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ABSTRACT

This project aims to an integrated computer approach
for the design and simulation of hydraulic systems, using

components available in market.

An interactive computer software is developed, which
draws a graphical layout, selects components and performs
steady-state and dynamic calculations on the systems, de-
pending on user~defined inputs, meanwvhile allowing redesign

or improvement of the system.

The final outputs from printer and plotter can directly
be taken to the construction stage, therefore cutting the need
for circuit building and testing, decreasing time and money

spent during design procedure of hydraulic systems.

The criteria for design, graphics sbftware, develop-
ment of system dynamic models and mathematical solution

methods are explained with an accuracy analysis.

A users' manual is developed to answer any questions

that may arise to an inexperienced user.



0ZET

Bu proje hidrolik sistemlerin Tiirkiye pazarinda bulu-
nan malzeme ile bilgisayar destekli tasarim ve benzetimini

amaclamigtir.

Hidrolik sistemlerin teknik devre g¢izimini yapan, ele-
manlarini secgerek, sistem‘iizerinde sabit ve degisken sgartlar

‘altlndaiperformans analizi yapabilen, bu arada sistemin en

uygun gsekillerde boyutlandirilmasini saglayaﬁ bir bilgisayar

programi gelistirilmistir.

Bilgisayardan alinan ¢ikislar ve gizimler, dogrudan
dogruya sistemin kurulmasinda kullanilabilir. B&ylece devre-
nin kurulup test edilmesi ve tekrar tasarlanmasi islemleri
kolaylastlfllmls, dolayisiyla devrenin tasarimi esnasinda

harcanan para ve zaman 8nemli 8lgiide azaltilmisgdir.

Hidrolik devrelerde tasarim metodlari, grafik yazili-
m1, sistem dinamik modellerinin elde edilmesi ve matematik-
sel ¢dziim metodlari iizerinde durulmus, bir de dogruluk anali-

zi eklenmigtir.

Ilk kullanimlarda dogabilecek sorulari cevablamak icin

ise bir.kullanici kilavuzu yapilarak calisma tamamlanmistir.
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I, INTRODUCTION

Fluid power systems are used to transmit rotational or
translational power by means of pressurized flﬁids. They are
classified in two main groups depending on the type of £fluid
ﬁsed; hydraulics (pressurized liquid), and pneumatics
(compressed gas). Hydraulic systems are considered in this

project.

The development of the-subject, owes a lot to Pascal,
who stated the famous law of pressure. It was a century after
Pascal, that practical systems were devised by Bramah. He
stated that a small force on a long stroke, small diameter
piston could produce a very large force on a short sfroke,

. large.diameter piston. Bramah appreciated that here was the
basis for an efficient means of power transmission'using the

cycle: mechanical power-hydraulic power-mechanical power.

The unique advantages of hydraulic systems soon re-
awakened an interest on the subject. The ability of balancing
forces, use of flexible pipes to transmit power through
relatively moving parts, and very large force capabilities
still remain as the biggest advantages of hydraulics. High
force to weight ratio is an important factor, that makes
hydraulic equipment the only possible alternative in many

situations.



The a}ﬁernative conversion of fluid power to
mechanical power can be achieved by‘éither a fotary motor or
.a linear actuator, and can be used as a basis for a variety
of motions. For example a simple valve and cylinder can
produce output motions, which in a wholly mechanical system

would require complicated linkages.

The stiffness and braking faciligy of hydraulic drives
is another advantage, and arises due to low compressibility
of oil, and as a result, hydraulic drives are little affected
by load disturbances, which make them popular in most indus-

v

tries. In a hydraulic system, power is given by:

Power = force x velocity

pressure X area x velocity

pressure x flow rate

Control of either pressure or flbw rate in a hydraulic
system would in turn control power. For this purpose, many
methods are develdped, simplest of which are the restrictor
valves and pressure relief valves. These methods of pressure
and flow control are wasteful of power, but are both very
popular in modern fluid power systems. When large powers are
used and low efficiency can not be tolerated, modern systems
make use of variable displacement pumps, to suit the output
to demand.- Open loop and closed loop control methods are used
in many applications, depending on the disturbances acting on
the system. These disturbances may take the form of load
_changes, of variations in flow rate or supply pressure or
perhaps bf valve wéar, and their presence will result in the
output speed being different from the desired value. Designing
of properly dimensioned hydraulic systems, to meet the
requirements, and to simulate existing systems for their

performance at various conditions form the basic purposes of _

this project.



Although they have high efficiency, low operation costs
and easy maintenance, the initial cost of hydraulic systems

is relatively higher, so they have to be optimally designed
and constructed.

The conventional design procedure of an hydraulic
system is an iterative process which usually starts by drawing
a schematic diagram. It involves as much art as engineering
skill. The process blends a knowledge of hydraulic control
theory and mathematical modelling with an intuitive "feel"
based on past experience. The designer evaluates a circuit by
first selecting components and performing hand calculations
to estimate its performance. Based on these rough calcula-
tions, a prototype system is built, tested to determine
actual circuit performance, then re-designed to meet specifi-
cations. The procedure continues until satisfactory results

~are obtained, a time consuming and expensive venture.

Computer-aided design (CAD) techniques can be used to
streamline the process. Such a program will use a symbols
library containing CETOP symbols for hydraulic components, an
engineering data base, containing design information and com-
ponent characteristics, and a simulation software to allow
the designer iterative testing of the simulated circuit,

" before building the prototype. Therefore an accurate computer
simulation of a hydraulic system can substitute for the hard-
ware prototype in all, but the final testing and design
stages. Time and money spent during the initial process>is

‘reduced dramatically.

The computer program consists of two main sections.
First portion is the graphical layout, components selection,
stead&—state analysis and optimiéation program. This section
designs and analyses a hydraulic system, depending on the

o

loading requirements. The components are either selected from



an engineering data library (EDL), containing hydraulic
components' data; or a special component may be user defined,
such as a valve not occurring in the menu. All components are
user defined in case of analysing an existing system. After
the final design is obtained, a graphical outlay is drawn,
and program performs steady-state analysis on the circuit,

and allows optimization if required.

The second portion is the transient analysis and
"simulation of the designed circuit. Program performs dynamic
simulation, due to disturbances acting on the system, and

a time history of pressures, flow and speed, at various’
locations of the circuit is given, together with system
dynamic parameters, such as damping ratio, natural frequency,
etc. Outputs may be taken in tabular or graphical forms, ‘
therefore performance characteristics of hydraulic system
under disturbing conditions can be justified and components
can be added-or removed, until satisfactory system performénce

is obtained.

Therefore the integral computer approach for designing
hydraulic systems provides a very efficient tool for the
designer and allows him to develop better systems, relatively

quickly and less expensively.



II., FLUID POWER SYSTEMS

2.1. INTRODUCTION

A fluid power system, consists basically of a fluid
power source, a means of distributing the power, a means of
controlling the power, and a means of re-converting the fluid
power to mechéniqal power. In this_séction, basic system
designs, control methods and system components are invespi-

gated, which are used in designing the computer software.

2.2. FLUID POWER SYSTEM

In a typical fluid power system, a pump, drivem by an
actuator drives system's fluid. The intake of pump is usually
connected to a reservoir. Fluid discharged by pump is used to
drive a resisting load by én actuator, which may be in the
form of a cylinder or motor. The flow rate, direction and
pressure of the pressurized fluid is controlled by valves,

downstream the pump.

Valves may be of various types, such as check valves,

" directional control valves and pressure relief valves.
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Fig. 2.1. A simple hydraulic system utlllzlng various
components

The working fluid is. conditioned by coolers and
filters, placed at proper locations in the system. Accumula-
tors are used to smoothout <circuit operation and to reduce

energy requirements.

Working fluids are selected, depending on the working
environment (spszcially temperatere).and equipment used. The
‘most important parameters of a working fluid is its wviscosity
and. bulk modulus, which directly affects circuit efficiency
and system stiffness. Figure 2.1l. shows a typical hydraulic

circuit layout, to drive a translational load.

2.3. CLASSIFICATION OF HYDRAULIC CIRCUITS

Hydraullc systems are designed to meet optimum power
transmission at varlable or constant speeds and loading

condltlons. The most important features they offer are:



ﬁémain stalled and undamaged under full load, there-

fore Lt is easy to protect against over loads

they hold stalled at low power loss, therefore can

be used for clamping purposes
- hold a preset speed
- provide fasf response
- provide dynamic braking

- easy reversing of movement direction

Hydraulic systems may basically be classified as open

and closed systems, or depending on the pump and motor type

used.

Open circuit systems are usually used to operate at
constant speeds and steady-state conditions. In such a system
flow is determined by the displacement setting of the pump,
which in turn affects the output speed. Flow is almost un-
affected by pressure, therefore this is a constant £flow
system, with variable pressure, as long as displacement is

held constant.

The fluid to pump is supplied from a reservolir, and
delivered to the control block and actuator inlet. Réturn
flow comes back to the reservoir. Movement direction can be
deéermined by a directional control valve. Figure 2.2. shows

a typical open circuit, driving a rotational load.

In the closed circuit configuration motor outlet is
connected to the pump inlet. Either the direction of movement,
or speed may be varied using a variable displacement,
reﬁersible pump. The flow direétion of such a pump may be

changeé'by changing the control input, which in turn reverses

/

load movement direction.
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Fig. 2.2. Open circuit system drivihg-a rotational load

One of the most important features of’ a closed circuit
is addition of a charge pump (generally an integral part of
the main pump package). Charge pump prevents cavitation by
replenishing the closed system with fluid lost through pump
and motor leakage and regulates the rated pressure in return
line, above a given limit. Control pressure limit is set by

the low pressure relief valve, on the discharge side of the
.charge pump. Back-to-back check valves supply make—dp fluid
td-apprOpriate low pressure line. At the motor end, there

are two pressure relief valves at each direction, which limit
fluid pressure in either supply line, and protect the system
to shock loads and over running conditions. Figure 2,3, shows

a closed system to drive a rotational load.
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Fig. 2.3. Closed system to drive a rotational load

Another classification is based on pump and motor type
ﬁsed, i.e., fixed or variable displacement pump or motor. in
the case of pressure componsation, motor inlet pressure is
fed back to pump control servo, and reduces pump flow in cése

of increasing pressure at load side, due to load disturbance.

In case of hydraulic transmissions (actuator: motor),

" there ﬁay'be four combinations of pump and motor. These are
flxed dlsplacement pump, fixed displacement motor (PFMF),

fixed displacement pump, variable displacement motor (PFMV),
variable displacement pump, variable displacement motor (PVMV)
and variable displacement pump, constant displacement motor
(PVMF) veréions. These combinations result in different

torque and speed ratios, which are summarized in Table 2.1.



TABLE 2.1.4Speed and Torque Ratios

Type of Transmission - Nm/Np | Tm/Tp
PFMF ) Fixed Fixed
PVMF Zero "Infinity
to to
(p_/Dp ) (p_/D_)_.
p m max m Tp’min
PFMV : (p_/D_) ( /D) .
Fop max to p m
Infinity Zero
PVMV Zero Infinity
t.o to
Infinity , Zero

The closed circuit system is more complicated, and in-
volves more components, but in this system, motor shaft can
be reversed and/or braked, so when these requirements are

vital, closed circuit system becomes an absolute necessity.

2.4 . HYDRAULIC SYSTEM ELEMENTS

In this section characteristics of elements which
comprise a hydraulic system are investigated and their

behaviour equations are developed.

2.4.1. Actuator

Actuators_éupply necessary power to drive the pump.

- They are usually in the form of electric motors or internal
combustion engines. For all practical purposes, their speed
"is assumed constant. Actuators are rated in terms of maximum

‘power capacity.



2.4.2. Pump.

Pumps used in hydraulic systems are usually of posi-
tive displacement type. The types that are used in this
project are gear pumps; vane pumps, radial piston pumps,
axial piston pumps (constant displacement), axial piston
pumps (variable displacement-for open circuits) and axial
_piston pumps (variable displacemeﬁt—for closed circuits).
Pumps are rated in terms of displacement, maximum pressure

and maximum revolutions per minute.

