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1 Getting Started

What Is SimHydraulics?

1-2

SimHydraulics is a modeling environment for the engineering design and
simulation of hydraulic power and control systems within Simulink® and
MATLAB®. It is based on the Physical Network approach and contains

a comprehensive library of hydraulic blocks, as well as one-dimensional
translational and rotational mechanical elements and utility blocks.

SimHydraulics and Physical Modeling

SimHydraulics is part of Simulink Physical Modeling, encompassing the
modeling and design of systems according to basic physical principles.
Physical Modeling runs within the Simulink environment and interfaces
seamlessly with the rest of Simulink and with MATLAB. Unlike other
Simulink blocks, which represent mathematical operations or operate
on signals, Physical Modeling blocks represent physical components or
relationships directly.

Note This SimHydraulics User’s Guide assumes that you have some
experience with modeling hydraulic systems, as well as with building and
running models in Simulink.

Getting Online Help for SimHydraulics

You can get help online in a number of ways to assist you while you use
SimHydraulics.

Using the MATLAB Help System for Documentation and Demos

The MATLAB Help browser allows you to access the documentation and demo
models for all the MATLAB and Simulink based products that you have
installed. The online Help includes an online index and search system.

Consult the “Help Browser” section of the Getting Started with MATLAB
documentation for more about the MATLAB Help system.



Related Products

Related Products

SimHydraulics is the extension of the Physical Modeling family, expanding
Simulink capabilities to model and simulate hydraulic and inherently
connected to them mechanical one-dimensional translational and rotational
elements and devices.

Requirements for SimHydraulics
You must have the following products installed to use SimHydraulics:

e MATLAB 7

e Simulink 6

Other Related Products

The related products listed in the SimHydraulics product page at the
MathWorks Web site include toolboxes and blocksets that extend the
capabilities of MATLAB and Simulink. These products will enhance your use
of SimHydraulics in various applications.

The Physical Modeling Product Family
In addition to SimHydraulics, the Physical Modeling product family includes:

¢ SimMechanics, for modeling and simulating general mechanical systems
® SimDriveline, for modeling and simulating powertrain systems

* SimPowerSystems, for modeling and simulating electrical power systems

Use these products together to model physical systems in Simulink.

For Information About MathWorks Products
For more information about any MathWorks software products, see either

¢ The online documentation for that product if it is installed

e The MathWorks Web site at www.mathworks.com
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Basic Principles of Modeling Physical Networks

SimHydraulics is a set of block libraries and special simulation features
for use in the Simulink environment. It is based on the Physical Network
approach. You connect SimHydraulics blocks to regular Simulink blocks
through special Converter blocks.

Simulink blocks represent basic mathematical operations. When you
connect Simulink blocks together, the resulting diagram is equivalent to the
mathematical model, or representation, of the system under design. Unlike
Simulink, SimHydraulics uses a network representation of the system under
design, based on the Physical Network approach. According to this approach,
each system is represented as consisting of functional elements that interact
with each other by exchanging energy through their ports.

The number of connection ports for each element is determined by the number
of energy flows it exchanges with other elements in the system, and depends
on the level of idealization. For example, a fixed-displacement hydraulic
pump in its simplest form can be represented as a two-port element, with one
energy flow associated with the inlet (suction) and the other with the outlet.
In this representation, the angular velocity of the driving shaft is assumed
constant, making it possible to neglect the energy exchange between the
pump and the shaft. To account for a variable driving torque, you need a third
port associated with the driving shaft.

An energy flow is characterized by its variables. Each energy flow is associated
with two variables, one Through and one Across (see “Variable Types” on page
1-5 for more information). Usually, these are the variables whose product is
the energy flow in watts. They are called the basic, or conjugate, variables.
For example, the basic variables for mechanical translational systems are
force and velocity, for mechanical rotational systems — torque and angular
velocity, for hydraulic systems — flow rate and pressure, for electrical systems
— voltage and current.

The following example illustrates a Physical Network representation of a
double-acting hydraulic cylinder.
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The element is represented with three energy flows: two flows of hydraulic

energy through the inlet and outlet of the cylinder and a flow of mechanical
energy associated with the rod motion. It therefore has the following three

connector ports:

* A — Hydraulic conserving port associated with pressure p, (an Across
variable) and flow rate q, (a Through variable)

¢ B — Hydraulic conserving port associated with pressure p, (an Across
variable) and flow rate g, (a Through variable)

¢ R — Mechanical translational conserving port associated with rod velocity
v, (an Across variable) and force F, (a Through variable)

See “Connector Ports and Connection Lines” on page 1-6 for more information
on connector port types.

Variable Types

SimHydraulics supports two types of variables:

® Through — Variables that are measured with a gauge connected in series
to an element.

® Across — Variables that are measured with a gauge connected in parallel
to an element.

The following table contains examples of Through and Across variables
specific to hydraulic, mechanical, electrical, and thermal systems:

1-5
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Technology Across variables Through variables
Mechanical Position Force
Linear velocity Torque

Linear acceleration

Angle
Angular velocity
Angular acceleration
Hydraulic Pressure Flow rate
Volume
Electrical Voltage Current
Flux Charge
Thermal Temperature Heat flow
Enthalpy
Entropy

Connector Ports and Connection Lines
SimHydraulics blocks may have the following types of ports:

® Physical Conserving ports — Bidirectional hydraulic or mechanical ports
that represent physical connections and relate physical variables based
on the Physical Network approach.

® Physical Signal ports — Unidirectional ports transferring signals that use
an internal SimHydraulics engine for computations.

Each of these ports and connections between them are described in greater
detail below.

