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ABSTRACT

SERVO CONTROLLED SWASH PLATE AXIAL PISTON PUMPS
OPERATING UNDER VARIABLE LOAD DEMANDS WITH

APPLICATION TO ROLLING MILLS

Deping Li
Rolling mill automation systems started nearly in 1960s when the servo
system was introduced to the metal forming industry. During the past decades,
hydraulic control systems have found increased applications in rolling mills in an
attempt to cope with the harsh environment conditions and the high power demands
for metal forming. During the rolling process, both rolling speed and rolling load must
be controlled in accordance with the independently varying torque that disturbs the

control system.

This project is concerned with the development of an electro-hydraulic control
system in order to control both rolling speed and rolling load with minimum number
of components. A mathematical model of a pressufe compensator is constructed and a
simulation program based on Matlab-Simulink is developed to simulate both the static
and the dynamic characteristics of the entire control system. The control system has
very good flexibilities to various rolling mill requirements, and it is very convenient

to adjust due to different variable load demands.

An experimental setup composed of real time control software and a hydraulic
test bed is built in order to validate the compensator mathematical model and verify
the control system simulation results. The simulation and experimental results are

compared and discussed.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

In this chapter, a classification of rolling mills and description of the rolling
process will be presented to start with, and then a survey of previous work dealing
with rolling mill automation systems in general and microprocessor controlled
variable geometric volume swash plate pumps to meet the variable load demands, in
particular, is presented. Finally, the thesis objectives are formulated and the scope of

work is articulated.

1.1 Classification of Rolling Mills and Description of the Rolling Process

1.1.1 Classification of Rolling Mills

The rolling is a widely used primary metal working process accounting for
about 90% of all steel, copper and aluminum produced annually in the world. The
rolling process plays an important role because of its versatility, efficiency and its
high production rate in the manufacture of various products with uniform cross-
sectional area. The latter part of the 20" century saw a dramatic advancement in
rolling technology. Significant achievements were seen in the improvement of
product quality through development of tandem mills and rolling of strip in coil form.
Before describing the rolling process, a classification of rolling mills is given in the

following. The types of rolling mills can be categorized in different ways.



Based on the temperature of the metal to be processed, rolling mills are
classified into cold rolling mills and hot rolling mills. For cold rolling mills, the
temperature should be maintained at less than 350°F to avoid creating an oxide film
on metal’s surface while for hot rolling mills, the optimum temperature depends upon
the metal composition. Preferred temperatures for high-carbon steels reheated in
oxidizing atmosphere are usually in the range of 1950°F to 2050°F; for medium-

carbon steels, the range is from 2000°F to 2100°F while low-carbon steels that

contain no alloying elements may be heated to 2350°F.

Based on the number of stands, rolling mills are categorized into single stand

and multi-stand.

Single stand mills are usually classified on the basis of their roll arrangements,

such as, two-high, three-high, four-high and cluster mill, as shown in Figure 1.1.

Tandem mills, as shown in Figure 1.2, in which the metal is rolled in
successive stands, are similar in arrangement, regardless of the number of the stands.
The stands are placed as close together as possible and the center line spacing of
stands, which depends upon such factors as the physical size and arrangement of the
mill drives, is generally in the range of 12-16 feet (3.66-4.88 meters). For the large
volume production of sheet and strip products, tandem mills are now generally
employed for primary and second cold reduction as well as for temper rolling. A high-
speed, S-stand tandem cold mill and a six-stand tandem cold mill are shown in Figure
1.3 and 1.4, respectively. Tandem mills can be categorized into tandem sheet and

tandem tinplate mills according to the size and the thickness of the metals.

2
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Figure 1.1 Schematic illustration of various roll arrangements: (a) two-high; (b) three-

high; (c) four-high;(d) cluster (Sendzimir) mill [1]



Take-up
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Figure 1.3 A 48-inch, high-speed, five-stand tandem cold-reduction mill [2]



Figure 1.4 A six-stand tandem cold mill for tinplate production [2]

Rolling mills are usually identified by their functions, for example, flat rolling

and shape rolling, as shown in Figure 1.5. Flat rolling, as shown in Figure 1.6, is the



process through which the incoming slab can be rolled to thin plate. Metals with
various structural sections, such as channels, H-section and I-beams etc, can be rolled

by shape rolling process, as shown in Figure 1.7.

Hot sirip  Plekling and Cold strip
atkiﬂg

Stes] plates
Cold-drawn

Continuons casting

ar gt

Figure 1.5 Schematic outline of various flat- and shape-rolling processes [1]

Figure 1.6 Schematic illustration of the flat-rolling process [1]



Stage 1 Stage 2 Stage 3

"~ Blooming +olls Edging rolls Roughing horizontal
and vertical rolls
Stage 4 Stage b Stage 6

Intermediate horizontal Edging rolls Finishing horizontal
and vertical rolls and vertical rolls

Figurel.7 Stages in the shape rolling of an H-section part [1]

Ring rolling is another rolling process, through which the metal can be rolled
into ring, as shown in Figure 1.8. Threads can be made through the thread rolling
process, as shown in Figure 1.9. Threaded fasteners, such as bolts, are made
economically by these processes, at high rates of production. Through tube rolling

technology, metal tube can be made also, as shown in Figure 1.10.

There are some other types of rolling mills, such as, temper or skin-pass mills,

foil mills etc, but they have similar structures.

7
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Figure 1.8 (a) Schematic illustration of a ring-rolling operation. Thickness reduction
results in an increase in the part diameter. (b) Examples of cross-sections that can be

formed by ring rolling [1]
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Figure 1.10 Schematic illustration of various tube-rolling processes [1]




1.1.2 Description of the Flat Rolling Process

There are many kinds of rolling mills depending on the various
requirements, and hence it is impossible to describe all these rolling processes.
This thesis focuses on the pressure compensation and electro-hydraulic control,
applied to the flat rolling process. In the following the flat rolling process is

described briefly.

The primary objective of the flat rolling process, as shown in Figure 1.6, is
to reduce the cross-section of the incoming material while improving its properties
resulting in the desired section at the exit from the rolls. The process can be carried
out under hot, warm, or cold conditions, depending on the application and the
material involved. The rolled products are flat plates and sheets. Rolling of blooms,
slabs, billets, and plates is usually done at temperatures above the recrystallization
temperature (hot rolling). Sheets and strips often are rolled cold in order to

maintain close thickness tolerances.

For simplicity, a single-stand four-high rolling mill is considered. As
shown in Figure 1.11, this flat rolling consists of the following components: (1)
hydraulic cylinder; (2) mill housing; (3) upper back-up roll; (4) upper work roll;

(5) lower work roll; (6) lower backup roll; (7) screw down drive; (8) load cell.

The mill housing (2) is employed to position and ensure the correct
alignment of the rolls. Work rolls (4 and 5) are engaged to squeeze metals while

the backup rolls (3 and 6) are intended to provide the rigid support required by the
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the work rolls to prevent their flexure or bending under the rolling load. To
control the relative positions of the rolls and the rolling forces that they exert on
the workpiece during the rolling process, a rolling positioning system must be
employed on the mill stand. Therefore, a hydraulic cylinder (1) and a screw
drive (7) are employed. In order to detect the rolling force and feedback this

signal to the control system, a load sensor (8) is used.

Servo valve

Hydraulic cylinder (1)
Mill housing (2)

Upper backup roll (3)

Upper work roll (4)

Strip entry Strip exit

Pass line

Lower work roll (5)

Lower backup roll (6)
Srewdown drive (7)
Load cell (8)
] .
Basement Y f:fvé.f 5

Figure 1.11 Schematic diagram of a four-high mill stand with the hydraulic

adjustment system acting on the upper backup roll [3]
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{Top roll removed)

Figure 1.12 (a) Schematic illustration of the flat-rolling process. (b) Friction forces

acting on strip surfaces. (c¢) The roll force, F, and the torque acting on the rolls [1]

12



As shown in Figure 1.12, the metal is fed forward to the rolling mill by
delivery mechanism. Meanwhile, the two work rolls revolve in opposite directions
driven by two motors, and the space between the rolls is less than the thickness of
the entering metal. Because the work rolls rotate with a surface velocity exceeding
the speed of the incoming metal, friction along the contact interface acts to propel
the metal forward. The metal is then squeezed and elongated and usually changed
in cross section, as shown in Figure 1.13. The thickness of the rolled metal is
measured by the measurement device and sent to the AGC (Automatic Gauge
Control) system. The AGC system can adjust the positioning system automatically
according to the feedback signals, and the ultimate objective is to get the desired
size flat. The quality of the rolled sheet, such as thickness, profile and shape, is
determined by many factors, such as the rolling force, rolling speed, elastic

deformation of mill housing, thermal expansion and wear of the work rolls, etc.

Top
view

Figure 1.13 Increase in the width (spreading) of a strip in flat rolling [1]
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From the above description it is clear that in order to reduce the thickness of a
strip and get a desired value, the roll gap must be adjusted by an AGC system, a roll
force must bek applied to the strip while moving through the roll gap and the surface
velocity must be kept at a constant value. Hence, the thickness of the rolled flat is
controlled by the roll gap, the rolling speed and the rolling force. The rolling force is
the dominant control factor when rolling hot strip and thick cold strip, whereas on thin

strip and foil the tension and speed are dominant.

1.2 Survey of Previous Work

Rolling mill automation systems started in early 1960s when the servo system
was introduced to the metal forming industry. With the rapid development of the
measurement devices, computer technologies, modeling and simulation techniques,
rolling mill automation has made significant progress in recent years. During the last
decades, lot of studies on rolling process control have been carried out by the
researchers and engineers. Some of them focused on the mathematical models, and
some concentrated on the AGC system with hydraulic actuators for rolling mills; in
addition, some of them emphasized on nonlinear control, etc. In the following survey,
the relevant research studies are presented on the various stages of its development.
Based on the previous work, the motivation for the present study and the thesis

objectives will be presented.

F. W. Paul [4] described the development of a new mathematical model useful
for evaluating the dynamics of four rolling stands when controlled with hydraulic

drives. He also suggested a new control approach using roll gap rather than roll force
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control. Qualitative comparisons of this study showed that the model predicted and
described the fundamental model behavior of a roll mill stand when compared with
the limited experimental data found in the literature at that time. The simulation
results also revealed that cold rolling mills with hydraulic drives and inner loop gap

control can have position response times of 50 to 200 milliseconds.

In order to describe the process dynamics and estimate the thickness of the
strip, L. M. Pedersen [5] identified and derived two multivariable models for hot
rolling mill. In this study, the basic model structures were derived using physical
relations for the process and the input signals for the models were measured during
normal operation. The study indicated that it was possible to estimate the low
frequency behavior of the process using the static model and the physical model

structure was reasonable.

An attempt was made by N. V. Reddy et al. [6] to develop a set-up model for
tandem cold rolling mill in order to maximize the throughput. The results of this study
indicated that the power consumed is minimum for the reduction schedule obtained by
distributing the strip thickness in arithmetic, geometric, harmonic and quadratic

series.

V. B. Ginzbury [7] applied Laplace transforms and control systems theory and
developed a computer model to simulate the dynamic characteristics of the AGC
(automatic gage control) system with hydraulic actuators for rolling mills. This study
showed that the stability and accuracy of the AGC system can be evaluated as a

function of engineering parameters, such as the material stiffness, hydraulic stiffness,
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roll structural stiffness and roll separating force, etc. In addition, an algorithm was

developed to provide adaptive optimization of the system during rolling.

In order to investigate the nonlinear effects of the hydraulic system and to
compare the performance of various cylinder designs using both a position and
pressure mode, R. M. Guo [8] also constructed a mathematical model and simulated
the dynamic characteristics of the HAGC (Hydraulic Automatic Gage Control)
system. In this research, six major dynamic components considered that form of a
complete hydraulic system and ordinary differential equations were first derived to
explain the physics of each hydraulic component; then characteristics of each
component were discussed. The result of this study showed that the nonlinear effects
of valve saturation and uneven pressure drop can be negated by using two servovalves
and an additional gain amplifier for the damping process, and the return line did not
provide the necessary damping effect, particularly for a long-stroke cylinder. The
study also revealed that for a low-speed mill (less than 2 Hz), there were no

significant differences between long or short-stroke, single or double-acting cylinders.

The design and implementation of a hot-strip steel mill thickness control
system was discussed by 1. J. Ferguson and R. F. De Tina in [9]. In this study, a
thickness control system of world-class performance was developed by using
structured design techniques and well-tuned control loops. The study showed that a
high-level software design approach provided the ability to make quick and accurate
modifications to both control loops and tuning constants. Moreover, the use of
hydraulic cylinders to adjust the roll gap instead of electromechanical screws was

available.
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The deviation of thickness in hot-strip mill 1s mainly caused by skid marks and
roll eccentricity. H. Katori et al. [10] developed an AGC system to remove or reduce
the influence of such disturbances. This study indicated that the Automatic Gauge
Control System with Two-degree-Freedom, not only rejected disturbances caused by

skid marks but also reduced those by roll eccentricity.

