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Summary 
The company Delem BV is manufacturer of electronic controllers for hydraulic press brakes. 
Press brakes are machines used for folding in the sheet metal industry. Delem has over twenty 
years of hands-on experience in the field of controlling hydraulic press brakes. They have been 
very successful and are currently the market leader in their field. The control algorithms that 
Delem uses can control a wide range of different press brake types with generally satisfactory 
performance. 

Market demands cd! for ever-increasing accuracy and speed. The crrnent control dgorithm 
appeared to have its limits. A new algorithm had to be developed. Unlike in previous years, this 
time the control algorithm would be designed using a model of a hydraulic press brake. Since 
there was no model available, the need to formulate a model became apparent. The modeling 
and the model validation process were thought to both extend the already available experience- 
based insights in press brake dynamics and create a framework for developing new control 
algorithms. Cooperation with the Eindhoven University of Technology resulted in the 
formulation of a graduation project. The goal of this project was to formulate and validate a 
dynamic model of a hydraulic press brake that is suitable for control purposes. 

An inventory was made of the operating field for the press brakes. Within the total set of 
different opemting conditions a snbset was choser, for this project. This srrbset entai!ed amongst 
others a specific configuration of the hydraulic system, specific hydraulic components, and no 
external load. A model was formulated from both basic laws of physics and experirnentd data 
for this subset. 

The model consists of three sub systems, called pressure source, control and load. The pressure 
source, i.e. pump and proportional pressure control valve, is a point in the system that provides 
the hydraulic system pressure. The control part, i.e. proportional directional valve, is designed 
to control the flow rate of oil to the load. The load part consists of the parts that transfer the 
forces to the sheet metal plate, cylinder, pressing beam and pressure control valve. The desired 

- . .  position of the proportional directional valve is considered the input signal for the model and the 
cylinder piston position the output signal. 

Experiments were carried out to validate the model. Validation of the model took place on 
component, sub system and overall ievel. The dynamic behavior of the proportional directional 
valve appeared to be complex and nonlinear due to the used valve controller. This controller 
was replaced by a simple PI controller, which resulted in a more linearly behaving valve. The 
system with this new controller showed good resemblance with the model in the subset of the 
operating conditions. 

The model was inverted to acquire an input signal for a desired trajectory for the motion of the 
cylinder piston. The trajectory was designed to display a measure of smoothness. A third degree 
set point trajectory was chosen, in which the constant jerk was considered to be the measure of 
smoothness of the trajectory. The experiments with the calculated input signal were used to 
further validate the model. 

The model and the measurements showed great resemblance overall. The differences could be 
explained from the modeling process. The control subsystem should be extended, if the model 
must resemble the nonlinear proportional directional valve. The model for the pressure control 
valve must be improved to achieve a smaller difference in the pressure sigilals between mode: 
and process. The model must be extended with a pressure balance valve to be applicable for 
operating conditions with higher pressure levels. 



S amenvatting 
Delem BV is producent van elektronische besturingen voor hydraulische afkantpersen. 
Afkantpersen zijn machines die in de plaatbewerkende industrie gebruikt worden om 
plaatmateriaal te buigen. Het bedrijf heeft meer dan twintig jaar ervaring in het aansturen van 
hydraulische afkantpersen. Het bedrijf is erg succesvol gebleken en het is op dit moment 
marktleider in zijn veld. De door Delem ontwikkelde en gebruikte regelalgoritmes kunnen een 
grote verscheidenheid aan afkantpersen met een over het algemeen zeer acceptabel resultaat 
aansturen. 

De markt blijft echte: vragen mar hogere pcsitionerir,gsnauwkeurigheid en snelheid. De 
grenzen van het huidige regelalgoritme lijken te zijn bereikt, waardoor de ontwikkeling van een 
nieuw algoritme noodzakelijk wordt. In tegenstelling tot in het verleden zou deze keer een 
regelalgoritme ontwikkeld worden gebaseerd op een model van een afkantpers. Omdat er geen 
model beschikbaar was werd het duidelijk dat er een ontwikkeld moest worden. Een model 
vormings- en validatietraject zou niet alleen de a1 aanwezige op ervaring gebaseerde kennis 
verbreden maar ook een raamwerk creeren waarbinnen de ontwikkeling van nieuwe 
regelalgoritmes zou kunnen plaatsvinden. 

De samenwerking met de Technische Universiteit Eindhoven resulteerde in een 
afstudeerproject. Het doe1 van dit project was het formuleren en valideren van een 
regeltechnisch model voor de dynamica van een hydraulische afkantpers. 

Er is inventarisatie gemaakt van werkveld van de afkantpersen. Binnen dit het totale scala aan 
mogelijke werkomstandigheden is een sub-set gekozen voor dit project. Er is onder andere 
gekozen voor een specifieke pers, met specifieke onderdelen, en onbelast. Voor de dynamica 
van een hydraulische afkant pers binnen deze sub-set is een model geformuleerd gebaseerd op 
zowel fundamentele vergelijkingen als experimentele data. 

Het model bestaat uit drie subsystemen, genaamd drukbron, het regelgedeelte en hydraulische 
last. De drukbron voorziet het systeem van een constante druk. De drukbron bestaat uit een 
pomp, een elektrische motor en een proportionele drukklep. Het regelgedeelte dat bestaat uit een 
proportionele stuurschuif, is ontworpen om the volumestroom naar de last te regelen. De 
hydraulische last bestaat uit een cilinder, een pers balk en een drukklep en draagt de krachten 
over aan de plaat metaal. We beschouwen de gewenste positie van de zuiger in de cilinder als 
uitgangssignaal en de gewenste plunjer positie van de proportionele stuurklep als 
ingangssignaal. 

Er zijn experimenten uitgevoerd om dit modei te valideren. Het vaiidatieproces vond plaats op 
het niveau van een component, een subsysteem en het totaal. Het dynamische gedrag van de 
proportionele klep bleek te complex en niet lineair te zijn mede doortoe van de toegepaste 
regelaar. De regelaar is vervangen door een eenvoudige PI regelaar. Dit resulteerde in een meer 
lineair dynamisch gedrag van de klep. De proportionele stuurklep met de nieuwe regelaar 
vertoonde grote overeenkomsten met het model binnen het werkgebied. 

De inverse van het model is genomen om een stuursignaal te bepalen dat behoort bij een 
gewenste baan voor de zuiger in de cilinder. De baan was zo gekozen dat er een maat gekozen 
was voor de "smoothness". Een derde orde setpoint trajectorie is gekozen waar bij de ruk als 
maat voor de "smoothness" is genomen. De experimenten, die gedaan zijn met dit stuursignaal 
zijn gebruikt om het model verder te valideren. 

De simulaties met het model vertoonden, over het algemeen, grote overeenkomsten met de 
metingen. De meeste verschillen konden worden verklaard uit de modelafleiding. Het model 
moet worden uitgebreid aIs de niet lineaire proportionele stuurklep moet worden gebruikt. Om 
een betere overeenkomst in het verloop van de drukken te krijgen moet een beter model 
geformuleerd worden voor de drukklep in het last gedeelte. Een druk balans in het regelgedeelte 
moet worden toegevoegd om het model geschikt te maken voor hogere drukken. 
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Introduction 

The company Delem BV is manufacturer of electronic controllers for hydraulic press brakes. 
Press brakes are machines used in the sheet metal industry to fold sheet metal plates. Delem has 
over twenty years of experience in the field of controlling hydraulic press brakes. They have 
been very successful and are currently the market leader in their field. 

The controllers Delem manufactures and the control algorithms they use are the result of hands- 
on experience from a trial and error based design process. The algorithms can be used in a wide 
range of different press brake types with generally satisfactory performance. 

The succession of ad hoc solutions has made the current control algorithm complicated. 
Although it is optimally fine-tuned, it is felt that it has reached the limits of its extendibility. 
This in combination with the constant market demand for faster and more accurate controllers 
and the current developments in hydraulics gave rise to the wish for a new control algorithm. 

Unlike in previous years, this time the coatro! algorithm would be designed using a model of a 
hydraulic press brake. Since there was no model available, the need to formulate a model 
became apparent. The modeling and the model validation process were thought to extend the 
already available experience based insights in press brake dynamics. 

Cooperation with the Eindhoven University of Technology resulted in the formulation of a 
graduation project. The goal of this project was to formulate and validate a model of the 
dynamics of a hydraulic press brake that is suitable for control purposes. 

This report describes the path followed through the modeling and model validation process. 



Chapter 1 

Press Brake Inventory 

1.1 Introduction 

Before we start the construction of a model for a hydraulic press brake we must first make an 
inventory of the issues concerned with hydraulic press brakes. We must look at the different 
types of machines, the components involved, the way the machines are used and what they are 
used for. Furthermore we must look at the inputs and outputs of the system, the measurable 
signals and system disturbances. 

But the inventory process will start with a description of the purposes of constructing a model in 
the first place. The modeling process will end in a subsystem with its inputs and outputs, which 
we are going to model, and the control goals for the system's output. 

1.2 Why Model Anyway? 

Delem has been making controllers for over 20 years and has currently the dominating position 
in the controller market for hydraulic press brakes. Its controllers can be used in a wide range of 
press brakes (and other hydraulic machines) and have recently shown that synchronizing the 
position of two hydraulic cylinders at 3 2  pm is not out of reach. They have never needed a 
model before, so why start modeling now? 

Although a straightforward answer to this question remains to be given, it is assumed that the 
modeling process will give more and better insight in the dynamics of the press brake machine. 
It may at least result in a formal description of the knowledge that the company has gathered 
over the last 25 years. The modeling process and its resulting implementation, i.e. the model 
itself, may eventually lead to a better controller that can more easily be calibrated or even 
calibrate itself, can detect errors and has better performance in terms of speed, accuracy and 
appearance. The modeling process and the improved insights should facilitate the 
implementation of new hydraulic components 23d may even !ead to improvement in the 
hydraulic system design. 



1.3 Project Description 

The goal of this project was to develop a suitable model of a hydraulic press brake for control 
purposes. The modeling process basically consists of five steps: 
1. Inventory. 

Before the actual modeling process can be started, the whole field of issues concerned with 
press brakes has to be explored. Once we have explored the whole field, a sub set within the 
field can be defined. This sub set will be the starting point for he modeling process. 

2. Modeling. 
We t&e the sch set a d  use basic laws of physics to arrive at a set of differential and or 
algebraic equatior, that describe the dynamic behavior of the sub set, i.e. the press braise. 
During the process of deriving suitable equation for the basic laws of physics certain 
assumptions are made that simplify or restrict the equation. The end product of this 
modeling process, i.e. the model, has an implementation, the simulation model. We use 
simulink for the simulation model. 

3. Model Validation. 
Experiments are carried out to compare the real dynamic behavior with the model behavior. 
In this way the assumptions made during the modeling process can be tested. 

4. Control design. 
Since the model is constructed for control purposes, the suitability for control design must 
be tested. Therefore a control concept is designed that is based on the model. 

5. Conbro-ol design validation. 
Experiments are carried out to compare the control design performance on the model with 
that on the real process. The measure of similarity between the two performances 
determines the quality of the model. 

Steps 2-5 can be implemented in many different ways. In this project deals only with one 
implementation of each step. This project focuses on steps 2 & 3. Steps 4 & 5 are merely 
touched via a small feed forward experiment. 

1.4 Press Brakes and Bending 

The dynamics of hydraulic press brakes are the subject of this project. Press brakes are used in 
the sheet metal industry. They make folds or holes in sheet metal plates. Press brakes come in 
variety of shapes, but we will restrict us to the basic form of figure 1.1. 