"Actual flow delivered by a pump is given by:

Q. = w. D pu \ - (2.1)

Mechanical power required by pump is given by:

W= 2P - ' (2.2)

“m

2.4.3. Cylinder

Hydraulic cylinders serve to carry out translational
movements and to transfer force. Single and double acting
types, with or without cushoning mechanisms are available.
They are rated in terms of piston effective area, maximum

pressure and stroke.
The force given by a cylinder is:
F = P.A,_ - P A ' | (2.
For a single acting pylindér, this reduces to:

F = P_A
s

3)




The required flow into the cylinder to maintain a

glven speed is given by:’

Q. = Aw ‘ (2.4)

Forward and backward speeds are different if effective

piston areas at both sides are not equal.

2.4.4., Motor

Hydraulic motors serve to deliver rotatiomal power due
to the pressure differential and flow applied to its ports.
J
A hydraulic motor is rated in terms of its displacement,

maximum pressure and maximum revolutions per minute.
Actual torque delivered by a motor is given by:
. - o o 2.
Tm Dm(P1 Po) Mo ) ‘ (2.5)

The flow required to drive the motor, at a constant

speed is:

Q = —1 : o (2.6)

2.4.5. Directional Control Valves

Directional control valves are identified by their
port numbers and port connections at neutral position. Open -
centre, closed—dentre and tandem—-centre types are available.
 Directional control valves are sized aécording to their inlet
port nominal radius and maximum pressure.

Pfessure loss through a dlrectlonal control valve _

depends on the flow rate and is glven by a flow rate versus



pressure ¥dSS curve, supplied by the -manufacturer. For design

purposes, we can obtain three loss coefficients, by a third

degree curve fitting approximation (Appendix D). Then the

pressure drop may be computed from:

= ' 2 3
APV C1Q + CZQ + C3Q

2.4.6. Pressure Relief Vaives

Pressure relief valves are employed to limit pressure

differential between two locations of a circuit, and prevent
system elements from damage due to overloads. Relief valves

are sized according to their inlet port nominal radii..

Pressure relief valve setting is determined according

to the maximum loading level.

2.4.7. Filter

Hydraulic filters serve to reduce contaminants in the
working fluid to a reliable level, and protect indiyidual
elements from‘too much wear. Three types are availabie,
depending on the circuit location that filter is used;

suction, pressure and return line filters.

Filters are rated by their maximum flow capacity and
filtering size. The pressure drop across a filter, depends
on flow rate, and is given by a pressure drop versus flow
rate curve, supplied by the manufacturer. For programming
purposes, a loss coefficient, K may be evaluated, and the

pressure drop in the filter can be determined from:
AP. = K.Q

(Appendix D)




2.4.8. Lines

Hydraulic pipes, serve to carry pressurized fluid
between components in a hydraulic system. Piping consists of
two types, hydraulic steel pipes and hydraulic hoses.
Hydraulic flexible hoses carry fluid Between relatively

moving parts. Pipes and hoses are sized according to their

nominal bore diameters.

Following requirements should be met, when selecting

pipes for hydraulic circuits.

(a) Suction lines to pumps should not carry fluid at
velocities in excess of 1.5 m/S, to reduce cavitation at the

pump.
(b) Delivery lines should not carry fluid .at
velocities in excess of 4.5 m/s, to prevent excessive fric-

tion and valve closure shocks.

(¢) Return lines should be larger than delivery lines

to avoid back pressure build-up.

The pressure loss through pipes is computed from:

N

- K Q2, where - (2.7)

|<

K

>
"o
I

(2]
ol
(3%}

o9
’—l

The friction factor, f is a function of Reynolds
number (Re), and pipe roughness. It is assumed to be constant
for laminar flow (Re < 2500),'andAis given by:

64 _ : -

=%



For turbulent flow (Re < 2500):

0.332

Re0.25

Reynolds number can be determined from:

Re:@: 48
v TD VY
The kinematic viscosity, , usually takes the value of
4.0 x‘].O—'5 mz/S'at normal working conditions.

Sudden contractions, expansions and joints result in
pressure loss. The pressure loss through such fittings is
given by:

2 y

rd
[}

~
|<3

, where K is taken as:

=
N

k::

0.1 for T joints

0.5 for entry from tank or cylinder to pipe
.(contraction)
- 1.0 for entry from pipe to tank or cylinder

(expansion)

I

1.3 for L joints
which are obtained experimentally.
Following figures show examples of pressure loss

‘diagram for a directional control valve and loss coefficient

diagram for a pipe bend.
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I11, COMPUTER AIDED DESIGN AND STEADY-STATE ANALYSIS OF
FLUID POWER SYSTEMS

3.1, INTRODUCTION

A user friendly, interactive computer program called
HYSAN is developed for computer aided design, steady-state

analysis and graphical layout of hydraulic systems.

HYSAN is written in FORTRAN 77 language and its
graphics software is designed to meet the requirements of
Control Data Systems' (CDC) graphics software, namely TIGS

(Terminal Independent Graphics System).

The program HYSAN handles the design procedure in

three main steps.

1- Program first creates an interactive graphical
layout on the screen (this section may be skipped if not

required).

2—"Aftef the final graphical layout is obtained,
ﬁrogram starts interactive execution of the design steps. It
‘begins from the load section and proceeds to pump, valve,
filter, transmission lines and reservoir sections. While doing
so, after the selection of each component program performs

" steady state calculatlons on the designed portlon of

hydraulic circuit and allows re- selection or optimization of



previously selected components, if required. Components are
either selected from Engineering Data Library (EDL), or user
defined. In case of user defined components, program asks to

define components' data to be used in design procedure.

3- After selection of all components, program performs

steady state calculations of the whole circuit and gives

actual pressure, flow and velocity at various locations of
the circuit. k

Design procedure ends by calculation of pressure losses
at all pipes, filters, etc. and pressure relief valve sets,

reservoir capacity and overall circuit efficiency under given

conditions.

After execution, a printout of components and analysis
results is sent to the printer, and the graphical layout is

sent to the plotter (APPENDIX A, B).

The device-program interaction and basic program
desigﬁ for HYSAN program is given in Figures 3.1 and 3.2

respectively.

EDL

Huydeaul ¥ Design” dnd
cc':inpor:‘lm M{FKJ fesu lis
GRAPHICS
snmmj’_‘ "HYSAN
‘ Grapbkil
- l:gwl
PLOTTER

"IPU!‘ W[’Ué
3r.1fbh:$ 1

SCREEN

.Fig; 3.1. Program-device interaction for HYSAN program
/.
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YES
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STEADY-STATE SATIS- NO

FACTORY?

ANALYSTS

DISPLAY
RESULT

Fig.

3.2. Program main frame for HYSAN
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3.2. PROGRAM COMPONENTS

The HYSAN program consists of three sub-systems and a

data file loader system. The sub-systems consist of graphics

programs, simulation and analysis programs and component data
base (EDL).

The main program utilizes nine subroutines for selec-—
tion of components, six direct access files containing design
~information of hydraulic components, and 12 graphics sub-
routines to display hydraulic components on screen. There is
a single input file from screen, and three output files, on

screen, to printer and to plotter. This organization is shown
on tables 3.1. and 3.2. ' )

3.2.1. Graphic Programs

The graphics software designed for this project
provides free interaction and symbolic representation of
components, using standard CETOP symbols. The interaction
consists of Seiecting different operations by using the
tablet command menu, prepared specifically for the design of

hydraulic systems.

Components can be positioned on the screen by touching
fhe'proper point on the screen, or very accurate positioning
may be performed by using the key-board. The component
positioning, interactive facility and plotter outputs are

organized by the main graphics program, driven by HYSAN.

There are 12 graphics subroutines for components, out-
puts of which can be seen in Figure 3.3. Plotter output

examples may be seen in Appendix B. .



TABLE 3.1. Subroutines Utilized by Program HYSAN

Main Program: CAD

Subroutines for Components Selection:

CYLSEL : Cylinder selection
MOTSEL : Motor selection
PUMSEL : Pump selection
PIPE

Pipe selection

DVALVE : Directional control vélve selection
RVALVE Pressure relief valve selection
FILTER : Filter selection

LOSS
OKAY

Pressure loss computation

Program flow control and optimization

Subroutines for Graphics:

RESER
FILT Filter
MOTORS : Motor

Reservoir

PRVLV : Pressure relief valve
COOLER : Cooler ‘

ACCUMV : Accumulator

CYLIND : Cylinder

CHKVL : Check-valve

PUMP |

Pump

DCVLV. : Directional control valve
LINE
ACT : Actuator

Fluid and control lines




TABLE 3.2. Files Utilized By Program HYSAN

Main Program: CAD

Direct Access Data Files for Components:

CYLIN : Cylinder file, Unit no: 10
MOTOR : Motor file, Unit no: 20
PUMPA : Pump file, Unit no: 30
DVALF
RVALF

Directional control valve file, Unit no: 40

Pressure relief valve file, Unit no: 50

FILTE : Filter file, Unit no: 60

Data Files' Loading Program:

LOADER : Program to load direct accéss data files
Input File: |
"INPUT : Input file from screen, Unit no: 5
Qutput Files:

OUTPUT : Output file on screen, Unit no: 6
OUT 9 : Output file to printer, Unit no: 9
PLOTF ° : Output file to plotter

.Sub-Files:

EDL- : Data file showing hydraulic components and data

loaded in direct access files
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3.2.2. Simulation Programs

Simulation programs of HYSAN perform sizing of

components, steady state analysis, redesign and optimization

functions for the design of hydraulic systems.

There are usually several possible solutions to design
problems, and some criteria should be chosen to enable the
decision among alternative solutions. Low cost, high reli-

ability, high power to weight ratio, safety and easy main-

tenance are some of these c¢riteria.

For our design programs, decisions are based on
minimizing the component size, thus minimizing cost and

maximizing power to weight ratio.

Two basic types of data are considered in design of

fluid power systems.

1- Quantities that are determined by acceptable
precisidn and whose values remain constant. These values can
be obtained from data files, or may be user defined, -for

example displacement of a pump.

2- Quantities that are difficult to asses, but
supported by the wealth of empirical data, accumulated over
years of experience, for example seal friction in a cylinderf
In this case, most reliable data, obtained from literature

are used in the design program.

The design procedure and components selection criteria

for HYSAN ‘program is outlined in below steps.

i—-Selection of system pressure: Mean system operation

éreSSure is selected by the user. High pressures result in

BOGAZIC] UNIVERSITEST KUTUPHANES]



higher eff;diency and smaller components, therefore minimize

inltial cost. Lower pressures yield larger components and

higher initial cost, but their operation life and maintenance

intervals are much longer.

Recommended main pressure categories are as follows:

Lower pressure rating : 80 bars
Medium pressure rating: 160 bars

Higher pressure rating: 240 bars

2- Actuator Selection

Two actuator types are available, cylinder or motor.

A: Cylinder

- Given load requirements: maximum force, maximum
velocity, stroke. The required minimum piston diameter will
be:

D= "5 (3.1)

Where F is the maximum load force, and P_ is the supply
pressure. Selected cylinders' pressure rating must be greater’
than ﬁystém pressure, PS, and maximum stroke must be larger
than required stroke. If selected cylinders piston diameter

is D', than required total flow to drive the cylinder at

velocity v is:

q = (ﬁ D'%) v Ne . (3.2)

Where Nc is the number of cylinders in parallel. Required

load pressure under these conditions is given by:



P = 4F -
L~ 2 v (3.3)

Which is the minimum pressure to be supplied by the pump, at
the load level.

B: Motor

Given load requirements: Maximum rpm and maximum

moment at motor level. Motor type is user defined.

Gear motors are cheaper and less efficient, and used
for low power applications. Radial piston motors are used in
cases where high torque is required at low revolutions. Axial
piston motors are most efficient, and capable of delivering
high powers at higher torques, but are most expensive.

Efficiency figures for motor types are as follows.

Motor Type

Volumetric Efficiency Mechanical Efficiency

Gear 0.83 : 0.90
Radial piston _ 0.90 0.93
Axial piston 0.92 0.94

Required minimum motor displacement is given by:
p - L. L | - (3.4
m o s '

Selected motors' displacement should be greater than Dm,
pressure rating greater than P, and maximum revolutions
greater than required load revolution, w. Required flow rate

to drive the motor at this speed is:

Q'=-‘“ . N ' , ‘  (3.5),.



