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ABSTRACT

A hydraulic power steering systems is widely used for motor vehicles, and it works
as a hydraulic servo system. During the development of a power steering system,
sometimes the pressure vibration is observed, and the vibration is not acceptable. The
purpose of this thesis work is to understand the dynamics of the vibration behavior,
and find out the efficient method to reduce the vibration. This thesis investigates the
dynamics of a hydraulic power steering system using a bond graph method. Each
component of the power steering system is described by the bond graph model and
simulated. The total system is also modeled, and simulation for the vibration is
presented. Linearization method is applied to analyze the system behavior. The
hydraulic line connecting the oil pump and pressure control valve is found to piay an
important part for the vibration behavior.
Thesis Supervisor: Dr. Kamal Youcef-Toumi

Title: Associate Professor of Mechanical Engineering
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Chapter 1

Introduction

1.1 Motivation

A power steering system is used for motor vehicles to assist a driver to steer the tires
to change its direction. Recently a number of power steering system is increasing
because of increase of motor vehicle weight. Most power steering systems used current
motor vehicles are hydraulic power steering system that contains a hydraulic servo
system. Hydravlic pressure used for supporting the driver is usually controlled by
the pressure control valve with mechanical feedback system. Improvement of motor
vehicle requires additional characteristic of power steering system such as proper
steering effort corresponding to the counter force from the road. Only the steering
effort is the information from the road a driver can receive, supply proper steering
effort to the driver is an important issue. This characteristic is mainly determined by
the pressure control valve design. Therefore, dozens of experiments with prototypes of
valve are taken to determine the proper power assist ratio. During these experiments,
sometimes the pressure vibration at the valve inlet port is observed. The pressure
vibration causes a noise and body shaking; the vibration is not desirable. If the
valve specification can satisfy the requirement from the motor vehicle, reducing the
vibration without changing the valve shape.

From experience, it’s known that changing the combination of the hydraulic line
that consists of pipes and hoses and connecting the oil purnp and the pressure control

valve. However, there is no theoretical way to reduce the pressure vibration, and trial
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and error method is the only way to find out the correct hydraulic line combination.

Although there are some papers examining this problem, they have assumed one
metal pipe as the hydraulic line. Using a single metal pipe as the hydraulic line is
too simplified to apply its result for a real system. Therefore it is useful to find an

efficient way to predict the vibration and reduce it.

1.2 Research Objective

This research work is divided into two parts. One is modeling of a power steering
system and the other is simulation of the vibration behavior. First of all, using
the bond graph method, a power steering system is modeled. Making a feasible
model of power steering system helps not only understand the system structure but
also analyze the system behavior. After the feasible model is obtained, the pressure
vibration behavior is analyzed using numerical simulations. The goal is to figure out

where the vibration comes from and how to reduce the vibration.

1.3 Thesis Overview

The second chapter of this thesis describes the general explanation of the power
steering system and its components. Describing each component makes its function
clear so that when the component is modeled, proper bond graph expression can be
chosen.

The third chapter presents a bond graph model of each component of the power
steering system. These models are based on the general idea obtained in the second
chapter. Simulation results of each model and several comparison with the experiment
data are also presented.

The fourth chapter presents a bond graph model of the whole power steering
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system and its simulation results. The dynamics of the system and the validity of
the mcdel is briefly discussed. This chapter also analyzes the primary factor of the
pressure vibration. To analyze the vibration behavior, linearization method is applied.

The fifth chapter contains the conclusions and suggestions for further research.



Chapter 2

Power Steering System Components

2.1 Introduction

A power steering system consists of several subsystems. These subsystems have me-
chanical, hydraulic, and/or electric functions. In this section, the function of a power
steering system and each of its subsystems are described in general in order to describe

its principle of operation.

2.2 Power steering system description

The power steering system considered in this thesis is shown in Figure 2.1.

A power steering system consists of two main units: a manual power transfer
unit and a power assist unit. The manual unit consists of a steering wheel, a main
shaft, and a gear mechanism. Usually the output shaft of the gear mechanism is
connected to the front tires of the vehicle by several links so that angular or linear
displacement of the output shaft corresponds to the front wheel steering angle. The
Driver’s steering torque is transmitted from the steering wheel to the gear through
the main shaft. The gear mechanism and links change the input power direction so
that the front wheels angle can be changed.

The power assist section consists of a power source, a steering torque sensor, and
a power generating mechanism. The torque sensor detects steering torque, and the
power generating mechanism produces assist power corresponding to the signal from

the torque sensor. A hydraulic pump and an electric torque motor are mainly used

5
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pipes and hoes
reservoir \

. \ - 4 steering wheel

Figure 2.1: A power steering system

as a power source for a power steering system, therefore, there are two types of power
steering system; hydraulic power steering system and electric power steering system.

A hydraulic power steering system gains an assistant force from the hydraulic
pressure controlled by a pressure contrel valve. A hydraulic pressure control system
is very efficient in delivering high power with compact components.

An electric system is more convenient than the hydraulic system because of its ease
of use. However, an electric power steering system may not be used for large motor
vehicles because the necessary motor size tends to be heavy and cccupies too large
a volume. In addition to these drawbacks, electric power steering systems also have
reliability and safety problems. Thus, hydraulic power is the preferred mechanisin for
power steering systems. Because of this reason, a hydraulic power steering system is
discussed in this thesis.

A hydraulic power steering system consists of an oil pump, hoses and pipes, an
oil reservoir , a steering wheel, a main shaft, and steering gear box that contains a
pressure control valve, a rack and pinion gear mechanism, a piston and power cylinder.

Steering torque from a driver is transferred from the steering wheel to the pinion
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gear. The pressure control valve is placed between the main shaft and the pinion gear
so that the valve moves corresponding to the input torque.

The valve displacement from the neutral point produces oil pressure change, and
the pressure is guided to one of the cylinders corresponding to the valve movement
direction. The pressure is converted to the force by the piston attached to the rack

bar, and the force assists the driver to steer the front wheels.

2.3 Hydraulic pump

Hydraulic pumps are used to convert the mechanical energy into hydraulic energy.
The mechanical action of the pump takes the fluid from the reservoir into the pump by
producing a partial vacuum. This action also forces the fluid in the pump to go into
the hydraulic system. The pressure is determined by the resistance of the hydraulic
system or imposed load to the system. In the industrial field, positive displacement
pumps are widely used. Displacement pumps are categorized into three types: gear
type, vane type and piston type. For power steering system, gear pumps and vane

pumps are commonly used.

2.3.1 Gear pump

A schematic of a gear pump is shown in Figure 2.2.

Two gears mesh at a point between the outlet port and inlet port in the pump
housing, and they rotate in opposite directions. The volume between the gear teeth
increases at the inlet port that produces a partial vacuum, and fluid enters the pump.
The fluid trapped in the space between the gear teeth is carried to the outlet port.
At the outlet port, the teeth of two gears mesh and the space .ecreases in volume.

As the result, fluid is forced out of the pump into the hydraulic system.
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outlet port | inlet port

Figure 2.2: A gear pump

2.3.2 Vane pump

A schematic of a vane pump is shown in Figure 2.3.

A vane pump consists of slotted rotor, vanes, a cam ring, end caps, and bearings.
Vanes are free to move in the radial direction in the slot but the motion in the axial
direction of the rotor is limited by the end caps. When the pump is operated, the
rotor is rotated, and the pump vanes are ejected from the rotor, and contact with the
cam ring because of centrifugal force so that vanes forms several chambers. With the
rotation of the rotor, vanes follow the oval cam ring and change the chamber volume .
The volume increases at the inlet port draws the fluid into the pump and the volume

decreases at the outlet port pushes out the fluid into the hydraulic system.

2.3.3 Piston pump

A schematic of a piston pump is shown in Figure 2.4.

A piston pump consists of pistons and cylinders. A piston moves back and forth in
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Figure 2.4: A piston pump
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a cylinder, and fluid is drawn into the cylinder and then pushed out from the cylinder.
Usually several pistons are put in the same cylinder block to produce a continuous

liquid flow.

2.4 Hydraulic line

Hydraulic power steering systems have two main hydraulic lines: high pressure line
and return line. The high pressure line connects the pump and the inlet port of the
pressure control valve, and the return line connects the outlet port of the pressure
control valve and the reservoir. These lines can be rubber hoses and metal pipes.
The hoses and pipes used in the high pressure line are made so that they can bear

the desired high pressure of the system.

2.4.1 Hose

A hose is used in hydraulic systems when the hydraulic line requires flexibility. Hose
is composed of three elements: inner tube, reinforcement, and cover. A schematic of
hose is shown iﬁ Figure 2.5.

The inner part of the hose carries the fluid. Hose reinforcement surrounds an inner
tube and its material is the fabric, cord, or metal layers. These elements strengthen
ﬁhe hose against the internal pressure and external force. A hose cover is the outer
hose layer. It is designed to protect the inner tube and reinforcement layers form

external environment, protection.

2.4.2 Pipe

Pipes are used to connect hydraulic components, carry the hydraulic fluid, and con-
sequently transfer the hydraulic power. Pipes are made of various materials such that

steel, copper, brass, aluminum, stainless steel, and plastic. Hydraulic power steering
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Cotton layer Steel wire

inner tube

Figure 2.5: A hose

systems generally use brass pipes. An inside diameter of the pipe determines how
much fluid flow can pass thorough the pipe efficiently. A wall thickness of the pipe is

determined by the maximum fluid pressure and the material used.

2.5 Control valve

A control valve consists of an inner and an outer part. An inner part can be a spool, a
piston, a ball, or a poppet. An outer part can be a stationary valve housing. The inner
part is operated manually, electrically, pneumatically, or hydraulically. The relative
displacement of the inner part to the outer part achieves the desired control. Usually
the displacement of the inner part open some valve ports while other ports are closed.
There are three different types of valves: directional control valves, volume control
valves, and pressure control valves. Directional control valves are used to start, stop,
and reverse cylinders and motors. Volume control valves are used to adjust fluid flow

rate or speed of the load. The pressure control valves are used to adjust the force
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applied onto the system.

2.5.1 Directional control valve

Directional control valves control the fluid direction by closing some ports and opening
other ports. Four-way directional valves are widely used in hydraulic systems. Its
common application is to reverse the motion of a double-side cylinder piston. One
port of the four-way valve is for a pressure line, one is for a line to the tank, and
the other two ports are for the actuator lines. When the valve is operated and the
spool moves, the pressure line is connected to one actuator line, and at the same
time, the other actuator line is connected to the tank line. Thus, the spool of a
directional control valve can take three positions: neutral position, one side position
and the other side position. There are several types of center position of four-way
directional valves. Some popular ones are open-center, closed center, tandem-center,
and float-center. These valve designs are shown in Figure 2.6.

An open-center valve has P, R, L, and T ports and all ports are connected to
each other in the neutral position. In the neutral position, an actuator can move
freely while the pump flow goes through the valve to the tank. A closed-center valve
has P, R, L, and T ports and all ports are closed in the neutral position. A closed-
center stops the motion of the actuator at the neutral position and each actuator
can be operated independently. A tandem-center valve has P and T ports connected
and R and L ports closed at the neutral position. A tandem-center design stops the
motion of an actuator while the pump flow goes through the valve to the tank without
going through a relief valve. A float-center valve has the P port closed T, R, and L
ports connected at the neutral position. This design makes it possible to operate
the actuators tied the same power source independently, and each actuator can move

freely. Directional valves has a centering mechanism to hold the spool in the neutral
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Figure 2.6: A valve center

position. A spring is commonly used to center the spool; when the valve is moved
form the center, the spring is compressed, and when the force that moves the spool

vanishes, the spring push back the valve to the neutral position.

2.5.2 Flow control valve

Setting a resistance in the flow line is one way to control the flow. Flow control

valves have an orifice as resistance and placed in the flow line. The flow rate changes
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according to the change of the orifice area of the flow control valve.

2.5.3 Pressure control vale

There are two types of pressure control valves. One type is activated at a specified
pressure point to bypass the liquid flow. It is usually called a relief valve or a one-way
valve. A relief valve consists of an orifice, a ball to block the orifice , and a spring.
The spring is given pre-compression so that the spring pushes the ball against the
orifice. Pilot pressure is guided to the hole and when the pilot pressure rises up and
pushes the ball back against the spring force, the flow goes through the orifice to the
tank. Another type is to change the pressure corresponding to the spool movement
continuously. Four-way valves are used in this manner. The construction of a four-
way pressure control valve is the same as that of a four-way directional contro! valve.
As a pressure control valve, the spool can take infinite positions between the full
open position and the full closed position. The controlled pressure depends on the
input flow rate or supplied pressure. The pressure control valve of the power steering
system considered is a rotary valve; the spool makes a rotary motion instead of a
linear motion. A schematic of this valve is shown in Figure 2.7.

The function of the valve is a combination of the directional control valve and
pressure control valve. Orifices R1 and R2 mainly work as a directional control valve,
and orifices R3 and R4 works as a pressure control valve. The inner shaft that works
as a spool is connected with the outer valve body by the torsion bar. The torsion bar
has a function as a centering spring. When a steering torque is applied, the torsion
bar is twisted, and when the torque disappears, the shaft goes back to the neutral
position. The outer valve body is rigidly attached to the pinion shaft and the valve

is integrated into the steering gear box.
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Inner shaft

From Pump
To left qllnder | Toright cyilinder

Valve body R P L

Inner shaft

Valve body " Pinion shaft

Figure 2.7: A rotary valve

2.6 Power cylinder

Cylinders are used to take the pressure or the power in a fluid system and convert it
to mechanical force or power. The motion of the piston in the cylinder is linear, but
rotary motion can be obtained by using proper linkages,. A schematic of a cylinder
is shown in Figure 2.8.

