellman example superimposed

indicated that the

The test case raised confidence in the solver environments chosen and

mathematics used correlated. This sets the field for expansion of the models.




3 Mathematical Model

This chapter explains how AMESim and MATLAB models were developed and used. The

chapter starts with a brief description of AMESim and the MATLAB ODE (ordinary
differential equation) suite that were used to solve the system of DEQ’s (differential equations).
Thereafter individual models are discussed. On a model by model basis a schematic layout,
governing equations and the AMESim block diagram are shown.

Most of the AMESim models were saved as sub-models and can therefore be reused in
subsequent projects. Some 15 models were developed using AMESim, and 11 models using
MATLAB. Paragraph 3.11 at the end of the chapter gives a table format overview of these
models.

Evaluation of the models and presentation of the results obtained is deferred to chapter 5. Source
code and parameters of the models are given in annexures A3.2 and A3.3.

3.1 Developing models in AMESim

Background on AMESim and it’s developers (Imagine) is given in paragraph 1.4. AMESim is
based on a principle called multiport which is comparable to the BondGraph energy technique.
BothMultiport and Bondgraph techniques use information flow between modelsin two directions
as opposed to signalport models (SIMULINK) which only allows information flow in one
direction (typically used for control system design). Bondgraphs are based on nine elements in
terms of physics, whereas the multiport method is generally divided into elements based on
engineering sub-systems [Dransfield 1981][Scavarda & Richard n.d.J[Lebrun & Richards 1998].
AMESim contains a powerful solver algorithm specifically developed for hydraulic (stiff, non-
linear and discontinuous) systems. (Refer to paragraph 2.4.)

The power of AMESim lies in the four easy steps with which models can be constructed or
modified and accurately simulated. To create a model on AMESim, the system is firstly drawn by
placing (dragging and dropping) standard hydraulic component icons onto the model page.
Connecting the hydraulic and signal ports is done with mouse input. A large collection of
fundamental building blocks (e.g. a mass with endstops, a poppet or a piston) may also be used
to construct models of non-standard equipment (as was necessary in this study). This step is easy,
fast and very intuitive.
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Secondly, submodels are associated with the placed components. This facilitates the user to
specify the complexity and detail that are required from the model. For example, several hydraulic
pipe models exist, ranging from a direct connection to very complex wave equation models.
[AMESim 1998(c)] AMESim also has the ability to automatically assign submodels to speed up
the process. This provides an easy start where upon the model can be refined to its specific

purpose.

Thirdly, AMESim builds the model executable file. This means that the mathematical equations,
model layout and parameter settings are compiled into a file that describes the system in C or
Fortran code. The whole process from drawing the circuit to this point is very easy and depending
on the operator’s skill, a simple model can be built in a matter of minutes. At this stage the
specific model parameters must be set (e.g. masses, frictions, flow coefficients, spring stiffness).
Aswith any model, this requires some modelling experience, experimental work, and assumptions.
Fortunately AMESim has default values that can be used directly in many cases.

Finally, AMESim is set to simulation mode, where a complex integration routine solves the
equations from the executable file. Fast simulations are possible, depending on the system
complexity. From this, graphs can be plotted and analysed. It is easy to change parameters in the
model and redo the simulation to see the effect that physical changes will have on the performance
of the real system. Additional features include linearisation around a certain point, batch run
facilities, and interfacing with other software.

3.2  Differential equation solution strategy in MATLAB

A brief overview of the MATLAB model layout will be helpful to understand the model
development and strategy. One of the targets in writing source code for the MATLAB model was
to allow future expansion thereof into a system that is able to automatically compile the system
equations with a simple user interface. This would require some matrix structure defining the
physical nodes and their interfaces with each other. Generic algorithms can be used where every
individual hydraulic or mechanical subsystem has a reference number whereby it’s parameters and
port numbers can be identified. Similar layouts are used (or are suggested) by [Ellman & Vilenius
1990][Lida et al 1992][Ribeiro et al 1986]. This approach enables a single function containing
only a few equations to be compiled as a separate entity, simplifying debugging, upgrading and
managing of equations. Several other ‘support’ fiinctions were written to keep the model code
neat. This included a function in which all the system parameters could be defined and stored in
a structure variable. This greatly reduced the effort to change model parameters since everything
is located neatly in a single file.
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Figure 3.1 shows the main program flow diagram for the MATLAB programs developed. Three
main elements are needed to solve differential equations (DEQ’s) in MATLAB (as with most
other solver algorithms).

#1. A main program is used to initiate the model and set all the variables needed to solve the
DEQ. After completion of the solution it receives the state-variable versus time values from the
solver algorithm and plots the desired graphs before terminating.

#2. A solver function makes repeated calls to the DEQ file and numerically integrates the DEQ's.
Most mathematical computer languages (MATLAB and FORTRAN) have well developed
pre-programmed and optimized algorithms for different types of DEQ problems. These solver
algorithms all have the same interface, which enables one to easily use a different solver for the
same set of DEQ's. The DEQ function is called repeatedly at different time steps dependent on
the method used and the solution tolerance required.

#3. DEQ file. This is a function that receives the previous time-step state-variables and new time
value from the solver algorithm and computes the derivative of the state-variables at the new time
step. This file can be considered the 'heart’ of any new model, since the governing equations are
coded here. Second and higher order DEQ's must be written as sets of first order DEQ's. In
MATLAB this function is also used to calculate the zerocross variables used for discontinuity
checking and analytical Jacobian calculation if it is available.

Numerical solution of the above equations applied to fluid power circuits therefore has the
following sequence. The solver algorithm sends a vector of state variables to the DEQ file (e.g.
pressure, position and speed). The DEQ file uses the pressures to calculate flow rates through
orifices. (The pressure on both sides of an orifice must be known.) These calculated flow rates
are used to determine the flow compressed into any volume. This compressed flow is substituted
into the compressibility equation and the state variable derivatives (e.g. X, X, P ) are calculated.
The positions, velocities and pressures are used to determine a force balance on the masses from
which the acceleration is calculated. These state variable derivatives are sent back to the solver
algorithm where integration and determination of the next step size takes place.
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Figure 3.1 Integrator flow diagram as implemented in MATLAB
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3.3  Global assumptions

Some assumptions are valid for all models.

. AMESim uses an advanced cavitation model that takes into account oil properties such
as viscosity and percentage air content. No cavitation assumptions were included in the
MATLAB mode! and avoided as far as poss1b1e in the AMESim models.

. AMESim is able to calculate pressure dependent oil properties. This function was not
activated to enhance the coirelation with MATLAB models.
. Fluid velocity profiles are always assumed to be uniform. Pressure distributions acting on

areas are also taken as uniform, The orifice equations in MATLAB do however take
laminar and turbulent flow into account, using the Piche and Ellman model. AMESim uses
~ a comparable technique switch between laminar and turbulent flow models [Alirand

1999].

. Only some of the AMESim models take pipe friction into account. For all the other pipe
models, the pressure at both ends are equal.

. With the MATLAB models all nodes are calculated as a compressible volume. This is
because no differential algebraic equations were implemented in the MATL AB model.
Some of the AMESim models do use incompressible nodes.

. No fluid momentum phenomena are included in the MATLAB models.

3.4  Orifice equation nomenclature

In this study four main possibilities exist for the calculation of flow rate through an orifice. As
discussed in chapter 2, the flow rate through a restriction in the flow line may be calculated by
equation 2.5, based on certain constants and the pressure drop across the orifice. Other
modifications to equation 2.5 allow the calculation of flow rate through a sharp seated ball poppet
orifice and through a sharp seated conical poppet orifice (according to equations 2.6 to 2.9). The
possibility to use external data matching flow rates to pressure differentials can be treated with
a interpolating lookup table. To facilitate easy reading, the following method will be used to

indicate the type of orifice equation:

Type of orifice Representation Input parameter
circular pipe restriction Orifice{AP,d} Pressure drop, orifice diameter
sharp seated ball poppet OrificeSB{AP,x} Pressure drop, poppet height
sharp seated conical poppet OrificeSC{AP,x} Pressure drop, poppet height
fookup table Lookup dP, external data
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3.5  Model detail: Isolated logic element (LC25)

It was found that to model the simple LC25 logic element posed no real problems in AMESim,
but in MATLAB the bumpstops (or endstops) of the mass proved very challenging. The logic
element model consists of a poppet element, a mass with end-stops and a piston. (Refer to figure
1.2 for the true cutaway look and to paragraph 1.5.3 for its operating principle.) To model
leakage past the poppet in AMESim, a single
additional block can be added as shown in the

figure (3.2). This was, however, not used in any
of the simulation work for the sake of simplicity.

The poppet parameters were adjusted until the

model behaved closely to measured data (in

steady state). Parameters affecting dynamic P
behaviour were adjusted once the valve system @

model was compared to experimental data.

Figure 3.2 LC 25 Submodel in AMESim
The AMESim model was used to create a three-

dimensional graph of pressure drop versus flowrate and poppet height. This information was
previously unavailable, even from the manufacturers in Germany as confirmed. Since the poppet
does not necessarily open fully during operation it is valuable to have this information. (See figure
49 & 4.10)

3.5.1 Mass equation and bumpstop implementation
Both the logic element and pilot valve models use similar second order differential equations to
model poppet mass movement { XF = m- X + ¢- X + k - x ). Separate MATLAB functions were
written to calculate the mass acceleration and spring forces that may be reused in any model.

The forces acting on the logic element poppet are:

. The spring and viscous damping force - The spring has a linear characteristic and an initial
displacement. The damping is assumed to be simple linear viscous damping. Windage
(damping force proportional to the velocity squared) was investigated on the AMESim
model, and found to be negligible.

. The pressure Pa acting on the bottom of the poppet (supply pressure). If the poppet is
closed, the pressure acts only on an area determined by the poppet seat diameter. When

the poppet is lifted off its seat, some assumption has to be made on the effective area and

the pressure distribution across that area. As mentioned in par 2.4.2, two schemes were
tested to estimate the effective area.
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. The pressure Pb acting on the bottom of the poppet - The same reasoning holds as for
pressure Pa.

- The pressure Pp acting on the poppet control chamber area. This area stays constant
throughout the poppet travel. _ _

. The flow force resulting from fluid velocity past a stationary object is ignored.. Authors
Eliman & Vilenius (1990) (amongst others) used several methods of incorporating this
force, but many other authors disregard it. The methiods commonly used to include this

- force consist of empirical equations based on the general poppet configuration, factors
related to the fluid jet angle through the poppet opening (as is possible with AMESim),
and lookup tables containing experimental data. More detailed studies would require
CFD investigations.
. Poppet inertia: The force associated with accelerating the valve poppet.

The above pressures and forces give the mass acceleration equation and variables:

m-X- k(x+ nitD)+ C-%
(Eq3.1) +P, A, +P,- A -P, A, =0

x = Poppet displacement [m]

m = Poppet mass [kg]

k = Spring stiffness [IN/m]

C = Damping coefficient [Ns/m]

InitD = Spring initial displacement [m]

A = Area (relating to it’s subscript) [m?]

P = Pressure (relating to it’s subscript) [Pa]

This second order differential equation is split up into a system of two first order differential
equations for computer implementation in the MATLAB function Mass_DEQ.m in appendix
A3.3.13.

To implement a bumpstop or physical limitation on the logic element and pilot valve poppet
movement proved to be one of the biggest challenges in this study. The above mass acceleration
equation (eq 3.1) poses no limit on the poppet travel x. The physical limitation on the movement
of the poppets is, however, one of the main influences on the valve behaviour. Some authors have
implemented a bumpstop system where the metal to metal contact act as very stiff or nonlinear
springs. {Korte 1990][Tani et al 1993 ][ Vilenius & Simpura n.d. ][AMESim 1988 (f)] This method
models the physics well, but has several disadvantages. From investigation large oscillations of
very high frequency were observed when the stiff springs engaged, as was expected. This
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obscures the dynamics of interest and is computationally intensive, The high frequency oscillations
could be damped but this damping greatly affects the poppet dynamics. This requires some
scheme where damping is only increased once the mass is past its mathematical limits. This added
damping may only work in one direction since the external forces would otherwise not be able to
‘pull’ the mass away from it’s bumpstop posmon Implementation of such a scheme proved
impractical.

Anideal bumpstop sets the speed of the mass to zero once it hits the travel limit. The differential
equation solver is programmed on the assumption of a smooth solution and has trouble finding
solutions around such d_i._s_continuities. To overcome this, the solver has to be halted and restarted
with new initial conditions guiding it in the right direction after the discontinuity.[Jansson et al.
n.d.] In terms of the mass equation a discontinuous velocity and therefore an infinite acceleration
must be dealt with. Once stopped in position the mass may only move in the direction away from
the bumpstop once the force balance reverses direction. [MATLAB 1988 (a)][Tansson etal. n.d.]
All these requirements prompted the use of the MATLAB ODE solver ‘events’ or ‘zerocrossing’
function whereby any variable can be traced for a crossing through or from zero, When a defined
variable crosses zero the integrator can be halted. For detail on the implementation thereof, the
source code (annexure A3.3) and solver graphical layout (fig 3.1) may be consulted. It should be
noted that many other schemes for implementing the bumpstops were investigated and found to
be inadequate or unpractical. |

3.5.2  Orifice equations and compressibility in the logic element model

The orifice equation (Eq 2.1) as used in this study (Eq 2.5) was implemented in a MATLAB
function. To implement the flow equation the pressure drop across the orifice and the effective
gap size has to be provided. The flow is assumed to be uniform through the flow area as
calculated. The control chamber fluid volume can be assumed compressible with the equation:
(relating to figure 3.2) '

QLogic = OnﬁCCSC{(PA - PB )3xLogic} (Eq 32)
QC, =Qp+A, X (Eq33)

PP :\%QCP (Eq3.4)

Thus leaving the state variable vector;

[xLogic ).{Log;ic Pp] (Eq3.5)
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3.6 Model detail: Test bench

One of the major factors influencing mode! performance (compared to the experimental results)
is the presence of test bench dynamics in the measured data. To improve and refine the models,
it became clear that a very well detailed test-bench model is a necessity. As the detail modeihng
of the test-bench is a massive task some smphfymg assumptions had to be made. As explained
in paragraph 4.3 the test bench controls the maximum flow and pressure allowable by means of
propor'tioﬂal solenoid valves. The dynamics of these valves is not taken into account in the
models, but the long test bench supply lines are modelled. Several levels of model complexity
were attempted.

Initially the supply line compressibility was modelled as a single fluid volume. The parameter
adjustment thereof is difficult and a model representing the real layout of the supply line was
constructed (Figure 3.3). In AMESim the longer steel pipes are modelled with fluid inertia, while
the short rubber hoses are simply modelled as compressible volumes. AMESim calculates the
effective pipe compressibility based on the fluid volume and the pipes’ wall thickness and material

properties.
Test Bench
Interface &
----------------- .—T—--.....?-.a-....... ¥
Q
E s R3 “AB” Valve
2 Port
r -]
3
-
m F s1
2
Pump gt T
Input =
%_@— ............ o1 » \E’/‘ RZ
Filter
Figure 3.3 Detailed AMESim model of test bench supply
line,

In figure 3.3 the pump oil supply is fed to port 3. Port 2 and the orifice right before it, represents
the quick-couplers fitted to the front console of the test bench. Port 1 represents the connection
to valve “AB”, that allows separate or coupled operation of pumps A and B. The high pressure
filter fitted to the test bench supply line is modelled as a orifice with a equivalent volume. It would
be possible and helpful to construct a model of the test bench that contains detail of the control
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valves, PID control system, pump variable flowrate mechanism and detail of the supply line
compressibility and flow resistance. However the work involved put that outside the scope of this
study. The work involved and related cost would also have to be evaluated against alternative
experimental designs with less influence on the system to be tested.

3.6.1 Reliefvalve

In order to approximate the test bench control system functioning in the models, an ideal flow
source was used together with an ideal relief valve at the entrance to the supply line model. This
setup effectively limits the maximum flow to the flow source setting and limits the maximum
system pressure to the relief valve cracking pressure.

The flow through the relief valve is a linear function of pressure drop (AP*Gradient) and it opens
once the cracking pressure is exceeded. In the following equation FlowGrad is the linear flow
gradient parameter:

AP = Pin— Puu: - Pcmck

AP-FlowGrad|AP> P_,

relief Ol AP<P_.

These equations are used in the AMESim and MATLAB models. The MATLAB function
implementing these equations is shown in Appendix A3.3.14.

e
it
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Model detail: Isolated pilot valve (WSE3)

The WSE3D pilot valve (figure 1.3 and 1.4 for the true cutaway look) proved chailenging to
model because of the detail required and the sensitivity of the model to certain parameters. The
model consists of the following mechanical components: |

Spring

Ball poppet

Mass with end-stops

Pressure compensating chamber piston

Solenoid model (several possibilities considered)

Connecting lines

Test bench approximations needed to correlate the model results with experiments
conducted.

The pilot valve specifications quote 12 LPM as the maximum permissible flow. The pressure drop
across the valve is approximately 5 MPa (50 Bar) at this flow. Raising the pressure to above 5
MPa therefore necessitate a flow limit setting of 12 LPM on the test bench.

Qy

O N R
1A

Qp e Q¢
TN

]
Qa A QCx
A\\ P
A

4
QCcomp ) ( Qrelief
I-B Relief Vaive
{omp
Chamber i
L f

Figure 3.4 Pilot valve model schematic flow layout for MATLAB
equation deduction
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3.7.1 Mass equations for the pilot valve model
As explained in paragraph 3.5.1, the pilot valve and logic element models use the same second
order differential equation to model poppet movement but only with different external forces.




39

The forces acting on the pilot valve poppet are:

The spring and viscous damping force - The same assumptions hold as for the logic
element as in paragraph 3.5.1,

The solenoid force - The solenoid converts an electrical signal to a force. Several solenoid
models were evaluated and are described later due to complexity (annexure A3.1).

The pressz}re' Px acting on the bottom of the po_pp'et (supply pressure). The same
assumptions hold as for the logic element in paragraph 3.5.1.

The pressure Py acting on the top of the poppet - The same reasoning holds as for
pressure Px, except for the solenoid actuator rod, which reduces the active area. The
effective reduction in area is difficult to determine since the poppet is spherical and the
connecting rod-end is flat. Theoretically this would imply a point contact with zero
reduction in area. Another assumption is that the connecting rod and poppet stay
permanently connected. In the physical system the actuator rod may separate as it cannot

exert a pulling force on the poppet. This fact is ignored in both the AMESim and

MATLAB models because the flow into the valve is introduced in one direction only (i.e.

phenomenon need to be modelled, an ideal bumpstop or metal to metal contact surface

would be required. A complex surface deformation model might also be considered to

calculate the reduction in effective poppet area.

The pressure Pp acts on the remainder of the poppet area. Since Pressure Pp acts on both
sides of the poppet, the effective force and its direction is a function of the poppet
position. Figure 3.6 shows this effective area as a hatched annular projection (Area P).
With the assumptions made, the force would have a zero value if the poppet is half-way
between the poppet seats.

The pressire compensating chamber acting to oppose the Px force. The purpose of this
chamber is to balance the force resulting from the supply pressure Px. This is necessary
to reduce the solenoid force demand. A small diameter tube inside the valve connects the
supply pressure Px to the pressure compensating chamber on the other side of the poppet.
There the pressure acts on a piston with approximately the same diameter as the poppet
seat. -

The flow force resulting from fluid motion past the poppet is ignored. In this regard, the
same assumptions hold as for the logic element in paragraph 3.5.1.

Inertia: The poppet mass includes the solenoid armature mass that is orders of magnitude
greater than the mass of the ball poppet.
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The above pressures and forces give the mass acceleration equation and variables:

m- X - k((X max—x)) + InitD) +C-x

3.7
(Eq3D) ~Px-A, +Px-A,,, +Py-A, +Fsol +Fp=0
Pp-Ap [x<0.5X, -
(Eq 3.8) Fp=40 !X:O'S'xlimis

~Pp-Ap ]x >0.5 Xy,

x = Poppet displacement [m]

XmeMaximum poppet travel [m]

Xmax = Displacement when fully open [m]'

m = Mass [kg] -

k = Spring stiffness [N/m]

C = Damping coefficient [Ns/m]

InitD = Spring initial displacement [m]

Fsol = Solenoid force [IN] - Refer to annexure A3.1
A = Effective areas [m?]

P = Pressure acting on the effective area [Pa]
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Implementation of this equation and the associated bumpstops is exactly the same as with the
logic element poppet of paragraph 3.5.1.

3.7.2 Orifice represen!a!ioh Jfor the pilot valve model _

The pilot valve schematic flow layout is shown in figure 3.4. The poppet and seat have been
replaced by a triangular network of orifices. This is a common method of modelling hydraulic
valves and almost any valve configuration canbe represented by a Wheat-Stone bridge typelayout
of orifices [ Vilenius & Simpuran.d.][ Viersema n.d.]. Most 4-way spool valves can be represented
byafull bridge layout thus incorporating leakage past the spools. The pilot valve in this study only
requires a half-bﬁdge layout of orifices to model all possible flow paths in the valve.

Orifice A in the triangular network (figure 3.4) allows flow from port X to P and is closed with
the poppet in the bottom position. Orifice B allows flow from port P to Y and is closed with the
poppet in the top position. Orifice C represents leakage from the high pressure port X to the drain
pressure port Y. It is active only with the poppet not touching any seat. The effect thereof can be
seen in simulations and experiment as a small bump in the drain-line pressure when the valve
switches. (Not shown because of it’s small effect and size) To include these effects, the poppet
height is described in term of three variables representing the effective poppet height for each
orifice, that can be substituted into the individual orifice equations.

Derived equations for the individual effective poppet openings related to the true poppet height
(state variable x) are: (‘Top’ and ‘Bot’ describe the valve seat geometry)

(Bq3.94) . = x
= (Top - Bot -
(Eq3.9 ) X, = (Top - Bot-x)
_ (Top- Bot)-(x~ Top)- (x - Bot)
c” ] 1
(Eq3.9¢) - (Top® + Bot?) + (Top- Bot)

These equations are represented graphically in figure 3.7.
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Figure 3.7 Normalised effective poppet heights used in the
triangular orifice network for the pilot valve model (rippled
line effect due to computer graphics format)

Flows are indicated as Q with positive values in the direction of the arrows in figure 3 4. Flows
that represent fluid compression are indicated as QC. Orifice equation nomenclature is discussed
in paragraph 3.4.

For the triangular network the flow is defined as:

(Eq 3.10 a) Q, = OrificeSB{(Py —P,),x, }
(Eq3.10b) Q, = OrificeSB{(P, ~ P, ), x5 }
(Eq3.10 b)

Q, = OrificeSB{(Py —Py), %, }

For the drain line resistance (as encountered in the experimental setup) the flow is:

Qp= Oriﬂce{(PP ~Pon)s DP}
(With Dp the drain orifice diameter)

(Eq 3.11)

The fluid in the pressure compensating chamber is assumed to be compressible, but with a
constant vojume (i.. independent of the poppet position). In the valve it is connected by a drilling
of diameter less than 1mm and length in excess of 30mm. To investigate any possible phase lag
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between the pressure Px and the pressure in the compensating chamber the flow to and from it
passes the orifice:

(Eq 3 B 12) chompz Oﬂﬁce{(PX - Pcomp )J Dcomp}
(with Dcomp the compensating chamber orifice diameter)

An attempt was made to simplify the model by removing this orifice (thus setting the control

chamber pressure directly equal to pressure Px), but instability occurred.

3.7.3 Nodes and compressibility
The flow from these orifice equations can be summed at the nodes (relating to figure 3.4):

(Eq3.13 a) Qx=Q,+Q. (+ QCrp)
(Eq3.13 b) PPN
(Eq3.13 ¢) QCp=+Q- Q-

QCy = +Qin = Quanier ~ Qx

The pressure compensating chamber flowrate (+QCcomp) is left out from the above MATLAB
equation implementation to reduce the overall stiffness (In AMESim the term is included). These
node flows are substituted into fluid compressibility equations giving rise to the state variable
equations:

(Eq3.14 a) Py = "{/;'QCP
(Eq3.14 b) P, = —TS——QCX
‘ X
14 5 _ B
(Eq 3.14 c) P = v QC.pnp

To complete the model, the state equations (Eq 3.7 and Eq 3.14) can be assembled into the state
vanable vector of the form:

(Eq3.15) [XWSE Xwse Px B Pcomp]'
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3.8 Model detail: Rectifier circuit and check valves

The addition of fully dynamic check valves in the model would drastically increase the number of
state variables and stiffen the equations because of their fast dynamics, thereby increasing the
demands on the integrator system. In attempts to reduce the initial model complexity, the check
valve rectifier circuit was excluded from the models. The decision was based on a hypothesis that
the check valves have a much faster time constant than other components in the system, and
would not drastically affect the overall system dynamics. From simulation this proved true,
although the check valve cracking pressure was found to have a significant influence. Therefore
the check valves have to be included albeit ideal check valves (no poppet mass dynamics) as used
in all the models created.

In all the experiments conducted, flow is only introduced in one direction through the valve
system. This effectively halves the functionality needed from the rectifier (only two check valves
are needed). The hypothesis was confirmed using AMESim to construct a model with a fulll
rectifier circuit. No difference was noted between the models with four and two check valves,

Since the check valves have a small spring stiffness, it is very difficult to determine the cracking
pressure from experiment. No cracking pressure information is supplied in the product catalo gue,

The sensitivity analysis conducted (paragraph 3.10) indicates the importance of the check valve
cracking pressure.
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3.9  Model Detail: Valve system with parallel damper

The valve system model contains all the pilot valve model elements (mass, triangular network,
compensating chamber) added to the logic element and damper models.
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Figure 3.9 System with parallel damper schematic layout for MATLARB
equation deduction. Indicated without rectifier check valves,

Figure 3.9 represents the MATL.AB model equations and requires some explanation: everything
above the horizontal dash line indicates the pilot valve model as constructed in paragraph 3.7
without the test bench assumptions.
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Figure 3.10 Valve system model in AMESim (with two test bench supply line models).
(Inverted text due to AMESim graphics format.)

The first assumption made inthe MATLAB model to reduce complexity is that of flow summation
at nodes. The dashed lines from the pilot valve ports to nodes in the main flow lines represent a
connection in terms of pressure but not in terms of flow. The reasoning is that the pilot circuit has
much smaller flow rates than the main valve lines and therefore the model complexity can be
reduced by disregarding the pilot flow in the node flow summation equations, This statement was.
tested by adding the flows in a model and superimposing results. A minor change resulted that
shows a trend closer to the AMESim model but the effect is still very small. It is not shown in this
chapter, but can be viewed in figure A5.1, with a discussion of the results.

The second assumption made in the MATLAB model is that the logic element chamber volume
is constant (i.e. does not change as the logic element poppet displaces). The flow generated passes
into the WSE Px port, at a flowrate equal to A -X . Investigation of this assumption shows
extreme effects on the results. The MATLAB model is completely unstable with a variable
chamber volume.
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3.9.1 Damper

The damper characteristics as measured on the test bench (fig 4.12) were used in the AMESim
and MATLAB models in the form of a lookup table. The linear interpolation algorithm used in
MATLAB cannot extrapolate a curve and since the differential equation solver generates many
unreahstlc test points to obtain a valid solution, it was necessary to expand the curve to larger
flow: rates. This was done by Imearly extending the fimits of the graph by addmg two points
manua_lly This corresponds with the AMESim extrapolation method, to allow correlation between
AMESim and MATLAB results.

In the true damper configuration (linear and rotary) the volumes of the damper chambers change
as the vehicle moves. These changes will affect the total compressible volume and could have an
influence on the natural frequency of the system. This effect is ignored in all the models since the
.damper chamber volumes are assumed constant.

3.9.2  Orifice representation for the valve system with damper model

Orifice equations nomenclature are discussed in paragraph 3.4.

The flows through the pilot valve triangular network can be taken directly from the previous
model’s equation 3.10 since the same pilot valve model is included (these equations are not
shown again). Other orifice equations for the valve system model network are:

(Eq3.16 2 Q, = OrificeSC{(P, ~Py), X,y }
(Eq3.16 b) Qpawp = Lookup{(P, — Py), DamperCurve}
(Eq3.16 ¢)

Qo = Oriﬁce{(PB = Pou)s Dow }

(With Dout the drain orifice diameter)

3.9.3 Nodes and compressibility
Equation 3.13 is again applied directly for the pilot valve model. Additional equations are;

(Eq3.17 a) QCs = Q= Q- Qpm, (-Q,)

(Eq3.170) QCp = Qp- Qo+ Quey  (+Q,)

(Eq 3.17 ¢) .
QC,=Q,-Q, (+X,c-Ap - Frac)

Note the use of lowercase a and b to indicate flows in the triangular pilot valve circuit and upper-
case flows A and B for the main line flow through the damper and logic element. In the above
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equations Qx and Qy are the additional pilot valve flow terms not included. The term
Xc Ay - Frac, notincluded in the equation, is the variable poppet volume term, with Frac an
additional compensation term, evaluated to reduce computational intensity once the MATLAR
instability was found. This term served only an experimental purpose and may be considered as
unity throughout the rest of this study. The compre551ble voiumes introduce the following state
variable derivative equations:

(Eq3.18 a) Pﬁ;&"’"'QCA

A

(Eq3.18 b) B
PB:"V“;'QCB

(Eq3.18¢) . B
Ppm“‘}:'QCP

To complete the model, the state equations 3.1, 3.7, 3.14, and 3.18 can be assembled into the
state variable vector of the form:

[XLC Xie Xwse Xwse Pa Pg Pp Poomp

(Eq3.19)

Several simple checks were done on the AMESim model. These included manual (visual
inspection of a short time trend) integration of the flow rates through the check valves and poppet
element chamber. Conservation of mass was validated in this experiment. Other checks such as
manual addition of forces acting on the logic element in the MATLAB model confirmed the
correct determination of resultant forces.
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3.10 Sensitivity study on an AMESim model

A sensitivity analysis on the valve system model (paragraph 3.9) was done using the AMESim
model. This consisted of an automatic routine to simulate the system over arange of flow settings,
each time with one parameter changed with plus 10% and minus 10%. The data obtained was _
reduced to the final delay times and steady state values in terms of supply pressure and logic
element poppet displacement. This was done for 30, 80 and 210 MPa initial pressure cases to
obtain a range of values. These extracted data trends are represented graphically in annexure
A3.4, with the complete sensitivity analysis in table format. To provide a guick overview of the
results and point out some important facts, the minimum, maximum and average change for the
pressure or displacement variation was calculated and is given in the following table. Please note
that this table is only intended to provide a general overview of the data in annexure A3.4. Several

important notes related to the information are given below the table.

Please note the Important Notes at the end of the table.

Ref. Parameter Minimum Maximum Mean change
Figure change (%) change (%) (%)

Al4.l Exponential solenoid time constant: ON 0.04 249 0.84

A342 | Exponential solenoid time constant: OFF 0.04 1.25 0.67

A3.4.3 Pilot valve pressure compensating chamber | 0.02 3.58 1.27
diameter

A3.44 | Pilof valve spring stiffness 0.02 213 0.92

A34.5 Pilot valve spring initial displacement 0.03 241 0.98

A34d6 Logic element poppet mass 0.03 1.27 0.43

A347 Logic ¢lement viscous friction 0.36 1.67 0.89

A3.4.8 | Logic element spring stiffness 0.21 1.39 0.63

A3.4.9 | Logic element spring initial force 1.03 7.01 3.33

A3.4.10 | Logic element control chamber diameter 13.68 4254 26.63

NOTE 1

A3.4.11 | Check valve #1 cracking pressure (flow 8.46 270.06 77.90
from X to P) NOTE 2

A3.4.12 | Check valve #2 cracking pressure (flow 6.57 17.96 13.26
from PtoY)

A3.4.13 | Damper pressure drop multiplier NOTE | 7.08 20.52 15.62
3

A3.4.14 | Drain elbow diameter 6.37 23.72 14.02
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A3.4.15 | Test-bench quick coupler diameter 1.07 21.99 13.43
A34.ls Tesf;bénch rubber hose stiffness 8.52 22,11 14.48
A3.4.17 | OIL: Bulk modulus 2,79 16.00 8.33
A3.4.18 | OIL: Kinematic viscosity Lo - 1942 935

Important notes

1 With a 10% reduced control chamber area the valve does not fully close. This effectively
lowers the initial pressure and alters the system dynamics.

2 The base value for cracking pressure is 0 Bar. The -10% and +10% value is set equal to
the chieck valve #2 cracking pressures (ie 1.35 Bar and 1.65 Bar).

3 In AMESim, a gain (multiplier) parameter is used to scale values in lookup tables. The

damper pressure drop gain parameter effectively alters the damper characteristics. Since
the model takes flow rate as an input, the initial pressures must differ since the damper
creates a higher pressure drop with a higher gain. The steady-state errors are therefore not
physically interpretable and the delay times are calculated based on mismatching initial
pressures. The only physically relevant information from this run is obtainable by
examining the relevant graph (figure A3.4.13)

Discussion

It should be noted that the percentage change was calculated using an automatic subroutine, From
visual inspection of time domain graphs it was observed that some of the small changes may be
attributable to machine precision and sampling rate of the modelling results and should therefore
be treated with care.

It is further important to note that the parameters with a large influence on the system response
are almost exclusively related to the test bench. The only system parameter with a large effect on
the system response is the check valve cracking pressure. This parameter is difficult to obtain
accurately by experimental work and no manufacturer’s data is available. Two other parameters
also having an apparently large effect on the system response are the logic element control
chamber diameter and the damper pressure drop gain (refer to note 3, end of table). Please note
that the percentage change calculated for these values have no physical meaning since equivalent
time domain trends are not used in calculating the percentage change. The only relevant
information obtainable from these runs is in the delay trend figures (shown in annexure A3.4)

The above information again confirms the major influence that the test bench have on the system.
In order to conduct a sensitivity analysis on the valve, with enough detail for use in future design
work, one would need a model of the valve system with enough accuracy to have confidence in
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isolating the valve and applying ideal flow or pressure sources. Only once the effect of the
measurement system is reduced (or completely removed) will the system response not be
dominated by the measurement system.

3.11 Overview of models created

The following table shows the extent of the models created and indicates where these models
were discussed in this chapter.

v indicates that the mode! was created or is discussed.
X indicates that the model was not created or is not discussed.

Model - AMESim | MATLAB Discussed /
not discussed
Single logic element v v v (§3.5)
Ellman example of stiff system v v v (§2.4.3)
Ideal bumpstop for a mass v v v (§3.51)
Physical bumpstop using metal to metal contact v v v (§3.51)
spring forces
Full MMF solenoid sub-model without hysteresis v X v (§ A3.11)
First order lag solenoid approximation x x
Dual (separate rising and falling) first order lag v x x
solenoid approximations
Exponential rise and decay solenoid force model x v v (§ A3.1.2)
Single dynamic check valve v v x
Ideat check valve rectifier sub-model v v v (§3.8)
Dynamic check valve rectifier sub-model x v x
Complete system with logic and solenoid valve v v x
Complete system with logic, solenoid and rectifier v X X
Experimental mode! of the non-linear damper in v X x
terms of flow and pressure difference _
| Complete system with: logic, solenoid valve, parallel b 4 v v (§3.9)

damper, no check valves,
No pilot system flow connected
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Complete system with: logic, solenoid valve, parallel
damper, no check valves.
Pilot system flow is connected

Vv (§3.9)

Complete system with: logic, solenoid valve, parallel
damper, two check valves.
Pilot system flow is connected -

Complete syste_lh with: logic, solenoid valve, paralle!
damper, four check valves.
Pilot system flow is connected




4 Experimental Work

The aim of experimental work in th.lS study is to obtain operational parameters and dynamic

response data with which the mathematical model may be verified and refined. This Chapter
starts with a description of what should Ideally be measured. The concepts and final choice of an
experimental setup to realize these measurements are discussed thereafter. Finally, detail of the
experiments conducted and some results are shown. Where applicable, some analysis of data is
made, although the bulk of this work is conducted in chapter 5 where all the data from this study
is merged and analysed. Detail of the instrumentation with their calibration is shown in annexure
A4.]1. Equipment specially manufactured for the experiments is shown in annexure A4.3.

4.1  Experimental needs

As a first step in the experimental planning it is established what needs to be measured and an
estimate of the expected results is made. For this reason the following list of ideally required
characteristics was compiled. It was not feasible to conduct all of these experiments,

. Physical parameters, including poppet masses, orifice diameters, oil properties, etc. Not
all the parameters needed are realistically measurable, with several requiring special
experimental setups or procedures. For the purposes of this study, the unknown
parameters are approximated.

. Steady state pressure drop versus flow rate for the solenoid pilot valve (WSE 3), check
valve (CP 108) and logic element (I.C 25). The pressure drop versus flowrate graphs can
be used to determine approximated orifice coefficients needed in mathematical models,
Experiments were conducted by adjusting the flow rate through the valve incrementally
and measuring the corresponding pressure drop. Results are expected to match the curves
given in manufacturers’ catalogs. For the logic element a further extension is to repeat the
pressure drop / flow rate measurements for different poppet heights. (This was done with
the aid of a poppet stroke limiter). The flow rate versus pressure drop experiment should
ideally also be conducted for various other items used such as the pipe fittings and test-
bench fittings used in experiments and the individual valve block ports connecting the
valves. Determination thereof is however impractical, since the very same fittings are
needed to conduct the experiments with. It is for instance impractical to mount pressure
sensor ports directly next to any given orifice without adding additional fittings, or
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modifying the existing fittings. Since these pressure losses are designed to be of a low
magnitude, efforts were concentrated on restricting elements, such as the valves.

Flow force is caused by the viscosity of fluid flowing past any stationary object. In the
case of any valve poppet this force could have a marked effect on poppet’s external force
balance. Some commercial simulation software packages include empirical formiulas for
the ‘calculation thereof, and suggest- ﬁneutumng with experimental values. [Lebrun &
Richards 1998][Ellman & Vilenius 1990] The practicalities involved in measuring such
forces and their effects make these values a luxury,

Dynamic response of the solensid pilot valve. This valve has a complex mathematical
model and separate experimentation is required to verify the model in isolation.
Experiments conducted are done by adjusting the maximum allowable flow rate and
switching the solenoid for different initial pressure conditions. The corresponding pressure
drop versus time is measured.

Dynamic response of the check valves. The time constant of this valve is expected to be

- very fast compared to other valve elements. Conducting these experiments would require
a flow or pressure step input, or detail models of the test bench behaviour. It should be
possible to introduce a sinusoidal flow or pressure signal and determine a transfer function
from the measured response. Similar work has been conducted [Watton & Xue 1994] but
the technique requires special measuring equipment. The experiment is not conducted in
this study.

Dynamic response of the logic element. As with the check valves, a flow or pressure
step-input would be required. Since some other external control element is needed to
activate the logic element, both systems would have to be included in a mathematical
model.

Dynamic response of the valve block assembly. Since the system is self-contained, no
external flow switching is required. The results from these tests would provide the ideal
verification tool based on the overall system dynamics.

Dynamic response of the valve assembly parallel to the damper valve. Since the damper
valves also include some dynamics, and since the valve is exclusively used in this
configuration, this experiment provides some results directly applicable to the suspension
development requirement from which this study originated. The results from this
experiment would also be comparable to previously conducted work [Els 1997]
(dependant on the level of test bench interference with the system operation).
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. Dynamic response of the damper pack inisolation. The damper pack valves use Belleville
springs and are inherently dynamic. Complex dynamic behaviour (e.g. resonance) hasbeen
‘observed in these valves by Els. It was considered outside the scope of this study to model

the dynamics of the damper pack valves.

4.2 - Experimental concepts

It is well known that one cannot measure something without affecting the phenomena being
measured. This is very much so in measuring large and fast-changing flow rates. (For the valve
in question: 400 LPM with 40 ms switch time typically.) With the imposed budget constraints
several concepts had to be evaluated in order to meet the required performance,

The ideal test setup to conduct these experiments on would be a hydraulic power pack capable
of the necessary flow rate (> 400 LPM) and pressure (300 Bar = 30 MPa). For dynamic tests it
should also be capable of step-response inputs and/or varying sinusoidal flow or pressure changes.
Very fast servo-valves are available that can switch large flows within a few milliseconds. This
can be considered as a step input to many systems with slower dynamics. Typical concepts
evaluated to achieve the necessary test capabilities included:

. Accumulator arrays charged to the required pressure will provide a relatively constant
input pressure for a short duration.

. The use of larger available power packs and discarding or recycling the used and
contaminated oil.

. A pressure intensifier could be used in reverse to give large flows when activated with
high pressure. This arrangement would only partly satisfy the pressure / flow
requirements.

. Mounting of a hydraulic cylinder in series with a Hydropuls type servo actuator.

Controlling the speed and force of the Hydropuls, and therefore that of the cylinder,
would provide a short burst of flow. Since the valve assembly being studied opens and
closes within typically 100ms, one second of flow would suffice to obtain data.

. A smaller test bench with dual hydraulic pumps capable of 90 LPM at 30 MPa was
available, but in need of repair. It was decided to repair and use this facility.