Cylinders 

Pressing Beam 

Table 

Figure 1.1: Press Brake Example (Delem's VBend) 



Two hydraulic cylinders are mounted onto two "C"-shaped frames. The cylinder piston rods are 
connected to a metal beam, called the pressing beam. The beam can move up and down above a 
stationary beam, which is called the table. Tools can be mounted onto the pressing beam and 
table. A sheet metal plate that is placed between the tools is deformed through the relative 
motion of the tools. 

The tool that is mounted on the pressing beam is called punch; the tool on the table is called die. 
In a typical use of the press brake a V-shaped die is used and a pointed punch. In figure 1.2 the 
bending process is shown. As the punch moves down the sheet metal is folded. The bending 
angle is, in principle, determined by the displacement of the punch relative to t_he die. 

The shape of the punch, especially the radius of its tip, and that of the die, especially the ratio 
between the die width and the sheet thickness, determines the shape of the fold. The material 
properties of the tools in combination with their shape are important, since the tools may deform 
during the pressing process. 

Figure i 2: Bending hocess. 
From A to B: The pointed punch moves down and deforms the sheet metal plate. 

Besides the displace&ent, deformation and shape of the tools also the material properties of the 
sheet metal plate play an important role in the deformation process. Some of these material 
properties are the E-modulus, tensile strength, the contraction coefficient, etc.. . These material 
properties, however, are difficult to determine and, more significantly, may vary within a 
singular batch. 

Further influences on the shape of the fold are the sheet properties. E.g. the thickness of the 
plate influences the radius and the angle of the fold. The thickness may vary within a batch or 
even within a plate of sheet metal. More on this subject can be found in [4][5]. 

The conclusion is that the bending process is considered too complex for our model objectives. 
We will only concern ourselves with the motion of the pressing beam. The forces exerted by the 
sheet metal plate however can still play a role as disturbance. In this project we will not model 
the sheet metal deformation process. 

The way the press brake performs its role in the sheet metal bending process is to move its 
pressing beam down to a calculated end position. This has to been done as fast as possible 
without overshoot. Overshooting the end position would mean that the bend would end up with 
a sharper angle. The motion of the pressing beam from is starting position, upper dead point 
(UDP), to its end point, lower dead point (LDP), and back is called the pressing cycle. 

The pressing cycle is subdivided into five stages (see figure 1.3). The pressing cycle is a 
compromise between the two demands, speed and accuracy. Some stage are used to achieve 
high speeds with only little accuracy, while others are used to achieve high accuracy at low(er) 
speeds. 



1 -  

Figure 1.3 : Pressing Cycle 

The stages are schematically depicted in figure 5.3 that shows the desired motion of the pi-essing 
beam during the pressing cycle. The five stages are: 

IV. 

v .  

VI. 

Closing. 
If a command is given to start the pressing cycle, the press brake enters the closing 
stage. During the closing stage the pressing beam should move to a calculated position, 
which is called the MUTE point and is still above the sheet metal plate, as fast as 
possible. This is usually done by controlled drop of the pressing beam. Loose demands 
are made about the accuracy of the end position and the speed during this stage. The 
difference between the two sides of the beam is only moderately controlled. 
Pressing. 
If the press beam passes the mute point, it is siowed down and sometimes even stopped. 
The press now enters the pressing stage. During this stage the pressing beam must reach 
its calculated end position with no overshoot and as little difference between its two 
sides as possible, while retaining a constant moderate speed. The clamp point is the 
point where the sheet metal plate is reached. 
Holding 
When the LDP is reached the system enters the holding state. The sheet metal takes 
some time "to get used to" its newly bent state. The position is held for some time. 
Decompression. 
The decompression stage is entered to gradually reduce the pressure from the cylinder. 
Part of the angle of the bend is caused by elastic deformation. This part is now slowly 
released. 
Opening. 
This is the opposite of the closing state. During the closing stage the press beam should 
return to the UDP as fast as possible. Loose demands are made about the accuracy of 
the end position and the speed during this stage. The difference between the two sides 
of the beam is only  moderate!^ controlled. 
Rest. 
The final stage is called rest, which is also the demand made about the motion of the 
pressing beam, i.e. none. 

The hydraulic system and controller of press brake are designed for the purpose of enabling and 
moving through these five stages. The resulting hydraulic press brake is a system that consists 
of hydraulic, electronic, mechanical parts and software. These different parts will be dealt with 
in the following paragraphs. The influence the pressing cycle has on the different parts will be 
come clear. 



1 -5 Hydraulic System 

The modeling process is further simplified by choosing one specific type of press brake: a press 
brake form the company Darley that is present at the Delem company. This press brake is 
typical for most press brakes. The choice of the Darley press brake is also a very convenient 
choice, because its availability facilitates the validation experiments. 

A schematic of the hydraulic system of the Darley press was found and is depicted in figure 1.4. 
The components are numbered in the table on the left side of figure 1.4. A more extensive 
overview of the hydraulic components can be found ir, appendix C.!. and [!][2][3]. 

Components: 
cylinder 
Anti Cavitation Valve, 
Directional Valve 1 
Pressure Control Valve 
High Retaining Valve, 
Pressure Control Valve 

5. Directional Valve 2 
6. 413 Way Proportional 

Directional Valve 1 
7. Shuttle Valve 
8. 413 Way Proportional 

Directional Vaive 2 
9. Pressure Balance Valve 
10. Check Valve 
1 1. Proportional Pressure 

Control Valve 
12. Filter 

I I I I ,4, 
13. Hydraulic Pump + 

Electric Motor 
14. Tank 

Figure 1.4: Press Brake Hydraulic System. 

Three different hydraulic circuits can be distinguished, a main circuit, in closed lines, a control 
circuit in dotted lines, and a pressure control circuit in dash-dot lines. The main circuit directs 
the oil flows fiom tank (14) through the anticavition~valves (2) or.through, amongst others, th 
proportional directional valves (8) to the cylinders (1). The control circuit enables the hydraulic 
system to switch states. This ability makes the different stages of the pressing cycle possible. 
Depending on the position of the proportional directional valve 6,  pressure is directed to 
directional valves (5) and the anticavition valves (2). These valves open/ciose depending on the 
pressure provided by valve (6) enabling the system to switch between three states. The pressure 
control circuit directs the maximum pressure by means of the shuttle valves (7) to the pressure 
balance valve (9) that compares it with the pressure caused by the proportional pressure control 
valve (1 1). 

We will further explain the functioning of the hydraulic circuit shortly. First, however, we note 
from figure 1.4 that the system is the partly symmetric. Elements (I), (2), (3), (5) and (8) are 
double and parts (7) and (14) are triple. We thus reduce our system by neglecting half of these 
elements and only deal with one half of the system. If the pressbrake and its components were 
ideally constructed this could be done without restriction. However, this is not the case. The 
characteristics of the 413 proportional directional valves, e.g., may vary considerably. Still we 
assume both sides of the press brake to be identically. The hydraulic system for a "half' press 
brake is called reduced system. 



Now consider figures 1.5-1.7. Each of the three possible states of hydraulic system is depicted 
in a figure. Only the reduced system is considered. Since only one state is dealt with at each 
time the control circuit can be omitted. Depicted are the main hydraulic circuit and the pressure 
control circuit. For all three states the system can be divided into three parts: 

Pressure source. 
This part consists of the electric motor and the hydraulic pump (13), the proportional 
pressure control valve (1 1), a check valve (lo), and the filter (12). The pump and motor act 
as a source of oil flow. The check valve ensures the direction of the flow. The proportional 
directional valve ensure the pressure level of the source. 
Flow control. 
The flow control part cmsists of t%e preportiona! directional vslive (8) that regulates the 
flow, pressure baiance valve (9) that ensures a constant pressure ievel over the proportional 
directional valve and a shuttle valve(7) that ensures that the pressure balance valve balances 
the appropriate pressure difference. 
Load. 
The load part consists of the cylinder (I), the pressing beam, which is not yet depicted, the 
anti cavitation valve (2) and the pressure control valves (3) (4). 

The first state considered is depicted in figure 1.5. This is the state of the hydraulic system 
during the closing stage of the pressing cycle. 

PC.- Sour.. RDI C m  LO.4 

I 

I ,  

J - -  - - - - - -  

Figure 1.5: Reduced Hydraulic System during Closing Stage 

During this stage in the pressing cycle, the pressing beam that is connected to the piston rot of 
cylinder (1) must move form the UDP to the MUTE point as fast as possible. This is done by 
opening the anticavitation valve (2 in figure 1.4). This is depicted in figure 1.5 as the closed line 
connecting the cylinder upper chamber with the tank on the right most side of the figure. At the 
same time the proportional directional valve (8) is opened. A proportional directional valve 
basically consists of two adjustable hydraulic orifices. During the closing stage, the oil that is 
flowing from the lower cylinder chamber of cylinder (1) to the tank (14) is controlled. The 
pressure balance valve (9) does not play a roll. It is closed. 

Figure Reduced Decompression Stage 

The closing stage ends, when the MUTE point is reached. The pressing beam might at this point 
still be moving. The pressing stage is now entered (see figure 1.6). The anti cavitation valve is 
closed. All oil that flows into and out of the cylinder now passes through the proportional 
directional valve (8). This is true, only if the pressure valve (4) remains shut. This valve is used 
as a safety. Under normal operating conditions this valve is shut. The pressure control valve (3) 
provides the system with a minimal load pressure. The forces acting on the piston rot are: 



(a) those caused by the pressure in the lower cylinder chamber, that is controlled by 
the pressure control valve (3) 

(b) those acting on and caused by the mass of the pressing beam that is connected to 
the piston rot 

(c) those caused by the pressure in the upper cylinder chamber 

During motion of the piston rot at constant velocity these forces are in equilibrium. The velocity 
of the piston rot is proportional to the oil flowing through the proportional directional valve (8). 
The pressure difference over the proportional directional valve (8) is kept constant by the 
pressure balance valve (9). The pressure balance valve accomplishes this by comparing the 
pressure provided by the shuttle valve (7) with the gressure of the gressure source. If the 
difference between these to pressures is larger than a predefined, and adjustable, pressure 
difference, the pressure of the pressure source is decreased directing oil through the balance (9) 
to the tank (14). The pressure that is provided by the shuttle valve is the maximum of the 
pressures in the lines that go into and out of the cylinder (1). Under normal operating conditions 
is the pressure after pressure control valve (3) lower than that in the line into the upper cylinder 
(1). The pressure of the pressure source is controlled by the proportional pressure control valve 
(11) and must be high enough to ensure a certain pressure difference over the proportional 
directional valve (8). 

When the pressing beam is within a certain distance of the end position (LDP), the holding stage 
is entered. The same configuration of the hydraulic system is used as during the pressing stage. 
The holding stage is used to give the system a final push to get to the desired position. It is also 
used to keep the pressing beam in the LDP during a certain predefined time interval. 

After this time interval the system enters the decompression stage. The configuration remains 
the same as during the pressing and holding stage. The pressing beam must now move up to a 
predefined position. This is done to gradually reduce the pressures in the system. Figure 1.6 still 
holds only the proportional directional valve (8) is in the position depicted in figure 1.7. 

After the decompression stage the system enters the opening stage. The pressing beam must 
move from the position at the end of the pressing beam to the UDP, as fast as possible. Oil is 
now flowing from the pressure source through the proportional directional valve to the lower 
cylinder chamber. Pressure control valve only opens, if the safety pressure is exceeded. The anti 
cavitation valve (2) is opened, depicted by the closed line on the right most side of figure 1.7, to 
ensure on obstructed flow. The pressure balance valve (9) now compares the pressure of the 
pressure source with the pressure of the line going to the cylinder lower side, since the pressure 
in the line going from the upper cylinder chamber to the proportional directional valve is equal 
to that of the tank. 