S. G. Choi et al. [11] described the problem of Back-Up-Roll eccentricity
variation in cold rolling steel mills and developed a new polynomial LQG controller
to solve the problem. In this study, the authors initially introduced the gaugemeter
principle, analyzed the characteristics of strip, roll-force and their interpretation and
then constructed system and disturbance models. Finally, a new polynomial LQG
controller was designed and simulation was carried out. The simulation results

demonstrated the design flexibility and the robustness of the inferential controller.

A thickness controller for a hot rolling mill, which is a multivariable nonlinear
process with time varying parameters, was designed by L. Malcolm et al. [12]. In
order to improve the control of the cross-width thickness profile of the plates, a
controller that makes independent thickness control possible at two sides of the rolling
mill must be designed. Consequently, the authors divided the model for the rolling
mill into a nonlinear model for the hydraulic systems and a linear multivariable model
for the rolling stand in the study. For the hydraulic system, it was first linearized using
feedback linearization and then eigenspace design was performed on the linear model.
Moreover, integral control was included to ensure zero stationary error. Furthermore,
the stability of the system was investigated using small gain theorem in order to

ensure the stability of the design. The result of the simulation indicated that the new
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controller not only yielded a more accurate control but also could handle asymmetric

hardness conditions of the plates.

The design of LQG (Linear Quadratic Gaussian) multivariable controller for
system with input and output transport delays was presented and an application to
rolling mills was considered by M. J. Grimble and G. Hearns [13]. In this work, they
designed LQG stochastic optimal tracking and regulating systems for continuous-time
systems with different time delays in different paths and then applied this LQG
system to the control of the thickness of strip in rolling mills. The study showed that
the LQG solution provided an optimal regulating solution and a well defined structure
that was easy to understand and motivate physically. Moreover, tuning the LQG
controller was as straightforward as tuning a PID solution and hence the results

provided a very practical thickness control option.

S. S. Garimella et al. [14] presented learning control structures for coil- to-coil
gauge and tension control at a single stand cold rolling mill to help compensate for
disturbance caused by the variation of roll bite friction during accelerating and
decelerating the head end of the coil through the gap between work rolls. Mill
acceleration simulation result indicated that this method could significantly reduce the

mentioned disturbance.

A. Kugi et al. [15] presented a new strategy for the active compensation of the
roll-eccentricity-induced periodic disturbances in the strip exit thickness of hot and
cold rolling mills. In this study, on the basis of modern control theory, such as input-

output exact linearization, the factorization approach, the projection theorem, etc.,
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they developed a control concept. The key point of the control concept was that they
took advantage of the special kind of eccentricity-induced disturbance, and then the
solution of the eccentricity compensation was obtained by means of the projection
theorem. The simulation results for a cold rolling mill and measurement results for a
hot strip mill demonstrated the feasibility and the excellent performance of the design.
Moreover, a big advantage of this compensation was that it could operate with the

conventional control circuit for AGC systems without additional effort.

A new perspective for designing controllers in rolling mills was presented by
A. Kugi et al. [16] in 2001. In this study, they applied the modern nonlinear control
techniques to the thickness control in rolling mills. This study showed that the
nonlinear controller had the ability to cope with the essential nonlinearities of the
systems.

The control systems with variable load demands have been utilized in various
industrial fields, not only in rolling mills but also in earth moving equipment, printing

press and aerospace machinery, etc.

D. F. Zhang et al [17] investigated a four-roll reversal medium plate rolling
mill under a condition of frequently changed loading. In order to ensure the operation
safety of rolling device and improve the production technology, they analyzed the
relationship between the rolling forces on both stands, the stress around the corner of
stand and the pressure inside the cylinder of the hydraulic system. Their study showed
that these three parameters possess good linear relation and conformity of

performance condition.
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The performance of an open-circuit hydraulic system of heavy earth moving
equipment consisting of a pressure compensated variable displacement swash plate
controlled axial piston pump has been analyzed by K. Dasgupta et al [18]. The effects
of some critical parameters on the overall performance of the system have been

studied also in their research.

High pressure and high power are the main development trends of aircraft
hydraulic systems. Based on the traditional constant pressure variable flow pump
system, the high pressure and high power of the system will lead to an increase of
noneffective power, and its temperature will increase rapidly. This is a very difficult
problem on the development of future aircraft hydraulic systems. High pressure,
variable flow and variable pressure intelligent pump system is the best solution to this
problem. B. Zhang et al [19] proposed a general scheme of a high pressure, variable
flow and variable pressure aircraft intelligent hydraulic pump system. It is controlled
by a microcomputer, and has four working modes including flow, pressure, power and

integration.

1.3 Thesis Objectives

Microprocessor-controlled variable geometric volume swash plate pumps and
electro-magnetic proportional directional valves with electrical position feedback
have been employed in rolling mill automation systems. Based on the previous

literature overview, the objectives of this thesis are formulated as follows:
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The first objective of this thesis is to build the simulation model for the
pressure compensator, through which the static and dynamic performance of

compensator can be investigated.

The second objective is to build the simulation model for the electro-hydraulic
control system. The electro-hydraulic system is composed of a servo-actuated variable
displacement pump to supply the required controlled flow while an electro-hydraulic
pressure compensator is used in order to control the supply pressure of the variable
displacement pump in accordance with the independently varying rolling driving

torque.

The third objective is to simulate the electro-hydraulic control system and to
investigate the performance. The different responses of the system can be obtained by
feeding corresponding reference commands, such as step signal, ramp signal and
harmonic signal. The variations of rolling speed, rolling force and displacement of the

compensator can be observed from the simulation results.

The last objective is to validate the mathematical models and to verify the
simulation results through the experiments. Experimental setup consists of a hydraulic
test bed interfaced with real time control software. The analytical results are
compared with the experimental results in order to validate the hydraulic control
system model. Moreover, it is impossible to verify the simulation of the electro-
hydraulic control system in an actual rolling mill, and hence it is a good way to verify

it through experiments.

21



1.4 Scope of Work

The first chapter of this thesis describes the classification of rolling mills and
the rolling process, and then presents survey of previous work. At the end, it proposes
the thesis objectives and the scope of work. The hydraulic control system is depicted
in detail at the beginning of the second chapter, and then a mathematical model for the
key component-variable displacement pump is formulated. Later on, the model of the
electro-hydraulic compensator is established. Lastly, description and modeling of the

electrical control system is presented.

The third chapter deals with the simulation of the pressure compensator and
the electro-hydraulic control system in order to investigate the performance of the
compensator and the control system. The compensator static and dynamic
characteristics are simulated when a conventional PID controller is employed to
control the displacement of the spool. Software based on Matlab-Simulink is
described in order to simulate the performance of the hydraulic control system.
Rolling mill operating conditions are assumed at very arbitrary steady state values,
and rolling speed and rolling load reference values are assumed to be at 40% and
60%, respectively. The simulation results are compared with experimental results and

then discussed.

An experimental setup composed of real time control software and a hydraulic
test bed is prepared to test the static and dynamic performance of the control system.
The components of the setup are fully depicted in Chapter 4. The steps that should be

taken to prepare the test are also presented in this chapter. The setup is used to
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validate the compensator mathematical model. The validity of the model is confirmed

on the basis of the agreement between the simulation and experimental results.

Conclusions and suggestions for future work are presented in the fifth chapter.

23



CHAPTER 2

DESCRIPTION AND MODELING OF PROPOSED

ELECTRO-HYDRAULIC CONTROL SYSTEM

In this chapter the hydraulic control system is described in detail, and
mathematical models for the key components such as variable displacement pump,
and electro-hydraulic pressure compensator are formulated. Finally, description and

modeling of the electrical control system is presented.

2.1 Description of the Hydraulic Control System

Figure 2.1 illustrates schematically the proposed hydraulic control system,
with the rolling mill demanding a variable load. Basically the entire system is
composed of a hydraulic system and a control system. The hydraulic system is
composed of four key components. A servo-actuated variable displacement pump “1”
is employed to supply a controlled flow Qs. An electro-hydraulic proportional
compensator “2” is engaged to control its upstream pressure Py. A hydraulic single
acting cylinder “3” is used to provide the required rolling load F; utilizing the
compensator controlled upstream pressure Py. A hydraulic motor “4” drives the strips
with the required rolling speed V, by means of the controlled flow Qs. During the
rolling process, the torque on the hydraulic motor is expected to vary within a range.
Consequently, the compensator downstream pressure Pp is expected to vary

accordingly. The pressure compensator is then employed to compensate the variation
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of its downstream pressure Pp in order to keep its upstream pressure Py controlled as

required by the operation.
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Figure 2.1 Symbolic representation of the electro-hydraulic control system
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Figure 2.2 The connection of swash plate and control piston
The most suitable pump for the proposed system is one in which the flow rate

“177

could be electrically controlled via an input signal. The pump shown in Figure 2.1
is a servo-actuated swash plate axial piston pump in which the swash plate inclination
angle is linearly proportional to the pump flow rate. The pump should be driven by an
adequately powered electric motor. As shown in the Figure 2.2, the pump swash plate
is rigidly connected to a built-in symmetrical hydraulic cylinder, which drives the
swash plate to change its inclination angle. Position of the piston of the symmetrical
hydraulic cylinder is controlled by means of a hydraulic proportional valve that is
integrated with the pump. A control pressure feeds the proportional valve from a
secondary circuit, which is not shown in the figure. Two LVDT position sensors that
sense the swash plate position and the proportional valve spool displacement are used
to control the pump supply flow. The output signals from the sensors are fed back to

the electrical control system of the pump, which consequently feeds the proportional

valve solenoid with a corresponding electrical control input signal I;(A).
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The pressure compensator “2” is an electro-hydraulic proportional directional
or throttle valve. Three sensors serve the control scheme of the pressure compensator.
Two of them sense the upstream and downstream pressures of the compensator. The
third one senses the compensator spool position. The output signals from the sensors
are fed back to the electrical control system of the compensator, which consequently
feeds the compensator solenoid with a corresponding electrical control input signal

I.(A).

Pressure relief valve is located on the pump supply line. Maximum supply
pressure is set at 15% to 25% more than the maximum required value of Py (100 bar).
The pump supply flow is then guaranteed to pass completely through the

compensator.

The hydraulic system contains some other accessories that are necessary for its
normal operation, such as oil conditioning elements, physical measuring components,
and some safety accessories. These accessories are not shown in the Figure 2.1;

however, similar accessories will be presented in chapter 4.

Both the hydraulic cylinder “3” and the hydraulic motor “4” should be
adequately sized to meet the requirements of the rolling process such as rolling force
F; and rolling speed V,, respectively. Hydraulic motor should also be able to provide

the rolling torque.

The control system will be described in detail in Chapter 4.
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2.2 Modeling of the Variable Displacement Pump

2.2.1 Pump Kinematics

Figure 2.3 shows a sectional view and essential dimensional parameters of the
swash plate axial piston pump mechanism with a conical cylinder block [20]. The
cone angle of the cylinder block is designated as 3. This model can be applied to the

general swash plate pumps including those with a circular arrangement of the pistons

where the cone angle is zero.

Swash L1
plate : 12
p
W, s o N )
s 3 . ‘Piston
Slipper
pads
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Sie - - > X w |
i L
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Figure 2.3 Sectional view and essential dimensions of swash plate axial piston

pump with conical cylinder block [20]
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In order to study pump kinematics, a relationship between the displacement
sk(t) of the k™ piston, relative to the piston chamber, and piston angular position 8(t)
is established. Figure 2.4 shows the frames of reference used to deduce this
relationship. The initial frame of reference XyY¢Zo is chosen where its origin
coincides with the swash plate pivoting point O, the axis Zy coincides with the pump
driving shaft axis, and Y, coincides with the axis around which the swash plate is
swinging. Following a coordinate transformation [21], five steps of frame
transformations are then carried out beginning at XoY¢Zo and ending with X5Y5Zs.
The objective of the coordinate transformation is to obtain the coordinate of the k™
piston spherical head center at the angular position 6, relative to the initial frame of

reference.

The first transformation is from the initial frame of reference XY ¢Zg to the

- Ll >

Figure 2.4 Frames of reference for the piston motion [20]
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X1YZ; frame that represents a translation along the Zg axis through a distance L.