A cylinder consists of a cylinder body, a piston, and a rod attached to the piston.
The cylinder body ends are sealed with oil seals. A cylinder of power steering system

is generally integrated into the steering gear box.
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Inlet

Rack bar

: \\\\

: _\\\

Left Piston Right

SO:I cylinder cylinder Ol seal
Figure 2.8: A power cylinder
2.7 Gear

Rack and pinion gear mechanism and recirculating ball mechanism are commonly
used for power steering systems. Schematic diagrams of these mechanisms are shown
in Figure 2.9.

Recirculating ball system consists of an input shaft, balls, a ball recirculator, a
piston, and an output shaft. The balls exist between a piston and an input shaft
and act as a ball bearing. The piston has a rack gear on its side, and it meshes
with the gear of the output shaft. when the input shaft rotate, the piston moves
back and force corresponding to the direction of the shaft rotation. The output shaft
rotates following the piston motion. A recirculating ball system is generally used
for heavy motor vehicles because high rigidity of the mechanism can be achieved.
However, the weight of the gear component is much heavier than the rack and pinion

gear component, and its mechanism is more complicated than the rack and pinion
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Pinion shaft

Recirculation Ball Gear Systam

Figure 2.9: Gears: (a) A rack and pinion gear, (b) A recirculating ball system

Rack and Pinien Gear System

Ball recirculator \ Redrculating ball

Input shaft
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gear mechanism. Therefore, the rack and pinion gear system is preferable than the

recirculating ball system for passenger motor vehicles. A rack and pinion gear system

consists of an input shaft with pinion gear and a rack bar. This system can be

designed in light weight because of its simple structure. The system converts a rotary

motion to a linear motion. The power steering system considered in this thesis has a

rack and gear mechanism.
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2.8 Summary

Although there are two types of power source for power steering system, hydraulic
and electric, hydraulic system is widely used for motor vehicles. A hydraulic power
steering system has a vane pump as a power source, the pressure control valve, a
power cylinder and a gear mechanism. For hydraulic power steering system, when the
steering torque is applied, the torque is transferred to the pinion shaft and converted
into the rack force. At the same time, the torque acts as a input signal to activate
the pressure control valve so that appropriate pressure supports the driver to steer

the front wheels.



Chapter 3

Power Steering Component Models

3.1 Introduction

The power steering system investigated in this paper consists of several subsystems
such as an oil pump, a pressure control valve, a hydraulic line and a power cylinder.
To model the whole power steering system, each subsystem must be modeled properly.
Then, a model of the whole system can be assembled from each model of subsystem.
In this chapter, each component of the system is modeled and examined to assure
its feasibility. The bond graph method is used for modeling. Based on the assumed
constitutive equations, the state equations are derived from the developed system

bond graph modcls.

3.2 Pump
3.2.1 Working principles of pumps

The oil pump used in the investigation of this system is a vane pump. The diagram
of the pump used is shown in 3.1.

The pump consists of a rctor, ten vanes, a flow control valve, a relief valve, a
driven shaft, and bearings. The bearings support the driven shaft. One end of the
driven shaft is attached to the rotor rigidly and the other end has a pulley. The pulley
is connected with the engine of the motor vehicle with a v-belt, therefore, the rotor
angular velocity is proportional to the engine rotation speed, which means that the

flow rate the rotor and vanes produce changes according to the engine rotation speed.

19



CHAPTER 3. POWER STEERING COMPONENT MODELS ' 20

Orifice
- _(&\\\\\\\

To System

Figure 3.1: Schematic diagram of a vane pump

For a hydraulic power steering system, keeping an invariant relationship between the
orifice area of the pressure control valve and the produced pressure is preferable so
that the output flow rate from the pump should be constant.

The flow control valve is to keep the flow rate constant although the rotor angular
velocity changes. There is an orifice in front of the flow control valve and a spring
behind the valve. The spring is given a pre-compression to push the valve to the

orifice. The orifice makes a pressure difference between the front and the rear of the
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orifice. The pressure at the rear of the orifice is guided to the backside of the flow
control valve. Thus, the front part and rear part of the flow control valve receive
different pressures because the pressure at the front of the valve is the same as that
of the front of the orifice. When the flow that goes through the orifice increases, the
pressure difference between the front and the rear of the valve pushes back the valve
against the spring force, and the bypass to the tank is connected to the main stream.
When the flow decreases, the pressure difference also decreases, and the spring pushes
forward the valve; the bypass is closed. In this way, the pressure difference and the
spring move the valve back and forth, and the flow rate from the pump outlet is kept
constant.

The relief valve is incorporated in the flow control valve. It consists of a ball and
a spring that is given a pre-compression. The spring pushes the ball to a hole that
connects the main stream and bypass line so that the ball closes the line. When the
pressure in the pump exceeds the pre-set force by the spring, the pressure pushes
back the ball against the spring force, and oil flow goes into the bypass line.

The experimental data of the pump is shown in Figure 3.2. The horizontal axis
shows the pressure measured at the pump outlet port. The vertical axis shows the
flow rate of the pump. The angular velocity of the driven shaft is 52.4[rad./sec.].
Although the shaft is driven with a constant speed, the flow rate decreases gradually
corresponding to a pressure increase. This shows that the internal leakage exists in
the pump. When the pressure reaches 8| M Pa], the pump shows a drastic flow rate

decrease because of the activation of the relief valve.

3.2.2 Modeling of the pump

In this research, the angular velocity of the rotor is assumed to be constant because

the situation considered is at steady state where no acceleration of the engine ex-
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Figure 3.2: Experimental data of the vane pump

ists. Therefore, the function of the flow control valve is neglected. The inertia of the
pump’s moving parts and internal friction in the pump are also neglected. Then, the
pump can be modcled primarily as a flow source, however, the effects of the relief
valve and internal leakage must be considered. The pump characteristic can be rep-

resented 7 the bond graph of Figure 3.3, where

wg) is the pump shaft angnlar velocity

Ts1 is the torque developed at the driven shaft

Vp is the geometric displacement per radian rotation of the pump
Qs is the ideal flow rate of the pump

R; is the resistance associated with the internal pump leakage

R, is the resistance associated with the relief valve

Rp is an eyuivalent resistance for R; and Ry

Q: is pump leakage flow rate
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Figure 3.3: Bond graph of a vane pump

Qq is pump discharge flow rate
Qp is actual pump flow rate to the cuter system

Pp is back pressure determined by the outer system

The constant angular velocity of the rotor is represented as the flow source, and
transformer converts the angular velocity into a flow rate. Both discharge flow rate
and internal leakage flow rate are related with the back pressure by the zero-junction.
For the discharge flow rate, only Pp can detect Q4, and Qq can not detect Pp. The
causality for Ry is determined as a conductive causality. For the internal leakage,
there are two choices of causalities. However, if the internal leakage is enough small
or zero to be negligible, the output of the pump unit is flow. To keep consistency,
here the conductive causality is chosen.

Assuming that Q) is proportional to the square root of Pp and Q) is linear, the
internal leakage flow rate ; and discharge flow rate Qg4 can be described as a function
of Pp:
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Q = zVPr
Q4 = Rld(Pp — P,) for Pp > P,y here, P, is a set
a 0 for Pp < Pie

pressure at which the relief valve is activated.

The Qp - Pp relationship is described as

Qp = Vpws) — Qi — Qq (3.1)

The simulation result is shown in Figure 3.4. The parameters used for the simu-

lation are determined from experimental data, and they are:

ws1 = 52.4 [rad./sec.)
R, = 5.504 x 107

Ry = 2.420 x 107

Comparing the simulation result with the experimental data in Figure 3.2, it can

be said that the model considered here describes the real pump well.

3.3 Control valve

3.3.1 Operation of control valves

The pressure control valve used in the system is a rotary valve. A rotary valve consists
of an input shaft, an outer valve body and a torsion bar. The inner shaft is connected
to the steering wheel by the shaft, and the valve body is attached rigidly on the pinion
shaft on which system load is imposed through the rack bar. The inner shaft and the
valve body is connected with the torsion bar. When steering torque is imposed on the
inner shaft, torsion bar is twisted and the inner shaft rotates relatively to the valve
body. As shown in Figure 2.7, each quadrant of the rotary valve forms a four-way
valve. Thus, the function of the rotary valve is explained as that of a four-way valve.
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Figure 3.4: Simulation result of the vane pump

A schematic diagram of the four-way valve is shown in Figure 3.5. The spool
valve motion to the right corresponds to the clockwise rotation of the rotary valve
and vice versa. When the spool moves to the right In Figure 3.5, orifice R; and Ry
open and orifice R, and Rj close. The pressure drop are caused mostly at R, and Rj,

and raised pressure is guided into the right cylinder. When the spool moves to the
left, every thing goes the other way.

3.3.2 Modeling of the rotary valve

A bond graph of the rotary valve is shown in Figure 3.6, where

Py is pressure at the valve inlet port

Qv is flow rte from the hydraulic line
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Figure 3.5: A schematic diagram of the four-way valve

X—"Rl R3<—“""‘x

1 Tan_

1> 0 p—> 1-—1
Pv Ql PR Q3 Pa
—= o—>S§,

Q: PL Q Q
Qv e o LN ..4 a
Lll—-‘;' 0p—>1

Figure 3.6: A bond graph of the rotary valve
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R, is resistance corresponding to the valve orifice
Qn is flow rate that goes through the orifice A,
Pr is pressure at the right cylinder

Py, is pressure at the left cylinder

Qris flow rate into the right cylinder

Q) is flow rate into the left cylinder

P, is ambient pressure

Q, is flow rate into the tank

z is spool displacement that modulates the orifice resistance

The flow Qv comes from the hydraulic line and separates into two flows: @, and
Q2. Four orifices determine the separate ratio of Qy. Right cylinder pressure Py is
determined by the orifice A3 and left cylinder pressure is determined by the orifice A4.
The value of the resistance R,, R, R3, R4 are modulated by the spool displacement.
The ambient pressure is represented as the effort source.

To determine the causalities, the following is considered..

The purpose of the control valve of the power steering system is to change the
pressure corresponding to the rotation angle of the valve. From this point of view,
it is assumed that the pressure is supposed to be output and, therefore, the flow is
input.

The oil compressibility in the cylinders is assumed to be negligible so that the
Qr= QL = AX. Here, A is the piston area and X is the rack bar speed.

The three of the four orifices must have resistive causality and one must has
conductive causality. However, they can be determined arbitrary.

The corresponding constitutive equations are:
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The junction equations are:

Py
Pr
Py
Pp

= R.Q}
= RiQ?
= 1{,,(,242

Pra+ P,
Prs + Fa
Py + By
By — Pr

28

(3.2)
(3.3)
(3.4)
(3.5)

(3.6)
(3.7)
(3.8)
(3.9)

The resistance of the orifice R, must be described as a function of the valve

displacement.

The shape of the valve orifice is shown in Figure 3.7 (a).

To simplify the calculation of the orifice area, the shape is assumed to be like

Figure 3.7 (b). Thus, each resistance R, is described by:

Here,

_ P 2
2ly (b+106)

— — 2
o (b—r0)
P_b_ roy2
T b-r6)

P 2
2y (b+r0)



CHAPTER 3. POWER STEERING COMPONENT MODELS 29

(b)

(a)

Figure 3.7: Schematic diagram of the control valve edge

p is oil density 0.83 x 10° [kg/m3]
lyis orifice groove length 15 [mm]
r is valve body radius 10.5 [mm)|

0 ic valve rotation angle [rad.]

bish;—'z

The result of the simulation is shown in Figure 3.8, and corresponding experi-
mental data is shown Figure 3.9.

The horizontal axis shows that the valve rotation angle, and the vertical axis shows
the pressure at the valve inlet port. In the simulation, ambient pressure is set to be
zero and no pressure drop from the valve outlet port to the tank is assumed. In reality,
the pressure drop exists after the valve outlet port that makes the disagreement of
the pressure at the zero rotation angle. The simplification of the orifice shape also

causes the inaccuracy from 0 to 3 [M Pa]. However, this model is sufficient to use for
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Figure 3.8: Simulation results of the pressure control valve

the analysis, which is interested in the dynamics of the power steering system around

5 [M Pal).

3.4 Hydraulic lines

The hydraulic line of this system consists of two hoses and three pipes. The schematic
diagram of the hydraulic line is shown in Figure 3.10.

To model the hydraulic line, the following has been considered;
e Mass of the oil in a pipe is treated as inertance.

e Pressure drop associated with a pipe is treated as resistance.
e Compressibility of the oil in a pipe is treated as capacitance.

e Expandability of the hose is treated as capacitance.
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Figure 3.9: Simulation results of the pressure control valve
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Figure 3.10: Schematic diagram of the hydraulic line
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Figure 3.11: Two types of pipe model
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e Mass of the oil in a hose is included in a mass of the oil in a pipe.
e Compressibility of the oil in a hose is included in the hose expandability.
e Pressure drop associated with a hose is included in the pipe resistance.

There are two possible types of a pipe model ; they are shown in Figure 3.11.
Type (a) in Figire 3.11 is applied if the flow is imposed with power inflow and the
pressure is detected by power outflow. Type (b) is applied if pressure is imposed with
power flow and flow is detected by the power outflow.