For our model, however, only one stage in the pressing cycle is used: the pressing stage. By 
choosing only one state the switching circuit can be neglected. The pressing stage is chosen, 
because this has the strongest demands with respect to the desired motion of the press bean. 
Both its speed and end position have restrictions and demands. 



Further restrictions are made on the system depicted in figure 1.6: 
The directional valve (1 0) and filter (12) are neglected. This implies no pressure loss caused 
by the valve and furthermore, and more importantly, that the oil is assumed to flow in only 
one direction. 
The pressure balance valve (9) is assumed to play no part in the press brake dynamics 
during the pressing stage. This assumption is only valid if the pressure difference over the 
proportional valves during the pressing state never exceeds the opening pressure difference 
of the press balance valve. This is the case, if the pressure of the pressure source is low and 
the pressure in the upper cylinder chamber is low, e.g. if no metal is bent. 
Pressure control valve (4) is not used, since safety pressure is not exceeded. 
The proportional directional valve (8) doesnot obstrfict the flow 5-am the pressure contrcl 
valve. Hence, this hydraulic orifice does not play a part in the system. 

Figure 1.8: Further Reduced Hydraulic System during Pressing Stage 

Figure 1.8 shows the reduced hydraulic system. The filter (12), the directional valve (lo), the 
shuttle valve (7), the pressure control valve (4) and the pressure balance valve (9) are neglected, 
and the proportional directional valve (8) is reduced to an adjustable hydraulic orifice. In the 
next paragraphs mechanical, electronic and software components will be added to this reduced 
hydraulic system. 

1.6 Mechanics 

Form mechanical point of view a couple of issues can be given. We will neglect all most all of 
them, but we will mention them anyway. The first thing we want to mention is the C-frame, 
which is part of the mechanical construction. The CAD drawing of the C-frame is shown in 
figure 1.9. If a sheet metal is being folded the forces are exerted upon the C-frame. They try to 
expand the opening. They frame how stiff it might be, will bulge, if the forces are large enough. 
This deformation certainly has influence of the positioning accuracy of the press beam. 
Although this might have an influence in industrial practice, we restrict our system further and 
only look at the situation where no sheet metal is folded. 
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The moving parts are, of course also part of the mechanical parts of the system. The press beam 
is the largest of the moving parts. It typically has two degrees of freedom: a position and an 
orientation. Since we already mentioned that only one half of the press brake is modeled, see 
paragraph 1.4, the orientation must be neglected. This is, off course, only valid, if the press 
beam is kept (approximately) horizontal during motion. 

Another important aspect of the mechanical point of view is the friction. Since there are moving 
parts involved friction is bound to occur. Friction occurs in the cylinders, in the valves, between 
the press beam and the frame, etc. The friction is seen as disturbance it will not be modeled 
explicitly. 

The conclusion of this paragraph must be that the only part the mechanical construction will 
play in the modeling process is that of a moving mass. The moving mass is that of the pressing 
beam. 

1.7 Electronics 

The heart of the used electronics is the DM602. This is basically an industrial main board with 
80486 processor with dedicated input and output capabilities. The control algorithms run as 
software on this processor. 

Other electronic parts are the linear encoders and the electronic parts of the proportional and 
pressure valves. Some of the proportional valves are controlled with a special electronic 
controller. The proportional valves considered in this system, however, are controlled by 
software in the DM602, which will be dealt with in the next paragraph 

The proportional valves are controlled with a PWM signal. The position the valve is measured 
with a linear variable displacement transducer (LVDT). The position of the valve determines the 
size of the hydraulic orifice and thus the amount of oil to 1 from the cylinder. 

The linear encoders are used to measure the position of the pressing beam at two locations, i.e. 
left and right. 

A further electric component is an electric motor that drives the.pum 

Finally electronic components can be found in the PLC-circuit that is amongst others used for 
safety and for switching between states. The influence of the PLC-circuit is neglected. 

1.8 Controlled System Layout 

In the previous paragraph we have seen that a specific piece of software runs on the DM602 
hardware. The part of the software that controls the proportional directional valve is called 
VAP. The valve controller software is a part of the system that we want to model. The 
boundaries of the system must now be determined. 

The closed loop system is depicted in figure 1.9. The following parts can be distinguished. The 
DM602 is the name of the microprocessor that is manufactured by Delem. Inside the DM602 
run the controller software applications. Amongst those controller applications are the VAP, i.e. 
valve controller and the YAP, the y-axis controller. 



The VAP controls the valve dynamics. Inside the valve is a small moving part that determines 
the size of the opening of the valve, the hydraulic orifice, which will be investigated more 
thoroughly in the next chapter. The position of the part is measured with a linear variable 
displacement transducer (LVDT). The VAP control algorithm, which is a kind of gain- 
scheduled PI-controller, uses this position to calculate a control signal. This control signal is 
exerted upon the valve through a pulse with modulated signal (PWM). The control signal is 
updated every two milliseconds. 
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Figure 1.10: Controlled System Layout. 

Through the hydraulic orifice, which is determined by the position of the spool inside valve, 
flows oil to the load, i.e. the hydraulic cylinders and the press beam as defined in figure 1.8. The 
left and right positions of the press beam are measured with linear encoders. 

The YAP takes the encoder values as input signals and calculates an y-axis control signal U. 
The y-axis control algorithm is explained in appendix A. The control signal U, takes the form of 
a desired valve position and is calculated every five milliseconds. 

I I 'vzive xv Hydraulic 

The YAP will not be part of the model. The process that will be modeled takes as input the 
desired valve position, U, and has as output the press beam position. This will be called the open 
loop system. The closed loop system is defined as the open loop system combined with the YAP 
control algorithm. Hence, the valve controller VAP, is part of the system under consideration. 
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1.9 Summary 

Load 

Starting point for the modeling process in the next chapter is the system as depicted in figure 
1.1 1. It consists of the hydraulic system of paragraph 1.5 combined with the moving mass of 

dynamics 

paragraph 1.6 and the VAP control algorithm of paragraph 1.8. 
P ~ ~ S q U t ' W  centrot bad 

Onfices 

Input signal u: 
Desired valve position 

Output signal y: 
Press beam position 

Figure 1.1 1 : Starting Point Modeling: the reduced press brake process. 



The signal to the proportional valve is the input signal, u, the piston position is output, y. The 
measurable signals are cylinder pressures, pressure control valve pressure and proportional 
directional valve position. 

The gravity acting on the mass of the pressing beam is taken into account. Other external forces 
on the system, e.g. those caused by the deformation of the sheet metal plate, are neglected. 
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Table 1. 

Sub system I Components 
Pressure Source I Hvdraulic Pum~ 

I Electric Motor 
I PropoTiional Pressure 

Valve 
Valve Controller NAP) 

Control 
~ o i t r o ~  Valve 
Proportional Directional 

I Pressure Control Valve 
Component Overview Reduced Model 

Load 

An overview of the components is given in table 1.2. 

Hydraulic Cylinder 
Press Beam Mass 

The assumptions that are already made in the inventory process are: 
1. Both sides identical 3 half press brake model 
2. Only during pressing stage 3 switching circuit can be neglected. 
3. Pressure difference over proportional directional valve remains below opening pressure 

difference of pressure balance valve -9 Pressure balance valve can be neglected. ' 

4. The orifice of the proportional directional valve in the line from cylinder to tank has no 
influence on the volume flow 3 Proportional directional valve is an adjustable hydraulic 
orifice 

5. System pressure remains below safety pressure 3 Pressure control valve can be neglected. 

In the next chapter it will be shown that more assumptions will have to be made to arrive at a 
model description. These assumptions will be combined with the above and tested during the 
model validation of chapter 3. 



Chapter 2 

Modeling Press Brake Dynamics 

In this chapter the model equations for a half press brake will be formulated for the pressing 
stage. Starting point is the reduced model of the previous chapter, which is represented in table 
1.2. The components in this table will be recombined or further divided. In this way we will 
arrive at parts that can be modeled. From mechanics and fluid dynamics theory, equations are 
formulated for these parts. 

These equations are combined to form the equation for the components. The component 
equations are combined to form the description for the three subsystems as defined in the 
previous chapter. The three subsystems, i.e. source, control and load, will form the model for 
the reduced press brake process. 

2.2 Modeling Components 

2.2.1 Introduction 
Table 1.2 of the previous chapter a summary of the components that constitute the half press 
brake model could be seen. In the following an attempt is made to re-organize these components 
into so-called modeling parts. These parts might constitute basic elements from mechanics or 
fluid dynamics, e.g. mass-spring systems or hydraulic orifices, or might result from modeling 
simplification. 

It will be shown that the valves have a similar construction and common component parts can 
be distinguished. Most considered components consist of smaller parts, except for the press 
beam, which influence is limited to that of a point mass, which obviously can not be divided 
into smaller parts from a modeling point of view. In this paragraph the definitions for the 
component parts, which we want to model, will be formulated. 

Unfortunately, there is no clear distinction between what can be considered the mechanics, the 
electronics or the hydraulics of the components. Most component parts will still be a 
combination of two or three of the mentioned fields of expertise. 



2.2.1 Pump 
The component that we will call pump from this point on is actually the combination of an 
electric motor and a hydraulic pump. The electric motor is assumed to be ideal. This implies that 
the electric motor has the characteristic of figure 2.1. 

I - n [-/s] 

Figure 2.1 : Ideal and actual performance of an electrical motor. 

The rotational speed is independent of the torque on the rotary axis of the motor. The forces 
acting on the pump cause the torque on the motor. Normally the rotational speed will decrease if 
the load increases. Choosing the motor to be ideal allows us consider pump and motor as one 
part called pump. 

The pump that is used on the Darley press brake is an internal gear pump. A cross section of this 
pump is shown in figure 2.211. The gear in the center of the pump is connected to an electric 
motor. This gear, which rotates clockwise in the figure, drives the outer gear that moves the oil 
from the intake on the left-hand side of the figure to the outlet on the bottom side. 

I I1 

Figure 2.2: Schematic representations Internal Gear Pump 
I: = of a cross section; I1 Schematic / four pole notation 

The pump performance is considered to be ideal, i.e. without losses. From [6] follows the 
equation for this kind of pump: 

4, (P* - PI 1 (2.1) 
T, = 

2nn 

T, := acquired torque 4; 
:= ideal volume flow rate 

P2 
:= pressure just before the pump P1 :=pressure just after pump 

n := revolution rate of pump ( and motor) 

This equation is derived from the energy balance equation, assuming that the medium is 
incompressible, i.e. the mass density is constant, and there are no losses inside the pump. The 

ideal volume flow rate, qi , is equal to: 

qi =V, -n, - n  (2.2) 

VVE 
:= volume of a volume element := number of volume elements 

%E 
In equation 2.2, the volume of a volume element is comparable to the space between to gears of 
the driving wheel of our internal gear pump. The number of volume elements is equal to the 
number of spaces between the gears of the driving wheel (which is equal to its number of gears). 
We now state that the ideal volume, 6, is equal to: 

= VvE -nvE (2-3) 



The ideal volume is equal to the number of volume elements times the volume of one element. 
We use this in equation 2.1 to obtain: 

Furthermore, the following equation holds for the relation between angular speed and revolution 
rate: 
o =2n .n (2.5) 

And thus, it holds for ideal flow rate: 

v, (2.6) 
4. =--0 

27T 
Equations 2.4 and 2.6 explain figure 2.2 11, the so-called four-pole notation. 

Usually a disturbance can be found in the volume flow rate, which is called a ripple. The ripple 
will have a distinct frequency that can be calculated by: 

fripple = y1.n~~ 

This equation states that the frequency of the ripple in the flow is equal to the revolution rate of 
the electric motor driving the pump times the number of gears on the driving gear. 