T3 .
Where D 1s the displacement of selected motor and N is the

number of motors connected in parallel.

Required minimum load pressure to be supplied by pump
is: » v

_ 1 T '
PL = 'U—BT . (3.6)
m m

3- Pump Selection

Knowing required flow rate Q, and supply pressure PS,

a convenient pump type is selected. Prime mover rpm is

assumed constant.

Pump type is user defined. Gear pumps are less
expensive and have lower efficiency and pressure rating. Vane
pumps can operate at low pressures but high flow rates.
Radial piston pumps are most effective at higﬂ pressures and
low flow rates. Axial piston pumps are used where high
pressures and high prime mover revolutions are used. Their -
efficiency is higher and have variable displacement types,
including pressure compensation. The axial piston pump type
for closed circuits incorporates the feed pump, in a single

package.

Pump efficiency figures are listed below.

Volumetric Mechanical

Pump Type Efficiency Efficiency
Gear -0.85 0.93
Vane 0.85 - 0.93
Radial piston . 0.90 0.94
Axial piston (fixed) . ‘ 0.93 '9,94
Axial piston (var.—oﬁen circuits) 0.95 i 0.95

Axial piston (var.-closed circuits) . 0.95 . 0.95

/
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Under these conditions, chosen .pump's minimum displa-
cement must be: '

D =& _1_ )
p v : _ :

Pressure rating greater than load pressure PL’ and‘maximuh

rpm greater than prime mover's rpm, wp.

If selected pump has displacement Dé, actual flow will

be:
= D'w
Q, p” oMy (3.8)
The .updated actuator values, according to the selected pump
is:

"a) Actuator: Cylinder, updated.cylinder speed, V :

Cc
4
v, = - ?g cE (3.9)
D
Return flow rate:
.
Qr = Qp (1 - ;g) (3.10)

Where Dr and Dp are rod end and piston end diameters of

chosen cylinder.
b) Actuator: Motor, return flow rate 1is

Q, = Q u - " (3.11)

Actual motor speed is given by:
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\
o
b=

Y )
m D_ ' N ’ (3.12)

4- Pipeline Selection
Pipe lines are selected according to required actual

flow rate and SAE standards are taken as a basis. Following

table shows this criteria (Table 3.3).

TABLE 3.3. SAE Pipe Diameter Selection Criteria

Pipe Size

Flow Rate Suction and Return Delivery Line

(m3/8) - Line Dia. (N.B) mm . Dia. (N.B) mm
1.5x10 " _ 15 | 8
3.0x10 7 | . : 20 . 10
5.3x107% | 25 | 15
1.3x107° 32 20
1.9x10 3 40 | 25
3.0x10 > - 50 32
5.3x1073 65 . 40

The inside and outside diameters of chosen pipes can
be obtained and outside diameters of chosen pipes can be

obtained from Table 3.3, to compute pressure losses.

5- Directional Control Valve Selection

Directional control valves are selected in accordance
to delivery and return lines and system pressure. Selection
criteria 'is to take inlet port nominal radius equal to-

delivery line radius.



TABLE 3.4. Steel Pipe Inner and OQuter ﬁiameters

Nominal Outside Inside Max. Working
__QEEL_‘ —(mm) (mm) Pressure (Bars)

8 13.7 : 9.2 , 464

10 17.1 12.5 384

15 21.3 ' 15.8 369

20 26.7 2009 306

25 33.4 ’ 26.6 288

32 42 .2 : 35.1 ' 240

40 48.3 40.9 217

50 60.3 52.5 184

Directional control valves are classified according to
their nominal radii and neutral position port connections.
Another important parameter is the loss coefficient of a
directional control valve. This parameter is used in pressure

loss computations,

Classification of directional control valves,,accord-

ing to meutral port connections is summarized below:

Valve Type Neutral Position

Closed center
- Tandem center

Open center

The loss coefficients for various port connections of
a directional control valve is obtained by a third degree
curve fit to the pressure loss versus flow rate diagram,

released by the manufacturer. The pressure loss in this case

becomes:



(AP) 4 = K1,Q + K2,Q° + K3,Q

I

‘ 2
(AP) . = K1_Q + K2 _Q° + K3rQ3

6—- Pressure Relief Valve Selection

Pressure relief valves are selected to fit delivery
line nominal bore and to operate at pressures ten percent

higher than mean system worklng pressure.

7- Filter Selection

Filters are used to reduce contaminant level at
various locations of the system. In most abplications, they
are placed on return lines to reduce cost and pressure ‘
losses. Filters are sized according to maximum flow rate and
filtering size..A filtering rating of 10 microns is convenient
for most applications. Pressure loss coefficient for filters
is either given by manufacturer or obtained by a second -
degree curve fitting to the manufacturer released pressure

loss curve (Appendix D).

8- Computation of Pressure Losses

Pressure loss in delivery and return -line is computed
accérding to the flow in the line. Loss coefficients for all
elements on that line is added to find the total loss

coefficient of this line. Loss coefficients are:

. _ ¢ L
For pipes: Kpipe = D
£ = %i for laminar flow (Re < 2500)
. e .

£ o= ;g%?%% for turbulent flow (Re 2 2500)
e




,_ 4Q
Re = 7 Dv'

[0}
o
)

VFor T bends: KT
For 1L bends: KL = 1.3

- L -
KTOT = f ) + RTNT + K_N where N, and NL are total

L'L’ T

number of T and L joints in that line respectively. Filter,

cooler and directional control valve losses are added if

these components exist on that line.

9- Other Computations

Pressure relief valve set pressure is defined to meet

a ten percent higher pressure than required pump pressure

that is:

PR = (LOAD PRESSﬁRE + DELIVERY LINE LOSSES) * 1.1

The pressure on the pump is load pressure plus losses:

PP = (LOAD PRESSURE + DELIVERY LINE LOSSES)

Power required to drive the pump is given by:

(3.13)

Required minimum prime mover power is at least ten percent

higher than power required to drive the pump, that is:
W =1.1W
pm

Recormended mi

the maximum pump flow rate -in liters per minute, v

reservoir capacity is in liters.
/

(3.14)

nimum reservoir capacity is three times
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Overall system efficiency can be calculated as follows.

a) Actuator: Cylinder

y _ (NET PUMP OQUTPUT POWER)-(SYSTEM LOSSES) . 0.95
OVERALL (POWER INPUT TO PUMP) '

The factor of 0.95 is due to cylinder friction.

B) Actuator Motor:

" (NET PUMP OUTPUT POWER)-(SYSTEM LOSSES)
OVERALL (PUMP INPUT POWER)

Hu
v m

Where My, and w, are volumetric and mechanical efficiency

figures for the motor utilized.

Above anaiysis compiétes the components selection -and
steady-state analysis criteria for HYSAN program. This ‘

procedure may be outlined by Figure 3.4.

3.2.3. Engineering Data Library

Engineering data library (EDL), consists of six direct
access data files and an indirect access data file, showing
the contents of direct access files loaded by LOADER program.
The six direct access files and their data recording model is
selected to minimize the time of execution for evaluating a

proper component size.

The first two records contain file name and file
number respectively. Fourth record contains the key that
defines the loading structure of that file, so it is the first
record that is accessed by the computer, before entering to _
search the whole file. Computer directly enters to the data

block, in accordance to its requlrements, given by the main

/
program.
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Data files are organised automaticélly by the file
loading program,LOADER,while entering new data or updating

the data library,The file organisation of data files is
summarized in Table 3,5,

543 DATA FILES' LOADING

An interactive computer program called LOADER is de-
veloped to load or update component files.This program
enables the designer to load the data available from ma-
nufacturers! catalogﬁes to engineering data library in an
arranged manner,Meanwhile,it copies the direct access fi-
les on to an output file to give a printer copy ,showing
the contents and updated data in these files,

Above programs and files completé the necessary
software for HYSAN program to deéign,sketohand analyse
hydraulic systenms.

3.4, PROGRAM OPERATION

The operation of HYSAN program depends on the sé-
lection of components to obtain output and efficiency fi-
gures best fitting the requirements.If results are not sa-
tisfactory after a trial,user has the chance to change some
of the system parameters,such as mean operation pressure,lo-
ad parameters or prime mover speed.Therefore HYSAN program
reduces the time required for re-selection of components
and performance calculations,giving the user chance to make ..
more trials to design a more accurate system, '




- TABLE 3.5. Table Showing Data Files'
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Organisation

FILE NAME = CYLINDER

DATA BLOCK NO
L

A A

FILE NAME
DATA BLOCK NO

1

2

3

FILE NAME
DATA BLOCK NO

1

[« )R R T

FILE NAME

DATA BLOCK NO
1

FILE NAME
DATA BLOCK NO

1 ‘

FILE NAME
DATA BLOCK NO

1

1]

]

DATA LOADED IN THIS BLOCK
Cylinder type: A, B 250 bars
Cylinder type: C, D, F 250 bars
Cylinder type: E 250 bars

Cylinder type: A, B 350 bars

Cylinder type: C, D, F 350 bars
Cylinder type: E 350 bars

MOTOR

DATA LOADED IN THIS BLOCK
Gear
Radial piston

Axial piston

PUMP

ne

DATA LOADED IN THIS BLOCK

Gear (Fixed disp.)

Vane (Fixed disp.)

Radial piston (Fixed disp.)

Axial piston (Fixed disp.)

Axial piston (Variable disp.)

Axial piston (Variable disp.-for closed circuits)

VALVE

- DATA LOADED IN THIS BLOCK

Directional Control Valves, 350 bars max.

PR VALVE

DATA LOADED IN THIS BLOCK

Pressure relief valves, 630 bars max.

= FILTER

DATA LOADED IN THIS BLOCK

Filters, filtering size 10 microns




IV, TRANSIENT ANALYSIS OF FLUID POWER SYSTEMS

- 4.1. INTRODUCTION

One of the most neglected aspects of conventional
circuit design is performance under dynamic conditions.
Hydraulic systems designed without considering the dynamic
“ behaviour may fail under disturbing conditiomns, or may have
oscillations which fall outside acceptable limits, during the

transient response time,

An interactive computer program called HIDRAN is
developed for dynamic simulation of fluid power systems.
HIDRAN program predicts the dynamic response of a syéteﬁ under
a variety of load demands, and computes flows, pressures, and
spéed. The output consists of a time history of selected
system variables which were disturbed by the cont;olling in-

put or load change. Outputs may be taken in-tabular or

graphical forms.

4,2. HIDRAN PROGRAM

HIDRAN program, designed for interactive transient
anaiysis of fluid power syStemé, performs dynamic simulation

of hydraulic systems, due to changes in load and variations

of pump control input. The system models used and mathematical

"methods of solution are presented in following sectioms.

/
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HIDRAN program consists of a main program and 11 sub-

routines. There are four main sections in this program. These

are system parameters input-output, system modelling,

mathematical solution and graphical output sections.

HIDRAN program creates an output file, OUT 8, to be
taken from the printer, and a plotter file to obtain analysis
results in graphical form from the plotter. Graphical results
~are also displayed on the screen. The device interaction for

HIDRAN program may be outlined in Figure 4.1.

oubpute - graphicc results
e
——* HIDRAN

- PRINTER ’

apu ts V_\/
Grophical
outputs

SCREEN
PLOTTER

Fig. 4.1. Device interaction of HIDRAN program

The files and subrotuines utilized by HIDRAN program

are outlined in Tables 4.1 and 4.2 respectively.

TABLE 4.1. Files Utilized by HIDRAN

Main Program: DYNSIM

Input file: INPUT; Unit no: 5, input from screen
Output files: OUT8, OUTPUT

OUT8: Output file to printer, Unit no: 8

OUTPUT: Output file to screen, Unit no: 6
Plotter files: PLOTF, sent to plottgr




There- are two graphics subroutines for scaling and

graphical display of results, three subroutines for mathema-

tical solution of system equations and six subroutines for
system modelling.

TABLE 4.2. Subroutines Utilized by HIDRAN Program.

Main Program: DYNSIM

Subroutines for Graphics:

Subroutine AXIS : Graphical display program

Subroutine G : Scaling and axis defining program

Subroutines for Mathematical Analysis:

Subroutine DISCR3: Program to discreatize third degree system of equationms
Subroutine MINV : Program for matrix inversion .