In this system, type (a) is preferable because, from the previous section in this
chapter, it is noted that the pump is a flow source and the control valve gives tfhe
pressure as its output. A bond graph of the hy(\iralﬂic line is shown in Figure 3.12,

where
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Figure 3.12: A bond graph of the hydraulic line

Pp is pressure at the pump outlet port

Qpis flow rte from the pump

Rnis resistance associated with the n-th pipe
Cpnis capacitance associated with the n-th pipe
I is inertance associated with the n-th pipe
Chis capacitance associated with the n-th hose
Qris flow rate into the right cylinder

Q¢ is flow rate into the left cylinder

P, is ambient pressure

Q. is flow rate into the tank

z is spool displacement that modulates the orifice resistance

Approximation of the lumped parameters are derived as follows.
For the pipe resistance, Hagen-Poiseuille equation can be applied because the

Reynolds number is 873.7 that means there is laminar flow in the pipe. Then, we
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obtain:

128l
Pin — Powr = WQ (3.10)

For the pipe inertance, considering force balance, we obtain:

% Aol = AP — Pus) (3.11)

For the pipe capacitance, assuming that the pressure in the pipe is equal, w obtain:

ALdP _
K dt

For the hose capacitance, assuming linear relationship between pressure and flow,

Qin - Qout (3 12)

we obtain:

dP

Therefore, parameters are calculated by following formulas.

!
I, = % (3.14)
Al
G = (3.15)
128yl
R, = — (3.16)
1
Cn = (3.17)

Here,

A is a section area of the pipe 7.85 x 1075 [m?|
£ is oil density 0.83 x 10° [kg/m?)
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l is pipe length

k is hose expandability 1.6 x 10°[N/m?|

p is oil viscosity 0.95 x 10~2 [Nsec./m?]

d is pipe diameter 10 [mm)]
K is oil bulk modulus 3.67 x 10~12 [m*/N]

The constitu’ 've equations are:

The junction equations are:

Qp11
P12
Qm

Py

QH2
B3

% P11 = —,l;;qu
R
%an = CLQO
%sz = ﬁpp2

%Pﬂz = —C';i!—z'QHz

d
EEQ}ﬁ - T; p3

= Qp— Qp2

= P — Pu1 — RpiQpi2
= Qp2— Qp2

= Pm ~ Pyz — RpeQp2
= Qp2 —@p3

= Py — (Rpa + Ry)Qps
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(3.18)
(3.19)
(3.20)
(3.21)
(3.22)

(3.23)

(3.24)
(3.25)
(3.26)
(3.27)
(3.28)

(3.29)

The state space equations are written in matrix form x = Ax + Bu because the

hydraulic line system is linear.
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- - [0 L o 0 0 0 - -
P11 1 _CP; 1 0 0 0 B pl1 C%n
P Qpl2 161 lIp1 6,;1 . 0 0 gpli! 0
2| P | _ T T A 0
@i Qn [0 0 & _% Lo o | *[o |9
Pya ¢ 0 0 C+!n 0 —5= Pga 0
| Qps | 0 0 0 o _Er#J_Qpa_ K
L P 2
(3.30)

The eigenvalues of the A matrix can tell the frequencies the system can show.
The strength of each frequency mode also can be estimated by its left eigenvectors
with the initial condition.

When the resistance Ry = 0, which means the end of the line is open to the air,

the eigenvalues and left eigenvectors are:

Eigenvalues:

Au = —1.8276 + 1.0151 x 10%
A2 = —1.8276 —1.0151 x 10%
Aia = —1.8332 4 3.5258 x 10%
A4 = —1.8332 — 3.5258 x 10%
Ais = —1.8327+ 1.3661 x 10%
Ae = —1.8327— 1.3661 x 10%

Left eigenvectors:



wll
4.97¢ — 01 + 3.09¢ — 061
4.97e¢ — 01 — 3.09¢ — 067

—2.81e — 03 — 2.54e — 08:
—2.81e — 03 + 2.54e — 08¢

3.78¢ — 04 — 2.39¢ — 08i

3.78e — 04 4 2.39¢ — 08:
wid

5.53e + 03 — 2.95¢ + 077

5.53e + 03 + 2.95e + 07:

5.02¢e + 06 — 9.65¢e + 08z

5.02e 4 06 + 9.65¢ + 08:

wl2
—1.36e + 06 + 7.32¢ + 09:
—1.36e + 06 — 7.32¢ + 09
7.50e + 03 — 1.44¢e + 06:
7.50e + 03 + 1.44e + 062
—9.58e + 02 + 7.49¢ + 05:
—9.58¢e + 02 — 7.49¢ + 057
wld
7.56e — 04 + 5.56e — 09:
7.56e — 04 — 5.56e — 097
—6.26e¢ — 02 — 8.14e — 07z
—6.26e — 02 + 8.14e — 072
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wl3
—4.98¢ — 01 — 3.09¢ — 06:
—4.98¢e — 01 + 3.09¢ — 061
—6.99¢ — 01 — 6.29¢ — 061
—6.99¢ — 01 + 6.29¢ — 061
9.23e — 02 — 5.84¢ — 06:
9.23¢ — 02 + 5.84e — 062
wl6
—1.75e¢ + 01 + 9.31e + 04¢
~1.75e + 01 — 9.31¢e + 04:
1.15e + 06 — 2.22¢ + 08:
1.15e + 06 + 2.22¢ + 08z

5.79¢ + 05 — 4.53e + 08
5.79¢ + 05 + 4.53¢ + 08i

—4.95e — 01 4 3.18e — 05¢
—4.95¢ — 01 — 3.18¢ — 052

—6.31e + 05 + 4.94¢e + 08:
—6.31e + 05 — 4.94¢ + 083

Assuming that the flow rate Qp is given as an initial condition like [0, 0,0, 0,0, 10],
the product of left eigenvector and initial condition is:

[ —1.7553 x 102 4 9.3176 x 105 1

—1.7555 x 102 — 9.3176 x 10%;
1.1571 x 107 — 2.2214 x 10%
1.1571 x 107 + 2.2214 x 10%
5.7931 x 10° — 4.5364 x 10%

| 5.7931 x 10° + 4.5364 x 10% |

Similarly, when Ry = 2 x 10°, which represents the case the control valve at the
end of the line is almost closed, the eigenvalues and left eigenvect. rs are:

Eigenvalues:

Aoy = —1.8276 + 1.0151 x 10%

A2 = —1.8276 — 1.0151 x 10%

s = —2.7472 x 10 + 6.2765 x 10%
A = —2.7472 x 10% — 6.2765 x 107
Aas = —3.1470 x 10?

A = —1.5704 x 10°
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Table 3.1: Parameters of pipe
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I pipe # I [m] I [kg/m* | R [Nsec/m®| | C [m®/N]
“ 1 1.369 x 107" [ 1.45 x 10 5.30 x 10° | 6.72 x 10~ ||
[ 2 [3687x10°"[390x10°| 1.43x 107 | 181 x10-1 |
[ 3 [ 78x1077 [824x10°| 3.02x10° |383x 10~ |
Left eigenvectors:
w2l w22 w23
—2.34e — 01 —4.3%9e — 017 6.46e + 09 — 3.44e + 09¢  2.34e — 01 + 4.40e — 011
—2.34¢ — 01 4+ 4.39¢ — 01¢ 6.46e + 09 + 3.44¢ +09i  2.34e — 01 — 4.40e — 01

2.65e — 03 + 1.22¢ — 031
2.65e — 03 — 1.22¢ — 03¢
7.21e — 03 — 1.85¢ — 152
—4.16e — 04 + 1.77e — 16:
w24
—2.60e + 07 + 1.38e + 071
—2.60e + 07 — 1.38¢ + 074
—1.45e + 09 + 1.29¢ + 093
—1.45¢e 4+ 09 — 1.29¢ + 09z
—2.21e + 09 — 2.13e — 032
6.51e 4 08 + 6.16e — 041

—2.17e + 06 + 1.92¢ + 063
—2.17¢ + 06 — 1.92¢ + 061
—3.29¢ + 06 — 3.17e — 067
9.47e + 05 4 9.15¢ — 073
w25
—3.53e¢ — 04 — 6.68¢ — 04:
—3.53e — 04 4 6.68e — 041
—~1.95¢ — 02 — 8.65¢ — 012
—1.95e — 02 4 8.65¢ — 011
1.41 + 1.53e — 12¢
—8.66e — 01 — 4.46e¢ — 132

6.59¢ — 01 + 3.02¢ — 012
6.59¢ — 01 — 3.02¢ — 012
1.79¢ 4+ 00 — 4.54e — 13¢
—1.05e — 01 4 4.26e — 142
w26

8.76e + 04 — 2.2564¢ + 047
8.76e + 04 + 2.2563e + 044
1.45¢e + 08 + 4.5953e + 081
1.45¢ + 08 — 4.5953¢e + 08i
—8.33¢ + 08 — 9.2639%¢ — 041
1.25¢ + 09 + 2.7020e — 041

Assuming the same initial condition as before, the product of left eigenvector and

initial condition is obtained:

8.7685 x 10% — 2.2564 x 105 ]
8.7685 x 10° + 2.2564 x 10°
1.4508 x 10° + 4.5953 x 10%
1.4508 x 10° — 4.5953 x 10%
—8.3330 x 10° — 9.2639 x 1073

1.2593 x 10 4 2.7020 x 1073 |

Thus, the third eigenvalue A,3 and the fourth eigenvalue A,4 dominate the oscilla-

tion in both cases. The frequencies observed in these cases are 56.1 [Hz] for the first
case and 99.9 [Hz] for the second case.

The parameters used in this analysis are listed in Table 3.1 and 3.2.
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Table 3.2: Parameters of hose
hose # 1 [m] C [m°/N]

1 4,546 x 10~ | 1.67 x 10~*2

2 2.183 x 10~ | 8.0 x 10719

PR'—;I '1.1].:-“
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Figure 3.13: A bond graph of the power cylinder
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3.5 Power cylinder

The power cylinder consists of a right cylinder, a left cylinder, a piston, a rack bar,
and oil seals. The rack bar is connected to the front wheels by linkage, and the load
including the tire mass and linkage friction is imposed on the lack bar. The piston
attached rack bar converts the pressure from the control valve to the rack force. The
driver’s steering torque is also converted into the rack force by the rack and pinion
gear. A corresponding bond graph is shown in Figure 3.13.

The constitutive equations are:
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a;x = fraclI.{A(Pr— Pp) + Grr — Fer, — RLX (3.31)
%F(;L = fTG.ClCLX | (332)
%TT = fraclCr(ws, — GX) (3.33)

Here,

Pp, is pressure at the right side cylinder

Py, is pressure at the left side cylinder

A s piston area 1 x 1073 [m?]

Cr torsion bar spring constant 92.8 [Nm/rad.|
G is gear ratio 127.7 [m/rad.]

C, is capacitance of the load 1 x 10~ [m/N]
Iy, is mass of the load 50 [kg]

Ry, is resistance of the load 2.72 x 104[Nsec./m)|
wseis steering angular velocity as input.

7r i3 steering torque.

Fgfload force associated with the load capacitance.

X rack velocity.

The damping ratio of this subsystem is { = 1.92. The subsystem is over damped

and does not oscillate.

3.6 Summary

Each subsystem of the power steering system has been modeled properly.
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Ideal pump with a constant rotation speed is described as a flow source, and even
though there is internal leakage in the pump, flow is considered as the cutput.

The rotary pressure control valve is described as a four-way valve. To determine
the causality of its bond graph, the objective of the valve is considered. In our
case, the pressure changes according to the valve displacement. Thus, the pressure is
considered as an output of the valve.

The Hydraulic line is described as the combination of capacitance, inertance, and
resistance. The model of the pipe used in the hydraulic line can take two types.
Proper type should be determined by considering the input and output relationship.
The damped natural frequency of this subsystem changes according to the value of
the resistance that connects to the end of the line.

The power cylinder subsystem also contains capacitance and inertance so that the
subsystem could show some oscillation. However, in our case, the damping ratio is

larger than one; oscillation can not be observed.



Chapter 4
Complete Systemm Model & Results

4.1 Introduction

Numerical simulation is very useful to investigate the non-linear system behavior. It
is also useful if the system has a lot of parameters, or to change only one parameter
is impossible experimentally. In these cases, numerical simulation can helb determine
the effect of each parameter, and examine the system behavior. In this chapter,
numerical simulation is used to analyze the pressure vibration behavior of the power
steering system. Linearization of the non-linear system is tried after finding the

vibration condition to analyze the system behavior by using linear analysis methods.

4.2 Whole system model

The model of the power steering system considered is assembled from the models of
the sub-units described in the previous chapter. A bond graph of the total system is
shown in Figure 4.1. Symbols used in this bond graph are the same as those explained
in chapter 3.

The pump model has a flow source because of its constant angular velocity and
is connected to the hydrauiic—line model so that the pump supplies the flow to the
line. The other end of the line is connected to the valve model, and flow goes into
the valve from the line. The valve resistance determines the cylinder pressure Pg and
Py, according to the valve rotation angle. The cylinder pressures are converted into

the rack force by a transformer that represents the piston area. The steering torque

42
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Figure 4.1: A bond graph of the power steering system

associated with the torsion bar twisted angle is also converted into the rack force by

a transformer that represents the gear ratio. These forces move the rack bar and, as

a result, the front wheels move against the load.

The total system can be described by the ninth order non-linear equation because

the bond graph shows nine energy storage elements with integral causalities. The

state space equations can take the form x = f(x, u).

Here, the nine states are:

[ pressure at pump outlet port ]
flow rate of pipe # 1
pressure at hose # 1
flow rate of pipe # 2
X = pressure at hose # 2
flow rate of pipe # 3
rack bar velocity
load spring force
| torsion bar torque ]

, and the inputs are:
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Figure 4.2: Simulation result of the power steering system: sinusoidal input

_ pump output flow rate
~ | steering wheel angular velocity

To verify the feasibility of the whole model, a simulation was held under the simple
condition. The simulation result of this model is shown in Figure 4.2.

Here, the steerig wheel angular velocity is given as the input; it is 5sin 2t . The
pump angular velocity is 52.4 [rad./sec.].

As shown in Figure 4.2, the rack bar moves according to the steering angle. The
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right cylinder pressure and left cyvlinder pressure also changes with the steering angle

to move the rack bar against the load. The model simulates the real system behavior.