. A concept for measuring the flow force induced on the logic element poppet that might
prove feasible in future work is as follows: The logic element control chamber may be
filled with oil and slowly bled off through an external orifice (quasi-steady state) thereby
allowing the poppet to raise slowly. Measurement of the control chamber pressure and
poppet displacement may be translated into flow force versus poppet height data.

The availability of instrumentation should also be taken into account when planning experimental




56

work. It is difficult to measure flow rates that change very fast. A positive displacement flowmeter
available for this study has a large inertia that would completely alter any dynamic response being
measured. This could be mitigated by including a model of the flowmeter in the simulation
process, but adds several additional unknown parameters to the model. Flowmeters with a 1 ms
response time are available on the market. (Senso Control SCQ flow transducer from Parker
Hannifin [Cataloge (d)] ) Pressure transducers (25 and 40 MPa rénge respectively) were obtained,
Their use and calibration discussed in annexure A4.1.

4.3 90 LPM Test bench

The 50 LPM test bench has two 30 kW electric motors with variable flow radial piston pumps.
Both are capable of delivering 45 LPM at 30 MPa maximum. These pumps are controlled
individually for flow and pressure by proportional solenocid valves. The valves have PID
controllers applying a pulse width modulated signal to the solenoid coils. LVDT sensors are used
for feedback.
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Figure 4.1 Schematic layout of one test-bench pump and supply hoses
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The test bench principle of operation is simply that the maximum flow and pressure delivered by
the pumps can be set from the front console. These two functions operate independently. This
‘means that either the flow or pressure will be limited, depending on the characteristics of the load.

The pumps are connected to the user interface via rubber hoses and steel pipes (layout indicated
in figure 4.1). At the usér interface, a valve’ (indicated by valve AB in figure 4.1) can be used to

allow separate or combined flow rates from pumps A and B. The large supply line volume and
compress1b111ty together with the test bench control valve dynamics have a.marked effect on the
dynamic behaviolir of the test bench. In this study the effect oftest bench control valves and pump
stroke control was not taken into account. The supply line approximate Iengths and volumes are
indicated in annexure A4.2.4.

The test bench was in dire need of repair and upgrading in order to fulfill the tasks required and
to provide future usefulness. Cleaning, repairing, upgrading and testing work done on the test
bench is listed in annexure A4.2.1.
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4.4  Drain line steady state pressure drop experiment

4.4.1 Purpose

After some initial experimentation it was found that the test bench drain line and quick coupler
used to return oil to the tank, causes a high flow resistance. This impaired the valves’ dynamic
perfomance since the actual pressure drop was now Iess than that required and also vaned with
flowrate. Furthermore, the long pipe length 1ntroduces a large oil mass that has to be accelerated,
The drain line resistance was measured for future reference.

4.4.2 - Experimental setup and method

The drain line (marked T1 on the test bench console) steady state resistance was measured by
connecting the test bench supply line via a pressure transducer (annexure A4.1.1) to the return
line. It is assumed that the drain line vents to atmospheric pressure in the reservoir tank. The test
bench turbine flow meters (annexure A4.1.2.2) was used to measure the flow rate.

}‘ Test bench Test bench
L Supply port Orain port

Figure 4.2 Experimental setup: Determining
drain line resistance

4.4.3 Result and conclusion
The drain line resistance is shown in annexure A4.2.3, figure A4.2.2.

To overcome the problem of a high drain line resistance in subsequent experiments, a short, large
diameter (0.5m long, 25 mm diameter) drain line was used to dump used oil directly into a 210
! drum placed next to the experimental setup (pumped back to the tank by a separate circulation
pump, see photograph 7). This drastically reduced drain line resistance. The flow resistance due
to the short drain line is visible in the measured and simulated results but the effect thereofon the
valve dynamic performance is negligible. One uncertainty evolving from this setup is the possible
buildup of air into the oil whereby the effective bulk modulus is drastically reduced. With the used
oil dumping into the 210 / drum, and then being pumped back to the power pack reservoir
separately, it is uncertain if the air would have been fully removed when it reaches the valve after
passing through the test-bench. [Viersema n.d.]
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4.5  Pilot valve (WSE3) steady state pressure drop experiment

4.5.1 Purpose

To determine the steady state pressure drop across the pilot valve thereby venfymg against
manufacturers data and obtaining the discharge coefﬁment parameters necessary in simulation
work. '

4.5.2 Experimental setup and method _

The solenoid pilot valve is mounted in the manufactured test block named manifold-CSS
(annexure Ad,3.4 shows detail drawmgs) and connected to the test bench with the adaptor plate
(annexure Ad4.3. 6) This setup enables pressure transducers to be connected to all the pilot valve
ports (X, Y and P) with flow introduced at any port and the valve switched. Note that the valve
is only designed for flow from X to P and from P to Y. Pressure transducers (annexure A4.1. 1)
are connected to the CSS manifold block at the pressure tap points provided and the VS1 positive
displacement flow meter (annexure A4.1.2.1) were used in the experiments. Fine tuning of flow
rates were accomplished by the addition of a needle valve (manual adjustment).

Test bench Test bench
Supply port Drain port
% /r-:\\
N2
Restrictar
T orifice
Y X P
P (5S
W3E3} | block
L]

Figure 4.3 Experimental setup: Pilot valve
steady state pressure drop

4.5.3 Result and conclusion
Pressure drop measurements are presented graphically in figures 4.4 And 4.5 below,
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Figure 4.4 Pilot valve (Wse) pressure drop (P->Y)
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Figure 4.5 Pilot valve (Wse) pressure drop (X->P)
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Since the measured pressure drop is lower than the manufacturer’s curve, unaccounted flow
resistance in the measuring setup does not seem likely for the error. Although the pressure
- transducers (250 MPa range) were calibrated, in this experiment they are used far below their
total sensitivity, thereby decreasing the expected accuracy of the measurements. Venturi effects
could influence the measured pressure drop since many T-junctions are present in the test-block
and pressure transducer mountings. If' the ﬂow passes throu gh non-straight passages, stagnation
and recucuiatlon zones with localised high and low pressure regions could affect the measured
pressure difference. Effort was made to avoid such situations as far as possible. Different oil
properties used in these experiments and the manufacturers experiments could further contribute
to the error. It is accepted that the manufacturers curves are correct.

4.6  Check valve (CP108) steady state pressure drop experiment

4.6.1 Purpose

To determine the steady state pressure drop across the check valve thereby verifying against
manufacturers data and obtaining the discharge coefficient parameters necessary in simulation
work.

4.6.2 Experimental setup and method

A similar experimental setup were used as for determination of the pilot valve pressure drop. The
CP108 valves are mounted in a custom valve block to allow easy fitment.

Test banch Test bench Eij
Supply peort Drain port

P Cyst)
CP108
Test \\/
black 5
S
&%

Figure 4.6 Experimental setup: Check valve
steady state pressure drop
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4.6.3 Result and conclusion
Figure 4.7 indicates measured results plotted against the manufacturers curve.
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Figure 4.7 Check valve (CP108-2) pressure drop

The fact that the measured curve is higher than the manufacturer’s curve suggests that some
additional and unaccounted for flow resistance is present in this measurement. The experimental
setup consisted of an aluminium block to house the check valves. To connect the pressure
transducers, several adaptors and a T-piece on both sides was necessary (photograph 8). Since
the pressure drop across the valve is very low, small additional restrictions could have a large
effect on the total measured pressure drop. Another explanation could be that the manufacturers
removed the spring from the check valve (since no cracking pressure is visible in their data). This
could effectively lower the pressure drop. Other possibilities for the discrepancy are the same as
mentioned in paragraph 4.3.1 (oil properties, venturi effects and inaccurate product data). A
polynomial curve is fitted through the data. The very good correlation found, suggests that the
expected physics of orifice flow are adhered to.
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4.7  Logic element (LC 25) steady state pressure experiment

4.7.1 Purpose
‘Determination of steady state pressure drop values versus poppet height for the LC25 logic
element to be used in model parameter adjustment and venﬁcatlon

4.7.2  Experimental setup and method
The logic element is mounted in a valve block used for the fitment thereof parallel to the damper.
Connecting plates and rubber hoses are used to connect this block to the test bench. The logic
element could be controlled by the pilot valve, thereby switching flow supplied from the test
bench. A stroke limiter is often used with logic elements to adjust the maximum allowable
opening. A simple and inexpensive version of such a stroke limiter was manufactured using a
‘threaded rod acting against the logic element poppet through a suitable cover plate (annexure
A4.3.3). This stroke limiter was used to vary the poppet height setting in determining the pressure
drop versus flow characteristics. Pressure transducers were connected to the measuring ports of
the logic element valve block, with flow measured by the test bench turbine flow meters (annexure
A4.1.22).

Test bench Test bench
Supply port Dratn port

Damper
pack
Stroke
"’le:fer
Legic element biock I

T

Figure 4.8 Experimental setup: Logic element
steady state pressure drop versus poppet height

4.7.3  Result and conclusion

Only some data points at varying conditions were taken manually within the limited test-bench
range (90 LPM). AMESim was also used for a numerical version of the same experiment. The
AMESim 3D graph was correlated with the experimental data in order to calibrate the model
orifice parameters. Excellent correlation was found. Attempting to show this correlation would

S—
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require many zoomed views and is therefore omitted. Figure 4.9 shows a three-dimensional view,
and figure 4.10 shows a two-dimensional zoomed view with selected valve openings,

[Bar]

Pressure Drop

Figure 4.9 Pressure drop vs flow and poppet height for the logic element (L.C 25)
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Figure 4.10 Alternative pressure drop vs flow and poppet height for
the logic element (LC 25) - Created with AMESim
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4.8  Damper pack steady state pressure drop experiment

4.8.1 Purpose

The damper pack was not included in the ongznal experimental planning. Problems with the
dynamic measurements prompted its use (a detailed discussion follows in paragraph 4.10). Detail
knowledge of the damper pack characteristics are needed in the mathematical models.

4.8.2 Experimental setup and method

The damper pack is a standard Ratel armoured personnel carrier linear damper valve mounted in
in a steel casing. This enables any oil flow through the damper pack to behave similar to oil
ﬂowmg through a conventional passive damper. The damper pack was manufactured to provide
damping in the Giliomee & Els (1998) hydropneumatic system. Since passive dampers have
different characteristics in the two directions, care must be taken to specify the flow direction, The
damper pack casing has a bolt-on cover on one side and a solid metal side at the other end. The
direction is therefore specified by indicating flow as ‘solid to cover’ or as ‘cover to solid’.
Pressure drop was measured by connecting the pressure transducers to the logic element valve
block, that was in turn connected in parallel to the damper pack. With the logic element closed,
the pressure transducers are subject to the pressure drop across the damper pack.

Test bench Tast bench
Supply part Drain port

Damper
pack

Logic element block
!

T

Figure 4.11 Experimental setup: Damper pack

steady state pressure drop. (Logic element
closed)

Css
black

WSE3
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Pressure drop across dampér pack
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The characteristic curve of the damper pack was measured for inclusion in the mathematical

4.8.3 Result and conclusion
models. It is shown in figure 4.12.
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4.9  Pilot valve (WSE 3) dynamic response experiment

4.9.1 Purpose .

In order to reduce the initial model complexity, separate models of the pilot valve and valve
-system were constructed. Separate experimental results were therefore required for correlatmg
pilot valve models.

4.9.2 Experimental setup and method

Experiments were conducted by setting a maximum flowrate through the valve inaccordance with
the valve speczﬁcatlon for safe operation. The system was left to obtain equilibrium and the
solenoid was switched with a debounce circuit (A debounce circuit provides a sharp voltage step
input by filtering out the switch dynamics. Its circuit diagram is shown in annexure A4.1 4). The
pressure in front of and behind the valve was measured during the switching period at a sample
rate of 1000 Hz.

Test bench Test bench
Supply porf Drain port
—_— Pump
YXP

. CSS

WSE3[ | block

2101 Drum

Figure 4,13 Experimental setup: Dynamic
measurement of pilot valve response

4.9.3  Result and conclusion

Note (from figure 4.14 and 4.15) the apparently long time delay of 0.5 to1.5 s for a valve of this
type. Many similar experimental runs were conducted, but presentation thereof would be
unpractical.
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Pilot Valve Time Response - Opening Behaviour

Pressure [M Pa} and Scaled Volt‘

1.5 2 235 3 3.5
Time [s]

Figure 4.14 Experimental pressure dynamic trends for the pilot valve

Careful analysis of the data shows that the closing (i.e. from open to closed) behaviour measured
is highly dependent on the test bench behaviour. With the valve closed the oil in the test-bench
supply line leading to the valve was compressed to the maximum pressure set by the control
system (the volume is calculated in annexure 4.2.4 to be approximately 13 /). The valve has very
small ports compared to the test-bench supply line. When opened, the compressed volume of oil
takes some time to drain through the pilot valve. This totally alters the measured time-delay.
Similarly, when the valve closes, some time is needed to bring the supply pipe pressure up to the
set value. As mentioned in chapter 3, compensation was made for this in the mathematical models
by including the long test-bench supply lines.
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In figure 4.15 the point marked ‘AAA’ indicates that the test-bench control system gradually

restores the pressure in the supply line in an underdamped fashion. Data analysis shows the time

 taken from electrical signal input to the point where the pressure is restored (indicated as ‘PBUT’
in figure 4. 15) versus the change in pressure required (indicated as “pressure buildup demand’ in
figure 4. 15)hasa lmear behaviour (shown in figure 4.10). This time taken to restore the: pressure

‘in the supply line is termed Pressure Build Up Time for the purposés of this study CPBUT) For
the pilot valve expenments the flow was limited to 12 LPM, thereby further extending the
pressure build up time.

Pilot Valve Time Response - Closing Behaviour

Pressure [MPa] and Scaled Voit

Time [s]

Figure 4.15 Experimental pressure dynamic trends for the pilot valve
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Closing side - Pilot experiment
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Figure 4.16 Pressure build up time at 12 LPM

Note that the pressure build up time is a function of the test bench dynamics, the test bench flow
setting and the mounted valve since a certain portion of the flow required to restore the line

pressure is escaping through the valve, while it closes. The curve can therefore not be used as a
test bench step input characterisation.

Detailed analysis of the experimenta! data will be conducted in chapter 5.




71

4.10 Valve block assembly dynamic response experiment

4.10.1 Purpose
To obtain dynamic performance data with which to verify mathematical models.

4.10.2 Expe’rimental setup and method

This expenment was conducted with two different manifold blocks mounted onthelo gic element.
The original “WSE manifold” as used on the valve system in its vehicle mounted configuration
and the new “CSS manifold” that contain a poppet displacement transducer for the logic element
and several pressure measuring ports were used. The ‘CSS’ manifold block was manufactured and
used in experiments to allow for the measurement of'the poppet displacement and logic element
control chamber pressure, providing more data for model verification. A comparison of the
physical differences between the old (original manifold) and new (manifold CSS) block is given
in annexure A4.3, with a detailed drawing of the block. Initially the experiments were conducted
without the damper pack. The reason for its fitment will be explained in paragraph 4.10.3.

%Tesf bench Test bench
Supply part Drain port

| Pump

A B !
Damper
pack

Logic element block 291 Drum

Figure 4.17 Experlmental setup: dy‘namic
measurement of valve system response

(433
block

4.10.3 Result and conclusion

During testing the valve system started to oscillate due to an initially unknown reason. This
entailed a relative high frequency stutter in the valve, with corresponding flow and pressure
oscillations. From noise and vibration one could determine that the logic element poppet was
oscillating up and down. With certain flow rates the poppet oscillated enough to touch its seat.
The problem was so serious that damage to the test bench could result. What is even more
inexplicable is the fact that the valve system showed the oscillatory behaviour on random
occasions. (Both times with exactly the same configuration.) The Rexroth Hydraulic trainer on
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logic elements [Schmitt & Lang 1998] briefly mentions a phenomenon called fTuttering, that could
be related. Many reasons for this problem were hypothesized and investigated such as mechanical
damage in the experimental setup, trapped air pockets, experimental configurations, test-bench
resonance and control system problems. One attempt at removing the oscillatory behaviour was

- the ﬁtment of a damper pack parallel to the valve system. The damper pack constructron was‘

explained in paragraph 4.8.2. The motivation for ﬁttmg the darnper pack was to allow contmuous
flow dehvery from the test bench pumps, thereby reducmg the step response requlrements onthe
test bench. However the additional flow only mildly reduced the oscillation amplitude. All
following reference given to “valve system’ indicates the presence of the damper pack.

A frequency analysis (FF T) was conducted on the measured oscillatory displacement data. The
time domain displacement trend showed violent transient behaviour before it stabilised at a
frequency close to the electrical main’s 50 Hz. (See figure 4.18) Investigation revealed that the
solenoid signal is not affected by the 50Hz signal and had a smooth DC stabilised value. The
possibility of a defective power supply causing some form of solenoid dynamics was therefore
ruled out. The only other electrical influence remaining on the system was via the test-bench
control cards. However, if the test-bench contro! system was defective, the oscillation would be
visible in all the experiments, including steady state experiments. Since the oscillatory data was
clearly centred around 47Hz and the electrical mains are known to be very accurately controlled
around 50Hz it could be reasoned that the oscillations were not related to the electrical supply
signal. A typical example of the oscillatory experimental behaviour is shown in figure 4.19.

FFT Analysis of ascilatory experimental displacement data
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Figure 4,18 Frequency analysis of osciliatory displacement data
for the valve system experiments
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Experimental Data showing typical Oscilatory behavior
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.Figure 4.19 Oscillatory behaviour (CSS Manifold block)

Since the oscillations were of high magnitude (especially for the displacement), the mean steady
state value thereof was used to determine the 5% and 95% values. The oscillations could,
however, have the effect of changing the mean steady state values, mainly as a result of the
cracking pressures in the check valves acting as a pump system. A simple experiment was
conducted to verify the use of the mean steady state values with the following logic:

. The pressures in the open and closed valve positions are known.
. The total flow passes through the damper in the closed valve position,
. With the damper curve (figure 4.12), the total flow from the test-bench can therefore be 5
calculated. _ L
. In the open valve position, the pressure and damper curve can be used to calculate the
flow through the valve by subtracting the new damper flow from the total flow.
. From simulation and experimentation, the logic element flow vs pressure drop for various
poppet lifts are known (figure 4.10),
. From this graph (repeated and adapted in the figure below) it can be seen that the
expected poppet position is approximately 1.2mm1.
. This is close to the mean steady state value of the oscillatory displacement data of figure
4.19.

Therefore it was assumed that oscillations do not influence the valve poppet steady state position.
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Steady state pressure drop vs poppet height for the logic element
8E T t T . T T T "

R
/ J‘\ Calculated poppet position for the

3L 97 LPM experiment

Pressure Drop [Bar]
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i L L i 1 |

70 75 80 g5 90 95
) Flowrate [LPM]

Figure 4.20 Determination of steady state displacement values for the valve system.
(Zoomed view of figure 4.10)

It was also observed that the oscillation was a secondary effect and that the presence thereof did
not disturb the overall response of interest in this study. Data containing oscillations was not
discarded but simply treated with care. As a further indication that this was a valid conclusion,
two non-oscillatory and two oscillatory data sets were compared (figure 4.21).
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Repeatability across four experiments
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Figure 4.21 Repeatability across four similar experiments

Two important correlations can be seen from the above graph.

. There is good correlation between separate runs. Even with some slightly different initial
conditions for the two oscillatory runs, correlation can stil be seen. '

. There is no major difference between the oscillatory and non oscillatory runs. The slight
discrepancy was to be expected since two different experimental setups were used to
obtain them. The non-oscillatory behaviour was measured with the original WSE manifold
block that contains protection orifices and much less flow resistance than the CSS
manifold block used to measure the oscillatory data in this specific figure.

The mean steady state value is a suitable parameter to use in calculating the 5% and 95% values
of the displacement thereby allowing direct comparison of the model results with experimental
data.

[




5 | Results

In this chapter the results obtained from the AMESim models are evaluated against the
experimental results. This allowsvalidation of the modelling technique and adjustment of certain
model parameters. Evaluation of the MATLAB system model is done in annexure A5.1.

5.1 Overview

To correlate the pilot valve and system with damper models, time domain dynamic pressure and
displacement trends are superimposed. This is done for the opening and closing behaviour of the
valve and at two different operating points (e.g. in figure 5.1). This ensures that the parameters
affecting the dynamic performance are matched over a range of operation. It is furthermore not
feasible to show all the data sets generated. With the models and experiments varied flow or
pressure settings were introduced to cover the whole operating range of the valve or its
subsystems to the extent of the test bench capability. Each of these settings constitute typically
an 8 second time domain trend containing an opening and closure behaviour, with several
variables monitored. These time domain dynamic performance graphs give an overview of the
dynamic correlation of the models with experiment, but fail to show a quick overview of the time
delay of the valve across the range of operating points.

To create a more elegant method of showing the time delay trend for a system, two data points
of interest can be defined on the dynamic time domain trend of a state variable under
consideration. After the switching signal is given, an initial (or base) delay occurs. During this
period the solenoid saturates and little or no change in the value of the state variable is observed.
Thereafter, the mechanical elements start activation and the state variable changes to its final value
(at the final delay time). The base and final delay times are defined at 5% and 95% of the
respective steady state values. When oscillatory behaviour is present, the steady state value is
taken as the median of the oscillations. A problem arising was the asymptotic behaviour of some
transients, creating the effect that the calculated 5% or 95% point is highly sensitive to small
changes in the transient behaviour. This effect can create the illusion that two transients with
similar dynamics have vastly different delay values.

Annexure A3.3.28 shows the MATLAB implementation of a function used to determine the 5%
and 95% values. In the figures the abbreviations AME, MAT and EXP are used to indicate the
AMESim, MATLAB and Experimental trends respectively.
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Since this chapter contains many graphs it is valuable to have an overview thereof :
. Model: Pilot valve (paragraph 3.7 and paragraph 4.9)

. Figure 5.1: Opening behaviour, 10MPa

. Figure 5.2: Ciosmg behaviour, 10MPa

. Fxgure 5.3; Zoomed view of figure 5.2

. Flgure 5.4: Opemng behav1our 20MPa

. Flgure 5.5: Closmg behawour ZOMPa

. Figiire 5.6: Correlation: Exp peak, and modeI trends

. Figure 5.7: Delay trends: Opening

. Flgure 5.8: Delay trends Closing
. Model: System with damper (paragraph 3.9 and paragraph 4.10)

. Figure 5.9: Opening behaviour, 221LPM - Pa & x

J Figure 5.10: Closing behaviour, 22LPM - Pp

. Figure 5.11: Opening behaviour, 97LPM - Pa & x

’ Figure 5.12: Closing behaviour, 97LPM - Pp

. Figure 5.13: Delay trends: Displacement

. Figure 5.14: Delay trends: Pressure

5.2 Model validation: Pilot valve

As was explained in chapter one, the pilot valve uses a solenoid to activate a spherical poppet
which in turn allows oil flow to switch between two possible paths. The valve contains a pressure
compensating chamber aiming to reduce the effects of a high inlet pressure on the force required
from the solenoid to accelerate the poppet.

The valve is investigated separately from the main valve system in order to reduce initial model
complexity. Unfortunately the test bench dynamics obscured the pilot valve dynamics and it was
difficult to extract the necessary data for use in correlation. The AMESim model shows
acceptable correlation with experiment, although the delay trends obtained from the response data
do not correlate well with the corresponding experimental values. In this regard it should be
remembered that the models use approximations for some of the physics involved (e.g. solenoid
magnetic circuit, flow force calculation and effective flow area) and therefore a better correlation
is unforeseeable.

The layout of this paragraph consists of matching the AMESim, MATLAB and experimental
work on the basis of four figures containing time trends. The experimental and AMESim trends
are used to extract delay trends for the valve in question. MATLAB results are not used for this

purpose.
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Pitot valve pressure trends: 10 MPa case
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Figure 5.1 Pilot valve dynamic transients: experiment, AMESim and MATLAB results -
Opening behaviour
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Pilot valve pressure trends: 10 MPa case
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Figure 5.2 Pilot valve dynamic transients: experiment, AMESim and MATLAB results -
Closing behaviour.  Zoomed section indicated in figure 5.3.
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Figure 5.3 Zoomed view of figure 5.2
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Pilot valve preséure trends: 20 MPa case.
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- Pilot valve pressure trends: 20 MPa case
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Figure 5.5 Pilot valve dynamic transients: experiment, AMESim and MATLAB results -
Closing behaviour

5.2.1 Model correlation with experiment

As explained in chapter 3, the valve model consists of a force balance equation from which poppet
acceleration is calculated. In the AMESim model attempts are made to separate the flow losses
(onifices) and fluid volumes according to their real physical layout. This adds many parameters
and state variables (27 in total) to the set of equations. In the MATL.AB model, these orifices and
volumes are lumped in order to reduce the number of state variables to 5. Most of these fluid
volumes are only necessary to model the test-bench supply line accurately.
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In both the AMESim and MATLAB models, obtaining the right steady state values requires the
correct balance in lumped flow resistance in front of, through and behind the valve and the correct
pressure sensor position. This requiresthe adjustment of C,and Re, values of several orifices. The
adjustment of both C, and Re, values creates the poss1b111ty that the steady state correlatlon can
be reached at a certain flow rate, but differ at another flow rate, It should be noted that once it
was dlscovered that the MATLAB model soIver was madequate less. attentlon was. spent to

obtain the nght parameters for the model. With detailed experimental determination of the orifice
parameters of each component in the experimental chain unfeasible, many hours and even days
were spent'to obtain 1rnproved parameters for the AMESim model, Measures such as two-
dimensional optimisation fields were investigated to speed up the process, but were found to be
unsuccessful, since many more dimensions are needed, in order for an optimisation process to be
successfill.

Governing equations with similar complexity as the AMESim model would easily be programable
in MATLARB, but the numerical method used would be unable to solve them. The MATLARB
results are shown only to indicate that the MATLAB model created does fall in the right region
of dynamic response, even with the knowledge that the MATLAB model is highly simplified. The
MATLARB solver incapability starts to show with a peak in the supply pressure (Pp) trend at 0.08s
(figure 5.4). This is caused by numerical integration problems. Many attempts were made to
enhance the MATLAB model by including more detailed sub-models and assumptions,
Unfortunately, the current model seems to be on the limit of solver stability.

Another problem is the accumulation of experimental inaccuracies. The pressure sensors were
used at a fraction of their total sensitivity. Flow induced phenomena such as stagnation and
recirculation points may influence the measured values. This would be especially relevant in the
steady state region, where close matches between model and experiment are expected.

The influence of the test-bench is clearly visible from the time domain dynamic response graphs.
The trend suggests that the pilot valve takes about 0.5 to 1 s to close fully. As discussed in
chapter 4, the test bench has a long and compliant supply line. This pipe is under pressure when
the pilot valve is closed, causing additional oil to accumulate in it, This accumulation of oil takes
a certain time, depending on the maximum pressure that the test bench must reach (especially
since the flow is limited to 12 LPM). This is shown in the pressure build up graphin figure 4.16.
Similarly, the valve has an apparent opening time of 0.5 to 1 s. When the valve opens, the oil
accumulated in the supply pipe must drain through the small pilot valve orifice while oil is
continuously being added to the supply line by the test bench. '

In order to extract useful data from the experimental time domain dynamic response data, the




83

drain line pressure transient is used. The drain line vents to atmosphere, and provides only minor
flow resistance, This resistance causes a pressure signal to be measured only if flow is present in
the drain line. Other evidence indicating that the drain line pressure transient offers an accurate
method of determining the valve response is the small peak in the supply pressure transient (Px) at
around 0.03s(figure 5.3). Thisindicates the physzcal closure of the valve poppet since it correlates
with zero flow in the drain line trend but does not provide a su1tabie method of determmmg the
valve behavrour In ﬁgure 5.6 this is clearly vzsIbIe where scaied views of the experlmental supply
pressure Px AMESim dram pressure Pp and AMESim poppet drsplacement trends are shown.

Experimental aid AME Sim detall of peak in Px trend

Peak

I N

51 EXP Supply PnW

AME Displacement

Highly scaled pressure and displacement trends
[#]
Solenoid Signal

\ AME Drain Line Pressure (Pp)

-0.02 0 0.02 0.04 0.06 0.08
Time [s]

Figure 5.6 Comparison between experimental and AMESim trends

In AMESim the test bench is modelled as an ideal flow source and ideal relief valve coupled to
a segmented supply pipe model. With this model it is not possible to account for test bench
dynamics such as pump flow rate variation and the proportional throttle valve or relief valve
dynamics. This can be seen from the comparison between model and experiment in figures 5.1
(opening behaviour) and 5.2 (closing behaviour). From these figures, the model and experimental
supply pressure transients are matched for the opening case, but the experimental pressure lags
slightly in the closing case (compared to the AMESim result). This indicates that the supply line
model used can account only for some of the test-bench phenomena. By altering the supply line
compliance, the model’s response can be matched to the experimental opening or closing transient
seperately. Ideally, the test bench dynamics should be incorporated into the model. An alternative
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and more appropriate test setup might also be considered.

When the valve opens, a surge of oil causing a peak in the drain line pressure transient is visible,
This is caused by the accumulated oil in the supply pipe escaping through the pilot valve, while
at the same time the test bench attempts to re-establish the 12 LPM flow rate through the valve,
This raises the question of how much the pressure forces acting on the valve poppet are aﬁ'ected
by the test bench To obtain an answer to this questlon would be to experiment with an 1deaI test
bench or with‘accurate models of the valve and real test bench. In such a model the real testbench
could be substituted with an ideal source and the difference observed.

Despite the inaccuracies of the models, it is encouraging that the AMESim model demonstrates
the same oscillatory behaviour or high frequency dynamics as measured (figure 5.3). (Specifically
the smalf peak in the pressure Px closing transient, at 0.03s )

3.2.2 Time delay data extracted
The 5% base delay and 95% final time delay data extracted from the experimental and AMESim
model data is shown in figure 5.7 and 5.8 following,

Pilot valve defay trend: Opening behaviour
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Figure 5.7 Time delay data obtained from experiments and the AMESim model
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Pilot valve delay trend: Closing behaviour
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Figure 5.8 Time delay data obtained from experiments and the AMESim model

Despite the apparently constant time delay behaviour of the AMESim delay trends in figure 5.8,
a nonlinear behaviour is visible on a closer scale (not shown). As mentioned, the solenoid model
used is a approximation of a typical solenoid force trend and exact matching of the trends is not
to be expected.

During valve opening, the magnetic field in the solenoid coil collapses and the poppet lifts offits
seat. Until this point in time, the force resulting from the supply pressure acting on the ball poppet
has been balanced by the same pressure in the compensation chamber acting on the compensation
piston (it has the same diameter as the seat). From the time defay graph (figure 5.7) the opening
behaviour base delay is relatively constant across the valve operating range (approximately 21 ms)
indicating the similar solenoid functioning across the valve operating range.
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When the valve is open, however, the poppet has m_ore area exposed to the supply préssure and
the compensating chamber cannot balance the force completely. When the solenoid is energised
in order to close the poppet against the supply pressure, a larger force is thus needed at hlgher
" pressures. It takes a longer time for the solenoid magnetic circuit to build up the hIgher force
needed as 1nd10ated by the increasing base delay times in ﬁgure 5.8. Once this force has been
reached and the poppet starts to move, the tlrne domam transienthas a similar dynarmc beha\nour
for the high and low pressure cases, This is visible from the paraIIel curvature of the base and final
delay trends in the closing behaviour (fig 5. 8) As mentioned this larger force necessary 1 for
activation, takes longer to build up in the magnetic circnit and therefore the time delay trends
move outwards for higher initial pressure values. This also points to some maximum operating
pressure where the solenoid will not be strong enough to close the valve.
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5.3  Model validation: Valve system with parallel damper

From chapter one: The valve system uses the pilot valve (as discussed in paragraph 5 .2) to alter
the hydrauhc pressure in the logic element chamber. This alteration of" pressure is converted into
logic elemerit poppet motion that controls the amount of oil bypassing the damper valve. The
bypassmg of oil alters the characteristics of the damper, thereby offering the possibility of
improving the ride quality and handhng of a vehicle.

Although the system modelled represents the complete valve system as fitted to the vehicle,
translation of measured and simulated delay values into existing damper valve delay trends should
be done with care if it is to be attempted since the test bench has a substantial influence on the
measured and simulated values.

The layout of this paragraph is similar to paragraph 5.2 and consists of the matching of AMESim
and experimental data on the basis of time domain transient figures and a discussion thereof. The
delay data extracted from the AMESim and experimental work is shown on the basis of opening
and closing delay trend graphs. The valve system model incorporates the pilot valve model in the
state of development as described in paragraph 5.2.

As mentioned, the valve system and damper model time domain dynamic response will only be
discussed for the AMESim case, since the MATLAB version proved highly unstable. Although
the MATLAB model does occasionally solve and provide results, obtaining them required
adjustment of parameters for every specific simulation run until a stable solution is found. This
is clearly not a feasible modelling method. Discussion of the MATLAB model is deferred to
annexure AS5.1. :

In the experiments conducted, both test-bench pumps were used to obtain the high flow rates
required. This means that two test bench supply pipes has to be modelled thus increasing the
number of compliant fluid volumes and lumped orifices drastically. In this model finding suitable
values for the Re, and C, values for the orifices and compliance of the fluid volumes requires
adjustment of at least 100 parameters (complete list of parameters in annexure A3.2). This is
clearly not a task to be attempted manually, and unless detailed experimental values of each
individual element in the experimental setup is known, the process would require some automated
method such as optimisation. This was not attempted in this study.

3.3.1 Model correlation with Experiment
In the following four figures experimental and model time domain transients are presented to
facilitate the discussion of the correlation between them.
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Experimantal and AMESim valve system response: Pressure (Pa} and poppet displacement - 22 LPM 2MPa
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Figure 5.9 Valve system response: Pressure (Pa) and displacement - 22 LPM case
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Figure 5.10 Valve system response: Pressure (Pp) - 22 LPM case
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Experimental and AMESim vaive system fesponse: Pressure (Pa) and poppet dispiacement - 97 LPM
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Figure 5.11 Valve system response: Pressure (Pa) and displacement - 97 LPM case
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As with the pilot valve experiments, the test bench supply pipe again has to be pressurised and
depressunsed after valve closing and opening. This causes the problem of finding a suitable
transient for use in determining the model and experimental correlation and for extraction of time
delay values As discussed in chapter 4, the Iog1c element was fitted with a linear dlspiacement
transducer for this purpose. The poppet drsplacement is mﬂuenced by several factors such as the '
distnbut:on of onﬁce eiements in front of and behmd the logxc elemenit, This causes hlgher or
Tower pressure forces on the poppet thaninthe expenmenta1 setup, again mdrcatmg that accurate
knowledge of the large number of parameters employed in the model is a great influence on the
model accuracy The drain line trend (as used to correiate the pilot valve of paragraph 5 2) did
‘not provide an accurate method of correlating the mode! and experiments due to low pressure
signals. Since the valve behaviour is obscured by the test bench interference, using the supply
pressure will only result in examining the test bench behaviour.

As discussed, high amplitude oscillations of unknown origin were experienced during the
experimental work. The AMESim model provided an explanation for these oscillations. The test-
bench supply pipe compliance was modelled as steel and rubber hose sections with approximately
correct dimensions. Initially, low amplitude damped oscillations were visible in the AMESim
results. Increasing the rubber hose compliancy reduced the oscillation frequency and increased its
amplitude thereby matching the measured oscillations more accurately. Unfortunately no exact
value for the hose compliancy is known. Other parameters with unknown exact values such as the
oil bulk modulus, air content and viscosity also affect the oscillatory behaviour further increasing
the difficulty of matching simulated results to experimental results (AMESim default values for
these parameters were used in most cases).

With the AMESim model complexity in its current state of development and parameter accuracy,
it is encouraging to see that the logic element chamber pressure (Pp) shows some of the same high
order response as measured (figure 5.11). Considering that the pilot valve model is only
approximate, the relatively close match obtained suggests that the logic element dynamics
obscures the pilot valve dynamics.

As with the pilot valve model many efforts were made to improve the steady state error between
the simulated and experimental time transients. It should be noted that some parameter changes
alter the shape of the time domain dynamic response. Further complications in adjustment of
parameters is that changes to parameters improve the correlation at a certain flow rate, but
worsen the correlation at other flow rates. This indicates that two or more parameters must be
changed simultaneously in order to achieve correlation throughout the valve’s operating range.
Other possibilities for this behaviour is the effect of simplifying assumptions made in the model.
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5.3.2 Delay data extracted

Extracting the delay trends for the system can be done on the displacement or pressure transients
for the valve. As discussed, the pressure transients were drastically influenced by the test-bench.
The AMESlm delay trends follow the correct general dynanuc behaviour but do not have the
correct abso]ute values. Several reasons for this can be given. It is possible that the expenmental :
measurements are not entlrely correct. Steady state errorsinthe d:splacement or pressure sensors
could affect the 5% and 95% calculated time delay vaiues due to the asymptotlc behawour of the
time domain transients. The oscillations encountered introduced noise to the data rendermg the
automatic delay calculation algorithm developed useless. This necessitated manual extraction of
delay trends from the data, adding further inaccuracies. The high level of data spread in the
expenmental delay trends can be attributed to the damper valve Belleville springsused, since these
springs are known to behave randomly.

The error in the delay trend based on displacement for the opening behaviour case (figure 5. 13)
could be explained as follows: In the time domain transients, the simulated displacement steady
state value did not mach the experimental steady state value (figure 5.9 and 5.11). Because the
simulated transient steady state values are larger, the 95% delay value occurs at a later stage. (In
calculating the 95% point, the transients own steady state value is used.) It is argued that if the
steady-state value of the simulated results had matched the experimental values, the extracted
delay trends would show better correlation.

Since the MATL.AB model proved unstable, none offts resuits are shown. Furthermore, since the
base delay values are not crucial in correlating the models, the data is not extracted from the
AMESim model to improve legibility of the graphs.
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System final delay based on logic element poppet displacement
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Figure 5.13 System delay trends based on displacement
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System final delay based on pressure (Pa)
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Figure 5.14 System delay trends based on pressure

In both figures 5.13 and 5.14 the AMESim delay trends follow the general shape of the
experimental delay trend but differ substantially in terms of time delay magnitude. This suggests
that the model contains enough detail of the physical system to reproduce the overall dynamic

behaviour, but lacks in parameter adjustment.




. Conclusion

From the work done during this study, the foﬁowing conclusions can be drawn.

6.1

6.2

6.3

6.4

6.5

The system as modelled in this study contains fast acting subsystems. The models of these
subsystems are sensitive to the physical parameter values of their components. The nature
of hydraulic systems makes it difficult to obtain accurate values for the parameters (either
by experimental or analytical methods) for use in the model. This lack of accurate
parameters values and the subsequent need for manual parameter adjustment caused slow
model development and errors in the simulated results,

AMESim has demonstrated its ability to construct valid and detailed models of an
hydraulic system and it has the ability to solve the mathematical equations efficiently and
with very high numerical stability.

The pre-programmed MATLAB ODE suite (mainly ODE15s in this study) is not capable
of solving the stiff equations describing the particular valve system in question. This is
exacerbated by the fast acting nature of the valve in question and the long pipe lengths of
the test-bench. It is foreseeable that governing equations of the same complexity as that
of the AMESim model would easily be programmable in MATLAB, but the proper
numerical solution thereof with standard MATLAB solvers seems improbable.

The simple assumptions made in the component models give a quick first round indication
of the expected system performance. Some of the assumptions made in this study (such

as constant pressure and flow distributions and exponential solencid behaviour) may

however have a very large effect on the simulated response. CFD analysis can be used to
create lookup tables to enhance the model’s accuracy in predicting flow forces and
pressure distributions acting on the poppet elements. Similarly FEM for the magnetic
circuit analysis of the solenoid would aid in obtaining accurate models. This kind of
analysis would, however, only be justified where the model is to be used in design studies.

In order to obtain useful experimental data, the systems used to obtain these data sets
must be known accurately. In the case of this study, the test-bench posed substantial and
unforeseeable interference with the measured data. Firstly, thelack of a detailed test berich
model complicated the extraction of valid valve characteristics. Secondly, the magnitude

-




6.6

6.7
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of the test bench dynamic behaviour overshadowed the valve characteristics to a large
extent.

The lack of a user mterface with automatic model creation in MATLAB results in
tremendous effon and time needed to hard- code the system: govemmg equatlons The use

of SIMULINK was only parnally 1nvest1gated but from prehrmnary znvestxgations proved

slow i in soIv:ng the stiff" equations. It can further be said that hard-coded models would
suffice if 2 model is to be included in a larger model, but fall short in design studies.

For slower acting hydraulic systems with less stiffness (such as earth moving equipment
hydraulic systems), it is foreseeable that highly accurate solutions using the methods of
this study should be obtainable.

Suggestions for future work

In this study the coupling of the AMESim or MATLAB models with other simulation
environments (such as DADS) was not investigated. In order to obtain full value of the
models developed in this study, the interfacing of the hydraulic system with a mechanica!
environment has to be investigated.

A detailed and isolated model of the pilot valve solenoid will greatly enhance model
performance. A solenoid model of suitable complexity should also be included as a
standard component in AMESim.