Subroutine GMPRD : Program for matrix multiplication

Subroutines for System Parameters Definitionm:

Subroutine SYST : Defines parameters for motor systems
Subroutine SYST1 : Defines parameters for cylinder systems

Subroutine SYST2 : Defines parameters for cylinder systems, analysed due
to D.C. valve dynamics

Subroutines for System Modelling:

Subroutine SUBIN : Creates mathematical model for motor systems

Subroutine SUBIN1: Creates mathematical model for cylinder systems
analysed due to pump-load dynamics

Subroutine SUBIN2: Creates mathematical model for cylinder systems
analysed due to D.C. valve and load dynamics

After displaying results, HIDRAN‘program computes and
displays steady-state variations of selected system variables
- due to applied inputs. This feature enables the designer to
check if frogram‘has dlverged or not, durlng executlon, since

deviations should approach to steady-state values as time in-

creases.
/
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Another output is the computation of system dynamic
characteristic values, such as damping ratio, natural
frequency, etc. and program gives a warning to the designer,

if oscillations may occur behind acceptable limits.

4.3. SYSTEM MODELLING

There are five general system models, analysed by
HIDRAN program. These are motor systems with or without
pressure compensation, cylinder systems analysed due to pump-
load dynamics, with or without pressure compensation and
cylinder systems analysed due to directionmal control valve
and load dynamics. The mathematical models for these systems

are developed in following sections.
4.3.1. Modeling of Motor Systems Without Pressure
Compensation ' '

A general outlay for a motor driver system is shown on

Figure 4.2. In such a system, load may be driven, with or

without a gearbox. If a gearbox is used, all load data should

be shifted to the motor side of the'gearbox as explained

below, before entering the computer program.

A typical load drive system is shown in Figure 4.3.

The parameters shifted to motor axis are given as follows.

J. + J :
_ L R]. : 4.1
J = 5 + JM + JRZ . (,‘ )
N
B
= L (4.2)
B, = —5 + Bp ,
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Fig. 4.2. General outlay for a motor driver system

¢
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J,B u J.

mull S;dm
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i
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Fig. 4.3. Motor with gearbox

Motor-load equations:

o= .- t d 1 b t

M Dm(Pl Po)um momen eveloped by motor,
D2W2

P = LU motor outlet pressure

(4.3)

(4.4)
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motor : .
outlet pressure may be assumed atmospheric, since it
only de 3
y pends on the loss at the return lines. Then, combining

above e : ..
quations for motor speed and writing in terms of small
variations gives:

D u D
- _ _ B m m 1 n"m :
Ym = T TVt 3 Pi - F M+ —— P (1)
Delivery line:
\ b = . ey s .
E; i = Qp—Qm, compressibility equation for delivery

line. Overall bulk modulus of delivery line may be obtained

from:

1 1

1 S
I et R (4.6)
e oil P a
— tE.
Bp = 35
B, = P for isothermal compression (small pressure
variations)
Ba = YP, for adiabatic compression (larger pressure

variations)

y = 1.4 for air

Motor flow rate: Qm m

Combining above equatiomns for inlet pressure gives:

P, =7 (Qp My

Pump and control servo:
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Qp = Kq tgd for a swash—plate‘design,axial piston
pump

Qp = Kq sin¢ for a bent-axis design axial piston pump

Writing above equations in terms of variations in
will give: '

Ka]
[

Kq ¢, where the lower case letters indicate

variations in the system variables, from

steady-state values.
Pump servo behavior is given by:

Tpé + & = Ksu(t), where u(t) is the pumpfcontrol (4.7)

input.

Therefore the pump flow in terms of variations will

1, = 7 (KK u(®) =) (3
p .

The dynamic model determining the behaviour of motor
systems without pressure compensation may be obtained by
combining equatioms (1), (2) and (3), around a steady-state
opération point. The éhange of outlet pressure depends on the
pressure loss change in the return line due to flow changes,
and is negligable so canbe ommitted in equation (1). Then the

system equations take the form:

D n

) B - Ly

RGO A T ey - (P M _ (1)
. Be ‘DmBe | (Z)V

b, = (P 4, - G Y - . -




. 1 K K
q_ "= (- ;—) 1, + (

q
P T )
| P

u

_ Above system may be written in matrix form as:

] [a o T o1 (el
2l T 21 O ays 1%y +10 [ U+ [0 | M
X 0 0 a ‘ x b 0
| 3] i 331731 (73] R
Where:
- D u
= = _B. — m m
X, v arq 3 a;y = N C1
X, = p
2 -
* a = Dmse a" = .B_S.
X3 = qp 21' Vu v 23 \'
33 T 3 T
P P

the control variable is u, and disturbance is M.

(3)

4.3.2. Modeling of Motor Systems with Pressure Compensation

In case of pressure compensation, the motor inlet

pressure is fed back into the control variable u, in order to

attain a reasonable damping ratio. This time the eq'n for pump

servo becomes:

= - K P.) K
Tpé + o (Ksu KpPl) q

(4.8)

Where K 1is the pressure compensation gain of pump.
W p ! A 4 ‘

Therefore the'pump flow rate becomes.




P P qp1 P
in terms of variations.

. Be D
Replacing P, = -— (q. -2 w
1 \ PN,
combining with eq'ns (1) and (2) obtained above gives system

equations:

m) into above eqh and

K 8 D K K KKt 8 +V K K

s =(_P 9 e m (P g (. P ape s q

q; = ( 7w, yu (P - da +(—=—Du (4.10)

p p P

. Be DmBe

P, = (77) qp - (V uv) v i (2)
D _u

.. _ _(B m m _ (L

v (J) woot ( T ) P; (J) M i (1) -

The state space equations for the motor system with

pressure compensation becomes:

r 1 r~ - o - - '1
X, a;; a5, 0 1 0 |
x, = a21 0 a23 X, + |0 U + |0 M
.X3‘ La31 a32 a33- Lx3_ Lb3- -0 ]
Where:
. B o = “Beln Q= 55 qBelm
X = W = — = = .
1 m 11 J 21 Vo 31 Vi,
X, =P
2 1 D u -K K KK
= q a, =3B ay=—F by =<~
X = - 3 T T
3 p 12 J- P P
K K +V :
_Be T UM |
37 #33 EN 1

.1, ) ’
qp - ( qp KK tp, - K qui + Kquu) (4.9)




with the control variable u and disturbance M.

4.3.3. Characteristic Values for Motor Systems

The system damping ratio is given by:

B B v
27 " 7B m =207 J B, (4.11)

for a system without pressure compensation.

B
1 B e
b = 7 W'o N + v Kqu (4.12)
where
B u _ . '
wz = = [DZ (—E) + K K B] ' (4.13)
0 v moug qQp

for a system with pressure compensation.

The system is underdamped for b<l and overdamped for

b>1. For an underdamped system (b<l), the natural frequency
is:

=)

YB . u
(-2 ' (4.14)

0]

= I
fo T 27 J

<

v

The frequency of damped oscillations for such a system
. : t
is: ‘

_ /o2 .
£, = £, ' 1-b (4.15)

In case of a system with pressure compensation,

natural frequency is given by:



w

= 2 .
f0 C2m ' (4.16)

where LS is defined above.

4.3.4. Steady-State Results for Motor Systems

Steady-state results due to changes in disturbing
"factors can be obtained by setting the time derivatives to

zero in the system equations, and solving simultaneously for

state variables.

For a system without pressure compensation, we obtain:

= KKu 4.17
45 sXq ( )
- K KU : :
Wm = ——D—uv . ’ (4.18)
m
L
o BK Ku q
B, = DM TR 4 g (4.19)
mum Dm um . ’

For a system with pressure compensation, analysis

results in:

D KKBD KKBDzu K K
M m pgem _pgéemmj s g u
Bu_t BVu BV T

iy vV p. v v P ‘

P, = . 5 5 7 (4.20)
K K K 8 Dy D u K K B Dn ’
(Pq+Pqemm+mm_pqemm)

Tp BVuv ,BTpuv BVuv
D qu

- ""_D_'I_ E . ’ ) .
"m T B Pi B » . (4.21)



M - / (4.22)

4.3.5. Block Diagram for Motor Systems

Taking the Laplace transformations of system equations
for a motor driver hydraulic system without pressure compen-

sation, we obtain:

0 (s) = g [Dmum P (s) - M(s)} (4.23)
Be Dm

Pi(S) = T QP(S) - ;; w(s) (4.24)
‘KqKS

QP(S) = Tr—p_s*‘—l (4.25)

Letting u(s), the control variable and M(s) be the
disturbance, acting on the system, we can obtain following
block diagram for a system without pressure compensation

(Figure 4.4).

» ’ 1&S @ K Or E B D> u
Us) L TpS+l . q Ay Vs : mm-
- . "
Um -+
. M{(s)
!
L
Js+B
Ws)

Fig. 4.4. Block diagram for motor systems without pressure

. compensation



To obtain the block diagram for a system with pressure
compensation, we re-write pump equation for pressure
compensated pumps, in Laplace transformed form. Other equa-

tions remain same. That is:

wm(s) = 5548 [DmumPi(s)—M(s)] (4.23)
8 [ | D ', .
= .2 - .m
P;(s) = 55 19,(s) “mwm(S)l (4.24)
[ox, 1
QP(S) = Kq L(;—;;T) u(s) - KPPi(S)} | (4.26)

Therefore the block diagram for a system with pressure

compensation becomes:

Kp Lt
K, |- X § 19 B, R
K £ - D |
Tps+l + q + Vs m' m
+¥Y M.
= M(s)
bo e | 1
Hy Js+B

w(s)

Fig. 4.5. Block diagram for motor systems with pressure
S compensation '




4.3.6. Modeling of Cylinder Systems Without Pressure

Compensation

A cylinder system, driving a translational load 1is

shown in Figure 4.6.

N
—

|
Ay Ar I

E3l S T77¢1171777750777

M |#+—F

S0 -

Fig. 4.6. Cylinder driving a translational load
The dynamic model for such a system may be obtained by
writing cylinder load equations, and combining.with delivery
line and pump equations obtained for motor systems.
For the cylinder-load combination:
%

Mv + Bv + F = F H Fp = AhPi - POAr (4.27)

combining above equations and neglecting return line pressure

loss, the eq'n'fof cylinder velocity becomes:

A

. - F
Ve Y MR T H (v
‘ c
Variation of inlet pressure becomes:
Be _ ’
p; = (Qp - Qc) 5 where Q , = A.v ‘(4.2?)

t

combining above equations for pressure variation about a

steady-state point will give:
/
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B :
- _ _e_ . . ’
Pump equation is the same as obtained for motor

systems:

. 1
= — (KKu - ) 3
a, T sy a5 (3)
Combining equations (1), (2) and (3) will give the
system model. '
g = (2 A _FE '
vV = (M) v + M pi M . (")
B A B
. : e e ;
= - v - —_— . ]
1 (<) e 2")
‘. = . . 1
q, () + (—H) u , (3")
P %

Above system may be written in matrix form, convenient

for computer solution.

- _ - o . -
Xq 217 2 O % 0 _ €y

x2 = a21 0 a23 x2 + {0 u+ ;0 F

-x3~ LO 0 a33 _XB_ Lb3_ LO ]

|
Where:
= u a = -_B- = é a = —BE C = i

X1 11~ ™ 812 T W 23~V 1 M

X - =

‘ = * a = BeA >a = i b = KSKq
X3 p 21 v 3377 37 ¢ -



4.3.7. Modeling of Cylinder Systems with Pressure Compensation

The dynamic behaviour of a pressure compensated pump

is:

[—q -K K.t p. - K qui + KSKqu (4.9)

) 1
b = 7 P qpopi P
p |

P

Substitution of inlet pressure differential,

A =BeA +E_e_.
Pi vV v 4

P

will give pump flow for a pressure compensated system as:

1 [ B A KKt 8,
§ =— |-q KKt v--B4P® 4 _RgKop., +KKuy (4.29)
P P pPap 'V v P Paql $q | :
Therefore the system model becomes:
: = —(2 A _F |
V= vtg P T (1)
B A B
. e e
by =~V r g g (2)
. -K K BeA : K K K K B 1
q_ = 24 °= - .24 p. - (249 €& . —)gq_ +K K u
P \ T 1 v T P s q
P P .
' (4.29)

The matrix form expression of above system will give:



1T - r A ~ o
X1 (211 219 O X 0 ] ¢y
x2 = 321 0 a23 x2 0 u + 0‘ F
*3] P31 32 233] [F3 P3] A
Where:
1 11 ™ 12 M 33 v .
X9 TPy -8 A 8
a,, =— a,, = — b, = KK
%3 = 4 21 v 23V 3 s q
KKBA -K K
2 =-P4d¢e a  =.--P4d c. ==L
31 v 32 T 1 M

with the control variable u and disturbance F.