4.3 Simulation

In the experiment, a triangular input was given as the steering angle. This is equiva-
lent to the square input of the steering angular velocity. In this simulation, a square
input is used as the second flow source wg,. Results of the simulation are shown in
Figure 4.3. The corresponding experimental data is shown in Figure 4.4.

The simulation shows the pressure vibration at the valve inlet port, which is also
observed in the experimental data. There is a discrepancy at the starting point of
the vibration between the simulation and the experimental data. In the simulation,
the vibration starts after the pressure peak, on the other hand, the vibration of the
experiment starts before the pressure peak. However, the frequency of the vibration
simulation has shown is 110 [Hz], and this is close enough to the frequency obtained
from the experiment, that is 92 [Hz]. Therefore, this model of the power steering

system is regarded as a sufficient model to investigate the pressure vibration behavior.

4.4 Analysis

Linearizing non-linear systems makes it possible to apply numerous linear analysis
methods that will produce information on the behavior of non-linear systems. There-
fore, linearization is applied to analyze the vibration behavior. The linearizaton
method applied in this section is based on the expanding the non-linear function
into a Taylor series about the operating point and take only the linear term into the
consideration.

The constitutive equations associated with the control valve contain the non-
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Figure 4.3: Simulation result of pressure vibration: triangular input

linearity. The expressions for the pressures as the output of the control valve are:

NI NID NID

(4.1)
(4.2)

(4.3)
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The symbols represent:

p is oil density.

lyis orifice groove length.

r is valve body radius.

0 is valve rotation angle.

b is the length of the va.lve underlap at the neutral position.
Ajs the area of the each valve orifice.

Qis the flow rate that goes through each valve orifice.

Qv is the flow rate from the hydraulic line.

Qc is the flow rate according to the piston velocity.

From the above equations, each flow rate is descried as a function of @p and Qc.

o - 24 »
o = 24 " @0 s
0 = 2= Qc o
Q = Q‘%Q—" (4.7

Substituting these equations into the expressions for the pressures, they can be

rewritten as:

_ P Qp —Qc\?

Pr = m@—rop ( 2 _) (48)
Y Qp +Qc\’

Fo = smttrop ( 2 ) (4.9)
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P — p (QP - QC)2
P 212 (b — r6)? 2
+ p (QP + Qc )2
202 (b + r6)? 2
Applying Taylor’s expansion method, we obtain:
oP, OP, oP,
P ~ 5 0+ or 6Qe+ 750
00,QpPo-Qco QP 00,QpPo,Qco
OP, 0P, OP,
P ~ =5 00+ 252 6Qr + 3050
60,QPo,Qco Qp 60,Qpo,Qco Q
OP, 0P, oP,
Po ~ 5 0+ 5on 6Qr + 75
60,2pP0,Qco P l65,Qp0,Qco
Thus,
P R = Crl‘so + Cr26QP + CraQC
P, = Cnél+ CibQp + CiaQc
PP - Cpl60 + Cp26QP + CP:‘IQC
Here,
_ Qpo — Qco)
Crl N (b - 1‘00)3 (
_ Qpo — Qco)
Cra = (b — 1o)? (
e p (QPo Qco)
v 202 (b — 16,)? 2
O — p (QPo + Qco)2
I = —533 3
2lv(b + Teo) 2
Co — P (on + Qco)
2 212.(b + 16,)? 2
Cr = p (QPo + Qco)
s 2Z(b + r60)2 2 )
Cpl = Cn+Cn
Cp2 = Cr2 + C'l2
Cos = Cua+0Cis

00,Qpo0,Qco

60,Qp0.Qco

6o vQPDvQC 0

6Qc

6Qc

6Qc
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(4.10)

(4.11)
(4.12)

(4.13)

(4.14)
(4.15)

(4.16)

(4.17)
(4.18)

(4.19)
(4.20)
(4.21)

(4.22)
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Linearized state space equations can be written in matrix form:

% _ Ax+Buy (4.23)
dt
where,
_ Py -
Qpl2
Pa .
Qp2 Cproo+g,zIQPo+Cpano
x=| Puz U= A(Crl"‘cll)00+(Cr2—£'32)QPD+(CrS-CIS)QCO
Qp3 I
X 0
Fer
] | T
0 —CLPI 0 0 0 0 0 0 0
T ‘% 7 0 0 0 0 0 0
0 c+“ 0 —CLI 0 0 0 0 0
0 0 L —Eﬂ -1 0 0 0 0
Ip2 Tp2 TIpa
A= 0 0 0 c;m 0 —FI— 0 0 0
0 0 0 0 = _Gp_fﬁh _QPA 0 g,}Lcl
O 0 0 0 63 A(Cr2::’cﬂ) Az(cra"é!a.'!“RL) _1 G+A Crl'f(/'u)rc'r
Iy, l{, I I
0 C 0 0 0 0 o7 0 0
0 0 0 0 0 0 . 0 0
) r 1 .
o 00 O
0 00 O
0 00 O
O 00 O
R-- 0 00 O
0 00 O
0 10 O
0 01 O
ERXES

As the operating point, the starting point of the vibration is chosen. They are:

6p = 2.6x1072 [rad.]
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Qo = 1x107* [m?/sec)
Qco = 0[m*/sec]

Eigenvaltes of the matrix A show the frequencies of the oscillation of the system.

The eigenvalues about the operating point are:

At = —1.8276 4 1.0151 x 10*

Ay = —1.8276 — 1.0151 x 10

A3 = —2.2793 x 10°

M = —1.7066 x 10% + 6.9552 x 10%
s = —1.T066 x 10® — 6.9552 x 10%
A¢ = —7.4293 x 10?

Az = —6.8751 x 10" + 1.9253 x 10%
ds = —6.8751 x 10! — 1.9253 x 10%
de = 0

The frequency of each mode of this system is 1615 [Hz] from A; and ), 110 [Hz]
from )\ and X5, and 30.7 [Hz] from \; and Ag. Therefore, contribution of lambda,
and lambdas to the vibration is recognized. If the damping ratio of this frequency
increases, the pressure vibration can be reduced. Reducing the natural frequency of
this mode also can be useful to reduce the vibration; if the damping ratio is the same,
small natural frequency shows a small damped natural frequency.

Comparing the eigenvalues of the whole system with hydraulic line that has re-
sistance on its end, it is noticed that the first two frequencies of the whole system
are quite close to those of the hydraulic line. This is plausible because the first 6 x 6

cofactor of the whole system A matrix is almost same as the A matrix of the hydraulic
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line. This means except the resistance of the control valve, adding other sub-units
after the hydraulic line does not affect the oscillation frequencies very much.

There are at least two ways to change the eigenvalues of the A matrix in our
case. One way is changing the dynamics characteristic of the hydraulic line. Another
way is changing the resistance of the valve so that the dominant damped natural
frequency changes. The first case is shown in Figure 4.5. Here, to change the dynamics
characteristic of the hydraulic line, pipe resistance ia increased by 100 times so that
the damping ratio increases. As a result, the vibration reduced. The case of incressing
the stiffness of the hose is shown in Figure 4.6 The hose stiffness is increased by 10000
times. The vibration is also decreased.

The second case is shown in Figure 4.7. To reduce the valve resistance, the flow
rate has to be increased since tlie necessary pressure to move the rack bar against the

load is fixed. This case also shows the vibration is reduced.

4.5 Summary

The whole model of the power steering system can simulate the pressure vibration
observed in the experimental data. The vibration frequency is mainly dominated
by the dynamics of the hydraulic line, and the frequency observed is determined by
the valve resistance and dynamics characteristic of the hydraulic line. Therefore,
the vibration can be reduced by changing the specification of the hydraulic line, for
example the length of the pipe or stiffness of the hose. Increasing the pump flow rate

also has an effect on the vibration reduction.
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Chapter 5

Conclusions & Recommendations

The purpose of this thesis work was to understand the dynamics of the power steer-
ing system and to provide an efficient method to reduce the pressure vibration of
the system. During this research, the bond graph method was used for modeling the
power steering system, and numerical simulations were performed. Each component
of the power steering system was modeled using the bond graph method. When
several choices for the causality of the model were encountered, the proper causality
assignment was determined by considering the function of the component(s) in ques-
tion. Thus, the pump was modeled as a flow source and the valve was assumed to
supply the pressure to the other components interacting with the valve. It turns out
that this modeling decision implies the existence of an algebraic loop. Such algebraic
loops were solved by hand and before the simulation was held. The hydraulic line was
modeled as a combination of the pipe inertance, pipe resistance, pipe capacitance,
and hose capacitance.

Non-linear dynamic equations were derived from the bond graph model, and the
model feasibility was verified by conducting numerical simulations using a mathe-
matical software, Matlab and Simulink. These simulations show that the pressure
vibration occurred in the same way as seen in the experimental results. Therefore,
the model developed in this work can be applied for prediction of the pressure vi-
bration of a given power steering system. This model can be used to estimate the
probability of vibration occurrence before the prototype model is made. However,

there are some uncertainties about the simulation. System load condition basically
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varies according to the road condition and a vehicle weight. It also changes depend
on the front tire characteristics.

A linear model was also developed based on the nonlinear model. The system
state equations were }uearized around an operating point in order to analyze the
vibration behavior of the power steering system. The method used is the Taylor
series expansion. The linearized state space equations indicated that the dynamics
of the hydraulic line affects the vibration frequency of the total system. Eigenvalues
of the system revealed that one pair of complex eigenvalues of the system dominated
the pressure vibration. From this point of view, two ways to reduce the vibration
are suggested. One is to reduce the resistance of the pressure control valve, in other
words, increase the supply flow rate of the supply line to the valve. Another way is
to change the dynamic characteristic of the hydraulic line. Using the mathematical
model, the proper specification of the hydraulic line can be found. In our case, the pipe
resistance or the hose stiffness need to be increased. Increasing the flow rate was also
worked well, however, in reality it requires the larger pump and much power so that
they may not be desirable. To use this linearized model for reducing the vibration,
the operating point must be found. Therefore, the linearized model makes it possible
to predict the system vibration. It also helps in finding a proper combination of the
pipes and hoses characteristics once the vibration is observed. Once the operating
point is found, the linearized model is much faster to simulate than the non-linear
model in determining the system behavior.

Although these two models can describe the dynamic behavior of the power steer-
ing system sufficiently, there is some discrepancy between the experimental result and
simulation result. The vibration frequency of the simulation is a little higher than the
experimental data. The vibration starting point of the simulation is after the pressure

peak, although the experimental data shows the vibration before the peak. These dis-
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crepancies can be from the simplification and estimation of the characteristic of the
hydraulic line. In this thesis, some simplifications were assumed. The compressibility
of the oil in the cylinder and hose resistance were neglected. The edge shape of the
pressure control valve is simplified. The effect of the tubing between the control valve
and cylinder is neglected. For further research, these factors should be considered to

improve the feasibility of the vibration prediction .
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Appendix A

Simulation Files

A.1 Main Program

function [ret,x0,str,ts,xts]=ps\_03p\_sim(t,x,u,flag);
\%PS\_03P\_SIH is the M-file description of the SIMULINK system named PS\_O3P\_SIM.
\% PS\_O03P\_SIM has a the following characteristics:

\% 10 continuous states

\% O discrete states

\% O outputs

\% O inputs

\% does not have direct feedthrough

\% 1 sample times

\%4

\% The block-diagram can be displayed by typing: PS_O3P_SIM.

\%

\% SYS=PS_03P_SIM(T,X,U,FLAG) returns depending on FLAG certain

\% system values given time point, T, current state vector, X,

\% and input vector, U.

\% FLAG is used to indicate the type of output to be returnmed in SYS.
\%

\% Setting FLAG=1 causes PS_03P_SIM to return state derivatives, FLAG=2
\% discrete states, FLAG=3 system outputs and FLAG=4 next sample
\% time. For more information and other options see SFUNC.

\%

\% Calling PS_O03P_SIM with a FLAG of zero:

\% [SIZES]=PS_03P_SIM([1,[1,[]1,0), returns a vector, SIZES, which
\% contains the sizes of the state vector and other parameters.

\% SIZES(1) number of states

\% SIZES(2) number of discrete states

\4 SIZES(3) number of outputs

\% SIZES(4) number of inputs

\% SIZES(6) mumber of roots (currently unsupported)

\% SIZES(6) direct feedthrough flag

\% SIZES(7) number of sample times

\%4

\% For the definition of other parameters in SIZES, see SFUNC.

\% See also, TRIM, LINMOD, LINSIM, EULER, RK23, RK45, ADAMS, GEAR.

\% Note: This M-file is only used for saving graphical information;
\%4 after the model is loaded into memory an internal model
\% representation is used.

\% the system will take on the name of this mfile:

gys = mfilename;

nev_system(eys)

simver(1.3)

if (0 == (nargin + nargout))
set_param(sys,’'Location’,[26,81,605,828])
open_system(sys)

aend;

set_paraz(sys,’algorithm’, 'Gear’)
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gset_param(sys, 'Start time’, ’'0.0')
set_param(sys,'Stop time’, ’2?)
set_param(sys,’Min step size’, ’'le-6')
set_param(eys,'Max step size’, 'ie-3’)
set_param(sys,’Relative error’,'1e-8')
set_param(syas,’Return vars’, ’'*)

\% Subsystem ’valvae’.

nev_systen([sys,’/’, ‘valve’])
set_param([sys,’/’,’valve’],’Location’, [305,358,789,757])

add_block(’built-in/Note’, [sys,’/’,’valve/PL’])
set_param([sys,’/’,’valve/PL’],...
'position’, [406,190,410,195])

add_block(’built-in/Note’, [sys,’/’,’'valve/PR’])
set_param([sys,*'/’,’valve/PR’],...
‘position’, [405,145,410,150])

add_block(’built-in/Note’, [sys,’/’,'valve/Pv’])
set_param([sys,’/’,’valve/Pv’],...
'position’, [406,100,410,106]1)

add_block(’built-in/Note’, [sys,’/’,’'valve/A2’])
set_paran([sys,’/’,’valve/A2’],...
'position’, [80,225,85,230])

add_block(’built-in/Note’, [sys,’/?,'valve/Al1'])
set_param([sys,’/’,'valve/A1’],...
'position’, [75,185,80,190])

add_block(’built-in/Note’, {sys,’/’,'valve/QR’])
set_param({sys,’/’,'valve/GR'],...
*position’, [75,105,80,110])

add_block(’built-in/Note’, [8ys,’/’,’valve/Qp’])
set_param([sys,’/','valve/Qp’],...
'position’, [80,70,85,76])

add_block(’'built-in/Demux’,[sys,'/’,'valve/Demuxi’])
set_param({sys,’/’,’valve/Demux1’],...
'outputs’,’3’,...