A detailed model of the test bench and it’s associated dynamics will prove invaluable in
any future work conducted where dynamic system performance is of importance.
Alternative configurations for the experimental setup should be considered and carefully
investigated.

Should the creation of models be attempted without the use of dedicated fluid power
software, a programming language such as Fortran is recommended. Preprogrammed
mathematical libraries are considered essential, but the user should have enough program
control to implement fundamental routines such as discontinuity handling,

The use of differential algebraic equations in the set of fluid power differential equations
should be considered, since large reductions in stiffness can be made. This should be
weighed and considered against the cost of more complicated solver routines.

Several suggestions concerning the test bench are listed in annexure A4.2.2.
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Solenoid Model A 3.1

Several soIen01d model schemes were evaluated with the purpose of ﬁndmg a su1tab1e smphﬁed |

in subsequent modelsand the easy substitution and evaluation of different models. Expectations
were confirmed that the solénoid magnetic circuit greatly contributed to the overall valve dynamic
behaviour. A model attempting to calculate the MMF (Magneto Motive Force) was constructed
from a software demonstratlon model [MATLAB 1998 (@)]. Itincluded effects such as nonliriear
steel propertles and air gap losses.

model, All solen01d models were complled into-a submodel structure, thereby allowmg it’s use

Not having much success with the MMF model implementation and programining difficulties,
prompted the use of an exponential rise and decay model, that provides solenoid force as an
output (independent of poppet position). The time constant can be adjusted to give the desired
rise and fall times. After matching valve performance trends with dynamic experimental trends,
the model was expanded to include a fixed base delay (separate values for opening and closing).

Other methods commonly used to simulate solenoids include a lookup table with measured
solenoid force versus displacement, simple first order lag networks and transfer functions
(Tomlinson & Tilley 1993][Handroos & Vilenius 1991] In the literature it was found that
advanced mathematical tools (e.g. FEM) are used in the design of solenoid valves. It is foreseen
that an improved solenoid model will improve the performance of the model in this study.
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A3.1.1 MMF solenoid model equations

For most of the parameters in this model it were impossible or impractical to get true values and
most of the MATLAB example parameter values were used. The equations were implemented
in AMESim by using standard AMESim control library components The equations aimed to
include hysteresrs effectsin the steel Thisis modelled by increasing and decreasmg flux den31ty
(B) versus m_agnetlc field 1nten51ty (H) values, but proved difficult to implement. and the'mean
value of this-curve was used instead (thereby d1sregard1ng hysteresm effects). A SIMULINK
version of this model was also created to aid in 1nvest1gat10ns

The equatlons take solen01d voltage as user-input together w1th current and air gap length as
feedback variables. This adds flux (¢) as another state variable. Most of the magnetic losses are
in the air gap. Forthis reason the current air gap size is of i importance. S1gn1ficant losses ¢an also
be obtained in the steel section. For this reason a lookup table containing steel properties is
included (values for this table in annexure A3.3.5).

b= Vg Z7# R Variables in eqs A3.1.1:

N

d) ¢ = Flux
B= A V.. = Solenoid voltage
: i = Solenoid coil current

H.,=f(B) (Lookup table) R = Winding resistance

B N = Number of turns in the coil
Hy =— MMF = Magnetomotive force

. Ho H = Magnetic field intensity
MMF,,, =H,. L., Xmax = Maximum armature travel
offset = Minimum air gap left (MUST be >
MMF,, =H_ (x,,, +offset —x) 0)
MMF = MMF, et + MME, X = Armature motion
L.t = Magnetic circuit length in steel.
= MMF B = Flux density
N A = Alr gap cross sectional area
2 1, = Permeability of air
= B -A F..; = Solenoid force
2,
(Eqs A3.1.1)

The steel H vs B values are shown in figure A3.1.1. Hysteresis effects are included in the form
of two trends, although not visible in the figure, due to scaling. Implementation of the MMF
solenoid model equations in AMESim is shown in figure A3.1.2.
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Figure A3.1.1 Steel BH values, as taken from the MATLAB example
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Figure A3.1.2 AMESim implementation of the MMF solenoid equations (without hysteresis)
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A3.1.2 Exponential solenoid model

The exponentlal solenoid force model was implemented and used in the ﬁnal MATLAB and
AMESim models. The model has 5 parameters available for adjustment, thereby drastically
reducmg the need for parameter adjustment These parameters are: Opening and closmg time
constants. Opemng and closing base delay values and the maximum solenmd force obtamable The
exponentlal solenoid equations are in the form of eqA3.1.2, although computer Implernentatlon
is much more intricate to allow for an arbitrary user specified opening and closing: sequence.
Attempts were made to include the solenoid force as a trend being watched for discontinuities
(using the MATLAB ‘zerocross’ function) but no significant increase in solver efficiency was
noticed.

“(t ton)
(EqA312) Fsol =Fmamema.\:.e o
Variables:
F,, = Calculated solenoid force
F.ox = Maximum solenoid force allowed
t = current simulation time
ton = User specified time for solenoid switch over
T,, = time constant for the exponential curve

! =
- i i
el £x) P :

Solenoid Force Output

£ o)

Figure A3.1.3 Exponential solenoid force model, as implemented in AMESim.




Model Parameters A 3 4

The aim of thls annexure is to provide a future reference to the parameters and the1r values used
in the AMESim and MATLAB models. Parameters are given in the form of AN[ES;m model
definition files and therefore mclude mo re parameters than used in the MATLAB models.

Information of the following models are included:

. A single test bench supply pipe.
. Pilot valve model
. System with damper model

In the pilot valve and valve system models, the test bench supply pipe parameters have been
removed to prevent duplicate information in the tables and are shown in the separate pipe model
paragraph.

For each of these models the following is given:
. System layout figure. This figure includes labels of the submodels. These labels are
somewhat overlapping, but do provide an indication of the labels in the subsequent

tables. The online AMESim help file gives a detail description of the models and their

associated mathematics.

. Table of parameters used in the AMESim model. The purpose of this table is to give
insight into the number of parameters available for adjustment and to facilitate future
simulation and/or analysis work

A3.2.1 Spring stiffness calculation

The pilot valve and logic element spring stiffness was calculated according to Shigley (1986) with
equation A3.2.1

4
Eq A3.2.1 k = EF&%?ET
Parameter LC25 spring WSE 3 spring
G 80 x 10°
D 0.0136+0.0018 0.0022+0.0008
d 0.0018 0.0008
NT 9.75 6.6
ND 2 1
Result (k) 3 708 [N/m] 27 089 [N/m]
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A 3.2.2 Single isolated test bench supply pipe
This model is discussed in paragraph 3.6.
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Figure A 3.2.1 Isolated test bench supply pipe model in AMESim

Parameters pertaining to the isolated test bench supply pipe model:

-1.6000E-03 SPRO instance 1 initial spring displacement {m]

2.7089E+04 SPRQ instance 1 spring rate IN/m]

0.0000E+00 SPRO instance 1 displacement giving zero spring force [m]
0.0000E+00 SPRO instance 1 force at port 2 N}

3.0000E+00 BAP22 instance 1 seat diameter [mm]

4.0000E+00 BAP22 instance 1 ball diameter [mm)

4.0000E+00 BAP22 instance 1 rod diameter {opposite to seat) [mm]

0.C00QE+00 BAPZ2 instance 1 rod diameter {seat side) [mm]

0.0000E+00 BAP22 instance 1 |et forces coefficient fnull]

6.00008-01 BAP22 instance 1 maximum flow coefficient [null]

1.0000E+03 BAP22 instance 1 critical flow number [null]

9.0000E-01 BAP221instance 1 opening (underlap} corresponding to zero displacement Imm]
0.0000E+00 BAP22 instance 1 opening for minimum area Imm]

8.0000E-01_ | BAPZ2instance 1 opening for maximum area [mm]

4.0000E-01 | ‘BAP2Zinstance 1 volume at port 1 ‘corresponding to zero fift [om**3]
8.0000E-01 BAPZ2 instance 1 volime at port 2 corresponding to zero lift [om**3]
2.8000E+00 | ‘BAP21.instance 1 seatdiameterimm]. .

4.0000E+00 | "BAP21 instance 1 ball diameter Jmm]

40000E+00 | “BAP21 instance 1 fod diametér(opposite o seat) {mm]

1.5000E+00 | ‘BAP2Y instarice 1 rod diameter {seat side) {mm]

0.0000E+00 BAPZ21 instance 1 jet force coefficient Inull]

43000601 BAP21 instance 1 maximum flow coefficlent [nuli]

1.0000E+02 " "BAP21"instance 1 critical flow namber [null]

0.0000E+00 BAP21 instance 1 opening (underfap) corresponding fo zera displacement [mm]
0.0000E+00 BAP21 Instance 1 opening for minimum area fmm)

9,0000E-01 BAP21 Instance 1 opening for maximum area Immj

4.0000E-01 BAP21{ Instance 1 volume af port 1 corresponding to zero IRt Jem** 3}
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8.0000E-014 BAP21 instance 1 volume at port 2 conespondmg to Zero nn {em*™3]
2.0000E-02 | -BAI21 instance 1 mass [kg] -

0.0000E+00 BAI21 instange 1 shiction friction force (sta!ic) {N]

C.6C00E+00 | “BAI21 instanee 1 Coulomb friction force (dynamtc) [N]

2.0000E+02 BAI21 instance 1 viscous friction [N/(m/s)}

0.0000E+00 | -BAI21 instance 1 windage friction {Nl(mfs}“zi

1:0000E-08 . | -BAI21:instance 1. stick velocity threshiold: [mfs}
1.0000E-03 | BAI21 instance 1 Stibeck time constant s} =

0.0000E+00 | : BAI21 instance 1:ower displacement Timit [m]

-8.0000E-04 |- BAI21:instance 1 higher displacement limit fm}. : o
-0.0000E*00" - [:-BAI21: instance 1 iriclination (+00 port 1 Iowest -90 part 1 highest) [degree]
-~ 0.0000E+00 | - BAI21 instance 1-velocity port 2 fnifs] -

-5.0000E-04 - | “BAI21 instance 1 disptacement port 2 [m}
“2.8000E+00 1 -BAP1Z instance 1 piston diametar: [mm]

0.0000E+00 i ‘BAP1Zinsténce 1 rod diameter Immi-

2.0000E+00 - BAP1{2instance 1.chambsrléngth at zero d:splacement [mm}
3 00005-03 < CONSO Instance 1iconstant value fnull] - S
XN FEX¥0instance express:on foroutpiitin tefms ofx andy -
-exp(x} =1 FX00instance 1 -expression intermsof the: input x

4.0000E-02 CONSOinstance 2 constant value [nlll]-

N FXY0 instance 2 expression for output interms ef xand v

exp(x) FX00 instance 2 expression in terms of the input x
20000E+02 | "CONSOinstance 3 constant value [nuli}

“ZB000E-02 | CONSOinstance 4 constantvalue [nilli}

‘3.0000E+00 | ‘CONSOQ.nstance 5 constant value {Aul]

1.0000E+00 | CONSOinstance 8 onstant value [null]

2.3000E:02 | CONSO Instance 7.constantvalue [null]

0.00C0E+0C | TKOOQ instance 1 tank pressure [har]

0.0000E+00 V000 instance 1 linear velocity (always zera) [m/s]

0.0000E+00 HN221 instance 1 volume port 1 fem**31

.0000E+00 HN222 instance 1 volume port 2 [em**3}

1.0000E+00 CRO00 instance 1 characteristic flow rate {L/min]

1.0000E+00 ORO000 instance 1 corresponding pressure drop fbar]

1.0000E+M ORO00 instance 1 equivalent orifice diameter [mm)]

7.0000E-01 ORO00 instance 1 maximum flow coeffictent fnull]

1.00C0E+03 ORO0OQ instance 1 critical flow number (laminar -> turbulent) [nuil]

1 ORO0Q instance 1 1 for pressure drop/flow rate pair 2 for orifice diameter
0.0000E+00 | QOO0 instance 1 flow rate {always zero) [L/min]

0.0000E+00 QOO0 instance 2 fiow rate (always zere) [L/min]

0.0000E+00 Q800 Instance 1 Hime at which duty eycle starls [s)

1.2000E+04 QS00instance 1 flow rate at start of stage 1 IL/min]

1.2000E+01 Q500 instance 1 .flow rate at end of stage 1 {/min]

3.0000E+D1 QSC0 instance 1 duration of stage 1 {s].

0.0000E+00 Q500 instance 1 .flow rate at start of stage 2 [L/min]

0.0000E+00 QS00 instance 1 .flow rate at'end of stage 2 [Umin}

1.0000E+08 Q500 instange 1 duration of stage 2 [s]

0.0000£+00 Q800 instance 1 .flow rate at start of stage 3 [L/min]

0.0000E+00 Q300 instance 1 .flow rate at end of stage 3 [Umin]

1.0000E406 QS00 instance 1 duration of stage 3 [s]

0.0000E+00 QS00 instance 1 .flow rate at start of stage 4 [Limin]

0.0000E+00 Q500 instance 1 .flow rate at end of stage 4 [L/min)

1:0000E+06 QS0 instance 1 duration of stage 4 [5]

0.0000E+00 Q300 instance 1 .flow rate at star} of stage 5. [Umm]

0.0000E+00 Q800 instance 1 .flow rate at end of stage 5 {L/min]

1.0000E+06 Q3500 instance 1 duration of stage 5 [s]

0.0000E+00 Q500 instance 1 flow rate at'start of stage 6 [L/min]

0.0000E+00 Q500 instance 1 .flow rate at erid of stage 6 [Uman]

1.00C0E+08 | Q800 instance 1 duration of- stage 61s] -

0.0000E+00 Q8500.instance 1 .flow rate at start of stage 7 {U’min}

0.0000E+00 QS00 instance 1 .flow rate'at end of stage 7 {Umm]

1.0000E+06 Q800 instance 1 duration of stage 7[5} .

0.0000F+00 | QSO0 instance 1 :flow rate at:start of stage B [L!mm]

0.0000E+00 -1 OS00instance 1 flow rate at end of stage 8’ [Umln]

1.0000E+08 | QS0 instance 1 duration of stage 81{s]

0.0000E+00 TKODO instance 2 tank pressure [bar].

1.0000E+00 OR000 instance 2 characteristic flow rate [Limin)

1.06C0E+00 | ORO0QQ instance 2 cotresponding pressiire drop [bar]

3.0000E+00 CRO00 instance 2 equivalent orifice diameter [mm]

7.0000E-01 ORO00 instance 2 maximum flow coefficient [null]

4.0000E+02 ORD0Q instance 2 criticat flow number (laminar -> furbulent) fnull]

2 | _ORDO0 instance 2 1 for pressure drop/flow rate pair 2 for orifice diameter
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0.0000E+00 PT02 instance 1 offset to be subtracted from pressure [bar]
1.0000E+00 | PT02instance 1 gain for signal oistput [1/bar].
1.0000E+00_- | “ORCO0 instance 3 characteristic flow rate TUmin].
1.0000E400 | ORGOQ instance'3 corresponding pressiire drop [bar]
§.C000E+00 | ORCCQ.instance 3 equivalent orifice diameter [mm]
-5:4000E-01 | OROOO instance 3 maximum flow coelficient [nuf] .
.2 00005+03 1 -ORO0G instance 3 critical flow number (laminar -> turbulent) fnuln
- 2 | ORO0O instance 31 for pressure drop/flow rate pair 2 fcr onﬁce dxameter
1 07BOE+O2' | ‘RVOQ'instance 1 relief valve cracking pressure [bar] -
1:0000E+04 | “RVO00 instancé 1 relief valve flow rats: pressure grad:ent IUmmlbar}
0.0000E+00 " | TKOO0O instance 3 tark pressure [bar] -
9.0000E+01 - { - OR000instance 4 characteristic flow; rate {Umln}
“5:0000E+00 [ OR000 instance 4 corfesponding | pressure drop [bar]
$8:0000E+00 | ORDOQ instance 4 equivalent orifice diamater [mrm]
5/0000E-01 1 "ORD0C:Instance 4 maximum flow coefficient [null]
4 0000E+02 1 :ORC0C instance 4 critical flow number {laminar = turbulent) [null]
R 52 4 OR000Instange 4 1 for préssure. droplﬂow rate pair 2 for onf ice diameter
'0 OOOOE+00 S HNZ2Zinstance 2 volume pert 2 [em®™ 381
“0.0000E+00 | “PT03 instance 1-0ffset 10 be subtracted frcm pregsure [bar}
1.0000E+Q0 " ! PT03instance 1 galn for signal output [1/ban
0.0000E+00 HN221 Instanse 2 volue port 1 [em*™*3]
0.0000E+00 [ HN221 instance’3 volume port 1 [em*3]
5.0000E-01 | ‘BHC11 instange 1 dead volume [cm**3]
5.0000E+01 " “BHC1% Instance 1 pressure port 1.1bar} . -
0.0000E+00 | ‘BZQVOinstance| zero flow rate [L/min]
0.0000E+00 BZQVOinstance 1 zero volume [cm**3!
1.0000E+00 BHO11 instance 1 characteristic fiow rate [Limin]
1.0000E+00 BHO11 inslance 1 corresponding pressure drop [bar)
3.0000E+00 BHO11 instance 1 equivalent orifice diameter [mm]
4.00008-01 BHO11 instance 1 maximum flow coefficient [nulf]
2.0000E+02 BHO11 instance 1 critical flow number (laminar -> turbutent) [nuli]
2 | BHO11 instance 1 1 for pressure drop/fiow rate pair 2 for orifice diamater
0.0000E4+00 BHO11 instance 1 zero volume source fcm**3]
0,0000E+00 | BHO11 instance 1 zero volume source [em**3]
2.0000E+01 HLOOO instance 1 diameter of pipe [mmi
~_6.0000E-02 HL0Q0 instance 1 pipe length Im]
0.0000E+00 HL00Q instance 1 wall thickness [mm]
2.0600E+08 HLOOG instance 1 Young's medulus for material [oar]
1.7000E+04 HLQOQ instance 1 user specified effective bulk modulus foar]
1 HLOOG instance 1 1 for caloulated bulk modulus value 2 for user specified value
1.00C0E+01 HLOOG instance 1 pressure at port 1 [bar]
2.4000E+01 HLOG instance 1 diameter of pipe [mm]
5.2000E+00 HLOG instance 1 pipe lehgth Im]
1.0000E-05 HLOS instance 1 refative roughness fnulli
G.00002+00 HLO6 instance 1 angle line makes with hotizontal (+ve if port 2 above port 1) [degree}
3.0000E+00 HLOG instance 1 wall thickness [mm]
2.0600E+06 HLOG instance 1 Young's moduius for material [bar]
1.7000E+04 HLOG Instance 1 user specified effective bulk modulus foar]
1 HLOS instance 1 1 for caleulated bulk modulus vaile 2 for user specified value
5.0000E+01 HLOG instance 1 pressure at port 1 [bar]
_0.0000E+00 HLOE instance 1 pressiire at port 2 {bar] )
0.0000E+00 | HLO6 instance 1 flow rate at centre of pipe [Limin]
2.8000E+01 HLO1 instance 1 diameter of pipe [mm!
1.0000E+00 | HiOf instance 1 pipe length [mi
1.0000E-05 HLO1 instance 1 relative roughness fnufl]
0.0000E+00 HLO1 ‘instance 1 angle line miakes with horizontal (+ve i port 2 above port 1} [dagree]
8.0000E+00 HLO1 instance 1 wall thickhess Imm]
1.0000E+04 | HLO1 Instance 1 Young's modulus for matenal [bar}
1.7000E+04 | HL01 instance 4 user specified effective bulk modulus Ebar]
NN HLO1 instance 11 for calculated bulk modulus value 2 for user specir ed value
S.0000E+01 ! HLOT Instance 1 pressure at' port 1:[bar]
B.0000E+D1 ‘HLO3 instance 1 diameterof pipe [mm]
3.0000E-01 | HLO3instance pipelengthm]
1.0000E-05 | HLO3instance 1 relative roughness [nufl]
0.0000E+00 HLO3 instance 1 angle line makes with horizontal (+ve If port 2 above port 1) [degree]
1.0000E+01 | HLO3 instance 1 wall thickness fmm)
2.0600E4+06 HLO3 instance 1°Young's modulus for material [bar]
1.7000E+04 HLO3 instance 1 user specified effective bulk modulus [bar]
1.1 HLO3instance 1 1 for calculated bulk modulus value 2 for user specified valua
5.0000E+01 HLO3 instance 1 pressure at por! 1 [bar}
0.0000E+00 HLO3 instance 1 pressure at port 2 [bar}
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2.3000E+01 HLO4 instance 1 diameter of pipe Imm]
3.3000E+00 1 HLO4 instance ] pipe lengthm] -
1.6000E-05 1 "HLO4 instahce 1 ralative mughness [nuil]
0.0000E+00 [ "HLO4 instance 1 angle fine makes with horizonta[ {+ve |f port 2 above port i3 [degree]
B.OO00E+00 | “HLO4instance 1 wallthickness [mm]
1:.0000E+04 | - HLO4 instance 1 Young's modulus for mater:a] fbar} :
. 1:7000E+04 - | “HED4 instance ] user specified effective bulk modulus [bar} . .
S G YHEO4dnstance 1 forcalctlated bulk modulus value 2 for user spec:t‘ ed value -
5.0000E+01 | -HLO4 instance 1 .pressuré at port 1 [bar]
0.0000E+00 | "HLO4instance 1 flow rate at port 2. {Umm]
-5:.0000E+00 | “HLOY instance 2 diametér of pipe [mm}
8.0000E-02 ' -HL01 ‘instance 2 pipetength {m]
4000005 - HEOT Instance 2irelative. roughness [r ut!]
0.0000E+00 -1 HLO1 instance 2:angle line makes-with honzontal (+ve |f port 2 above port 1} {degree]
‘0.0000E+00 © | ~HLOY instance 2 wall thickness [mm] -
20600E+06 - 1 -HL01instance 2 Young's. modulusg for maienaf {bar] .
A.TOG0E+04 - HLOT instance 2 userspecified effective bulk modults Joar] S
s i K O ingtance 2 1 for.calculated -'bt'llkimbddrus valge 2 for user specified value
10000401 - | “HLO1 instance 2 pressure. at port 1:{bar] ) )
5.0000E+00 HLO1 [instance 3 diameter of pipe [mm}
8.0000E-02 HLO1 instance 3 pipe length Im] L
1.0000E-05 HLO1 instance 3 relative roughness [null]
0.6000E+00 HLO1 instance 3 angle line'makes with horfzonta! (+ve if port 2 above por: 1) Idegree]
“0.0000E+00 | “HEOY instance 3'wall thickness tmm]
2.0600E+06 | “HLO1 Instance 3 Yound's moduls for materta! Ibar]
1.7000E+D4 HLO1 Instance 3 user specified effective bulk modulus [bar]
o1 HLOTinstance 3 1 for salctlated bulk maduius value 2 for user specified value
i 1.0000E+04 HLO1 instance 3 pressure atport 1 [barl
. 4.0000E+00 HLOT instance 4 diameter of pipe [mm]
. 8.0000E-02 HLO1 instance 4 pipe length [m]
i 1.0000E-05 | HLO{ instance 4 relative roughness [mil]
0.0000E+00 HLO1 instance 4 angle line makes with horizontal (+ve if port 2 above part 1) [degres]
0.0000E+00 HLO1 instance 4 wall thickness [mm]
2.0600E+06 HLO? instance 4 Yound's modulus for material [barl
. 1.7000E+04 HLOY instance 4 user specified effective bulk modulus [barj
| 1 HLO1 Instance 4 1 for calculated bulk modulus value 2 for user specified value
- 1.0000E+D1 HLO1 instance 4 pressure at port 1 [bar]
| B.0000E+00 HLOS instance 2 diameter of pipe [mm]
i 6.0000E-01 HLO3 Instance 2 pipe length [m]
. 1.0000E-05 HLO3 instance 2 relative roughness fnull]
i 0.0000E+00 HLO3 instance 2 ahgle line makes with honzcn!aE (#+ve if port 2 above port 1) [degree]
. 4.0000E+00 HLO3 instance 2 wall thickness {mm]
© 4.0000E+04 HL03 instance 2 Youny's modulus for material [barl
1. 70C0C+04 HLO3 instance 2 user specified effective bulk modulus [bar]
; 1 | HLO3instance 2 1 for calcutated bulk modulus value 2 for user specified value
1.0000E+01 HLO3 instance 2 pressure at port 1 [bar
1.0000E+01 HLO3 instance 2 pressure at port 2 [bar
1.5000E+01 HLO1 instance 5 diameter of pipe imm]
6.0000E-01 HLO1 instance 5 pipe jength [m]
1.0000E-03 | HLO1 instance 5 relative roughness [null]
i 0.00C0E+00 HLO1 instance 5 angle fine makes with horazontal (+ve if port 2 above port 1) [degree)
. _2.5000E+00 | HILO% instance 5 wall thickness Immj]
i 2.0600E+06 HLO1 instance 5 Yourig's moduits for material [bar]
1.7000E+04 HLO1 instance 5 user specified effective bulk modulus fbar]
1 HLO1 instance 5 1 for calculated bulk modulus value 2 for user specified value
5.0000E+01 HLO1 instance 5 pressure-at port 1 [bar]
2.8000E+01 HLOZ instance 1-diameter of pipe {mm]
5.0000E-01 HLO2instance 1 pipeiéngth Im} -
1.0600E-05 . |  HLOZ instance 1 relative rotighness [null] - .
0.0000E+00 | "HLOZinstance 1 angle line makes with honzonta! {+velif port 2 above port 1) [degree}
6.00G0E+00 . | HLO2Zinstance 1 wallfhicknéss Imm]
1.0000E+04 HLO2 instance 1 Young's modulus for material foar]
1.7000E+04 | “HLOZ Instance 1 .user specified effective bulk modulus [har] .
-~ 1 | HEO2nstadice 1 1 for calculated bulk modulus value 2 for user specified value
5.0000E+01 HL.02instance 1 pressureat mid-point [bar]
6.0000E+00 | "HLOOD instance 2 diameter of pipe [mm]
B:0000E-01 HLOOQ instance 2 pipe length Im] .
4.0000E+00 HL000 instance 2 wall thickness Imm]
1.0000E+04 HLOO00 instance 2 Young's modulus for raterial Ibarl
1.7000E+04 HLOOO Instance 2 user specified effective bulk miodulus [bar

1

HLOOQ instance 2 1 for calculated bulk modulus value 2 for user specified vaiue
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5.0000E+01 HLC0O instance 2 pressure at port 1 [bar]
28000E+01 | HLOOGInstance 3 diameter of pipe [mm]
~4:0000E+00 ‘| HLOOO instance 3'pipe lengthIm]- . - O
_1.0000E+01 | " HLOOO Instance 3 wal thickness {mm]
2.0600E+06. ;1 - HLOOOInstance 3 Young's modulus for material foar]
1.7000E+04 . {-HLO00 instance 3 user specified effective bulk moduius fhar]
ceaeen o | THEQQO instance 371 for calculated bulk, modulus va&ue 2 for user specﬁ“ ed vatue’
+5,0000E+01 |- HLOOO instance 3 pressure at por 1 [bar} -
1.0000E+00 - 1" HLOY instance &.diameter of pipe [mm} U
-3.0000E-02 "1 HLO:instance 6 pipe lengfhim] -
4.0000E-05 - | .-HLO1 Instance 6 relative rolghness. Inul!}
~0.0000E+00 .| "HLO% instance 6 angle fine makes with honzonta! (+ve rf port 2 above port 1) [dggLee]
0.0000E+00 |- 'HLO1 instance 6 walithicknéss [mm] - : -
“2.0600E+06- | * HLO1 ihstance B Young's medulus Tor materlal [bar]
-1.7000E+04 -1 "HLO1 instance 6 user specified effective bulk- modulus {bar}
oo HLOY instance 8 1 for calowsated bulk. modulus value 2 for user specxﬂed vaiue
-5.0000E+01 | "HEOY:instance 6 pressure at port 1 {bar} -
5,0000E+00: | :HLOZ instance 2 diameter of pipe [mm]
S.0000E-02 | HLO2instance 2 pipe length{m) -
1.0000E-05 | ‘HL02instance 2 relative roughness’ [nual}
0.0000E+00 HLO2 instance 2 angle Tine makes with horizontal {+veif port 2 above port 1) [degree]
1.0000E+01 HLOZ instance 2 wall thickness [mm]
2.0600E+06 - | ‘HLO2 instance 2 Young's modulus for material [bar]
1 TOGOE+04 .| ‘HLO2 instance 2 user §peclf ted effective bulk modulls [barl
"1 HLOZ instance 21 for calculated hulk:modulus valie 2 for user specn" ed value
5 000054»01 HLO02 instance 2 presstrg at- mid-point fbar]
3.0000E+00 HLO1'instance 7 diameter-of pipe [mm]
5.0000E-02 HLO1 instance 7 pipe length Im]’
1.0000E-05 HLO1 instance 7 relative rolghness [null]
0.0000£+00 HLO1 instance 7 angle line makes with horizontal (+ve if port 2 above port 1) fdeqree]
0.0000E+00 HLO1 instance 7 wall thickness [mm]
2.0600E+085 HLO1 instance 7 Young's modulus for material than
1.7000E+04 HLO1 instance 7 user specified effective bulk modulus [bar]
1 HLO1 instance 7 1 for calgulated bulk moduius valua 2 for user specified value
5.0000E+01 HLO1 instance 7 pressure at port 1 [bar]
5.0000E+00 HLO3 instance 3 diameter of pipe [mm]
6.0000E-02 |  HLOS instance 3 pipe length Im]
1,0000E-05 HLO3 instance 3 relative roughness Inti[]
0.0000E+00 HL03 instance 3 angle line makes with horizontal (+ve if port 2 above port 1) [degree}
0.0000E+00 HLO3 instance 3 wall thickness fmm]
2.0600E+06 HLO3 instanse 3 Yoling's modulus for material [bar]
1.7000E+04 HLO3 instance 3 user specified effective bulk modulus {bar]
1 HLO3 instance 3 1 for caleulated bulk moduius value 2 for user specified valua
5.0000E+01 HLO3 instance 3 pressura at port 1 [bar]
5.0000E+01 HLO3 instance 3 pressure at port 2 [bar]
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Model: Isolated WSE pilot valve

This model is discussed in paragraph 3.7.
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Figure A3.2.2 Isolated pilot valve model in AMESim

Parameters pertaining to the isolated pilot valve model:

-1.0000E-03 8PRO instance 1 initial spring displacement [m]

2.7089E+04 | SPRO instance 1 spring rate [N/m]

0.C000E+00. | SPROinstance 1 displacement giving zers spring force [m]

0.0000E+00 SPRO instance 1 force at port 2 [N]

3.0000E+00 BAP22 instance 1 seat diameter [mmy

4.0000E+00 BAP22 instance 1 ball diameter [mm]

4.0000E+00 BAP22 instance 1 rod dlameter (opposite to seat) [mm}

0.0000E+00 BAP22 instance 1 rod diameter (seat side) [mm)

0.0000E+00 BAP22 instance 1 jet forces coefficlent [null}

6.0000E-01 BAP2? instance 1 meximum flow coefficient [ruli]

1.0000E+03 BAP22 instance 1 critical flow number [nuil]

9.0000E-1 BAP22 instance 1 opening (underlap) corresponding to zero displacement [mm}
- 0.0000E+00 BAP22 instance 1 dpening for minimum area [mmj

9.0000E-01 | BAP22instance 1 opening for maximurm area [mm]

4.0000E-01 BAP22 instance 1 volume at port 1:corresponding to zero ift [cin™ 3]

8.0000E-01 | BAP22instance 1 volume at port 2 coresponding 1o zero ift [em™3]

2:8000E+00 BAP21 instance 1 seat diameter [mml =~

4.0000E+00 . | ‘BAP21.instance 1 ball diameter [mml. .

4.0000E+00 i BAP2{'instarice’t rod diameter {opposite o seat) imm]

1.5000E+00 | "BAPZ1 instance 1 rod diameter (seat side) [mm) .

0:0000£+00: -| “BAP21.instance 1 jet force coefficlent[nulll

4.3000E-01 BAP21 instance 1 maximum fiow coefficient {ni]

100008202 | -BAP21 instance 1 critical flow number{null]

0.0000E+00 | BAP2{ instance 1 opening {underlap) corresponding to zero displacement [mmj

0.0000E+00 BAP21 instance 1 opening for minimum area {[mmi

9.0000E-01 BAP24 instance 1 opening for maximum area [mm]

4.0000E-01 BAP21 instance 1 volume at poft 1 corresponding to zero Iift [cm*3]

8.0000E-01 BAP21 instance 1 volume at port 2 corresponding to zero Jift fem**3]