4.3.8. Steady—-State Results for Cylinder Syétems

Steady~state results may be obtained by equating the
time derivatives in system equations to zero, and solving

simultaneously for system>variab1es.

Steady-state results for a system without pressure

compensation gives:

qp = Kquu ‘(4.30)
_ KSK u

Vo= = | (4.31)
_ F B : .

pi = 1—5: + ? Kquu N (4.32)

Steady state analysis results for a system with pressure com-

pensation is:

i



2
KKBA KZKBA ]
F[ pge , pdge , _A ] + KK u
- BV BV BTy s q
Py = ) _ ~ (4.33)
2K K B A K K 2
(—R 9 . P4, A,
BV T BT
P P
S - A - _ A
V=14 (4.35)
T A qp ‘ .

4.3.9. Block Diagram for Cylinder-Systems

Taking the Laplace transformation of system equations
for a cylinder driver hydraulic system, without pressure

compensation we obtain:

v (s) = ;I—g- v(s) + M_A§ p;(s) - FISIZ) (4.36)
-BeA | Be ‘

pi(S) = v(s) + s Qp(s) , (4.37)
-1 KsK |

Qp(s) = 7 Q,(s) + =1 u(s) (4.38)

p P
And the block diagram becomes as shown in Figure 4.7.

The block diagram for cylinder systems with pressure

compensation may be obtained the same way as follows.
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2
‘Tp
K - >
qu 1 Be + 1 E_, A
>} T D ’ ey —_ L -_—
D + S \Y A s M
Q
BeA
v 4
- : 1 <
V(s) S
1/M
L kB
M
F(s)
Fig. 4.7. Block diagram for a system without pressure
compensation
- -B A F(s)
= —— d —— . —_— .
v (s) o v o P o (4.39)
—BeA Be
Pi(s) = 5~ v+ g5 9, (4.40)
-KpKvBeA K K
_qp(s) = _'_q'_vS v - —LSLT S Py T
P .
K K B 1 K K
- (A2 s =) g+ = uls)
. Vs Tps P s

[N

The block diagram may be drawn as in Figure 4.8.




Be + 1= P A
Vs SAEE
B/Ms

;%j+

Ms

TF(S)

Fig. 4.8. Block diagram for a cylinder system with pressure
compensation

4.3.10. Modeling Of A Cylinder Driver System Analysed Due to

Directional Control Valve Dynamics

HIDRAN program analyses cylinder systems in two'ways,
eithér due to load changes during the operation, or due to
the valve position change at time zero. Flow and pressure at
two sides of cylinder and cylinder velocity are selectéd out-—
-puts for such .a system. ,
In the analysis of this system, supply pressure to

directional control valve, P is assumed constant. Cylinder

s’
utilized is a single acting cylinder with rod at one side of
piston. Directional valve coefficients are taken as equal for

PS+A and B>P . position and P_>B and A>P position, which is

[
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the case for most directional control valve designs.

The 1oad-cy1inder and directional control valve com-
bination is shown in Figure 4.9.

R I ] v
A, ™ 5 F
Q, Q. T7777777707 20777

X[

»0
<0

Fig. 4.9. Cylinder-load and directional control valve combina-
tion

"The dynamic model for such a system may be obtained by

the following analysis on cylinder, load and directional

control valve sections. For the load:

B - F '
M M 1 M 2 M (4.42)

. F :
= L (P - aPy)) - (1)

For chamber one qf cy1inder: . .
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Py = % [Ql - Alf] ] , (4.43)

Letting Y1 and Y2 be the initial cylinder positions from head

and rod ends, we can write:

write:

P, = Pel rgl - ¥ (2)
1 Y1 LAl
For chamber two of cylinder:
B ‘ 8, [Q ' ‘
. e2 . e2 2 s
P, = == |q, + A,¥| = = |~ + ¥ (3)
2 v, [2 2} Y, |_A2 }
For flow through directional control valve, we can
u = +1; valve position: P+A/B->T
Q; = K; sgn (Pé-Pl) /(PS-Pl) sgn (Ps—Pl) (4.44)
Q, = K, sgn-(PT-Pz) /(PTfPZ)‘sgn (PT—PZ) (4.45)
u = 03 valve position: closed
Q = Q =0
‘u = -1, valve position: P>B/A~+T
Q, = K, sgn (Pp-P;) V(P,-P;) sgn (P,-P;) (4.46)
Q, = K; sgn (PS—PZ) /(PS-PZ) sgn (PS-PZ) (4.47)

Assuming no reverse flow, we can re-write above flow

equations in a simpler form:



2 T
u= 0:0Q =0Q, =0
u=-1:0Q; = -K, /Pl—PT

Q, = K, /PS—PZ

Therefore the state model becomes:

' A
v = - B _1 - _F
V=g ¥+ g (By - aPy) - g
B B
. _ el . el :
Py = Yy ' * K £, (B v
B . B
-V e2
Py =53 ¥ a(s-1)A, £, (Py) u
with the initial conditions: Y(O) = Y10
P, (0) = P
PZ(O)V= P
"~ and

f1 (Pl) = K, /PS—Plk
for u = +1

£, (2,) = K, /PZ—PT

£, (Pl) = K, /Pl—PT

. for u = -1

£, (Pz) = Ky /PS-PZ

£y (P)) = £, (By) =0 for u =0

Y (0)

atm

atm

(4.48)

(4.49)

(4.50)

(4.51)

)

(2")

(3™



Above system can be linearized about steady-state

values of Y, P, and P2, to obtain a convenient form for

1
computer solution. The system can directly be written in

terms of small deviations from the assumed linearization

values.
A A
. B, L1 —o L _ i
Yy =T H Yt P YT P2 TOH (4.52)
Bel [Bel af(pl)
S 2 A 2 Wik S "P1
L L™ 1
P10
B £ (p,,;) :
s | (4.53)
L 1
. Beo ; Bea  Yp "af(Pz)l .
- — — . 8 .
2~ S-Yp 5-Y, " wh] P, | 2
PPy
B £,(P,;) ‘
- (Sff 2 AZL ) u ©(4.54)
L aaq
where Y = Y—Y‘, Py = Pl—PlL’ Py = PZ—PZL’ f = F-F; . The

linearized state model has the form:

] [ a 1 T ] [0 ¢

X 811 %12 %13] |*1

X0 = {291 a9 0 X, + b1 u + (0| £
) ]

| *3] az; O 333} %3] P2 0]



The coefficients are:

11 M ? 12 M ? 13 M

a - _Bel a _ »BeZ
b4 - -
21 Y 31 S-Y,
for u = +1 and uL = +1:
S S Ry YBs7Pyy
22 Yo Ay 7 2(P-Py 1)
T I T AT
33 5-Y, A, 2 (PZL—PT)
o2 fe Ry /BBy
1 Y, A
b = Bey Ky "By
2 5-Y A,
For'u = 0 and uL = 0
3y = 833 = by =by, =0
For u = -1 and u. = -1



K., VP._-P

W fe2 1 K YRRy
22 Y, A 2 (P "Py)
LY T /PPy
33 0 s-Y; " A, T 2 (P-P,)
T N /By Pp
17, i
Lo ez Ny PP
2 T 5y, K,

which completes the dynamic model. The steady state values
used in linearization can be obtained by setting time
derivatives zero in the system equation, and solving for

P P and VL. Doing so, we get:

1L’ "2L

v A A
B B .2 1.2 2.2 F
A‘l‘: - (q) -4 {(E + Ot.(K—l') } {PT - PS - q}
v, = _ - (4.55)
" | 2 (2H? ¢ DY) |
2 1= a(=—
KZ Kl
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. v

o Vo2 2

Pip =B * (Kz) Ay
A

~ B2 2

Por = Ps (Kl) A

(4.56)

(4.57)

which are the steady-state values, to be used in lineariza-

tion of system equations. Steady-state piston position is

user defined (measured at head—-end side of piston).

4.3.11. Block Diagram for Directional Control Valve Dynamics

Above state model may be transformed into Laplace

domain to obtain:

sY(s) = allY(s)+a12P1(s)+al3P2(s)fCF(s)

sP, (s) a21?(s) * ay,Pi(s) + b uls)

s?z(S) a31§(8) +Aa33P2(S)'+ bzu(s)

(4.58)

(4.59)

(4.60)

This system will lead to the block diagram shown in Figure

4.10.

The transfer function for this system may be expressed

by:

a..b (s+a33) + a (s+a,,)

1271 13b2 22

Y(s) =

; "13%31

where the coefficients depend on valve position and are

defined above.

(s+a11)(s+azz)(s+a33)+al2a21(s+a33)+a a (s+a22)

(4.61)



4.4. MATHEMATICAL SOLUTION METHOD

The matrix form of dynamic models expressed in above

analysis 1s suitable to be solved by a digital computer.

The equation system to be solved is a linear, time -

invariant matrix differential equation in the form of:

b

(£) = AX(t) + BU(t) + CM(t)

- -
Subject to the initial condition: X(t ) = X, -
The solution to above equation is given by (see

Appendix E: )

eégt_T)g U(r)dr +

25T 6 M(ryan (4.62)

+
ot

To enable the use of a digital computer, above

continuous time system is discretized by taking t, = 0.

-Assuming that U and M are constant between two con-

secutive sampling instants, we can write:

U(t) = U(KT) i

i(t)

we obtain equation (4.62) in discrete form.

X((k+1) T), where T is a sampling period. Then



X((k+1)T) = efF

2T BdTU(KT) +

— =

hY
X(kT) +
T

+ £ BT cdmM(kT) (4.63)

If we define; the three matrices g; H and Q as:

(1) = 2t
T

H(T) = J e=' Bdt
o
-

Q(m) = 7 2T cdr

above equation becomes: (equation 4.63)

R((k+D)T) = g(DE(kT) + B(T) U(KT) + Q(T) M(KT)

1
S + azl
Y(s)
\
R | 1
——l___ dys S
S + a33 .
dy4 1
Y(s)

Fig. 4.10. Block diagram for directional control valve
dynamics



Which ié a vector matrix difference equation, repre-
senting the solution of system equations, only at the dis-

crete points of time, t = kT, k = 0,1,2,...

Coﬁsequently the problem reduces to forming of the
coefficient matrices G(T), g(T) and Q(T), from the system
matrix A, and vectors B and C, and processing of above
equation in the computer. Given the initial values for the
state variables, the values at every multiple of step size

are obtained as outputs.

In the HIDRAN program, a subroutine called DISCR3,
developes G, H and Q matrices, and the integrals over the
time interval. The method used is doubling formulae method,
and largest convergent step size and corresponding doubling

number is based on Van Loan's Criterion*.

Subroutine GMPRD, obtains a matrix product, by
conventional methods, and MINV uses standart Gauss-Jordan

method for the inversion of a matrix.

The simulation results can be taken at any discrete

time points as required.

' 4.5. PRESSURE RELIEF VALVE OPERATION AND ENERGY LOSSES
DURING TRANSIENT RESPONSE TIME

The Program HIDRAN, asks for the sgeady—state system
pressure and pressufe relief valve sets (if any) at various
locations of the hydraulic system. During the computation of
system variables, it checks for the maximum value that

pressure di:fferential can-take, that is

*Van Loan C.F., "Computing Integrals Involving the Matrix Exponential",
IEEE Trans. on Autom. Control, AC-23, pp.395-404, 1978.

!



P lox = (PRV - Pss) ] (4.64)

which is the difference between relief valve set and steady -
state pressure. If system pressure reaches set value of the

relief valve, valve.opens; and excessive flow passes from the
high pressure side of the circuit to low pressure side, which

results in energy dissipation.