The matrix To, represents this translation and is given by:

S O = O
o = O O
r—t_l_‘oo

The second transformation is taken from the frame X;Y31Z; to the X;Y»7,
frame. It represents a rotation around Z; by an angle 8. The matrix T, represents this
rotation and is given by:

cos —sind

12 O O

0
B sinB cosb O
1

0 0 0

- o O O

The third transformation is carried out from the X,Y,Z, frame to the X3Y3Z;
frame. This transformation represents a translation along the axis X through a

distance Ry = 0.5 D;. Matrix T3 represents this transformation and is given by:

c ~ o o
- o o
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The transformation from the X3Y3Z3 frame to the X4Y4Z4 frame is carried out
by a rotation around the Y3 axis through an angle . The transformation matrix T34

represents this rotation and is given by:

cosB O —sinfp O
T = 0 1 0 0
o sinf 0 cosp O
0O 0 O 1

The final transformation from the X4Y4Zs frame to the XsYsZs frame
represents a translation along the Z, axis through a distance -L3. The transformation

matrix Ty4s is given by:

100 O

06010 O
Tys =

0 01 -L

000 1

The resultant transformation matrix Tos is obtained by multiplying these five
transformation matrices starting from the initial frame of reference XY oZg to the final
frame of reference Xs5YsZs. Consequently, the final transformation matrix Tos is given
by:

Tos = Toy X Tip X Ty XT3y X T

cos@,cosp —sinf —cosO,sin L, cos0,sinP + R ,cos0,

_ | sinB,cosp  cosB,  —sinf,sinf L, sind, sinP + R ,sin6, @1
sinf3 0 cosp —L,cosp+L, '

0 0 0 1
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Hence, the piston vector [rsc]o that starts at the origin Op and points to the
center of the k™ piston spherical head Os at any given angular position O(t), relative

to the initial frame of reference, has the following time dependent components:

X =L cos0,sinf + R ,cos0, (2.2)
Y, =L, sin0,sinf + R ,sin0, 2.3)
Zy =-LycosB+L, 24

The tip of the piston vector [rsi]o is constrained by a plane parallel to the swash
plate surface and passes through the swash plate pivoting point. As a consequence, the
coordinate of the origin Os must satisfy the equation of that plane which is inclined at

an angle o to the vertical plane, and is given by:

X, tan @ +7Z, =0 (2.5)

Inserting the values of Xsx and Zs, from equation (2.2) and (2.4) into equation

(2.5) results in:

L ()=(R,cosO, tano+L,)/(cosf —cosB, sinf tan o) (2.6)

Knowing the value of L, the k™ piston displacement sy relative to the piston
cylinder along Zs direction can be deduced, since it can be shown from the geometry

that

s (t)=—(L,, —L,/cosf) 2.7

where: 0, (t) =t +2n(k —1)/N and = tan™0.5(D,-D,)/L,
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For a pump running at constant speed of 1450 rpm, Oy(t) is linearly dependent
on the time taken for one complete revolution, which equals 0.0413793 second.
Knowing that, the time variation of the piston displacement, velocity, and

acceleration, relative to the piston cylinder, can be found.

Software based on the Matlab-Simulink simulation program has been
developed to calculate and plot the ' piston relative displacement, velocity and
acceleration against the angle 6y for any pump running speed [20]. A simulation was
carried out for a 9-piston pump configuration of geometric volume 40 cc/rev, running
at a constant speed of 1450 rpm. The various dimensions of this pump are shown in
Figure 2.3 and the numernical values are included in Appendix A. The results are

illustrated in Figure 2.5.
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Figure 2.5 Variation of piston displacement, velocity, and acceleration, relative to the

piston cylinder, with 6y for the 40 cc/rev pump running at 1450 rpm [20]
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2.2.2 Piston Chamber Pressure and Flow Rate

The variation of pressure in each piston chamber during one complete
revolution of the pump is derived with the following assumptions:

1) The pump rotational speed is constant;

ii) The pump suction and delivery pressures are constant;

1i1) The inertia effect of the oil column inside the piston chamber is negligible;

iv) The total instantaneous leakage flow rate out of the piston chamber Qyx is

proportional to the piston chamber instantaneous pressure p;
v) The coefficient of discharge is constant;
vi) The oil density and bulk modulus are constant.

The above are realistic assumptions normally used in similar situations.

Applying the continuity equation [22] to the control volume (C.V.)
surrounding the interior volume of the piston chamber shown in Figure 2.6, results in

the equation:

Qg +ApSk =Qu +P/R +V,p,/B (2.8)

Figure 2.6 Piston chamber parameters and variable [20]
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where Qg represents the oil flow rate drawn into the piston chamber from the pump
suction line, and Qg is the flow rate delivered from the piston chamber to the pump
delivery line at any angular position Ok. A, is the piston cross section area and V is
the piston chamber instantaneous volume. The instantaneous piston chamber pressure
is px and the oil bulk modulus is B. The leakage flow rate out of the piston chamber to

the pump housing Qyx is assumed to be linearly dependent on py and equals pi/Ry..

The piston chamber instantaneous volume is given by:
Vo =A,(05L, —s,)+V, 2.9)
where L. is the cylinder block maximum length filled with oil, and Vj is the piston
chamber volume as shown in Figure 2.6. The following equations can be obtained that

state the flow variables.

2p,-p
Qu =CyAy ————-k—lsgﬂ(Ps —Py) (2.10)
and
2Zp.—p
Qu = CyAy —l’}“—dl sgn(p, —py) (2.11)

where Cq is the coefficient of discharge and p is the oil density. The areas Ag and Agy
are the instantaneous cross sectional areas of the ports communicating the piston

chamber to the suction and delivery ports, respectively. Evidently, the port plate

design should be such that for any nonzero Ay corresponding to any angular position

Ok, the value of Ay should be zero, and vice-versa.
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Knowing the values of Ay and Ag at each value of 6, and for given
constructional and operation parameters, the values of each piston chamber pressure
px and flow rate Qg can be calculated by solving equations (2.8) to (2.11)
simultaneously, provided that the piston displacement and speed are determined.
Superimposing Qs for the group of N pistons, the total pump delivery flow rate Q at

any O is given by:

Q=Y Qq (2.12)

2.2.3 Moments Acting on the Swash Plate

Ax

Plane of the ks
swash plate Z —
T
e o Cylinder Block
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Figure 2.7 Piston three-dimensional general space motion [20]
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As illustrated in Figure 2.7, the piston performs general three-dimensional
motion relative to the initial frame of reference (OXYZ)o, which is assumed to be
inertial. At the same time, the piston movement si(t) is constrained in the Zs direction
of the 5™ frame of reference, which is attached to the piston spherical head center Os.
During the piston general motion, it acts on the swash plate by a resultant force [Fxlo
with respect to the inertial frame of reference. This resultant force vector acts on the
swash plate at the point Os that is indicated by the position vector [rsiJo. The position
vector [rsk]o has the previously calculated components, which are relative to the
inertial frame of reference given by equations (2.2) to (2.4). Consequently, the
moments acting on the swash plate relative to the inertial frame of reference, can be

obtained by multiplying the resultant force vector [Fi]o by the position vector [rsk]o.

The resultant force [Fy]o that is exerted by the k™ piston on the swash plate
during the piston general space motion is composed of the following:

1. The force resulting from the oil pressure inside the piston chamber.

2. The piston inertia due to its absolute acceleration.

3. The friction force between the piston and the cylinder block walls that can

be represented as an equivalent viscous friction force.

An order of magnitude analysis of the values of these forces with
constructional parameters shown in Figure 2.3 revealed that the equivalent viscous
friction force is of the least and negligible amplitude. This force was disregarded

during the following analysis.
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The force resulting from the oil pressure inside the piston chamber equals Aypg
and acts along the Zs axis. Hence, it can be defined in vector form relative to the 5t
frame of reference to be [Fi]s that has the components 0, O and Aypy along the unit
vectors is, js and ks, respectively. This force can be redefined relative to the inertial

frame of reference, using equation (2.1), as follows:

cosf, cosf —sinf —cosO, sinf —cosf, sinf
[F, | =|sin6,cosp coso, ~sind,sinp |x[F, | = A p,| ~sind,sinp (2.13)
sinf 0 cosp cospP

In order to calculate the piston absolute acceleration, the point ck is defined as
the center of mass of the k™ piston, as shown in Figure 2.7. The position vector [relo
is calculated first as below:

[tk =lrsc)y + (2.14)
where [rcls is the fixed magnitude position vector [ru]s redefined relative to the 6
frame of reference that has its origin that coincides with the 5™ frame origin, and axes
parallel to those of the inertial frame of reference. It can be calculated using the

transformation matrix in equation (2.1) as follows:

cost, cosf —sinf -cosO,sinf Ll cosb, sinf
[rck ]6 =| sinf,cosp cosB, ~—sin6,sinf ><[rck ]5 = 7" ~sinf, sinf (2.15)
sinf} 0 cosp cosf

At any angle Oy, the piston absolute acceleration due to its three-dimensional

general motion relative to the inertial frame of reference is given by:
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[ack]o = (bx[rck]o +0‘)x(mx[rck]0)+20)x[fck]0 +[i:ck]0 (2.16)

The first two terms in equation (2.16) represent the piston acceleration due to
its rotation, while the last two terms represent the piston acceleration due to its
translation. The first term is the piston tangential acceleration that equals zero due to
pump rotation with constant angular speed. The second term is the piston normal
(centripetél) acceleration. The third term is the piston coriolis acceleration. The last

one is the second derivative of the position vector [re]o.

The resultant force vector exerted by the k™ piston on the swash plate has the

components Fyy, Fyx and Fy. It can be calculated as follows:

[FJo =[Eyxlo +m,[ag], 2.17)

where my,, is the piston mass.

The resultant force vector [Fy]o acts on the swash plate and causes a moment

referred to the inertial frame of reference as follows:

i, Jo kg
My o =[5 do X [Eelo = X5 s Zsy (2-18)
ka Fyk sz

The moment acting on the swash plate from the ' piston thus has the three
components Myy, Myx and My along the unit vector direction ip, jo and ko,
respectively. The total moment components acting on the swash plate due to the

whole piston group is given by:
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M, =>"M, (2.19)

N

M, =>M, (2.20)
k=1 .
N

M,=> M, (2.21)
k=1

The moment M, tends to change the swash plate inclination angle, while the
moment M, equals the pump driving torque. The resultant of the two moment
components My and M,; namely My, acts on the swash plate bearing system and is

given by:

M, =M, +M,’ (2.22)
2.2.4 Mathematical Model of the Pump Control Unit

The circuit diagram of the pump control system is shown in Figure 2.8, while
Figure 2.9 shows a schematic drawing of the hydro-mechanical part of the control
system. The system consists of a symmetrical hydraulic cylinder that has a piston
connected mechanically to the swash plate. The position of the control piston is
controlled by means of a hydraulic proportional valve. In open hydraulic circuits,
when the proportional valve is de-energized and the control pressure p, exists, the
pump swash plate swivels to an adjustable minimum value. When the proportional
valve receives an actuating electrical signal from its electronic control card, its spool
moves accordingly. Consequently, the control piston moves causing a change in the
swash plate inclination angle and hence in the pump flow rate. The system

incorporates three sensors. The first sensor senses the pump delivery pressure and
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produces a voltage proportional to it, while the other two are position sensors, with
one of them sensing the swash plate position, while the other senses the proportional
valve spool displacement. The output signals of these sensors, as well as the setting
values of the constant power and the limits of the pump static characteristic curve, are

fed to the electronic card.

The equations governing the dynamics of the hydro-mechanical part of the
control system, shown schematically in Figure 2.9, are derived below. When the
proportional valve solenoid receives a control current iy, a force proportional to this
current, namely kjiy, acts on the valve spool and causes it to move. The equation of
motion of the valve spool is:

m,s, +f.s, +k s, =kii, (2.23)

The proportional valve spool displacement throttles oil flow through the four
control gaps of the valve since the valve is of the open center type. Assuming a
constant discharge coefficient and negligible valve leakage, it can be verified that the
flow rates through the four control gaps, shown in Figure 2.9, are given by the

following equations:

2P —P
Qa = de(svmax —sv) l Tlsgn(pcl _pT) (224)
2p. —p.
Qy = Cows, == “sgn(p, —p.;) (2.25)
_ 2pv _pc2
Qc - de(svmax —Sv) _—p——sgn(pv —pCZ) (226)
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2pcl _'pTI

Q. =C,ws, sgn(p,, = Pr) (2.27)

where py is the proportional valve supply pressure, pc; and p; are the pressure acting
on the two sides of the piston of the cylinder, p, is the tank pressure, w is the valve
port width, s, is the spool displacement, and Symaxx is the maximum spool

displacement.