Physical Conserving Ports

SimHydraulics blocks have special Conserving ports B. You connect
Conserving ports with Physical connection lines, distinct from normal
Simulink lines. Physical connection lines have no inherent directionality and

1-6
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represent the exchange of energy flows, according to the Physical Network
approach.

® You can connect Conserving ports only to other Conserving ports of the
same type.

® The Physical connection lines that connect Conserving ports together
are bidirectional lines that carry physical variables (Across and Through
variables, as described above) rather than signals. You cannot connect
Physical lines to Simulink ports or to Physical Signal ports.

® Two directly connected Conserving ports must have the same values for all
their Across variables (such as pressure or angular velocity).

® You can branch Physical connection lines. When you do so, components
directly connected with one another continue to share the same Across
variables. Any Through variable (such as flow rate or torque) transferred
along the Physical connection line is divided among the multiple
components connected by the branches. How the Through variable is
divided is determined by the system dynamics.

For each Through variable, the sum of all its values flowing into a branch
point equals the sum of all its values flowing out.

The following table lists the types of Physical Conserving ports used in
SimHydraulics, along with the Through and Across variables associated
with each type:

Port type Across variable Through variable
Hydraulic Pressure Flow rate
Mechanical Translational velocity Force
Translational

Mechanical Rotational  Angular velocity Torque

Physical Signal Ports

Physical Signal ports I carry signals between SimHydraulics blocks. You
connect them with regular connection lines, similar to Simulink signal
connections. Physical Signal ports are used in SimHydraulics block diagrams
instead of Simulink input and output ports to increase computation speed and

1-7
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avoid problems with algebraic loops. Unlike Simulink signals, which are
essentially unitless, physical signals can have units associated with them.
You specify the units along with the parameter values in the block dialogs,
and SimHydraulics performs the necessary unit conversion operations when
solving a physical network.

Connecting SimHydraulics Diagrams to Simulink
Sources and Scopes

SimHydraulics block diagrams use physical signals instead of regular
Simulink signals. Therefore, you need converter blocks to connect
SimHydraulics diagrams to Simulink sources and scopes.

Use the Simulink-PS Converter block to connect Simulink sources or other
Simulink blocks to the inputs of a Physical Network diagram. You can
also use it to specify the input signal units. For more information, see the
Simulink-PS Converter block reference page.

Use the PS-Simulink Converter block to connect outputs of a Physical
Network diagram to Simulink scopes or other Simulink blocks. You can also
use it to specify the desired output signal units. For more information, see
the PS-Simulink Converter block reference page.



Modeling Hydraulic
Systems

This chapter introduces you to modeling hydraulic systems with
SimHydraulics. After reviewing the essential rules of connecting blocks and
working with fluids, it moves you from the simplest model to a complete
hydraulic system simulation in a series of short tutorials. The later examples
build cumulatively on the earlier ones but are presented in a way that allows
you to learn from one without studying the others.

Introducing the SimHydraulics Overview of the library structure
Block Libraries (p. 2-2)

Essential Steps to Building a Describes general modeling
Hydraulic Model (p. 2-5) techniques

Creating a Simple Model (p. 2-8) Step-by-step example of creating a

very simple SimHydraulics model

Modeling Power Units (p. 2-26) Describes how to model hydraulic
power units

Modeling Directional Valves (p. 2-30) Describes how to model directional
valves
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Introducing the SimHydraulics Block Libraries

This section shows you how to open and use the block libraries in
SimHydraulics:

e “Library Structure Overview” on page 2-2

® “Using the Simulink Library Browser to Access the Block Libraries” on
page 2-2

® “Using the Command Prompt to Access the Block Libraries” on page 2-3

Library Structure Overview

SimHydraulics uses the Physical Networks library as its main library. This
library organizes its blocks into the following libraries:

® Foundation library — Contains basic hydraulic, mechanical, and physical
signal blocks

¢ SimHydraulics library — Contains advanced hydraulic diagram blocks,
such as valves, cylinders, pipelines, pumps, and accumulators

e Utilities library — Contains essential environment blocks for creating
Physical Networks models

You can combine all these blocks in your SimHydraulics diagrams to

model hydraulic systems. You can also use the basic Simulink blocks in
your diagrams, such as sources or scopes. See “Connecting SimHydraulics
Diagrams to Simulink Sources and Scopes” on page 1-8 for more information
on how to do this.

Using the Simulink Library Browser to Access the
Block Libraries

On Microsoft Windows, you can access the blocks through the Simulink
Library Browser. To display the Library Browser, click the Library Browser

button ﬁ in the toolbar of the MATLAB desktop or Simulink model window,
or type simulink in the MATLAB Command Window. Then expand the
Physical Networks entry in the contents tree.
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Using the Command Prompt to Access the Block

Libraries
On any platform:

® To open the Physical Networks library, type pn_1ib in the MATLAB
Command Window.

® To open the main Simulink library (to access generic Simulink blocks), type
simulink in the MATLAB Command Window.
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The Physical Networks library consists of three top-level libraries, as shown
in the following illustration. Some of these libraries contain second-level
and third-level sublibraries. You can expand each library by double-clicking
its icon. For more details on library hierarchy and descriptions of block
categories, see “Blocks — By Category”.

E!Lihrary: pm_libw1 I [=] (S

File Edit View Formab Help

Foundation Libr=ns SimHydmulics ] Utilities

Fhrysical Networs
Copynght () 20052006 The MzathiWors, Inc.
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Essential Steps to Building a Hydraulic Model

The rules that you have to follow when you build a hydraulic model with
SimHydraulics are described in “Basic Principles of Modeling Physical
Networks” on page 1-4. This section briefly reviews these rules.

SimHydraulics blocks, in general, feature both Conserving ports B and
Physical Signal inports and outports [».