In such a situation, usefull flow rate can be calcu-
lated by setting pressure differential to zero, in the pump

flow rate equation. That 1is:

]

% = 2
Qp ™ LA | . (4.65)

.Energy loss can be determined by integrating the equa-

- tion

E; = Ppy (Qp - Q;) | (4.66)

over the time interval in which relief valve is open.
Integration is performed by using the trapeze rule. Tﬁe only
inaccuracy in these computations may result due to the
‘omission of relief valve dynamics. This situation is analysed

and following figure is obtained.

' The time versus opening graph of pressure relief valve

was as follows (Fig. 4.12).

‘ , r
It is seen from the curve that inaccuracy of HIDRAN

program results because of relief valve opening delay and at

relatively small simulation time.
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Fig. 4.11. Pressure curve at pressure relief valve inlet
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Fig. 4.12. Time vs. opening graph of pressure relief valve
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4.6. ACCURACY OF HIDRAN PROGRAM

The results obtained by HIDRAN program are numerical -
solutions to system Qf‘differential equations developed to
describe system dynamics. Results are, therefore subject to

!



errors inherent in numerical solution methods, but can be
kept small® enough to have a minimal impact, less than 57, on

the final results.

‘Other forms of inaccuracy are the omission of
directional control valve and pressure relief valve dynamics,
but these fall well beyond the accuracy limits required by
most applications. A typical circuit test data is compared to
HIDRAN results, obtained for the same system and load distur-
bance conditions. The system was a mbtor system, operating at

120 bars. Load disturbance was 10 newton-meters (Fig. 4.13).
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© Ol .02 .0l .04 -0F .06 -OF -0C .08 A0 -ff 1L {3 I -I5 .f5 J2 .[f 9

time(sec)

Fig. 4.13. Comparison of HIDRAN with test results

Based on this comparison, it may be concluded that
HIDRAN program predicts pressures, sﬁeeds and flows, with a
reasonable accuracy. The difference is mainly due to the
technique used in solving differential equations during the
simulation pfocess and due to assumptiohs made to simplify
complex mathematical models of hydraulic components. These
assumptions speed up the execution of the program, produce
.more'stable outputs, and requirekless detailed input-data.
A generai'flowchart of HIDRAN program is given in Figure
4.14.
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V. CONCLUSIONS

Hydraulic systems should be optimally designed and
tested before going into service because of their relatiVely

higher initial cost and longer operation life.

Computer Aided Design techniques can take the place of
conventional'deéign by giving a much quicker and more
accurate solution to the proble@. The designer has the
possibility to simulate the circuit, ‘and investigate the
dynamical behaviour, before building up and testing the
system, therefore he can add or improve components without

constructing a prototype.

The capability and accuracy of CAD program largely
depends on the data files of components. Using files with
insufficient number of components, program results in- in-

accurately dimensioned systems.

Consideration of dymnamical behaviour of Hydraulic

" systems is a necessity for modern design. Observations on the
. . : . ] . .
dynamic response of several solutions to a design problem

enables the designer to select the best configuration.

From the dynamic simulation results, we can conclude
that larger systems show a faster responée to load changes

and are more stable. Pressure compensation can be used to



increase stability and damping ratio of a system, but results
in almost donstant torque (or force) transmission and reduced

speeds at increased load (Appendix. C).

The dynamic simulation results, obtained from CAD
program are compared to actual test results, and it may be
concluded that accuracy figures are well beyond the limits

required for most applications. The dynamics of prime mover
‘an& pressure relief valve may be added to the program to

obtain much higher accuracy in special applications.



APPENDIX A - SCREEN OUTPUTS FOR HYSAN AND HIDRAN PROGRAMS

Screen outputs and inputs entered by user during the
execution of HYSAN and HIDRAN programs are given in below

outputs.

The system designed by HYSAN was a four cylinder
system, operating at 200 bars, driven by a constant displace-

ment pump.

4 4

i

-
)

F]g.A], System designed by HYSAN to indicate screen outputs

Note that the inputs after the (?) sign were entered

by the user. |
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CoallantancanpCanCantanCancanCaDCADCADCADCADCADCARCATICATICATICAT:

o COMPUTER AIDED DESIGN
0F |
FLUID FPOWER CONTROL SYSTEMS

T T AT RO T

ITER J0B NO. (LESS THAN 100)
24

JOE NG =24

AFHICE SZOFTWARE REGUIREDT(O, 1)
[F REGUIIRED ENTER 1.IF NOT ENTER O
)

NTER SYSTEM PRESSURE(BARE)

ECOMMENDED FRESSURE RATINGS :
LIOWER PRESSURE RATING 20 BARE
MEDIUM PRESSURE RATING 1a0 BARS
HIGH FRESSURE RATING 240 BAREZ

200

RATED SYSTEM PRESSURE=200.0 BARS
NTER &CTUATOR TYPE

ACTUATOR TYFE ENTERING VALLUE
CYL.IMIOER 1
MOTOR =

22CYL INDER ZELECTICN==

NTER TYPE: ‘
IYLINGER TYFE ENTERIMNG YALUE
ALOR I 1
CL.OR OLOR F 2
E

/

1 T ‘ ‘
MTER NG. OF CYLINDERE IN FARALLEL

F'
Fl

o

it WAl Bt

CADCADCaDCADCADCADCADCADCADCADCADCADCADCADCADCARCADCADCATICATY !
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ENTER MAX LOAD.FRW VELDOCITY, STROKE
MAaX. LIDADNT: '

“1S0000
FRW. VELOCITY (M/3)

oWl

STROEE (MM)

PEELECTION FROM MENU
2 PREVIOUELY SELECTED

4
b

i

AEEED SFE
NCH OF CYLINDERS IN FARALLEL= 4
MAX LDAD=150000.000 N
MAX VELODITY= L1000 M/s
STROEE=  1000,.0 MM
TYFE=A.E

CHOSEN CYLINDER S SPCES:
FISTON DIAMETER=100.0 MM
ROD DIAMETER= 70,0 MM
Mar STRORE= 230.0 MM
MAX PRESSURE=350.0 BARS

CALTULATED S o
NECESSARY FLOW= 132.4%s LIT/MIN
CLOAD PRESSURE= 191.0 BARS

S

SENTER CONTROL KEY(1,2,3) - A '
L:RESULTS 0K, CONTINUE/2:RETRY CYLINDER SELECTION/Z:STOR
71

suFLUMF SELECT IONss

ENTER FUMF TYPE:
FLIME TYRE ENTERIMNG YALUE
GEAR :
VANE (FIXED:
RADIAL PISTON (FIXED)
AXIAL FPISTON (FIXEDD
AXTIAL FISTON (VARIAEBLE) (FOR OFPEN CIRCIITS)
AXIAL FPISTON (VARIABLE) & (FOR CLODZED CIRCUITS)
g

SENTER PRIME MOVER"Z RPM

132060 .

SELECTION TYRET?

1:SELECTION FROM MEML

21 ALFEADY SELECTEDR PLMF

1 - L

[ O G L B

HIEEQ SRS
- TYFE=AXTAL FISTOM
FRIME MOVERSS RFM= 1300.0

PO TR L Ll (RATT T e .



MAK HFM= Z00Q0,0

MAX PRF::HRE‘ 400.0 BARE
VOL.EFF.= .93 .

MEC. &EFF.

il Il

P4
CALCULATED =SFCS:

MaY THEQ. FLOW= 225,00 LT/MIN
ATTUAL PUMP FLOW= 209,25 LT/MIN

SNTER CONTROL KEY(1L,2,32)
L:RESULTS Ok, CONTINUE/2: RETRY FUMP SELECTION/Z:3TOF
1 .
UPDATED PARAMETERS:
ACTUAL FORMWARD VELOCZITY= L11Y M/3

ALTUAL RaCEWARD VELOCITY= Y

B3
e
[in]
=
~
)]

RETURN FLOK= 104,712 LT/MIN

ENTER CONTROL. KEY (1.2, 3
Ve RESULTE QELCONTIRNUE/2:RETRY FUMP SELECTION/Z:2T0OF
1

s IFE SELECTION=S
ELECTION TYRET ’ :
.EELELTIHN FROM MENL
PALREADY SELECTED PIFES
l

r-u - n‘n‘r

PIPE LINE ZFCEs:
SLUCTION AND RETURN LINE OIAMETER(MOMINAL)=4&3 MM
INNER DIAMETER=AS, 00 MM
CGUTER DIAMETER=74.20 MM
OELIVERY LIME DIAMETER(NOMIMAL)Y=40 MM
INMER DIAMETER=40.%0 MM
DOUTER DIAMETER=4Z.30 MM -

ENTER CONTROL EEY (L, 2 '
e RESLULTS Ok, LUNTINHF/'-R“‘HL1- Ok, CONTINUE /2 STOF
e |

el VALVE SELECT ION®:

SEMTER G VALVE TYPE:
nC YalVE TYFE - ENTERIMG ValLE
E {(CLOSED CENTER) ‘
G (TAMDEM CENTER?
H {OFENM CENTER)
MO D0 VALVE REGLVIRED

B 03 PO

=y

DC VALVE S
T

PO
=

TYIRE

COTNL T ST MO TMAal BRATITHS=RGDD



MAX FREZZURE= 3250.0 BARS

NTER CONTROL. EEY(L1.,2.32)

sRESULTS QRLCONTINUE/Z:RETRY DI VALVE SELECTION/Z: STOP
1

s2PR VALVE SELECTION==

FR OVALVE ZPCZ
MAX FREZZURE=  215.0 EARE
INLET PORT NOMIMAL RADIUS=NGLA

NTER CONTROL KEY (1.3, 3)
SRESULTS 0. CONT INUE/Z: RESULTS O, CONT INUE/2: 5TOR
: :

sxFILTER SELECTIONsS

CHOSEN FILTER'S SPCS:
MAY FLOW= ££0.00  LT/MIN
FILTERING SIZE=10.0 MIC

“NTER CONTROL EEY(L,.2.3)
LTRESUILTS 0R, CONTINUE/Z s RESULTS ORVCONTINUE/Z:STOF
]_' \

NTER CONTROL-MEY FOR PLLOEES COMPUTATION:

IF PREZSURE L0 COMPUTATION IS REGIIRELD.ENTER 1.
IF MOT ENTER O

1

zwpP, LOSS COMPUTAT IONS =

INTER QIL YISCOSITYI(MZ/ S

LEFAULT OIL VISCOSITY= 0.4 E —4 25
IF THIZ DEFAULT VALUE I= SUFFICIENTLY TRUE,ENTER i
JTHERHISE ENTER REAL VIZCOIITY MUMBEER

1

AL VISOOSITY= L400E-04 MZ/3Z

INTER -OIL DENZITY(EG/M3Z)
DEFAINLT QI DENIITY= .2 EG/ME
IF THIZ DEFAULT VALUE I3 SUFFICIENTLY TRUE.ENTER 1.
DTHERWISE ENTER REAL DENIITY VALLE
/

1 -

) Q1L DENZITY= 252,20 KG/HM2



ssPRESSURE LOSS COMPUTATION FOR LINE

[ER FIFE LENGTH
4
TER MO.OF T JDINTS

TER NOLOF L JOINTS

SUCTION LINE F.LOSS= LOOZE S BARE
’ SUCTION LINE POLOZS COEFF. =

Al
[xa}

TER THE HEIGHT DIFFERENCE BETWEEN PUMF AND TANK (M)
(NEGATIVE IF PUMFP I3 ARBOVE) '
L O3 ‘

ERESSURE AT THE PUMP INLET= L9942 EARS
ATTENTION: NEGATIVE FRESSURE AT PUMP INLET

2PRESSURE LOSS COMPUTATION FOR LINE

TER FIFE LEMGTH
iTEH NOLOE T JOINTE
ITER NOLOF L JOINTS
TELIVERY LINE F. LOZS= LlEEes RaARS
DELIVERY LIME P.LOSS COEFF.= 15EE3Es.