'position’, [306,86,340,224])

add_block(’built-in/MATLAB Fcn’, [sys,’/’,’valve/valve_31_fn’])
set_param(([sys,’/’,’valve/valve_31_fn’],...

'HMATLAB Fcn’,’valve_31_fn’,...

'Cutput Width’,'3’,...

'position’, [205,134,266,176])

add_bleck(’built-in/Mux’, [sys,’/’,'valve/valve inpat’])
set_param([sys,’/’,’valve/valve input’],...
'inputs’,’5’,...

'position’, [146,48,176,262])

add_block(’built-in/Inport’, [sys,’/’,'valve/in_1'])
set_param([sys,’/’,’valve/in_1']1,...
'position’, [95,66,116,85])

add_block(’built-in/Outport’, [sys,’/’,’valve/out_1'])
set_paran({sys,’/’,'valve/out_1'],...
'position’, [375,100,395,120])
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add_block(’built-in/Inport’, [sys,’/’,’valve/in_2’])
set_parsm([sys,'/’,’vaive/in_2'],...

‘Port’,'2’,...

'position’, [66,105,115,126))

add_block(’built-in/Outport’, [sys,'/’,’valve/out_2'])
set_param([sys,’'/’,’valve/out_2’],...

'Port’,’2’,...

‘position’, [375,145,385,165])

add_block(’built-in/Inport’, [sys,’/’,'valve/in_4'])
set_paran(([sys,*'/’,’valve/in_4'],... )
'Port’,’4’,...

'position’, [96,185,115,205])

add_block(’bailt-in/Cutport’,[sys,’/’,’valve/out_3'])
set_param([sys,’/’,’valve/cut_3’],...

Port’,’3’,. ..

'position’, [375,190,395,210])

add_block(’built-in/Inport’, [sys,’'/’,'valve/ir_5'])
set_param([sys,’/’,’valve/in_5']1,...

‘Port’,’'s’,...

'position’, [95,225,115,245])

add_block(’built-in/Note’,[sys,’/’, vaive/QL:’])
sot_paran([sys,’/’,’valve/QL:’],...
'position’, [25,145,30,1501)

add_block(’built-in/Inport’,[sys,’/’,’valve/in_3'])
set_param([sys,’/’,’valve/in_3°],...
'Port’,’3’,...

'position’, [95,146,115,165])
add_line([sys,’/’,'valve’],[120,236;140,235])
add_line(([sys,’'/’,’valve’], [345,200;370,200])
add_line(([sys,’/’,’valve’],[120,195;140,195])
add_line((sys,'/’,’'valve’],[345,155;370,165])
add_line([ays,’/’,’valve’],[120,115;140,115])
add_line([sys,’/’,’valve’],[345,110;370,110])
add_line([sys,’/’,’valve’],b[120,76;140,75])
add_line({sys,’/’,'valve’],[180,155;200,165])
add_line([sys,’/*,’valve’],[270,155;300,155])
add_line([sys,’/’,’valve’],[120,155;140,155])

\% Finished composite block ’valve’.

set_param([sys,’/’,’vaive’],...
*position’, [226,116,255,254])

add_block(’built-in/Scope’,[sys,’/*,'Scope’'])
set_parar([sys,’/’,'Scope’],...
'Vgain’, ’ 10000000 .000000°, .. .
'Hgain’,’2.000000’,...

‘¥max’ , ? 20000000, 000000° , . ..
'Emax’,’2.000000°', ...

'Window’ , (654,256,907 ,406])
open_systea([sys,’/’,’Scope’])
sot_param(([sys,’/’,’Scope’],...

*position’, [370,45,400,76])

\% Subsystea ’perfect hose and pipe’.
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new_eysteu([sys,’/’, perfect hose and pipe’])
set_param([sys,’/’,’perfect hose and pipe’l,’Location’,[161,177,765,513])

add_block('built-in/Note’, [sys,’'/’,’perfect hose and pipe/pump pressure out’])
set_param([sys,’/’,’perfact hcse and pipe/pump pressure out’],...
'position’, [514,266,619,271])

add_block(’built-in/Note’, [sys,’/’,’perfact hose and pipe/pump flow in'J})
set_param([sys,’'/’,’perfect hose and pipe/pump flow in’],...
'position’,[46,25,50,30])

add_block(’built-in/Inport’, [sys,’/’, perfect hose and pipe/in_2'1)
sot_param([sys,’/’,’perfect hose and pipe/in_2'],...

'Port’,?2’,...

'position’, [36,220,65,240])

add_block(’built-in/Outport’, [8ys,’/’,’perfect hose and pipe/out_1'1)
set_param([sys,’/’,’perfect hose and pipe/out_1'],...
'position’, [650,230,670,250])

add_block(’built-in/Outport’, [sys,’/’,’perfect hose and pipe/out_2'])
set_param([sys,’/’,'perfect hose and pipe/out_2'],...

'Port’,’2,...

'position’, [660,95,680,115])

add_block(’built-in/Inport’, [sys,’'/’, 'perfect hose and pipe/in_1’])
set_param([sys,’/’,’perfect hose and pipe/in_1’],...
'poaition’, [35,60,66,80])

\% Subsystem [’perfect hose and pipe/pipe_2’,13,’'(1jinction)’].

nev_system([oys,’/’, [’perfect hose and pipe/pipe_2’,13,’(1jinction)’]1])
set_param([sys,’/’,[’perfact hose and pipe/pipe_2’,13,’(1jinction)’]], 'Location’, [41,544,438,731])

add_block(’built-in/Gain’, [sys,’/’,[’perfect hose and pipe/pips_2’,13,’(1jinction)/I1°1])
set_param([sys,’/’,['perfect hose and pipe/pipe_2',13,’'(1jinction)/I1'1],...
'Gain’,’1/(3.9e6)’,...

'position’, [200,67,225,93])

add_block(’built-in/Note’, [sys,’/’,[’perfect hose and pipe/pipe_2',13,’(1jinction)/dq//dt’1])
set_param([sys,’/’,[’perfect hose and pipe/pipe_2’,13,’'(1jinction)/dQ//dt’1],...
'position’, [240,45,245,5C])

add_block(’built-in/Integrator’,[sys,’'/’,[’perfact hose and pipe/pipe_2',13,’(%jinction)/int1’l])
set_param([sys,’/’,[’poerfect hose and pipe/pipe_2’,13,’(1jinction)/int1’]1],...
'position’, [250,70,270,90])

add_block(’built-in/Note’, [sys,’/’,[’perfect hose and pipe/pipe_2’,13,’'(1jinction)/Q’'1])
set_param(([sys,’/’,[’perfoct hose and pipe/pipe_2’,13,’(1jinction)/Q’1],...
'position’, [345,75,360,80])

add_block(’built-in/Note’, [sys,’/’,['perfect hose and pipe/pipe_2’,13,’(1jinction)/Pp’l])
set_param({sys,’/’,[’perfect hose and pipe/pipe_2’,13,’(1jinction)/Pp’l],...
'position’, [70,33,75,38])

add_block(’built-in/Note’,{sys,’/’,[’'perfect hose and pipe/pipe_2',13,’(1jinction)/P out’']])
set_param([sys,’/’,[’perfect hose and pipe/pipe_2’,13,'(1jinction)/P out’ll,...
'positioa’, [60,105,65,110])

add_block(’built-in/Cutport’,[sys,’/’,[’perfect hose and pipe/pipe_2',13,’(1jinction)/out_1'1])
set_param([sys,’/’,[’perfect hose and pipe/pipe_2’,13,’(1jinction)/out_1'1],...
'position’, [310,70,330,90])
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add_block(’built-in/Sum’, [sys,’/’,[’perfect hose and pipe/pipe.2’,13,’(1jinction)/1J-1’]])
set_param([sys,’/’,['perfect hose and pipe/pipe_2’,13,'(1jinction)/1J-1'1]),...
'inpute’,’+-=',...

'position’, [146,62,165,98])

2dd_block(’built-in/Inport’,[sys,’/!,['perfect hose and pipe/pipe_2',13,'(1jinction)/in_1']])
set_param([sys,’/’,[’perfect hose and pipe/pipe_2’,13,’(1jinction)/in_1']11,...
'position’, [95,35,115,565])

add_block(’built-in/Inport’, [sys,’/’,[’perfect hose and pipe/pipe_2’,13,’(1jinction)/in_2'11)
set_param({sys,’/’,['perfect hose and pipe/pipe_2',13,’(1jinction)/in_2']],...

'Port’,'2’,...

'positien’, [65,70,75,90])

add_block(’built-in/Gain’, [sys,’/’,[’perfect hose and pipe/pipe_2',13,’(1jinction)/R1']])
set_param{[sys,’/’,[’perfect hose and pipe/pipe_2',13,’(1jinction)/R1°1],...
'orientation’,2,...

'Gain’,’1.43e7’,...

‘position’, [205,117,230,143])

add_line([sys,’/’,[’perfaect hose and pipe/pipe_2',13,’(1jinction)*1],[170,80;195,80])
add_line([sys,'/’,['perfect hose and pipe/pipe_2’',13,’(1jinctien)']],[220,80;245,80])
add_line([sys,®/’,['perfect hose aad pipe/pipe_2’',13,’(ijinction)’]],[120,46;140,70])
add_line([sys,’/’,['perfect hose and pipe/prpe_2',13,’(1jinction)']1],[80,80;140,801)
add_line([sys,’/’,['perfect hose and vipe/pipe_2’,13,’(1jinction)']],[276,80;3C6,80])
add_line([sys,’/’,[’perfect hose and pipe/pipe_2',13,’(1jinction)’1],[286,80;286,130;235,130])
add_line([eys,’/’, ['perfect hose and pipe/pipe_2*,13,'(1jinction)’]],[200,130;120,130;120,90;140,90])

\%4 Finished composite block [’perfect hose and pipe/pipe_2’,13,’'(1jinction)’].

set_param({sys,’/’,[’perfect hose and pipe/pipe_2’,13,'(1jinction)’]],...
'position’, [280,72,310,123])

\% Subsystem ['perfect hose and pipe/hose_1?,13,’(0junction)’].

n;w_nyatem([sys,'/’.[’perfect hose and pipe/hose_1',13,’'(0junction)’]])
set_param([sys,’/’,[’perfect hose and pipe/hose_1',13,’(0junction)’]], 'Location’, [67,4564,388,668])

add_block(’built-in/Inport’,[sys,’/’,[’perfect hose and pipe/hose_1i’,13,’(0junction)/in_1'11)
set_param([sys,'/’,[’perfect hose and pipe/hose_1’,13,’(0junction)/in_1']1,...
‘position’, [46,45,65,66])

add_block(’built-in/Inport’, [sys,'/’, ['perfect hose and pipe/hose_1',13,’(0junction)/in_2'11)
set_param(({sys,’/’,[’perfect hose and pipe/hose_1’,13,’(0junction)/in_2']],...

Port?,’2’,. ..

'position’, [46,90,66,110])

add_block(’built-in/Cutport’, [sys,’/’,[’perfact hose and pipe/hose_1’,13,’ (0junction)/cut_1'11)
sat_param([sys,’/’,['perfect hose and pipe/hose_1’,13,’'(0junction)/ocut_1'1],...
'position’, [246,70,265,90))

add_block(’built-in/Sum’, [sys,’/’, [’perfact hose and pipe/hose_1’,13,’(0junction)/0J-1'11)
sot_param([sys,'/',['perfect hose and pipe/hose_1',13,’'(0junction)/0J-1'1]),...
Yinputi’,’+=?, ...

'position’, [96,70,115,90])

add_block(’'built-in/Integrator’,[sys,'/',['perfect hoze and pipe/hose_1',13,'(0junction)/int2']1])
set_param([sys,’'/’,[’perfact hose and pipe/hose_1’,13,’'(0junction)/int2'1],...
‘position’, [145,70,166,90])

add_block(’built-in/Note’,[sys,’/’',['perfect hose and pipe/hose_1',13,'(0junction)/V’']])
set_paran([sys,’'/’,[’perfect hose and pipe/hose_1’,13,’(0junction)/V’]],...
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'position’, [180,50,186,55])

add_block(’built-in/Gain’, [sys,’/’,[’perfect hose and pipe/hose_1’,13,’(0junction)/Ch1’]])
sat_param([sys,’/’,[’perfect hose and pipe/hose_1',13,’(0junction)/Ch1°]],...
'Gain’,’1/(1.67e-12+1.81e-14)7, ...