2.0000E-02 BAI21 instance 1 mass [kqg]
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0.0000E+00 BAI21 instance 1 stiction friction force {static) [N]
0.0000E+00 | BAI21 instance 1 Coulomb friction force {dynamic) [N]
- 20000E+02 -| - BAI2T instance 1 viscous friction [N/{m/s)]
0.0000E+00 . -1 "BAI21 instance 1 windage Triction [N/{m/s)**2]
1.0000E-06 | - BAI21 instance 1 stick velocity thrashold jm/s]
1.0000E-03 BAI21 instance 1.Stribecklime constantjs]
0.0000E+00 | BAI21:instance 1 lower displacemant Jirrit {m]
9.0000E-04 1 'BAI21 instance 1 ‘higher displacemeant limit fm] :
0,0000E+00 | -BAI21 ‘instance 1 inclination (+80port 4 lowest -90 port 1 haghest) [degree]
0.0000E+00 -1 “BAI21 Instance 1 velocity poit 2 [m/s
- 5:0000E-04 . | “BAI2{ instance 1 displacement port 2 {m]
2,8000E+00 | BAP1Zinstance T plston diameter. {mm}
-0.0000E+00 - --BAP1 2:instance 1 ‘rod diameter [mm) :
2:0000E+00 - i BAP1Z:instance 1 .chamber length-at Zero d:sp[acernent {mimi]
3 OOOOE-OS 1 'CONSGinstance {:constant value frull]
: -®y | CFXYDinstance 1 expression for output in tenns of Xand y
. exp{x) -1 FX00instance 1 expression interms of the :nput X s
i 4.0000[—:'-.02'5-1 “CONSQinstance 2'constant value fnih] - D
ety | FXYGingtance 2 expression for oltputin terms of X and y
" ekp() | FX00 instance 2 expression in terms of the inpit ¥
2.0000E+02 CONSQ instance 3 constart value [nufl]
2.5000E-02 CONSOinstance 4 constant valte fnuli]
3.0000E+00 | CONSOinstance s constant valte [null]
1.0000E+00 | “CONSOinstance 6 constant value [noll] . -
-2.3000E-02 | 'CONSUinstance 7 constant value [nll]
0.0000E+00 | TKOCOinstance 1 tank pressure [bar]
0.0600E+00 VOO0 instance 1 finear velocity (always Zero) [m/s]
0.0000E+00 | HNZ21instance 1 volume port 1 fom* 3]
0.0000E+00 HN222 instance 1 volume port 2 fem**3]
1.0000E+00 OROOO instance 1 characteristic flow rate [L/min]
1.0000E+00 OROCGO instance 1 corresponding pressire drop [bar]
1.0000E+04 ORO0QQ instance 1 equivalent orifice diameter [mm]
7.0000E-01 ORO00Q instance 1 maximum flow coefficient [null]
1.0000E+03 ORO00 instance 1 critical flow number {laminar -> turbulent) [nul!}
1 QROOO0 instance 1 1 for pressure drop/fiow rate pair 2 for orifice diameter
0.0000E+00 Q000 instance 1 flow rate (aiways Zero} [L/min)
0.0000E+00 QO0QG instance 2 flow rate (always zero) [L/min]
0.0000E+00 Q300 instance 1 time at which duly cycle starts [s)
1.2000E+01 Q800 instance 1 flow rate at start of stage 1 {min}
1.2000E+M Q800 instance 1 flow rate at end of stage 1 {t/min]
3.0000E+01 Q800 instance 1 duration of stage 1 [s}
0,0000E+00 Q500 instance 1 .flow rate a! start of stage 2 [L/min]
0.0000E+C0 | QSO0 instance 1 .flow rate at end of stage 2 [Limin]
1.0000E+06 Q300 instance 1 duration of stage 2 [s]
0.0000E+00 Q800 instance 1 flow rate at start of stage 3 [Limin}
0.0000E+00 QS00instance 1 .fiow rate at end of stage 3 {L/min]
1.0000E+086 Q800 instance 1 duration of stage 3 [s]
0.0000E+00 QSO0 instance 1 .flow rate at start of stage 4 [L/min]
0.0000E+00 Q500 instance 1 .flow rate at end of stage 4 [L/min]
1.0000E+06 Q500 instance 1 duration of stage 4 [s]
0.00C0E+00 Q800 instance 1 .flow rate at start of stage 5 [L/min]
0.0000E+00 Q800 instance 1 .flow rate at end of stage 5 [L/min]
1.000CE+06 QS00 instance 1 duration of stage 5 [s}
0.00C0E+00 QS00 Instance 1 .flow rate at start of stage 6 {L/min}
0.C000E+00 QS00.nstance 1 flow rate at end of stage 6 {Limin)
1.0000E+06 QiS00 instance 1 duration of stage 6 [s]
0.0000E+00 Q500 instance 1 flow rate at start of stage 7 [Limin]
0,0000E+00 Q500 instance 1 flow rate at end of slage 7 [L!mm]
1:0000E+06 QSO0 iristance 1:duration of stage 7{s] - :
0.0000E+00 | QS00 instance 1 flow rate at start of stage 8 [Limin]
0.0000E+C0 | QS00 instance 1 :flow rate at énd of. stage 8 {Umzn}
1.0000E+06__| Q500 Instance 1 duration of stage 8 is] . -
0.00C0E+00 | ‘TKOOOinstance 2 tank pressure [kan .
1.0000E+00 | ORGGO instance 2°characteristic flow rate {L/mzn}
1.0000E+00 | OROCC instarice 2 comresponding pressure drop [bar]
3.0000E+00 | OROO0Instance 2 eguwalent'onf ice diameter [mm]
7.0000E-01 | QRO00 instance 2 maximurs flow coefficient Inull)
4.0000E+02 ORGQ0 Instance 2 critical flow number (laminar -> furbulent) fnutl]
2 .1._OR000 instance 2 1 for pressure dropiflow rate pair 2 for orifice diameter
0.0000E+00 PTO02 instance 1 offset to be subtracted from pressure [bat]
1.0000E+00 | PTO2instance ¥ gain for signal output [1/bar]
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1.0000E+00. | OROOQ instance 3 characteristic flow rate [L/min]
1.0000E+00 __{ - OR0Q0 instance 3 corresponding pressure drop fbar]
5.0000E+00 | "OR00C instance 3 equivalent orifice diameter. [mm]
5.4000E-01 ORO00 instance 3 maximun flow ceefficient null]
2. 0000E+03 ORO0O instance 3 ‘critical flow number {laminar -> tarbulent) jnull]
22| OR0O00 Instance 3 1:for pressure drop/fiow rate pair 2 for onr ice d:ameter
1.0760-+02._--' -RVCO instance 1 relief valve eracking pressure [bar] -
4:0000E+04 - | -RVOC instance { relief valve flow raia’] aressure gradzent ELiminlbar} )
0.0000E+00 | - TKOOO instance 3 tank pressure [bar] =~ S
9.0000E+01- " | -ORQ00'instance 4 characteristic flow rate: [Umm]
5.0000E+00 . | 'OR00Q Instance 4 corresponding presstife drop [bar]
-6.0000E300 | - ORD0O instance 4:églivalent orifice diameter: [mm]
. -510000E-01 | -OR000:instance 4 makimum flow ceefiiclent null].
) 4 0000E+02'“ - 'GRC00 instance 4 critical fiow nimber (laminar > turbulent) [nuﬂ]
<21 ORDOVinstance 4 1 for pressure’ droplﬂow rate parr 2 for onrce diameter
D, 0000E+00 | -HN222instance 2 volume port 2 [em**3]
-0.0000E+00 - | "PTO3instance 1 offset 10’ be subtracted from pressure ibar]
CL000CE+00 ] - PTO3instanée 1 gain for gignal outpot [T/bar} ;
G.0000E+00 - 1 HN221 instance 2 velume port1 {cm**al
0.0000E+00 | "HN221 instance 3 volume port 1 [cm™*3}
5.0000E-01 BHC11'instance 1 dead volume fem**3]
5.0000E+01 BHC11.instance 1 presstre port 1 [bar]
0.0000E+00 | BZQVOinstance 1 zere flow rate [L/min]
0.00005+00 | -BZQV0instance 1 zero volume Jem™3]
1.0000E+00 | ‘BHO1f'instance 1 characteristic fiow rate {L/min)
1:0000E+00 | BHO11 instance 1 comresponding pressure drop [har]
3.0000E+00 |  BHO11 ingtance 1 equivalent orifice diameter [mm)
4.0000E-01 BHO11 instance 1 maximum flow coefficient [nll]
2.0000E+02 BHO11 instance 1_eritical flow number {laminar -> turbulent) [nuli
2_| BHO11 instance 1 1 for pressure dropiflow rate pair 2 for orifice diameter
0.0000E+00 BHQO11 instance 1 zero volume source [cm**3]
0.0000E+00 BHO11 instance 1 zero volume source fem™*3]
2.0000E+01 HLOOO instance 1 diameter of pipe [mm]
6.0000E-02 | HLOOG instance 1 pipe length [m]
0.0000E+00 HL000 instance 1 wall thickness Imm]
2.0600E+06 HLOOO instance 1 Young's modulus for matertal fbar]
1.7000E+D4 HLOOO instance 1 user specified effective bulk modulus [Bar]
1 HLOOQ Instance 1 1 for calculated bulk modulus value 2 for user specified value
1.000CE+01 HLOQO instance 1 pressure at port 1 [bar}
2.4000E+01 HLO6 ingtance 1 diameter of pipe mm]
5.2000E+00 HLOS instance 1 pipe length Im]
1.0000E-05 HLGS instance 1 relative roughness [null]
0.0000E+00 HLOG instance 1 angle line makes with horizontal (+ve if polt 2 above port 1) [degree]
3.0000E+00 | HLOG instarice 1 wall thickness {mm]
2.0600E+06 HLOB instance 1 Young's modulus for material [bar]
1.7000E+04 HLOE instance 1 user specified effective bulk modulus [bar]
1 HLOB Instance 1 1 forcalculated bulk modulys value 2 for user specified value
5.0000E+01 HLOE instance 1 pressure at port 1 [bar]
0.00COE+00 HLOG instance 1 pressure at port 2 [bar]
Q.0000E+00 HLOS instance 1 fiaw rate at centre of pipe [L/min]
2.8000E+01 HLO1 instance 1 diameter of pipe [mml
1.0000E+00 HLOT Instance | pipe length fm]
1.0000E-05 HLOT instance 1 relative roughness [null]
0.0000F+00 HLO1 instance 1 angle line makes with horizontal (+ve If port 2 above port 1) [degree]
6,0000E+00 HLO1 instance 1 wal thickness [mm]
1.00C0E+04 HLO1 instance 1 Young s'modulus for material [bar]
1.70G0E+04 | HLO?1instance 1 userspecified effective bulk moduius {ban
o1 4 HLOY instance 1 1 for caloutated bulk modyjus value 2 for uger specified vajue
5.0000E+01 HLO1 instance'{ pressureat port 1'{bar]
8,0000E+01 HLO3 instance 1 diameter of pipe [mm}
-3i0000E-01 | 'HLO3 instance 1-pipe length ]
1.000CE-05 HLO3 instance 1 relative roughness [null!
0.0000E+00 | ‘HLO3 instance 1 angie fine makes with horizontal (+ve if pert 2 above port 1) [dedree]
1.0000E+01 HLO3 Instance 1 wall thickness mm]:
2.0600E+06 | HLO3 instance 1 Young's modulus for material [bar]
1.7000E+04 HLO3 instance 1 user specified effective hulk modulus [bar]
Ce A1 HLO3instance 11 for calculated bulk modiius value 2 for user specified value '
5.0000E+01 HLG3 instance 1 pressure at port 1 [bar}
0.0000E+00 HLO3 Instance 1 pressure at port 2 [bar]
2.3000E+01 HLO4 instance 1 diameter of pipe [mm]
3.3000E+00 HLO4 instance 1 pipe length [m}
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1.0000E-05 HLO4 instance 1 relative roughness [null]
0.0000E+00 HLO4 instance 1 angle line makes with horizontal (+ve if pon 2 above port 1) [degres]
B.0000E+00 .- | HLO4 instance 1 wall thicknessTmm] - .
1:0000E+04 | -HLO4 Instance'1 Young's modulus for material [bar] .
1.7000E+04 | ‘HLO4instance 1 user specified effective bulk modulus Thar}
soasnao | CHEO4instance 1 4 for calcufated bulk: modufus va!ue 2 for user spec;f ed value
_5.0000E+01 | -HLO4 instance 1 pressure at port 1:{bar) . )
0.0000E+00 : -1 ' HLO4 instance 1 flow rateat port 2 [Umm]
S.0000E+00 - | “HLO1 instance’2 diarmeter of pipe {mm]
“8.0000E-02 [ "HLO{ instance Z:pipeilength Im] ..
=1:0000E-05 | "HEQ1 instance 2 relative’ mughness [null] : ‘ s )
~0.0000E+00 1 - HLO%:Instance 2 angle lina ' makes with henzonta} (+ve i port 2 above port 1) [degree} )
-0:0000E+00" " -HLOY instance 2 wall thickness fmmi .~ n
2.0800E+06 | HLO1 instance 2 Young's modults for matenal [bar}
1 7000E+04 - “HLOT instance 2-user specified effective bulk modulus Ibar]
1 ] -HEO%instance 21 for caicutated bulk modu!us va!ue 2 for user spec:f' ed value
A OOOOE+01 <1 HEDT instanée 2 pressure at port 1 [bar] s L :
‘5.0000E+00 -] “HLOtinstance 3 diameter of pipe. [mm]
- B.0000E-02: | "HLOl.instance 3 pipelength [m]. :
-10000E-05 | -HLOY instance 3 relative roughnéss | nu[l] ]
0.0000E+00 HLO1 instance 3 angle line makes with horizontal (+Ve it port 2 above poit 1) [degree]
0.0000E+00 HLO1 instance 3 wall thickness [mm] _
2.0600E+06 HLO1 instance 3 Young's modulus for material [bar]
3.'1 7000E+04 -1~ HLO1 instance’3 user specified efféctive bulk modulus Thar}
A 1 HEOtingtance 31 forcalculated bulk. fmodufus va%ue 2 for user specxt'ed vaiue
1) OOOOE+01 HLO1 instance 3 pressure at port 1 fpar]
4.0000E+C0 | HLO1:instance 4 diameter of pipe [mim]
8.0000E-02 HLO1 instance 4 pipelength [m] -
1.0000E-05 HLOT instance 4 relative roughness [nuﬂ]
0.0000E+00 HLO1 instance 4 angle fine makes with horizontal (+ve if port 2 above port 1) [degres]
0.0000E+00 HLO1 instance 4 wall thickness [mm]
2.0800E+08 HLO1 instance 4 Young's modulug for rmaterfal [bar}
1.7000E+D4 HLO1 instance 4 user specified effective bulk moduilus [bar]
1 HLO1 instance 4 1 for calculated bulk modulus value 2 for user specified value
1.0000E+01 HLO1 instance 4 pressure at port 1 [bar]
8.0000E+00 HLO3 instance 2 diameter of pipe [mm)]
€.0000E-01 HLO3 instance 2 pipe length [m]
1.00G0E-05 HLO3 instance 2 refative roughness Tnuli]
0.00C0E+00 1 HLO3 instance 2 angle line makes with horizontal (+ve If port 2 above port 1) [degree]
4,.0000E+00 HLO3 instance 2 wall thickness [mm]
4.0000E+04 HLO3 instance 2 Young's modulus for materjal {bar]
1.7000E+04 HLO3 Instance 2 user specified effective bulk modulus foar}
1 HLO3 instance 2 1 for calculated bulk modulus value 2 for user specified valye
1.0000E+01 HLO3 instance 2 pressure at port 1 [bar]
1.0000E+01 HLO3J instance 2 pressure at port 2 [bar)
1.8000E+01 HLO1 instance 5 diametsr of pipe [mmi
6.0000E-01 HLO1 instance S pipe length [m]
1.0000E-05 HLO1 instance 5 refative roughness [null]
0.0000E+00 HLO1 instance 5 angle line makes with horizontal (+ve if port 2 above port 1) [degree}
2.5000E+00 HLO1 instance § wall thickness fmm]
20600E+08 HLO1 instance 5 Young's modulus for material [bar]
1.7000E+04 HLO1:instance S user specified effective bulk modulus bar]
. 1 | HLOY instance 5 1 for caleulated bulk medulus value 2 for user specified valua
5.0000E+01 HLO1 instance 5 pressure at port § [bar]
2.B000E+01 .| HLOZ instance 1 diameter of pipe Imm]
5.0000E-01 HLO2 instance 1 pipe léngth Im]
1.0000E-05 HLOZ instance 1 relative roughness fnul]]
0.0000E+00 | 'HLOZinstance 1 angie line makes with honzonia[ {(+veif port 2 above port 1) [degree}
6.0000E+00_ | HLO2instance 1 wall thickness fmm]
1.0000E+04 | HLOZ instance Young's modulus for matenal [barj
1.7000E+04 - | HLO2Instance 1 user specified effective bulic fRodulus [par]
s 11 HLO2ingtance 1 1 for caloulated bk modulus value 2 for user specified vajue
5.0000E+01 | HLOZinstance 1 pressure atmid-point | [bar]
6.0C00E+00 | HLOGO instance 2 diameter of pipe fmm)] -
8.0000E-01 HL00Q instance 2 pipe length [m]
4.0000E+00 | HLOGO instance 2 wall thickness [mm)]
1.0000E+04 HLOOG instance 2 Youhg's modulus for materiat {bar]
1.7000E+04 HLOOG instance 2 user specified effective bulk modulus fbar]
1_| HLOOQ instance 2 1 for calculated bulk modulus value 2 for user specified value
5.0000E+01 HLOOG instance 2 pressure at port 1 [bar]
2.5000E+01 HLOOO instance 3 diameter of pipe [mm]
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1.0000E+00 HLOOO instance 3 pipe length [m]
1.0000E+01 - HLOGO instance 3 wal thickness Imm]
2,0600E+06 | - HLO00 instance 3 Yourg's modulus for material. [bar] . ;
1.7000E+04 | HLOOO instance 3 user specified effective bulk modulus [bar]
oY | HLOOO instance 3°1 for caleuiated bulk modulus value 2 for user specnf ed value
“5.0000E301 1| HLOOQ iristance 3 pressure at port 1 Ebar] ;
_1.0000E+00 -1 "HLO1instance 6 dlameterof pipe. Emm}
3.0000E-02 -1 ~HLOYinstance 6 pipe fengthim]. ~
-1.0000E-05 1 - HLO% instance 6 relative roughness Inuti; j i j
0.0000E+00. | -HLOY instance 6 angle line makes with' hcnzontai (+ve ;f port 2 ahove port 1 {ciegree}
0.0000E+00. .| - HLOT instance 6 wall thickness [ :
2.0600E+08 " | "HLO1 Instance 6 Young's modulus for matenai {bar}
'1 70005*04 - < HLOY instance B iuser specified effective bulk madulus fbarf . . :
4+ HLEOY instance 8°1 for.calculated bulk’ modulﬂs value 2 fcr user specnf ed v&lue
'5 GOGOE+01 1 -HLOt instance 8 pressure at port-1'[bar] -
5.0000E>00 | “HLOZinstance 2 diameter of pipe | [mm} )
-8:0000E-02 1 “HEO2 instance 2 pipelengthm] - -
~HO000E-05 | HHLOZ/instance 2 relative rolighness: [null] S
0.00C0E+00 | HLO2Instance 2 angle fine makes with honzontat (+'.'re if port 2 above port 1) [degres]
1.0000E+01 HLOZinstance 2 wall thickness [mm]
2.0600E+08 HLO2 instance 2 Yound's modulus for material Ebar]
1.7000E+04 HLO2 instance 2 user specified effective bulk modulus [bar]
S 1] HUOZinstance 2 1:for calcdlated bulk medulus value 2 for user specified va!ue
“B5.0000E+01 | “HLOZinstance 2.pressure at mnd-pom{ [bar}
3.0000E+00" | “HLO1 instance 7 diameter of pipe [min]
5.0000E-02 HLO1 instance 7 pipelengthim]
1.00C0E-05 | HLO?ingtance 7 relative roughness [null}
C.0000E+00 HLO1 instance 7 angle line makes with harizontal (+ve if port 2 above port 1) [degree]
0.0000E+00 HLO1 instance 7 wall thicknass [mm)
2.0600E+06 HLO1 Instance 7 Young's modulus for material [bar]
1.7000E+04 HLO1 instance 7 user specified effective bulk moduius Ibar]
) 1 HLO1 instance 7 1 for caiculated bulk madulus value 2 for user specified value
5.0000E+1 HLO1 instance 7 pressure at por% 1 {bar}
5.0000E+00 HLO3 instance 3 diameter of pipe [mm)]
6.0000E-02 HLO3 instance 3 pipe tength fm]
1.0000E-05 HLO3 instance 3 relative roughness {null]
0.00G0E+00 HLO3 instance 3 angle fine makes with horizontal (+ve if port 2 above port 1} [degree)
0.0000E+00 HLO3 instance 3 wall thickness [mm]
2.0600E+06 HLO3 instance 3 Young's modulus for material [har}
1.7000E+04 HLO3 instance 3 user specified effective bulk meduius [bar]
1 HLO3 Instance 3 1 for calculated bulk modulus vaiue 2 for user specified value
5.0000E+01 HLO3 instance 3 pressure al port 1 foar]
5.0000E+01 HLO3 instance 3 pressure at pert 2 fbar]
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Model: Valve system with damper (without test bench supply pipes)

discussed in paragraph 3.8 and paragraph 3.9.
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Figure A3.2.3 Valve system model without test bench supply line to reduce parameters displayed

Parameters pertaining to the valve system model: (without two supply lines)

0.0G00E+00 Q000 instance 1 flow rate (always 2era) [L/min]
W2 | FX00 instance 1 expression in terms of the input x
9.7000E+01 GONS0 instance 1 constant value [null}
2.2000E+01 HR206 instance 1 diameter at port 1 [mim]
2.2000E+0% HR206 instance 1 diameter at ports 2 and 3 fmm]
1.0000E-01 HR2086 instance 1 friction factor in the main branch {null]
2.0000E+00 HR208 instance 1 friction factor side branch - main branch [aul]
3.0000E+03 HR206 instance 1 critical Reynolds number {null]
0.0000E+00 HR206 instance 1 pressure at junction [bar]
2.2000E+01 HRLOO instance 1 diameter mm]
1.0000E-01 HRLOO ingtance 1 length {m]
8.0000E+01 HRLOQ instance 1 total pressure [bar]
2.2000E401 HRLOQ instance 2 diameter Imm]
1.0000E-01 HRLOO instance 2 length [m]: B
6.0000E+01 HRLOO Instance 2 total presstire [bar]
2.2000£+01 HR206 Instance 2 diameler'at post 1 Imm] .
2.2000E201 i "HR206 instance 2 diameler at ports 2 and 3 Imm]
5.0000E-D2 HR206 instance 2 friction factor i the main branch [null]
1.5000E+00 | HR206 instance 2 friction factor side branch - main branch [null
3,0000E+03 1 HR206 instance 2 critical Reynolds number fnul) '
0.0000E+00 HR206 instance 2 pressure at junction Tbar]
220008401 | HRLOOinstanca3 diameter fmm]
_1.0000E-01 HRLOO instance 3lengthIm] = = -
8.0000E+01 HRLOQ instance 3 total pressure [barl
0.0000E+00 PT02instance 1 offset to be sublracted from pressure [bar]
1.0000E+00 PTO2 instance 1 gain for signal output [1/bar}
2. 2000E+01 HRLOQ instance 4 diameter Imm
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1.0000E-01 HRLGG instance 4 length fm]
6.0000E+01 1 HRLOO instance 4 total pressure {bar} B
4:80008+01. | ‘HR22Binstance 1 diameterfmm] =~ . . -
1.2000E+00 . | HR22B instance 1 friction factar for flow ports 1 > 2 {null]
1.2000E+00 HR22B Instance 1 friction factor for flow ports 2 > 1 [null]
5.0000E+02 . | HR228 instance 1 critical Reynalds number fnul]
“0.0000E+00 - | “HR2ZBinstance 1. hysteresis: [bai} - .
0.0000E+00 | - TKOOO instance 1 tank'pressure’ [bar]
A.QC00E+D0 1 ORO01 ingtance:1 flow rate gain [null]
1:0000E+00 | " ORO001.instance 1 pressure: gainnulil
da'r'nperexpc . OR001 mstance 1 ftename or expressaon for ﬂow rate characterzstsc q-f(p) q in L/min
Surve dat
i 0000E+00 B 'ZCVOO" mstance 1 check valve crackmg pressure [bar}
-3:5000E400 ] “CV002ingtance 1 icheck valve fiow rate’ pressure grad:ent [lemfbar}
4i2000E+01 1 CV002instance 1:nominal flow rate valve fully open- [Umln}
2:000GE+00 - 1 - CV002instance 1 corresponding pressure drop ibar] |
-1:0000E-04 - | ~CV002 instanca 1 hysteresis Tor.opening/ciosing [bar] -
1.8000E+00. | ' CV002Z instance 2 check valve cracking’ pressure[bar] - S
3:3000E+00 | -CV002 instance 2 check valve flow rate pressure gradlent {Umsn/bar]
1:2000E+01" | CV00Zinstance 2 nominal flow rate valve fully open [L/min]
2.0000E+00 CV002 instance 2 corresponding prassure drop {barl
1.0000E-04 : CV0O2instance 2 hysteresis for-opening/closing [bar]
1.0000E+00 . | -OR000Q instance 1 characteristic flow rate [Limin] .
1:0000E+00 | IOR000instance 1 correésponding pressure drap [bar}
5.0000E+01 | 'ORO00 Instance ' éguivalent orifice gdiameter {mm)
A.0000E-1 ORO0G instance 1 maximum flow coefficient [null]
8.0000E+02 | ~ORQO0 instante 1 critical flow number {laminar->- turbuient} [null
2 | OROGQinstance 1 1 forpressire drop/flow rate pair 2 for orifice diameter
0.0000E+00 PT03 instanice 1 offset to be subtracted from pressure [bar]
1.0000E+00 PTO3 instance 1 gain for signal output [1/bar]
8.2330E-02 BAI21 instance 1 mass [kal
0.0000E+00 BAI21 instance 1 stiction friction force (static) {N]
0.C000E+00 BAI21 instance 1 Coulomb friction force (dynamic) [N]
1.0000E+03 BAI21 instance 1 viscous friction [N/(m/s)]
1.0000E+03 BAI21 instance 1 windage friction [NAm/s)**2]
1.000CE-06 BAI21 instance 1 stick velogity thresheld [m/s]
1.0000E-03 BAI21 instance 1 Stiibeck time constant js]
0.0000E+00 BAI21 instance 1 lower displacement lirit [m}
8.0000E-03 BAI21 instance 1 higher displacement limit [m]
0.0000E+00 BAI21 instance 1 inclination (+90 port 1 lowest -90 port 1 highesh [degree]
0.0000E+00 | BAI2] instance 1 velocity part 2 [mys]
B.0000E-03 BAI21 instance { displacement port 2 [m}]
2.5000E+01 BAP1S instance 1 piston diameter [mm]
0.0000E+Q0 BAP15 instance 1 rod diameter [mm]
3.5000E+00 BAP1S instance 1 spring stiffness [N/mm}
6.0000E+01 BAP1S5 instance 1 spring force al zero displacement [N
4.400CE+01 BAP15 instance 1 chamber length at zero displacement [mm]
2.1000E+01 BAP26 instance 1 seat diameter fmm}
0.C000E+00 BAP26 instance 1 rod diameter (seat side) [mm]
2.5000E+01 BAP2S instance 1 diameter of poppet [mm]
4.5000E+01 BAP28 instance 1 poppet half angle degres]
8.000CE-01 BAP26 instance 1 maximum flow coafficient [nul]
2.0000E+03 BAP26 instance 1 critical fow number [null]
0.0000E+00 BAP26 instance 1 opening for minimum area [mm)]
B8.0000E+00 BAP26 instance 1 opening for maximum area [mm]
1.0080E+00 BAP28 instance 1 jet forces coefficient [null]
0.0C00E+00 BAPZ26 instance 1 [ift (undetlap)’ cosrespondmg to zero digplacement [mm]
1.0C00E+00 BAP26 instance:1 volume at port 1 corresoending to zero lift [cm**3]
2:0000E+00 | "BAP28instance 1 velume at port 2 oorrespondmg o zero lift {er™3)
0.0000E+00 | FOOQ instance 4 force (always zero) [N] .
~0.0000E+00 | 'FOOG instance 2 force (always zero) IN]
"0.0000E+00 HN221 instanced volumeport 1 fom**3]
0.C000E+00 - | HNZ22 instarice 1 volume port 2 fem™*3]
1.0000E+00 | 'ORO0O instance 2 characteristic flow rate {Lmin]
1.0000E+00. | ORDOC instance 2 corresponding pressure drap [bar)
2.0000E+01 ORO0Q instance 2 equivalent grifice diameter [mm]
7.0000E-01 ORO0Q instance 2 maximim flow coafficient Inull] -
1.0000E+03 ORQ0Q Instance 2 critical flow number (laminar -> turbulent) [null]
2_| ORO00Q instance 2 1 for pressiire drop/flow rate pair 2 for orifice diameter
0.0000E+00 QUCO instance 2 flow rate (always zero) {L/min]
8.0000E+01 ORO00 instance 3 characteristic flow rate [L/min]
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5.0000E+00 | ORO0QO instance 3 corresponding pressure drop [bar]
20000E+01 | OROOG instance 3 equivalent orifice diameter {mm]
S.O000E-01 | “OROO0 instance 3 maximum fow coefficient {nulf
1:0000E+03 | ORO0CO instance 3 eritical low number {laminar > turbulent) [nul]
oo 20| ORDOD Ikstance 3 4 for pressura drop/flow raie pair 2 for orifice diameter
0.0000E+00 -| - HN222instance 2volume port 2 [cm*™3] -
0.0000E+00 | “HN222instance 3 volume port 2.[cm* 4] .
D.0000E+00 | “HN221 instance 2 volumeéport 1 Iem™3] - -
0.0000E+00 - “HNZ222 Instance 4 'volume port- 2 [cm**3] .
-$:0000E+00 - | "ORGO0 instance 4 characteristic flow rate [L/min] -
1:.0000E400 - {.-OR000 instance 4 corresponding pressure drop {bar]
- 2.0000E+01 1 - ORO00 instance 4 equivalent orifice diameler fam]
- ¥.0000E-01. -1 OGR0O00 Instance 4 maximum flow.coefficient Tnulll
1.0000E+03 -] -OROD0 instance 4 critical flow niimber (laminar=» turbulent) Inall]
comenon @ ] TOR000 instance 4 1:-for pressure drop/flow rate palr 2 for arifice diameter
0.000CE+00 | “Q000 instance 3 flow rate (always zero) [LUmin -
-9.0000E+01" 1 - ORO00.Instance 5.characteristic flow rate [Limin]-
S5.0000E+00 [ 'OR000 Instance 5 comesponding pressure drop [bar].
2.0000E+01 - | ORO00Instance 5 equivalent orifice diameter Imm}
50000801 ORO00 instance 5 maximur flow coefficlent [nul]
1.0000E+03 ORO000 instanice 5 critical flow number {laminar -> turbutent) [null]
.- 2 | OR000instance s 1 for pressure drop/ﬂow rate pair 2 for orifice diameter
0:0000E+00 | . HNZ22instance 5 volume port:2 fen**3] .
“0.0000E400 | “HN222-instance 8 volume port 2 {em**3]
=1.0000E-03 | 'SPRO:instance ™ initial spring ".c'iispla’cement' Im}
2.7009E+04 | SPRO'instance 1 spring rate [N'm}
0:I0000E+00 1 SPRO instance 1 displacement giving zere spring force [m]
0.0000E+00 ¢ SPROinstance 1 force atport 2 [N]
3.0000E+00 BAP22 instance 1 seat.diameter Imm]
4.0000E+00 BAP2Z instance 1 ball diamater [mm]
4,00C0E+00 BAP22 instance 1 rod diameter (opposite to seat) fmm]
0.600CE+00 BAP22 instance 1 rod diamater (seat side} {mm]
0.0000E+00 BAP22 instance 1 jut forces coefficient Inull]
6.0000E-01 BAP22 instance 1 maximum flow goefficient fhull]
1.0000E+03 | BAP22 instance 1 critical fiow number [null)
9.0000E-01 BAP22 instance 1 opening (underjap) corresponding to zero displacement [mmj
0.0000E+00 BAP22 instance 1 opening for minimum area [mm]
9.0000E-01 BAP22 instance 1 opening for maxirum area [mm]
4.0000E-01 BAP22 instance 1 volume at port 1 corresponding to zero lift fem™3]
8.0C00E-01 BAP22instance 1 volume at port 2 corresponding to zero it [cm**3]
2.B000E+00 BAP21 instance 1 seat diameter [mm]
4.0000E+00 BAP21 instance 1 ball diameter imm]}
4.0000E+00 BAP21 instance 1 rod diameter (opposite to seat) fmm]
1.5000E+00 BAP21 instance 1 rod diameter (seat side) [mm)
0.0000E+00 BAP21 instance 1 jet force coefficient [nul)
4,3000E-01 BAP21 instance 1 maximum flow coefficient fnull]
1.00002+02 BAP21 instance 1 critical flow number [nul]
0.0000E+00 BAP21 instance 1 openzng {underiap) corresponding to zero displacement [mm]
0.0000E+00 BAP21 instance 1 opening for minimurm area [mm]
9.0000E-01 BAP21 instance 1 opening for maximum area [mm)
4.00C0E-01 BAP21 instance 1 volume at port 1 corrésponding to Zero lift fom**3]
8.0000E-01 BAP21 instance 1 volume at port 2 correspanding to zero lift [cm**3]
2.0000E-02 BAlI21 instance 2 mass kg
0.0000E+00 BAI21 instance 2 stiction friction force (static) [N}
0.0000E+00 | BAI21 instance 2 Coulomb friction force {dynamic) [N]
2.0000E+02 BAI21 instance 2 viscous friction [N/(m/s)]
~0.00008E+00 BAI21 instatice 2 windage friction [N/{m/s)™2]
1. 0000E-06 BAI21 instance 2 stick velocity threshold im/s]
1.0000E-03 |~ BAI21 instance 2 Stribecktime constant {s] .
0.0000E+00 | .BAI21 instance 2 lowér displacementlimit {m]
9.0000E:04 1 ‘BAI2% instance 2 higher displacement limit [m]
0.0000E+00 . | ‘BAI21instance 2 inglination {+90poit 1. towest =80 port 1 highest) [degree]
0.0000E+00 - - BAI21 Instance 2 velocity port 2 [m/s]
S5.00C0E-04 1 “BAI21 instance 2 displacement port 2 {m}
2.B000E+00 | BAP{2instance 1 piston diameter [mm]
0.0000E+00 | BAP12instance rod diameter [mm] - ..
2,0000E+00 BAP12 instance 1 chamber Jength at zero displacement [rmim)
0.0000E+00 V00O instance 1 linear velocity (aiways zero) Invs}
0.0000E+00 PT02 instance 2 offset to be sublyacted from pressure [bar]
1.0000E+00 PT02 instance 2 gain for signal output [1/bar)
1.0000E+00 ORO00 instance 6 characteristic flow rate [L/min]
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1.0000E+00 OROQ0 instance 6 corfesponding pressure drop {har]
5.0000E+00 | OR(OO0instance 5 equrvalent vrifice diameter [mm}
1.0000E+00__| “OR000 instance B maximiim flow coefficient [nuii]
2.0000E+03 | OROCOC instance & critical flow number (laminar +> turbulent) [nul[}
Lo 2 0 OR000 ingtance 6 1 for pressure dropiflow rate pair 2 for orifice. dlameter
0.0000E+00 | HM222 instance 7.volume port 2[cm™3] -
-0.0000E+00 |- PTO3instance 2 ofiset to be'sublractad frem pressure [bar}
1.0000E+00 | PTO3 instance? gain for'signal output [ 1Ibar1 }
0.0000E+00 | HN221'instance 3 volume port 1 [em™"3] - -
0.0000E+00 - 1 "HN221:instance 4 velume port 4. o3} .~ -
25.0000E-01 - 'BHC11instance 1 dead volurne [em™3] -
5.0000E+01 | BHCiYinstance 1 pressure port 1.fbar] .
“0.0000E+00 | ' BZQVOinstance 1 Zero flow rate [L/min. .
~0.0000E+00 |  BZQVDinstanca 1:Zerg volumefom**3]. =
1.0000E+00 | BHO11 Instance 1 characteristic flow rats ILimm]
4:0000E+00 - | :BHO11 instance 1 ‘comésponding pressure drop [bar]
‘3.0000E+00 -] “BHO 11 instance: 1:equivalent orifice diameter [mmj
4.0000E-01: .- BHO11 instance 1 maximiim flow cdefficient [null] -
2.0000E+02 “ |- BHO11 instance 1 critical flow number {lamirar «> turbutent) {nu!E}
Caieen o [ BHOY ingtance 11 for préssure drop/flow rate pair-2 for orifice diameter
0.0000E+00 BHC1% instance 1 zefo voiime source fem**3]
0.0000E+00_ | BHO1Tinstance 1 zerovolume source fcm®*3}
3 0000E-03 CONSQ.instance 2.constant value fnull .
cwly [ EXYOinstance 1 expression foroutput in terms of xand y
) :' exp(x) _| EX0Q instance 2 expression inltarms of the input x
4.0000E-02 CONSQ instance 3.constant value fnull]
Xy i EXY0instance 2 expression foroutottin terms ofxandy
exp(x} | FX00 instance 3 expression in‘terms of the input x
2:0000E+02 | CONSO instance 4 constant value [neli
2,5000E-02 | CONSQ instance 5 constant valte [niil
1.0000E+00 CONSO instance 6 constant value [null]
5.0000E-01 CONSO instance 7 constarit value [nuli]
2.3000E-02 CONSQ instance 8 constant value [null}
2.5000E+01 | - HLOOO Instance 1 diameter of pipe Imm]
3.0000E-01 HLOGO instance 1 pipe length {m]
3.0000E+00 HLOOO instance 1 wall thickness fmm]
__2.0800E+08 MLO0O instance 1 Young's modulus for matedial [oarl
1.7C00E+04 HLOOO instance 1 user specified effective bulk modulus [bar]
1 HLOOO instance 1 1 for calculated bulk modulus value 2 for user specified value
6.0000E+01 HLOOO instanice 1 pressure at port 1 [bar]
2.5000E+01 HLOGO Instance 2 diameter of pipe Imim]
_1.0000E-02 | HLOOO instance 2 pipe fength Im]
0.0000E+00 HLO0D Instance 2 wall thickness [mm]
2.0600E+08 HLOOO instance 2 Young's moduilus for material {baf]
1.7000E+04 HLOOO instance 2 user specified effective bulk modulus [bar]
1 HLOGO Instance 2 1 for calculated bulk modulus value 2 for user specified vaite
6.00C0E+01 HLO0Q instance 2 pressure at port 1 [bar]
1.5000E+01 HLO2 instance 1 diameter of pipe [mm]
1.0000E-01 HLOZ instance 1 pipe length fm]
1.0000E-05 HLO2 instance 1 relative roughness [null]
0.C000E+00 HLOZ instance 1 angle line makes with herizontal {+ve if port 2 above port 1) [degree]
0.0000E+00 HLO2 instance 1 wall thickness fmm}
2.0800E+06 HLO2 instance 1 Young's modulus for material [bar]
1.7000E+04 HLO2 instance 1 user specified efféctive bulk medulus [bar]
o 1 HLO2 instance 1 A for calcidated bulk madulus value 2 for user specified value
6.0000E+01 HLO2 instance 1 pressure at mid-point (bar]
2.5000E+01 | HLOQOinstance 3 diameter of pipe fmm}
3.0000E-01 _| HLOOO instance 3 pipe length [m]
3.0000E+00 | "HL.OOQ instance &'wall thickness {mm]
2.0600E+06 HLOOO instance 3 Young's modutis for matenal [bar}
1:7000E+04 | HLOOQ instance 3 User specified effective bilk modulus {rar}
Lo 4 | HLEOOUnstanes 31 for calculated bulk moduius, value 2 for user specified value
6.0000E+01 | ‘HLOOO:instance 3 préssure at port 1 bar]
2.5000E%01_ 1§ HLO0Oinstance 4 diameter of pipe [mm)]
3.0000E-02 | HLOODinstance 4 pipelength[m]
0.0000E+00 HLOOO instanice 4 wall thickness [mm]
2.0600E+06. | "HLOQO instance 4 ¥Young's modulus for material [bar]
1,7000E+04 HLOOO instance 4 user specified effective bulk modulus foar]
1 HLOOQ instance 4 1 for calculated bulk modulus value 2 for user specified value
6.0000E+01 HLOOO instance 4 pressure at port 1 {bar]
2.2000E+01 HLO3 instance 1 diameter of pipe [mm]
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5.0000E-01 HLOS instance 1 pipe length [m}
41.0000E-05 HLO3 instance 1.relativa roughness [null}
0.0000E+00 .| HEO3'instance 1 angle ine makes with' hor:zonta! (+va if port 2 above port 1 [degree]
6.0000E200 -1 HLO3 instance 1:wall thickness immj] -
1.0000E+04 | 'HLO3 instance 1 Young's modulus for matenaz {bar}
1 70005-1-04 - |  HELO3 instance 1 user specified effective bulk modufus {bar]
I 4 7] “HLO3instance 1 1 for calculated btk modu!us value 2 Eor user specuf‘ ed value )
'-'6 OOOOE+01 | HLO3 instance 1 pressureat port 1 [bar] - o .
8.0000E+01 ‘HLOZ'instance 1 préssire at port'2. {bar]
‘2.0000E+01 | “HLOG instarice 1 diameter-of pipe [mm}
5:0000E-01 .7 | HLOS instance 1 pipé length Im] :
= 1.0000E-05 | "HLOG instancae 1 ralative mughness [nuﬂl S R i
-Q.0000E+00 1 “HLOG instance 1:angle line makes with honzontai (+ve tf port 2 above port 1) [degree]
~B:0000E+00 - HE06 instance 1:walt thickness Immi -
2.0000E+04 | "HLOG'instance 1 Young's modulus for: materia! {bar} _
1:.7000E+04 | "'HLO6 instanice 1 userspecified effective bulk modulus [barl .
i ] S HLOBIngtande 11 for calctilated bulk: moduius value 2 for user specnf' ed va]ue
~E.0000E+01 | “HLOG instance 1 pressire at port 1:[bar] - .
6.0000E+01 | HLO8instance 1 pressure atport 2 (bar} - .
0.C000E+00 | HLOG4instance 1 flow rate at centra of pipe {L/min]
1.8000E+014 HLO2 instance 2 diametér of pipe [mm]
1.6000E-01 HLO2 Instance 2 pipe léngth[m]
1:0000E:05 | HLOZinstance 2 relative roughness(null] .
©.0000E+00 -1 “HLOZinstance 2 angle ling makes with hortzomal (+ve if port 2 above port 1) {degree}
0.0000E+00 | HLOZinstance 2 wallthicknessfram] -~
2.0600E+06 | HiLOZinstance 2 Young's modulus for material [bar]
1.7000E+04 HL:G2 instance 2 user specified effective:bulk modulus foar]
w1 | HLOZInstance 2 1 for caloulated bulk modulis value 2 for user specified value
6,0000E+01 HLOZ instance 2 pressure at mid-point [bar]
3.0000E+00 HLOOGO instance § diameter of pipe [mm]
5.0000£-02 HLOGA instance 5 pipe length [ml
0.0000E+00 HL000 instance 5 wall thicknéss [mm]
2.0600E+06 HL000 instance 5 Young's modulus for material [bar]
1.7000E+0D4 HLOOQ instance 5 user specified effective bulk modulus [bar]
1 HLO00 instance 5 1 for calculated bulk modulus value 2 for user specified value
0.0000E+00 HLOOO instance 5 pressure at port 1 [bar)
5.0000E+00 HLOQO instance 8§ diameter of pipe Immj}
4.0000E-02 HLOOO instance 8 pipe lengthfm]
0.0000E+00 HLOO0O instance 6 wall thickness [mmi
2.0600E+08 HLOOO instance 6 Young's modulus for material [bar]
1.7000E+04 ! HLOOO instance 6 user specified effective bulk modulus [bar]
1 © HLOQO instance 6 1 for caleutated bulk modulus value 2 for user specified value
0.0000E+00 HLOOO instance & pressure at port 1 [bar)
3.0000E+00 HLCOO instance 7 diameter of pipe [mm)
4.0C0CE-02 HLOOO ingtance 7 pipe length Im] - -
0.0000E+00 HLOQQ instance 7 wall thickness Imin}
2.0600E+06 | HLOOO instance 7 Young's modulus for material [bar)
1.7000E+04 | HLOOQ Instance 7 user specified effective bulk modulus fbar]
1 HLOOO instance 7 1 for caleulated butk modulus value 2 for user specified value
0.0000E+00 HLO0O instance 7 pressure at port 1 {bar]
3.0000E+01 HLOGS instance 8 diameler of pipe Imm]
4:0000E-02 HLO0O instance & pipe length Im}
0.0000E+00 HLO00 Instance B wall thickness mm]
2.0800E+06 HL00Q instance 8 Young's modulus for material [bar]
1.7000E+04 | HLOOC instance 8 user.specified effective bulk modulus [bar]
1 | HLOQO Instance 8 1 for calculated bulk modulus vajue 2 for user specified value
0.0000E+00 HLO00 instance 8 pressure at port 1 [bar]
24000E+01 | HLO6 instance 2 diameter of pipe [mm} '
520005400 | HLOBinstance 2pipelengthfm].
1.0000E-05 HLEGE Instance 2 ralative foughness {nuli}
0.0000E+00 | "MLOBinstance 2 anglé liné'makes with horizonta! (we if gori 2 above port 1) [degrae]
3.0000E+0C | HLOGIngtance 2 wall thicknessimm] -~
2.0600E+06 | ‘HLO6 instante 2 Young's modulus for material {bar]
1 700054-04 “HLO6 Instance 2 user specified effactive bulk modulus [bar}
) A HLGH instance 2 1 Tor calcutated bulk moduius vaiue 2 for user specified value
6. OOOOE+01 HLOE instance 2 pressure at-port 1 fbar]
8.0000E+01 HLOB instance 2 pressure at port 2 {bar)
0.0000£+00 HLO8 instance 2 flow rete at céntre of pipe [L/min]
2.8000E+01 HLEO1 instance 1 diameter of pipe [mm]
1.0000£+00 HLO1 instance 1 pipe length [m]
1.0000E-05 HLO1 instance 1 refative roughness [null]

[l
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0.0000E+DD HE01 instance 1 angle line makes with honzontal (+ve if pert 2 above port 1) [degree]
6.0000E+00 | - HLO1 inslance 1 wall thickness fmm] -

A.0000E+04 1 HLOT:instance 1 Young's modilus for material {bar}

1.7000E+04 1 "HLOT mstance user'specified effactive bulk modulus {bar]

T4 1 HLOT instance 1 1 for calculated bulk modulus value 2 for user specifi ed value

£.0000E+01 - | “HLO1 ‘instance 1. pressure at port 1 {har} )

B8.0000E+01.2| ~HLO3 instance 2 diameter of pipe’ [mm]

:3.0000E-01 | "HLO3instance 2 pipe léngthm] -

1.0000£-05 ] U HLO3 Ingtance 2 relative roughness nui!] B i
0.0000E300 1 ~HLO3 Instanée 2 angle line makes with horszontal (+ve sf port 2 abcwe port 1 {dggree]
A.0000E+01. " 1 ' HLO3 Instance 2 wall thicknéss [mm]:

~2.0600E+08 - HLO Ingtance 2. Young's modulus for matena! [bar]

-'1 70008+04- =] HLEO3 instance 2 User épecified effective bulk modulus [har} L : )

i 1 “HLEOZinstance 244 for caleulated bulk modu%us va!ue 2 for user specifi ed value
B 0000E+01 ~1oHLO03instance 2 pressure at port 1 bar} )

B.0000E+01 | “HLOJinstance 2 pressuraat port 2 [bar '
2.8000E401" - | HLOZnstance 3 diameter.of pipe [mm}
~S.0000E-01: | "HLOZ:Instdnce 3 pipe lengthm]

4:00008-05 1 HLO2instance 3 relative mughness [nu!l] - )
0.0000E+00 1 HLO2 instanse 3'angle line makes with horszontal (+ve ifport2 above port 1) [degree]
8.0000E+00 HLOZ'instance 3 wall thickness [mm] i
1.0000E+04 | HLO2 instance 3 Young's modulus for material [bar]
1.7000£+04 ! HLO2instance 3.userspecified effective bulk moduiys [bar]
sin ] eHEOR instance 3 4 for calcuiated bulk modilus va!ue 2 for user specifi od value

B0000E+01 | HLO2ingtance 3 pressire at mid-point [bar]
1.5000E+01 H1000 instance ¢ diameter of pipe: Emm] )

1.00G0E-01 MLOCO instance S pipelengthm] -~ ¢
2.5000E+00 HLOOO instance 9 wall thickness {mmy]
2.0600E+06 HLOCO instance 9 Young's modulus for material [bar]
1.7000E+04 HLOOO instance S user specifled effective bulk modulus [bar]
1 HLOOG instance @ 1 for caloulated bulk modulus value 2 for user specified value
6.0000E+01 HLOOO instance 9 pressure at port 1 [bar]
1.5000E+01 HLO1 instance 2 diameter of pipe [mm]
6.0000E-01 HLO1 instance 2 pipe fength [m]
1.0000E-05 HLO1 instance 2 relative roughness fnull]
0.0000E+00 HLO1 instance 2 angle line makes with horizontal {+ve if port 2 above port 1) degree]
2.5000E+00 HLO1 instance 2 wall thickness mm]
2.0800E+06 HLO1 instance 2 Young's medulus fer material [bar]
1.7000E+04 HLO1 instance 2 user specified effective bulk modulus fhar]
] 1 HLO1 instance 2 1 foricalcuiated bulk modulus value 2 for user specified vaiue
6.000CE+01 HLO1 instance 2 pressure ‘at port 1 [bar]
2.3000E+01 HLOB Instance 1 diameter of pice fmin]
3.3000E+00 | HEOQS instance 1 pipe length [m]
1.0000E-05 HLOG instance 1 relative roughness {null]
0.0000E+00 |  HLOS instance 1 angle line makes with horizontal {+ve if port 2 above port 1} [degree]
B.000CE+00 HLOS instance 1 wall thicknéss [mm] ]
1.0000E+04 HLOS instance 1 Young's modulus for materiaj [bar}
1.7000E+04 HLOS instance 1 user specified effective bulk modulus [bar]
1 HLOS instance 1 1 for calculated bulk modulus value 2 for user specified value
0.0000E+00 HLOS instance 1 flow rate at port 1 [L/min}
0.0000E+0C | HLOS5 instance 1 flow rate at'port 2 jL/min}
6.0000E+01 | HILOSInstance 1 pressure at mid-peint [bar]
2. 4000E+01 HLOE Instance 3 diameter of pipe mm)
5.2000E+00 HLOG instance 3 pipe length [m]
1.0000E-05 | HLOS instance 3 relatlve roughness [null)
0.0000E+00 | HL0S Instance 3 angle fine makes with honzontal (+ve if port 2 ahove port 1) [degree]
3.0000E+00 | HLOG instanse 3 wall thickriess [mmy]
2.0600E+08 | HLOGinstance 3 Young's medulus for material [bar]
1 ?000£+04 -1 -HLO6 instance 3 User specified effective bulk modulus {bar]
HLOE instance 3 1 for calculated bulk modulus value 2 for user specifi ed valle
6. DOOOE*Oi 1 THLOS instance 3 pressure at port1 [bar] -
6.0000E+01 | HLOSinstance 3 pressure at port 2 [par] |
0,0000E+00 - | HLOSG instance 3flow rate at.centre of pipe {L/min}
2.8000E+01 HLO1 Instance 3 diameter of pipe Emm]
1:.0000E+00 . | HLO1 instance 3 pipe length m] .
1.0000E-05 | 'HLO1 inglance 3 relative roughness [nuli}
0.0000E+00 | HLO1 instance 3 angle line makes with horizonta! (+ve if port 2 above port 1) [degree]
6.0000E+00 HLO1 instance 3 wall thickness [mm}
1,0000E+04 HLO1 instance 3 Yound's modulus for material [bar]
1. 7000E+04 HLOt instance 3 user specified effective bulk modulus [bar]

1

HLO1 instance 3 1 for calcutated bulk modutus value 2 for user specified value
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5.0000E+0 FLOT instance 3 pressure at port 1 [barl

B.0000E+01 | "HLOJ instance 3 diameter of pipe. m'ml )
- 5.0000E-01 [ HLO3 instance 3 pipetength Im].. :

A.0000E-05 - | -HLO3 instance 3 relative rougpness tnulE}

D.CO00E+Q0 | 'HLO3instance 3 angle line makes with honzontal (+ve af port 2 above port 1) [degree}

1.0000E+01 -1 “HLO3 instance 3 wall thickness [mm) -

20600E+06 i -HLO3instance 3 Young's modukisfor ma!erlai [bar]

_ 1 70005-:-04 . [ -HLO3 instance 3 user specified effective bulk-meduls bar}

A “HL03instance 3.1 for calcutated bulk modulus value 2 or user specified value

6 0000E+01 1. HLOZ'instance 3 pressure at port 1 [bar]

6.0000E+01 | HLO3 Instance 3 pressire at-port 2: [bar]

2 B000E+01 | HLO2 Instance 4 diametér ol pipe [mm]

-5.0000E-01 | ‘HLOZInstance 4 pipe'length {m)::

4.0000E-05 ;| “HLOZinstance 4 relative. roughness {nult}

“0.00C0E+00 ! ‘HLOZinstance 4 angle ling makes with: honzontal (Fveif porl 2 above port 1) [degree}-

6.0000E+00 . 'HLOZ/instance 4 'wall thickriess [mm] -

A.0000E+04 1 HLOZ instance 4 Young's modulus for maiena! {bar] -

1 7GOOE+04 -1:"HLO2 instance 4 user specified effective bulk medulus [bar] .