There are three types of Physical Conserving ports used in SimHydraulics:
hydraulic, mechanical translational, and mechanical rotational. Each type
has specific Through and Across variable associated with it.

You can connect Conserving ports only to other Conserving ports of the
same type.

The Physical connection lines that connect Conserving ports together
are bidirectional lines that carry physical variables (Across and Through
variables, as described above) rather than signals. You cannot connect
Physical lines to Simulink ports or to Physical Signal ports.

Two directly connected Conserving ports must have the same values for all
their Across variables (such as pressure or angular velocity).

You can branch Physical connection lines. When you do so, components
directly connected with one another continue to share the same Across
variables. Any Through variable (such as flow rate or torque) transferred
along the Physical connection line is divided among the multiple
components connected by the branches. How the Through variable is
divided is determined by the system dynamics.

For each Through variable, the sum of all its values flowing into a branch
point equals the sum of all its values flowing out.

You can connect Physical Signal ports to other Physical Signal ports with
regular connection lines, similar to Simulink signal connections. These
connection lines carry physical signals between SimHydraulics blocks.

You can connect Physical Signal ports to Simulink ports through special
converter blocks. Use the Simulink-PS Converter block to connect Simulink
outports to Physical Signal inports. Use the PS-Simulink Converter block
to connect Physical Signal outports to Simulink inports.

2-5
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® Unlike Simulink signals, which are essentially unitless, Physical Signals
can have units associated with them. SimHydraulics block dialogs let you
specify the units along with the parameter values, where appropriate. Use
the converter blocks to associate units with an input signal and to specify
the desired output signal units.

For examples of applying these rules when creating an actual hydraulic
model, see “Creating a Simple Model” on page 2-8.

It is recommended that you build, simulate, and test your model incrementally.
Start with an idealized, simplified model of your system, simulate it, verify
that it works the way you expected. Then incrementally make your model
more realistic, factoring in effects such as friction loss, motor shaft compliance,
hard stops, and the other things that describe real-world phenomena.
Simulate and test your model at every incremental step. Use subsystems

to capture the model hierarchy, and simulate and test your subsystems
separately before testing the whole model configuration. This approach helps
you keep your models well organized and makes it easier to troubleshoot them.

Working with Fluids

A change in the working fluid affects the global parameters of the system.
Global parameters, determined by the type of working fluid, are used in
equations for most hydraulic blocks. For example, valves, orifices, and
pipelines use fluid density and fluid kinematic viscosity; chambers and
cylinders use fluid bulk modulus; and so on. When you change the type of
fluid, the appropriate changes to the global parameter values are propagated
to all the blocks in the hydraulic circuit.

Each topologically distinct hydraulic circuit in a diagram requires exactly one
Hydraulic Fluid block or Custom Hydraulic Fluid block to be connected to it.

® The Custom Hydraulic Fluid block lets you directly specify the fluid
properties, such as fluid density, kinematic viscosity, bulk modulus, and
the amount of entrapped air, in the block dialog.

¢ The Hydraulic Fluid block lets you select a type of fluid from a predefined
list and specify the amount of entrapped air and fluid temperature.
SimHydraulics determines the fluid properties associated with this type of
fluid and these conditions and displays them in the block dialog.
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In both cases, SimHydraulics then applies the fluid properties as global
parameters to all the blocks in the hydraulic circuit.

2-7
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Creating a Simple Model

In this example, you are going to model a simple hydraulic system and observe
its behavior under various conditions. This tutorial illustrates the essential
steps to building a hydraulic model, described in the previous section, and
makes you familiar with using the basic SimHydraulics blocks.

The tutorial consists of the following tasks:

¢ “Building a SimHydraulics Diagram” on page 2-8
® “Modifying Initial Settings” on page 2-15
® “Running the Simulation” on page 2-19

® “Adjusting the Parameters” on page 2-21

Building a SimHydraulics Diagram

The following schematic represents the model you are about to build.
It contains a single-acting hydraulic cylinder, which is controlled by an
electrically operated 3-way directional valve. The cylinder drives a load
consisting of a mass, viscous friction, and preloaded spring.

cu --»zF E }f\f

The power unit consists of a motor, a positive-displacement pump, and a
pressure relief valve. Depending on its characteristics, such a power unit can
be modeled in a variety of ways, as described in “Modeling Power Units” on
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page 2-26. In this example, the pump unit is assumed to be powerful enough
to maintain constant pressure at the valve inlet, therefore we are going to
represent it in the diagram by an Ideal Hydraulic Pressure Source block.

To create an equivalent SimHydraulics diagram, follow these steps:

1 Open the Physical Networks and Simulink block libraries, as described in
“Introducing the SimHydraulics Block Libraries” on page 2-2.

2 Create a new Simulink model. To do this, click the New button on the
Library Browser’s toolbar (Windows only) or choose New from the library
window’s File menu and select Model. Simulink creates an empty model
in memory and displays it in a new model editor window.

3 Open the Physical Networks > Foundation Library > Hydraulic > Hydraulic
Sensors and Sources library and drag and drop the Ideal Hydraulic
Pressure Source block into the model window.

4 Open the Physical Networks > SimHydraulics > Hydraulic Cylinders
library and place the Single-Acting Hydraulic Cylinder block into the
model window.

5 To model the valve, open the Physical Networks > SimHydraulics > Valves
library. Place the 3-Way Directional Valve block, found in the Directional
Valves sublibrary, and the 2-Position Valve Actuator block, found in the
Valve Actuators sublibrary, into the model window.