By applying the continuity equation to the hydraulic cylinder chamber, the

pressures pei and pe; are obtained as:

B . P
Pa=——1Q,-Q, -A x, ——)dt (2.28)
l Vcl j' ’ b RL
- B X Pe 2.29
Pa =5 Q= Qu+Agky + )t (2.29)
c2 L

V¢ and V¢, can be calculated by the following equations:

Va=V, +Ax (2.30)

< cp

Vo=V, —A X (2.31)

Y
where V. is half the cylinder total volume, A, is the cross sectional area of the
control piston, X¢p is the piston displacement and Ry, is the leakage resistance across

the piston.

The pressure difference on the two sides of the control piston drives it to a
new equilibrium position. The instantaneous angular speed and swash plate

inclination angle are given by:

!
o=

= f [P —P)ALR, +M, —f,c—k, (a+0.09)]dt (2.32)
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a= j Gt (2.33)

In evaluating the value of f,, the viscous damping at the control piston and the
swash plate supporting bearings, are considered. The value of k, represents the spring
action at the control piston. The moment of inertia of the swash plate and the parts
attached to it as well as the moving mass of the control piston are considered in

evaluating the value of L..

D 1 ¥
max " Electronic Control
Qmax — o
Card
P —
Pd P’,‘r
u
- T P
P T * K | U 1
Al 1E X * 5
A
1 l..il. U
1 f'll.lf'l S —

Figure 2.8 Symbolic representation of the constant power control unit [20]
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Ky |
] —|Sol.

Figure 2.9 Schematic representation of the hydro-mechanical part of the control

system shown in Figure 2.8 [20]

2.3 Modeling of the Electro-hydraulic Compensator

As shown in Figure 2.10, an electromagnetic proportional directional valve
manufactured by Rexroth is employed as a pressure compensator. The Type of this
valve is 4WRE10EA75-2X/G24K4/V. It is symbolically represented as shown in

Figure 2.11 and its main technical data is given in Table 2.1.

44



a

PT

b

Figure 2.11 Symbolic representation of the proportional valve

Table 2.1 The main technical data of 4WRE10EA75-2X/G24K4/V

Item Description Value
Ports A, B, P 315 bar
1 Operating Pressure Port T 210 bar
2 Normal Flow Qunom at Ap =10 bar 75 /min
3 Command Value Signal Voltage Input “A1” +10V
4 Solenoid Coil Resistance 2103 Q
5 | Max. Coil Temperature Up to 150° C
6 Max. Permissible Flow 180 I/min
7 Viscosity Range 23 to 380 mm’/s
Preferably 30 to 46 mm?/s
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The pressure compensator can be simplified as shown in Figure 2.12 and
Figure 2.13. Figure 2.12 shows the state in which the solenoid does not receive signal
or receives a signal that is less than a certain value, such that the spool does not move.
Consequently, the oil from the pump has to go to the tank via the relief valve.
Therefore, Qry, the flow rate of the relief valve, equals to the Qs, the flow rate of the

pump, and the supply pressure Py will reach the maximum pressure.

As shown in Figure 2.13, when the solenoid receives a control signal I,(A)
above zero, an electromagnetic force equals to I k; proportional to the input signal acts
on the valve spool and causes it to move against its return spring. When the
displacement of the spool is more than a certain value (1mm), the supply pressure Pu

— m | ks’
! .
|
QSN=="0)

' A

TA A P B T8

— Xo

Qrv=0 =] X

N

Pu

125 bar ‘&
Pp

Figure 2.12 Schematic of the pressure compensator (initial state)
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=
125 bar ‘a

Figure 2.13 Schematic of the pressure compensator (working state)

will be less than the maximum pressure, and the relief valve is closed. In this case,

the flow from the pump will go to the tank through the port B completely.

2.3.1 Analysis of Spool Motion

As shown in Figure 2.14, the spool of the compensator can be regarded as a
body, and there are three forces acting on it. The first one is the electromagnetic force
(F) of the solenoid, while the second one is the balance force (F;) that is generated by
the spring; the last one is the force due to the oil viscosity. Basically, the
electromagnetic force F is proportional to the current, applied to the solenoid; the
spring force F; is proportional to the displacement of the spool, and the force due to

the oil viscosity is proportional to the velocity of the spool.
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Figure 2.14 Analysis of the spool motion

Using Newton’s second Law, we have the following equation:
Lk, —fX -k X=mX (2.34)
where: I,. Current applying on the solenoid (AMP);
k.- Current constant (N/AMP);

1

m- Mass of the spool (kg);
X - Displacement of the spool (m);
f-  Viscous friction coefficient (Ns/m);

k_- Spring stiffness (N/m);

s

The following equation can be readily obtained from the equation (2.34):

v=lj'(kilx —fv—k X)dt (2.35)
m

where: v- Velocity of the spool (m/s);

and: X= j vdt (2.36)

2.3.2 Transfer Function

Assuming zero initial condition, we take Laplace transform of the equation

(2.34), and the following equation can be obtained:
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(ms® +fs+k )X(s) = k.I (s)
Consequently, the transfer function is obtained as below:

X(s)  k

1

I (s) " ms’ +fs+k,

Equation (2.38) can be rearranged to the following form:

X(s) _ k,/m k;/m
L,(s)

sz+is+£ s*+20w,s+ o,
m m

where: @ - Natural frequency (rad/s);

¢-  Damping ratio;

2k
and: " =—
m

2w, = £
m

’k /
From equation (2.40), o, =,[— = 4000 =200 rad/s = —Z—QO—HZ ~30Hz
m 0.1 6.28

) f
From equation (2.41), { = — =2
2m '\ k

S

Let f be 48 Ns/m, then{ =1.2, which means that the system is over damped.

Overall, the transfer function is shown as follows:

_X(s) _ 50
I(s) s®+480s+40000

G(s)

2.3.3 Modeling of Compensator

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)

(2.42)

(2.43)

As shown in Figure 2.12 and 2.13, the proportional valve is employed as an

electro-hydraulic pressure compensator in which the port A and port T are blocked. In
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order to analyze the pressure and flow rate of the compensator conveniently, the

compensator is simplified as shown in Figure 2.15.

Iy k;

N

=

i
Qs

Figure 2.15 Schematic of the pressure compensator

When X>Xj, as shown in Figure 2.15 and assuming constant coefficient, zero
pressure tank line, negligible internal leakage and compressibility effect, the flow rate

Qs can be calculated by the following equation:

2P, -P
Qs =CdAf(X—X0)‘/% (2.44)

where:  C,- Compensator discharge coefficient (0.611);
A, - Compensator area coefficient (0.02);

X - Compensator displacement (m);

X,- Compensator displacement overlap (m);

p- Mass density of oil (900 kg/m3);

50



P,- Compensator upstream pressure (bar);
P,- Compensator downstream pressure (bar).

From (2.44), the following equation can be obtained:

2
P, =P, + R[_Qs_....._} (2.45)
2| C,A. (X-X,)

2.4 Description and Modeling of the Electrical Control System

As shown in Figure 2.16, the overall electrical control system is composed of
two interacting control schemes. First one is to control the pump flow rate Qs and the
other is to control the compensator upstream pressure Py. Each control scheme

consists of double negative feedback control loops.

The inner feedback control loop in the pump control scheme is used for the
positioning of the proportional valve spool using displacement sensor and PID
controller. In this loop a displacement sensor measures the actual spool position S of
the proportional valve and feeds back the corresponding value in voltage. A signal
conditioner reconverts this signal into a corresponding percentage of the spool
position to be compared with a reference spool position S;. PID controller receives the
error in the spool position S, and provides a corresponding control signal I(V) in the

form of voltage.

An amplifier is then used to provide a signal in current signal I,(A) powerful
enough to drive the valve solenoid for positioning the valve spool in the required
position. Similarly the outer loop works to control the swash plate inclination angle
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and hence the pump flow rate. The only difference is that the controller is of PD type
because the outer loop represents a system type 1 that has zero steady state error due
to the presence of the symmetric hydraulic cylinder as a physical integrator. Under
steady state conditions, both the error values are equal to zero and the valve spool is

positioned at the center in order to hold the swash plate at the current position.

[Pump Control Scheme | Lpu (our) (0-15) degges |—

Se) Is(¥) PIs(W Is{A) [s (A) S {ram)

Qsr (%) M Qse (9 Sz(%%)
PD Controller

PID Controller Amplifier] Pusmp Dynamics

S (-10toHDV (10 toHOYV @-Dmm

Signal Conditioner Displacement Sensotl
{Qs ) Q@toHlHV H@ toHID YV  (0-15) degree lﬂ—i
Signal Conditioner Displacement Sensot2

-{>—v Qs (Vrnin)
Pu (bar)

|Compensator Control Scheme |

PD (bar) —D|(U -450ybar (Uto +10) V l—-»{(ﬁ to+10)¥  PD(bar) |—>PD (bar}
Pressure Sensorl Signal Conditioner 1
X(mm)
Pur (ba) Pus (bar) Xref (%) e (%) (WMPIHV) IxA) —»lx(A)
PID Controller] PID Conroller Amplifier

Pressure Compensator

X0 (¥ toU)V}d—‘(ﬁ 100)V @-Hmm

Signal Conditioner Displacement Sensor
IPu by (Oto+0) v|<—|(0 oDV (0-450) haxlc—
Signal Conditioner] Pressure Sensor

Figure 2.16 Block diagram of the control schemes and simulation subsystems

Construction of the compensator control scheme is similar to that used to
control the pump flow rate. The inner feedback loop is used to control the
compensator spool position, while the outer loop controls the compensator upstream

pressure. PID controllers are used in both the loops.
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If the downstream pressure increases, correspondingly the compensator opens
more, and vise versa, in order to compensate the effect of the independent change in
the downstream pressure and correspondingly the upstream pressure is kept constant.
Controlling of the upstream pressure is takes place whenever the pressure difference
across the compensator is more than nearly 4% of the upstream pressure.
Alternatively, the upstream pressure will increase by increasing the downstream

pressure.

The two control schemes are interactive where the pump flow rate affects the
compensator operation and the compensator upstream pressure affects the pump
dynamics. By controlling both the pump flow rate and the compensator upstream
pressure, both rolling speed and rolling load are consequently controlled, respectively.
It is evident that the rolling speed and rolling load are in open loop, but this is

acceptable in the intermediate stages of the rolling process.
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CHAPTER 3

SIMULATION AND PERFORMANCE INVESTIGATION OF

THE CONTROL SCHEMES

As mentioned in chapter 2, the mathematical models were used to carry out
analytical studies and simulations of the pump and pressure compensator
performances. In addition, when the solenoid receives a signal I,(A) from the control
card, the spool will move to the spring side and the relationship between the signal
and the displacement can be obtained from the transfer function given in equation
(2.43). Furthermore, the pressure across the compensator can be obtained from
equation (2.45). In this chapter, simulation programs based on Matlab-Simulink are
developed to simulate the motion of the spool and the pressure drop across electro-
hydraulic compensator. Subsequently, simulation programs will be run to simulate the
performance of the pump. Finally, simulations of the hydraulic control system will be

carried out for different inputs to study its static and dynamic characteristics.

3.1 Simulation of the Compensator Performance

3.1.1 Simulation of the Spool Motion

(i) Open Loop for the Spool Motion Figure 3.1 and 3.2 show the block and
the simulation modeling of the open loop, respectively. The simulation parameters are

chosen as shown in Figure 3.3 and the data is provided by the following M-file:
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m=0.1; Mass of the spool (kg)
ki=5.3; Current constant (N/Amp)
ks = 4000; Spring stiffness (N/m)

f=48; Viscous constant

L(s) X(s)
—— PLANT

Figure 3.1 The open-loop block of the spool motion

[ um }—> 1 » 1 >I1ooo » ]
a v X x(mm)

1Y

Figure 3.2 The open-loop modeling of the spool motion

The result of the simulation is shown in Figure 3.4. From this result, we know
that the steady-state value is 1.25 mm and the settling time is 0.0398 seconds within

+2% error of the steady-state value.

(ii) Closed Loop for the Spool Motion In order to improve the performance
of the system, a closed-loop is built, as shown in Figure 3.5. The corresponding

modeling is shown in Figure 3.6.
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Figure 3.3 The simulation parameters of the spool motion for open loop

<10 Open - Loop Step Response
1.4 , : .
: System: sys r :
—”'“—_“_'“—__'_E: vy SB""I’IQ Time:; 0.0338 i:.‘..—,.—.:} A )
:..'_::_::..\:.-.:.-.:.-a‘:.-w:,__:::...— e -........ Jpa System: sys

i DC gain: 0.00125

¢
:
+
'
t
3 :
fomnd ‘1 S £t A e e e o ]
= , } , i ,
- ' s ' s )
i P . 8 :
..;C_T: * 5 ] 5 3
' 5 ' i 2
: . s 3 .
@ Gx SRR fenmaflunnrmedansnmmnwnnadasamonen R [
Ra f t ¥ ; +
g ; : : : ,
3] . 4 s : h
& : v : ¢ :
' ) s '
5] b ' 93 b
— v 3 3 ¥
o de - iy S
17 r : B s
c— ' ' 3 s
Q : 2 3 '
¢ : ¢ :
] il ’l 4
1] ) b e 3
] t 1
A I 8 R e LR ' N
' )
‘ 3
‘ )
' 1
v )
¥ 3
' :

0.03 0.04 0.1
Time (s)

0.06

s
LA

Figure 3.4 Open-loop step response of the spool motion
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Figure 3.5 The closed-loop block of the spool motion
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Figure 3.6 The closed-loop modeling of the spool motion
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Figure 3.7 Closed-loop step response of the spool motion
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In this closed-loop, a PID controller is employed. The parameters of PID
controller are: K, = 200, K; = 0 and Kq = 0.1. The other data and the simulation
parameters are same as in the open loop. The simulation result is shown in Figure 3.7.
As can be seen, the steady state value is 1.25 mm and the settling time is 0.0018

seconds within £2% error of the steady-state value.