~HLOZinstance 4 1 foi talciilated bulk moduliis vatue 2 for-user spe.CIf' ed value

6 OODOE+01 | HL0? instance 4 pressure at mid-point [oar]

1.5000E+01 HLO0O Instance 10 diameter of pipe Immi

1.6000E-01 HLOO00 Instance 10 pipe tengthim} .~

2.5000E+00 | HLOCO instance 10 wall thickness [mm]

2.0600E+06 | ‘HLOODInstance 10 Youna's modulus for material [oar]

1;?QO€_)E+.'04 | -HLOOO instance 10 ussr spécified effective buik‘mbdulds‘ﬁaér}

1 | HLOOO instance 10 1 for calcutated bulk modulus value 2 for user specified vaiue

€:0000E+01 . | ‘HLOOQO instance 10 pressure at port 1. [bar]

1,5000E+01 HLO1 instance 4 diameter of pipe Immil

6.0000E-01 HLO instance 4 pipe tength fm}

1.0000E-05 | HLO1 instance 4 refative roughness [nulil

(Q.0000E+00 HLO1 instance 4 angle iine makes with horizontal (+ve if port 2 above port 1) [degree}

2.5000E+00 HLO1 instance 4 wall thickness [mm}

2.0600E+06 HLO1 instance 4 Young’s modulus for material [bar]

1.7000E+04 HLO1 instance 4 user specified effective bulk modulus Mar}

1 HLO1 Instance 4 1 for calculated bulk modulus value 2 for user specified value

8.0000E+01 HLO1 instance 4 pressure at port 1 [bar]

2.3000E+01 HLOS instance 2 diameter of pipe [mm]
3.3000E+00 HLO5 instance 2 pipe length {m]

1.0000E-05 HL0S instance 2 relative roughness fnull]

0.0000E+00 HLOS instance 2 angle fine makes with horizontal (+ve if port 2 above port 1) [degree]

6.0000E+00 HLO5 instance 2 wall thickness [mm]

1.0000E+04 | HL05 instance 2 Young's modulus for material [bari

1.7000E+04 HLOS instance 2 user specified effective bulk modulus [bar]

1 | HLOS instance 2 1 for calcutated bulk'modulus value 2 for user specified value

C.0000E+00 | HLOSinstance 2 flow rate &t port 1 [Limin]

0.0000E+00 HLOS instance 2 flow rate at port 2 {L/min]

6.0000E+01 HLOS instance 2 pressure at mid-point [barl

2.0000E+01 HLOGO instance 11 diameter of pipe [mm]

5.0000E-02 HLOCG instance 11 pipe length [m]

0.0000E+00 HLEOO instance 11 wall thickness Emm}

2.0600E+06 HLOOO instance 11 Yound's modulus for materia) [bar]

1.7000E+04 HLOO0O instance 11 user specified effective bulk moduius [bar

1 HLQO0 instance 11 1 for calculated: bulk modulus value 2 for user specified value

1.0000E+01 HLOOO instance 11 pressureat port 1 [bar]

| 5.0000E+00 HLO1instance S_diameternf-;'aipe-lmm]

5.0000E-02 HLO1 instance 5 pipelangth {mj

1.0000E-05 HLO1 instance 5 relative rolighness inull]

0.0000E+00 HLO1 instance § angle line makes with hortzcmta! (+ve i port 2 above port 1) [degree]

0.0000E+00 | "HLO1 instarice 5'wall thickness [min]

2.0600E+06 | HLO1 instance S Young's modulus for matenal [bg_j_

1.7QOOE'+'_04 | ‘HEOYinstance 5'user specified effective bulk-modulus [bar]

1 | HLO1instance 51 forcalculated bulk modu%us value 2'for user specified value

E .6660901 ‘HLOY instance 5 pressire at port 1 {bar] .

S.0000E+00 | HLO1 instance 6 diameter of pipe fmm]

5.0000£-02 HLO1 instance 6 pipelength(m]

1.0000E-05 | HLO1 instance 6 rélative roughness [nuifl

0.0000E+00 HLO1 instance 6 angleline makes with horlzontal (+ve if port 2 above port 1) [degree}

0.0000E+00 HLO1 instance 6 wall thickness [mm]

2.0800E+06 HLO1 instance 6 Yound's modulus for material [bar]

1.7000E+04 HLO1 instance € user specified effective bulk modulus [bar]

1 HLO1 instance 6 1 for calculated bulk moedulus value 2 for user specified value
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1.0000E+01 HLO1 instance & pressure at port 1 bar]
3.0000E+00 { HLO1 instance 7 diameter of pipe [mm]
5.0000E-02 | “HLO1 instance 7 pipe lengthim]
" 1.0000E-05 | “HLO1 instance 7 relative roughness [null] . )
0.0000E+00 | HED].instance 7.angle line makes with hor:zontal (+ve if port 2 above port 1} {degrea]
G.0GO0E+00 | HLO1 instance 7 wall thicknéss [mm] - .
-2.0800E+08 |- HLO1 instance 7 Young's modulus for materea! [bar} y
.-1 7000E+04 -1 HLO1 instance 7 user specified effactive bulk modulus [b3A :
- 4 .1 HLOYVinstance 7.1 for calculated bulk'modulus value 2 for-user specified valie
1 0000 -~I-01 1 HLO%.instance 7 pressure atport 1 [bar] - -
-1;0000E+00. 1. HLO1 instance 8 diarieter of pipe {mm]
-3.0000E-02 ~ 1 - HLO1:instance 8 pipe length{mi
“1.0000E-05 | “HLOM instance 8 relative: roughness Lnul!} S B - o
0.0000E+00 | - HLOYinstance B'angle line makes with honzonlal (+ve if pe:t 2 above port B [degree]
“0.0000E+00 | “HLO1 instance 8 wallthickness {mm] :
2.0600E+06 | HLOlinstance 8 Young's modulus for’ rnater:a! [bar]
K 1 7000E+04 | "HLOY ingtance 8 User specified effective bulk moduius [bar) . . )
s -1 SHLOY instarice 8 1 for calculated bulk’ modu!us value 2 for user specuf ed value
'5 0000E+01 - THIDT ingtance 8 pressiire at port1 [bar]
5.0000E+00 HLOZ instance 5 diamiter of pipe [mm]
5.0000E-D2 HLOZ instance S pipe iéngthm]
1.0C00E-05 HLOZ instance 5 relative roughriess Inuli)
0.0000E+00 HLOZ instance 5-angle line makes with hor:zontal (+ve if port 2 above port 1) [degree]
'1.0000E+D1: | HLOZ instance 5 'wall thickness Imm] . - ‘
2.0800E406 | 'HLOZ'instance5 Young 's medulusfor matenal [bar]
1.7000E+04 HLO2 instance 5 user specified effective bulk moduilus fbar]
LY HLO2 instance 5 1 for calculated bulk modulus value 2 for user specified vaiue
5.0000E+01 HLOZ instance 5 pressure at m;d-pom% {bar}
3.0000E+00 HLO1 instance 9 diameter of pipe {mm]
5.0000E-02 HLO1 instance 9 pipe length [m}
1.0000E-05 HLO1 instance 9 relative roughness [nulf}
0.0000E+Q0 HLO1 instance 9 angle fine makes with horlzontal (+ve if port 2 above port 1) [degree]
0.0000E+00 HLO1 instance 9 wall thickness {mm}
2.0600E+08 HLO1 instance 9 Young's modulus for material [bar]
1.7000E+04 HLO1 instance 9 user specified effective bulk modulus [bar]
1 HLO1 instance 9 1 for calcutated bulk modulus value 2 for user specified value
5.0000E+01 HLO1 instance 9 pressure at port 1 [bar]
5.0000E+00 HLO3 instance 4 diameter of pipe [mm]
8.0000E-02 HLO3 instance 4 pipe length [m]
1.0000E-05 HLO3 instance 4 relative roughness {null]
0.0000E+00 HLO3 instance 4 angle line makes with herizental (+ve if port 2 abave port 1) fdegres]
0.0000E+060 HLO3 instance 4 wall thickness [mmi]
2.0600E+06 HLO03 instance 4 Young's modulus for material fbar]
1.7000E404 HLO3 instanee 4 user specified effective bulk modulus fbari
i HLO3 instance 4 1 for calculated bulk modulus. value 2 for user specified value
5.0000E+01 HLO3 instance 4 pressure at port 1 [bar]
5.0000E+01 HLO3 instance 4 pressure at port 2 Ibar}




Source Code: MATLAB

The MATLAB source code is given for reference Only some of the i main model source code files
are shown. Some support functions contalmng innovative MATLAB procedures arealso included.
In order to-increase Ieg1b111ty, source code files are separated- by a horizontal line, with the
reference number indicated in a box.

Complete models - PAGE
A33.1  Ellmandeq - DEQ file for the Ellman example ......................... 125
A33.2  Solver for Ellmandeq - Overhead function to solve Ellman DEQfile ... ... .. 125
A3.33  WSE3Draindeq - DEQ file for pilot valve model, with a drain line orifice .... 126
A334  WSE3Drainsolve - Overhead file to solve pilot valve model DEQ file .. . . . .. 128
A3.3.5  DimensionsWSEDrain - Overhead file to define pilot valve model parameters . 130
A3.3.6  WSEDrainSolenoid - Function used for experimentation with solenoid models 135
A33.7  WseLcDampDEQ - DEQ file for valve systemmodel ............. ... ... 136
A338  WseLcDampSOLVE - Overhead file to solve valve system DEQ file .. ... ... 139
A339  WseLcDampDIMENSIONS - Overhead file to define valve system model

parameters .. ... .. ... ... ... [P 141
Support functions:
A3.3.10 OrificeSB - Laminar/turbulent orifice equation, Sharp seated ball poppet . ... 144
A3.3.11 OrificeSC - Laminar/turbulent orifice equation, Sharp seated conical poppet . . 145
A3.3.12  Orifice - Simple laminar/turbulent cylindrical area orifice equation ......... 146
A33.13 Mass_DEQ - Mass acceleration DEQ calculator . ...................... 147
A33.14 IdealReliefValve - Relief valve equations used for test bench approximation . . 147
A33.15 Solenoid Force_Lookup - Exponential solenoid force calculator . .. ... .. ... 147
A33.16 UDDC - User Defined Duty Cycle, used as a solenoid approximation

EXPETIMENt . .. ..ttt 148
A33.17 Spring Force - Spring force caleulator . ............................. 149
A33.18 LPMIN - Converts [m¥/s]to [LPM] ..., 149
A33.19 M3PS-Converts [LPM]to [m™s] ......... ..., 149
A3.3.20 Xiine - Draws a vertical line, used in most figures ......... e 149
A3.3.21 VYline - Draws a horizontal line, used in most figures .. .................. 150
A3322 Rortext - Rotates text to any specifiedangle ...................... .... 150

Sensitivity functions:

A33.23
A33.24
A33.25
A33.26
A33.27
A3.3.28

Automated AMESim Run producer - Overhead sensitivity runner .. ..... . .. 151
AMEcapture - Extracts information from the AMESim models to MATLAB . 153
AmeGO - Specialised function to run AMESim from MATLAB ........... 153
Singlerunner - Specialised function to run AMESim from MATLAB . ... ... 154
SysDamp_delay _analise - Analises data to extract time delay information . . . . 154

Cutoff - Determines the 5%, 95% values of trends. (Any percentage)
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COMPLETE MODELS:

function ydot = ellmandeq(t,y);

% Simple nonlin DEQ
% Twee orifices in paralel oor ‘'n pomp
% states is Pa en Pb

% Neil Janse van Rensburg

lobal C;

Cd = orriface Cd
Aorriface 1

A orriface 2

B Bulk modulus
rho

Vol pipe 1

Vol pipe 2

P P P 0P P OP Y

)
1
2
3
4
5
6
7

Pa=y(1});
Pb=y{2};

if t<=4
Ql=0.9e~-3;
else
Qle=le-3;
and

Q2=C{1}¥C{2)*sqrt{2*abs{Pa~Pb)/C{5)}*sign{Pa~Fb};
Q3=C{1}*C{3)*sqrt{2*abs(Pb}/C{5) I *sign{Pb);

8disp{{Q2 03]}

tplotit,Q2,'q.',t,03,r. 1}

ydot=[C{4]*(QL~C2}/C(6)
Crd)*(Q2~03) /C{T}1;

A33.1

% Solver for ellmandeq
% Stiff example presented by Ellman
% solves 2 orifaces In series.

if 1 % THIS PART SOLVES THE MATLAR IMPLEMENTRATION
clear

glebal C;

C=[{0.6 % 1 Cd -~ orriface Cd

{pi/4}*({Be~3}"2 % 2 A orriface 1
{(pt/4)i*{7e~3)"2 % 3 A orriface 2

10e9 % 4 B Bulk modulus
lee] % 5 rho
10e~5 % 6 Vol pipe 1

10e~2}; % 7 Vol pipe 2

initial=[1.084e6 0.,684e6];
tspan=[0 10]:

figure(l}

%clf

thold on

${t Yi=oded5({'ellmandeq’,tspan,initial};
tic;

Fl=flaps;

[t Yl=odelBs{'ellmandeq',tspan,initial);
CPUt=toc;

Fll={flops~-Fl;

Pa=Y({:,1};

Pb=Y{:,2};
Q2=C{1l}*C(2)*sqrt(2*abs(Pa-Ph}/C{5}}.*sign{Pa~Fb};
Q3=C{l)*C(3)*sqrt{2*abs(Pb)/C{5)}.*sign{Fb};
tplot{t,Q2,t,03)

$title('Flow through a stiff system!)
$legend{*Q2','Q3*)

format bank
disp{" e-time Flops Flops/sek™}

A332
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disp([CPUt Fll Fl1/CPULt}]
format
end

if 1 % THIS PART PLOTS THE AMESim IMPLEMENTATION
% Ellman Example on AMESim

fcapture('ellman', 'Asko-s example on AMESim', *ellman')
load ellman.mat :

%R Variable contents:

%1 ~ time {s}

%2 - HLDDO 1 pressure at port 1 ({bar]

%3 ~ HLOOO™ 2 pressure at port 1 {bar}

%4 q'OROOO 1 flow rate at port 1 [L/min}

85 - CRQ00 1 flow rate at pert 1 [L/min]

£6 -~ QRODO 2 flew rate at port 1 [L/min}

%T.P'OROOO _2 flow rate at port 1 [L/min} -

%8 f{QSOU 1 user defined duty cycle flow rate {L/mini
%9 - TKOO_1 ‘tank pressure {bar]

ta=R(1l,:);
P=R(2,:);
end

%Produce OQutput:

figure(l)
plot{t-4,Y(:,1}/1e6, o’}
held on
plet({ta~0.1,P/10, b’}
grid on

ttitle{'solves 2 orifaces in series over a pump’)
gxlabel{'time")

gylabel ('Pressure fMPal '}

legend{ 'MATLAB', 'AMESim*}

title{"MATLAB and AMESim Sclution of Elliman Stiffness Example'}
xlabel ('Time?t)

ylabel ('Pressure {MPa] ')

function [cutl,out2,outd] = WSE3Draindeg(t,y,flaqg,Ci;
globkal V

% WSE model with state for pressure compensating chamber
% This model is a extensicon of wse3only with the added effect of
% a drain side state and orifice.

Now includes the pressure compgnsating chamber with pressure Pch
EVENT location at bumpstops

3~Way valve ONLY ~ taken from lc25wse3
3-way valve has magnetic c¢ircuit
THE AME counterpart of this model used a flow source at 12LPM
with a pressure limmiting relief valve.

a0 op of db of oP

% Neil Janse van Rensburg
%disp{{t]) % Used to debug

% SYSTEM DEFINITION MATRIX IS € VARIABLE

A333

]

& START OF DEQ

if nargin < 3 | isempty(flag}
% Return dy/dt = f{t,y).

% External Inputs:

Qin=LPMIN{12); & converts l/min flow into m"3/s

PxSET=10.76e6; %Relief valve cracking pressure setting
¥ - Represent the test bench setting

% SYSTEM VARIABLES:

Pasy{l}:

xI=y{2};

xx3=y(3);

psi=y(4);

Pch=y{5}; §Pressure compensating chamber pressure

Pp=y(6);

Bpsi=0;

dispit}

$disp{ [PXSET Px]}
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&disp![Qin Qrelief]}}
!disp(' ———————————————— 'y

% CONTROL VALVE SECTION.
¥Ptank=C.Assy{l};%Anyway =0 #&Pressure at port P AFTER the orificet
Py=C.AssY{2}s #%Pressure in drain line freom WSE

% SOLENOID FORCE SECTION:
Fsol=WSEDrainSolenoid(t Ci;

% POPEET MASS DEQ. MXXX + cxx + kx = Fex

{xxx3, FexCNTRL]MMass DEQ{ (C.Cntr(l)=x3),xx3,C.Cntr(3),...
C. Cntr(5),-C Cntr(4) c. Cntr{l?},;..
TEx*C.CntrL({7) =Pch*C. Cntr(lﬁ) -EFsol]);

% Bumpstop Implementation:
if C.Cntr(6) == I & sign{xxx3} > 0 3% het dus bo gestop

C.Cnte{6)=0; : #Reset die flaggle
E T disp!{'Control Valve Plak Bo! )
XXx3=0;
end
1f C.Cntr{6) == -1 & sign{xxx3) < 0 % het dus onder gestop
C.Cntr{6}=0; %Reset die flaggie
% disp{'Control Valve Plak ocnder'}
XXX3=0;
end
% trick om die versnelling te fix:
1f #3 » C.Cntr{2} & x3 < C.Cntr{l} % ie x is between the bumpstops
xxx3={FexCNTRL} /C.Cntxr{3):;
end

if x3 » C.Cntri{l}
x3=C.Cntr(l};

end

if %3 < C.Cntr(2)
X3=C.Cntr{2);

end

% A Orifice, Supply -> X flow

${Q] = orifice{deltaP,x,Cd,D,Retr,nu,rho} -~ SOME HELP IF YOU WANTED!

Qa = orlfice((Px-Pp),x3,C.Cntr(10),C.Cnt:(ll),300,C.Fld(4),C.Fld(3));

% B Orifice, ¥ ~> Drain flow

TOP3=C.Cntr({l};

BOT3=C.Cntr(2});

xb={TOP3-BOT3)~x3;

Qb = orifice{{Pp*PY),xb,C‘Cntr{l2},C.Cntr(l3),C.Fld{2),C.Fld{4),C.Fld{3j);
% C Orifice, Supply -> Drain flow

xc=({TOP3~-BOT3}* (x3~TOP3}* {x3-BOT3}/(~0. 25% (TORP3~2+BOT3"2}+0. S*TCPA*BOT3) ;
Qc = orifice{(Px-Py},xc,C.Cntr{l4},C. Cntr{15},C.Fld(2},C.Fld{4},C. Fld(3)):
% CH Orifice, Pressure compensatling chamber

D=0,0008;

Och = orifice(€Px-Pch),D/%,O.l,D,SOO,C.Fld(4),C.Fld{3)):

D2=0.007;

erainnorifice((Ep-O},D2/4,0.1,D2,300,C.Fld(4),C.F1d(3}):
Qrelief=IdealReliefValve(Px,0,PXSET,10/0.6);

% ________________________________________________________________
% PIPE FLOW SUMMATION SECTION:
Qx=Qa; %-0c;

Qeomp=Qin-Qx~Qrelief; %3upply flow to Contrel valve
20d=0b~-0c; %#Draln flow from Control valve
Cp=Qa~Qb;

QdrainComp=Qp~Qdrain;

% Qch is te small to incorporate {assumption)

% PIPE VOLUME SECTION:

Vx = C,Ass¥{3};

Vch = 2,.356e-9; EVERY stiff!
Vdrailn = C.Assyi{4}:

% COMPRESIBILITY
Pxx=C.Fld {1} *Qcomp/Vx;
Pcheh=C.Fld({1l)*Qch/Vech;
Ppp=C.Fld{]l}*QdrainComp/Vdrain;
tFix:

psipsi=0;




B e e e e i e e e e e e g s b
outl=[Pxx % Px!

*x3 % x3*

xx®3 % ox3n

psipsi % Ppsit

Pzchch % Pch!

Pppl: ¢ pp'

. f e meme s —— T T e L S i o s o i e ot P U T TR e L A B . o v S e A o o P P AR A
L=(51ze(V.Out 1)+l), )

%Pch=0; %fascilitate easy removal of Pch variable

v, Out(L, )=1%3 Fscl FexCNTRL Px Qx Qrelief Qcomp psi Pch Pp QdrainCompj:
vallies to callzng funectien

V.t(L,.)={t],

% END OF [CEQ
% - oz
else'
switch{flag)’
case 'events' % Used only if odeset{'Events','on').
% Return event vectors VALUE, ISTERMINAL, and DIRECTION.
% Locate zero-crossings
TOP3=C.Cntr{l};
BOT3=C.Cntri{2):
x3=y(2};
%k**+**f*********i**
% Sig=[0 0
% 1 0.1
2 0 0.41;
Fsol=WSEDrainSolenoid(t,C}:
% Fsol=Sclenold Force Lookup{t,Sig,24,0.02,20};

PR R R R R R i ur

$Used to return

$plot{t, (x3~TOP3}*1les5, 'm*') % Used to debug
iplot{t,TOP3, 'm~"'} % Used to debug - shows TOP3 on graph
% { S-WAY 1
sutl = [{x3~BOT3); {#3-TOP3}]'; % VALUE: ie ui aan watter een cross
cut? = [1; 1]" % ISTERMINAL: stop at zeros of height
outd = [~1; 1]*'; & DIRECTION
end
end
% Fpeey
function {ttout, yout, teout,yeout,ieout,V] = WSE3Drainsolve;

% WSE model with state for pressure compensating chamber
% Thls model is a extension of wse3only with the added effect of
£ a drain side state and orifice.

clear

global Vv

format compact

format long %bank

% 3-Way valve ONLY

¥ 3-way valve has magnetic circuit
¥ Nell Janse van Rensburg

{C] = dimensionsWSEDrain; % Function to calculate system variables
% V is a return varilable for solved values:

V.out={];

V.t=[];

FV.Cont=["' x';'x3";'VxT;0x];

tic; Fl=flops;

tstart = 0;
tfinal = 5.0;
% states is:
Px=10e&; SCAUSED SOME NON-CLOSEURE.... Was set to 19e6
% Px, x3, x3', psi', Pch, Pp
= [Px; fe-4; 0; 2e-8; Px; le6]l; % Initial conditions
optlons = odeset('reltol’,le-l, 'abstol',le~5, 'Events’ stont,'refine',1,..
'stats','off', 'BDF', 'on', 'MaxStep',1);
tout = tstart; yout = y0.°*';
teout = {]; yeout = [}; ieout = {];

while tstart < tfinal

A334
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& Solve until the first terminal event.
#{t,y,te,ye,le] = 155 odelll|'WSE3Onlydeq’, [tstart tfinal},y0,optiens,C);
[tiyrte,ye,ie] = odelbs('WSE3Draindeq’, [tstart tfinal),y0,options,C);
% Atcumulate output.
% disp({ite yvel)
nt = length{t);
tout = [tout; €{2:int}];:
yout = [yout; y{2int,:}1;
teont = [teout: te}l: % Events at tstart are neveriréported..
veout = :{yeout; ye};
igout = fieoit; iel; :
% Reset the "initial" conditions after integrator halt
¥O{11 ="¥int,1);
y0{2) = yint,2);

YOU3) = y(nt,3):
YO{4) = yint,4);
¥o{5) = y{nt,5};

tstart = tint);
% Set the néw initial conditiens according to type of zerocross.
% SPIKE:gives a graphical output when a Zzeroeorossing ocecurs
if lengthi{ie) > 1
warning({'More that one simultanicus event at t='num2stri{te’)]}
disp([te 1e])
L3 pause
end
¥ ie
if ~isempty(ie)
% for 1 = l:length{te}
i=length(te};

if le(i) == 1
C.Cntr{6)=-1;
y0{2) = C.Cntr{2);% 'BOT' value
y0{3} = 0; %eps; %7277
disp(['* CONTROL HIT THE BOTTCOM * t=' num2stri{te')})
% disp{ite ie])
spike={te{l} te{i}
-0.001 0.001};
plot{spike(l,:),spike{2,:},'r")
L] pause
end
if ie{i) ==
C.Cntr(6}=1;
y0{2} = C.Cntr{l}; % 'TOP! value
y0{3) = 0;
disp{['* CCNTROL HIT THE TOP * t=!' numZ2stritet) !
% disp({te ie]}
spike={te(i) te(l)
0.00)1 0.0033;
plot{spike(l,:},splke!2,:},'c")
] pause
end
tend

end
eRd %End of lntegratiOn loopi**i*i‘*i******iiiiﬁ*i******t***i********i&ii*

if nargout > 0
ttout = tout;

end

CrUt=toc;

Fll=flops~Fl;

format bank

disg{* e-time Flops Flops/sek!')
disp([CPUt Fll F1l/CPUL]}
format

if 1 %Provide Graphical Output
disp({'Working on Graphical Output') )
$1-%3 2-Fsol 3-FexXCNTRL 4-Px 5-Qx 6-QOrelief 7-Qcomp 8-psi 9-Pch 1C-Pp ll1-QdrainComp
figure(l}, clf, hold on
plet{V.t,V.0uc{;,;1},'c."}
title{'Poppet displacement')

xlabel {'Time [s]")
ylabel(*'Displacement fm] ')
hold on

plot{ttout,yout{:,2}, *bo'}
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held off
yaxis{{~0.0001 0.001])

figurei{2), clf, hold eon
plot(V.t,V.Qut(:,3),'m.",V.t,V.0ut(:,2}, 'bo"')

title{'FexCNTRL=m. Fsol=bo')
yaxis{[~-800 800])
yline{0Q}

figure{3), clf, hcld on

plot{V.t, m3ps{V.0ut{:,86)), 'bx',V.t,m3ps(V.Out{:,5)},...
‘r+t V., m3ps (V.Out{:, 7)), 'g* ')

title{'Qrelief=bx Qx=r+ Qcomp=g*'}

yline{l2)

vaxis([-20 20}

figure{4}, clf, hold on
plot(V.t,V.0ut(:,4)/1eé,'b.',V.t,V.0ut{:,10]/1e5, 'm. )
‘hold on
plot{ttout,yout{:,1}/leé,'b',ttout,yout(:,6}/1e6,'m")
hold off

title({'Fx=b. Pp=m."')

yaxis([«50 50})

ylabel {'Pressure [MPa)] ")

figure(5), <lf, hold on
plot(V.t,V.Out(:,é)/leE,'b.',V.t,V.Out(:,Q)/le6,’r.‘}
title('Px=b. Pch=r.')

yaxis{[0O 50]}

ylabel{'Pressure [MPa]'}

figure(6}, clf, hold on
plot(V.t,V.0ut{:,1},'r.")
title{'Poppet displacement?)
xlabel('Time Is1'}

ylabel ('Displacement [m]")
hold on
plot{ttout,youti:,2},'b")
hold off

yaxis{{-0.0001 0.0011)

disp{'Graphical ocutput is complete!')
end

function {C] = dimensiconsWSEDrain;

¥ WSE model with state for pressure compensating chamber
¥ This model is a extension of wse3donly with the added effect of
% a drain side state and orifice.

% Use to calculate and store the true dimensions of valve
% and valve blocks,

disp{'The root dimension function WSECNLY was called"}
disp( I***ir*iri******ft*********ti*&***********ti*****f)
§TT=input{'Continue ¢ great master?'}

% SCALE the dimensions:

% Length=10*length

S=1;

% MASS:

WSE_mass=0.020; % WSE poppet %AS used in AME
WSE_spring_mass=0.0009; %wse spring mass
$Volgens RAQ, Mech.vibration:
WSE_Mass_eq=WSE_mass+(l/3)*WSE_springmmass;

% VOLUMES:
¥ Klepblok;
Vdrain=(pi/4}*(0.025"2)*0.265; %2; %0.05; % Volume to rear of wse
Vb=Vdrain; %{pi/4)*(0.01672)*0.050 + {pi/4}1*(0.016"2)%0.260;
x=0; 8Temporary poppet hoocgte
Vx={pi/4)*{0.025"2)*10.265; %Volume in front of WSE
% L was 10m
$Damper:
Demp Vol A=0.001; & F{x) !!!

A335
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Demp_Vel B=0.001; % E{(x) 1!!

% SPRING STIFFNESS:

% Shigley formula: p363

kwse=27089; %AS used in AME [N/m}
InitDispL=0.001; % Initial Spring Displacement

% AREAS:

% Poppet;

Ra=189%e-6; ¥m~2 ° Accerding te the catalog
Ab=426e~6} &m~2 ’

Ax=El6e2-6; 'mm 2

$WSE Valve:
wseballdia=0.004;
wseseatdia=0.003;

hswse={pil/fd}* (wseseatdia)*2; & 7 As

Adwse={pi/4}*({0.6*wseballdial"2; % B Ad

Axwse={pi/4}* (0.T*wseballdia)"2; % 9 Ax -
ACompPiston=(pi/4)*(0.0028"2); %Compensating chamber piston dia.

% DAMPING:

cws5e=2000; %0;

cLC25=200;

% MOVEMENTS:
Pop max_x=0.008; &m
WSE_max_x=0.0009; ¥m

% CD:

% DIAMETERS:

% Poppet orifice:
Pop_orr_diam=0.0245; %m

WSE_orr_diamA=0.002; % 11 Diameter A
WSE_orr_diamB=0.001; % 13 Diameter B
WSE_orr_diamC=0.001; % 15 Diameter C

% Poppet;

rho=850;

D=Pop_orr_diam;

®=POp max_x:

Q={0.00833; 0.01333); %500, 8001/min
deltabP={0.4e6; lend]; *Mpa

Cdpop=Q. / {pi*D*x*sqrt {Z?*deltaP/rho) };
Cdpop=mean {Cdpop};

% Wse Cd's:

WSE_Cd_A=0.33; ¥ 14 Cd - A

WSE_Cd_B=0.4: $14cd - B .
WSE_Cd_C=0.1; % 14cad -

%Damper

%Demp_Cd_Leak=0.1;
$load GACAP; # File with damper wvalve 35 Cd versus dP
$load G&DempPQ:;

% Solencid valve force vs time curve:
$load ValveFl;

% TRk kb kb kTR kbt kb ko kb wdr ok drddeh o d otk ok de % e e e de de i e o e

% SYSTEM DEFINTTION MATRIX
¥ Logic element constants:

% Control Valve constants:
C.Cntr=[WSE max_x*$S % 1 TOP

0 % 2 BOT

WSE Mass_eq % 3 Mass

kwse*s % 4 Spring stiff

cwse % 5 Damping

0 % & Flag used for bumpstops {1=TCP, O=Moving, -1=BQT!
Aswse+3§"2 % 7 As

Adwse*35~2 % 6 Ad

Bxwse*5"2 ¥ 9 Ax

WSE Cd A % 10 cd - A

WSE_orr diamA*$ % 11 Diameter A
WSE_cd_B gl2cd - B



WSE_orr diamA*S
WSE_Cd_C
WSE_orr_diamA*S§
ACompPiston
InitDispl}:;

% Magnetic circuit
C.Mag=[8e-5
’ 1.25662-6

200

2

0.05

1.505e-4];

% Damper constants:
3C.Damp=[1

L] Demp_Cd_Leak

% Demp Vol A*3S"3
% Demp Vol E¥3"3
% 01
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% 13 Diameter B
% 14 Cd - c

& 15 Diameter C
% 16 Pressure Compensating Chamber Area
% 17 Initial Spring Displacement

constants:
% 1 A
% Z mul
& 3N
% 4 R
% 5 Lsteel
¥ 6 Addisicnal gap (Must NOT equal zero!)

¥ 1 Damper Rotary Area [l/rad]

% 2 Leakage Cd in damper

£ 3 Vol A ——==m= f{damper rotation)

¥ 4 Vol B —=mmm= f{damper rotation) !
% Set to 1 to include leakage

% Solenoid force curve:

§C.Valveb=ValveF;

% Damper curve:
$C.GeCdP=GeCdP;

% 1 G6CAP - Flow Coefficients for damper = f{DeltaP)

%C.G6DempPO=G&DempFQ;

% System volumes and constants

C.Assy=[0
0
Vx
Vdrain
Vb];

¥ Fluld constants
C.EFld=[1.7e9/8
iQ0o0
850/8"3
30e=-5
«10e3];

% AR AR R B AR ELE SR ESE S

% Steel H vs B data

% 1 Pp ater corifice

¥ 2 Py

% 3 Vol X - Pyp voor wse, gekoppel met relief
% 4 Vol van dreln pyp
% 5 Vol B - Constant volumes in Logic manifold

% 1 Bulk Modulus
% 2 Reynods transition No for orifices
% 3 rho - Density
% 4 nu - Kinematic viscosity
% 5 Flash off pressure (damp druk} - relative to atmospheric

LEE A AR SR RS S R R R R R R R R R R L ]

% Histerisis: Colum 1 is incresing psipsi, colum 2 is decreasing

Hdata = 1.0e+004 *{
~0.72461377630202
-0,37715360539077
«0,098706751136842
-0,01182939354700
-~0.00790000000000
-0.00450000000000
-0.00180000000000
~0.00139460730484
-=0,00122551666032
-0,00108540091978
~0.00096929502402
-0.00087308471262
~0.00079336073339
~0.00072729803419
~0.00067255565594
=0,00062719377983
~0.00058960498%03
-0.00055845730919
~-0.00053264700941
~0.00051125949102
~0.00049353687848
~0.00047685116369
-0.00046668195226
-0,00045659802316
~0.00044824204818

-0.00044131792891 .

~0.00043558030935
~0.00043082587153
-0.00042688614100
-0.00042362151177
~0.00042091630035

~1.14392615347300 -1.14392615347300
~0.72461377630202
~0.37715360539077
-0.09870675113842
-0.01182939354700
~0.00779100567704
-0.00444462475461
~0.00167167038803
-0.00121326923677
~0.00088848528571
~0.00061935541193
~0.00039634288706
~0.00021154517007
~0.00005841387745
0.00004094369593
0.00010381309392
0.00015590936620
0.00019907858572
0.00023485041091
0.00026449249189
0.00028905518808
0.00030940888875
0.00032627483572
0.00034025068078
0.00035183166378
0.00036142816165
0.00036938023025
0.00037596965443
0.00038142993315
0.00038595455365
0.00038%70384773
0.00033281087317




-0.00041967464645
~0.00041681711616
~0.00041527788710
-0.00041400241607

-0.00041294550621

-0.00041206970550
-0.00041134397957
-0,00041074281202
-0.00041024429315
~-0.00040983136482
-0.00040948919474
~0.00040920565798
«0.00040897070725
~0.00040877601710
~(0.000408614688449
~0.00040848100469
-0,00040837022858
-0.00040827843476
-0.00040783454167
-0.00040732474850
-0.00040721932702
~0.00040709210516
-0.00040693857475
-0.00040675329538
-0.00040652970161
~0.00040625987028
-0.000405983423983
-0.00040554127139
-0.000405067033997
~0.000404424740098
-0.00040380409479
~0.00040297052803
-0.000401964806848
-0.00040075098845
~0.00039%28616177
-G.00039751841972
-0.00039538512162
~0.000392681067317
-0(.00038%70384773
-0.00038595455365
-0.00038142993315
~0.00037596965443
-0.00036938023025
-0.00036142816165
-0.00035183166378
~-0.000340250680748
-0.00032627483572
-0.00030940688875
-0.00028905518808
-0.00026449243189
-0.000234850410¢%1
~0.00019%807856572
-0.00015590836620
-0.00010381309392
-0.00004094369593

0.00005841387745

0,00021154517007

0.00039634288706

0.000619355411383

0.00088848528571

$.00121326923677

0.00160000000000

0.00430000000000

0.00770000000000

0.01182939354700

0.09870675113842

0.37715360539077

0.72461377630202

1.14392615347300

Hdata=mean{Hdata'};

C.
C.

Hdata=Hdata';

0
0
0
0
0
0
0
0
0
0
0
o]
o
0
0
0
o]
o]
0
0
0
0
0
Q
Q
0
0
0
0
0
0
0
0
0
o
0
0
0
0.
Q.
0.
0.
0.
a.
0.
Q.
a.
0.
0.
0.
0.
a.
0.
0.
0.
0.
0.
0.
0.
Q.
0.
Q.
0.
0.
0.
0.
0.
0.
1.