6 Connect the blocks as shown in the following illustration.

2-9
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7 Ports T of the Ideal Hydraulic Pressure Source and 3-Way Directional Valve
blocks have to be connected to tank, at atmospheric pressure. To model this
connection, open the Physical Networks > Foundation Library > Hydraulic
> Hydraulic Elements library and add the Hydraulic Reference block to
your diagram, as shown below. To do this, connect the only port of the
Hydraulic Reference block to port T of the Ideal Hydraulic Pressure Source
block, then right-click this connection line to create a branching point, and
connect this point to port T of the 3-Way Directional Valve block.
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8 Model the mechanical load for the cylinder. Open the Physical Networks >
Foundation Library > Mechanical > Translational Elements library and
add the Mass, Translational Spring, Translational Damper, and three
Mechanical Translational Reference blocks to your diagram.

To indicate that the cylinder case is fixed, connect port C of the Single-Acting
Hydraulic Cylinder block to one of the Mechanical Translational Reference
blocks. To rotate the Mechanical Translational Reference block, select it
and press Ctrl+R. You can also shorten the block name to MTR to make
the diagram easier to read.

Connect the other blocks to port R of the Single-Acting Hydraulic Cylinder
block, as shown below.
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9 Now you need to add the sources and scopes. They are found in the regular

2-12

Simulink libraries. Open the Simulink > Sources library and copy the
Constant block and the Sine Wave block into the model. Then open the
Simulink > Sinks library and copy two Scope blocks. Rename one of the

Scope blocks to Valve. It will monitor the valve opening based on the input

signal variation. The other Scope block will monitor the position of the

cylinder rod; rename it to Position.
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10 Double-click the Valve scope to open it. In the scope window, click to

access the scope parameters, change Number of axes to 2, and click OK.
The scope window now displays two sets of axes, and the Valve scope in
the diagram has two input ports.

Every time you connect a Simulink source or scope to a SimHydraulics
diagram, you have to use an appropriate converter block, to convert
Simulink signals into physical signals and vice versa. Open the Physical
Networks > Utilities library and copy two Simulink-PS Converter blocks
and two PS-Simulink Converter blocks into the model. Connect the blocks
as shown below.
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12 To specify the fluid properties, add the Hydraulic Fluid block, found in
the Physical Networks > SimHydraulics > Hydraulic Utilities library, to
your diagram. You can add this block anywhere on the hydraulic circuit
by creating a branching point and connecting it to the only port of the

Hydraulic Fluid block.

13 Each topologically distinct physical network in a diagram requires exactly
one Solver Configuration block, found in the Physical Networks > Utilities
library. Copy this block into your model and connect it to the circuit, similar
to the Hydraulic Fluid block. Your diagram now should look like this.
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14 Your block diagram is now complete. Save it as simple.mdl.

Modifying Initial Settings

After you have put together a block diagram of your model, as described in the
previous section, you need to select a solver and provide the correct values for
block parameters. All the blocks have default parameter values that allow

them to run “out of the box,” but you may need to change some of them to suit

your particular application.

To prepare for simulating the model, follow these steps:

1 Select a Simulink solver. On the top menu bar of the model window,
select Simulation > Configuration Parameters. The Configuration
Parameters dialog box opens, showing the Solver node.
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Under Solver options, set Solver to ode15s (Stiff/NDF) and Max step
size to 0.2.

Also note that Simulation time is specified to be between 0 and 10
seconds. You can adjust this setting later, if needed.

E! Configuration Parameters: simple/Configuration x|
Select — Simulation ti
- Solver Start time: [ 0.0 Stop tima:IT i1}
-~ Data Import/E xpart
- O ptimization e ——
[Z- Diagrostics
- Sample Time Tppe: I ariable-step LI Salver: I ode15s (stiff/MDF) LI
- Datatalidity . Max step size: II] 2 Relative tolerance: |1 &3
- Type Conversion
- Cannectivity bin step size: |aut0 Absolute tolerance: |aut0
- Compatibility Iriitial step size: Iauto Mazimum order: I 5 LI
- Model Referencing 7 X ot Jee looal sott _I
. -
- Hardware Implsmentation 10 crossing conl ro.l se local settings
- Model Referencing Solver reget method, I Fast LI
El-Real Time \warkshop [~ Automatically handle data transfers bebween tasks
- Comments
- Symbals —Solver diagnostic contral
Custom Code
Diebug Mumber of consecutive min step size violations allowed:l‘l
Interface Consecutive zero crozsings relative tolerance: I'IEI"T 28%ps

Mumber of consecutive zero crossings allowed: |1DDD

ok I Cancel |

e soply

Click OK to close the Configuration Parameters dialog box.

2 Select a fluid. Double-click the Hydraulic Fluid block. In the Block
Parameters dialog box, set Hydraulic Fluid to Skydrol 5 and set the
other block parameters as shown below.
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[Z1Block Parameters: Hydraulic Fluid

—Hydraulic Fluid

Select working fluid for a particular loop. Every loop in the syztem must be

az mary hypdraulic fluid blocks az there are loopsz in the system,

connected to either Hpdraolic Fluid or Custom Hedraulic Fluid block, There must be

—Parameters

Hydraulic fuid: I Skydral-5

Relative amaount of trapped air: ID.DD2

Syztem temperature [C]: |4D

Fluid Properties
Densit:  |561.445 kg/m"3
Viscosiy: 574165 et
Bulk modulus: |1.31 3d7e+009 Fa

ok I Cancel

Click OK to close the Block Parameters dialog box.

3 Specify the units for the pressure input signal. Simulink signals are
unitless. When you convert them to physical signals, you can supply units
by using the converter blocks. Double-click the Simulink-PS Converterl
block, enter Pa in the Unit text box, and click OK. When SimHydraulics
parses the model, it matches the input signal units with the block input
ports and provides error messages if there is a discrepancy. For more

information, see “Model Validation” on page 3-3.