3.1.2 Simulation of the Compensator Performance

In order to study the compensator performance for different reference
commands, the simulation modeling is built as shown in Figure 3.8. The data is

provided in the command window as follows:

m=0.1; Mass of the spool (kg)
Xo=10.001; Width of overlap (m)
Pr = 100000; Pressure (Pa)

V =0.0004; Volume of the control oil (m®)
B =1.3¢9; Bulk modulus (Pa)

Qs =0.001; Flow rate (m3/s)
Ar=0.02; Area constant
Ca=0.611; Discharge coefficient
ki=5.3; Current constant (N/A)
ks = 4000; Spring stiffness (N/m)
f=48; Viscous constant
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Figure 3.8 The simulation modeling of the compensator

(i) Static Performance of the Compensator The Matlab-Simulink program is
used to simulate the static performance of the compensator, with reference command

and simulation parameters as shown in Figure 3.9 and 3.10, respectively.

After running the program, the reference command and the static response can
be obtained by running the M-file “plot (Xrr)” and “plot (x)” in the command window,
as shown in Figures 3.11 and 3.12, respectively. The static performance of the spool

displacement, shown in Figure 3.12, is found to be perfectly linear as expected.
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Figure 3.9 Reference command setting and parameters for

static performance simulation of compensator
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Static Response
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Figure 3.12 The static response of compensator

(i) Step Response of the Compensator Using successive step input

command signals at 25%, 50%, 75% and 100% of the maximum displacement of the

spool, simulations are carried out to investigate the step response. Step input

parameters and reference command Xpr are designated as shown in Table 3.1 and

Figure 3.13, respectively. The simulation parameters are same as those used to study

the static performance.

Table 3.1 Parameters for step inputs

step input number 1 2 3 4 5 6 7 8
step time (s) 1 3 4 5 6 7 8
initial value (%) 0 0 0 0 0 0 0 0
final value (%) 25 -25 50 -50 75 -75 100 | -100
sample time (s) 0.001 | 0.001 { 0.001 | 0.001 | 0.001 { 0.001 | 0.001 | 0.001
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Figure 3.13 Reference command setting for simulation of

step response of compensator

After running the program, the reference command and the step response can
be obtained by running the M-file “plot (X.r)” and “plot (x)” in the command

window, as shown in Figure 3.14 and 3.15, respectively.

Figures 3.16 and 3.17 show a zoomed view of the compensator step response

when the spool moves from the zero position to a certain percentage of its full stroke

and vise versa.
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Figure 3.14 Reference command for step response simulation of compensator
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Figure 3.15 The step response of compensator
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Figure 3.17 Step response of compensator when the spool moves from different



(iif) Harmonic Response of the Compensator The harmonic signals are used
as reference commands, as shown in Figure 3.18, in order to investigate the frequency
response of the compensator. Frequencies are set at 1 Hz, 10 Hz, 20 Hz, and 30 Hz,
which covers the pump speed of 1450 rpm. Rumning the program, we get the
reference commands and the outputs at 1 Hz, 10 Hz, 20 Hz, and 30 Hz, as shown in

Figure 3.19.

wvalve/refernce value

Kret (%)

Figure3.18 Reference command setting for the simulation of

harmonic response of compensator
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3.2 Simulation of the Variable Displacement Pump

3.2.1 Proposed Control Schemes

The pump performance will first be simulated using double negative feedback
control loops as shown in Figure 3.20. The figure illustrates an inner closed loop that
represents system type 0 and is used to control the position of the proportional valve
spool using a PID controller. The outer closed loop represents system type 1 and is

employed to control the swash plate swiveling angle using a PD controller [20].

A single negative feedback control loop is proposed [23] as the second control
scheme and is shown in Figure 3.21. In this scheme, only the outer control loop is
considered based on the acceptable open loop characteristics of the proportional
valve. The reason behind this is to make the system less responsive and consequently
to get rid of the steady state vibration of the swash plate. At the same time, the control
scheme and its electronic hardware is simplified and there is a reduction in the cost of

the pump system.

The dynamic performance of the proportional valve has been investigated

already in both open and closed loop conditions [20].

The Matlab-Simulink simulation program was further developed to simulate

the pump and its valve dynamics with the different control schemes proposed.
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3.2.2 Simulation of the Pump Step Response at Constant Load

The Matlab-Simulink simulation program is now used to simulate the pump

static and dynamic characteristics with the two proposed control schemes as shown in

Figure 3.20 and 3.21. Simulations were carried out to study the static and dynamic

performance of the 9-piston pump with a 40 cc/rev geometric volume that has the

design parameters presented in Appendix A.

These two control schemes were: (i) with a double feedback control loop, and

(ii) with a single feedback control loop, studied by Dr. Medhat Khalil {20].

Input

PD

|

Load Pressure|

PID | Amplifier

valve

Output

pump

Spool Displacement Sensor

Swiveling Angle Sensor

Figure 3.20 Pump controlling using double feedback loops and PID controller [20]
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Load Pressure

Pv

Input
P PD Amplifier valve pump Output

Swiveling Angle Sensor

Figure 3.21 Pump controlling using single feedback loop and PD controller [20]

Using successive step input command signals equal to 25%, 50%, 75% and
100% of the maximum swash plate swiveling angle, simulations were carried out at
constant load pressure equal to 10MPa. When the pump step response to the previous
signals reach the steady state, the command signals are also reduced to zero in a
stepwise manner. The simulations are run twice; once for each proposed control

scheme.

(i) Double Feedback Control Loops The first control scheme considered in
the simulation is a double feedback control loops as shown in Figure 3.20, in which
the outer closed loop employed a PD pump controller whereas the inner closed loop
used a PID valve controller. An ultimate sensitivity method is used to begin to
parameterize the PD pump controller, which ended up having a relatively large

settling time. Considering the future constant power operation of the pump, a short
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settling time is recommended in order to protect the prime mover against power
shocks during the transient periods in which the loading pressure increases. Therefore,
the PD parameters were then tuned a little more, and were found to be K, =1, Ti= o
and Tq= 0.02. The parameters of the PID proportional valve controller were found to

be K= 1, Ti= 0.01 and Tq= 0.001.

With these PID parameters and the control scheme, the simulation modeling
was built. Figure 3.22 illustrates the response of the pump to successive step inputs at
a constant load pressure during a 9 second time span. Figures 3.23 and 3.24 show a
zoomed view of the transient periods of pump response when the swiveling angle
increases from the zero position to different percentages of its maximum value and
vise versa [20]. Considering this control scheme and the selected PID parameters,.the
transient periods have a nearly 80 ms settling time when the swiveling angle is
increasing, and 60 ms when the swiveling angle is decreasing, as shown in Figure
3.23 and 3.24, respectively. Both cases experience a 10ms delay time. The figures
demonstrate that the settling time is reduced on account of having a steady state
swiveling angle vibration. The magnitude of the steady state vibration is reduced to

1% instead of the 3% that was recorded in Figure 4.11a in [20].
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(i) Single Feedback Control Loop The second control scheme with a single
feedback control loop with PD pump controller is then considered for simulation.
There are two motives for considering such a control system. First is to make the
system less responsive in order to suppress the swash plate steady state vibration so
that the pump flow rate will be smoothened as much as possible. Second is for the
reductions in cost of manufacturing the pump by removing the electronic circuit of the
proportional valve as well the spool displacement sensor. The trial for decreasing the
settling time with the single feedback loop in order to keep the convenience of the
constant power operation of the pump leads to an unstable system. The PD controller
is then retuned to satisfy the requirements of the system stability. The new parameters

were found to be K= 1, T;j= oo and T4= 0.01 [20].

With these PD parameters and the control scheme, the simulation modeling
was built. As shown in Figure 3.25, the result was a less responsive system that
avoided the steady state vibration of the swash plate. Figures 3.26 and 3.27 show a
more gradual change of the swiveling angle in the transient periods and the settling
time increases to 200 ms, which is inconvenient for the constant power operation of
the pump. On the other hand, this can be considered an advantage when the control
piston reaches the end of its stroke with a nearly zero velocity, which reduces the end

impact.
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3.2.3 Simulation of the Pump Static Characteristics at Constant Load

Having established the control schemes and discussed the pump step response
in the previous section, the pump static characteristics may now be investigated. The
command signals are assumed to change slowly and gradually from zero to 100%,
while the corresponding normalized changes in the swash plate swiveling angle are
recorded. The static characteristics of the simulated pump confirm the presence of the
steady state vibration when the double negative feedback control loop is considered
with a PID controller, as shown in Figure 3.28. Using the single feedback loop
eliminates the swiveling angle steady state vibration as shown in Figure 3.29. In both
the proposed control schemes, the simulation results show linear characteristics of the

pump through out the full range of the command signal.
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Figure 3.29 Pump static characteristics at constant load pressure using single

feedback control loop with PD controller [20]

3.2.4 Simulation of the Pump Frequency Response in Constant Power Operation

A harmonic variation is the first approximation for any type of variations in
the load pressure is quite common in practical applications. Therefore, it is important
to study the pump response to harmonic input. As shown in [24], the swash plate was
assumed to have an initial position equal to 50% of its maximum inclination angle.
The pump is then subjected to a sinusoidal change in load pressure. The change in
load pressure is sensed by the pressure sensor and fed back to the arithmetic unit. The
latter generates the sinusoidal swash plate inclination angle set point o, value in

accordance with the load pressure change to achieve constant power operation. The
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value of ay, is fed to the main process controller in one of the two proposed control

schemes. The actual swash plate inclination angle o is then monitored.

Successive simulation runs were carried out with the input frequency
increased in steps of 5 Hz to cover a range up to 30 Hz. Simulations were carried out
only for the first control scheme (the double feedback control loops). The simulation
result presented in Figure 3.30 shows that, the swash plate responds with a sinusoidal

fluctuation that has nearly the same input amplitude up to a 15 Hz input frequency.
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Figure 3.30 Pump constant power operation using double feedback control loops with

PID controller [20]
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3.3 Simulation of the Hydraulic Control System

Software based on Matlab-Simulink is developed in order to simulate the
performance of the hydraulic control system. The simulation modeling is built, as
shown in Figure 3.31, to simulate the entire electro-hydraulic control system. The
design parameters of the pump are taken from [25]. The design parameters of the
compensator are estimated based on its dynamics that are reported by the
manufacturer, and then tuned afterwards in the experimental work to be closer to

reality.

The control signal that is coming out of the controller equals
Kp[1+1/(Tis)H(Tgs)], where K, = 0.6 of the ultimate gain, T; = 0.5 of the ultimate
period and Tq= 0.125 of the ultimate period. As reported in [25], the parameters of

the PID proportional valve controller are found to be K,= 1, T;=0.01 and T4= 0.001.

The parameters of the PD pump controller are K, = 1, T;= o0 and T4 = 0.02.

Same method is applied in order to parameterize the PID controllers of the
compensator control scheme. Parameters of the compensator spool position are K, =
1, T;= 0.007 and T4 = 0.005. Parameters of the compensator upstream pressure are K,

=20, T;=0.2 and T4= 5x10°.

Computer runs are carried out to simulate the static and dynamic performance
of the system. Rolling mill operating conditions are assumed at very arbitrary steady
state values. Rolling speed and rolling load reference values were assumed to be at

40% and 60%, respectively.
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The simulation parameters are chosen as shown in Figure 3.32 and the data

will be supplied by the M-file in Appendix B.

2
]

Clode N

Pump
Po(bar) r-
Qd (%) :b»quvm@ PD (bat)

R o

Y

PL(bar)} #PD(bar) >
Puref
E C—»Putpar)  Xref (%) Xe(%)  Ie (V)W) To(A) F—¥{ic (a) X(mm) >
- —
PID Pd Controller PID X Controller Amplifier Proportional Throttle
-X
(-10t0 +10) ¥V (0-4)mm
Signal Conditioner 1 Displacement Sensor
Pu (bar) (Oto+10) Vie—(0to +10) V (D - 450) bar
Signal Conditioner 2 Pressure Sensor

Figure 3.31 The modeling of entire electro-hydraulic control system

Simulation Paramelers: systenmn
P!