00039538512162
00039751841972
00039928616177
00040075098845
000401964B0649
Q0040297062803
00040380408479
00040449474099
00040506703997
00040554127139
00040593423983
00040625987028
00040652970161
00040675329538
00040693857475
00040709210516
00040721932702
00040732474850
00040783454167
00040827843476
00040837022858
00040848100469
00040861468848
00040877601710
00040897070729
Q0040920565795
00040948919474
00040983136482
00041024429315
00041074261202
000411343987957
00041206970550
00041294550621
00041400241607
00041527788710
000431681711616
00041867464645
00042091630035
00042362151177
00042688614100
00043082587153
00043558030935
00044131792991
0G044824204818
00045659802316
00046668195226
00047885116369
00049353687848
00051125949102
Q0053264700941
00055845730919
00058960498903
00062719377983
00067255565594
Q0072729803419
00G79336073339
00087308471262
00096929502402
00108540091978
00122551666032
00139460730484
00167167038803
00444462475461
00779100567704
01182939354700
09870675113842
37715360538077
72461377630202
14392615347300};

Bvalues ={ =3.00000000000000

-2.48592831856405
-2.05994653501290
~1.70695980870549
-1.41445590903722

133

#This statement elininates the histerisys.
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.17208158111639
.97123726284529
.80480873858392

66689894475786

.55262099079801
.45792535015257
.37945656505659
.31443394024641
.26055341212541
.215580570150035
.17890869949784
.14825140083972
.12284745187141
.101796653156856
.08435306093923
.06989855431546
.05792093186650
.04759576158818
.03977134096770
.03295623425963
.02730894533975
.02262936019006

01875165577582

.015538424037869
.01287580278039
.01066944091867
.00884115510766
.00732615928365
.00807076894318
.00503049881043
.00416848648312
.00345418629798
.00286228642905
.00237181296327
.00196538567058
.00162860283180C
.00134952980069
.00111827811609
.000926653076894
.00076786437681
.00063628526638
.00052725318746
.00043650454325
.00036203779219
.Q0G30000000000

0

.00030020000000
.00036203779219
.00043690454325%
-00052725318746
.00063628526638
.00076786437681
.00092665307894
.00111827811609
-001349529800659
.001628602631890
.00196538567058
.00237181296327
-00286228642905
.00345418619798
.00416848648312
.00503049881043
.00607076894318
.00732615928365
.00884115510766
.01066944091867
-01287580278039
.01553842403769
.01875165577582
.02262936019006
.02730854533975
.03295623425963
.03977134098770
.04799576158818
.05792083186650
.06989855431546
-08435306093923
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0.10179665315686
0.12284745187141
0.14825140083972
0.178908639943784
0.21590570190035
0.26055341212541
0.31443394024641
0.37945656505653
0.45792539015257
0.55262099079801
0.66689894475786
0.80480873858392
0.97123726284529
1.17208198111639
1.41445990903722
1.70695980870549
7.0599465350129¢C
2.485%2331856405
3.000000000000C0} ;

function Fsol=W3EDrainSclenoid({t,C}

% WSE model with state for pressure compensating chamber
% This model is a extension of wsedonly with the added effect of
% a draln side state and crifice,

% Function used to evaluate several diffirent solenoid options on the
% wse model.
% Neil Janse van Rensburg 8/10/1999

% k1 Magnetic equations option:
it 0 fuse method #1

$DOESHN'T WANMNA WEK - Sol never opens.
FSolFIX=1;
Vsol=le-6; % Sclenoid Voltage
if £ > 0.01 '

Vsol=24*2;

end
if ¢t » 0.05

Vsol=le-6; % DON'T set to zero - ossilasion cocurs?!212
end

B=psi/C.Magll};

gap=C.Cntr{l)-x3+C.Mag{6};

Fa=B* [gap)/C.Mag(2);

% Histerisis is ignored:

Fs=Fa;

i={Fa+Fs}/C.Magl3});
Fsol={0.5*C.Mag{l)*(B~2)/C.Mag(2) ) *FSolFIX;
psipsi={Vsol-i*C.Mag{4))/C.Mag(3);

end % end of methed #2

if 0 tuse method #2 - Same as #1, but with B,H interpoclation...

% DOESN'T WORK! - Unable to meet inttegr. tclerances
FSolFIX=1;
Vsol=le-6; % Solenoid Voltage

if £ » 0.01
Vsol=24*2;

end
if t > 0.05

Vsol=le~6; % DON'T set to zerc - ossilasion occours?!?!?
end

B=psi/C.Mag(l};

gap=C.Cntr(l}~x3+C.Mag{6};

Fa=B*{gap}/C.Mag(2};

% Histerisis is ignored:

Fs=C.Mag(5)*interpl (C.Bvalues{:, 1), C.Hdata{:,1), B);
#EFs=Fa;

i={Fa+Fs)/C.Mag(3);
Fsol={0.5*C.Mag(1}*{B~2}/C.Mag{2})*FSolFIX;
psipsi={Vsol-i*C.Mag{4))/C.Mag{3);

end % end of method #2

% #3 Interpolation option:
%¥Fsol=0;
§Fsol=16*(1.0*sin(t)+0.5};

A33.6
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§if © > 0.005
% Fsol=interpl(C.ValveF{:,1),C.ValveF(:,2),t);
send

o

#4 Constant force and time delays
if © % Use method #3
% This one work's - consider te increase the damping of the system.
% C.Cntr{b5})=C.Cntr{5)*10; % ~ No difference
- Vsol=24; % Solenoid Voltage ‘
% Fsol=0; ' % Initialisation
Delay=0.005;
if £ > 0.1 + Delay
Vsol=0;% 24*1;
end
if t > 0.4 + Delay
Vsol=24; %0;
end
Fscl=Vsol*20; %~ Play with this value ~ was 20
psipsi=0; %Just to keep the changes to code simple
ena % end of method #4

% #% Exponential solenoid force rise and decay
if 1
Sig={0 O
L 1 %used to be 0.1
0 3}: %used to be 0.4
Fsol=Solencid_Ferce Lookup(t,Sig,24,0.03,4):
* Values tried for tau: 0.2=far to slow - no solution
% 0.02 = works but to fast - try more danmping
0.05 = OK, probably the slowest feasible option

ST

psipsi=0; #Just to keep the changes to code simple
end % end of #5

function foutl,out2,outd] = WselLcDampDEQ{t, v, flag,C);

COMPLETE FINAL MODEL A3 37
Includes: T
LZ 28 fogic Element
Pzrallel Damper

WSZ3D valve from the WSEDrainDEQ.m file (Compensating chamber plus drain line state)

oo

<k oW o

% FLOW FROM B TO A - Change 2 line to reverse (line 133 & 173}
% THIS EUNCTION calculates the derivatives of the state vector
global V

o

WSZ model with state for pressure compensating chamber
This model is a extension of wse3only with the added effect of
% a drain side state and orifice.

e

Now includes the pressure compensating chamber with pressure Pch
EVENT location at bumpstops -
3-Way valve ONLY - taken from lc25wse3l

J-way valve has magnetic circuit

THE AME counterpart of this model used a flow source at 12LEM
with a pressure limmiting relief valve.

[ SR S ST M

o

% Neil Janse van Rensburg
%disp{{t]) % Used to debug

% SYSTEM DEFINITION MATRIX IS C VARIABLE
5 = s
¥ START OF DEQ
if nargin < 3 | isemptyi{flag)
% Return dy/dt = f£{t,y}.

% External Inputs:
Qin=LEMIN{97); %Flow into the system - function of damper speed
EQin=LEMIN(22);

% SYSTEM VARIABLES:
x=y{l};
xX=y{2):
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X3=y(3);
XX3I=y{4);
Pa=y{5);
Pb=y(&);
Pp=y(7});
Fcomp=y{8};

Px=Pa; %Supply Pressure to WSE from rectifier )

% ALTERNATIVE FOR FUTURE USE: PwseIN=max{Pa,Pb}

% since the flow in this model is only in-one direction through the LC,
% the pressure can be set to the highest side.

Py=Pb; $Pressure in drain line from WSE

% ALTERNATIVE FOR FUTURE USE: PwseOUT=min(Pa,Pb}

Bdisplt) gortrrrbrrrrrrrrre

% !-*I-*iri-***i’**ir***********ki*‘-****i—t*******ll-‘—**i*t*******‘ﬁ********

% LOGIC VRLVE SECTION:

% + = krag op, ~ = krag af

% LC POPPET MASS DEQ: mxXX + ¢XX + kx = Fax,

8z=(C.Log(l}~x}; $Used to debug

ZFK;

[xxx,FexLOG]:MasstEQ(z,xx,C.Log{3},...
C.Log{5%},C.Log(4},C.Log{l2),...
[Pa*C.Log{7) Pb*C.lLog{B8) ~Pp*C,Log{911):

EspringLCnSpring_Force{z,C.Lag(4),C.Log(lZ});

% Bumpstop implementation: LOGIC

if C.Log{6} == 1 & sign{xxx) > 0 % het dus bo gestop
C.Log({g) = 0; $Reset die flaggie
xxx = 0;

% plot{t,0,'mx*} #%Used to debuyg

end

if C.Log(é) == =1 & sign{xxx) < 0 % het dus onder gestop
C.Log{g} = 0; %Reset die flaggie
xixx = 0}

] plot{t,0.008,'mx'} #Used to debug

end :

% Jippo trick to fix acceleration

if x > C.Log(2) & x < C.Log{l} %t ie x is between the bumpstops
HxX=(FexLOG}/C.Log(3);

end

if x » C.Log({l}
x=C,Log{l});

end

if x < C.Log{2)
x=C.Log(2};

end

% é****tttt****i’**i\lr****ir**i*****iv***b*-ﬁi—*'&i****kt*iw************

% SOLENOID FORCE SECTICON:
Fsol=WseLCDampSOLENOID(t,C}; #Solenoid force calculation function
% POPPET MARSS DEQ: mXXX + CXX + kX = Fex
[xxx3,FexCNTRL]mMass_DEQ{(C.Cntr{l)an),xxB,C.Cntr(3),...
C.Cntr{5),-C.Cntr(4d),C.Cntr{l7},...
[Px*C.Cntr{7) ~Pcomp*C.Cntr{l€) -Fsoll);

% Bumpstop implementation:
if 0 ®&FUTURE USE
%{x3 xx3 xxx3 C.Cntr{6)]|=BumpStopix3, xx3, xxx3, c.Cntrcigl,...

% © FexCNTRL, C.Cntr{l}, C.Cntr{2});

else

1f C.Cntr(6}) == 1 & sign{xxx3) > 0 % het dus bo gestop
C.Cntr{6}j=0; %Reset die flaggie
& disp('Control Valve Plak Bo'}
XXX 3=0;

end

if C.Cntr{6) == -1 & sign(xxx3) < 0 % het dus onder gestop
C.Cntr{8)=0; %*Reset die flaggie
% disp('Control Valve Plak onder')
Xxx3=0;

end

% Jippo trick om die versnslling te fix:

if x3 > C.Cntr{2) & x3 < C.Cntr(l) % ie x is between the bumpstops
X¥x3={FexCNTRL)/C.Cntr{3);

end

if %3 » C.Cntri{l)
x3=C.Cntri{l};
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end

if x3 < C.Cntr(2)
x3=C.Cntr{2);

end

end
% +++***+i&********iW**i*********iiii*i***#***i**********ﬁi*i**i**

% CALCULATE FLOWRATES: wusing: [Q]=orifice(deltaP,x,Cd,D,Retr,nu, rho) .
% Logic flow:- .
dP_DRMPER=({Pa-Pb): . . :
Qa = orifice(d?_DAMPER,x,C.Log(lO),C.Log{ll),400,C.Fld{4),C.Eld(a));
% _____________________
% Damper flow:
if 0 % For the original experimental curve
TopPLim=4.4955e6;
BotPLim=-2.378B9e86;
end
if1 % For the appended experimental curve
TopPLim=6e6;
BotPLim=-4e6;
end
if 0 % For the first faulty curve used
TopPLlim=34e6;
BotPLim=~28,7e86;
end
if dp_DAMPER > TopPLim %Prevent extrapclation in the damper Cd curve
dP DAMPER = TopPLim;
elseif dP_DAMPER < BotPLim
dP_DAMPER = BotPLim;
end
% Qle= int: {( dp } { Q) dpl
Qdampminterpl{C.DampCurve(:,l),C.DampCurve(:,2),dP_DAMPER);

% Control valve flowrates:

% A Orifice, Supply -> X flow

30 = orifice{deltaP,x,Cd,D,Retr,nu,rho} - SOME HELP IF YOU WANTED!

(wseh = orifice((Fx-Ep),xB,C.Cntr(IO},C.Cntr(llj,300,C.F1d(4),C.Fld(a));

% B Orifice, X -> Drain flow

TOP3=C.Cntr(l);

BOT3=C.Cntr{2};

xb=(TOP3-BOT3)~-x3; %Poppet height from top

QwseB = orifice((Pp-Fy),xb,C.Cotr(12),C.Cntr(13}),C.Fid{2},C.F1d(4},C.Fld(3});
% C Orifice, Supply -> Drain flow

xe={TOP3~BOT3I) * {x3-TOP3) * (x3~BOT3)/ (~0.25* (TOP3"2+BQT3~2}+0.5*TGP3I*BOT3); %Parabolic poppet
height

Cwsel = Drifice((waPy),xc,C.Cntr(l4),C.Cntr(lS),C.Fld{Z),C.Fld(q),C.Fld(B));

% Orifice in Pressure compensating chamber
D=0.0008; '
QCcomp = orifice{{Px—?comp),D/4,0.1,D,300,C.F1d(4),C.Fld{B));

% System

Dout=Q,025;

Patm=0; %Atmospheric pressure
Qout=crifice((Pb—Patm),Dout/d,O.3,Dout,100,C.Fld(é),C.Fld(S));

% ****ii*********i*ii***********iii*********i*ii*******#*iii****i*

% NODE FLOW SUMMBTION: {QC_ = compression flow!}

QCa=Qin-Qa-0damp;

QCh=Qa+Qdamp-Qout;

QCp=0Owsel-(wseB;

$Oou=0wseA+QwseC; %Inlet flow to Contreol valve

% @ch is to small to incorporate {assumpticn)
$0y=QwseB+QwseC; %Drain flow from Control valve

% COMPRESIBILITY & Pressure derivative calculation
¥ P'=(B/Vi*sigma{Q}

PaPa=C.Fld{1)*QCa/C.Assy(1l);

PoPb=C. F1d{1}*QCh/C.Assy (2} ;
PpPp=C.Fld{1}*QCp/C.Assy(3};
PocompPcomp=C.Fld{1)*QCcomp/C.Assy{5);

% *******ii*i***+************ii**********tti*i********ii*******iii

% Assemble State vector to return to ODE integrator
outl=[xx
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XXX
xx3

HXX3

PaPa

PbPb

PpPp
PcompPeconmp] 3

% END CF DEQ

% ***i****i***********W***¥****i*****i*&********i*i***************

% Provide graphical ocutput
L={size{V.0ut,l)+1};
$Pch=0; %fascilitate easy removal of Pch variable
V.out(L,:}=[{x ®3 Pa Pb Pp FexLCG Fsol ...

Pa*C.Log(7) Pb*C.Log({8§) ~-Pp*C.Log{9)...

Qin Qa Qdamp QCa

FspringLC]; %¥Used to return values to calling function
V.t{L,:)={t]:

%
else %Alternative flag use of DEQ - {Event location)
switch(flaqg)
case ‘evants’ % Used only if odeset {1Events!, 'on'}.
% Return event vectors VALUE, ISTERMINAL, and DIRECTION.
% Locate zero-crossings
TOP=C.Log{l);
BOT=C,Log{2};
TOP3=C,Cntr{l};
BOT3=C.Cntr({2):
x=y(1l};
x3=y{3};
%*it************&***
% Sig=[0 ©
% 10.1
% 0 0.41;
[Fsol Sigl=WseLcDampSOLENOID{L,C}:
% FsoleolenoianorcemLookupct,Sig,24,0.02,20);

%*t**i******%*i#****

tplot{t, (x3-TOP3)*1e5, 'm**) % Used to debug
tplot (t, TOR3, 'm-'} % Used to debug - shows TOP3 on graph
% { 3-WAY ]

outl = {{x-BOT)}; (x-TOP); (xX3-BOT3}; (x3-TOP3}; Sigl'; % VALUE: ie ui aan watter een
cross
out2 = {1; 1; 1; 1; 11°*; % IS TERMINALZ: stop at zeros of height
outd = [-1; 1; -1; 1; 0]'; % DIRECTION
end
end

function fttout, yout, teout, yeout, ieout, V] = WseLcDampSOLVE;

COMPLETE FINAL MODEL A338
Includes: T
LC 25 Logic Element

Parallel Damper
WSE3D valve from the WSEDrainDEQ.m file {Compensating chamber plus drain line state}

b of o o0 ob

% THIS FUNCTION sets initial conditicns, call the DEQ solver and provides cutput
clear

global Vv

format compact

format long %bank

% 3-Way valve ONLY

% 3-way valve has magnetic circuit

% SYSTEM VARIABLES:
Fx=y(l):

$xx=y{2);

$x3=y(3});

$xx3I=y{4});

% Pa=y{5);

§Pb=y (6} ;

BPp=y(7};
$Pcomp=y (B} ;
BE¥Pr=y(9); funused

% Neil Janse van Rensburg
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fC] = WselcDampDIMENSIONS; % Function to calculate system variables
% V is a return variable for solved values;

V.Out=[}];

Vet={};

tic; Fl=flops;

tstart = 0;

tfinal = 5.0;

% states is:

.} X, XX, X3, Xx3, Pa, Pb, Pp, Pcomp

y0 = [0.007; 0; 0.000%; 0; 10e6; l0e&; l0e6; 10e6]; % Initial conditions
options = odeset{'reltol‘,le-B,'abstol',le—S,'Events','on','refine’,l,...

*stats', 'off','BDF', 'on', 'MaxStep',1};
tout = tstart; yout = y0.';
teout = []; yeout = {]; ieout = [];

while tstart < tfinal
% Solve until the first terminal event.
ft,y,te,ye,ie] = odelS5s('WselLcDampDEQ", [tstart tfinall,y0,options,C);
% Accumulate output.
nt = length(t):
tout = [tout; t{Z:nt}];:

yout [yout; y(2:nt,:)];

teout = {[teout; te]; % Events at tstart are never reported.
yeout = {yeout; yej;

ieout = [leout; ie]:

% Reset the "initial” conditions after integrator halt

yO({l} yi{nt,1l});

yO{2} = y(nt,2);
y0{3} = yint,3);

yO0{4} = yint,4); gFPut this mess into a loop sometime!!
y0(5} = y{nt,5);
y0(6} = yint,6);
yO(?7) = yint,7);
y0{8) = y{nt,8);

£ y0{9) = yint,8);
tstart = t{nt};
% Set the new initial conditions according to type of zerocross.
if length(ie} > 1
warning({'More that one simultanious event at t='numlstritet}])
dispt{te ie}}
end

if ~isempty(ie)
i=lengthite};
% ZEROCROSSING DETECTION for % variable:
if ie{i) ==
C.Log{8}==1;
y0{l) = C.Log{2):;% 'x BOT' wvalue
y0{2) = 0; Beps; %777
disp{['* Logic HIT THE BOTTCM * t=' num2str{te')]}

end

1t ie{i} ==
C.Lag(6)=1; L
¥O(l}) = C.Log{l}; % *x TOP' wvalue ;
yo{2} = 0; -
disp(['* Logic HIT THE TOP * t=' num2strite'}}) :

end

% ZEROCRCSSING DETECTION for x3 variable:
if iel{i}) =w= 3

C.Cntr{6}=-1;

YO0(3) = C.Cntr(2):;% 'x3 BOT' value

y0{4} = 0; ¥eps; %777
disp({'* CONTROL HIT THE BOTTOM * t=' numZstr{te'ij)
end
if fe{d) == 4
C.Cntri{6)=1;
¥0{3}) = C.Cntr{l}; & *'x3 TOP' wvalue
0;

y0{4) =
disp{{** CONTROL HIT THE TCP * t=' numZstr{te'}}}
end
if fef{i) == 5 o
disp([tr**srwi*s FEROCROSS OF SOLENOID * t=! numZstr{te’)}} :
end

end %End of zerocrossing detection loop
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End %End of integration loop***#ﬁt****************W*************ii***i***

if nargout > 0
ttout = tour;

end

CPUt=toc;

Fll=flops-Fl;

format bank tProvide integration performance output

disp(! e~time Flops : Flops/sek!)
disp({CPUt Fll Fl1/CPUt]) )
format

if 1 %Provide Graphical Output
disp('Working on Graphical Output')

FV.0ut{l,:1={1x 2x3 3Pa 4Pb 5Pp 6FexLOG TFsol

% 8Ps*C.Log {7} 9Bb*C.Log(B) 10-Pp*G.Log(9)...

% 110in 120a 13Qdamp 14QCa

] 15Fspringlcl: ¥Used to retuyn values to calling function

figure(l), clf, hold on
plot(V.t,V.0utiz, 1}, 'r.?,V.t,V.0ut (2,2}, 'g."
plot(ttout,yout(:,l},'r’,ttout,yout(:,B),’g'
title{'Poppet displacement Lewr. Wse=g."')
xiabel{'Time i{sl")

ylabel {'Displacement fm}t)

vaxis{[{-0.G02 5.011)

}
)

figure(2}, clf, hold on
plot(V.t,V.Out(:,B)/leﬁ,’m.',V.t,V.Out(:,é}/leﬁ,'bo‘,V.t,V.Out{:,S)/leG,':+’)
plot(ttout,yout(:,5)/le6,'m',ttout,yout(:,G)/leE,‘b',ttout,yout(:,TilleG,'r’}
title('Pa=m. Eb=bo Pp=r+')

ylakel({'Pressure [MPalt)

tyaxis{[~80e& BOeb]]j

$figure{3), <lf, hold on

¥plob(V.t,V.0ut{:,6), "r+',V.t,V.0ut{:,8),'go’,...

& V.t,V.O0ut{:,9},'bo’,V.t,V.0ut{:,10),'r.%, ...

L3 V.t,V.0ut{:,15),'bx"}

ttitle('Fex=r+ PaR=go PbA=bo PpA=r. Fspring=bx'}
¥ylabel {'Force N}

sfigure(4}, clf, hold on
fplot{V.t,V.0ut{:,7),'bx")
fritie{'Fsol')

¥figure{d), c¢lf, hold on
§plot{V.t,V,0ut{:,15}, 'bx*")
(title{'Fspring on LC'}

figure{5), clf, hold on

plot{V.t,m3ps{V.0ut{:,11}}, "c+', V.4, m3ps(V.Out {:,12}),'go',...
Vit,m3ps{V.Out{:,13}},'bo’,V.t,m3ps{V.0ut{:,14}),'r. 1}

title('Qin=r+ Qa=go Rl amp=bo QCa=r.')

ylakel{'Flowrate LPM*')

disp{'Graphical output is complete'}
end
disp{'Simulation is complete'}

function {C}] = WseLcDampDIMENSIONS:

% COMPLETE FINAL MODEL 1\3 3 9
% Includes: e
% LC 25 Logic Element

% Parallel Damper

% WSE3D valve from the WSEDrainDEQ.m file {Compensating chamber plus drain line state}

% THIS FUNCTION is used to calculate and store the true dimensions of valve
% and valve blocks.

disp({'The dimension function WseLcDamp was called')
disp{!***iii&*ii*i*******#iii&#**#***t******i**i*')

2TT=input{'Continue? '}

% SCALE the dimensions:

% Length=10*length
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S=1;

% MASS:

Poppet_masse=0.0793; % LC25 poppet - kg
Poppet_spring _mass=0.00909; % CrackPress=?, LC25, kg
8Volgens RAO, Mech.vibration:
Poppet_Masswequoppet_mass+(1/3)*PoPpet_springmmaSS;

WSE_mass=0.020; & WSE poppet #%AS used in AME
W3SE_spring mass=(,0009; %wse spring mass
iVolgens RAO; Mech.vibration:

WSE Mass_eq=WSE_mass+(1/3) *WSE_spring_mass;

% VOLUMES:

% Klepblok:

3Vdrain={pi/4}*(0.02572)*0.265; %2; %0.05; % Volume to rear of wse
Va={pi/4}*{0.020"2)~*1;

Vo={pi/4}*{0.020"2)*};

Vp=(pi/4)*{0.02572}*0.04; %Volume in front of WSE

tDamper:
Demp_Vol A=0,001; % F{(x} t!!
Demp Vol B=0.001; % F(x) !t}

% SFRING STIFENESS:

% Shigley formula: p363

kwse=27089; %AS used in AME [N/m]
InitbispWSE=0.001; % Initizl Spring Displacement

KLC=4500; ${N/m] =4.5N/mm scos bepaal uit shigley
InitDispLC=0.004;

% AREAS:

¥ Poppet;

ha=189z-6; $m~2 According to the catalog
Bn=426a-6; Em~2

Pu=€lbe~-6; ¥m” 2

RWUSE Valve:
wseballdia=0.004;
wseseatdia=0.(003;

Rswse=(pi/4)*{wseseatdia)"2; % 7 As
Rdwse={pi/4)*(0,6*wseballdia)"2; % 8 Ad
Exwse={pi/4}*{0.7*wseballdia}~2; ¥ 9 Ax

ACompPiston=(pi/4)*{0.0028"2); %Compensating chamber piston dia.

#DAMPING:
ocwse=2000; %0;
cLC25=200;

% MOVEMENTS:
Pop_max_x=0.008; %m
WSE_max_x=0.0009; %m

% CD:

% DIAMETERS:

& Poppet orifice:
Pop_orr diam=0.021; #%m

WSE_orr diami=0,002; % 11 Diameter A
WSE_orr diamB=0.001; % 13 Diameter B
WSE _orr diamC=0,001; § 15 Diameter C

% Poppet;

%rho=850;

%D=Pop_orr_diam;

%x=Pop_max_x;

£0=[0.00833; 0,01333}; %500, 800l/min
tdeltaP=[0.4e6; leb}; tMpa
£Cdpop=Q./{pi*D*x*sqrt {2*deltaP/rho)};
$Cdpop=nmean {Cdpop) ;

Cdpaop=0Q, 9;
¥ Wse Cd's:
WSE_Cd_A=0.33; 2 14 Cd - A
WSE Cd_B=0.4; % 14 Cd - B
WSE_Cd_C=0.1; $l4cd - ¢
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#Damper Caracteristics
load G&DempPQ; % File with damper valve ss Cd versus dP
load damperexpcurve.dat; $%Saved Format = [Bar LPM]

% Solenoid Valve forece vs time curve:
%$load ValveF; % ~ Atlternative sugested by Elyse Bottle

% *vtt'ﬂ'i’#i’*iirir***'lrir***i'**i1r*ir"ir!ri'ir*************W********t*i’i*i***

% SYSTEM DEFINITION MATRIX C

% Logic element constants:
%C.SolencidSig={0 0}; % Continuesly open
C.S58clencidSig={0 O

1 1 %used to be 0.1

0 3}; %used to be 0.4

C.Log={Pop_max_x % 1 TOP Bumpstop [m]
0*s % 2 BOT Bumpstoep [m]
Poppet_Mass_eq % 3 Mass fkgl
kLC*S % 4 Spring stiff [N/m}
cLC25%1 % 5 Damping
s} % & Flag used for bumpstops (1=TOP?, O=Moving, -1=BOT)
Ra*3°2 % 7 Az [m~2}
Ab*S5~2 £ 8 Ab fm~2]
AX*S"2 £ 9 Ax Im~2}
Cdpop % 10 Cd of annular orifice in Logic
Pop orr diam*§ % 11 Diameter of annular orifice in Logic [m]
InitDisplC}; £ 12 Initial Spring displacement

% Control Valve constants:
C.Cntr=[WSE_max_x*S % 1 TOP

[} % 2 BOT
W3E _Mass_eq ¥ 3 Mass
kwse¥s % 4 Spring stiff
cwse % 5 Damping
0 ) % & Flag used for bumpstops {1=TOP, O=Moving, -1=BOT)
Aswse*5"2 k7 As
Adwserg~2 % 8 Ad
Puwse*8"7 % 9 Ax
WSE_Ca_A $10Ccd - A
WSE_orr_diamA*S % 11 Diameter A
WSE_Cd_B t1lzcd -~ B
WSE_orr diamA*S % 13 Diameter B
WSE_Cd C $lacd - ¢
WSE orr diamA*S % 15 Diameter C
ACompPiston % 16 Pressure Compensating Chamber Area
InitDispWSE]; % 17 Initial Spring Displacement
% Magnetic circuit constants:
C.Mag=[Be-5 $ 1A
1.2566e~6 % 2 mu0
200 % 3N
2 ¥ 4R
.05 % 5 Lsteel
1.9G5e~4]; % 6 Rddisional gap (Must NOT equal zero!)
% Damper constants:
C. Damp={1 % 1 Damper Rotary Area {1/rad]
o] % 2 Unused
Demp_Vol A*S~3 ¥ 3 Vol A ~-—mrm f{damper rotation} !

Demp_Vol B*S*3 t 4 Vol B --=mww f{damper rotation) !
01 % Set to 1 to include leakage

% Solencid force curve:
8C.ValveF=ValveFl;

% Damper curve:
% Curve must be: [dP Q)
%C.DampCurve=G6DempPQ;
damperexpcurve={~40 -200 $%This step is because MATLAB cannot extrapolate & flow is clese to
the limit
damperexpcurve(:,l} damperexpcurve(:,?!}
&80 200};
tdamperexpcurve({:,2)=-l*damperexpcurve(:,2}; % Cix the damper directionality - NO, ERRCR
C.DampCurve={damperexpcurve(:,l}*le5 lpmin{damperexpcurve{:,2)}};

% System volumes and constants
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C.Assy=[Va % 1 Vol A
Vb $ 2 Vol B
vp $ 3 Vol P
0 $ 4 Vol ¥
2.356e~9; % 5 Vol Comp dia <imm, L=30mm $VERY stiff!
G % unused
Q % unused
0 % unused
al;: % unused

% Fluid constants

C.Fld=[1.7e9/S $ 1 Bulk Modulus
1000 % 2 Reynods transition No for orifices
B50/8"3 % 3 rho - Density
30e-5 % 4 nu - Kinematic viscosity
-10e31}; % 5 Flash off pressure ([damp druk) = relative to atmospheric

% ***t****i*i&************+*'A'-kit&ir*irir***'b*******W*i‘*i***********

SUPPORT FUNCTIONS:

function [Q,AreaInne:,AreaOuter}=orificeSB(deltaP,x,Cd,D,Retr,nu,rho,ball);

% [Q Arealnner AreaQuter] = orifice3B{deltaPl,x,Cd,D,Retr,nu,rho,ball} }&3 3.10
3 LA

% The function calculates flow through a SHARP SEATED BALL POPPET orifice

% by implementing the proposed method of A. Ellman and area calculations of
AMESim. :

This model uses laminar and turbulent transitions since pure laminar models
have a singularity in the Jacobian at zero pressure difference.

This can cause numerical oscillatien and instability.

Inputs to the model:

deltaPb -> Pressure difference over the orifice [Pa)

cd -> Coefficient of discharge

D ~-> Diameter of the orifice seat {default = 10mm) [m}

Retr ~> Reynolds no faor transition to turbulent (Typical = 1000)

nu -> Fluid kinematic viscosity

rho ~> Fluid density

X ->» Opening height {m]

ball -> Ball poppet diameter [default = 15mm) im] o

Output: Flow and
Effective area for the pressure to work in on the poppet.

{Units required indicated in [}]}
The flow area is the perpendicular distance between the seat and poppet. Where this
line intersecs the poppet, the effective area is calculated. The flow area is limited to =
the seat diameter area.

Neil Janse van Rensburg 18/01/199%9
Revision 1 - AMESim Area calculation: 30/11/1999 NJR
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if nargin == 7
ball=0.015;  %default ball diameter = 15mm

end

if nargin == @
rho=800;

end

if nargin == 5
nu=0,B800;

end

if nargin == 4
Retr=1000;

end

if nargin == »
D=0.0190;

end

1f ball <= D
error{'Ball diameter smaller or egual to seat diameter!')
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end

Temp=2*x/D+sgrt{{ball/D)~2-1);

Arean(D.ZS*pi*DAZ)*{(Temp‘2+l-{ball/D)“2)/sqrt(Temp“2+1});

AreaMax=0,25*pi*D"2;

if Area > AreaMax %Limit the maximum area to the throught area
Area=AreaMax;

end

Deff=ball/sqrt(1+Temp~2); & effective Diameter for pressure to act on
Arealnner=0.25+pi*{Deff}~2; % effective inner Area
AreaQuter=0.25%pi*ball~Z2-Arealnner; % effective outer Area
DH=4*Area/{pi* (D+Deff}}; % Hydraulic Diameter

tempD=DH+eps; $%Prevent division by zero, without affecting the performance

$DeltaP for transition toe occur:
dtf=(225*RetrA2*rho*nu“2)/(128*CdA2*tempD“2); %D should be DH

% Laminar / Turbulent conditions:
if abs{deltaP) < abs{dtf} % Laminar condition
C=sign{deltaP)}*Area*nu*Retr*{45%(labs(deltaP}/dtf)"3)...
—150*((deltaP/dtf)“2)+225*(abs(deltaP)/dtf))/(64*tempD); %D should be DY
else % Turbulent conditicon
Q=sign{deltaP)*Cd¥Area*sqrt {abs(2*deltaP/rho}};
end

function [Q,ArezInner,Arealuter] =

orificeSC{deltaP,x,Cd,D,Retr,nu,rho,alpha,PopDiam);

A33.11

{Q Arealnner AreaQuter} = orificeSC(deltaP,x,Cd,D,Retr,nu,:ho,alpha,PopDiam)

The function calculates flow through a SHARP SEATED, CONICAL FOPPET orifice '

by implementing the proposed method of A. Ellman and area calculations of AMESim.
This model uses laminar and turbulent transitions since pure laminar models

have a singularity in the Jacobian at zero pressure difference.

This can cause numerical oscillation and instability.

Inputs to the model:

deltaP ->» Pressure difference over the orifice [Pa]

cd -> Coefficient of discharge

D -> Diameter of the orifice [m}

Retr ~> Reynolds no for transition to turbulent (Typical = 1000}

nu -> Fluid kinematic viscosity

rho ~> Fluid density

X => Opening height [m]}

alpha => Conical poppet angle (default = 45deg) - Mezsured from vertical to
the seat angle {Degrees!

PopDiam «> Total Poppet diameter, used to determine the effective area [{m}

Output: Flow and
Effective areas for the pressure to work in on the poppet.
{Units reguired indicated in {])
The flow area is the perpendicular distance betwsen the seat and poppet. Where this
line intersecs the poppet, the effective area is calculated. The flow area is limited to
the seat diameter area, -

Neil Janse van Rensburg 18/01/199%
Revision 1 - AMESim Area calculation: 30/11/199% NJR
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if nargin == 8§
PopDiam=0.025;

end

if nargin == 7
alpha=45;

end

if nargin == §
rho=800;

end

if nargin == 5
nu=0,800;

end

if nargin == 4
Retr=1000;

end
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if‘nargin ==
D=0.010;
end

alpha=alpha* (2*pi/3680); #%Convert degrees to radians, as used by MATLAB

% Where the intersection lines leave the conical poppet point
XCRIT={D/2)/ (sin{alpha}*cos(alpha}};
if x > xCRIT
x=XCRIT;
end '

Area=pi*x*sin{alpha}* (D-{x*sin(alpha}*cos(alpha)}};
AreaMax=0.25*pi*D"~2;
if Area > AreaMax
Area=AreaMax;
end

Deff=D-2*x*sin{alphal*cos{alpha};% effective Diameter

Arealnner=0.25%pi* (Deff)}"2; % effective inner Area h
AreaQuter=0.25*pi*PopDiam™2~Arealnner; % effective cuter Area
DH=Z*x*sin{alpha}; % Hydraulic Diameter

tempD=Di+eps; #Prevent division by zero, without affecting the performance

%#DeltaP for transition to cccur:
dtf={225*Retr"Z*rho*nu"2}/{128*Cd"2*tempD"2) ;

% Laminar / Turbulent conditions:
if absi{deltal} < aghs{dtf} % Laminar condition
Q=sign{deltaP}*Area*nu*Retr* (45% ({abs(deltaP)/dtf)"3)...
—150*{(delta?/dtf)“2}+225*(abs(delta?)/dtf))/(64*tempD);

else % Turbulent condition
C=sign({deltaP}*Cd*Area*sqrt{abs(2*deltaP/rho}};

end

function {Q] = orifice(deltaP,x,Cd,D,Retr,nu,rha);

[Q] = corifice{deltaP,x,Cd,D,Retr,nu, rho} f&3 3 12

The functicn calculates flow through a orifice by implementing
the proposed method of A. Ellman. This model uses laminar and
turbulent transitions since pure laminar models have a
singularity in the Jacobian at zerc pressure difference.

This can cause numerical oscillation and instability.

Inputs to the model: . e
deltaP ~> Pressure difference over the orifice

Cd => Coefficient of discharge

o -> Diameter of the orifice

Retr -> Reynolds no for transition to turbulent (Typical = 1000)

nu ~» Fluid kinematic wviscosity -
rho => Fluid density

X ~> Opening height T

~ for a circular orifice use x = D/4
- = For a poppet type orifice use x = poppet height
Cutput: Flow

9P O O 00 OO N P OF o Of O P OP OF o OP oR Of o df dP

Neil Janse van Rensburg 18/01/199%

if nargin == &
rho=800

end

if nargin == 5
nu=0.800

end

if nargin == 4
Retr=1000

end

if nargin == 3
D=0.010

end

%DeltaP for transition to occur:
dtf=(225%Retr"Z*rho*nu™2)/{128*Cd"2*D"2});
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% Laminar / Turbulent conditions:
if abs({deltaP} < abs{dtf)
% Laminar condition
Q=sign(delta?)*pi*x*nu*Retr*(45*((abs{delta?)/dtf)“3)...
~150* { {(deltaP/dtf)"2)+225% (abs(deltaP}/dtf})/64;
% NOTE: Original formula has pi*x = Area/Diameter
else
% Turbulent condition .
Q=sign(deltaP)*Cd*pi*D*x*sqrt{abs(2*delta?/rho}J;
% NOTE: Criginal formula has pi*D*x = Area
end

unction {xxx, Ftot] = Mass DEQ{x,xx,m,c,k,InitDisp,Fexternal}

This function solves the equation mxM+eox'+kx=Fexternal for x"
[xx%x, Ftot] = Mass DEQ({x,xx,m,c,k,InitDisp, Fexternalj f\3 3 13
Fexternal may be a vector of values e

£
L]
]
]
]
% Inputs:

] * 1s the displacement, xx is the speed (x'}

% Outputs:

] ¥x® is the acceleration output (x"), Ftot is the total force acting on the mass
t Addisional outputs is the effectice total force acting on the mass,

3 The spring force and damping are considered to work in direction A,

¥ with positive Fexternal's opposing it. To change the spring/damping forces direction

L4
%
%
%
%
%
%
L]
%
%

use z negative k or c.

EQUATIONS:
Fspring=Spring Force({x,X,InitDisp};
Fdamp=xx*c;
Frtot=sum(Fexternal)-Fdamp~Fspring;
xxx=Ftot/m;

Neil Janse van Rensburg B/10/19%%
% Compressed Version for fast computation

Ftot=sum(Fexternal)-xx*c—Springm?orce(x,k,InitDisp};
Axx=Ftotfm;

functicn Q=IdealReliefValwve(Pin, Pcut, Pcrack, Gradient)

Ideal Relief valve flow calculator with linear pressure drep
@=IdealReliefValve(Pin, Pouz, Pcrack, Gradient} f&3 3 14

%
L3
% The flow @ is a function of the input and output pressures {Pin,Pout},
% the Cracking {or opening pressurs, Pcrack) and the pressuredrop gradient
% The Gradient is in m"3/s/Pa {=LEM/Bar /0.6)
% causes no sclution if the grad is to high!?
§Gradient=20/0.6; $%({LPM/Bar])/0.6 = m3/pa)
dPrelief=Pin-Pout~Pcrack;
if dPrelief >= 0
Q = dPrelief*Gradient; % AME Implementation
else
Q= 0;

end

function [F, Signal]=Solenoid_?orceﬂLookup(t,Sig,V,tau,Ampl]

% Gives a simple exponential rise and decay force trend
% for use in solencid models.
% F=Solenoid Force Lockup(t,D} !X3'3'15

% F is the force on a given time t, Signal output aids in diséontinuity
location
% The voltage profile is defined in the matrix 5ig, example:
Sig={0 0 $Qff at t=0 - Must define initial state
11 $0n at t=2
Q0 3}; $0ff at t=3

¥ is the Voltage input, tau the rise and fall time constant and
Ampl is the force multiplication factor [Force = Ampl*V}

of of O P of o de
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% This function does NCT take vector time inputs
%
% Neil Janse van Rensburg

F=V+s8ig(1l,1);

Signal=Sig(l,1};

if length{Sig(:,1}} > 1

for i=2:length(Sig{:,1}} .