4 Specify a realistic value for the pressure input signal. Double-click the
Constant block, enter 10e5 in the Constant value text box, and click OK.

5 Open the 2-Position Valve Actuator block and note that its Nominal

Signal Value parameter is set to 24.

6 Double-click the Sine Wave block and change its Amplitude to a value
greater than 50% of the nominal signal value for the 2-Position Valve

Actuator block, for example, to 20.
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7 Adjust the 3-Way Directional Valve block parameters as shown below.

E Block Parameters: 3-Way Directional ¥Yalve x|

— 2-w ay Directional Walkve

The block zimulates a 3-way directional continuous valve az a data sheet-bazed
maodel To parameterize the block, 3 optiohs are available: [1] by maximum area and
contral member stroke, [2] by the table of valve area vs. contral member
dizplacement, and [3] by the pressure-flow rate characternistics. The lookup table
black is used in the second and third cazes for interpolation and extrapalation. 3
methods of interpolation and 2 methods of extrapolation are provided to choose from.

Connection: P, T, and & are hpdradlic conzerving ports associated with the valve
inlet, outlet, and actuatar terminal respectively. Connection 5 is a physical signal port
through which control zignal iz applied. Positive zignal at port 5 openg orifice P-4 and
clozes orifice &-T.

—Parameters
todel parameterization; I By masimum area and opening LI
Walve parzage masimum -
area: |1e-4 I m2 LI
Walve maximum opening: ID o I m LI

Flow discharge coefficient: ID 7

Orifice P-4 initial opening: ID I m LI

Orifice A-T initial opening: ID.EIB I m LI

Critical Feynolds number: |1 2

Leakage area: [ie® jm2 =]

ak. I Cancel

Apply |

8 Adjust the Single-Acting Hydraulic Cylinder block parameters as shown
below.
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E! Block Parameters: Single-Acting Hydraulic Cylind x|

— Single-t.cting Hydraulic: Cylinder

Thiz block reprezents a single-acting hydraulic cylinder, that iz, a device that
tranzfers force and motion in one direction only, The model of the cplinder iz built of
the folloving building blocks: Tranzlational Hydro-Mechanical Corverter, Wariable
Wolume Chamber, Translational Hard Stop, and [deal Translational Mation Sensor.
The rod motion iz limited with the mechanical Tranglational Hard Stop block.
Connectionz B and C are mechanical tranzlational conzerving ports comesponding to
the cylinder rod and cplinder clamping structure, respectively, Connection & iz a
hdraulic conzerving port agzociated with the cylinder inlet. The phyzical zsignal
output port provides rod displacement. The block, directionality iz adjustable and can
be controlled with the Culinder orientation parameter.

—Parameters

Piston area: |[XiTE fm2 =]
Pistan stroke: ID_25 I M :I
Piston initial position: [os fm |
Dead volume: [1e08 fm™a =]
Specific heat ratio; I-I P

Contact stiffness: |-| a+07 | i ;I
Contact damping: |250 | /) LI
Cylinder arienitation: I Atz in positive direction LI

ak. I Cancel

9 Double-click the Mass block and change its Mass to 4.5 kg.

10 Double-click the Translational Damper block, which models the viscous
friction, and change its Damping coefficient to 250 s*N/m.

11 Double-click the Translational Spring block. Set its Spring rate to 6e3
N/m and Initial deformation to 0.02 m.

12 Save the model.

Running the Simulation

After you've put together a block diagram and specified the initial settings for
your model, you can run the simulation.
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1 The input signal for the valve opening is provided by the Sine Wave block.
The Valve scope reflects both the input signal and the valve opening as
functions of time. The Position scope outputs the cylinder rod displacement
as a function of time. Double-click both scopes to open them.

2 To run the simulation, click 4 in the model window toolbar. SimHydraulics
solver evaluates the model, calculates the initial conditions, and runs
the simulation. For a detailed description of this process, see “How
SimHydraulics Works” on page 3-2. Completion of this step may take a
few seconds. The message in the bottom-left corner of the model window
provides the status update.

3 Once the simulation starts running, the Valve and Position scope windows
display the simulation results, as shown in the next illustration.

vave _ioix
SBH LLp ABE DaT -

Input zignal

Tirme offset: 0
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Time offset: 0

As you see, in the beginning the valve is closed. Then, as the input signal
reaches 50% of the actuator’s nominal signal, the valve gradually opens to
its maximum value and moves the cylinder rod in the positive direction.

When the input signal goes below 50% of the nominal signal, the actuator
closes the valve. The spring returns the cylinder rod to its initial position.

You can now adjust various inputs and block parameters and see their effect
on the valve opening profile and the cylinder rod displacement.

Adjusting the Parameters

After running the initial simulation, you can experiment with adjusting
various inputs and block parameters.

Try the following adjustments:

1 Change the input signal for valve opening.
2 Change the cylinder load parameters.

3 Change the rod position output units.
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Changing the Valve Input Signal

This example shows how a change in the input signal affects the opening of
the valve, and therefore the cylinder rod displacement.

1 Double-click the Sine Wave block, enter 40 in the Amplitude text box,
and click OK.

2 Run the simulation. The simulation results are shown in the following
illustration. As you see, with the increase in the input signal amplitude, it
reaches 50% of the actuator’s nominal signal sooner, and the valve stays
open longer, which in turn affects the cylinder rod position.

vave _ioix
SBH LLp ABE DaT -

Input zignal
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Time offset: 0

Changing the Cylinder Load Parameters

In our model, the cylinder drives a load consisting of a mass, viscous friction,
and preloaded spring. This example shows how a change in the spring
stiffness affects the cylinder rod displacement.