2.2.3 Valves 
All valves in our process have a similar construction. Almost all valves have a moving part that 
is positioned by one or more springs and/or one or more solenoids. The position of the moving 
part, which is called the spool, determines the width of a so-called hydraulic opening, through 
which the fluid is allowed to flow. For modeling purposes the valves are first divided into parts. 
In the following an attempt is made to identify the different parts by investigating the layout of 
the three types of valves present in the considered process. 

- Three different types of valves are present in the reduced hydraulic system. 
1. A (mechanical) pressure control valve, figure 2.311. 
2. A proportional pressure control valve, figure 2.3fiI. 
3.  A proportional directional control valve, figure 2.31111. 
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Figure 2.3: Valves, Schematic Representations. 
I: proportional directional valve. 11: proportional pressure valve. I11 (mechanical) pressure control 

valve. 

The mechanical pressure control valve uses a spring and a bolt to control the opening pressure. 
By tightening the bolt the spring compresses, and exerts a larger force on the moving part. This 
means that the pressure at point A, in figure 2.3/III, has to increase to create an opening, thus 
increasing the opening pressure. 

The proportional pressure control valve uses a solenoid through which an electric current flows. 
The current causes a magnetic field that exerts a magnetic force on the iron core in the solenoid. 
The iron core is pulled into the solenoid. The iron core pushes against a pin that pushes against 
the spool. The pressure at point A, in figure 2.3/II, has to exert a force that exceeds the magnetic 
force for the valve to open. Proportional pressure control valves usually also have one or more 
springs to ensure the valve is closed, if no electric current runs through the solenoid. 



A proportional directional valve also has spool. Typically the spool is kept in place by two small 
springs. This also ensures the valve is closed when neither of the two solenoids is actuated. Two 
solenoids can exert magnetic forces on their iron core. This iron core is pulled into the solenoid 
as was mentioned before. The left solenoid is actuated for the spool to move to the right and 
vice versa. There is a small transition region when the spool passes the center of the valve. In 
this region the valve controller has to switch the solenoid that is actuated. 

The valves have as input an electrical current that causes a magnetic force that is used to 
position the valve piston. By moving the valve piston from left to right the fluid can be directed 
from P 3 B  and A 3 T  to P 3 A  and B 3 T ,  in figure 2.311. The size of the opening depends on the 
position of the spool. 

The current through the solenoid(s) of proportional valves is usually controlled through an 
electrical circuit. In our case the current is controlled through an electric circuit in the DM602, 
manufactured by Delem. As mention in paragraph 1.7, a PWM signal is used. The spool 
position is measured by an LVDT. The valve controller software uses this measurement to 
control the position of the spool. 

Hence, valves consist of different parts. Hydraulic orifices, solenoids, spools and springs, 
electronics a controller software can be distinguished. An attempt is made to model each of 
these parts in the following subparagraphs. At the end these parts will be combined to form the 
models for each of the valves. 

2.2.3.1 Solenoid 

A solenoid is a piece of electrical wiring with a weak iron core. As a current flows through the - 

wiring a magnetic field is generated. If the iron core is not in the center of the solenoid, a 
magnetic force tries to pull the core towards the center of the solenoid. The force is assumed to 
be proportional to the electrical current through the solenoid. 

I Spring Magnetic / 

working strokes - 
alr gap 

I 
/ solenoid sdnng 

II 
Iron core 

Figure 2.4: Solenoids: 
1) the relation between the spool position and the magnetic end spring force . 

iI) A schematic representation ofthe solenoid. The spring is only a symbolic representation and 
might be part of the construction. 

In figure 2.4 the relationship between the magnetic force and size of the air gap is depicted. It is 
assumed that the magnetic force is constant over the working stroke of the solenoid for a 
constant electric current. Higher currents provide higher magnetic forges. 

This is, however, only the description of static behavior. The dynamic behavior is more . 
complex. The electrical current is provided through an electrical circuit with a certain dynamic 
behavior. This electric circuit takes a voltage as input and delivers a current. Further more, when 
the iron core starts moving an opposing electromagnetic force is generated. This opposing field 
influences the build up of current in the electric windings of the solenoids. The input signal, 
which is a voltage, is actually is PWM signal. 



Despite these apparent non-linearities we assume the relation between the input signal, which is 
represented by DC voltage signal, instead of the PWM signal, and the magnetic force to be first 
order and linear. The choice for the DC voltage input signal is made, because this is directly 
measurable. 

zM := magnetic time KM := magnetic FM := magnetic force U := input voltage 
constant gain 

It is understood that equation 2.8 is a very strong simplification of the physical process. 
However for reascns of simplicity ?his assumption is stiii made. 

2.2.3.2 Madspring system 
The equation of a masslspring system follows from Newton's second Law of motion. A system 
with one mass and one spring can be depicted as figure 2.5. A small damping element is added. 

Figure 2.5: simple mass spring damper system 

The mass of the system is called, m, the spring constant, k, the damping constant, b, the externaI 
force, F, and the position, x. The position of the mass is described by: 
mx, + bx,, + kx,, = F 
Or as transfer function: 

F ( s )  ms2+bs+k 
Eq. 2.9 is the basis for the dynamics of the spool in all valves. If a valve has to springs, instead 
of the one of the model, like e.g. the proportional directional valve, the both springs can be 
theoretically replaced by one spring. 

2.2.3.3 Hydraulic Orifice 
In this sub paragraph an attempt is made to formulate an equation that describes the behavior of 
a hydraulic orifice. In appendix D, paragraph D3, the differential approach of Newton's Second 
law of motion is used to first formulate the so-called Euler equation. With this equation the so- 
called Bernoulli equation can be formulated that can be used to describe the fluidic behavior of 
a hydraulic orifice. 

2.2.3.4 Bernoulli equation applied to hydraulic orzjice 
We will now apply the Bernoulli equation to a so-called hydraulic orifice. Consider figure 2.6. 
The flow enters at the left-hand side and is forced though the orifice. The area of the orifice is 
called AeR and is smaller than the real opening A2. 

Figure 2.6: Schematic representation of a hydraulic orifice 
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If we apply the Bernoulli equation to this situation, we get: 

With vl en v2 the averaged speed over the area A, and A,%. 

Withpl andp2 the pressures at the left-hand side and at the orifice respectively. Since there is no 
height difference, this term has disappeared from the equation. We now state that the speed of 
the fluid is much higher at the orifice than at the left-hand side in the figure: v2 >> v, . The 
equztim becemes: 

Or: 

Multiplying with the effectiveorifice area results in the equation for orifice flow. 

The effective orifice area, A,%, is normally assumed to be function of the so-called Reynolds 
number [7 ] .  

2.2.3.5 Proportional valve 
In previous subparagraphs we have divided the proportional valve into component parts and we 
have found model equations for each of the parts. We will now try to reassemble the parts to 
form a complete model for a proportional valve. 

The size of the orifice is determined by the position of the valve spool. We will not yet look at 
the relation between the spool position and the volume flow through the orifice, but we will first 
take a look at the spool dynamics. The model for the spool displacement can be achieved by 
combining a masslspring system with two solenoids. Two solenoids and two springs control the 
spool displacement. If no current flows through the solenoids, the springs position the spool in 
the center of the valve The solenoids can only deliver a pushing force. ,Hence, the valve has two 
different modes, one for moving to either side. Only one solenoid is operating per mode. 
Fortunately, only one of the modes is used during the pressing state. The model for the so-called 
spool dynamics is thus a combination of the solenoid model (2.8) and a mass spring model 
(2.9): 
eV + bx, + kx,, = FM (2.14) 

..> ..- 
In practice oil flows through the valve orifice caused by a pressure difference over the valve. 
The oil flowing through the orifice will in practice exert a hydraulic force on the spool. These 
forces are assumed to be negligible compared to the spring and magnetic forces. 

The situation above describes the open loop valve dynamics. In practice, however, most valves 
have a controlled spool position. The spool position is usually measured and controlled through 
a feedback loop. In our case the valve controller consists of the DM602 hardware and the valve 
controller software algorithm. The valve controller used is developed by Delem. The position of 
the spool is measured with a linear variable displacement transducer (EVDT). The controi 



algorithm uses this LVDT signal to calculate a control signal every 2 [ms]. The control 
algorithm can be considered a gain-scheduled PI - controller. 

The control algorithm is designed as a software equivalent of the commonly used electronic 
hardware. Over the years this algorithm has been extended. It has partly been designed and has 
partly evolved from a trial and error process. The resulting algorithm is highly non-linear a 
hence, difficult to model. Worse though, it would make the valve dynamics model 
(unnecessary) complex. 

Instead of following the previous modeling process through, an alternative approach is taken to 
model the controlled valve dynamics. For reasofis of simplicity a black-box model is used. The 
whole closed loop valve dynamics are described as second order linear model: 

2 d x ,  + 21; ooxl, +o;x, = K1,wox,, (2.16) 

t; damping coefficient 
XI, 

Spool position 

0 0  
eigen frequency of the controlled valve d desired spool position 

Xv 

Kl, closed loop gain 

This concludes the model of the dynamics of the proportional valve. The remaining part of the 
valve model is the part that describes the volume flow rate through the valve orifice. Equation 
2.13 holds: 

I., (2.13) 

4 7  
pressure difference over orifice Q Flow rate trough the valve 

p mass density of the oil Effective orifice area 

This equation was derived for an orifice of figure 2.6. The shape of spool and housing of the 
proportional directional valve determine the actual shape of the orifice. The effective orifice 
area is a function of the spool position. The relation is static and non-linear. To accurately 
determine the relation between the spool position and the flow through the valve an experiment 
was carried out. 

At constant spool position the speed of the press beam was measured. The flow through the 
orifice was calculated by multiplying with the cylinder surface area. The pressure was measured 
at locations just before and after the vslve. The results are shown in figure 2.7 

This relation is called the flow map and denotes the nominal flow, Q,,, at nominal pressure 
difference Ap,,,,. 

MIW position [mm] 
Figure 2.7 The measured relation between the measured spool position ( 0 [mm] is the center) and the 

measured flow rate at constant pressure 51 8 [bar]. Each cross in the picture corresponds to one 
measurement. 



To incorporate the actual pressure difference in the model the following model equation is 
proposed for the flow through the valve orifice. 

flow rate trough the valve at nominal 
Q 

flow rate trough the valve 
Qi'0111(x12) pressure (is an function of the spool 

position) 

@no, 
nominal pressure difference over the pressure difference over the proportional 
proportional valve orifice valve orifice 

Concluding, the comp!ete proportional valve model consists of two parts. The model for the 
proportional directional valve thus is the combination of the closed loop valve dynamics (2.16) 
and the flow map (2.17). It is understood that the model for the closed loop is severe 
simplification of the process, as will be shown in the next chapter. 

2.2.3.6 Pressure control valve 
Like the proportional directional valve, a pressure control valve is the combination of a 
massfspring system and a hydraulic orifice (and a solenoid in the case of the proportional 
pressure control valve). We consider the dynamics of pressure control valves much faster than 
those of the proportional directional valves. Furthermore, during the pressing stage the opening 
pressure of the pressure control valves does not change. We model the pressure valves thus as 
static noii-!inear relaiions between the pressure difference over the valve and the fiow rate 
through the valve. 

The position of the spool of the pressure valve is determined by the difference between the force 
exerted by pressure in the fluid and the force from the spring. The force provided by the spring 
is proportional to the spool displacement. The size of the hydraulic orifice is related to the spool 
position and depends on the spool geometry. The geometry, however, is not exactly known, 
which makes it difficult to determine the relation between the spool displacement and the orifice 
area. Because of this, it is not possible to analytically determine the relation between the 
pressure in the fluid and the flow rate through the valve. 

Figure 2.8: Relation between pressure difference over the pressure control valve and the flow rate 
through the valve 

We therefore assume that the flow rate and pressure are related as dpeicted in figure 2.8. 