JAf t > Sigii,2) & Sigli,l} == %i.e. Switch on
F=F+V-V*exp{~{t=~Sig{i,2})}/tau};
Signal=Sig(i,1l); : )

end

if £ > Sig{i,2} & Sig(i,1) == 0 %#i.e. Switch off
F=F—{V-V*exp{-(t-Sig(i,2)}/tau}};
Signal=Sigti,1);
end
end
end
F=F*hmpl;

function OUT=UDDC{t,D)

% User Defined Duty Cycle Creator

% QUT=UDDC{t, D)

% A33.16
%

This function takes a profile definition matrix D and gives the
profile for any valid time t in the profile.
% The profile matrix D has the form:

% Begin Value - End value ~ Duration

% Sample

%D={10 10 2

% 005

% 10 10 3

% 10 ~-10 2};

% This means that the output must be held at 10 for 2 seconds,
% then at 0 for 5 seconds. Thereafter at 10 for 3 seconds
% and then sweep from +10 to ~10 in 2 seconds

%

% Neil Janse van Rensburg 7/10/199%

line=1;

for k=l:length{D{:,1}}

S=sum{D{l:k,3)};

ift >8

line=k+1;

end
end
if line > length{D{:,1}}

error{'time requested outside the valid segquence'}
end

if line ==
START=0; =
else
START=sum{D{l:1line-1,3));
end

X={START START+D{line,3}];
Y=[D{line,1} D{line,2)1;:
OUT=interpli{X,¥Y,t);

% optional graphical output
1f O

% LA AL A B E TR 2K ETEET
D=£{10 10 2

005

10 10 3

10 -10 2}: =
figure(l} e
clt
hold on
for t=0:0.1:12

plot{t,uddc(t,D),"'.")
end

% LA R RS S EE S EE TR
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end

function Fspring=Spring_Force({x,k,InitDisp)
Calculates the spring Force Fspring for a given displacement x,
spring stiffness k, and initial spring displacement InitDisp.
Fspring=Spring_force{x,k, InitDisp)
Fspring=k*{x+InitDisp}

o0 ob

%
%
%
% A posistive X causes compression and therefore a increase in force
% A posistive InitDisp causes a higher initial compression force

%

]

Neil Janse van Rensburg 8/10/1995

Fspring=k*{x+InitDisp);

A3.3.17

function {m3ps)=LPMIN{lpmin)

[M3PS]=LPMIN{lpmin}
This function takes a value in liters per minute {lpmin)
and converts it to m"~3/s

See also M3PS for the inverse
Neil Janse van Rensburg

of ofF OF OF of of

m3ps = lpmin/60000;

A3.3.18

function {lpmin]=M3P${m3ps}

[lpmin}=M3PS{m3ps}
This function takes a value in m*3/s
and converts it to liters per minute {(Ipmin)

See also LPMIN for the inverse
Neil Janse van Rensburg

de P oP o0 dP de

lpmin = m3ps*&60000;

A33.19

function xline{xpos,tipe)

#line{xpos, tipe}

xline plot 2 vertical line across the Screen at the specified xpos value
tipe is the usual linetipe parameters {(color)

‘®Kline returns the figure hold srtatus to what it was

See alsc yline

Neil Janse van Rensburg

e de oP OP o oo

if nargin < 2
tipe=‘'hb’;
end

V=axis;

H=ishold;

hold on
X=ones{l,20}*xpos;
Y=linspace(V{3},V(4},20};
plot(X,Y,tipe};

if H==

hold off
else

hold on

A3.3.20
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end

function yline{ypos,tipe}

yline{ypos,tipe)

yline plot a horisontal line across the screen at the specified y value
tipe is the usual linetipe parametérs f{color)

yline returns the figure hold status to what it was

See also xline

Neil Janse wvan Rensburg

oF OF P oF P P

if nargin < Z
Tipe='b';
end

V=axis;

H=ishold;

hold on
X=linspace{V{1l),V(2),20};
Y=ones{l,20)*ypos;
plot{X,Y,tipe};

if Hw=0
hold off
else
hold con
end

A33.21

function rottext{angle)

% Text Rotaion Tool

% ROTTEXT{angle}

% Angle is a optional {Default 90Deg) input to specify the incremental angle of
rotation

t This tool allows you to rotate text incremental by 90 Degrees, or by a
specified value

% Rotation is CounterClockwise

%

% Neil Janse van Rensburg

disp{'Click con the text to be rotated'};

ginput({l};

if nargin ==0
angle=90;
end

CurrentRotaticn=get{geo, *Rotation');
set{gro, "Rotation',CurrentRotationt+angle);
disp{['The new text angle is; ! numZstr(CurrentRotationt+angle}])

A33.22
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SENSITIVITY ANARLYSIS:

% Automated AMESIm Run producer
% Neil Janse van Renshburg 3 Feb 2000

% AMESim Runner!i!t!idtrbrribrgtirtritroety
& The main functions are:; AmeGe.m and Singlerunner.m
% LA AR S RS R LR AR R E R XS Y

tic

filen=*'Sens?CP’'; %$The AMESim Filename

AR=335; % Pa I
BB=341; % Pb

PP=338; %Pp

CC=55; % Lc Disp

DD=44; S$WSE disp

% Selected flow settings:

%FL_SET=5:25:405;

$FL_SET=10:5:50;

FL _SET=[30 50 80 140 21071; % The flows tested for

SNORMAL RUNt!ITIIELEY

RR=' runl *:

for k=FL_SET %In this part AME runs & Matlab saves the info
ameputp(filen, 'CONSO instance 1 constant value {null]l',k};
SingleRunner{k, filen, RR}; %Defined later on

ERUN 243 tfrrrrprtt
AmeGO|"CONS0 instance 3 constant value {nulll', {0,036 0.044 0.04%,...
filen, '_runz_', ' _run3d_',FL_SET)

BRUN 445 t1itirliny
AmeGQ('CONSO instance 2 constant value [null]*, [0.0027 0.0033 0.0031,...
filen, ' _rund4_’', '_runb ',FL_SET)

FRUN o+7 trirrieret

AmeGO('BAPL2 instance 1 piston diameter fmm]',[2.52 3.08 2.8],...
filen, '_runé_ ‘', '_run7_',FL_SET}

BRUN 8+9 fitrrtrti}

AmeGO('SPRO instance 1 spring rate [N/m]*,[24380 29798 27089}, ...
filen, ' runB_rT, '_run9_ ',FL SET)

SRUN 10+11 titrtirtite

A3.3.23

AmeGO{'SPRO instance 1 initial spring displacement [m}',[-0.0009 -0.0011 -0.0011,...

filen, ' runl0O_*, 'urunll_',FLWSET}

BRUN 12+13 tErrirret
AmeGO('BAIZl instance ! mass {kg]',{0.0741 0.0905 0.08233},...
filen, ' _runlZ2_*, ' runl3_',FL_SET}

SRUN 14415 ttr1ireryyt
AmeGO('BARIZ1 instance 1 viscous friction [N/{m/s)',[900 1100 1000},...
filen, '_runl4_", '_runlb ',FL_SET)

ERUN 16+17 Pirrrritti
AmeGO['BAP1S5 instance 1 spring stiffness [N/mm]',[3.15 3.85 3.51,...
filen, *_runlé_ ', ‘ﬂrunl?_',FL_SET)

$RUN 18419 trbtirens
AmeGQO{'BAP15 instance 1 spring force at zero displacement {N}', {54 66 60],...
filen, '_runlB ', ‘_runl9 ', FL_SET)

$RUN 20+21 ttrryerett

AmeGO('BAP15 instance 1 piston diameter [mm}',{22.5 27.5 25},...
filen, ' run20_*, ‘' run2l ',FL_SET}

AmeGO( 'CV002 instance 1 check valve cracking pressure [bar]',[1.35 1.65 0},...
filen, '_run2z_', '_run23 ',FL_SET)

BRUN 24+25 1rryiresee
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AmeGO{'CV002 instance 2 check valve cracking pressure [bar}’',{1.35 1.65 1.5],...
filen, '_run24_', '_run2& ',FL_SET}

FRUN 26+27 t1trrrirnd
AmeGO{'OR0O0Ll instance 1 pressure gain [null}*,[0.9 1.1 1},...
filen, '_run26_', ' _run27_',FL_SET}

RRUN 28429 tlrrrti1yd
AmeGO{'HR22B instance 1 diameter [mm]',[18 22 20},...
filen, ' _run28_°*, '_run28 ',FL_SET}

&RUN 30+31 !ttirirtrrty
AmeGC{'OR0O00 instance 3 eqguivalent crifice diameter {mm}',[1l8 22 20}],...
filen, ' _run30_', ' run3i_',FL_SET)

#RUN 32+33 tirtititt! - Special mod, because many pipe's
RR='_ run32_‘';
RubberS5tiff=9000; 4%Bar
ameputp{filen, 'HLO3 instance 1 £
ameputp(filen, *HLOZ instance 3 Young*'!,RubberStiff}: £
ameputp(filen, 'ELOLl instance 1 Young*',RubberStiff};
ameputp(filen, '"HELOS instance 1 Young*',RubberStiff);

4

3

2

Young*',RubberStiff);

ameputp(filen, '"HLO2 instance Young*',RubberStiff);
ameputp({filen, 'HLOl instance Young**',Rubberstiff);
ameputp{filen, 'HL0O5 instance Young*',Rubberstiff);
for k=FL_SET %In this part AME runs & Matlab saves the info
ameputp{filen, *CONSO instance 1 constant value [null]',ki};
SingleRunner{k, filen, RR}; %Defined later on
end
RR='_run33 *;
RubkerStiff=11000; %Bar
ameputp{filen, 'HL03 instance 1 Young'',RubberStiff};
ameputp{filen, 'HLOZ instance 3 Young*',RubberStiff);:
ameputp{filen, 'HLO1 instance 1 Young*',RubberStiff);
1
4
3

ameputp(filen, 'HLOS instance Young*',RubberStiff);
ameputp{filen, 'HLOZ instance Toung*',RubberStiff};
ameputp(filen, *HLOl instance Young*',RubberStiff);
ameputp{filen, 'HLO5 instance 2 Young*',RubberStiff);
for k=FL_SET %In this part BME runs & Matlab saves the info
ameputpi{filen, "CONS0 instance 1 constant valus {null}f', k;
SingleRunner{k, filen, RR)}; %Defined later on
end
RubberStiff=10000; $Reset the parameter
ameputp(filen, "HLC3 instance 1 Young*',Rubber3tiff);
amepukp{filen, '"HL0OZ2 instance 3 Young*',RubberStiff};
ameputp(filen, '"HLC1 instance 1 Young*',Rubber3tiff):
ameputp{filen, 'HLCS instance 1 Young*',RubberStiff);
4
3
2

ameputp(filen, 'HLOZ instance Young**,RubberStiff};
ameputp{filen, 'HLO1 instance Young* !, RubberStiffy;
ameputp(filen, "HLOS instance Young**,RubberStiff};

if O

% MANUAL ADJUSTMENT CF OIL PARAMTERS:

$RUN 34+35 ity —

RR='_run34_'; %Set the Bulk Mod to 18000Bar and save AME model

for k=FL_SET %In this part AME runs & Matlab saves the info
ameputp(filen, "CONSO instance 1 constant value [nulll’',k};
SingleRunner{k, filen, RR); %Defined later on

end

RR=' run35_'; %Set the Bulk Mcd to 22000Bar and save RME model

for k=FL SET %In this part AME runs & Matlab saves the info
ameputp{filen, 'CONSO instance 1 constant value [null}',k):
SingleRunneri{k, filen, RR); %Defined later on

$RUN 36+37 titrrertet!

RR=' run3g_'; #%Set the Kin Visc to 41.4 ¢St and szve AME model

for k=FL_SET %In this part AME runs & Matlab saves the info
ameputp({filen, 'CONSCO instance 1 constant value {null}',k); =
SingleRunner{k, filen, RRj; %Defined later on

and

RR="_rund7_'; %Set the Kin Visc to 50.6 cSt and save AME model

for k=FL SET %In this part BME runs & Matlzb saves the info
amepufp(filen,‘CONSO instance 1 constant wvalue [null)’,k};
SingleRunner{k, filen, RR); %Defined later on
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end
end
% TEMPLATE:
B o e e
FRUN 2+7 11tiripgrt
FAMEGO{ ", - + =}...
% filer, *_ run?_', '_run?_',FL_SET}

ttaken=toc;
Gisp{TER 15 KLBAE! s oo s e i e e oo s e s s s ")
disp{{'This simulation took: ' numZscrittaken/60} ' minutes'])

function AMEcapture(fname,discribe, fnamecut)
Capture AMESim model parameters and results!
CARPTURE({'fname',discribe, *fnameocut’) }&3 3 24
‘fname' is the name of the AMEsim model to be captured T
Let discribe = 1 to print a list of SOLVED wvariables with line numers
Let discribe = 2 tec print a list of PARAMETERS with line numers
discription is a optional variable to describe te test and data in
*frameout' is a optional name for the output file {default = fname)
The cutput file will be fname.mat in Matlab binary format

Neil Janse van Rensburg
1 July 1999

de o° of oo OF 3P P O 0 gP P

[R,S]=ameloadt{fname);
{par,val]=amegetp({fname);

% wrkkbkh vk bbbk drhrd b kb kbbb rrr bbbk bbbk bk ek r ke ek

% Display calculated variable names
if discribe==
disp{'Mocdel RESULT wvariables'}
for i=l:length(S{:,1})
disp({[int2str{i} ' - ' S8{i,:)]}
end

% R R R TR S R RS R S 2 AR R S R 2 e R e e A S A S RS R R R RS RS

% Display Model parameter names
elseif discribe==
disp{'Model PARAMETERS names')
j=1;
C={numZstrc{i) * - '1;
for i=l:lengthi{par) e
C={C par(ii]: ;
if par{i)==char{lQ)
disp{C(l:length{C}=-1}}

i=3+1;
C=[1:
C=[{C num2strci{j) * - *];
end T
end ) B

else

% RS R R RS S LR AR R RE A EE AR RS EREERRRRERE R R EER R EE LRSS

% Save the system into a single file with results

if nargin < 3, fnameout = fname; end

if nargin < 2, discribe = ['Results file from AMESim model: *,fname}; end

save{fnameout, 'par', *val','R",'S", 'discribe'} .
end

function AmeGC{variab,range,filen,namel,name2,FL SET}

% Complete amesim sensitivity run producer
% Neil Janse van Rensburg A3.3.25
F e sttt o e e

ameputp{filen,variab,range{l});
for k=FL_SET %In thils part AME runs & Matlab saves the info
ameputp{filen, 'CONSO instance 1 constant value {null]',k};
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disp( ‘******i—*i-i-i-i--Iri'*i’i'i'*‘!i‘**i*i’**************i****I,

disp{{'Current run: ' namel]}
disp{{'Flow Rate: ' numZ2stri{k} ' Setting: ' num2strirange(l)}])
disp( Farddrdrdrdk bk kb hkdkr kbbb bbbk bk kv kb vk hkd l)
[R,S}=amerun{filen,0,2,[0 2 0 0 4});
B=[filen namel numZstr({k}];
disp(B}
% Reduce variable amount: {otherwise the file is 16 MEG!}
t=R{l,:): : '
Pa=R({335,:}/10; %/10 vir Bar to MPa
Pb=R{341,:)/10;
Pp=R(338,:)/10;
DispLC=R({55,:);
DispWSE=R{44,:};
save(B,'t', 'Pa', 'Pb', 'Pp', "DisplC’', "DispWSE");
disp{"NANININININININININININININININININ NN
disp{'?}

end

PR R L e

ameputp{filen,variab,range(z)};

for k=FL_SET %In this part AME runs & Matlab saves the info
ameputp(filen, 'CONSQ instance 1 constant value [null]',k);
disp( IR R R R R R R A R R R R R R R R R R LR R R R R R R R S R O e o T U | )
disp{[’Current run: ' name2]}
disp{['Flow Rate: ' num2str{k} ' Setting: ' num2strirange{2})]}
dlsp( T de e v e e e e e e e e e e e e e e e e e e o e e W e e e i e e e e e e e e g e e e e e e e e R ke e e e o e |)
[R,8]=amerun{£filen,C,2,{0 2 0 0 41};
B=[filen nameZ num2strik}];
disp{B)
% Reduce wvariable amount: (otherwise the file is 16 MEG!)
t=R{l,:};
Pa=R{335,:)/10; %/10 vir Bar to MPa
Pb=R{341,:})/10;
Pp=R(338,:)/10;
DispLC=R{55,:);:
DispWSE=R{44,:}: ’
save(B,*t', 'Pa', 'Pb', 'Pp!, 'DisplC*, 'DispWSE'};
disp (' NANIN/ININININININININININININININININ /N
disp{''}

end

% RE-Set parameter changes:
ameputp{filen,variab,range{3}};

function Singlerunner(k,filen,RR}

% Single AMESim run producer - used for sensitivity studies
% Neil Janse wvan Rensburg !\3 3 26
B v o e e e 2 e —
disp{ Tohddddrdrddr e ek kbbb dd kbbb ddrdw ! )
- dispik)

dlSpf I*****i*******i******************l)
[R,S}]=amerun{filen,0,2,{0 2 0 0 4}]);

B=[filen RR num2strikil;

disp{B)} .

% Reduce variakle amount: {otherwise the file is 16 MEG!)
t=R{1l,:}:

Pa=R{335,:)/10; %/10 vir Bar to MPa

Po=R{341,:)/10;

Pp=R{338,:)/10;

DispLC=R{55,1:});

DispWSE=R{44,:}:
save{B,'t*,'Pa', *Pb','Pp'?, 'DispLC', 'DispWSE"');

Aisp { "NNINININININININININININININININININININININ YY)

disp{'*}

function SysDamp_delay analise{RunCase}

% Neil Janse wvan Rensburg

A3.3.27

% Delay analiser, Automated for the simulation runs!!
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$For reference:
$plot{Result{:,3)%*1000,Result{:,1),"'r.*,Result{:,5}*1000,Result{:,1},'g."}

tic
$RunCase=1;

FRSHALEREAARARARRERESARATATRIARABIFRIIRANAARALRARAILDIRAARORRTALILIRS

%#RR={'run® numZstr{RunCase)};

RR=['base'}; .
-filename=[*F:\neil\system\syssens\Sens2CP_' RR};

$FL_SET={30 50 BO 140 2101;

FL_SET=[5 10 15 20 22 25 30 35 40 45 5C 60 70 80 90 97 100 110 120 130 140 1530 170 190 ZzZ1l0
230}

FL_SET=[15 20 22 25 30 35 40 45 5C €0 70 80 90 97 100 110 120 130 140 150 170 190 210 2301;
SE=1000;

index=0;

if 1
I E R R R R R R R i Rt R R R R R R R R R R R L R R R R R E R LY R L R Y]
% THIS SECTION USES Displacement TO CALCULATE TIMEDELAY
for k=FL_ SET

k=90; 4%watter een van die cases hierbo

if k < 99

RunNe={'0' numZstrik)l:;
else
RunMNo={num2str{k)j;

end

RunNo=num2str{k};
disp{['Nommner: DeltaP: ' RunNol)
load{[filerame '_' RunNo]};
data=[Pa Pb}; % CAREFULLII!!
XX=DispLC;

% data=data’;

discard=1;

xline(t{discard}}

Pers=5;

t=t';

TNEW=[t (l:length{t}}"];
dPseries={Pa-Pbl;
dPinit=mean{dPseries{1:30}); %Quick way to get pressure for thesse runs

oo oF o oP o P

% - if stabllising run was usedi!t!

dlsp( !i-iviri’iii*************************************f*********i'ﬁ‘vii*******I)
disp({'Flow setting: ' numZstri{k) ' Initial Pressure: ' num2str{dPinit}])
figure(l]

plot (t,XX)

title{'Displacement with 98% & 2% lines’)

xlabel('Time [s]")

ylabel{'[mm]"')

$disp({*Pick the LOW value starting point'}

% {¥¥s YY}=ginput{l}; fremember - x is itv t!
$disp{'Pick the LOW walue ending point')

% {XXe YY]l=ginput(l}:

$indexl=round (XXs*SF)}:

¥index2=round (XXe*SF};

indexl=0.1*3F;

index2=0.4*3F;

#disp{'Pick the HIGH value starting point’}
B{X¥s YY]=ginput{l); $remember - % is itv t!
¥disp('Pick the HIGH value ending point?)

2 {X¥e YYi=ginput{l};

%index3=round (¥XXs*SF};

$indexd=round (XXe*SF};

index3=0.85*8F;

indexd4=1+*SF;

dXLow=mean(XX{indexl:index2)};
diinit=mean(XX{index3d:index4});

iL02 L98}=cutoff{dXinit, d¥low, Pers};
yline{L98,'g")

yline{d¥init,'c*)

yline{LOZ, "g'")

yline(dXLow, 'r'}

swtimel=0,5;

zline(swtimel, 'm'};
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swtime2=];
xline({swtime2, ‘m');
zoom on

grid on

% Determine the delay times automatically:

% disp('Pick the DISCARD point'})

% {XXe YYl=ginput(l};

% discard=reound{interpl (TNEW{:, 1], TNE®W(:,2},XXs));
% discard=indexl;

& disp('Pick the CUT point')
% [XXe YYI=ginput{l};

% CUT=round {XXe*1000);
CUT=0,9%5F;

*1ine (Lt (CUT})}

% CUT = Mid point of data
% The first half of the data
for i=discard:CuT
1£ XX{i}>L02
L33
% disp('Yupidoda 1')
block=[t{i~1} H¥{i-1)

t(i} XXl
basel=interpl{block{:,2}),block(:,1},L02};
break

end
end
for i=discard:CcuUtT
if XX{i)>L98
% disp({'Yupidoda 2'}
block={t(i-1) XX(i~1)

t{i}) XX({i)};
delay98l=interpl (block(:,2},block{:,1}),L98};
break

end
end
% The other end of the signal
for i=CUT:length (XX}
if XX(i}<Lo98
% disp('Yupidoda 3'}
block=[t{i-1) XX{i-1)

t{i} XX(i)}: -
baseZ=interpl(bkleck{:,2),block{:,1},L98};
break

end
end
for 1=CUT:length{XX)
if XX(i)<LOZ
% disp( 'Yupldoda 4%}
block=[t{l~1) XX{i-1}

t{i} XX{i)i:
delay982=interpl{block(:,2},block{:,1},L02);
break

end
end

o0

index=index+1; ’ ’
DISPResult{index,:}={dPinit {(basel-swtimel} {delay98l-swtimel}
(baseZ2-swtime2) {(delay982-swtime2)};

% disp{Result{index,:})
xline{DISPResult{index,2)*l+swtimel, '’}
xline{DISPResult{index,3)*i+tswtimel, 'r")
xline(DISPResult{index,4}*l+swtime2,'r")
xline(DISPResult{index,5}*l+swtime2, ')

disp{' '}
W=input{'cecntinue?');
disp(" **i’*iti**&**i*&t**********!)
disp{' '}
end

FANARNAACAANANARANANAPNAAACANARNAA A AR AAANANAARA AR ANNANA A~~~

% THIS SECTICKW USES Pressure TO CALCULATE TIMEDELAY
index=0;
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for k=FL_SET

RunNo=numZstri{k};

disp{['Nommer: DeltaP: ' RunNol)
load{[filename '_' RunNo}};

data=[Pa Pbi: % CRREFULLI!1!
XX=DispLC;

% data=data’';
discard=l;
xline(t{discard)}
Pers=5;

ta=t?;

TNEW={t {l:lengthi{t))']}:

dPseries=|{Pa-Pb};

dPinit=mean({dPseries(1:30})); 9%Quick way tc get pressure for these runs

] - if stabilising run was used!!!!

disp( IR E RS L ESL RS EE RA RS SRRt RSl R ERSERRLE RS ERR R EEEEREEE RN )

disp{['Flow setting: ' numZstr{k}) ' 1Initial Pressure: ' numZstr{dPinit)}}

figure(l)

plot{t,dPseries)
title('Pressure Drop acros LCT}
xlabel ('Time islt)
ylabel{*[MPal"*)

indexl=0,1*3SF;
index2=0.,4*SF;
index3=0.85*8F;
index4=1*3F;

dPinit=mean{dPseries(indexl:index2}};
dFLow=mean(dPseries{index3:indexq)}:
{L02 L98l=cutoff(dPinit, dPLow, Pers};
yline(L398,'r')

yline(dPinit, 'g"}

yline (L0O2, 'g')

yline{dPLow, 'g"}

swtimel=0,5;

xline(swtimel, 'm');

swtimeZ2=1;

xline{swtimeZ, 'm'};

Zoom on

grid on

CUT=0.9*SF;
®xline{t{CUT}}

% The first half of the data
for i=discard:CUT
if dPseries(i)}<L9B
block={t(i~1} dPseries(i-1}

t{i} dpPseriesi{i}];
basel=interpl{block{:,2},block({:,1},L98);
break

end
end
for i=discard:CUT
if dPseries{i)<L02
block=[t{i~1}) dPseries{i~1)

t({i} dPseries(i)];
delay98l=interpl {block{:,2},block{:,1},L02};
break

end
end
% The other end of the signal
for i=CUT:length{dPseries;)
if dbPseries{i)>L02
block={t{i=1} dPseries{i~1)

t{i) dbseriesi{i}i;
base2=interpl{block{:,2),block(:,1},L02};
break

end
end
% SPecial Check for this data range:
if dPseries{length{dPseries})<L9B




Aisp{ PYTEm e e e e e ')
delay982=];
else

for i=CUT:length(cdPseries}
if dPseries|{i)>L98
block=([t{i~-1) dPseriest{i-1}

t{i}) dPseries{i}];
delay9B82=interpliblock(:,2},block{:,1},L98};
break

end
end
end

index=index+1;
PAResult({index, :)=[dPinit (basel~swtimel} {delay98l-swtimel)
(baseZ-swtime2)} (delay982-swtime2}];
% disp{PAResult{index,:})

xline{PAResult (index,2)*1l+swtimel, 'r*}
xline{PAResult(index,3}*l+swtimel, 'r'}
xline|PAResult{index,4)*l+swtime2, ')
xline{PAResult(index,5)*l+swtime2, fr')

disp(" ")
W=input {'Continue');
disp(l *****t-&iii*i****i***-ﬂr*tii—ii—I)
disp{*' ')
end

end %end of: if 0

DISPResult
PAResult

if ¢
% Risky to overrite saved data!!! - Rather Cut and paste
sname={'DISPResult_Run' numZstr(RunCase});
save{sname, 'DISPResult'};
sname=['PAResult_Run' numZstr{RunCase)};
save(sname, 'PAResult’);

end
if 0 % SPecial section to determine the S5 values..... {with LC open}
index=0;
for k=FL_SET
disp{{*Nommer: DeltaP: ' num2str{k}l)
load{{filename ' num2strik}]);
t=tt;
dPseries={Pa~Pb);
dPinit=mean({dPseries{1:30}); %Quick Wway to get pressure for these runs
% - if stabilising run was used!!!!
disp( l*********I(iri-ir**i*lr*******Wirlr***********t*w*iii—***i*****'&i********* ‘}
disp{['Flow setting: ' num2str{k} ' Initial Pressure: ! numZstr{dPinit)])
figure(l)

plot{t,DisplC, t, Pa}

title{'Displacement with 98% & 2% lines')
xlabel{'Time fsl')

ylabel{'[mm]"')

index1=0,9*5F;
index2=1,0*S3E;

DispS8S=mean(DispLC{indexi:index2)};
PaSS=mean(Pa{indexl:index?2});
yline(DispSs, 'g'}

yline{PasSs, 'c*}

swtimel=0,5;

xline{swtimel, 'm');

swtimez=1;

xline({swtime2, 'm');

zoom on

grid on

index=index+l;
SSResult(index, :}=[dPinit DispSS PaSs]

disp{' '}
W=input{'Continue?'};
disp(| *t**t*********b********itil]

disp(* ')
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end
end %enf of: 1f=0
if O
% Risky to overrite saved data!!! - Rather Cut and paste

%¥Format of the data: initP, S35Displacement([Bar], 38 Pressure{MPa!}
sname=['S5Result Run' nusttr(RunCase)}
save{sname, 'SSResult‘),

end

if 0 %Tempcrary chech of initial pressures

for i=1:33
% load{{'F:\neili\system\syssens\PAResult Run' num2str{i}}};
load({['F: \nell\system\syssens\DISPResultwRun‘ numZstri{il]j;
disp{numZstr{i} " - ' num2str{DISPResult{:,1}')]}
end
end

% Change % Change % Change % Change % Change % Change % Changs % Change

if 0 %this algorithm determines the %change in Results: 30, £2, Z10LPM
load{['F:\neil\system\syssens\DISPResult Run' num2str{l)]); %Displ
% Reduce to the used variables:
DISPResult{d,:}=[};
DISPResult{2,:)=[1;
DISPResult{:, 4}=[1;
DISPResult{:,2}={};
DISPResult{: ,1} [1:
DispREF=[DISPResult{l,:}) DISPResult{2,:) DISPResult{3,:)];
load({'F:\neil\system\syssens\PAResult Run' numZstri{i}]);

3Pressure

PAResult (4, :)=[];
PAResult(2,:)=11;
PAResult(:, 4)—{},
PARResult{:,2)=[];
PRResult{: ,l)” i:
PaREF=[PAResult{l,:) PRResult({2,:} PARResult(3,:1!;
load(['F.\nell\system\syssens\SSResult_Run' numZstr(1lji;; %53
SSResult(4,:)={1; #&50
SSResult(2,:)=[(]; %140
SSResult(:,1)=[]; %idP
¥displ S5(30 80 210} Press $88{30 80 210}:
SSRef=[SSResult({:,1)' SSResult{:,2}'}:
index=0;
for i=2:37
load{['F:\neil\system\syssens\DISPResult_Run' num2striii});
load({'F:\neil\system\syssens\PAResult Run’ num2str{ijj};
load(['F:\neil\system\syssens\SSResult_Run‘ numZstyr{iizi; %55
DISPResult {4, :)=[};
DISPResultfz,.)—EE.
DISPResult(:,d4)=1[};
DISPResult{:,2)=[}:
DISPResulti{:, }=E].

%Reformat open30 close30 openB0 cleoseB80 open2l0 closs?if
DISPResult=[DISPResult(l,:} DISPResult{Z,:} DISPResulti3,:}]:

PAResult(4,:1={];
PAResult(Z, V={1;
PAResult{:,4})={]:
PAResult(:,Zl“{];
PAResult{:,l}={];
¥Reformat open30 closeld0 openB0 close80 openZl0 close2ld
PAResult={PAResult(1l,:) PAResult(2,:) PAResult({3,:)]:

SSResult(4,:)=[1; %50

SSResult{2,:}={}; &140
S8Result{:,1}={}; &idp

$Reformat: Disp:30 80 Z10 Press:30 80 210
8SResult=[{SSResult{:,1}*' SSResult{:,2}'};

% Persentage Change between parameters:
perl={{DISPResult~DispREF}./DispREF)}*100
per2=({PAResult-PaREF)./PaREF}*100
per3={{S5Result-SSRef)./SSRef}*100
index=index+1;
changeDISP(index, : )=perl;
changePAllindex, : }=peri;
changeSs{index, : |=per3;

end
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end

if ©
save Master TableDISP.txt changeDISP ~ascii
save Master TablePA.txt changePA ~ascii
save Master TableSS.txt changeSS -ascii

end

if 1
format compact
format short

for i=1:36
if 0O
dlsp( Thhoddkrdhhrdhdddkddkddhdd b dhdodddreietc !)
disp([{'Run: ' num2str({i+l) ' ——=——-~ DISPLACEMENT '} )
disp{[' 30 MPa - Opening: ' numZstr{changeDISP{i,1})} * Closing: '

num2str{changeDISP{i,2}) ...
' 88: ' num2stri{changeSsS{i,1)}])

disp{{' 80 MPa - Opening: ' numZstr{changeDISP{i,3}} * Closing: '

numZ2str{changeDISP{i, 4)) ...
' 8S: ' num2str{changeSsS{i,2))1]}

disp{['210 MPa - Cpening: ' numZstr{changeDISP{i,5}} ' Closing: '
num?2stri{ichangeDISE{i, 6} .

' 88: ' num2strichangeSs{i,3})]}

dispt' '}

dispt{{'Run: ' numZstr{i+l} ' -—=m--r FRESSURE' ]

displ{i{' 30 MPa - Opening: ' numZstr{changePA{i,l}} ' Closing: ' num2str{changePA{i,2}}
' §5: ' num2strichangeSsS{i,d4})]}

disp({' 80 MPa - Opening: ' num2str{chengePA{i,3}) ' Closing: ' numZstr{changePA{i,d4})
* 88: ' numZstr{changeSs(i,5%})})

disp(f'210 MPa - Opening: " num2strichangePA{i,5)) ' Closging: ' numlstr{changePA{i,6})
' 85: ' num2str{changeSS{i,6})]}

disp({' "}

end

if 1 $Number only alternative:
disp({[numZstr{changeDISP{i, 1)}
disp{{num2str{changeDISP(i,3}}
disp{{num2str{changeDISP(i,5)}
disp{[num2str{changePA(i,1)} '
disp{{numZstr{changePA(i,3)} * numZstr{changePA{i, 4}

L3

*

disptlnum2stri{changePh{i,5)} numZ2str{changePA(i, &}

1]

1

1

' numZstrichangePA{i,2})

1

1
disp(P***i*i*******ii&*i*ii*v )

1

' numZstri{changeDISP(i,2}
f numZstri{changeDISP{i, 4}
' numistri{changeDISP{i, o6}

}
)
)
1
1

' ' num2stri{changeSS{i,l)}})
' ' numZstri{changesS{i,2)}];}
' ' numZstr{changes$sS{i,3}}}}
num2str{changeSs{i,41}1}
num2str{changess{1,5))}}
nom2str{changeSS{i,6})}}

end

end
end
toc
function [ValueLlow, ValueHigh] = Cutoff(LowData, HighData, Pers})
% Calculates a perentage of the data for cutoff purposes
% fValueLow ValueHigh] = Cutoff{HighData, LowData, FPers) }x3 328
$ Pers is the persentage below the HighData and zbove the. LowData value e
% that must be calcutaled
% ValueLow and ValueHigh is the calculated Pers cutoff values
%
% Neil Janse van Rensburg 2 November 1899

ValueLow=HighData~ (HighData-LowData)*[Pers/100};
ValueHigh=LowData+(HighData~LowData)*{Pers/100};
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Sensitivity Analysis

A sensitivity analysis was performed on the AMESim valve system model by altering model

parameters with plus or minus 10%. Data extracted from the results include the opening and closing

time delay trends and steady state valve open error across a range of operating pressures, These data
fields were extracted from both the pressure and displacement time trends. This represents a massive
amount of information and the table in paragraph 3.10 gives the maximum, minimum and average
change taken from all the variables and all the operating pressures for any specific parameter change
sensitivity run.

As mentioned in paragraph 3.10, any change less than 1.5% should be considered with care. The
accuracy of the simulation output file was set to 1 msintervals. A 1 ms change in the result provides
a change of more than 1.5% in the calculated sensitivity.

The table below shows the standard model parameter values with their respective plus or minus 10%
changed values, as used in the simulations. For reference, the calculated sensitivities and a graphical
representation is given below the table of all the sensitivity runs conducted.

Run Parameter Element std value -10% Value | +10% Value
AME Name

1 Standard run - - . .
243 WSE; Tau on CONSO-3 0.04 0.036 0.044
4+5 WSE: Tau off CONS0-2 0.003 0.0027 0.033
6+7 WSE: Chamber diameter BAP12-1 2.8mm 2.52 3.08
8+9 Spring K- wse SPRO-1 27089N/m 24380 29798
10+11 Spring Init Disp -wse SPRO-1 -lmm -0.9 -1.1
12+13 LC: Poppet Mass BAI21-1 82.33g 74.1 90.5
14+15 LC: Viscous Friction BAI21-1 1000Ns/m 900 1100
16+17 LC: Spring K BAP15-1 3.5N/mm 3.15 3.85
18+19 LC: Spring Force @ Zero BAP15-1 60N 54 66

- 20+21 LC: Rear chamber diam BAP15-1 25mm 22.5 27.5
22423 CP#1: Cracking P ->x CV002-1 OBar ? ?
24425 CP#2: CrackingP y-> Cvo002-2 1.5Bar 1.35 1.65
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26427 Damper: dP Gain ORO0O01-1 1 0.9 1.1
28+29 Drain elbow:; Diam HR22B-1 18mm 16.2 19.8
3031 TestB: ‘quickC’ Diam OR000-3 20mm 18 22
32433 TestB: Rubber pipe stiffness HL03-1 10000 Bar 9000 - [ 11000
: - HL02-3

HLO1-1

HLO5-1

HL02-4

HLO01-3

HLO035-2
34435 OIL: Bulk Modnlus - 20000Bar 18000 22000
36+37 OIL: Kingmatic viscosity - 50cSt 45 55

Using the tables and figures below

The tables and figure below might require some explanation. They consist of three main columns and
tree main rows. The three columns represent three different valve operating conditions (initial
pressure drops across the closed valve system, ie 30, 80 and 210 MPa) For each of these operating
conditions, two simulation runs were computed, one with the specified parameter increased by 10%
and one with the specified parameter decreased by 10%. For all these runs, six sets of data was
extracted. These are presented in the table rows. The final time delay for the opening and closing
behaviour based on pressure (Pa) and poppet displacement (LC25) are shown in the first four rows.
The steady state pressure and displacement error (difference between experimental and simulation
runs) are given in the last two rows. The rightmost column show the maximum change observed in
that row (independent of sign). The maximum, minimum and average of the last column is given in
paragraph 3.10 as an overview of the sensitivity analysis.