1 Double-click the Translational Spring block. Set its Spring rate to 12e3
N/m.

2 Run the simulation. The valve opening profile is not affected, but

increase in spring stiffness results in smaller amplitude of cylinder rod
displacement, as shown in the following illustration.
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Changing the Rod Position Output Units

In our model, we have used the PS-Simulink Converter block in its default
parameter configuration, which does not specify units. Therefore, the
Position scope outputs the cylinder rod displacement in the units specified
for the parameters of the Single-Acting Hydraulic Cylinder block; in this
case, in meters. This example shows how to change the output units for the
cylinder rod displacement to millimeters.

1 Double-click the PS-Simulink Converter block. Type mm in the Unit text
box and click OK.

2 Run the simulation. In the Position scope window, click ﬁ to autoscale
the scope axes. The cylinder rod displacement is now output in millimeters,
as shown in the following illustration.
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Modeling Power Units

The power unit is perhaps the most prevalent unit in hydraulic systems.

Its main function is to supply the required amount of fluid under specified
pressure. There is a huge variety of power unit designs varying by the
amount and type of pumps, prime movers, valves, tanks, etc. The set of blocks
available with SimHydraulics allows you to simulate practically any of these
configurations. This section considers basic approaches in simulating power
units and examples of typical schematics.

A typical power unit of a hydraulic system, as shown in the following
illustration, consists of a fixed-displacement or variable-displacement pump,
reservoir, pressure-relief valve, and a prime mover that drives the hydraulic

pump.

Typical Hydraulic Power Unit

In developing a model of a power unit, you must reach a compromise between
the robustness, speed of simulation, and accuracy, meaning that the model
should be as simple as possible to provide acceptable accuracy within working
range of variable parameters.

The first option is to simulate a power unit literally, as it is, reproducing

all its components. This approach is illustrated in the Power Unit with
Fixed-Displacement Pump demo (sh_power_unit_fxd dspl pump). The
power unit consists of a fixed-displacement pump, which is driven by a motor
through a compliant transmission, a pressure-relief valve, and a variable
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orifice, which simulates system fluid consumption. The motor model is
represented as a source of angular velocity rotating shaft at 188 rad/s at zero
torque. The load on the shaft decreases the velocity with a slip coefficient of
1.2 (rad/s)/Nm. The load on the driving shaft is measured with the torque
sensor. The shaft between the motor and the pump is assumed to be compliant
and simulated with rotational spring and damper.

The simulation starts with the variable orifice opened, which results in a low
system pressure and the maximum flow rate going to the system. The orifice
starts closing at 0.5 s, and is closed completely at 3 s. The output pressure
builds up until it reaches the pressure setting of the relief valve (75e5 Pa) and
is maintained at this level by the valve. At 3 s, the variable orifice starts
opening, thus returning system to its initial state.

You can implement a considerably more complex model of a prime mover

by following the pattern used in the demo. For instance, the shaft can be
represented with multiple segments and intermediate bearings. The model
of a prime mover can be more comprehensive, accounting for its type (DC or
AC electric motor, diesel or gasoline engine), characteristics, control type, and
so on. In addition, a complex mechanical transmission driven by a diesel

or gasoline internal combustion engine modeled in SimDriveline can be
combined with the SimHydraulics model of hydraulic portion of a power unit.

Depending on your particular application, you may be able to simplify

the model of a power unit practically without a loss in accuracy. The main
factors to be considered in this process are the driving shaft angular velocity
variation magnitude and the system pressure variation range. If the prime
mover angular velocity remains practically constant during simulated time or
varies insignificantly with respect to its steady-state value, the entire driving
shaft subsystem can be replaced with the Ideal Angular Velocity Source block,
whose output is set to the steady-state value, as it is shown in the following
illustration.
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Using the Ideal Angular Velocity Source Block in Modeling Power Units

Furthermore, if a pump delivery exceeds system fluid requirement all the
time, the pump output pressure remains practically constant and close to the
pressure setting of the pressure-relief valve. If this assumption is true and
acceptable, the entire power unit can be reduced to an Ideal Pressure Source
block, as shown in the next illustration.
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Using the Ideal Pressure Source Block in Modeling Power Units

The two previous examples demonstrate that the use of ideal sources is a
powerful means of reducing the complexity of models. However, you should
exercise extreme caution every time you use an ideal source instead of a real
pump. The substitution is possible only if there is an assurance that the
controlled parameter (angular velocity in the first example, and pressure

in the second example) remains constant. If this is not the case, the power
unit represented with an ideal source will generate considerably more power
than its simulated physical counterpart, thus making the simulation results

incorrect.
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Modeling Directional Valves

This section describes the models of directional valves available in
SimHydraulics, as well as the rules of building a custom model of a directional
valve and the building blocks available for this purpose. It covers the
following topics:

® “Types of Directional Valves” on page 2-30

® “Available Blocks and How to Use Them” on page 2-31

e “Possible Configurations of 4-Way Directional Valves” on page 2-35

e “Example of Building a Custom Directional Valve” on page 2-37

Types of Directional Valves

The main function of directional valves in hydraulic systems is to direct and
distribute flow between consumers. As far as the valve modeling is concerned,
the valves are classified by the following main characteristics:

® Number of external paths (connecting ports) — One-way, two-way,
three-way, four-way, multiple-way

® Number of positions a control member of the valve can assume —
Two-position, three-position, multiple-position, continuous (can assume
any position within working range)

¢ Control member type — Spool, poppet, sliding flat spool, and so on
As an example, the following illustration shows a portion of a hydraulic

system with a 4-way, 3-position directional valve controlling a double-acting
cylinder, next to its schematic diagram.
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Throughout SimHydraulics libraries, hydraulic ports are identified with the
following symbols:

e P — Pressure port

e T — Return (tank) port

e A, B — Actuator ports

e X, Y — Pilot or control ports

Available Blocks and How to Use Them
SimHydraulics offers five models of directional valves:

® 2-Way Directional Valve

3-Way Directional Valve

4-Way Directional Valve
Check Valve
Pilot-Operated Check Valve

As indicated in their descriptions, all of them are symmetrical, continuous
valves. In other words, the control member in 2-way, 3-way, and 4-way valves
can assume any position, controlled by the physical signal port S. The valves
are symmetrical in a sense that all the orifices the valve is built of are of
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the same type and same size. The only possible difference between orifices
is the orifice initial opening.