'position’, [200,67,225,93])

add_block(’built-in/Note’, [sys,’'/’,['perfect hose and pipe/hose_1’,13,’(0junction)/P']])
set_param{([nys,'/’,['perfect hose and pipe/hose_1’,13,’(0junction)/P’}},...
'position’, [295,66,300,70])

add_block(’built-in/Note’, [sys,’/’,['perfect hose and pipe/hose_1',13,’(0junction)/Q in’]])
set_parar(([sys,’/’,[’perfect hose and pipe/hose_1',13,’(0junction)/Q in’l],...
'position’, {50,16,55,20])

add_block(’built-in/Note’, [sys,’/’,['perfect hose ard pipe/hose_1’',13,°(0junction)/Q ocut’]])
set_param([sys,’/’,[’perfect hose and pipe/hose_1’,13,’'(0junction)/Q out’l],...

'position’, [60,130,66,135])

add_line([sys,'/’,[’perfect hose and pipe/hose_1’,13,’(0junction)']],[120,80;140,80])
add_line([sys,’/',[’perfect hose and pipe/hose_1’',13,’(0junction)’]],[170,80;196,80])
add_line([sys,’/’,['perfect hose and pipe/hose_1',13,’(0junction)’]],[70,56;90,76])
add_line([sys,’/’, [’perfect hose and pipe/hose_1’,13,’(0junction)’]],[230,80;240,80])
add_line([sys,’/’,[’perfect hose and pipe/hose_1’,13,’(0junction)’]],[70,100;90,85])

\% Finished composite block [’perfact hose and pipe/hose_1’,13,’(0junction)’].

set_param([sys,'/’,['perfect hose and pipe/hose_1’,13,’(0junction)’]],...
'position’, [165,57,1965,108])

\% Subsystem [’perfect hose and pipe/pipe_3’',13,’'(1jinction)’].

nev_system([sys,’'/’,['perfact hose and pipe/pipe_3’,13,’(1jinction)’]])
set_param([sys,'/’,['perfect hose and pipe/pipe_3',13,’(1jinction)’]], 'Location’, [221,683,762,792])

add_block(’built-in/Note’, [sys,’/’,[’perfect hose and pipe/pipe_3’,13,’(1jinction)/Q’1]1)
set_param([sys,’'/’,['perfect hose and pipa/pipe_3’,13,’(1jinction)/Q’1],...
'position’, [296,26,300,30])

add_block(’built-in/Note’, [sys,’/’,[’perfect hose and pipe/pipe_3’,13,'(1jinction)/dQ//dt']1]1)
set_param(([sys,’/’,[’perfect hose and pipe/pipe_3',13,’(1jinction)/dQ//dt']1],...
'position’, [230,20,235,25])

add_block(’built-in/Inport’, [sys,’/’,['perfect hose and pipe/pipe_3’,13,’(1jinction)/in_2']])
sat_param([sys,’/’,[’perfect hose and pipe/pipe_3',13,’(1jinction)/in_2']],...

'Port’,'2?,...

'position’, [26,120,46,140])

add_block(’built-in/Integrator’, [sys,’/’,['perfect hose and pipe/pipe_3’',13,’(1jinction)/int2']])
set_param([sys,'/’,[’perfect hose and pipe/pipe_3’,13,’(1jinction)/int2']]1,...
'position’, [266,40,276,60])

add_block('built-in/Gain’, [sys,’/’,[’perfect hose and pipe/pipe_3',13,’(1jinction)/I3']])
set_param([sys,’/’',[’perfect hose and pipe/pipe_3’,13,’(1jinction)/13']],...
'Gain’,'1/8.24e5’,...

'position’, [200,37,225,63])

add_block(’built-in/Sum’, [sys,’/’, ['perfect hose and pipe/pipe_3',13,’(1jinction)/13-2']11)
set_param([sys,’/’,[’perfect hose and pipe/pipe_3’,13,’(1jinction)/1J-2']1,...
’inputs’,'+-=", ...

'position’,[166,32,175,68])

add_block(’butlt-in/Gain’, [sys,’/’,[’perfect hose and pipe/pipe_3’,13,'(1jicction)/R1°’]])

65
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set_param([sys,’/’,['perfect hoce and pipe/pipe_3’,13,’(ijinction)/R1']],...
‘orientation’,2,...

'Gain’,’3.02e7’,...

'position’, [200,82,226,108])

add_block(’built-in/Inport’,[sys,’/’,['perfect hose and pipe/pipe_3’,13,’(1jinction)/in_1']]1)
set_param(([sys,’/’,[’perfect hose and pipe/pipe_3’,13,’(1jinction)/in_1']]1,...
’position’, {25,30,45,50])

add_block(’built-in/Note’, [sys,’/’,['perfect hose and pipe/pipe_3',13,’(1jinction)/Ph2’]])
set_param([sys,’/’,[’perfect hose and pipe/pipse_3’,13,’(1jinction)/Pbh2']],...
'position’, [30,8,365,13])

add_block(’built-in/Note’,[sys,’/’,[’'perfect hose and pipe/pipe_3',13,'(1jinction)/Pv'}])
set_param([sys,’/’,[’perfect hose and pipo/pipe_3’,13,'(1jinction)/Pv’]],...
'position’, [34,99,39,104])

add_block(’built-in/Outport’, [sys,'/’,[’perfect hose and pipe/pipe_3’,13,'(1jinction)/cut_1'11)
set_param([ays,'/’,['perfect hose and pipe/pipe_3’,13,’(1jinction)/out_1°11,...
'poaition’, [380,40,400,60])

add_block(’'built-in/Note’, [sys,’/’,['perfect hose and pipe/pipe_3’,13,’(1jinction)/Qv’1])
set_param([sys,’/’,[’perfect hose and pipe/pipe_3’,13,’(ijinction)/Qv’l],...
'position’, [385,20,390,25])

add_block('built-in/Outport’, [sys,’/’,{’perfect hose and pipe/pipe_3',13,’'(1jinction)/out_2']11)
set_param([sys,’/’,['perfect hose and pipe/pipe_3',13,’(1jinction)/out_2'11,...

'Port’,?2’,...

'position’,[380,116,400,136])

add_block(’built-in/Note’, [sys,'/’,[’perfect hose and pipe/pipe_3',13,’(1jinction)/Qp3’1])
set_param([sys,'/’,['perfect hose and pipe/pipe_3’,13,’(1jinction)/Qp3’1l,...

'position’, [385,90,390,95])

add_line({sys,’/’,[’perfect hosa and pipe/pipe_3',13,’(1jinction)’]],[280,60;375,560])
add_line([sys,’/',['perfect hose and pipe/pipe_3',13,’(1jinction)’]],[296,50;296,95;230,95])
add_lina([sys,’/’,[’perfect hose and pipe/pipe_3’,13,’(1jinction)’]],[60,40;150,40])
add_line([sys,’/’',['perfect hose and pipe/pipe_3’,13,’(1jinction)’]],[195,85;122,95;122,60;160,60]>
add_line([sys,'/’,[’perfect hose and pipe/pipe_3’,13,’(1jinction)’]],[230,50;260,60])
add_line(([sys,’/’,[’perfect hose and pipe/pipe_3’,13,’(1jinction)’1],[180,50;195,50])
add_line(([sys,’/’,[’perfect hose and pipe/pipe_3’',13,’(1jinction)’1],[60,130;96,130;96,50;150,50]1)
add_line([sys,’/*,['perfect hose and pipe/pipe_3',13,’(1jinction)’]],[3356,606;336,126;376,126])

\% Finished composite block [’perfect hose and pipe/pipe_3',13,’(ijinction)’].
set_param([sys,’/’,['perfect hose and pipe/pipe_3',13,’(1jinction)’]],...
'position’, [600,92,630,143])

\% Subsystem [’perfect hose and pipe/hose_2',13,’(0junction)’].

nev_system([sys,’/’,[’perfect hose and pipe/hose_2’,13,’(0junction)’]])
set_param([sys,’/’,[’perfect hose and pipe/hose_2’,13,’(0junction)’]],'Location’, [117,443,637,615])

add_block(’built-in/Sum’, [sys,’/’, [’perfect hose and pipe/hose_2’,13,’'(0junction)/03-2']])
set_param([ays,’/’',[’perfect hose and pipe/hose_2’,13,'(0junction)/0J-2]],...

'inputs’,’+-’,...

'position’,[145,60,165,80])

add_block(’built-in/Integrator’, [sys,’/’,['perfect hose and pipe/hose_2',13,’(0junction)/int4’]])
set_param([sys,’/’,[’perfect hose and pipe/hose_2',13,’(0junction)/int4’]],...

'position’, [190,60,210,80])

add_block(’built-in/Note’,[sys,’/’,[’perfect hose and pipe/hose_2',13,’(0junction)/V2’]])
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set_param([sys,’/’,[’perfect hose and pipe/hose_2',13,’(0junction)/V2']],...
'position’, [225,40,230,45])

add_block(’built-in/Inport’,[sys,’/’,[’perfect hose and pipe/hose_2’,13,’ (Ojunction)/in_1'11)
set_param([sys,’/’,['perfact hose and pipe/hose_2’,13,’'(0junction)/in_1'1],...
'position’, [96,30,115,50]1)

add_block(’built-in/Inport’,[sys,*/’, [’perfect hose and pipe/hose_2',13,’ (0junction)/in_2'1])
set_param{[sys,'/’,['perfect hose and pipe/hose_2’,13,’(0junction)/in_2'11,...

'Port’,’2’,...

’position’, [96,90,116,110])

add_block(’'tuilt-in/Note’,[sys,’/’,[’perfect hose and pipe/hoso_2',13.'(Ojunction)/Q in’]])
set_param({sys,’/’,{'perfect hose and pipe/hose_2',13,’(0junction)/Q in'll,...
’position’, [106,5,110,10])

add_block(’built-in/Note’, [ays,’/’,[’perfect hose and pipe/hose_2',13,’(0junction)/qQ out’ll)
set_param([sys,’/’,[’perfect hosa aud pipe/hose_2’,13,’(0Ojunction)/q out’}l),...
‘position’, [105,130,110,136])

add_block(’built-in/Gain’, [sys,’/’,['perfect hose and pipe/hose_2’,13,’(0junction)/Ch2’'1])
sot_param([sys,'/’,[’perfect hose and pipe/hosa_2’,13,'(0junction)/Ch2'1],...
'Gain’,'1/(8e-13+3.83e-15)"',...

'position’, [250,57,275,83])

add_block(’built~in/Cutport’, [sys,’/’,[’perfect hose and pipe/hose_2',13,’ (0junction)/out_1']11)
set_param([sys,*/’,[’perfect hose and pipe/bose_2',13,'(0junction)/out_1'11,..
'position’, [300,60,320,80])

add_bleck(’built-in/Note’,[sys,’/’,[’perfect hose and pipe/hose_2’,13,’ (0junction)/P’]])
set_param([sys,’/’,[’perfact hose and pipe/hose_2’,13,’ (Gjunction)/P'1],...

'position’, [340,60,345,65])

add_line([sys,’/',[’perfect hose and pipe/hose_2’,13,' (0junctioen)'1], [170,70;186,70])
add_line([sys,’/’,[’perfect hose and pipe/hose_2',13.'(Ojunction)’]],[215,70;245,70])
add_line([sys,'/',[’perfect hose and pipe/hone_2',13.’(Ojunction)’]],[120,40;140.65])
add_line([sys,*/’,['perfect hose and pipe/hose_Q’,lS,'(Ojunction)']].[280,70;295,70])
add_line([sys,’/’,[’perfect hose and pipe/hone_!'.la,’(Ojunction)']].[120,100;!40,75])

\% Finished composite block [’perfect hose and pipe/hose_2',13,’ (Ojunction)'].

set_param([sys,’/’',[’perfect hose and pipe/hose_2’,13,'(0junction)’1],. ..
'position’, [375,87,406,138])

add_block(’built-in/Note’,[sys,’/’,'perfect hose and pipa/valve pressure in’])
set_param([sys,’/’,'perfect hose and pipe/valve pressure in’],...
'position’, [66,269,61,264])

add_block(’built-in/Note’,[sys,’/’,’perfect hose and pipe/valve flow out’])
set_param([sys,’'/’,’perfact hose and pipe/valve flow out’l,...
'position’, [550,62,656,671)

\% Subsystem [’perfect hose and pipe/pipe_1',13,’(1jinction)’].

new_systen(|sys,’/',['perfect hose and pipe/pipe_1',13,’ (1jinction)']11)
set_param([ays,’/’,['perfect hose and pipe/pipa-l',13.'(ljinction)']].'Locatlon',[32,479,573.688])

add_block(’built-in/Outport’, [sys,’/’,[’perfect hose and pipe/pipe_1',13,’(1jincticn)/out_2’]11)
set_param([sys,'/’,[’perfect hose and pipe/pipe_1',13,"(1jinction)/out_2'1],..

'Port’,’2’,...

'position’, [480,160,510,180]1)

add_block(’built-in/Inport’,[sys,’/’,[’perfect hose and pipe/pipe_1',13,' (1jinction)/in_2']1)
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sot_paran(([sys,’/’,[’perfact hese and pipe/pipe_1’,13,’(1jinction)/in_2'1],...
'Port’,’2’,...
'position’, [46,100,66,120])

add_block('built-in/Sum’, [sys,’/’,{'perfect hose and pipe/pipe_1',13,!(1jinction)/13-1']])
set_param([sys,’/’,[’perfe.t hose and pipe/pipe_1’,13,’(1jinction)/13-1]],...
‘ipputs’,’+-!,...

'position’, [130,37,150,73])

add_block(’built-in/Integrator’,[sys,’/’,[’perfect hose and pipe/pipe_1’',13,’(1jinction)/int1']])
set_param([sys,’'/’,[’perfect hose and pipe/pipe_1’,13,’(1jinction)/inti’]],...
'position’, [176,45,196,65])

add_block(’built-in/Gain’, [sys,’/’,['perfect hose and pipe/pipe_1',13,’'(1jinction)/Cp1’1])
set_param({sys,’/’,[’perfact hose and pipe/pipe_1’,13,'(1jinction)/Cpi’l]l,...
'Gain’,’1/6.728-15",...