Which obeys the following relation: 

e m ,  maximum flow rate Q Pressure 

a opening rate 

EP,, opening pressure 
P flow rate 



2.2.3 Cylinder 
The cylinder can be seen as three different parts. Two chambers, on each side of the piston, and 
the piston itself. Hydraulic model equations can be formulated for the chambers, while 
Newton's second law of motion holds for the piston. 

2.2.3. I Hydraulic cylinder chamber 
The cylinder component was divided into three component parts, the two chambers and the 
piston. The equations that describe the time behavior of the pressure in one of the cylinder 
chambers will be derived in this paragraph. We will use the law of conservation of mass and the 
material property, bulk moduius, to get to this equation. Fksi we wiU fornukite the !sw aof 
conservation of mass, and then we show whst is meant by the bulk mcdulus of a fluidic 
medium. Finally, we will combine these two to form the equation for the pressure inside a 
cylinder chamber. 

2.2.3.2 Conservation of mass for cylinder chamber 
We will now consider what conservation of mass means for a hydraulic cylinder chamber. The 
general form of the equation of conservation of mass is explained in appendix D. In this sub 
paragraph we will use the results of its paragraph Dl .  Now, consider the schematic in figure 2.9. 

Figure 2.9: Schematic representation of a cylinder. 

Fluid flows into the cylinder chamber at speed, v, through an opening with area, Ao. The piston 
can move along the y-axis, and its position is given by, y,. The volume of the chamber is called 
V, and the surface area of the piston is A. We will use a control volume that is time dependent. It 
changes with the piston motion. We will use the law of conservation of mass for a control 
volume that moves with the fluidic medium. 

Unfortunately, there still is a place in the boundary through which mass can flow into the 
control volume. This means that the zero on the right side is replaced by the surface integral of 
the amount of mass flowing into the volume. 

For the control volume can be found: 
v = Ay 

Using this in conservation of mass equation: 

If it is assumed that the density is homogeneously distributed in the control volume, and 
therefor is no function of the position inside the volume, this equation can be rewritten as: 



Or: 

We now assume that the mass density is only a function of the pressure inside the cylinder 
chamber, which we assume to be homogeneously distributed. This transforms the equation 
above to: 

3~ dp ~ Y P  
(2.25) 

y--= Aop V - A p  - 
ap dt dt 

We now turn our attention to the material property called bulk modulus, which is explained in 
appendix D, paragraph D2 [3]. The index T denotes that this is the isothermal bulk modulus, the 
bulk modulus at constant temperature. 

Combining this gives: 

Which results in the cylinder chamber equation: 

The index T is dropped for simplicity. 

2.2.3.3 Cylinder 
The cylinder model is the combination of the model for two cylinder chambers and the model of 
a moving point mass, which represents the mass of the press beam and the piston rot. 

Figure 2.10: Schematic representation of a cylinderlmass system 

The volume, V1 and V2,  are the volumes of the two cylinder chambers on either side of the 
piston head. The surface area of the piston head has different values for the sides, respectively, 
A, and A2. The piston position is called y and the volumetric flow rates into chamber 1 and 2, 
q, and q2 . The pressures in the cylinder chambers are called: p, and p,. Newton's first law 
of motion holds for the mass: 

my = A,p, - A,p2 + mg (2.29) 

The piston rot is considered to be infinitely stiff, so the acceleration of the mass is equal to that 
of the piston. From equation 2.28 follow for the cylinder chambers: 



With L is the effective stroke of the cylinder. The stroke is approximately equal to the inside 
height of the cylinder minus the size of the piston head. 

2.3 Combining the Components 

2.3.1 Introduction 
I'he next step in the modeiing process involves combining the components to fern the ce~p le t e  
model. We will start by Iooking at the pressure source. The pump is combined with the 
proportional pressure control valve to form the so-called pressure source. Then we will combine 
the pressure source with the proportional directional valve, the pressure control valve and the 
cylinder to form the complete model. 

2.3.2. Pressure Source 
The combination of a pump and a pressure valve is called the pressure source. The pump and 
the pressure valve are configured as depicted in figure 2.1 1. The flow rate of the pump follows 
from equation 2.6. The revolution rate of the pump is constant and thus is the pump flow rate. 

:= pump flow rate qp 
4 := flow rate to proportional valve 

----- 
:= flow rate through pressure valve 

-... q~ 
P  := source pressure 

91 T PI PT := tank pressure 

Figure 2.1 1 : Pressure source configuration 

If conservation of mass is applied to the pressure source, it states: 

P q P = P 4 T + P 4  
If we assume that the mass density if constant in the pressure source system and the flow rate 
through the proportional valve is known, the flow rate through the pressure valve can be 
calculated as: 

qr =qp -q  (2.33) 

The relation between the flow rate through and pressure difference over the pressure valve was 
shown in the previous paragraph. The inverse of this relation is depicted in the figure: 

u ----+- 41 
Figure 2.12: Relation between the flow rate through the valve and the pressure difference 

It is assumed that the flow rate of the pump always exceeds that through the proportional valve. 
This implies that there is always flow through the pressure valve. We now assume that the flow 
rate and pressure difference over the flow rate always are in a region where the rate of change of 
the pressure difference over the pressure valve with a change of the flow rate trough the valve is 
very small. Hence we choose: 

P p  = PPPV (2.34) 



The pump pressure, i.e. the pressure, which is provided by the pressure source, is equal to the 
opening pressure of the proportional pressure control valve. 

2.3.3 Combining the components 
The full model consists of the component models in a certain configuration. The configuration 
of the half press brake system is depicted in figure 2.13. The pressure source has pressure, p,, 
that with the cylinder chamber,pl, causes a pressure difference over the proportional valve. 

The electronically provided desired valve spool position determines the behavior of the valve 
opening that, together with the pressme difference, detelmiines the flow rate, q,, to the cylinder. 

I Pressure + PP 
po~ce  , 

Figure 2. i3: Symbolic depiction of the half press brake configuration 

The flows, q~ and q2, determine the piston position, y, and the cylinder pressures, pl and p2. The 
flow rate, q2, is determined by the cylinder pressure, p2. Input of this system from control 

engineering point of view is the desired valve piston position, x,d, and output is the piston 
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Some of the parameters are a priori known some are not. The parameters are 
With Delem controller it i s  possible to set the pump pressure. This can, 
however, only be done very roughly. The pump pressure is therefore 
measured at: p , rt2 1 [bar] 

The parameters for the closed loop valve dynamics still have to be 
determined. 

The nominal flow through the valve as function of the valve position and 
the nominal pressure are determined during the fiow map experiments, 
see figure 2.7 

The bulk modulus still has to be determined, but is approx. leg [bar]. 

All follow from the cylinder geometry. A, =0.0095 [m2], A, = 0.001 65 
[m2], L =O. 1 18 [m] 

The mass could not be exactly determined a priori but is estimated at 300 
[kg], from the geometry and the mass density of steel. 

The gravitational aceeIerati~n is set at 9.81 [ d s f  

The pressure valve parameters are not a priori known. 

Further unknown variables are the initial states of the process, e.g. the initial cylinder pressures, 
begin positions and velocities. These initial states are estimated using the measurements in the 
next chapter. 

2.4 Discussion 
The model we have constructed in this chapter is not perceived as perfect. The models for the 
closed loop valve dynamics (2.16), pressure control valve (2.18), and pressure source (2.35) are 
based, on a fair amount of assumptions, at best. The model must therefore be seen as the starting 
point of a modeling process. The assumptions made in this and the previous chapter will be 
tested in the next. Based upon the test results of the next chapter a direction can be given for 
future improvements to the model. 

During the modeling process a considerable amount of assumptions was made. These 
assumptions limit the operation field in which the model is valid. Some of the assumptions even 
appear to be contradictory. The assumptions made for each subsystem will be discussed. 

Source 
The pressure source consists of three parts motor, pump and proportional pressure control valve. 
The pump motor combination is assumed to provide a constant flow rate. This means that all 
effects from starting the motor must have disappeared. For the pump to be ideal we had to 
assume that the fluid is incompressible, that there is no heat exchange and there are no losses. 

The proportional pressure control valve takes as input signal an electric current to each solenoid. 
We assume this input signal to be constant. Again this restricts our operating field to the 
situation that the starting phenomena from the solenoid have disappeared. The mass of the spool 
in the valve is assumed to be very small, thus ensuring very fast dynamic behavior: the 



proportional pressure control valve can be modeled as a static non-linearity. The hydraulic 
orifice equations assumed non-viscous incompressible fluid, steady state and a homogenous 
velocity distribution over the orifice. Here occurs an apparent inconsistency. The orifice 
equation expects a steady state situation while the spool that determines the orifice area has very 
fast dynamics. This inconsistency can only be resolved by assuming that the steady state orifice 
flow is achieved faster. 

Control 
The total cl<osed loop valve dynamics have been modeled as a second order linear system. The 
model for the open loop valve dynamics, however, is 2 third srder mode!. The cioseci ioop vaive 
dynamics should thus be expected to be at least third order. We assume that the valve dynamics 
can in a certain frequency range (0-100 [Hz]) be approximated by a second order linear model. 
The same apparent model inconsistency about the steady state assumption for orifice flow, 
while the orifice size can change dynamically exists for the control subsystem. This 
inconsistency can only be resolved by assuming that the steady state orifice flow is achieved- 
even faster. 

0 

Load 
The load consists of the mass, cylinder and pressure control valve. As for the proportional 
pressure control valve in the source subsystem, the mass of the spool in the pressure control . 
valve is assumed to be very small, thus ensuring very fast dynamic behavior: the pressure 
control valve can be modeled as a static non-linearity. The hydrau!ic orif ce equations assilmed 
non-viscous incompressible fluid, steady state and a homogenous velocity distribution over the . . 
orifice. Again an apparent inconsistency occurs. The orifice equation expects a steady state 
situation while the spool that determines the orifice area has very fast dynamics. This 
inconsistency can only be resolved by assuming that the steady state orifice flow is achieved 
faster. The model for the cylinder assumed constant temperature and homogenous distribution 
of material properties, but does not assume incompressible fluid. This appears to be in 
contradiction with the assumption of incompressible fluid in the orifice model. The cylinder 
chamber volumes are much larger than the volumes appearing in the orifice flow. For the.larger 
volumes compressibility can occur. 



Chapter 3 

Model Validation 

3.1 Introduction 

This chapter deals with the validation of the half press brake model, as it was iormulated in the 
previous chapter. Validation is attempted at the subsystem level. The paragraphs deal with 
pressure source, control and load. But first the experimental setup will be discussed. 

3.2 Experimental Setup 

Figure 3.1 : Experimental Setup 

The experimental setup is symbolically depicted in figure 3.1. This figure shows the parts of the 
experimental setup in blocks bounded by dashed lines. Four of these blocks can be recognized 
as pressure source, control and load and the Delem DM602 hardware. Two blocks were not yet 
described. On the left most side a block can be identified as the SIGLAB. This is an electronic 



device that functions both as a signal generator and a digital signal logger/processor. The 
signals that were logged, processed or generated during the experiments are shown as labels 
inside this SIGLAB block. 

Then there is the sensor block. Three different sensors can be identified: a Linear Variable 
Displacement Transducer, a Magneto-Restrictive Displacement Transducer and pressure 
sensors. 

The SIGLAB logged the following signals. 
P,, PI,  PZ Measured pressures in the hydraulic system at resp. the pressure source, the 

upper cylinder chamber and the lower cylinder chzmber. The analog signal (0- 
10V) corresponds to 0-250 [bar]. 

U The input signal for the solenoids of the proportional directional valve. The 
analog signal (0- 10 V) corresponds to the width of the pulses of the PWM-signal 
(- 100%+100%). 