These configurations cover a substantial portion of real valves, but the
directional valves family is so diverse as to make it practically impossible to
have a library model for every member. Instead, SimHydraulics offers a set of
building blocks that is comprehensive enough to build a model for any real
configuration. This section describes the rules of building a custom model

of a directional valve.

All directional valve models are built of variable orifices. In SimHydraulics,
the following variable orifice models are available:

¢ Qrifice with Variable Area Round Holes

Orifice with Variable Area Slot

Variable Orifice

Ball Valve

Needle Valve

Poppet Valve

To simplify the way variable orifices are combined together in a model, their
instantaneous opening is computed in the same way for all types of orifices.
The orifice opening is always computed in the direction the spool, or any
other control member, opens the orifice. In other words, positive value of the
opening corresponds to open orifice, while negative value denotes overlapped,
or closed, orifice. The origin always corresponds to zero-lap position, when
the edge of the control member coincides with the edge of the orifice. In the
illustration below, origins are marked with 0 for the orifice with variable
area round holes (schematic on the left) and for the orifice with variable slot
(schematic on the right). The x arrow denotes the direction in which orifice
opening is measured in both cases.
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The instantaneous value of the orifice opening is determined as

h =xg +xgpe0r

where

h

Xo

Sp

or

Instantaneous orifice opening

Initial opening. The initial opening value is positive for initially
open (underlapped) orifices and negative for overlapped orifices.

Spool (or other control member) displacement from initial position,
which controls the orifice

Orifice orientation indicator. The variable assumes +1 value if
a spool displacement in the globally assigned positive direction
opens the orifice, and -1 if positive motion decreases the opening.

The number of variable orifices and the way they are connected are
determined by the valve design. Usually the model of a valve mimics the
physical layout of a real valve. The illustration below shows an example of a
4-way valve, its symbol, and an equivalent circuit of its SimHydraulics model.
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The 4-way valve in its simplest form is built of four variable orifices. In the
equivalent circuit, they are named P_A,P_B, A T, and B_T. The Variable Orifice
block, which is the most generic model of a variable orifice in SimHydraulics, is
used in this particular example. You can use any other variable orifice blocks
if the real valve design employs a configuration backed by a stock model, such
as an orifice with round holes or rectangular slots, poppet, ball, or needle. In
general, all orifices in the model can be simulated with different blocks or with
the same block, but with different way of parameterization. For instance, two
orifices can be represented by their pressure-flow characteristics, while two
others can be simulated with the table-specified area variation option (for
details, see the Variable Orifice block reference page).
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The next example shows the SimHydraulics symbol and the equivalent circuit
and of the 3-Way Directional Valve block, the model of which is built of two
variable orifices representing P_A and A _T paths.
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Possible Configurations of 4-Way Directional Valves

Directional valves also vary by the pattern their ports are connected in fixed
or intermediate positions. The following illustration shows the examples
of these patterns for 4-way valves.
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Most of these patterns can be implemented by selecting initial orifice openings
in the four-orifice valve configuration shown in the previous section, in the
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figure named Modeling a 4-Way Directional Valve on page 2-34 (for example,
patterns 0, 1, and 3). However, some patterns require a model with six or
more variable orifices. For instance, pattern 4 can be implemented with the
following configuration, which requires six variable orifice blocks.

P T

S S

P Orifice AT
Orrifice P_A
—F
b (D
T
Orifice B_T
OrificeP_B

—1=
49;% PUN
N

Orifice T1_T

Orifice P_TA1
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The Orifice with Variable Area Round Holes blocks have been used as a
variable orifice in this model. Port T'1 corresponds to an intermediate point
between ports P and T.

Example of Building a Custom Directional Valve

Finally, let us consider a more complex directional valve example. The figure
below shows basic elements of a front loader hydraulic system. Both the

lift and the tilt cylinders are controlled by custom 3-position, 5-way valves,
developed for this particular application. The valves are designed in such a
way that the pump delivery is diverted to tank (unloaded) if both cylinders
are commanded to be in neutral position. The pump is disconnected from the
tank if either of the two control valves is shifted from neutral position.
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To develop a model, the physical version of the valve must be created first. The
following illustration shows one of the possible configurations of the valve.
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The SimHydraulics model, shown below, is an exact copy of the physical valve
configuration.
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All the orifices in the model are closed (overlapped) in valve neutral position,
except orifices P_T1_1 and P_T1_2. These two orifices should be set open to an
extent that allows pump delivery to be discharged at low pressure.
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Running Hydraulic Models

SimHydraulics gives you multiple ways to simulate and analyze hydraulic
power and control systems in the Simulink environment. Running a hydraulic
simulation is similar to running a simulation of any other Simulink model.

It entails setting various simulation options, starting the simulation, and
viewing the simulation results. See the Using Simulink documentation

for a general discussion of these topics. This chapter focuses on aspects of
simulation specific to SimHydraulics models.