'position’, [22C,42,246,68])

add_block('built-in/Note’, [sys,’/’',[’perfect hose and pipe/pipe_1’,13,’(ijinction)/dq//d’]])
sot_param([sys,’/’,[’perfect hose and pipe/pipe_1’,13,’(1jirction)/dQ//dt’]1],...
'position’, [166,20,170,25])

add_block(’built-in/Cutport’, [8ys,’'/’,[’'perfect hose and pipe/pipe_1’,13,’(1jinction)/out_1'11)
set_param([sys,’/’,['rerfact hose and pipe/pipe_1’,13,’(1jinction)/out_1'11,...
'position’, [486,56,5605,75])

add_block(’butit-in/Integrator’,[sys,’/’,[’perfact hose and pipe/pipe_1’,13,’(1jinction)/int2']1])
set_param([ays,'/’,['perfect hose and pipe/pipe_1',13,’(1jinction)/int2']1],...
'position’, [420,65,440,75])

add_block(’built-in/Gain’, [sys,’'/’',['perfect hose and pipe/pipe_1’,13,'(1jinction)/I1’]])
set_param([sys,’/’,[’perfect hose and pipe/pipe_1’,13,’(1jinction)/I1’]],...
'Gain’,’1/1.46e6’, ...

'position’, [366,62,390,78])

add_block(’built-in/Sum’, [8ys,’/’',['perfect hose and pipe/pipe_1’,13,’(1jinction)/1J-2’]1])
saet_param([sys,’/’,['perfect hose and pipe/pipe_1’,13,'(1jinction)/1J-2'1],...
'inputs’,’+--7,...

'position’, [320,47,340,83]))

add_block(’built-in/Gain’, [8ys,’/’,[’perfect hose and pipe/pipe_1',13,’(1jinction)/R1'1])
set_paran({sys,’'/’,['pertect hose and pipe/pipe_1’,13,’(1jinction)/R1']],...
’orientation’,Z,...

'Gain’,’5.3e6’, ...

'position’, [366,97,390,123])

add_block(’built-in/Note’,[sys,*/’,['perfect hose and pipe/pipe_1',13,’(1jinction)/Q']])
set_param({sys,’/’,[’perfect hose and pipe/pipe_1’,13,’(1jinction)/Q’]],...
'position’, [460,36,465,40])

add_block(’built-in/Note’,[sys,’/’,[’perfect hose and pipe/pipe_1',13,’(1jinction)/P out’l])
set_param([sys,’/’,[’perfact hose and pipe/pipe_1',13,’(1jinction)/P out'l],...
'position’, [66,150,60,155])

add_block(’built-in/Inport’,[sys,’/’,[’perfect hose and pipe/pipe_1',13,’(1jinction)/in_1'31)
sot_param([sys,'/’',[’perfact hose and pipe/pipe_1’,13,?(1jinction)/1in_i’'l]l,...
'position’, [45,36,65,65])

add_block(’built-in/Note’, [sys,’/’,[’perfect hose and pipe/pipe_1’,13,’(1jinction)/Qp’']1])
set_param([sys,'/’,['perfect hose and pipe/pipe_1’,13,'(1jinction)/Qp’l],...

'position’, [60,13,55,18])

add_line([sys,'/’,['perfect hose and pipe/pipe_1’,13,’(1jinction)’]1],[260,656;315,566])
add_line([sys,’/’,[’perfect hose and pipe/pipe_1',13,’(1jinction)’]],[260,566;260,170;486,170])
add_line([sys,'/’,['perfect hose and pipe/pipe_1’,13,’(1jinction)']], [445,65;480,66])
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add_line([sys,’/’,['perfect hose and pipe/pipe_1',13,’(1jinction)’]],[460,66;460,110;395,110])
add_line([sys,’/’,[’perfect hose and pipe/pipe_1',13,'(1jinction)’]],[460,110;460,155;102,165;102,66;126,65])
add_line([sys,’/’,[’perfect hose and pipe/pipe_1’,13,’'(1jinction)’]],[360,110;287,110;287,76;316,76])
add_line([sys,’/’,[’perfect hose ard pipe/pipe_1’,13,’(1jinction)']],[70,110;275,110;276,66;3156,65])
add_line(([sys,'/’,[’perfect hose and pipe/pipe_1’,13,’(!jinction)’]],[396,65;416,65})
add_line([sys,'/’,['perfect hose and pipe/pipe_1',13,’'(1jinction)’1],[346,65;360,65])
add_line([sys,’/’,['perfect hose and pipe/pipe_1',13,’(1jinction)’]],[200,65;216,66])
add_line(([sya,’/’,[’parfact hosa and pipe/pipe_1',13,’'(1jinction)’]],[166,66;170,66])

add_line([sys,'/’, [’perfect hose and pipe/pipe_1',13,’(1jinction)’]],[70,45;126,46])

\% Finished composite block [’perfect hose and pipe/pipe_1’,13,'(1jinction)’].

set_param([sys,’'/',[’perfect hose and pipe/pipe_1’,13,’(1jinction)’]],...

'position’, [86,57,115,108])

add_line([sys,’/’,’perfect hose and pipe’'],[120,95;120,240;545,240])
add_line(([sys,’'/’',’perfect hose and pipe’], [60,70;80,70])

add_line([sys,’/’,'perfect hose and pipe’],[120,70;160,70]))

add_line([sys,'/’,’perfect hose and pipe’]l, [200,85;235,86;235,160;60,160;50,95;80,95])
add_line([sys,’/’,’'perfect hose and pipe’],[235,85;275,86])

add_line([sys,’/’,’perfact hose and pipe’],[315,100;370,100])

add_line([sys,’/',’perfaect hose and pipe’}, [335,100;336,180;161,180;161,95;160,95])
add_line([sys,’/’,’perfact hose and pipe’],[410,115;451,115;451,190;256,190;266,110;276,110])
add_line([sys,’/’,’perfect hose and pipe’],[460,115;450,105;456,106])
add_line([sys,’/’,’'perfact hose and pipe’],[535,130;551,130;0651,205;361,206;361,125;370,126])
add_line([sys,’/',’perfect hose and pipe’], (60,230;455,230;455,130;495,130])
add_line({sys,’/’,’perfect hose and pipe’], [535,105;655,105])

\% Finished composite block 'perfect hose and pipe’.

set_param([ays,’/’,’'perfect hose and pipe’],...
'position’, [110,567,140,108])

\% Subsystem ‘'pump ok’.

nev_system([sys,’/’, 'pump ok’])
set_param(([sys,’/’,’pump ok'],’Location’,[154,409,671,785])

add_block(’'built-in/Constant’,[sys,’/’, [’pump ok/pump angular’,13,’velocity’]])
set_param(([sys,’/',[’pump ok/pump angular’,13,’'velocity’']],...
'Value’,’'2+pi»600/60°,...

'position’, [175,145,195,165])

add_block(’built-in/MATLAB Fcn’', [sys,’/’,'punp ok/pump2_fn'])
set_param([sys,’/’,’'pump ok/pump2_fn’},...

'MATLAB Fcen',’pump2_fn’,...

'Output Width’,’'1’,...

'position’, [360,183,420,217])

add_block('built-in/Mux’, [sys,’/’, ’pump ok/Mux’])
set_param([sys,’/’,'pump ok/Mux’'],...
'inputs’,’2’,...

'position’, [305,172,335,223])

add_block('built-in/Gain’, [sys,’/’,’pump ok/Vp’]l)
set_param([sys,’/’,'pump ok/Vp’],...
'Gain’,’13e-6/(2+pi)’,. ..

'position’, [260,142,275,168])

add_block(’built-in/Outport’, [sys,'/’,’'pump ok/out_1'])
set_param([sys,’/’,’'pump ok/out_1’],...
'position’, [450,190,470,210])
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add_block(’built-in/Inport’, [sys,’/’, 'pump ok/in_1'])
set_param([sys,’/’,’pump ok/in_1'],...
'position’, [265,200,276,220])

add_block(’built-in/Note’, [8ys,’/’,’pump ok/flow to tube’])
sot_param({sys,’/’,’pump ok/flov to tube’]l,...

'position’, [460,1563,465,158])

add_line(([sys,’/', 'pump ok’], [200,166;246,1565])
add_line(([sys,’/’,'pump ok’], {280,210;300,210])
add_line([sys,'/’,’'pump ok’],[425,200;445,200])
add_lina([sys,’/’,’pump ok'], [340,200;365,200])
add_line([sys,’/’,'pump ok’], [280,155;290,155;300,1856])

\% Finished composite block ’pump ok’.

set_param([sys,’/’,'pump ok’],...
'positien’, [30,45,60,95])

add_block(’built-in/Clock’,[sys,’/’,’Clock'])
set_param([sys,’'/’,’Clock’],...
'position’, [406,10,425,30])

add_block(’built-in/To Workspace’,[sys,’/’,’To Workspace3'])
set_param([sys,'/’,’To Workspace3'],...

'mat-name’,’t’,...

'buffer’,’1e6’,...

'position’, [486,12,535,28])

add_block(’built-in/Constant’,[eys,’/’,'Constant’])
set_param([sys,’/’,’Constant’],...
'Value’,'6/6e4/4',...

'position’, [295,8,350,32])

add_block(’built-in/To Workspace’,[sys,’/’','To Workapace’l)
set_param([sys,’/’,’To Workspace’],...

‘mat-name’,’pv’,...

‘buffer’,’1e6’,...

'position’, [305,132,355,148])

add_block(’built-in/To Workspace’,[sys,’/’,’To ¥orkspace6'])
set_param([ays,’/’,’To Workspace6’],...

'mat-name’,’pp’,...

"buffexr’,’le6’,...

‘position’, [205,62,255,68])

add_block(’built-in/To Workspace',[sys,’/',’To Workspace7'])
set_paran([sys,’/’,’To Workspace7'],...

'mat-name’,’qp’,...

'buffer’,’1e6’,...

'pogition’, [110,127,160,143])

add_block(’built-in/To Woxkspace’,[sys,’/’,’To Workspace8'])
set_param([sys,’/’,’To Workspace8'],...

'mat-name’,’x’,...

'buffer’,’1e6’,...

position’, [300,622,350,638])

add_block(’built-in/Gain’, [sys,’/’,['load’,13, 'spring1’]])
set_param([esys,’/’,['load’,13,'spring1’]],...
'Gain’,’1e6’,...

'position’, [406,702,430,728])
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add_block(’built-in/Gain’, [sys,’/’,’'Friction’])
set_param([sys,’/’,'Friction’],...
'Gain’,’2.72e4’,...

'position’, [340,672,366,698])

add_block(’built-in/Integrator’,[sys,’/’,’dv//dt’'])
set_paran([sys,*/’,’dv//dc’],...
'orientation’,2,...

'position’, [276,626,296,5646])

add_block(’built-in/Gain’, [sys,’/’,['Load’,13,’ mass’]])
set_param([sys,’/’,[’Load’,13,’ masa’]l]l,...
‘orientation’,2,...

'Gain’,’1/(60+1)",...

'position’, [325,622,350,648])

add_block(’built-in/Integrator’,[sys,’/’,’dx//dt’])
set_param([sys,’'/’, 'dx//dt’],...
'orientation’,2,...

'positicn’, [190,525,210,545])

add_block(’built-in/Note’, [sys,'/’,’x’'])
set_param([sys,’/*,'x'],...
‘position’, [238,672,243,577])

add_block(’built-in/Note', [ays,’/’,’v’])
set_param([ays,*/’,'v’'],...
'positicn’, [308,547,313,662])

add_block(’built-in/Note’, [sys,’/’,’spring:])
set_parem((sys,’'/’,’spring’],...
'position’, [613,687,618,632])

add_block(’built-in/Note’, [sys,’/',’F'])
set_param([sys,’'/','F’],...
'position’, [403,497,408,602])

add_block('built-in/Note’, [sys,’/’,'a’])
set_param([sys,'/’,’a’],...
'position’, [363,502,368,507])

add_block(’built-in/Note’,[8ys,’/’,'friction’])
set_paramn([sys,'/’,’friction’],...
'position’, [468,602,473,607])

add_block(’built-in/Gain’,[sys,’/’,’piston area2’])
set_param((sys,’/’,’piston area2’],...
‘orientation’,2,...

'Gain’,’1e-3",...

'position’, [180,466,210,496])

add_block(’built-in/Gain’, [sys,’/’,’TF Gear1’])
set_param([sys,’/’','TF Gearl'],...
'Gain’,’127.7°,...

'position’, [416,362,440,378])

add_block(’built-in/Sum’, [sys,’/’,'Sum2’])
set_paran([sys,'/’,’Sum2’],...

'inputs’ ,'+-, ...

'position’, [260,366,280,375])

add_block('built-in/Sum’, [sys,'/’,’Sumi’])
set_param([sys,’/',’Sum1’],...
'orientation’,2,...
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'inputs’,'++—-",. ..
'position’, [386,405,415,665])

add_block(’built-in/Gain’, [sys,’/’,’piston areai’])
set_param([sys,’/’,’piston areal’],...
'orientation’,2,...

'Gain’,’1e-37,...

'position’, [450,620,480,550})

add_block{’built-in/Gain’, [sys,’/’,’piston area’])
set_param([sys,’/’,’piston area’],...
'orientation’,2,...

’Gain’,’1e-3’,...

'position’, [445,470,475,500])

add_block(’built-in/To Workspace®’,[sys,’/’,'To Workspacel'])
sot_paranm([sys,’/’,’To Workspacel’l,...

'mat-name’,’pr’,...

'buffer’,’1e6’,...

'position’, [415,132,465,148])

add_block(’built-in/To Workspace’,[sys,’/’,’To Workspace4’])
set_param([sys,’/*,’To Workspace4'],...