Am an import port of the DM602 (- 10-+10 V) that can be used by the software. 
Am an output port of the DM602 (0-10 V) that can be used to measure digital 

values. 
L VDT The valve spool position (-2-+2 mm) is measured with a linear variable 

displacement transducer (3-12 V). This measurement is available in the valve 
controller software and can be measured directly or indirectly through the 
analog output port A,,. 

v The position of the pressing beam (0-1 18 mm) is measured on one side with a 
magneto restrictive displacement transducer (0-10 V, of which only a small 
interval is used). 

A more extensive overview of the experimental setup can be found in appendix B. 

3.3 Pressure Source 

In this paragraph the validity of the pressure source model is investigated. The pressure source 
consists of two components, the pump and a proportional pressure control valve, and its model 
equation is: 

p, = pp,  = constant (2.3 5) 

We had assumed that the pressure difference over the proportional pressure control valve was 
not influenced by the flow rate through this valve. Let us recall the configuration of the pressure 
source of the previous chapter. The configuration is given in figure 3.2. 

qp := pump flow rate 

P q  := flow rate to proportional directional 
--.-- valve 

:= flow rate through proportional 
qr pressure control valve 
P := source pressure 

PT := tank pressure 

Figure 3.2: Pressure source configuration 

The flow rate through the pressure control valve, q ~ ,  can be varied, by varying the flow rate to 
the directional valve, q. (eq. 2.33). 

q ~ = q p - q  (2.33) 



By measuring the pressure, p, the flow dependency of the pressure source can be determined. 
The flow rate to the directional valve is varied by varying the speed of the pressing beam. In 
figure 3.1 the measured characteristic is shown. 
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Figure 3.3: pressure vs. flow rate for pressure source. 

The flow rate through the proportional pressure control valve is calculated by subtracting the 
flow rate to the cylinders from the flow rate provided by the pump. The flow rate provided by 
the pump is estimated at a constant 0.25 [lls]. If we recall figure 2.12, we can see that at least the 
right hand side of this figure bears great resemblance with figure 3.3. The pressure of the 
pressure source is not constant. It changes, however, only slightly over a certain range (*1.5 bar 
for 0.08 [lls]). The pressure source has the expected behavior, for as much as can be said from 
such limited data. 

-1 ine conciusion of this invesiigation is that the pressure of the pressure source is not constant in 
reality. In the pressing stage it can only be considered approximately constant, if the 
proportional directional valves are opened. 

Before we end the discussion about the pressure source we will look at the Fourier transform of 
the signal from the pressure sensor, when the configuration is in rest. The Fourier transform is 
depicted in figure 3.4. A peak can be seen at approximately 325 [Hz]. This peak can be 
explained in the following way. Let us recall the discussion in the paragraph 2.2.1. The 
chambers in the internal gear pump were shown to cause a small disturbance on the constant 
flow rate of the pump, ripple. The frequency of the disturbance can be calculated as the 
revolution rate of the electric motor times the number of gears on the driving wheel of the pump 
(eq 2.7): 

In our case the motor nominally runs at 1450 [rpm] and the gear has 13 "chambers". The 
calculated pump frequency is: 

This is reasonably consistent with found frequency. The difference might be caused by 
differences in the revolution rate of the motor. 

i 
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Figure 3.4: the fourier transform of the pressure of the pressure source 

The absolute value is measured at approximately 23 [bar]. 



3.4 Control 

3.4.1 Introduction 
This paragraph describes the behavior of the proportional directional valve. An attempt is made 
to compare experimental data with the model equation of the dynamic behavior. The orifice 
equation, flow map, is not dealt with here, because it originates from experimental data. 

Step responses of the Delem controlled valve show that a second order linear model is not an 
zpproprizte descripticn of the dynamic behavior. Improving the valve dynamics model to 
accurately incorporate the complex nonlinear valve dynamics would make the model 
dramatically increase model complexity. An accurate description of the valve controller would 
also concern reverse engineering the software, which could involve a lengthy process, 
untangling the optimized and therefor unreadable code. It would still be doubtful if the 
incorporation of the controller code improves the model performance. It certainly would not 
improve the clarity of the model. 

We therefor design a simple PI -controller to position the valve. This simple controller might 
not outperform the current control algorithm in positioning, but will in transparency. Three 
different settings of the P- and I-action of the valve controller are used: a slow setting, a 
moderate setting and a fast setting that has overshoot. 

The model parameters are estimated by fitting simulated step responses to the measured step 
responses and by fitting the frequency responses of the model to the experimental frequency 
responses. 

3.4.2 Delem Valve Controller, VAP 
In the industrial field of sheet metal factoring the Delem controlled valve performs more than 
satisfactory. However, we want to investigate if a Delem controlled valve behaves like a second 
order linear system. To validate this for the Hoerbiger proportional valve with Delem valve 
controller, the responses to step input signals were investigated. Figure 3.5 displays some 
typical step response signals. We use the A,, port of the DM602. A step signal is exerted on this 
analog input port (figure 3.1). The A/D converter converts this signal to a digital valus that is 
used as-desired spool position by the valve~controller software; All input step signals have the 
saiile start time, t=O [s], 2nd step size. The 100 [Hz] disturbance is caused by the power supply. 

It can be remarked from figure 3.5 that the time delay i.e. the time before the valve starts 
moving is not constant. Furthermore, it can be noticed that the step response has overshoot most 
of the time, but sometimes it hasn't. The height of the delay can also vary. This somewhat 
erratic behavior is, of course, not modeled using a second order linear system. The typical 
behavior, as seen in figure 3.5, is also difficult to use for model parameter estimation. 

O O.' $1 0.3 0.4 

Figure 3.5: Three typical step responses of the Delem controlled valve. 



3.4.3 Open Loop Valve Dynamics 
Before we can implement the PI-controller and look at the PI-controlled valve dynamics we will 
first take a look at the open loop valve dynamics. At this stage we only look at the open loop 
valve step response. We will show that is cIosely resembles the step response of a third order 
system as derived in paragraph 2.2.3. This is nowhere near a proof that it is a third order linear 
system, but it makes it more plausible. Further investigation of the open loop valve dynamics 
remain, however necessary. 

We perform an experiment to measure the step response of the open loop valve dynamics. We 
stiii use tine Inpiit port of the EM602. Different sc;ftaare, hewever, is used that dnes not tread 
the digitized input signal as desired spool position as was the case in the previous paragraph; b ~ t  
directly feeds this analog signal through as input signal. The signal thus passes through a A/D 
converter, then through a small peace of software, then through a DIA converter and finally 
through the PWM circuit before it arrives at the solenoid of the directional valve (see figure 
3.1). 

Figure 3.6 show a typical step response of open loop valve in the upper graph. In the lower 
graph an attempt is made to closely emulate this step response with a third order linear system 
with time delay, that obeys to the transfer function: 

This is nothing less than equation 2.13. So the open loop valve dynamics resemble that of a 
system that is a combination of a solenoid and mass spring system. 

Figure 3.6: open loop step response of the valve position. The upper graph displays a measured valve 
position. The lower graph shows a simulated step response using as third order linear model. 

We now try to estimate the parameters of equation 3.2. The Ai, signal is used as input signal and 
the LVDT-signal as output. The appropriate parameters were found with a simple manual trial 
and error process: 

z, = 0.026 a, = 775 [rad/s] = 123 [Hz] 

A = 0.7392 & = 0.06 
It can thus be made plausible that the modeling of equations 3.2 is correct. It must, however be 
remarked that this is no proof for the valve model. Other aspects of the valve, e.g. stick-slip, 
input saturation have to be explored. We furthermore have limited our experiments to step 
responses of approximately 1 [mm]. 

The open loop valve dynamics had the particularity that the step responses started with different 
time delays. The delays ranged from 10-50 [ms]. No good explanation could be found for this 
phenomenon. 



3.3.4 PI Controlled Valve 
We design a simple PI valve controller. The position error, e, is calculated as the difference 
between the desired and actual LVDT. The control input signal is calculated as: 

uC = K,e + Ki ledt = K,(rx - x) - Ki j(r, - x)dt 
With: 

u, Control signal Ki Integration Gain 

K,  Proportional Gain rx Desired Valve Position 

e Valve Positioning Error x Actual Valve Position 
The appropriate control scheme is depicted in figure 3.7. 

Figure 3.7: Valve Control Schematic 

The values for the control parameters are found in a trial and error process. Three sets of 
parameters are found corresponding to a slow, a moderate and a fast step response. Step 
responses with the three parameter sets are show in figure 3.8. 
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Figure 3.8: Step Responses of the PI-controlled valve with three parameter settings 

Let us now recall the model equation for the proportional valve dynamics: 

x,, + 2< 0 o ~ , ,  + -to i x ,  = ~ , , a  ixId (2.16) 

The model parameters are estimated to fit the model step response to the measured step 
response. As with the estimation of open loop parameters the analog input signal Ai, is used as 
input signal and the EVDT signai as output signal to the model (2. i 6), transforming it to: 

L VDT ( s )  - K,,o i 

The estimated model parameter values are shown in table 3.1. The measured' step responses 
were compared to simulated step responses and the quadratic error, was minimized for all 
sam~les. 

A small time delay was added to the model to achieve better results. The time delay in the 
measured step responses is caused by the sample rate of the DM602. 

Slow PI .-. - -  

Moderate PI 
Fast PI 

00 

219.3984 

Kv 

0.8529 

Table 3.1 : Estimates for the valve parameters 

0.8514 

0.8453 

< 
27.4740 

Time delay [s] 

0.01 12 
139.0230 

34.0676 

6.3882 

0.2327 

0.0107 

0.0091 



3.4.5 Proportional Valve Frequency Response 
In paragraph 3.4.4 we introduced the PI valve controller and three different control settings. We 
looked at the step responses and fitted the model of equation (3.5) to the data. The results were 
three parameter sets for the closed loop valve dynamics. In this paragraph the parameter set of 
the three PI controlled valves and the valve with Delem controller are estimated by fitting the 
frequency response function to experimental data. 

As input signal for the FRF we use the analog input port as we did in paragraph 3. The LVDT 
voltage is considered the output signal. The transfer function from Ai, to LVDT is estimated. 

If we calculzte the power spectrum of an input u(t) and the cross correlation spectrum of u(t) 
and x(t) and we divide the two we get an estimate of the transfer function for this proces [4]: 

With: 
H,, ( f )  Transfer function 

sllU ( f )  Power Spectrum of the input signal 

S ,  (f) Cross correlation spectrum of input 
signal and output signal 

An important concept in using 3.6 to estimate the transfer function, is the coherence function. 
f )  The coherence function depicts the amount of the output signal that is caused by a 

linear relation with the input signal and how much is related to noise. 

To obtain a good FRF estimate, an input signal must be used that has a broad frequency 
spectrum. Both a sine sweep and a random signal were used (0-100 [Hz] bandwidth). The sine 
sweep input signal appeared to result in better coherence, so the random noise signals will be 
discarded, see appendix F. The signal coherence functions of the sine sweep signal are shown in 
figure 3.9. 

Delem Slow 

Figure 3.9: The coherence functions of the different controlled valves, the input signal is a sine sweep 
0.1-100 [Hz] 

The figure shows that the coherence is higher at lower frequencies for all valve controllers. 
Furthermore the region with high coherence increases as the controller gets faster for the PI 
controlled valves. As the bandwidth of the valve dynamics increases so does the measurable 
linear relation. The Delem controller shows a generally lower coherence, suggesting that its 
input/output relation is less linear. A fact we have already recognized in paragraph 3.4.4, when 
the step responses were reviewed. 