T VALVE PLLOEZ{F-8)= 2. 053201 BARS

D VALVE PLLDES COEFF, (P& = 12794,

2y}
o

=uPRESSURE LOSS COMPUTATION FOR LINE

ITER PIFE LENGTH

R

iTEF?: MOGOF T JOINTE

JTEH MOLOF L IINTS

CIMNE A PLLOSS= L2lEaLEs BARS
LINE A PLLIDZES COEFF.= 17772,

ﬁﬁFHESSURE LOssE CDHPUTATIDN FOR LINE

ﬂTER‘P;PE LENGTH

VTER MOLOF T JOINTS

1]

STER NO.OF L JOINTS

1w

g
et

oy e
L)

4 o e
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NE B FLLOSE RETURM) = L0523 BARS
LINE B €, LO8E COEFF. = 1ASSE.

s VALVE PLL
nc VHLV

EE(E-T)= LPIETE BARS
FLLOSS COEFF. (E~T)= 292443,

mll

saPRESSURE LOSS COMPUTATION FOR

FPIFE LENGTH

MCL OF T 0 TNTES

3t

MO, OF L LHINT

STURN O LINE PLLOSE= Q021 BARS

RETURMN LINE FPOLOES COEFF.= 2183,

=T LINE FILTER PO lFEE: L01265 RBARE
RET.LINE FILTER P.LDES COEFF.= 4000 .,

T AL PREE?HRE LOSEE D= 2. 45535 BARS
2241340 BAR/Z(MZ/E)

TOTAL P.LOSE COEFF. =
HE- PREZSURE ON THE PUMP= 1232.9353244 EARS
frVALVE SET PRETSURE= 2132.32478% E§RE

OWER REQUIRED BY THE FUMP=  71.95842 KW

LINE

ECOMMENDED MINMIMUINM PRIME MOVER POWER= 7. 2kW

ECOMMENDED MINIMUM RESERVOIR CAFACITY= &427.%
VERALL SYESTEM EFFICIENCY=21. PERCENT

1S COMPLETED.FROGRAM ZTOF!
o

LITERS

Siorx



The sysStem analysed by HIDRAN was a motor system
operating at'ZOO bars. The disturbances acting on the system
were a step increase of pump control current, and motor
torque. The computer outputs and inputs entered by user are

given in next pages.

L
L

[ B
9 Y
1

Fig.A2 Motor system analysed by HIDRAN

v



TER SCTUATOR TYPE

TUATOR TYPE  ENTERING VALUE
LINUER 1

TR
)
ITER CAZE MO, (1.2

SYSTEM WITHOUT FREZZURE COMPENSATION
SYSTEM WITH PRESSURE COMPENSATION

IR .

smZYETEM FARAMETERSG=S

ITER VALUES OF THE FOLLOWING SYSTEM FARAMETERS
ITOR INERTIA=T (KG-M2)

D03

A0 INERTIA=T (KG-M2)

AL YISCOUE FRICTION COEFF=7 (M-M/RD-5)

|

ITOR DISPLACEMENT=T (CME/REV)

20 |

ITOR MECH. EFFIC.=7 (%)

e

FTOR YO, EFFIC, =T (&)

SLIVERY LINE LEMGTH=7 (M)
i\
CLIVERY LINE INNER GI4.=7 MM

40, '

JLE MOD. OF HYDRAULIC FLUID=T (N/M2)
JLE MOD. OF FIFE=T (N/MZ)

E: (:3 RS ' )

OL. FERCENT OF ENTROINED ATR=? (%)

)

VETEM FRESSURE=T {(BARS)

200

IME CONEST. OF PUMEP SERYO=" (S)

UMF SERVO CONTROL GAIN=7 (M2/5-RDD
01 o

UMF CONTRGOL CURREMNT GAIN=T (RD/&)
.1

NTEFR TERMINAL TIME AND STEF SI1ZE

20,01

STEP SIZE= 010000 =
TERMINAL TIME= 200 F
MUMLOF TTERAT IONSZ= 200

NTER STEF MIMEER BETWEEMN TWD FRINTOUT ILINESZ

&TER STEADY STATE SYSTEM FRESIURE (BARS)
E?EH‘PRESQUHF REL TEF YaLVE SET(BARET)
OO0

ﬁ?ém EHANGE T CONTROL TrPUT

:Q%EH TQREUE U[STURBANEE (=MD

1255
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RIATIONS IN SYSTEM VARIAEBLES DUE TO AFFLIED INFUTS

TIME(E) SFEED(RFM) FRES. (BaARE) FLIW(LT/MIND
L1 0 ~1.200 L1z L1027
L DE0 7, IS 7.5501 1.40

L 24,4535 243

L 240 41,2750 .20
L0 2 4%, 2842 L4
L A00 i AR, 7278 4.42
L AE0 G5 IRLET4T A, 7%
L SaE0 b 20,1404 S.07
L EA40 47 ., &45 11.124% 5.2
23,044 10,3582 &, 448
2l.e4s VA T226 5,58
1.z 24.13240 ]
. ST L EEQ BRLT7T7E5 D. 75
1 45, 307 DAL 1EAT S, 21
1. b b 33.0142 DL S
1. 54,727 2AOBE03 =
1. 82,442 20, = E )
1 47 . 435 17. . Tl
1. 42,435 i3, - SR
i, 3.7 4 o, .94
1 40,742 P DL
! 1.4 = 2 / S.eE
. 47 Bza 0L 1773 b SV
1. 0,472 2709189 T
1. S0, 771 24,9457 S
o 4, 99z 21,2072 S

YPHICAL QUTRFUT RESUIRED(O, 17
REQUIRED ENTER 1.IF NOT ENTER ©

1A}
m
I
=
=g
i
—i
T
—
T

ATE DEVIATIONS DUE TO INFUTS:

TE DEVIATION IN MOTOR SPEED= 44,300 RPM
TE DEVIATION IN MOTOR FPRESSURE=  24.7%0 EARS
TE DEVIATION TN FUMF FLOW FRATE= 2,000 LT/MIN

'-.n,:m:t
STEADY

E HF 2N RS f' L= L0000 JOLES

SYSTEM DAMPING RATIO= L1097
FHDTE;UNDERDAMFED SYSTEM-OSCILLAT IONS PDéSIELE
SYSTEM MATURAL FREQBUEMDY= 1.4433 HZ |
FREGUENCY OF DAMFED OSCILLATIONS= ;.44DOHZ

j DF-DYNAMIC STMULAT ION-PROGRAM STOF
CETOR .

GLRTE TR REDTDE EXECUTIQN TIME.



APPENDIX B - COMPLETE EXAMPLES OF STEADY-STATE DESIGN BY
HYSAN . =

The complete examples of steady-state design by HYSAN

are given in following pages. The systems are a cylinder and

a motor system.

The cylinder system was designed to move a maximum of
20,000 newtons force, at a minimum velocity of 0.3 m/s, using

a single cylinder. System was driven by a constant displace-

ment axial piston pump.

The plotter and printer outputs showing the circuit
diagram, component selection and steady-state analysis

results are given.

The motor system was designed to deliver a maximum
torque of 160 newton-meters, at 1500 rpm. System pressure was
160 bars, driven by a variable displacement axial piston

pump .

The plotter and printer outputs of HYSAN program,
showing circuit layout and design results are given in

following pages.
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Fig. Bl. Plotter output of cylinder system designed by HYSAN

oI od AT | | O

Fig. B2. Plotter output of motor system designed by HYSAN
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P

S

F CORPUTER AIDED DESIGN
P OF

5 FLUID POWER CONTROL SYSTEM
P
CADCADCADCADCADCADCADCADCADCADCADCADCADCAD

U SYSTEM pPReScuriE= 50,90 SARS

*xCYLINDER SELECTION=®=*

U LPLS:
Moo CF IYLIAZERS IM PARALLELE 1
WaX LGADE 20001 .290
VAX VELSCITYS L3RG u/S
ITPUKEE 270, e
TYPE=A, 3

<3
v

EM CYLINDER'S SPCS:

SISTON DIAMETER = 53,0 kv

RUD DIAMETER= 36,0 Mn !
WAX STROKZ=  214.0 ¢4

viY PRISSURC=257,7 [ARS

**DUNP SELECTIONK*

Fo sPCSs:
TYPe =AY IAL PISTOM .
SKINME ™MOVTER'S 2pv= 1200.,U



CHUSEN 2yMP'S Sp
DLISPLACENEN
MRX RPM= 37
MAX PRESSUR

54.800  CiH3/REV

o

BRI I et

(U2 I | I | R}
.

350.0  3ARS

VULLFFF .= 7
AeCaEFFa= .94

CALCULATID A206: ' v
MRX THED. "FLO= 3,64 LT/MIN
ELTURL PUMP FLCUS 91.7¢ LT/HIN

UOVATEY PERAMETERS :

ACTUAL FORJAFD VILNCITY= L 490 M/s
ACTUAL SACKWAPRPY VYELOCITY= L7283 Wn1S
PeTUPL FLO4= A1.78%1  LT/8LN

**P IPE SEZLECTIOHN*~*

PTPT _IVE $PIS:
SUCTICN AND RETURH LTWE DIAWMETER(NOMINAL) =40
IMGER DIMIETER=L(, 90 MM .
CUTLR DIAWETER=L3,.30 MA
DELIVERY LIKE DIRMETER(HGMINAL)=25. M
INNER DIAVETEIR=25.60 MA
CUTER DIAMETIP=33,40 My

**%pC YALVE SELECTION*»*

OC Va_NE SPCS
TyPi=¢
THLET PORT 0T AL 27 31US=ERG16
ex BRI ST TLE 3L G RARS

*xP R VALVE SELECTION=**

PP VALVE SP
PR

M aX curRf=  p33.0 3ARS
ITMLET ET NOMI AL RADIUS=NG1TO

i

**FILTER SCLECTION®*

CHuS M FILTER'S S (S
Ve FLOW=s 157,70 LT/wid
FILTERING SIZE=1D.D M1C
**xD L0OSS COMPUTATION**
!

WIL WISCUSITY= (40D E-) M2/5

GIL DENSITY= B58.200 <&/@3

Mo



SUCTIUN LINDT P LNSS COLFF.=

AT THE pUMP T

PRESSIRE
ATTENTION :NECATIVE

XY

oy

3 v
RO N

vE PLLOSS(P=A) =
L VELVE PLLCGSE

R |

LInF 22352

TOFFF

-
.

LIkt )=
DF FF

pC Vabvr P LISS(2-T) =
fe VALYET PLLOSS CGF

REZTSAN i 2,L3SS8= .
ReTUFL LIND P.LOSS

90

ET= 27644 BARS

PEESSURE AT PudP INLET
21533 SARS -

S COEFF, = 92124,

. 6720

3ARS

. - 140965,

«15112 38aRS
= 142532,
.39614  3AR

RET.LIWE FILTER P.LOSS= L07422  BARS
FeTLLINE FILTE® PLOSS CGEFF.= 70000,
OTAL PRESSURE LOSSE 5= 2.05841 BLRS
TOTAL P.LOSS CIEFF.=  B30565. BAR/(M3/5)2
THL- PPESSURT OM THE PIMO=  £5.94268 3ARS
PR OVALYE SIT PRESSUE= 72.33095  BARS
POJTR FREQUIRTID 2Y T4& PUp= 10,7565 K
KA NSO D I NI W dRIRrE Ve nr PoWER= 11. 3K
RECOAMENVED MIMIAUM RESERVOIR CAPACLTY= 275.2 LITERS

JVERALL SYSTew

TY=4l. PERCEMT

0.225KLN5.



0B N2.= ¢

ATED SYST

SKED §2C¢S
Vo. ¢

JU'—.E

v
N

VUTUFR

ALCULATED

£v PRESLYUI=I40.0 B

SARS

FouoT

FF.=

TFF.