‘mat-name’,’'pl’,...

buffer’,’1e6’,...

'position’, [430,197,480,213]))

add_block(’built—in/Integrator’,[sys,’/’,’Integrator’])
sot_parem([ays,’/’,’Integrator’],...
'position’, [305,355,325,375])

add_block(’built-in/Gain’, [sys,'/’,’Geral’])
set_param([sys,'/’,’Geral’],...
'orientation’,2,...

'Gain’,’127.7°,...

'position’, [205,412,230,438])

add_block(’built-in/To Workspace’, [sys,’/’,’To Workspace2’])
set_param([sys,’/',’To Workspace2’],...

‘mat-name’,’tm’,...

'baffer’,’1e6’,...

‘position’, [426,322,475,338])

add_block(’built-in/Gain’, [sys,’/’,'Gain’])
set_param([eys,’/*,’Cain’],...
'Gain’,’180/p1’,...

'position’, [370,252,395,2781)

add_block(’built-in/To Workspace’,[sys,’/’,’To Workspace5'])
set_parom([sys,’/’,'To Workspace5'],...
'mat-pname’,'sita’,...

'buffer’,’1e6’,...

’position’, [430,257,480,273])

add_block(’built-in/Sine Wave’,[sys,’/’,’'Sine Wave’])
set_param(([sys,’/’,’Sine Wave’l,...
'amplitude’,’90/180+pi’,. ..

'frequency’,’'2epi’,...

‘phase’,'3/2¢pi’,...

’sampletime’,’0’,...

'position’,[65,676,75,694])

add_block(’built-in/Constant’,[sys,’/’,’Constant1’])
set_param([sys,’/’,’Constant1’],...
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'Yalue’,’45/180%pi’, ...
'position’, [95,540,116,560])

&dd_block(’built-in/Derivative’, [sys,’/’,’Derivative’])
sat_param([sys,’/’,’Derivative’],...
'position’, [90,500,120,620])

\% Subsystem ‘orifice ok’.

nev_system([sys,’/’,'orifice ok’])
set_param([sys,’/’,’orifice ok’],’Location’,[198,566,633,716])

add_block(’built-in/Inport’, [sys,’'/’,’orifice ok/in_1'1)
set_param([sys,’/’,’orifice ok/in_1'],...
‘position’, [16,60,35,80])

add_block(’built-in/Dexux’,[sys,’/’,’orifice ok/Demux’])
set_param([sys,*’/’,’orifice ok/Demux’],...
‘outputs’,’2’,...

'position’, [140,28,176,112])

add_block('built-in/MATLAB Fcn',[sys,’/’,’orifice ok/orif_fn’])
set_param([sys,’/’,’orifice ok/orif_fn'],...

"MATLAB Fcn’,’orif_fn’,...

'Output Width’,’2’,...

'position’, [656,63,116,87])

add_block(’built-in/Outport’, [sys,’/’,’orifice ok/out_1'])
set_param([sys,’/’,’orifice ok/out_1’],...
'position’, [310,40,330,60])

add_block(’built-in/Outport’,[sys,’/’,’orifice ok/out_2'])
set_param([sys,’/’,’orifice ok/out_2'],...

'Port’,’2',...

'position’, [310,80,330,100])

add_block(’built-in/Cain’, [sys,’/’,’orifice ok/Gain’])
sot_param([sys,’'/’,’orifice ok/Gain'l,...
Gain’,’4+0.6’,...

‘position’, [215,37,290,63])

add_block(’built-in/Gain’, [sys,’/’,'orifice ok/Gain1’]))
set_param([sys,’'/',’orifice ok/Gaini’],...
'Gain’,’4+0.6’,...

'position’, [215,78,285,102])

add_line([sys,’/*,’srifice ok’], [40,70;50,70])
add_line([sys,’/’,’orifice ok’],[12¢,70;135,70])
add_line([sys,’/’,’orifice ok’], [180,50;210,60])
add_line(([sys,’/’,’orifice ok'], [295,60;306,50]1)
add_line([sys,’/’,’orifice ok’],[180,90;210,90])
add_line(([sys,’/’,’orifice ok’], [2980,90;306,90])

AY Finished composite block ’orifice ok’.

set_paranm([sys,’/’,’orifice ok’],...
'position’, [166,197,185,248])

add_block(’built-in/Constant’,[sys,’/’,’Constant2’'])
set_param([sys,’/’,'Constant2’],...
'Value’,’2e-6’,...

'position’, [30,550,60,670])
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add_block(’built-in/Constant’,[sys,’/’,’Constant3’])
set_param({sys,’/’,’Constant3’],...

'Value',’0’,...

'position’, [30,600,50,620])

add_block(’built-in/To Workspace’,[sys,’/’,’To Workepace9'])
eot_param([sys,’/’,’To Workspace9'],...
‘mat-name’,’input’,...

'buffer’,’1e6’,...

'position’, [265,297,305,313])

add_block(’built-in/Sine Wave’,[sys,’/’,’Sine VWavel’])
set_param([sys,’/’,’Sine Wavel’]l,...
'amplitude’,’120/180+pi’, ...

'frequency’,’2spi’,...

‘position’, [26,526,46,645])

add_block(’built-in/Step Fcn’,[sys,’/’,’Step Inputi’])
set_param([sys,’/’,’Step Inputi’],...
'After’,’-180/180+pi’, ...

‘position’, [90,380,110,400])

add_block('butlt-in/Step Fcn',[sys,’/’,’'Step Input’])
sot_param([sys,’/’,’Step Input’],...

'Time’,'0.5°,...

'After’,'90/180»pi’, ...

'position’, [90,300,110,320])

add_block(’built-in/Sum’, [sys,’/’,'Sum’])
set_param([sys,’/’,’Sum’],...
'position’, [170,350,190,370])

add_block(’built-in/Integrator’, [sys,’'/’,’Integratori’])
set_param([sys,’/’,’Integratori’],...
‘orientation’,2,...

'position’, [165,276,185,295])

add_block('built-in/To Workspace'’, [sys,’/’,'To Workspacei0’])
set_param([sys,’/’,'To Workspace10'],...
'orientation’,2,...

‘mat-name’,’sta’,...

'buffer’,’1e6’,...

'position’, [60,272,100,288])

add_line(sys, [260,140;300, 1401)

add_line(sys, [430,20;480,20])

add_l1ine(sys, [280,140;280,60;365,60])

add_l1ine(sys, [400,266;425,265])

add_line(sys, [65,70;195,70]))
add_line(sys,[146,95;175,95;175,135;220,135])
add_line(sys,[146,70;158,70;158,19;13,19;13,69;26,70])

add_line(sys, [275,140;276,110;180,110;180,50;85,50;85,95; 105,96} )

add_line(sys, [440,485;420,486])

add_l1ine(sys, [445,535;420,535])

add_line(sys, [270,536;216,5356])

add_lina(sys, [320,635;300,535])

add_line(sys, [380,536;355,635])

add_line(sys, [248,535;248,480;215,480])
add_line(sys, [248,535;250,685;335,686])
add_lina(sys, [370,686;470,685;470,635;420,635])
add_line(sys, [185,635;170,635:170,715;400,715])
add_line(sys,[435,715;500,715;600,685;420,585])
add_line(sys, [168,60;200,60])

add_line(sys, [66,70;80,70;80,135;105,135])
add_line(sys, (170,630;295,630])

74



APPENDIX A. SIMULATION FILES

add_line(sys, [286,365;300,365])

add_line(sys, [260,185;390,185;390,140;410,140])
add_line(sys, [260,230;390,230;390,205;4265,205])
add_line(sys, [248,480;250,480;250,425;235,425])
add_line(sys,[445,365;480,366;480,435;420,435])
add_line(sys, [200,425;185,426;186,395;236,395;235,370;2565,370))
add_line(sys,[330,365;330,265;365,266])
add_line(sys,(115,310;135,310;135,365;166,355))
add_lina(sys, [115,390;135,390;136,365;165,365])
add_line(sys, [190,210;220,210])

add_iine(eys, [190,235;220,235])

add_line(sys, [175,480;22,480;20,160;220,160]>
add_line(sys, [20,185;220,185])

add_line(ays, [330,266;110,265;110,225;159,225))
add_line(sys, [390,186;537,186;537,484;480,485])
add_line(sys, [300,230;607,230;607,634;485,635])
add_line(sys, [195,360;255,360])
add_line(sys,[210,360;210,305;250,305])
add_line(sys, [330,365;410,365])

add_line(sys, [385,365;385,330;420,330])
add_line(sys, [216,306;215,285;190,286])
add_line(sys,[160,285;140,285;140,280;105,280])

drawnow

\% Return any arguments.

if (nargin | nargout)

\%Z Must use feval here to access system in memory
if (nargin > 3)

if (flag == 0)
eval([’[ret,x0,str,ts,xts]=’,s8ys,’(t,x,u,flag);’])
else

eval([’ret =’, sys,’(t,x,u,flag);’])

end

else

[ret,x0,str,ts,xts] = faeval(ays);

end

olse

drawnow \% Flash up the model and execute load callback
end

A.2 Orifice area calculation

function [A] = orif_fn(sita)
\% sita: relative angle betwieen mainshaft and valve body \%

\4 Al1: area of Rl orifice (if sita is positive, Al becomes large) \%
\% A2: area of R2 orifica (if sita is negative, A2 becomes large) \%
fai = 71.5/180pi;

L = 10e-3;

L1 = 3.28e-3;

L2 = 3.68e-3;

L3 = 4.076e-3;

b0 = (L3 - L2)/2;

h = (L2 - L1)/2 /tan(fai);

x0 = h/tan(fai);

x.lim » -(L2-L1)/2;
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dx = sitas10.5e-3;

x = dx+b0;

a = tan(pi/2 - fai);

xj) = x_1lim + 10-10;

if x > x0

A(1) = Lesqrt(h~2+ x°2);
elseif x <= x0 & x > xj

xc = as(asz+h)/(a~2+¢1);

yc = -1/asxc;

A(1) = Lesqrt(xc~2 <yc~2);
else

x_sub = xj;

xc = pe(asx_sub+h)/(a"2+1);
yc = -1/asxc;

A(1) = Lesqrt(xc~2 +yc~2)eexp(x-xj);
and
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dx = -sitas10.6e-3;
x = dx+b0;
a = tan(pi/2 - fai);

if x > x0

A(2) = Lesqrt(h~2+ x°2);
elseif x <= x0 &k x > xj

xc = ae(asx+h)/(a~2+1);

yc = -1/z*xc;

A(2) = Lesqrt(xc~2 +yc~2);
else

x_sub = xj;

xc = pe(asx_sub+h)/(a~2+1);
yc = -1/asxc;

A(2) = Lesqrt(xc"2 +yc~2)*exp(x-xj);
end

\% This is the end.

A.3 Pump simulation

function(Pp] = pump_fn(q)

\% This function is for pressure output so that it includes algebraic loop.

\% Pp is pressure at the pomp outlet port. \%
\% QO is flow rate generated by vane rotation. AY/
\% Qp is flovw determined by the system. \%
Pget = 8.0e6; \%4 defire relief preasure [MPa}

Rl = 3.03e15; \% define coefficiant of reakage

Rd = 4.132e-8; \%4 define coefficient of discharge

Q0 = q(1);

Qr = q(2);

dQ = Qo-Gp;

£ Qgp <o

Pp = 0;

elseif Qp >= Q0 - sqrt(Pset/Rl)
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Pp = R1 » dQeabs(dq);

alse

Pp = RledQ = (dQ + 2 = Rd * Pset)/(1 + 2 « Rl » Rd = dQ);

end

A.4 Valve simulation

frmctionfop] = valve_fn(in)

\% Pp = op(1): pressure at inlet port
\% QR = op(2): flow rate to right cylinder
\% QL = op(3): flow rate to left cylinder

\% Qa: flow rate to ambient area

\% Qp: flow rate from inlet port

\% PR: pressure at reight cylinder

\% PL: pressure at left cylindr

\% Al: area of Rl orifice (if Al is small, left pressure is high)
\% A2: area of R2 orifice (if A2 io small, right presure is high)
\% A3: area of R3 orifice (A3 is small, if Al is large)

\% A4: area of R4 orifice (A4 is small, if A2 is large)

rho = 0.83e3; \% oil density [Kg/m~3]

gp = in(1);

PR = in(2);

PL = in(3);

Al = in(4);

A2 = in(6);

Pa = 0;

A3 = A2;

A4 = AL;

ri = rho/(2+A1°2);
r2 = rho/(2+42°2);
r3 = r2;
r4 = ri;

\%

\% calculation of Pp

\4

as= (1-ri/r2)"2;
b = 2¢((1-r1/x2)*(xr1/r2+PL - PR) - (1+r1/r2)+risQp~2);

c = (PR + r1sQp~2)°2 + r1°2/r2°2+PL"2 - 2¢(PR - rieQp~2)sri1/r2+PL;

d = (b"2-4sasc)~0.5;

it Qp == 0
Pp = PR + r1/(r1+r2)*(PL - PR);

elseif rl == r2
Pp = -c/b;

else

soll = (-b+d)/(2+a);
8012 = (-b-d)/(2+a);

\%
AV
\4
\%

\%
\%
\7
\Y/
\%
\%
\%
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if soll < sol2
Pp = 80l2;
else

Pp = so0l1;

end

end

\% flow calculation

Pr2 = Pp - PL;

Qr2 = sqrt(Pr2/r2);

Qri = Qp - Qr2;

Qr3 = sqrt((PR - Pa)/r3);
Qr4 = sqrt((PL - Pa)/r4);
QR = Qr1 - Qr3;

QL = Qr2 - Qr4;

op(1) = Pp;

op(2) = QR;
op(3) = QL;

end
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