Figure 3.10 shows the frequency responses function estimates of the proportional directional 
valve. Four different control settings were used. These transfer function estimates can be used to 
estimate the parameters for the second order linear model. The sum of the quadratic error of the 
real and imaginary part between the model and the measured transfer function for the 
frequencies with coherence >0.5 is minimized. 

Delern VAP 

20/-P 

Moderate PI 
20 

0:----- -... - - - - 
- 

-2u- .. - 
'h! ., 

40- 
ii,..! 

Slow PI 

Fast PI 

Figure 3.10: Transfer function estimates of the valve dynamics of the four differently controlled valves 
from sine sweep input signals 
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Table 3.2: parameter estimates 

A time delay was used to achieve better parameter estimates. A time delay was chosen for two 
reasons. The Delem DM602 samples the analog input signal at 5 [ms]. The controller calculates 
its control signal every 1 [ms] for PI controller and every 2 [ms] for Delem controller. Secondly 
the FRF measurements show a decreasing phase, which could be a sign for a time delay in the 
transfer. The estimated time delay is 8-9 [ms], which is a higher than the expected 6 [ms]. The 
difference of 2-3 [ms] could be caused by the sampling by the SigLab. 



The larger time delay of de Delem controller could be caused by a compensation effect during 
the estimation for nonlinearities. 

In the FRF-s of the PI-controlled valves can be seen that as expected the bandwidth increases as 
the control parameters increase. This has also an influence on the coherency functions. 
Coherency over a larger bandwidth can be found for the faster controlled valves. This is as 
expected, since the noiselsignal ratio will increase beyond the break-off frequency. 

The fastest controlled valve has peak in its FRF, which corresponds with the overshoot in its 
step response of the previous paragraph. It is clear that the model is better suited for the PI- 
controiier than for the Delem vaive controller. 

3.4.6 Proportional directional Valve concluding 
The moderate PI valve will be used in the model validation experiments of the load sub system 
in the next paragraphs and feed forward experiments that are discussed in the next chapter. Two 
parameter sets are found for the moderate PI-valve. The first set was found in the step response 
experiments. The second set was found in the frequency response experiments. 

I I 

Table 3.3: moderate PI vaive data sets 

Step response 
Frequency Response 

It is immediately clear that these sets are far from equal. We therefore staged an experiment to 
determine an accurate estimate for the static gain K, . The input signal was kept constant and, 
after all startup phenomena were extinct, the lvdt was measured (Appendix B). The linearity is 
very good, and the slope of the relation (i.e. the static gain of the valve is 0.8297. Which is 
coincidentally, approximately the mean value of the gains found in table 3.3. 

What now remains are the large differences between the other values of the valve parameters. 
The results of the step response fit show much slower behavior that the results of the frequency 
response fit. The parameter set of the frequency response will be used, because the frequency 
response is considered a better tool for measuring the dynamic behavior. The frequency 
response experiments also show good coherency for a limited frequency range, showing a linear 
relation, which should result in good parameter fits. 

0.8514 

0.76714 

An important reason for the slower parameter set of the proportional valve for step responses is 
the presence of an input saturation. The values are limited to a range from -10 till 10 [V]. This 
causes the step response of the moderate PI- controlled valve to be slower. This is reflected in 
the parameter set of the fitted second order linear model. 

We thus choose the followinn parameter set for the proportional valve: 

139.0230 

28.07852 

I I I I I 
Table 3.4: Final proportional valve parameters 

6.3882 

0.93792 

0.0107 

0.00888 



3.5 Load 

3.5.1 Introduction 
The load subsystem consists of two parts in our model: the pressure-valve component and the 
hydraulic cylinder. The static nonlinear relation of the pressure control valve will be 
investigated in the next paragraph. The cylinder is modeled as a set of nonlinear differential 
equations. The cylinder could not be fully isolated for experiments. We therefore look at 
transfer from the measured proportional directional valve to the measured cylinder position and 
the pressures in the cylinder. To estimate the model parameters of the load sgbsystem we will 
linearize the load system. The FW-s functions are estimated with sine sweep input signals. The 
estimated parameters from the linearized load subsystem are used in the nonlinear model and 
the simulated response is compared with the experiments. 

3.5.2 Pressure Valve Component 
The pressure control valve was modeled in the previous chapter. The approach resulted in 
equation (2.18). 

y ="-( 2 
2 1 + - arctan@ (P - P,, 1) 

X I 
It was also assumed that the valve has instantaneous dynamic behavior, which means that 
changes in the pressure,p, immediately result in changes in, q. 

The static nonlinear relation was investigated. The pressure in the lower cylinder chamber was 
measured. This chamber is connected to the pressure control valve. If the piston is moving at 
constant speed, the flow rate out off the chamber can be calculated. The flow rate out off the 
lower cylinder is approximately equal to the flow rate through the pressure valve. We thus can 
measure both the input as output of the static non-linear model equation that describes the 
pressure valve. 

The graphic shows the measured relation between the flow through the pressure control valve 
and the pressure difference with the measured pressure if no oil is flowing through the valve. 
The pressure difference is depicted relative to a point where the valve is closed, because the 
absolute level of the pressure sensors fluctuates. The pressure sensor is not ideal. 
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Figure 3.1 1 : measured relation between the flow through the pressure control valve and the pressure 
difference over the valve 

The parameters of the model equation are estimated by curve fitting the data in the table. This 
results in the following, crude estimates. 

4,, 2.3.10-~ [m3/s] a 2.8-1 o - ~  [m3/s] p,, 1 .39.105 w m 2 ]  



The absolute pressures can only be very crudely estimated at 50 [bar], using a analog pressure 
sensor. Although the fit is not perfect, the model and measured data have a lot of similarities. 
They are both monotonically ascending and both saturate at increasing pressure differences. The 
modeled valve, however, is never fully closed, which will be shown in the next chapter to be a 
problem. The data set is also much to limited to make any statement about the model accuracy. 
The first three locations of the graph appear to be placed on a straight line. The slope of this line 
is approximated at 9.2-TO-" [m5/N/s]. This result will be used in the next paragraph. 

3 -5.3 Load subsystem 
-We will now take a look at the frequency responses of ihe sides of the bad subsystem, is. the 
pressures and the position. We first denote the linearized subsystem (see appendix G). The 
model is linearized along a trajectory of constant press beam velocity. 

Trajectory: 

Y (0 = vot + Yo (3 -7) 

The equations were simplified by replacing the time dependent term y(t) by the time 
independent term y,. This is the mean position of the interval of interest. It can be shown that at 
least the eigen values of the linearized system change little, if the position and velocity and time 
interval are chosen appropriately. 

The parameters of this linearized model will be estimated using the measured frequency 
responses. Unfortunately, the input signal, i.e. the valve position, can not be directly accessed. A 
sine sweep on the analog input port is therefore used. This sine sweep is "filtered" by 
proportional directional valve with the moderate PI controller. This controlled valve was shown 
to have a second order linear behavior. 

As input signal to the load subsystem a constant valve position is used combined with a filtered 
sine sweep. The constant position is used to achieve constant press beam speed. Letting the 
press beam move is thought to minimize stick-slip phenomena. The superimposed sine sweep is 
used to estimate the FRF. We cannot measure the valve position directly, but must use the 
LVDT signal. The outputs of the subsystem, i.e. the press beam position and the cylinder 
pressures, are measured with resp. the MRDT and the pressure sensors. All sensors are assumed 
to have such fast dynamics that they will not influence the FRF estimates. 

The signal coherence between the position of the valve x, (LVDT) and the pressures, pl and p2, 
and the press beam position y are shown in the figure 3.12. The coherence between the valve 
position and the measured pressures is good till at least 80 [Hz], while the coherence between 
valve position (LVDT) and press beam position (MRDT) is reasonable between 10-50 [Hz]. 
Typically the coherence between LVDT and MRDT is approximately zero at f = 0 [Hz]. 

This phenomena occurs both when a sine sweep input signal is used and as noise input signal is 
used. 
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Figure 3.12: Coherence Left Side 
FRF Right Side 

Figure 3.12 RHS shows the three measured FRFs of the load system and the FRFs of the 
linearized load model. It can be noted that the LVDT to MRDT FRF shows very good 
resemblance to the measured FRF. This FRF approximates an integrator between 20-50 [Hz]. 
This is as expected, since the cylinder is an integrator if the oil is incompressible. 

Y = 4% (3 -7) 
This also follows from the linearized model. If the bulk modulus is increased, i.e. the fluid gets 
less compressible, the peak in the FRF of the model shifts to higher frequencies. Thus extending 
the interval where the model is an integrator. The phase is +90["] in stead of the normal -90 r], 



because the MRDT and the press beam position have opposite signs. The MRDT voltage 
decreases as the beam position increases. 

Two peaks appear in the measured FRF, at 72 [Hz] and at 87 [Hz]. Only one can be determined 
in the FRF of the linear model. A possible explanation can be found in that the, during the 
experiments, the press beam position changes and therefore the resonance frequency. At the 
same time the input signal, which is a linear sine sweep between 0.1 and 100 [Hz] in 0.8 [s], 
gradually changes the frequency that is excited. Every 0.8 [s] the same frequency is excited. 
During this time the press beam has moved 4.9 [mm], and thus has its resonance frequency. 
This might explain the appearance of two peaks. 

This effect can be investigated with the linear model. We calculate the frequency of the linear 
model with following parameter set: 

dq, 9.2.10-l1 d41,mm 0.1 1 
dp2 h" 

From resp the figure 3.6 and th flow map of figure 2.6. 
Al 0.0095 [m2] PP 23 [bar] 
AZ 0.00165 [m2] AP I8 [bar] 
PIO 5 [bar] vo 0.0049 [m/s] 
L 0.118[m] 

That follow from manufacturers specifications and measurements. And: 
m 400 j ~ g ]  p 3 i n 9  

I .  lu [N/in2j 
Which are estimates. This is also the parameter set of the linear model of the frequency response 
of figure 3.8. And two different press beam positions 0.080 [m], i.e. the position of the response 
of figure 3.8 and 0.085 [m], i.e. approximately 5 [mm] further. The calculated frequencies are 
88.6 [Hz] and 85.7 [Hz]. The difference is only 2.9 [Hz], which is a lot less that the 15 [Hz] that 
was found in the measured FRF. The effect of the moving press beam and moving frequency as 
an explanation for the dual frequency peak is thus not necessarily true. Furthermore, if this 
effect were the explanation, than the peaks must have slightly different positions for different 
experiments. This was not the case. Still the general raised level of the FRF is assumed to be 
caused by the resonance frequency of the load system. The peaks might be caused by the 
construction of the MRDT, which was not very sturdy. It could also be caused by not modeled 
dynamics in the pressure valve component. This phenomenon should be investigated further. 

The LVDT to pressure sensor FRFs of figure 3.1 0 do not seem to have much resemblance to the 
FRFs of the linear model. The differences can have multiple reasons. They could be caused by 
differences between the linear and nonlinear model. That could be caused by the contradictory 
assumption of constant velocity and position. Or they could proof a modeling error. 

To investigate the differences between the nonlinear load model and the linearized model we 
have measured the sine sweep response of the proportional directional valve (LVDT), and used 
it as input signal for the nonlinear model. The simulated pressures and the press beam position 
signals are analyzed and the results are depicted in figure 3.14. 

The simulated LVDT-MRDT FRF is approximately equal to the FRF of the linearized model. 
The frequency peak at f SO [Hz], however, is lower and wider. This is caused by the motion of 
the pressing beam, which causes a change in resonance frequency. The LVDT to pressure FRFs 
show greater resemblance, especially the LVDT to PS2 (pressure sensor in lower cylinder 
chamber) FRF. Both its phase an its amplitude are approximately equal. The still apparent 
differences in the LVDT to PSI (pressure sensor in the upper chamber) FRF might be explained 
by not modeled dynamics in the relation between the spool position of the proportional 



directional valve and the flow rate through the valve. This relation was assumed to static in our 
model. 