5PCS:

ORS

Iy P

5 TORwUI =
£6=1300, 270
I

- -

)

NECZSSARY FLUWS

LUAD PRESSURE= 133,

/

SKEu 52CS
TY?e

SORTNT

**xM 0T

ARALLE
163400
RP

a0 CN

PPN
1.0 BA

1304435
635 G

* %P Uk

XIAL PIST M CVARL)

MAYE

Wl(

SRy =

270 N

CADCADCADCADCADCADCADCADCADCADCADCADCADt

F

D

S

F COMPUTER AIDED DESI
P OF

S FLUID POWER CONTROL SYSI
F

P

S
CADCABCADCADCADCADCADCADCADCAD CADCAD CAD(

OR SELECTION**
1

0 W=

3/ReV

RS

500 0 KG=we

LT/MIN
AR S

P SELECTION*=*
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CHOSEN PU¥P'S 3PCS:
YISPLACEMENT= 2 .003  Cc#3/REY
MAX RPYM= 29050
MAY PREISSURE= 420.0 HBARS
VU_FFF.= ,05
MEZLEFF .= 95
CALCU_ATED SPCS: _
YAX THZIO,. FLOW= A20.00  LT/MIN
ACTULL PUAP FLANWS 130,43 LT/MIN
UPDETTL PLFAJETERS:
ACTJUEL IQTOR SPEEp= 1530.0  R’PY
JETURN FLO4= 120,000 LT/ MIN
AP IPE SELECTION**
PIPE _INE SP{S:
SUCTICGN AND RETUPN LINE DIAMETER(NOMINAL) = 50
INMER DIAMETER=52,.50 MM
GUTER DIAVETER=AD,30 MM

DELIVERY LINE DIAMETER(MOMINALY =32 MM
INNER PIAMETERP=XS, 10 R
GUTER DIAVETER=L2,2 M

**xPR VALVE SELECTION®.x

PR VrLVEI SPCS:
Ma¥ PRESSURI= 315,30 ZARS
INLET 2ORT MOMINSL RADIUS=NGTS

**FILTER SclLoCTION,=

CHOSEN FILTER'S SPC\

MAK FLCW= 160,19 LT/HIM
FILTERING-STZE=17 IC

*%P L0SS COMPUTATION*x*
oIt vILCOSITY= L402%~-06 [2/S

UIL 0Ew3iTY= 355,20 - <5/ @7

SUCTLIIH LI P,L053= .N3592  B3aRS
SUTTICH LINE.P,LNSS FODFF.= 7600.

PRESHJRE AT THE PUM® INLET= 95577 " BARS
' COBATTENMTION:NCGATIVE PRESSURE AT PUMP INLET

DELIVERY LiIne P, LOSS= 17705 3ARS
DELIVIRY LIME 2 ,02585 CQEFF. 37404,
DC vAalve P.LUIS(P=M) = L5300 BARS
SC VELVE PLLESS COEFF.(P-A)= ’ C.

LIal 22,0050 L300 DARS

M



; - 93 -
LINF 2 P.LGSS(PETURN )= J0000 BARS
CINE B PLLISS COF FF.= a,
VC VALVE P.LOSS(2-T) = L0000 BARS
DC VALVE 9 _L0SS TOSFF (B-T)= U
RETUKRY _INE P.LDSS= .02973 BARS
FETUEHR LIME P.dSS COEFF.= 7432,
RET.LINE FIn TVQ P.Los< .25000 TARS
RETLLINE LTER ©,.08S COEFF.= 70000.
TOTEL PRESSJRE LO56ESs LSe7E 8ARS
TUTLL PL.Lnui" COECF, = 133002, BAR/I(M3/S)2
THE PILISUED 23 ThE PUM9= 1354.44711  SARS
PR OVALVE SET PREZSUTEET 147.56132 BARS
D4FR REGUIRED 2Y THE oyup=  30,49723 KW
RECOMMENLED MINMIYUM PRIMT MOVER POWLRS 33.8K¥
ATCNMMLNUIL mII L PTSIRVOLR CAPACITY= 391.3 LITERS
JVETALL SYSTAY EFFICIFNCY=7%. PLRCENT
D IS5 COWPLETED
\8.55._UCL-P/ Sd, P33 ’ 0.212KLNS.



APPENDIX C - DYNAMIC SIMULATION OF SYSTEMS DESIGNED IN
APPENDIX B

The dynamic simulation of systems designed by HYSAN in
APPENDIX B, were performed by HIDRAN program. |

The cylinder system utilized a constant displacement
pump, therefore the flow was constant.The disturbance was a
step increase of cylinder load. The change in cylinder speed

and load pressure are given as outputs in tabular and

graphical forms.

For the motor system, the disturbances were in the
form of a step increase in pump control current, and load
torque. Outputs are taken both in tabular and graphical forms.
It is seen that the system shows slight oscillations, before

reaching the steady-state condition.

The same system was analysed by using a pressure

compensated pump. Results of printer and plotter outputs are

given.

It is seen that pressure compensation results in
reduced speed, although pump control input was increased, and
load pressure nearly remains constant, which means a constant

torque transmission.
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UCCADCADCADCADCADCADCADCADCADCADCA

DYNAMIC ANALYSIS
OF

FLUID PCWER CONTROL SY!

Ca0CAGCADCADCADCADCADCADCADCADCADCAD CAI

JO3 wWla= 1

TUATGY TYPE: CYLINDER

AULETICN BUS TH PYUM=LOAD DYMAMICS

ISTEM - WITHOUT PRESSJIRT COMPENSATION

x% SYSTE#¥ PARAMETERS *=

MAS3E 200002 7(X6)
VISU2US FRICTION COEFF.= 1320.00u(H/6i~S)

IDEP IFFECTL VY 4REA=

ITIVE BJLC MODL3F DILIVERY SYSTLMHz#k kkkksnn(N/M2)

COTL YOLUMT I DELIVERY LINE=  1.607(LT)

LLOUN TIWE ~AAMST = AN



1P SEFVY ¢

i CUNTROL

STE> S17
TERVIVAL
NUWL GF T

T
TLA

2 [&8 IJY S

PRESSUKT

INTROL 54IN=

CURRENT GAIN=

E= 019000

SR

TIwg= 1.7
TERATIONS=
TET SYSTOH paz
PELIZF vyalvZ S

gHAMQE.IN CINTRIL. INPUT=

FORTz LT

\RIATIUNS

TI7 (5

oAt
.!j: o
e db
W UST
YN,
<130
120
R
150
194
270
22U
L 2hy
o287
W25
«OIL
PR
« 340
«o5u
T
AL
b?0
. bl
a5y
A G20
D0
MEY Y
e bl
« 350
330
YO
020
« 0%
«0hT
w020
SO0
R N

STURBANCE=1DDR,

I sysTen

52220/ 9)
- 0L3

VLRI A

~
(%

(88

- 96

« TR /5=RD)

«A1TCRD/A)

« 2000
0003 N
LTS DUE To

X
ad!

FOu(i2ARS)
4775
7539
1R 95
3576
15932
RLRely

DAY

&0 U=
Il . a " w

-
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(RS IRV R oW
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=

- PO -
P
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no
(V]
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O
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5. &3
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Fig.Cl. Plotter output-of pressure variation computed by HIDRAN
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¥ig,03 Plotter output of flow variation computed by HIDRAN

The cylinder system analysed by HIDRAW is equipped with a
constant displacement pump,therefore pump flow is constant,
(Fig.C3)A load increase of 1000 newtons sets the system in
oscillations,Load pressure shows an oscillatory increase of
six baré-maximum,(Fig.Cl) while speed shows a slight oscill-
atory variation,since pump flow is constant.(Fig.C2) |
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Plotter output for pressure variation in motor system
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Plotter output for speed variation in motor system
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Fig.C6 pPlotter output for flow variation in motor system

The motor system is analysed with respect to load change of
newton-meters,and a control input increase of 0,1Amp.The

ad pressure showed a slight oscillatory increase of six bars,
3 to the load increase,while speed first decreased,due to the
1pressibility of delivery system,but later increased because
increasing pump flow.Pump flow increased by 0.6 lt/min,due
increased control input. '
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Plotter output of pressure variation in motor system with pressure:
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Plotter output of speed variation in motor system with pressure
' compensation

!



- 109 -

FLOW (lt/min)

U TINS 00 T W DU N DU TN O |

t
&

TIME(sec)

Fig.09 Plotter output of flow variation in motor system with pressure
compensation : ’

The pressure compensated motor system is analysed for
a control input of 1,0 Amp, and a load disturbance of ten
newton meters.lt may be concluded that,altheaugh load dis-
turbance was a high value,still system showed alrelatively
.quick response,due to pressure}compensation facility of the
pump.lLoad pressure remains almost constant,as expected,which
results in a constant torque transmission.(Fig.C?7) Speed dec

reased since pump flow decreased rapidly because of the inc-
reasing pressure.: '
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APPENDIX D - EVALUATION OF DIRECTIONAL CONTROL VALVE LOSS
~ COEFFICIENTS ’

To evaluate the loss coefficients, we fit a third
degree curve to the pressure loss versus flow rate curve of

directional control valve.

AP f
| R P—A
. pP—B
B
P3.
q, 9, 93 Q

Fig. D1,
Following:equations may be written for arbitrary taken

points on the loss curve of directional control valve.

2 3
€197 T G4y F C39; T Py
2 3
C1dy * €99y T €395 T Py
c.q. + c,q’ + c.q3 = p
193 293 393 3

above linear system may be solved for Cys Cy and cqy to obtain

the valve coefficients.

These coefficients may be loaded in data files, for

later use in design problems. -

Same méthod.applies for coolers and filters.
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APPENDIX E - SOLUTION OF VECTOR MATRIX EQUATIONS

Considering the following matrix differential equa-
tion. -
X(t) = A X(£) + B U(e) + C M(t)
Subject to initial condition: i(to) = io.
Above equétion may be written in the form of:
X(t) - AR(t) = BU(E) + CM(t)

Multiply both sides by e_t——x-t to obtain:

oAt {iu) - 4R | = ™ [auce) eu(o)]

in other terms:
— - -
é% [e at X(t)] = oAt [gu(t) + gm(t)]

above differential equation may be integrated between t, =0

and t.

‘ t
e ét () = e ét feé(t_x)[

gU(A)+gm(x)]dx + io‘
[o]

. - ) -
with initial condition: XO = X(o)

Above continuous-time system can be approximated by

discrete-time solutions at equally spaced sampling instants.

. The input and disturbance functions are assumed constant-

during a sampling instant.
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Letting to = (k+1)T and t2 = kT we have:
(k+1)T

- A - —

X)) = AUHDT xo4-e§(k+l)T s e B [gu(k)+Cm(x)Jdl
o

and

kKT -—AX |.
- a 2
R(kT) = KT R+ GAKT e [_B_U(A>+gm(x>] dx

0

Multiplying above eq'n by eéT and subtructing from the equa-

tion above, we obtain:

-~ T - )
X(+1T) = 2T Ry + 2T 5 7% 3 ykT) ac +
o]
At T -At
+ e=" J e =" C m(kT) dt
o}
or
K((k+1)T) = ¢(T) X(kT) + H(T) U(kT) + Q(T) m(kT)
where
9:(']:) = eéT
AT T -t
H(T) = e=" [ e = B dt
- o
T
o(r) = 2T s e7AF ¢ ac ,
(o]

Therefore the matrix equation is approximated by a vector

matrix difference equation, convenient for computer solution.
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APPENDIX F - EVALUATION OF PUMP CONTROL COEFFICIENTS KP, K@
AND KS -

Following method can be used to evaluate control
coefficients for a variable displacement axial piston pump,

used in hydraulic systems.

To evaluate Kq and KS,-obtain control graph from
manufacturer cathalogue. In the case of electrical control

such a graph will look 1like:

4-'
1 De
- I° ( DP mdax
-1
. Fig.FlL Control graph for axial pistpn pump
From the figure: U = I - I , which is the maxi-
max max o

mum change in control input.
|

For a swash-plate design axial piston pump:

(Qp)max = thgémax.

For a bent-axis design axial piston pump:



Therefore:

Q) :
Kq = E—§~935 for swash-plate design (1)
8% nax
(Qp)max o
K = ——+——= for bent-axis design (1)
q Sing
T "max
Since
(Qp)max = quUmax
for both désigns, we can obtain
tgd ) .
KS =-—E—EE£ for swash-plate design (2)
max
-81nd < :
KS = _Tr_lyi_ for bent-axis design (2%)
max

‘Therefore equations (1), (1'), (2) and (2') give the
control coefficients for axial piston pumps.

To obtain a reasonable pressure compensation gain K_,

for a damping ratio b, following analysis can be made:

) i
B U
Wt o= -2 |p? (—E)+KKB] (3)
o JV m pv q p J .

for a-pressure compensated axial piston pump. Knowing the

desired damping ratio, b, we can obtain required pressure

. compensation gain, K_ from:
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kK| - . 4
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