How SimHydraulics Works (p. 3-2) Explains how SimHydraulics
analyzes and simulates a model

Limitations (p. 3-6) Describes restrictions and
limitations on using Simulink
tools in SimHydraulics
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How SimHydraulics Works

You might find this brief overview of how SimHydraulics works helpful for
constructing models and understanding errors.

Hydraulic simulation sequence is shown in the following flow chart.
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Hydraulic simulation consists of the following major phases:

Event
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1 “Model Validation” on page 3-3

2

3

4

5

6

“Network Construction” on page 3-3

“Equation Construction” on page 3-4
“Computing Initial Conditions” on page 3-4
“Performing Transient Initialization” on page 3-4

“Transient Solve” on page 3-5

Model Validation

SimHydraulics first validates the model configuration and checks your data
entries from the block dialogs. In particular:

Each topologically distinct physical network in a diagram requires exactly
one Solver Configuration block.

Each topologically distinct hydraulic circuit in a diagram requires exactly
one Hydraulic Fluid block or Custom Hydraulic Fluid block to be connected
to it. Therefore, there must be as many Hydraulic Fluid blocks (or Custom
Hydraulic Fluid blocks) as there are hydraulic circuits in the system. These
blocks define the fluid properties that act as global parameters for all the
blocks connected to the hydraulic circuit.

Signal units specified in a Simulink-PS Converter block must match

the input type expected by the SimHydraulics block connected to it. For
example, when you provide input signal for an Ideal Hydraulic Pressure
Source block, specify pressure units, such as Pa or bar, in the Simulink-PS
Converter block, or leave it unitless. Similarly, units specified in a
PS-Simulink Converter block must match the type of physical signal
provided by the SimHydraulics block outport.

Network Construction

After validating the model, SimHydraulics constructs the physical network
based on the following principles:

Two directly connected Conserving ports have the same values for all their
Across variables (such as pressure or angular velocity).
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® Any Through variable (such as flow rate or torque) transferred along
the Physical connection line is divided among the multiple components
connected by the branches. For each Through variable, the sum of all its
values flowing into a branch point equals the sum of all its values flowing
out.

Equation Construction

Based on the network configuration, the parameter values provided in the
block dialogs, and the global parameters defined by the fluid properties,
SimHydraulics constructs the system of equations for the model.

These equations contain variables of the following types:

® Dynamic — Time derivative of this variable appears in equations. Dynamic
variables can be either independent or dependent (on other dynamic
variables).

o Algebraic — Time derivative of this variable does not appear in equations.
Algebraic variables are always dependent.

Computing Initial Conditions

SimHydraulics computes the initial conditions only once, in the beginning of
simulation (t=0). This is done by setting all independent dynamic variables to
0 and solving for a set of dependent variables that satisfy the equations.

Performing Transient Initialization

After computing the initial conditions, or after a subsequent event (such

as a zero-crossing or discontinuity), SimHydraulics performs transient
initialization. This is done by fixing all dynamic variables and solving for
algebraic variables and derivatives of dynamic variables. The goal of transient
initialization is to provide a consistent set of initial conditions for the next
transient solve step. At this phase, the initial conditions at the beginning of
simulation are no longer enforced, but the dynamic state of the system is
preserved (or, in other words, the energy in the system is preserved).



How SimHydraulics Works

Transient Solve

Finally, SimHydraulics performs transient solve of the system of equations.
In transient solve, continuous differential equations are integrated in time
to compute all the variables as a function of time.

SimHydraulics continues to perform the simulation according to the results
of the transient solve until it encounters an event, such as a zero-crossing or
discontinuity. The event may be within the physical network or elsewhere in
the Simulink model. If an event is encountered, SimHydraulics returns to the
phase of transient initialization, and then back to transient solve. This cycle
continues until the end of simulation.
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Limitations

Certain Simulink tools and features are not supported in SimHydraulics.

Solver Support

Explicit solvers are not currently supported in SimHydraulics. Only the
following solvers are supported:

® odel5s
® 0de23t

® odel4x

Algebraic Loops

A SimHydraulics physical network should not exist within a Simulink
algebraic loop. This means that you should not directly connect an output of a
PS-Simulink Converter block to an input of a Simulink-PS Converter block of
the same physical network.

For example, the following model contains a direct feedthrough between
the PS-Simulink Converter block and the Simulink-PS Converter block
(highlighted in magenta). To avoid the algebraic loop, you can insert a
Transfer Function block anywhere along the highlighted loop.
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Limitations

A better way to avoid an algebraic loop is to use physical signals for the

controller, as shown in the modified model below.
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Code Generation

Code generation is not currently supported in SimHydraulics.
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Glossary

across variables
Variables that are measured with a gage connected in parallel to an
element.

behavioral block implementation model
A block that is implemented based on its physical behavior, described by
a system of mathematical equations. An example of a behavioral block
implementation is Variable Orifice block.

conserving ports
Bidirectional hydraulic or mechanical ports that represent physical
connections and relate physical variables based on the Physical Network
approach.

constructional block implementation model
A block that is constructed out of other blocks, connected in a certain
way. An example of a constructional block implementation is 4-Way
Directional Valve block, which is constructed based on four Variable
Orifice blocks.

data sheet-based model
A block with a set of parameters determined by data that is usually
listed in the manufacturer’s catalogs or data sheets.

globally assigned positive direction
Direction considered positive for a model diagram.

physical signal ports
Unidirectional ports (inports and outports) transferring signals that use
an internal SimHydraulics engine for computations.

through variables

Variables that are measured with a gage connected in series to an
element.

Glossary-1






Examples

Use this list to find examples in the documentation.



A Examples

Getting Started
“Creating a Simple Model” on page 2-8

Modeling Directional Valves

“Example of Building a Custom Directional Valve” on page 2-37
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