Figure 3.32 Simulation parameters for the hydraulic control system
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3.3.1 Simulation of the Hydraulic Control System to the Step Change in the

Rolling Torgue

To start with, step response of the hydraulic control system is investigated.
The downstream pressure Pp is assumed to increase and decrease in a stepwise
manner while the other conditions are monitored. As a consequence, the rolling
torque changes in a stepwise manner. The reference command is designated as shown

in Figure 3.33 and the parameters for step inputs is listed in Table 3.2.

Figure 3.33 Reference command setting for simulation of the hydraulic control

system to the step change in the rolling torque
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Table 3.2 Parameters for step inputs

-| step input number 1 2
step time (s) 5 15
initial value (%) 0 0
final value (%) 20 -20
sample time (s) 0.001 | 0.001

After running the program, the step response of the hydraulic control system
can be obtained by executing the commands “plot (t, PD, t, Pu, t, Qd, t, X)” in the
command window and the reference command will follow the same way. Figure 3.34
to 3.35 show the reference command and the step response of hydraulic control

system, respectively. Figure 3.35 reveals that the rolling speed will not be affected by

Reference Command (Step Signal)
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Figure 3.34 The reference command — rolling torque (step signal)
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the change in the rolling torque and rolling load experiences shocks at the transient
periods of the stepwise change in the rolling torque. In addition, the rolling speed is

kept constant.

Step Response
100 T T i I 1 'l 1 I I
E : : )| === Rolling Torque
L S M ro---e-f —— Rolling Force 1
; f ; i| ---- Rolling Speed
80 B v | e Compensator Displacement |7
70 b et
60 pm—r——t—t—————
O B
40 [rmmm b b e e e b e e e e e
£ s e s N S AU SO S i s
T I S B s s S S Sy
i : ! ;
L I e e e o o e
i : ! '
0 L Lood | l | I I | L
0 2 4 6 8 10 12 14 16 18 20
Time (s)

Figure 3.35 The step response of the hydraulic control system

3.3.2 Simulation of the Hydraulic Control System Static Characteristics

Static characteristic of the hydraulic control system is then investigated.

Rolling torque is assumed to change gradually from zero to 100%. Reference

command is set as shown in Figure 3.36.

The reference command and the static response of hydraulic control system
can be obtained in the same way as mentioned in 3.3.1, as shown in Figure 3.37 and
Figure 3.38, respectively.
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Figure 3.38 The static response of the hydraulic control system
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3.3.3 Frequency Response of the Hydraulic Control System

Frequency response of the hydraulic control system is finally investigated.
The downstream pressure Pp is assumed to change in a harmonic manner. As a
consequence, the rolling torque also changes in a harmonic manner. A sinusoidal
signal, of 10% amplitude and 0.1 Hz frequency, represents harmonic change of the

rolling torque. The reference command is designated as shown in Figure 3.39.

After running the program, the frequency response of the hydraulic control
system can be obtained by executing the commands “plot (t, PD, t, Pu, t, Qd, t, X)” in
the command window and the reference command follows in the same way. Figure
3.40 and 3.41 show the reference command and the frequency response of hydraulic
control system, respectively. Results show that the rolling speed is not affected and
the spool of the compensator responds sinusoidally in order to keep the rolling load

constant.

Next we will investigate the frequency responses of the system due to a wide
range of frequencies. The frequencies of the input signals are 0.5 Hz, 1 Hz, 2 Hz and
3 Hz, respectively. Figures 3.42 to 3.49 show the reference commands and the
simulation results, respectively. From these results it is verified again that the rolling
speed is not affected and the spool of the compensator responds sinusoidally in order
to keep the rolling load constant. However, it is found that the amplitude of the
displacement of the compensator decreases with the increase in the frequency of the

input signal.
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Reference Command (0.1 Hz Sinusoidal Signal)
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Frequency Response (0.1 Hz)
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Reference Command (0.5 Hz Sinusoidal Signal)
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Figure 3.43 The frequency response of the hydraulic control system (0.5 Hz)
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Reference Command (1 Hz Sinusoidal Signal)
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Figure 3.45 The frequency response of the hydraulic control system (1 Hz)



Reference Command (2 Hz Sinusoidal Signal)
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Figure 3.47 The frequency response of the hydraulic control system (2 Hz)



Reference Command (3 Hz Sinusoidal Signal)
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Figure 3.48 The reference command — 3 Hz sinusoidal rolling torque

Frequency Response (3 Hz)
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Figure 3.49 The frequency response of hydraulic control system (3 Hz)
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CHAPTER 4

MATHEMATICAL MODEL VALIDATION AND

EXPERIMENTAL VERIFICATIONS

In the previous chapter, simulations of the pump performance with different
control schemes and simulations of the hydraulic control system were presented. In
this chapter, hydraulic control system model is validated by experimental
measurement of the static and dynamic performance of the system. Experimental
setup consists of a hydraulic test bed interfaced with real time control software. Data
acquisition system has been built for measuring the hydraulic control system
performance. The experimental setup is initially used to measure the step response of
the hydraulic control system, which consists of 2 double negative feedback control
loops. The analytical results are compared with the experimental results in order to
validate the hydraulic control system model. The experimental results for the static

and dynamic characteristics are then obtained in the same sequence.

4.1 Description of the Hydraulic Test Bed

As shown in Figure 4.1, the hydraulic test bed consists of four main units; the
hydraulic test pump unit, the control pressure supply unit, the load disturbance unit

and the oil-conditioning unit.
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Figure 4.1 Hydraulic test bed
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4.1.1 Hydraulic Test Pump Unit

As shown in Figure 4.1, the unit of the hydraulic test pump consists mainly of
the test pump (1), which is a 9 piston pump of a 40cc/rev geometrical size that has a
conical cylinder block. The construction and design parameters of the pump are

presented in Appendix A. The test pump is shown in Figure 4.2.

Figure 4.2 Outer shape of the test pump [26]

The test pump is coupled with an electric motor (2) that has 7.5 kW of output
power and uses a flexible coupling to absorb any axial and/or lateral vibration
between the connected shafts. The swash plate is rigidly connected to a built in
symmetrical hydraulic cylinder (3), which drives the swash plate to change its
inclination angle. The position of the symmetrical hydraulic cylinder piston (3) is

controlled by means of a hydraulic proportional valve (4) integrated with the pump.
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The hydraulic proportional valve is supplied with control pressure p, from the
control pressure supply unit. The hydraulic proportional valve also receives the
actuating electrical signal i, from the control and data acquisition system. The tested
pump is equipped with three sensors; a pressure sensor (5) that senses the pump
delivery pressure, and LVDT position sensors (6) and (7) that sense the swash plate
position and the proportional valve spool displacement. These sensors produce
voltage signals proportional to the measured variables. The output signals are fed

back into the control and data acquisition system.

4.1.2 Control Pressure Supply Unit

The control pressure unit supplies the control pressure to the hydraulic
proportional valve. In earlier designs, the control pressure was taken as a branch from
the pump delivery pressure. However, a separate constant control pressure supply
would help to avoid the effects of frequent changes in the pump delivery pressure on
the control process, particularly when using reduced system loads. The external
control pressure supply unit consists of an electric motor (8) of suitable output power
coupled with the control pressure pump (9) that allows for a pressure of up to 15 MPa.
The control pressure pump draws fluid from the main reservoir (10) via a 100 pm
mesh size strainer (11). In view of the high sensitivity of the test pump to
contamination of the hydraulic fluid, the control pressure pump is equipped with a
pressure line filter (12) of a proper flow capacity and a 5 pm size mesh. Control
pressure is measured using the dial pressure gauge (13). The control pressure supply
line is connected parallel to an accumulator (14) in order to absorb the possible

variation of pressure and to keep it constant. The control pressure pump is protected
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against overload by a pilot operated pressure relief valve (15), which should be
connected parallel to the main supply line as close to the pump exit as possible. The
pressure relief valve is integrated with an unloading valve (16) in order to remotely
apply or release control pressure. The unloading valve initially connects the pilot line
to the tank so that the control pressure pump is initially unloaded. When the push
button (17) is down, the spool of the unloading valve moves against the side spring to
close the pilot line and apply the control pressure. When the push button is released,
the spring returns the unloading valve to its initially open position and consequently

the control pressure pump is once again unloaded.

4.1.3 Load Disturbance Unit

The load disturbance unit is built to simulate different modes of change in
external load pressure and it is composed of two subunits. The first subunit consists of
a 2/2 hydraulic directional loading’valve (18) that initially connects the test pump
supply line to the tank via a throttle valve (19), which is controlled by hand. The
throttle valve is used to adjust the test pump loading pressure pq to a certain value that

can be measured by the dial gauge (20).

When the push button (21) is down, the spool of the loading valve moves
against the side spring, thereby closing the current connection of the pump with the
tank line. Consequently, the tested pump is suddenly subjected to maximum pressure
adjusted by the pressure relief valve (22), while the swash plate is driven from its
current position to the position of the minimum inclination angle. When the push

button is released, the spring returns the loading valve to its initial position. As a
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result, the loading pressure is reduced to the value that was adjusted to before by the
throttle valve. The swash plate inclination angle is then suddenly returned to its
previous values. Such a mode of the load disturbance simulates the stepwise change in

the load pressure.

Measuring a pump performance while it is in constant power operation
requires a gradual change of load pressure. For this purpose, the hydraulic directional
loading valve (18) is left in its initial position connecting the test pump with the tank
via the throttle valve (19). The throttle valve in this case could be used manually to

change the load pressure gradually.

The second subunit consists of a 2/2 electromagnetic proportional directional
valve (34) and it is parallel to the first one. This valve initially is set in the maximum
open position so that the pressure will not be very high at the beginning. At the same
time the valve (18) is closed, so that the oil flow has to go to the tank via the valve
(34). The valve (34) can be controlled by applying various current signals to the
solenoid. Consequently, the pressure can be controlled by computer. The maximum

pressure is also set by the relief valve (22).

4.1.4 Oil Conditioning Unit

The oil-conditioning unit maintains the hydraulic fluid conditions as
recommended by the pump specifications. The important oil conditions, monitored in
most hydraulic control systems, are the class of oil cleanliness and the oil

temperature. The oil is kept clean by using an online return filter (23) in the direction
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of the control pressure return line. A water oil cooler (24) is connected parallel to the
main return line after the return filter in order to partially cool the return oil and keep
its temperature within a 55° to 60°C range as recommended. The oil cooler is
positioned in the direction of the return oil after the filter, primarily for the following
two reasons: (i) filtration and capturing the contaminants from hot oil is easier than
capturing from cold oil (ii) clean oil inside the filter ensures an efficient cooling
process. The cooler is connected to the cooling water supply and returned via the

shutoff valves (25) and (26).

The oil tank (10) has a significant role in performing oil conditioning. In order
to have better heat radiation, some design aspects for the oil tank internal space
should be considered and the outside dimensions should be properly calculated. The
oil tank is equipped with some necessary accessories. A thermometer (27) is used for
measuring oil temperature, an air breather (28) works to guarantee clean breathing,
and an oil level indicator (29) is used to measure the quantity of oil in the tank. The
test pump suction and return lines are connected to the oil tank via shutoff valves (30)
and (31), respectively. Also, the control pressure supply and return lines are
connected to the oil tank via shutoff valves (32) and (33), respectively. These valves
are considered in the hydraulic circuit design in order to facilitate disconnection of the

different units from the tank without the need to empty the tank.

4.2 Description of the Control and Data Acquisition System

The pump is currently supplied with an electronic control card denoted in the

text by card (A). Figure 4.3 shows how the pump is connected to card (A). Figure 4.3

105



also shows the basic contents of the amplifier card (A). It contains the arithmetic logic
unit, the swash plate controller of the PD type, and the proportional valve spool
displacement controller of the PID type; all being physically built onto the card. The
contents of card (A) form the double negative feedback loops for the hybrid control of
the pump perfonnance. The card is used physically with an analogue and/or digital
setting unit for parameterization of the pump static characteristic limits, which are the
maximum pressure, the maximum flow rate and the maximum power. Measuring
sockets are found in the front panel of card (A) and they are used for measuring pump

pressure and flow rate. The power for Card (A) is supplied by a 24 DC voltage.

For testing purposes, control and data acquisition systems are constructed and
are composed of software and hardware parts. During the test, the basic contents of
the original amplifier card (A) are not used, and card (A) is used only to transfer the

output from the sensors to the 1/O card.