The figures contain the final delay times for the opening and closing behaviours of the valve system
(the top figure is based on pressure, and the bottom on poppet displacement). Furthermore the figures
show more valve operating conditions than the tables.
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Exponential Solenoid Time Constant: OPENING

Run: 30 MPa 80MPa 210MPa jmax|
§ |
2+3 -10% | 10% -10% | 10% -10% 10%
Fig A3.4.1 - Opening
1 . . i
Displacement ] 0.00 i 2.49 0.00 ; 2.31 0.00 2.13 2.489
i i i
Pressure A 000 | 1.81 000 | 1.76 0.00 | 1.53 1.808
Closing
i § ]
Displacement | 0.00 E -0.07 0.00 E 0.00 0.00 -0.00 0.074
t |
Pressure A 0.00 : 0.04 000 | 0.03 0.00 -0.00 0.043
Steady State
3
Displacement | 0.00 E -0.05 0.00 ~0.01 0.00 -0.01 0.050
Pressure A 0.00 E 0.55 0.00 0.06 0.00 1 0.02 0.550
Delay times in [ms), based on Pressure:
&
E 4
SL e F
o A
% s 7
] 3t
£ & %
] . . . . . :
-g 0 100 200 300 400 500 600 700 800
% Delay times in {ms], based on Displacement:
:__E; 5 At 7
£ At ¥
A ar ¥
3k
S ¥
250 61} 8'0 9'0 160 1 ‘; 0 120

Legend: A = opening, ¥V = closing with x = .10% trend, + = +10% trend

Figure A3.4.1 Solenoid time constant: Opening
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Exponential Solenoid Time Constant: CLOSING

Run: 30 MPa 80MPa 210MPa jmax|
445 -10% 10% -10% § 10% -10% 10%
Fig A3.4.2 ' Opening |
Displacement] 125 | 125 | 119 | 119 | 108 | 108 | 1.264
Pressure A 0.89 | 0.89 0.90 0.90 0.77 0.77 0.896

Closing
Displacement] -0.70 i 0.59 -0.64 ; 0.65 -0.92 0.92 0.924 ‘
Pressure A -0.04 0.09 -0.27 E 0.31 -0.55 0.54 0.554
Steady State
Displacement]| -0.04 -0.04 0.01 g 0.01 -0.01 ! -0.01 0.037 5
Pressure A 0.33 | 0.3 0.02 E 0.02 0.01 0.01 0.334

Delay times in [ms], based on Pressure:
6
A F
5 & 7
g4 a7
s & F
w 3t
£ A
B, , . i . T
-E a 100 200 300 400 500 600 700 800
g Delay times in [ms}, based on Displacement;
@2 8 |
& p= 3 3 i
&5t L T
€
- O L
ab .
g &
ar
e S
2 £ 1 i L 1 I
50 &0 70 a0 |0 100 110 120
Legend: A = opening, ¥ = closing with x & -10% trend, + = +10% trend

Figure A3.4.2 Solenoid time constant: Closing
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' Pilot Valve Pressure Compensating Chamber Diameter
Run: 30 MPa 80MPa 210MPa [max}
i i
6+7 -10% 10% -10% § 10% -10% 3 10%
Fig A3.4.3 : ' Opening ,
Displacement] 2.34 0.09 3.09 087 | 3.58 157 | 3.577
Pressure A 1.71 0.07 2.36 -0.67 2,58 -1.13 2.575
Closing
Displacement] -0.15 0.13 -0.18 0.28 -0.44 0.67 0.672 ””’
Pressure A 0.07 -0.03 -0.04 | 0.12 -0.27 | 038 0.380
Steady State
! 1 [
Displacement] -0.02 -0.02 0.01 E -0.01 -0.01 E -0.00 0.018
] i
Pressure A 0.40 0.12 004 | -001 | 002 : 0.00 | 0.397
Delay times in {ms], based on Pressure:
° & F
St & 7
= F-S 5
% 4 & ¥
@ 3k
g & -
s 2 : N . R . . , -
g 0 100 200 300 400 500 600 700 800 feon
% Delay times in {ms]. based on Displacement;
250 e > -
= R T
4L Bx -
ab
A v
250 . B'D 7'0 Bb 9I0 ﬂIJO 3‘;0 120
Legend: A = opening, ¥ = closing with x = -10% trend, + = +0% trend

Figure A3.4.3 WSE Compensating chamber diameter
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Pilot Valve Spring Stiffness

Run: 30 MPa 80MPa 210MPa {max]
i i i
8+9 -10% E 10% -10% I 10% -10% i 10%
Fig A3.4.4 | - Opening
1 i i
Displacement] 042 | 213 0.38 ; 1.98 0.34 | 1.85 2134
i
Pressure A 0.33 1.53 029 | 1.5 0.24 1.33 1,633
Closing
| ]
Displacement] 0.56 -0.53 0.59 E -0.50 0.86 -0.74 0.858
§
Pressure A 0.05 | -0.03 027 | -0.19 0.50 | -045 0.499
Steady State
]
Displacement| -0.02 -0.01 0.00 E 0.01 -0.00 -0.01 0.019
i
Pressure A 0.16 0.51 0.01 § 0.03 0.00 0.02 0.505
Detay times in {ms], based on Pressure;
6
&
5t & ¥
= A £
% 4t & ¥
w 3t
N v
% 20 ESU 200 360 4C'!D 560 660 760 800
% Delay times in {ms}, based on Displacament:
£° P =
o
2 5t Dt =
£ S =
it &
3L
Ot X
250 6|O TIO 810 910 160 1 1ID 120

Legend: A = opening, ¥ = closing with x = -10% trend, + = +10%trend

Figure A3.4.4 Pilot valve spring stiffhess
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Pilot Valve Spring Inital Displacement

Run: 30 MPa 80MPa 210MPa [max]
i i
10+11 -10% 1 10% -10% 10% -10% i 10%
Fig A3.4.5 Opening
Displacement] 0.14 241 0.12 2.25 0.07 i 2.12 2.408
]
Pressure A 0.12 1.75 0.09 | 1.73 0.05 | 153 1.754
Closing
] 1
Displacement] 0.48 -0.48 0.52 E -0.45 0.75 E -0.65 0.754
1
Pressure A 0.04 -0.03 0.24 -0.17 0.43 | -040 0.433
Steady State
i 1 -
Displacement] -0.03 E -0.02 0.01 -0.01 -0.00 i -0.01 0.031
1 i
Pressure A 0.09 | 048 -0.01 0.06 0.01 | 0.01 0.482
Delay times in [ms}, based on Pressure:
’ & F
5t & 5
— & 7
g =S ¥
=
Q 3
E & ¥
o 2 s : - . : . >
E Q 100 200 200 400 500 600 700 800
%ﬂ Delay times in {ms}, based on Displacemaent:
g = +
:g 5L ot =
£ At =
M- w2
3+
At 2
250 EIO 7ID BIO 9.0 1(IJEI 1‘;0 120

Legend: A = opening, V = ciosing with x = -10% irend, + = +10%trend

Figure A3.4.5 Pilot valve spring initial displacement
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Logic Element Poppet Mass

Run: 30 MPa 80MPa 210MPa Imax|
12+13 -10% E 10% -10% E 10% -10% E 10%

Fig A3.4.6 Opening

Displacement} 1.26 ! 1.27 1.18 i 1.18 1.06 1.07 .1.267

Pressure A 0.89 0.89 0.90 E 0.89 0.77 0.77 0.895
Closing

Displacement| -0.08 -0.03 0.00 0.01 -0.01 E 0.00 0.057

Pressure A 0.02 0.04 0.01 0.02 -0.00 E 0.00 0.035

Steady State
Displacement] -0.03 -0.02 0.00 ! -0.00 -0.01 E -0.00 0.034
Pressure A 0.28 0.31 0.03 0.03 0.01 E 0.01 0.313

Initial Pressure Difference {MPa)

Delay times in {ms], based on Pressure:

8

& W
5k & ¥

-3 ¥
41

S ¥
ai

& 3
2 1 i L 1 1 1 i
0 100 200 300 400 500 600 700 aco

Delay times in ims}, based cn Displacement:
[
fe 3 -
S5+ L ¥
L ¥

4+ O ¥
3t

3 F
2 1 i 1 Il 1 2
50 60 TQ 80 80 100 110 120

Legend: A = opening. V = closing with x = .10% trend, + = +10% trend

Figure A3.4.6 Logic element poppet mass
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Logic Element Viscous Friction

Run: 30 MPa 80MPa 210MPa Jmax]
i
14+15 -10% 10% -10% I 10% -10% 10%
Fig A3.4.7 ~ Opening
Disptacement] 0.77 1.67 0.95 5 1.42 0.85 1.28 1.672
I i
Pressure A 0.77 1.00 0.77 5 1.02 0.61 3 0.93 1.017
Closing
1 ]
Displacement| -1.27 1.1 -0.91 i 0.92 -0.57 E 0.58 1.268
I E
Pressure A -0.07 0.10 -0.31 i 0.36 -0.24 E 0.23 0.364
Steady State
i 1
Displacement| 0.07 -0.22 0.36 3 -0.34 0.32 i -0.33 0.356
i 1 .
Pressure A 0.19 0.65 -0.48 3 0.52 -0.38 ; 0.40 0.652
Delay times in [ms), based on Pressure:
6
& W
5k A& ¥
= & v
E 4r & ¥
1] 3r
2 v
5 2 L - : a - : .
E o 100 200 400 400 500 600 700 00
% Delay times in [ms), based on Displacement:
i° P 5
g 5L O 5t
£ M o
41 o %
3
¥ Mvis
250 sb 7'0 ab 20 100 310 120

Legend: A = opening, V = closing with x = -10% trend, + = +10%trend

Figure A3.4.7 Logic element viscous friction
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Logic Element Spring Stiffness

Run: 30 MPa 80MPa 210MPa jmax|
i i
16+17 -10% i 10% -10% 10% -10% E 10%
Fig A3.4.8 ' Opening
Displacement] 1.39 112 1.31 1.06 113 1.00 1.388
Pressure A 0.88 0.90 0.88 0.9 0.76 0.79 0.907
Closing
Displacement] 0.37 -0.44 0.42 -0.40 0.19 -0.20 0.444
Pressure A -0.01 -0.01 0.21 -0.16 0.11 -0.11 0.206
Steady State
i
Displacement} 0.19 i -0.26 0.18 -0.17 0.10 -0.11 0.261
]
Pressure A 0.02 ; 0.59 -0.24 1 029 012 | 014 0.586
Delay times in [ms], based on Pressure:
5]
& ¥
5L & ¥
= & ¥
g ir a ¥
1] 3+
2l . v
5 2 s : . ; : : ;
E o 100 200 200 400 500 600 700 ac0
% Delay times in fms], based on Displacement:
e
g 5L s w
= & =
41 A L+
L
f< 3 "
250 8'0 7.0 BICI Qb 160 11IO 120

Legend: A = opening, V = ¢closing with x = -10% trend, + = +10% trend

Figure A3.4.8 Logic element spring stiffness
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Logic Element initial Spring Force

Run: 30 MPa 30MPa 210MPa jmax]
i
18+19 -10% ! 10% ~10% 10% -10% 10%
Fig A3.4.9 Opening
: i
Displacement] 265 | -0.17 1.78 0.38 1.36 0.79 2,655
. i
Pressure A 0.78 1.00 075 { 1.03 0.63 0.91 1.030
Closing
3
Displacement| 7.01 -5.96 418 -3.82 1.51 E -1.43 7.011
i E
Pressure A 071 | -1.24 1.88 -1.63 082 | -0.77 1.857
Steady State
i
Displacement] 2.62 -2.80 1.19 -1.35 0.66 E -0.66 2.801
i
Pressure A -3.52 4,62 -1.69 | 2.06 -0.78 i 0.81 4.621
Detay times in [ms}, based on Pressure;
° & F
Sr -y 5
= & =
% ir & +F
@ 3+
5 & +7
% 20 160 260 360 460 5(50 560 760 {els]
% Delay times in [ms], based on Displacement:
T w
:Ei 5t = +7 =
£ = + 7 x
P A + v
3L
dhix + 7 E]
250 E‘O 7|0 BE] QIO 1 EID 11‘0 1%0 430

Legend: A = opening, V = closing with x » .10% trend, + = +410%trend

Figure A3.4.9 Logic element spring initial force

focta
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Logic Element Control Chamber Diameter

Run: 30 MPa 80MPa 210MPa imax|
20421 | -10% | 10% | -10% | 10% | -10% | 10%
Fig A3.4.10 - Opening .
Displacemént -22.64 -0.55 -17.93 -0.07 -8.11 E .0.14 22,635
Pressure A -6.66 0.31 -10.12 i 0.15 -13.68 i -0.35 13.682
' Closing
Displacement] -4.44 -0.23 19.12 E 1.31 42.54 2.07 42.538 :
Pressure A ~1.16 -0.05 6.51 0.59 2102 , 114 21.021 |
Steady State

Displacement] -2.74 0.92 13.92 1.94 33.08 2.46 33.082

Pressure A 4.16 -0.63 -17.35 -2.72 -26.82 -2.84 26.817
Delay times in [ms)], based on Pressure:
=]
-
b x

5 F
Fq .7
z ¥
w 2
o
5 S 7
5 2 L L L . L
-E o] 100 200 3040 400 500 600 700 400
1]
5 Deiay times in [ms], based on Displacement:
;.}’ 6
o . ¥ 3
g5 3 > . b
e
e ® A - ®

4 % S Fox

3t

x £ L
2 ) : . s 1 . 5 .
40 50 60 70 50 90 100 110 120 130
Legend: A = opening, V = ¢losing with x = -10% trend, + = +10%trend

Figure A3.4.10 Logic element control chamber diameter
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initial Pressure Difference  [MPa}
[+

B

[

L L L : L x : L
100 200 300 400 S00 600 700 800 900 1000

Deifay times in [ms], based on Displacement:

7 xt
E SO v x4
RN \v) x +
r HA v %
’a¥ \vi x
iy ! L : - L L i
o] S0 100 150 200 250 300 350 400 450

Legend: 4 = gpening, V = closing with x ® -10% trend, + = +10%trend

Check Valve #1 Cracking Pressure {fiow fromXtoP) |
Run: . 30 MPa 80MPa 210MPa fmax]
22+23 -10% 10% -10% i 10% -10% 3 10%
Fig A3.4.11. o Opening
Displacement] -10.84 | -25.57 -8.32 -8.36 | -4.48 -4.51 25.568
Pressure A -2.87 -8.46 -4.81 -4.84 -6.44 -6.46 8.462
Closing
Displacement] 270.06 ; -58.34 110.20 ; 235.58 42.74 52,77 {270.058 ”:”"
Pressure A 39.25 § -89.15 49.60 | 108.09 22.81 28.39 108.089 |
Steady State
Displacement} 2.56 E -17.43 9.67 9.68 16.83 16.83 17.433 a
Pressure A -4.05 E 37.77 -12.93 -12.94 | -16.25 -16.25 | 37.770
. Delay times in {ms], based on Pressure:
F
2t A 7 x
0l

Figure A3.4.11 Check valve #1 cracking pressure




174

Check Valve #2 Cracking Pressure (flow from P to Y)

Run: 30 MPa 80MPa 210MPa [max|
24+25 -10% 10% -10% 3 10% -10% i 10%
Fig A3.4.12 | .' Opening '
Displacement] -10.66 -10.21 -8.15 i -8.21 -4.09 i -4.69 10.663
Pressure A -2.72 | -250 -4.85 3 -4.53 -6.57 i -6.18 6.565
Closing
Displacement| -1.76 E -3.04 7.86 E 6.26 17.96 | 16.18 17.963
Pressure A -0.56 -0.68 3.18 2.54 9.56 8.51 9,563
Steady State
Displacement| 3.38 | 189 | 1047 | 884 | 17.81 ! 1587 | 17.807
Pressure A -5.17 273 | -13.76 | -12.08 | -17.00 | -15.50 | 17.002

Delay times in [ms], based on Pressure:
G
©
S B F
SISO
£ ¥
o 3r
15}
& = =
é 2 1 s : s L 2
5 © 100 200 300 400 500 600 700 800
@
5 Delay times in [ms}, basad on Displacement;
E 4 A v +x =
B 5t + A v +x ‘
c .
- * A kv + %
e A =
3.
* fas +=

2 L L [l L L 3

50 60 70 BO 90 - . 100 10 120
Legend: A = opening, ¥ = closing with x = -40% trend, + = +10%trend

Figure A3.4.12 Check valve #2 cracking pressure
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Damper Pressure Drop Gain

Run: 30 MPa 80MPa 210MPa fmax|
26+27 -10% 10% -10% 10% -10% 10%
Fig A3.4.13 Opening
Displacement} -8.78 -11.84 -6.85 -9.41 -3.81 -4.90 11.841
i
Pressure A -1.86 -3.68 -3.82 | -543 -5.58 -7.08 7.083
Closing
]
Displacement} -5.38 0.57 3.76 E 10.24 13.80 20.10 20.098
i ]
Pressure A -9.84 8.42 ~3.29 l 10.59 2.81 } 15.40 15.402
Steady State
I ]
Displacement] -1.07 6.08 5.67 5 13.17 12.62 E 20.52 20,524
i i
Pressure A 1.16 -8.33 -8.79 i -16.39 -13.42 ; -18.76 | 18.764
Delay times in [ms], based s Pressure:
7
sl + +
£V 4
=0 £ 7Y
S 4l ﬁ ) v < +
8 3 P x LS
5 , v "
% 20 100 200 300 400 500 £00 700 EQ0D
% Delay times in [ms], based on Displacement:
o 7
| + +
R +
£ gl XA xv
s
1 Cot
st ES *
2 +x A, " N x é‘ N
50 &0 70 80 a0 100 110 120 130

Legend. & = opening, V = closing with x = .10% trend, + = +1D%trend

Figure A3.4.13 Damper pressure drop gain
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Drain Elbow Diameter

Run: 30 MPa 80MPa 210MPa jmax|
i
28+29 -10% 10% -10% 5 10% -10% 10%
Fig A3.4.14 Opening
1
Displtacement] -10.52 -11.10 -8.16 E -9.96 -4.39 -5.40 11.101
3
Pressure A -2.63 -2.14 -4.69 E -4.78 -6.37 -6.21 6.372
Closing
|
Displacement} -2.53 -3.43 7.09 i 4.23 17.06 13.11 17.064
{
Pressure A -0.64 -0.79 2.83 ! 1.50 8.03 6.42 9.033
Steady State
I
Displacement| 2.50 1.37 9.69 E 6.35 16.83 | 14.03 16.834
]
Pressure A -3.99 -3.50 -12.93 E -14.10 -16.25 -23.72 23.717
Delay times in [ms], based on Pressure:
° £ T
5t P v )
= A o
o s %
L1 3t
g 'S =
5 2 ; : . : . . ,
oo 100 200 300 400 500 800 700 800
% Delay times in [ms], based on Displacement:
| — TR
85 A v/ o
£ A 7 o+ o
frv s ¥
3t
+ ay =
250 P 70 a0 50 300 T10 120

Legend: A = opening, ¥V = ¢losing with x = -10% trend, + = +$0%trend

Figure A3.4.14 Drain elbow diameter
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Test-Bench Quick Coupler Diameter
Run: 30 MPa 80MPa 210MPa [max]
i i
30+31 -10% 10% -10% 10% -10% | 10%
Fig A3.4.15 Opening
i
Displacement] -10.29 -11.19 -8.32 | -9.77 -5.07 -4.97 11.194
Pressure A -3.39 -1.88 -4.52 -4.34 -4.85 -7.07 7.068
Closing
Displacement} -2.95 -3.19 4.94 5.78 12.40 15.99 15.989
Pressure A -0.85 -1.04 1.80 2.24 6.62 7.94 7.940
Steady State
{ I
Displacement] 2.01 i 1.73 - 7.41 7.99 13.08 E 16.41 16.414
1 |
Pressure A -3.62 1 -321 | -13.37 | -14.09 | -19.24 | -21.99 | 21.995
Detay times in {ms], based on Pressure:
i £ W
Sk & v
= £ F
£ e ¥
a 3+
2l . ©
%—J 2D 160 200 300 400 560 BE'JU 760 800
% Delay timas in {ms], based on Displacernent:
g ° A v x +
& st 4 A v «
£ A v o=t
4 [ Fay xF
3
= iy * v
250 BID TID s}: 9‘0 1(l]0 1 ;D 120
Legend: A = opening, ¥V = closing with x = -10% trend, + = +10%trend

Figure A3.4.15 Test-Bench quick coupler diameter
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Test-Bench Rubber Hose Stiffness

Run: 30 MPa 80MPa 210MPa {max|
j i
32+33 -10% } 10% -10% 10% -10% I 10%
Fig A3.4.16 | Opening
E -
Displacement] -10.19 E -11.36 -8.26 -10.10 -3.90 -5.99 11.363
i ]
Pressure A -0.46 E -3.81 -2.28 -6.67 -3.56 i -8.52 8.522
Closing
i 1
Displacement}] -1.56 | -4.45 7.49 | 347 16.27 13.00 16.270
Pressure A 6.15 -6.69 7.48 -1.94 11.91 3.7 11.911
Steady State
Displacement] 3.32 0.68 9.62 8.00 16.68 13.66 16.680
Pressure A -6.55 -1.85 -16.41 -11.68 -22.11 -19.71 22111
Delay times in [ms], based en Pressure;
° -
St B
- £ 57 x
s it e to
Q 3
g "™ + v
a 2 A i It f : . R
5’05 0 100 200 300 400 500 600 700 8c0
% Detlay times in [ms], based on Displacement:
E ° Fx A 7 + x
E sL +x A Av, 4+ x
= A ' 7 o+ x
METEN +7 x
3l
® oA + xv
25L:l Eb TIO 8!0 Qij 160 1 1l0 150 130

Legend: A = opening, V = ciosing with x = -30% trend, + = +10%trend

Figure A3.4.16 Test bench hose stiffness
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Oil Bulk Moduius

Run: 30 MPa 80MPa 210MPa Imax]
i
34435 -10% E 10% -10% 10% -10% 10%
Fig A3.4.17 Opening o
i .
Displacement] -4.68 E -5.26 -3.66 -4,32 -2.98 -3.67 5.265
f
Pressure A 1.02 ; -0.24 1.80 0.32 a2 i 0.89 3.214
Closing
Displacement| -14.93 -16.00 -12.69 | -13.73 -10.89 -11.48 16.005
Pressure A 0.50 -4 .84 -3.94 -7.42 -4.46 -7.48 7.462
Steady State
]
Displacement| -1.70 | -2.79 1.48 0.52 1.99 1.33 2,785
Pressure A 13.36 15.25 8.50 10.05 10.51 1 11.39 15.247
Delay times in [ms], based on Pressure:
° & F7
5¢ & w7
w & e
% 4 & +57
@ E
?, £ + 7
52 ' , ; . - ; .
—E o 100 200 aQo 400 500 500 700 800
% Delay times In [ms], based on Displacement;
E ° A K v
E S EVa += v
= + o = v
4r R + x i
3L
+ A +x v
250 SIO TID BAO 910 1 60 1 1'0 120

Legend: A& = opening, ¥ = closing with x = .t0% trend, + = +30%trend

Figure A3.4.17 Oil bulk modulus
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Oil Kinematic Viscosity

Run: 30 MPa 80MPa 210MPa |max|
i i i
36+37 ~-10% ; 10% -10% f 10% -10% 3 10%
Fig A3.4.18 Opening .
] K] "
Displacement] -5.92 | -4.24 -4 .54 -3.55 -3.34 -3.31 5.925
Pressure A 0.29 0.39 1.25 0.89 1.86 ; 1.90 1.903
Closing
Disptacement] -18.15 -13.01 -14.57 -12.08 | -12.19 -10.27 | 18.14¢
Pressure A -2.39 ~1.65 -6.27 -5.57 -6.33 E -5.88 6.329
Steady State
1
Displacement] -4.38 -0.48 0.53 1.37 1.90 i 1.39 4.379
1
Pressure A 7.97 19.42 412 14.41 9.90 ; 12.08 19.424
Delay times in [ms], based on Pressure:
8
& +7
5F A +7
T & ~
S At A A7
Q 3t
E & <7
5 2 : : . . : z :
0 100 200 300 400 500 800 700 BOO
g Delay times in {ms], based on Displacement:
) T
-:E: St EIaY x + Av
£ - A x o+ v
‘Iowa .+ v
3L
A * s Avd
25(.1 pos aa 20 100 110 120

Legend: A = opening, ¥ = closing with x = -10% trend, + = +10%trend

Figure A3.4.18 Oil kinematic viscosity

#




Instrumentation A 4.1

The purpose of this annexure is to document the measurement system and instrumentation used

and to show calibration data to establish confidence in the experimental work conducted and for
future reference.

Whenever possible, all systems were switched on and left for at least 30 minutes to reach thermal
stability. This is particularly intended to stabilize the resistors used in pressure and displacement
measurements to convert a sensor mA signal to measured Volts. Test bench oil was also allowed
to circulate for thermal stability.

Ad11 Pressure sensors and convertor

With the kind permission of Ermetek three pressure transducers were obtained (Type WIKA
Tronic). The 4-20mA signal is converted to volts using a custom made resistance box with the
measuring circuit shown in figure A4.1.1. The conversion box was tested by measuring the zero
offset of one sensor through each channel. An offset of no more than ImV was found. To simplify
the administration, sensors are marked P1, P2 and P3 for the purpose of this study. The 4-20mA
sensor protocol is particularly practical and easy to use. The sensor regulates the current flow,
independent of the input veltage. This has the result that the measuring system is insensitive to
input voltages and voltage drop in the sensor wires cannot play a role. The 4mA signal is used as
a zero in order to supply power to the sensor at all times. The only component needed to convert
the'4-20mA signal to a voltage output is an accurate resistor. The voltage reading is converted
to engineering units using equation A4.1.1.

24V
G
Pressure
Signal
9]
400 Ohm
v
o -0

Figure A4.1.1 Circuit diagram for the conversion of mA to Volts.

[
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At4mA the signal voltageis approximately 1.6V and at FSD (Full Scale Deflection, that is 20mA)
the signa! voltage is 8V,

i 25
Eq A4.1.1 [MPa] = (Signal - Zero)-a
The value of 25 (in eq A4.1 .-1) is an arbitrary scale factor. In this case it refers to 25MPa at FSD.

To establish confidence in the sensors and to verify the unit conversion technique, sensor zero
readings and deadweight testing were done. Zero readings were done by putting sensors to
atmosphere and measuring signal voltage readings with a multimeter. Deadweight tests were
done, but after examination of the results, the deadweight tester proved faulty.

The sensors were consequently checked against an accurate reference bourdon tube pressure
sensor. The results are not intended to provide calibration factors, but merely to confirm the
accuracy and linearity. Many readings at different pressures were taken and the linearity and
accuracy were established (not shown). Accuracy of the pressure transducers at low values of full
scale deflection is not known.

Sensor Range (Bar) | Zero (Volt)
P1 250 1.605

P2 250 1.59

P3 400 1.591

A4.1.2 Flowrate

In this study a positive displacement flowmeter (Named VS1) and two turbine flowmeters fitted
to the test bench were used. All three flowmeter used were calibrated against a master flowmeter
at Hytec (Kempton park). This flowmeter was imported and calibrated in Germany. Unfortunately
no calibration documentation are available.

A4.1.2.1  Positive displacement flowmeter (VS1)

The V81 flowmeter (manufactured by VSE GmbH) is mounted on a sub-plate with hydraulic
connection ports. The display unit is compatible with a number of VSE type flowmeters and had
been altered (by the University of Pretoria, LGI) to give a voltage reading proportional to the
displayed value. In the specific combination used the displayed flow is exactly 5 times lower than
true flow through the meter. From calibration it was also determined that the voltage output do
not match the displayed value. (Figure A4.1.2) A correction factor is determined for use in data
analysis later on. (Equipment serial numbers in par A4.1.6) The VS1 flowmeter is shown in
photograph 8.
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_ V51 Readout vs volitage output
1.6 ; i i ;

VS1 Voltage output

0.2 i i i i

0 0.5 1 1.5 2 2.5
V51 Readout

Figure A3.1.2 VS1 Flowmeter output voltage calibration

A4.1.2.2  Turbine flow meters

The LGI test bench is fitted with Flo-check turbine flowmeters on each of the two 45LPM
pumps. These units are matched to digital display units in the control panel. Indicated on the
meters is factory calibrated frequency output versus flow, as indicated in the table:

Sensor Flow at 100 Hz Flow at 800 Hz
Turbine: Pump A 4.7 LPM 373 LPM
Turbine: Pump B 5.2LPM 41.2LPM

It is possible that the incorrect turbine units were originally installed on the test bench. The digital
readout A is marked for use with sensor #31502, but sensor #3 1503 is installed on the test-bench.
Since the units were recalibrated, this mismatch does not affect the readings taken.
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Turbine flowmeter Calibration at Hytec
50 I 7 ] ] T H 1 !
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Hytec Flowmeter reading “True flow” [0=31502 x=22752]

Figure A4.1.3 Turbine flowmeter calibration

A4.1.2.3  Determination of correction factors
Using the graphs shown above, a least-squares linear regression is fitted using the MATLAB
polyfit procedure. Parameters for the equation y = mx + ¢ is shown in the table below:

Sensor m C

VS1 0.63 -0.01

Turbine 31502 0.9978 |-0.5483

Turbine 22752 0.9464 |-0.3641

The true flow can be calculated with:
For VS1 flowmeter:
Display = voltoutput / m - C
eq A4.1.2 And: Display x 5 = TrueFlow
Thus: TrueFlow = (voltoutput /m - C) x 5

For turbine flowmeters: L
eq A4.1.3 TrueFlow = Reading /m - C
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A 413 Poppet displacement

In order to measure the logic element poppet displacement, a linear resistance transducer was
used, fitted to a custom manifold block. A voltage of approximately 24V is applied across the
resistor. The wiper output is scaled with a 1K and 2K ohm voltage divider to limit the maximum
voltage output. This is necessary since the Modacs data acquisition system has a maximum range
of 10V. It is, however, difficult to guarantee the applied voltage value (a voltage reference circuit
will have to be built), but it is known that the maximum poppet movement is 8mm. This can be
used to determine the displacement as follows:

eqA4.1.4 (MaxV - MinV) / 8 = [V/mm]
With MaxV and MinV obtained from the measured data.

With the [V/mm)] factor obtained, a displacement voltage measurement can be converted to a
displacement in millimeters.

A41.4  Solenoid voltage

In order to define an exact starting point for time delay determination, the time of solenoid voltage
application is recorded. Since any normal switch has a bounce period where the contacts rapidly
opens and closes (for about 5ms), a switch debounce circuit has to be used. The following circuit
was taken from Elektra Elektor project 914022 [Jeukendruk 1991] and adapted to drive power
transistors. The 24V solenoid voltage is measured with the aid of a voltage divider, since the
Modacs data acquisition system is only capable of measuring 10V maximum. The debounce
circuit was evaluated with a digital storage oscilloscope. It was found to eliminate more or less
80% of the switch bounce. The remaining bounce is less than Ims.
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I3

I1e THLSTS
I(2 = T64L58¢
IC3 = 7805

NG9
N

Solenoid Lot

Figure A4.1.4 Debounce circuit

A 415 Data acquisition

Modacs is a high speed, high accuracy data acquisition system. It consists of an analogue / digital
conversion unit with internal hard disk drive. An external notebook computer controls the data
acquisition process. After completion of tests, the data is transferred via a network connection
to a PC where a conversion program writes the data to MATLAB legible format. The unit has 12
analogue inputs with a maximum range of 10V DC. The maximum sample frequency is 4 kHz per
channel. After some initial experimentation it was decided to use a 2 kHz sample frequency (0.5
ms sample interval). This provided enough detail of the transient behaviour without unnecessary
noise. (Some experiments were conducted with a 1 kHz sample rate.) The Modacs is shown in

photograph 3.

A 416  Miscellaneous equipment and serial numbers

Type Model name / Type Serial number
Dual laboratory power supply Coutant LC60 IN-017

Digital storage oscilloscope Philips PM3335 0C-002
Multimeter Fluke 83 101134
Labworatory balance Mettler

Needle valve Bosh 0-811-300-001

Linear potentiometer

Midori; CS88-20-1
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Pressure sensor WIKA Tronic 250Bar 2051867 =P1

Pressure sensor WIKA Tronic 250Bar 2051872=P2
_{ Pressure sensor WIKA Tronic 250Bar 1071699 = P3

4Ch, 4-20mA Converter box for Custom Built GS1003

pIESSUre SEnsors .

Positive displacement flow sensor | VSE (GmbH) VS1 GP012V 120/93004

Positive displacement flow VSE (GmbH) MF1-3-220-5-1 436900

indicator (readout)

Modacs Mecalc 460656

Laptop IBM ThinkPad 365X 478829

Pump A flow control card QV60-RGC1 -

Pump A pressure control card PV60-RGC1 -

Pump B flow control card 4/3WV-NG10 -

Pump A pressure control card B830 303 035 -

Flow turbine A Flo-Teck FSC-500-6H 31503-R

Flow indicator A Flo-Teck DRM 100 31364-AB

Flow turbine B Flo-Teck FSC-500-6H 22752-R

Flow indicator B

Flo-Teck DRM 100

21785-AB




90 LPM Test Bench | A 4.2

This annexure contains information regarding the 90 LPM test bench, with a schematic of one
supply line shown in figure A4.2.1.

Flow

fontrst

Lignal
Pressure

Cantrat | Control
Cards

Sigrial
L

Control
Valves

HP Filter

4

Yalva AB
3IkW Mator Tehe 2

Quick Coupler

Figure A4.2.1 Schematic layout of one test bench pump and supply hoses

Ad4.2.1 Work done on the 90 LPM test bench

The test bench was in dire need of repair and upgrading in order to fulfilf the tasks required and
to provide future usefulness. The following tasks are noted to record the status of the test bench
as used in this work:

1. Pump and control-cards testing. The test bench had not been used recently. In order not
to cause any potential damage and to establish the test bench condition, the two main
pumps and their respective control cards were sent to Hyflo Pty (Ltd.) for testing. The
pumps tested 100%, but two of the four control cards were found to be defective. Two
new control cards and new filter elements were purchased.

2. Pipe reinstallation. The test bench is capable of controlling and delivering the A and B
flows individually. Only one of the supply lines was found to be installed. A second
hydraulic line was installed from the main pump to the user console.

3. Flush-line circuit. The circulation (flush) pump was refitted. After careful inspection it
was found that the original flush-line circuit was incorrectly installed. The flush circuit
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would not have been able to function. This fault was repaired.

4. Rewiring. With the new control cards, and the current state of wiring, it was decided to
rewire the control panel. The power supply transformer was also found to be insufficient
and replaced. Currently, the power supply smoothing capacitors are sub-standard, but
provide adequate performance. Future replacement is suggested.

5. Diagrams. The electrical circuit diagrams were updated.

6. Calibration. The test bench is fitted with turbine flowmeters. These sensors were
calibrated at Hytec Pty (Ltd). Results of this calibration are shown in paragraph A4.1.2.

7. Occasionally it was found that the turbine flowmeters showed incorrect readings. To find

the fault, two BNC tap points were installed in the turbine sensor signal lines for
examination on an oscilloscope. This installation solved the problem. Improper grounding
was the likely cause.

8. The test bench uses quick couplers at the user console to aid in quick experzmental setups.
This works well, but the drain line resistance and inertia can influence measurements
drastically. From experiments conducted, the drain line resistance (including one quick
coupler) was measured and is shown in figure A4.2.2.

A4.2.2  Suggested future work to be done on the test bench
1. The control cards’ gain and zero points are not precisely set up. New control

potentiometers and voltmeters in the control panel should be installed before attempting
to fine-tune these values.

2. New smoothing capacitors for the power supply are necessary.

3. One of the master dial pressure gauges was never installed and is available for fitment.

4. The hydraulic reservoir tank should be opened, cleaned, checked for leakage and sealed
properly to assure clean oil,

5. The filter pressure switches and thermostat indicator lights are not wired. For prolonged
operation the heat exchanger should be tested for proper cooling of the oil.

6. The step response of the test bench should give valuable information with which to create

future models. It should be possible to measure step response if a very fast acting
proportional valve is fitted to the test bench and switched. Another method of obtaining
similar data might be to close the test bench supply port at the user console and apply a
step input to the control card inputs. It should be noted that the response obtained will be
for a zero flow rate situation.
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A4.23 Drhin line resistance

The drain line returns oil to the test bench reservoir. During experiments a large flow resistance
. was measured in the drain line, with a large volume of oil that has to be accelerated. To overcome
this problem, oil was drained directly into a 210/ drum, before being returned to the main
reservoir. For reference the drain line resistance is given in figure 4.2.2.

Steady state pressure drop for drain fine T1 with quick coupler
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Figure A4.2.2 Test bench drain line steady state flow resistance
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A 4.2.4  Test bench supply line volume

As mentioned throughout this document, the supply line caused several inaccuracies. The
dimensions as measured and used in the AMESim models are given in the following table. (These
dimensions are not accurately known, especially the pipe internal diameters that are only
estimated, based on catalog data). Data regarding the drain line should ideally also be obtained
and used, if a detailed model of the test bench is to be constructed.

Name | Material | Length | Length Outer Internal
[m] [m] diameter diameter
Pump A | Pump B [mm] (Est.)) [mm]
R1 | Rubber 33 33 35 23
R2 | Rubber 1 1 40 27
S1 Steel 52 5.6 30 24
R3 | Rubber 0.5 0.5 40 27
S2 Steel 0.1 0.3 20 15
S3 | Steel 0.6 0.6 20 15
HP | Steel 0.3 04 100 80
Filter
Total 6.2 6.9
Volume Litre Litre -
Total 13.1 Litre

A 425 Ground loops

During the initial stages of the experimental work a severe ground loop problem was encountered.
The problem was very elusive since the typical 50Hz signal was masked with other noise. When
recording data, almost none of the dynamic performance could be seen under the noise signal. The
problem could not be pinpointed. Finally, a 100V ac signal was measured on the data acquisition
system casing (supposed to be grounded). This was attributed to seawater that had seeped into
the electrical cables when they were previously used on a ship. New power cables and proper
grounding solved the problem. (This paragraph serves as a personal reminder of the many hours
spent in utter despair to obtain usable data.) |




Custom Test Equipment A 4.3

Several

pieces of equipment were manufactured in order to complete the experimental work. The
engineering drawings for most of these are given for reference.
A 431  CSSFiller plug
A432  CSS Spacer
A 433  LC25 Stroke Limiter
A 434  Manifold CSS; Hytec drawing number A 120 7820 00, Job No. 650264
A435  Threaded Plug for Manifold CSS: Drawing number A 320 7823 00
A43.6  Adapterfor Manifold CSS or WSE (original) Manifold: Drawing number A 220 7820

00

As mentioned in chapter 4, a special test block was manufactured to facilitate the dynamic
measurement of the logic element poppet displacement and control circuit pressures. A
comparison of the physical differences between the old (original manifold) and new WSE
(manifold CSS) block can be made as follows:

1

Mass of poppet: In order to install the CSS displacement transducer, an aluminium
spacer (A4.3.2) is inserted into the logic element poppet. It is kept in position by the logic
element spring. The CSS transducer also adds some mass and slightly more friction to the
logic element poppet.

Spring stiffness: With the CSS spacer installed, the logic element spring is compressed
1 mm more.

Flow restrictions in block: The block has much longer channels and more bends in them
than the original block. The original block has about 40mm long channels with 2 bends.
The new block has about 150mm channels and 3 bends per pilot valve (WSE) port. These
ports are however quite large in diameter and the effect is ignored.

~ Orifices: The 1 mm protection orifices were not installed in the new block.

CSS interference: The CSS transducer has a collet on its tip. This collet can close off the
logic element chamber flow, should the spacer be too short. Care should be taken when
installing the spacer that the CSS shaft is guided into the tip of the spacer. The CSS sensor
is hollow, and more oil is subjected to the control chamber pressure than with the original
block. From simulation the effects of this volume is found to be small and the effect is
ignored. In experiments without the CSS, it was replaced with an aluminium plug to
compensate for the additional oil volume.

More chance of air: The new block has more channels, as mentioned. Most of them have
drillings that are plugged. An air bubble could easily get trapped in the dead end of the
drilling.
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Figure A4.3.1 Plug used to fill CSS port
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Figure A4.3.2 Spacer used to activate CSS sensor
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Figure A4.3.3 Stroke limiter manufactured for use on the LC25.
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MATLAB Model Results | A § ]

The information in this annexure forms part of chapter 5 where model and experimental data are
correlated. Since stable functioning of the MATLAB model was not obtained, this discussion is
not included in the main text.

The MATL AB model developed uses lumped orifices and fluid volumes. Unfortunately very few
stable solutions were found with the MATLAB model. As mentioned in paragraph 3.9, the
MATL AB model used was simplified by removing the flow connection of the pilot circuit (WSE3
valve) from the main system flow. To test the validity of this assumption, one model with the

flows incorporated was correlated with the standard model without the flows in figure A5.1. From

the figure (note magnified scale) it is clear that the additional flow connection does bring the

model closer to the AMESim trend, but that it does not alter the dynamics of interest materially.

The different initial behaviour of the model could, however, affect the calculated 5% or 95% base

delay value, depending on the overall flow through the valve.

Pilot flow presence effoct on the MATLAB system mode!
4.65 _I T 1 T ] ¥
Opening Behavior
MATLAB WITHOUT

461 / pilot flow added
»
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o
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9 MATLAB WITH
o pilot flow added

EXP
4.451
4.41
i
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Figure AS.1 Experiment regarding pilot valve circuit flow addition in the
MATLAB model.

Another assumption initially made in the MATLAB model is that the logic element poppet
chamber is a static fluid volume (does not create a flow when its volume changes, Flowrate =
poppet speed * poppet area). Upon investigation it was found that because of the poppet speed,
the flow rate generated is not negligible. Adding the poppet chamber flow caused further
instability in the MATLAB solver. This can be seen from figure 5.13. In this figure the integrator
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tolerance requirements were changed to test for convergence. The solutions generated did not
converge and required many days to compute. In the few cases where a solution was found, the
poppet velocity profile matched the AMESim velocity profile much better, This indicates that the
initial assumption is not valid (relative to AMESim at least). Numerical experiments conducted
included adding only a fraction of the poppet chamber flow to investigate the model sensitivity.
This proved unsuccessful and stability was not reached (This was done using the ‘Fra¢’ term in
equation 4.13). |

It is not feasible to show all the versions of MATLAB models created. In general it is expected
that for a tighter tolerance requirement on the solver a more stable (and accurate) solution should
be obtained. However, a specific solution is only stable for a certain band of tolerance
requirements. Some of the errors obtained are listed in general format:

. Warnings that the Jacobian matrix is badly conditioned or singular.

. The solution file generated is to large to handle. A Pentium IT computer with 265Mb Ram
ran out of memory (even with disk swap space available).

. The integration step size required by the solver is smaller than the machine precision. For

one specific simulation run it was calculated that a 5 second run would require three years
to compute at the ruling simulation speed.
. Completely random or trivial solutions found.

The MATLAB ODE suite (a set of DEQ solvers) contains several different integration algorithms.
The ODE15s algorithm produced the best results. All the other algorithms were tested, but either
took far more time to solve with many singularity warnings or did not find a solution at ali.

AMESim and MATLAB correlation for different solver parameters
Indicated Parameter = Absolute tolerance required of solver

teltcl=1e-1 f r
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Figure A5.2 MATLAB solver instability for different tolerance requirements.
The model has the full poppet chamber flow added.

Neil Janse van Rensburg ~ July 2000




Photographs A 6

Photo 1

Photo 2

Photo 3

Photo 4

Photo 3

Photo 6

Photo 7

Photo 8

Two test bench pumps with oil reservoir

Detail of single test bench pump

Modacs data acquisition system and power supply

Linear damper with bypass valve system visible on lower side
Valve system with parallel damper mounted on test bench
Manifold CSS with pressure transducers and pilot valve fitted

Valve system mounted in test bench with drum to receive drain line oil
(Final experimental pipe configuration not shown.)

VSt flowmeter with CP108 check valve fitted in a mounting block.
Pressure transducers are connected on each of the two CP 108 ports.
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Photo 5 Valve system with parallel damper mounted on test bench

Photo 6 Manifold CSS with pressure transducers and pilot valve fitted
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Photo 7 Valve system mounted in test bench with
drum to receive drain line oil (Final experimental
pipe configuration not shown).

Photo 8 VS1 flowmeter with CP108 chech valve fitted in a mounting block.
Pressure transducers are connected on each of the two CP 108 ports.