4.2.1 Real Time Control and Data Acquisition Software

Real time control software is built based on the Matlab-RT workshop to
replace the physical contents built on card (A). Using such real time control software
facilitates parameterization of the pump controllers, the pressure controller, and
constructing the newly proposed control schemes. Figure 4.4 illustrates the double
feedback control loops scheme with PD and PID controllers for the test pump and the
double feedback control loops scheme for the pressure compensator. The figure also
shows that the real time control software includes a unit for monitoring and for data

acquisition. It also contains a unit for setting the pump static characteristic limits that
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Figure 4.3 The test pump connection configuration with

the original amplifier card (A) [20]
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should be respected by the control scheme. The first limit is the power Py, Which
should not be exceeded by the pump. The second limit is the maximum pressure pmax
after which the pump controller should drive the pump to the minimum discharge
position. The third limit is the maximum pump flow rate Qmax. Based on the value of
actual pump pressure fed back to the arithmetic logic unit, the latter calculates the
corresponding pump flow rate in order to achieve constant power operation with the
static characteristic limits respected. The calculated pump flow rate is then
represented by the set point value of the swash plate inclination angle o, The swash
plate inclination angle set point value is compared to the actual inclination angle. The
error value o is fed to the swash plate PD controller. Consequently, the swash plate
controller produces another set point value sy, for the position of the hydraulic
proportional valve spool. The spool position set point value is compared to the actual
value of s,. The resulting error value s, is fed to the spool position PID controller that
eventually produces the control current signal i, that is sent to the proportional
solenoid. The control scheme is designed to respect the preset limits when they are

reached, regardless of power.

4.2.2 Hardware Part of the Control and Data Acquisition System

Figure 4.4 also shows that the hardware is composed of an 1/O card and
locally developed amplifier cards denoted in the text as amplifier card (B), card (B1)
and card (C). The I/O card is used to interface the real time control software with the
amplifier cards. Only standard I/O interface cards that are adaptable to Matlab-RT can
be used. It should have at least four input analogue channels and two analogue output

channels.
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Information from the hydraulic test bed is transmitted to the real time control
software through the analogue input channels on the /O card via the card (A) and
card (C). Consequently, it is converted into digital form and received by the real time
control software that yields the corresponding control signals in the digital form Iy(D)
and Ii(D). The signals in the digital form are converted into analogue form and
transmitted out of the computer in analogue voltage form Is(V)and I,(V) through the
output channels in the 1/0 card. The amplifier card (B) and card (B1) are employed to
convert the control signals from analogue voltage form into analogue current form
I;(A) and I,(A) with enough power to drive the proportional hydraulic valve solenoid

of the test pump and the proportional solenoid of the pressure compensator.

4.3 Test Preparations and Calibrations

In the following, the installation instructions for the setup and the steps that
should be taken to integrate its different components are described. Figure 4.5 shows
the symbolic presentation of the experimental setup as completely integrated and with
the different units connected to each other. The figure also illustrates the two double

feedback control loops.

The schematic layout and photographic view of the experimental setup are
shown in Figures 4.6 and 4.7, respectively. It must be noted that the component
numbering system used in Figures 4.5 and 4.6 are the same. It is important now to
check the proper functionality of each part of the setup to facilitate the diagnosis of
any malfunctions in the setup. Therefore, in the following sections, a step-by-step

explanation for the setup integration, pretests and calibrations are presented.
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4.3.1 Integration of the Hydraulic Test Bed

A well-organized preparation for the test ensures accurate and dependable
results. In the following steps, instructions for the integration of the test setup are

given.

(i) Preparing the Hydraulic Fluid Used in the Test: The hydraulic oil
cleanliness class must be at an appropriate level. In the case of axial piston pumps,
class 6 is fairly acceptable. This class specifies, according to standard code NAS 1638,
the upper limit of contamination of the oil used with such pumps and control
components. In this regard, samples of the used oil are tested using the electronic
particle counter. The oil tank is cleaned and thoroughly flushed, and then filled with
the specified oil up to the maximum oil level mark. All types of hydraulic fluid of a

petroleum base are suitable for providing the recommended oil viscosity.

(ii) Integrating the Pump with the Drive Motor: As shown in Figure 4.5,
the pump is coupled with the drive motor and mounted on the lower level of a table.
The motor is bolted over two pairs of dampers to absorb the vibration coming out of
the pump and the motor. A coupling between the drive motor and pump is correctly

assembled and aligned.

(iii) Fixing the Disturbance Unit: Elements of the disturbance unit are

initially cleaned by compressed air and then integrated in one manifold block which is

fixed on the upper level of the table, as shown schematically in Figure 4.6.
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b-A view of the pump with the integrated control unit and set of sensors

Figure 4.7 Photographic view of the experimental setup
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(iv) Pipelines Work: The pipes are cleaned with compressed air. Also, the
pipes are color coded in order to avoid confusion. The diameters of the pipelines are
chosen so as not to be less than the corresponding port dimension at the pump. As
presented in [26] and shown in Figure 4.6, the pump ports are defined as follows: “S”
for suction port, “B” for pressure port, “L” for case drain port, “P” for the control
pressure supply port, and “Ry,” for the control pressure return port. The pipelines are
then connected and correctly arranged to be free of tension and excessive bending. In
open hydraulic circuits, this type of pump can be used with a suction pressure ranging
from a -0.8 bar gauge pressure up to a 30 bar posting pressure. As shown in Figures
4.6 and 4.7, the pump is mounted where suction port “S” is lower than the free surface
of the oil in the tank by approximately half a meter head, which is considered in the
pump mathematical model by 0.5 bar posted suction pressure. Pressure port “B” is
connected to the disturbance unit inlet. There are different drain ports “L” in the pump
and the port in the highest position is selected and the others are plugged. The drain
line is connected directly to the oil tank below the oil level to avoid generating oil
turbulence. Both the control pressure and return line are connected to the pump ports

“P” and “Ry,”, respectively, with the general recommendations observed.

(v) System Air Bleeding: In order to avoid air pockets during the first run of
the system, the air in the system is bled. The pump housing is filled with oil. For a
pump positioned horizontally as shown schematically in Figure 4.6, the pump case is
filled from the upper port (drain port “L”). Filters, heat exchangers and suction lines

are to be filled with oil also.
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(vi) Control Pressure Supply Unit and Oil Conditioning Unit: These units
are prepared to function properly. Accumulator charging pressure is reviewed and
control pressure is adjusted. The cooling water supply and return lines are connected

as shown in Figure 4.5.

(vii) Electrical Power Connections: The electrical power supply is provided
to the drive motor, “Emergency Off” button, directional valve in the disturbance unit
and the control pressure supply unit. Before carrying out functional testing, the

“Emergency Off” button is tested to ensure its proper functioning.

(viii) Testing the Correct Direction of Rotation of the Drive Motor: This is
an important step in order to avoid pump cavitation and occasional failure if the motor
is improperly rotated. The letter “R” in the ordering code of such pumps designates
that the pump direction of rotation is to the right. This conventionally means that
when one Jooks at the pump from the side of the drive shaft, i.e. from the drive motor
fan side, the fan should rotate clockwise. Before testing, valves 19, 22, 30 and 31 are
kept fully open. Switching the pump ON without a load for a very short time verifies

the direction of rotation.

4.3.2 Interfacing with the Control and Data Acquisition System

In this step, both the real time control software and 1/O card must be tested for
proper functioning. In this regard, as shown in Appendix 2[20], module 1, three
physical function generators and one oscilloscope are used. The function generators

are connected to the analogue input channels on the I/O card to simulate the

116



information coming from the sensors. The oscilloscope is connected to the analogue
output channels on the I/O card. The function generators are adjusted to generate three
different signals. Real time control software is built to read from the function
generators through the 1/0 card, which then outputs one of the incoming signals
outside to be read again by the oscilloscope. The proper functionality of the 1/O card
and the real time control software is tested for an error free connection with the
outside world, and proper phase shifting based on the coincidence between the output

of the physical devices and the readings of the real time control software.

4.3.3 Calibrations and Pretests

Configuration and calibration of amplifier card(B), calibration and
conditioning of the hydraulic proportional valve, establishing the closed control loop
for the proportional valve etc, have been presented in detail in [20]. Calibration of
amplifier card (B1) for the pressure compensator is same as that of the card(B). Next

let us focus on conditioning of the pressure compensator.

(i) Calibration and Conditioning of the Compensator: In this step, the
compensator spool displacement is to be calibrated in an open loop. A real time
control software, as shown in Figure 4.8, is designated to produce a reference signal
from zero to 10 voltages, and to read the corresponding amount of the spool
displacement. As shown in Figure 4.9, the output signal of the amplifier card(B1) is
connected to the compensator solenoid, while the sensor of the compensator spool
displacement is connected to the amplifier card(C), and then connected to the 1/O

card. A normalized Input-Output relation representing the compensator static
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characteristics is presented in Figure 4.10. Non-linearity was found with a maximum

value of 17%.

Analog Output Ch2
(Pin21)
(0-100)%
R . Analog
/ 1 (0-1000%  {1-3.5) %V |— output
Signal Conditioner National Instruments
PCI-6025E [auto]
—— Analog Input Ché
{Pin9)
(0-100)% 51y le— Analeg
input

Signal Conditioner 1

Netional instruments
PCI-B025E {auto]

Figure 4.8 Conditioning of the pressure compensator spool displacement

in an open loop
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(if) Establishing the Closed Control loop for the Compensator: In this step,
the real time control software, as shown in Figure 4.11, is further developed to
implement a closed loop to control the position of the compensator spool. The
software is designed to produce a normalized reference input signal that changes
slowly and gradually from zero to 100%. The corresponding normalized spool
displacement is recorded and compared with the simulated results shown earlier in
Figure 3.12. Figure 4.12 shows acceptable agreement between the simulation result
and the measurement showing perfect linearity along the whole range of the input

signal.

Analog Output Ch2
(Pin21)

.|  Analog
_/ Output

PID Controller  Signal Conditioner National Instruments

PCI-6025E [auto]
—{x]

Xref (%)

h 4

Xe (%) Ic(V)|-»{(0-1000% (1 -3.5)V

refernce
value (%)

xref

Analog Input Chd
Pin9)

Analog
Input

Signal Conditioner 1 National Instruments
PCI-6025E [auto)

F Y

(0-1000% (5-1DV

Figure 4.11 Conditioning of the pressure compensator spool displacement

in a closed loop
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Figure 4.12 Measurement of closed loop static characteristics of the compensator

The same module is used for measuring the step response of the pressure
compensator. The software is designed to produce a step input signal following the
same procedure used in chapter 3, section 3.1. The compensator step response is then
measured and recorded. Figure 4.13 shows global agreement between the simulated
and measured step response of the compensator during a 9 second time span. Figures
4.14 and 4.15 show an enlarged view of the measured compensator step responses as
compared with the simulation results when the spool moves from the zero position to
a certain percentage of its full stroke and vise versa. A comparison of the results
shows relative agreement with those obtained from the simplified modeling of the
compensator. However, the most important feature of the compensator dynamic, the

settling time, is nearly equal in both analytical and experimental results.
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Figure 4.13 Measurement of the step response of the compensator
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Figure 4.15 Measurement of the step response of the compensator moving from
different percentage of its full stroke to zero position
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4.4 Testing of the Control System Performance

The experimental setup is now finished and ready to measure the control
system static and dynamic characteristics. In this section, the model of the control
system will be experimentally verified and the control system characteristics, found in
Chapter 3, will be validated. In order to achieve the above objective, a real time
control software module, shown in Figure 4.16, is designated. The pump
mathematical model has been experimentally verified and the characteristics of the
pump have been validated in [20]. Hence, the measurement of the pump performance
will not be carried out again. We only concentrate on the measurements of the control

system.

4.4.1 Measurement of the Step Response of the Hydraulic Control System due to

the Step Change in the Rolling Torque

Step response of the hydraulic control system was simulated earlier in Chapter
3. The simulation program was fed with a signal that was assumed to increase and
decrease in a stepwise manner. The same input signal is used for measuring the actual
step response of the hydraulic control system. After running the real time control
system, the actual step response can be measured and recorded. Figures 4.17 to 4.20
show the comparisons of rolling torque, rolling force, rolling speed and displacement
of spool between the measured and simulated step responses of the control system,
respectively. The comparison shows a close agreement between the measured results
in steady state and simulated results. The high frequency oscillations with very small

amplitudes in Figure 4.18, 4.19 and 4.20 are due to the noise in the measured signals.
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the simulation result
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4.4.2 Measurement of the Static Response of the Hydraulic Control System due

to the Ramp Change in the Rolling Torque

The same real time control module is used to measure the static characteristics
of the hydraulic control system. The command signal - the rolling torque, is assumed
to change gradually from zero to 100%. After running the real time control system,
the actual static response can be measured and recorded. Figures 4.21 to 4.24 show
the comparisons of rolling torque, rolling force, rolling speed and displacement of
spool between the measured and simulated static responses of the control system,
respectively. We can see that the measured results in steady state agree with the

simulated results very well.

Static Response
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Figure 4.21 Measured rolling torque static response as compared with

the simulation result
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the simulation result
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the simulation result
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Figure 4.24 Measured displacement of spool static response as compared with

the simulation result
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4.4.3 Measurement of the Frequency Responses of the Hydraulic Control System

due to the Harmonic Changes in the Rolling Torque

The same real time control module is also employed to measure the frequency
response of the hydraulic control system. The command signal - the rolling torque - is
changed in a harmonic manner. Sinusoidal signal, of 10% amplitude and 0.1 Hz to 3
Hz frequency, represents harmonic change of the rolling torque. After running the real
time control system, the actual frequency responses can be measured and recorded.
Figures 4.25 to 4.29 show the comparisons of rolling torque, rolling force, rolling
speed and displacement of spool between the measured and simulated frequency
responses of the control system at frequencies of 0.1 Hz, 0.5 Hz, 1 Hz, 2 Hz and 3 Hz.

We can see that the measured results in steady state agree with the simulated results

very well.
Frequency Response (0.1 Hz)
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Figure 4.25 Measured frequency response as compared with

the simulation result (0.1 Hz)
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Frequency Response (0.5 Hz)
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Figure 4.26 Measured frequency response as compared with

the simulation result (0.5 Hz)
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Frequency Response (1Hz)
1 00 E H I T T 1 T I L) 4 ¥

00 i % e Simulated R ofing Speed — oimulated
Roa]mg Torque .. Esperimental ling Speed Experimental

80 {i Rofling Force —Simulated  pigplacement ——oumulated
HE Esperimental e Experimental

70 33 :
- FYRRON b mm e ek o A eemedm e m e eammemre—e ammmn —
H ' i Ry v v Ve v h s
: H ' 1 HEY B Vs A 1N A
. ] N iy e ”wos [N 1) % [ il % [T 1
H v ) o v oy g L ¢ o5 o § R
60 * ' 7 [ A F Y I " F [ £ [
s - . 4 ¥
( % A % op % d 3om 2ooAa 1S 3
: N O O U N L S S N S Y i
b Yty A w L N O
° H ' , H ) . '
2 50 o - - - - R P o m———— P poeemn- R By
e - L] * ] * »
3 . ' ) ' H
H | \ H
£ : . ; :
40 ¥ [ v 1 3
H ' ' ' '
A ) \ )
s

Figure 4.27 Measured frequency response as compared with

the simulation result (1 Hz)
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Frequency Response (2Hz)
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Figure 4.28 Measured frequency response as compared with

the simulation result (2 Hz)
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Frequency Response (3 Hz)
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Figure 4.29 Measured frequency response as compared with

the simulation result (3 Hz)
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CHAPTER 5

CONCLUSIONS AND SUGGESTIONS

FOR FUTURE WORK

Mathematical models have been developed to describe the performance of the
swash plate axial piston pump with a conical cylinder block and the pressure
compensator. These models have been utilized to simulate both the static and dynamic
performance of the electro-hydraulic control system. The models have been validated
on the basis of the satisfactory agreement between the simulation and experimentally
measured results. In the following, a brief review of the study is given along with

conclusions based on the results of the study.

5.1 Conclusions

This study is concerned with the development of an electro-hydraulic control
system in order to control both rolling speed and rolling load with minimum number

of components.

To start with, the classification of rolling mills and the brief description of the
rolling process are rendered in order to know the basic concepts and principle of metal
forming; in addition, the survey of the previous work is given in order to understand
the previous achievements and to determine the objective of this research. Because

the swash plate axial piston variable pump and the pressure compensator are the vital
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components in this research, the mathematical models of the variable pump and
pressure compensator are constructed; and then simulation programs based on
Matlab-Simulink are developed to simulate both the static and the dynamic

characteristics of the pump and the compensator.

As shown in Figure 3.8, the single negative feedback control scheme has been
used to study the both static and dynamic characteristics of the pressure compensator.
The simulation results show that the compensator has perfect linearity along the full

range of the command signal.

The pump performance has been simulated using two control schemes as
shown in Figure 3.20 and 3.21; the first one is a double negative feedback control

loops and the other is a single negative feedback control loop.

The simulation results for the double feedback control loops reveal that the
transient period has a nearly 80 ms settling time when the swiveling angle is
increasing and 60 ms when the swiveling angle is decreasing. Both cases experience a
10 ms delay time. The results also show that the settling time is reduced on account of
having a steady state swiveling angle vibration; in addition, the magnitude of the

vibration is reduced to 1% instead of 3%.

Regarding the single feedback control loop, the simulation results indicate that
the settling time is 200 ms, which is longer than that in double feedback control loops,
and hence this control scheme is inconvenient for the constant power operation of the

pump. On the other hand, this can be regarded as an advantage when the control
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piston reaches the end of its stroke with nearly zero velocity, which reduces the

impact on the piston.

Metal forming and rolling mills are highly dependent on the hydraulic power;
in addition, in the rolling mills intermediate stages, both rolling speed and rolling foad
must be controlled. Consequently, an electro-hydraulic control system has been
proposed and the modeling of the control system is built. The entire electrical control
system is composed of two interacting control schemes. First one is to control the
rolling speed and the other is to control the rolling load; each of them consists of
double negative feedback control loops with PID or PD controllers. The simulation
programs based on Matlab-Simulink are developed to simulate both the static and the
dynamic characteristics of the control system. From the simulation results, the

following characteristic features of the rolling mills can be obtained.

(i) With the assumption of constant internal leakage of the variable
displacement pump and the hydraulic motor, the rolling speed is not affected by the

change in the rolling torque.

(i) In the view of static performance, rolling load is kept constant whenever

the pressure difference across the compensator is more than 4% of the upstream

pressure.

(iii) In the view of dynamic performance, rolling load experiences shocks at

the transient periods of the stepwise change in the rolling torque.
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(iv) The control system shows smooth controlling of both rolling speed and
rolling load in accordance with the harmonic change of the rolling torque with

specific harmonic fashion.

(v) Finally, an experimental setup composed of real time control software and
a hydraulic test bed is constructed in order to validate the compensator mathematical
model and verify the control system simulation modeling. The satisfactory agreement
between the simulation and experimental results validates the model of the control
system, which ensures that it can work properly. The maximum deviation is 5% at
steady state, and the dynamic performance is not satisfied. However, we can improve

it by increasing damping.

5.2 Main Contributions

The main contributions in this thesis is summarized as follows:

(i) The comprehensive mathematical models and simulation models for the

pressure compensator and electro-hydraulic control system of rolling mill have been

developed to investigate their static and dynamic performances.

(i1) The hydraulic test bed has been setup to validate the mathematical models

and to verify the simulation results through the experiments.

(1ii) In the proposed electro-hydraulic control system, the minimum hydraulic

components have been employed, which would greatly reduce the cost.
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(iv) The control system has very good flexibilities to various rolling mill
requirements, and it is very convenient to adjust due to different variable load

demands.

5.3 Suggestions for Future Work

Recommendations for future investigations are as follows.

(i) Reducing the transient period and putting an adequately sized accumulator
on the upstream pressure line in order to minimize the rolling load shocks due to the

stepwise change in the rolling torque.

(i1) In the present study, both rolling speed and rolling load reference values
are assumed constant. In future investigations, different combinations of the working
conditions must be assumed in order to study the capacity of the proposed control

system to take care of various situations.

(iii) In the present work, the controllers used in the control system are PID or
PD controllers. In the future study, fuzzy logic controllers can be used to develop the

performances of the control system.

(iv) In the present research, the project is only concerned with the

development of an electro-hydraulic control system in order to control both rolling

speed and rolling load with minimum number of components. In future investigation,
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we can study more applications of variable load than rolling mills, such as earth

moving equipment, printing press, acrospace applications, etc.

(v) Forces and moments transmitted to bearing due to variable loads is another

task for future work.

(vi) In the present work, the simulation results are represented by the graphics;

in the future the simulation can use more efficient numerical solution schemes.
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APPENDIX A

CONSTRUCTIONAL AND OPERATIONAL PARAMETERS OF

THE TEST PUMP
Symbol Description Value Unit
Ay Area of the control piston 8.1x10" m’
A, Piston cross-section area 2.27x10™ m’
B Effective bulk modulus 1x10° Pa
Cq Coefficient of discharge 0.611 -
Di/Ry Pitch circle diameter/radius of the 0.07175/0.0359 m

cylinders’ arrangement at the base of
the cylinder block

D»/R, Pitch circle diameter/radius of the 0.0602/0.0301 m

cylinders’ arrangement at the top of

the cylinder block

f Proportional valve viscous friction 90 N.s/m
coefficient

fo Equivalent angular viscous friction 1.5 Nm/(rad/s)
coefficient

I. Equivalent moment of inertia of the 0.0039 kg.m?

swash plate
k; Proportional solenoid force-current 2.5 N/A

constant
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Ps

Pr

Ro

X cp(min, max)

Proportional valve spring stiffness

Equivalent viscous friction
coefficient of the swash plate
Lengths, referred in Fig. 2.2
Cylinder length

Piston length

Piston mass

Proportional valve spool mass
Number of pistons

Pump suction pressure

Tank line pressure

Leakage resistance

Radius of swash plate sWinging
Proportional valve spool
displacement (maximum)

Initial control volume

Additional piston chamber volume

Proportional valve area factor
Control piston displacement
(minimum, maximum)
Cylinder block cone angle

Oil density
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20000

72

0.0766/0.0661
0.0573
0.0591
0.118
0.1
9
0.05x10°

1x10°
1x10"
0.055

(0.001)

13x10°°
1x10°¢
4.8x10

(0, 0.015)

850

N/m

Nm/rad

Pa
Pa

Pa/(m*/s)

deg

kg/ m®



APPENDIX B

M-FILE FOR THE SIMULATION OF THE ELECTRO-HYDRAULIC

CONTROL SYSTEM

** Dynamic Model for Variable Displacement Pump model A4VSO40 **

*kkxkkkk %04 % Operational parameters st sk e ok e ok o ok ok ok

n=1500

RPM

3k sk s e ok sk o ok sk ko sk keok Kinemaﬁca] parameters sk sk sk 3k 3k ok ok ok ke sk skook ok

thodeg=0

#3kok ok kkkk ok Constructional parameters ook sk ok sk ok e ke sk o

R1=35.875

R2=30.1
L1=76.6
L.2=66.1
Lp=59.1
dp=17
Lce=57.3
k=1

z=9
mp=0.118

Vo=le-6

mm
mm
mm

mim

mim

mim

kg

m3

sk sk ok sk ok sk skosk sk skoskoskok ok sk Oll parameters sk sk sk sk sk ok skok sk sk skskosk ok ok ok

density=850

kg/m’
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B=1.3e+9 Pa

Frkrkrkkkkk Hydraulic parameters * %% %%k %k
cd=0.611

cdth=0.611

Ps=0.05e+5 Pa

RL=1le+13  Pa/(m’/s)

koo ok skl ok Nymerical * %% %Rk ok ok ok ko
dtor=pi/180

rtod=180/pi

sk ok ok o ok s ofe sk sk sk kokok ok Parameters for control PiStOl'l sk sfe sk sk ook koosk sk ko ok

Rs=0.055 m
kep=24e+3 N/m
Acp=8.le-4 m?

%Xcmin=0.0008 m

Xcmin=0

Xemax=. 015 m
mr=2 kg
fep=20 N.s/m

dedkokokoskocko sk kokockokskkkokskeckkokoksksk sk sk kkkk Proportional Valve & 3k ok 3 ok ok ok sk sk ok ok sk ok koke ok
Xpvmax=le-3 m
Pt=1e5 Pa
Vei=12.3e-6 m’

WOV=4.8€-3 m
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RLcp=le+13  Pa/(m’/s)

mv=0.1 kg

kv=20000 N/m

fv=10 N.s/m  must be changed to be 90
ki=4.5 N/A

HRRARIAREE Py HE Rk

Vgmax=40 cc

wHRRERRERRERRR Proportional Throttle *#*##% ks ks
m=0.1; mass of the spool(kg)

x0=0.001; width of overlap(m)

Pt=100000; pressure after the port B(Pa)

Ro=900; mass density (kg/m’)
V=0.0004; volume of the control oil(m®)
B=1.3¢9; bulk modulus(Pa)

Qs=60; flowrate(l/min)

Af=0.02; area constant

Cd=0.611; discharge coefficient

ki=5.3; current constant(N/Amp)
ks=4000; spring stiffness(N/m)
=48; viscous constant

status = fclose('all")
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