LVDT -> PS, 

0; , 

LVDT -> PS, 
I 

Figure 3.14: FRF of nonlinear mode1 and measured FRF. 

3.6 Concluding 
In this chapter we have investigated the three sub systems and their components. Most 
differences could be explained. Some, however, could not be explained. In particular the dual 
peaks in the FRF of the load. Some parts of the model show large differences with the model, 
e.g. the pressure in the upper chamber of the cylinder. In the next chapter the results of feed 
forward experiments will be discussed. As model parameters set we chose the valve parameters 
table 3.3 and the load parameters of paragraph 3.5.2. 



Chapter 4 

Feed Forward 

4. ! Introdwtion 
In this chapter the feed forward control design is discussed. At first a control design was 
suggested that incorporated both a feed forward and a feed back strategy. Unfortunately, the 
feed back part was later dropped due to lack of time. 

The feed forward is based on the so-called inverse model. The half press brake model is used to 
formulate an inverse model. This inverse model is used to calculate a steering signal based on a 
desired trajectory. This steering signal is such that the output of the half press brake model is 
equal to the desired trajectory. 

The steering signal is used as input signal for the real press brake system. The steering signal is 
input signal for both proportional valves. The output is compared with the desired trajectory. 
The difference between desired and actually achieved trajectory is considered a measure for the 
quality of the model. 

Although, unfortunately, an error was made in the calculation of the steering signal, some 
information about the quality of the model can sti!! be found. The cause of the error was found 
and could be partially corrected. The resulting experiments have thus become more model 
validation experiments than feed forward experiments. 

4.2 Desired Trajectory 
The desired press beam motion was previously only described in vague terms. Phrases were 
used as, smooth motion, reproducible end position. The most accurate summation of this 
description would be: 

During the pressing state the beam must first accelerate as fast as possible from its begin 
position and speed to a constant predefined speed. This constant speed must be maintained for 
as long as the braking point is not reached. When this braking point, where the deceleration is 
commenced, is reached, the beam must brake as fast as possible to a predefined end position, 
with no overshoot. 



During this desired motion of the press beam, it must "run smoothly". This demand for the 
trajectory is rather vague and difficult to substantiate. We converted this term to the more 
specific demand that the trajectory must have a limited jerk. 

Ideally we would like the press beam motion to be: from a constant position the beam 
accelerates instantaneously to the desired speed and decelerates instantaneously till full stop 
once the end position is reached. Of course the previously describes trajectory can not be 
achieved. We therefore must choose an acceleration profile. 

We define three stages in the desired trajectory, the acceleration stage, the constant speed stage 
and the deceleration stage. The jerk is prescribed during all the stages. The restricting conditions 
are a limited acceleration, the programmed speed and a predefined displacement. 

The acceleration and deceleration stages are subdivided into phases. For a typical trajectory we 
prescribe the jerk in the following way. 

In figure 4.1 the stages are denoted I, 11, 111. During the acceleration stage the jerk is first kept 
constant at +j,, until the maximal acceleration is reached then the jerk is 0 after which the jerk 
is -j,, until the acceleration is 0. At the end- of this stage the velocity must be the programmed 
speed. During the second stage the jerk is 0. When we reach the deceleration phase the jerk is 
first kept constant at -j,, until the maximal deceleration is reached then the jerk is 0 after which 
the jerk is +j,, until the deceleration is 0. At this point the covered distance must be equal to 
the prescribed displacement and both velocity and acceleraion must be 0. 
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This way of determining the desired path or trajectory is called: a third degree set point 
trajectory. The maximal acceleration is determined by looking at a step response of the total 
system. The motion of the press beam is the output signal, the signal to the propo&onal valves 
the input signal. The output signal is offline filtered with a low pass filter (cut-off fiequency 80 
[Hz]) and is differentiated. The Matlab function filtfilt was used to avoid phase shift. The signal 
is also smoothened over 20 samples, to avoid problems that occur while differentiating digital 
signals. 

In figure 4.2 the measured and filtered position, velocity, acceleration and jerk signals are 
shown. Based on these measurements we choose the maximal acceleration of the press beam 0.3 
[m/s2] and the maximal jerk, fairly convervative, 10 [m/s3]. If we now choose the programmed 
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Figure 4.1. The prescribed jerk. 
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velocity 0.010 [mls] and the desired displacement as 0.010 [m], we achieve the desired 
trajectory as already depicted in figure 4.2. 

0.075 ,- I 
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Figure 4.2: Measured, position/speed/acceleration and jerk 

4.3 Inverse Model 
In this paragraph we present the inverse model. The inverse model is used to calculate a feed 
forward signal tr,(,t). This input signal makes the model follow the predefined trajectory. This 
feed forward signal will later on be exerted on the real process, i.e. the press brake. If the model 
and process are equal, the process output will be equal to the desired trajectory. 

We will base, of course, the inverse model on the model equations of table 2.2. We consider the 
desired trajectory y, and its time derivatives as input signals to the inverse model. To calculate 
the desired feed forward signal, first the nonlinear differential equation 4.1 has to be solved: 

This gives us the p2 and its time derivative, which can be used to calculate p, and its time 
derivative: 

The upper cylinder pressure can used to calculate the nominal flow rate through the proportional 
valve. 

With the nominal flow rate and the flow map, which has an inverse, the desired valve position 
can be determined. 

inwrsejlown~ap 
4 I ,nom ' Xv 

(4.4) 

With the valve position and its time derivatives the feed forward signal as: 

. . 

Equations 4.1-4.5 form the inverse model. This can only be solved numerically. 



4.4 Feed forward experiments 
If we use the offline calculated input signal and measure the output of the system we get the 
results displayed in figure 4.3. 
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Figure 4.3: desired and achieved trajectory 

The derivdives of the piston position are again calculated with a 80 [Hz] digital filter and 
smoothened over 20 samples before differentiating. 
The differences between the desired and actual trajectory are noticable. The piston displacement 
is 6.9 [mm] instead of the desired 10 [mm]. And the speed, the acceleration and the jerk are also 
significantly lower than the desired ones. 

The cause of this difference is mainly due to an error during the calculation of the steering 
signal. Due to the experimental configuration a positive input signal must be given to make the 
software in the controller calculate a zero input signal to the proportional valves. This offset 
voltage is 4.49 [V]. The LVDT signal measured when the input signal to the valves is set zero is 
7.53 [V]. This is another offset signal. An error was made with these offsets. They were both set 
too high. This causes the calculated steering signal to be too low. 

If we now use the measured input signal as input to our model, the model LVDT can be 
calculated. These can be compared as can be seen in figure 4.4. 

Figure 4.4: proportional valve model input response 

In the left-hand side of the figure is shown the model LVDT and the actual LVDT. 
The parameters of chapter 3 were used. The valve model response is lower than the measured 

response. 



If however the static gain is used in the valve model that was calculated in the step response 
experiments, then the response of the valve model and real valve are approximately equal, see 
right-hand side of figure 4.4. A difference can still be found in the "downward" stroke of the 
response, at t is rt1.2 [s]. This difference is contributed to non-linear effects near the center point 
of the valve. In this region the valve switches from solenoid. 

We now use the measured LVDT signal as input signal of the half press model without the 
valve. This model uses the valve position as input and the piston position as output. The model 
piston position is calculated in this way and the results are compared with the actually measured 
piston position. The results are show in fi gme 4.5. 

- Measured Signal 
Simulated Signal 

Figure 4.5 Piston position, and its time derivatives for the model and real press brake. 

The difference between measured piston displacement and modeled position now is much 
smaller, about 0.3 [mm]. This differences can be contributed to mutiple causes: 
The proportional directional valves might have been interchanged during maintanance. If this is 
the case, the difference is caused by the differences in the valve behavior. This is however 
unlinkely, because the measured dynamic behavior is almost equal to the simulated behavior. 

We see that the pump pressure drops when the proportional directional valve is opened. This 
drop decreases the pressure difference over the valve. This is not the case in the simulation. This 
lower pressure difference might be the cause of the lower flow rate through the valve opening. 
The flow map in the simulation model is, however, determined experimentally. The pressure 
difference, at which each point in the flow map was determined, should be equal to the pressure 
difference in these feed forward experiments. If we compensate for this and we disgard the 
influence of the pressure difference, i.e. we set the square root equal to 1, we still get a 
difference in the displacement of the press beam. Another cause might be the difference in oil 
temperature. This was disregarded, until1 now. Oil with higher temperature has a lower viscosity 
and will flow more easily through orifices. Unfortunately the oil was also changed during 
maintenance. The new oil might have different properties. 

Another difference we can see in figure 4.5 is that the actual velocity profile is similar to the 
desired velocity profile exept for two things: the general level is lower, something we already 
concluded from the piston displacement, and the velocity increases smoother than the model 
predicted. 



This means that although the proportional valve opens as fast as predicted by the model, the 
flow rate through the valve, which was modeled to change instanteous with the valve position, 
actually seems to have a dynamic behavior, probably caused by a damping effect in the load 
subsystem. 

Figure 4.6: Measured and simulated cylinder pressures. 
Left side: Upper Cylinder Chamber Pressure, Right side: Lower Cylinder Chamber Pressure ' 

Figure 4.6 shows the measured and calculated pressures in the cylinder. A couple of things 
might be remarked. The calculated pressure fluctuates more as can be seen in the first 0.1 
second. The real load sub system might have some damping that the model has not. A fact that 
was conclude earlier. 

Furthemme the modeled pressure signals reach higher !eve!s thm the measured pressure 
signals. This is most likely caused by the uncertainty in the pressure sensors. The zero-offset 
and linearity of the pressure sensors are uncertain. This means that it is difficult to make any 
statements regarding the level of the pressure signals. 

The last point that must be noted is the difference in rate the pressure drops if the after the 
pressure valves are closed. The model pressures drop faster than the measured pressures. This 
has to do with the pressure control valve model and its parameters, which are not accurately 
estimated and by the fact that our model pressure control valve in the load subsystem cannot be 
fully closed. 

4.5 Concluding 
lthough the steering signal was not,correctly computed some conclusions can be, made from 

the feed forward experiments. 

The static gain of the valve model that can be found with step response experiments is a good 
estimated for the actual static gain. The other parameter estimates, from frequency response 
experiments are good too, causing the response of modeled and actual valve to be very similar 
especially in the "rising" part of the valve response. 

The global form of the pressure signals is similar to the pressure signal of the model. Further 
experiments might be necessary to gather better experimental data and thus better parameter 
estimates. A clear answer to the question of the pressure control valve is accurately modeled 
cannot be given based on the current data set from the feed forward experiments, but it is clear 
that the inability to fully close is a modeling inadequacy. 

The remaining difference in the piston displacement can have multiple causes, but it is most 
likely caused by changes made during maintenance, when a cylinder was changed, the oil was 
renewed and the proportional valves might have been interchanged. " 



Chapter 5 

Conclusions & Recommendations 
It was our goal to go through all five stages of the modeling process for control purposes: 
inventory, mode!ing, node! validation, controller design, controller validation. Unfortunately 
we-could only do the first three stages of the process. After modeling and model validation 
some statements can be made about the validity and quality of the model. The statements are 
divided into conclusions about the model and recommendation for further research. 

5.1 Conclusions 

A part of the goal of the project was to formulate and validate a model of the dynamics of a 
press brake for control purposes. A model was formulated that would describe the dynamic 
behavior of specified part of a press brake. The behavior of this model was compared with 
measurements on the real process. The model consisted of three subsystems: the pressure 
source, control and the load. The model equations of these subsystems were investigated and 
validated in chapter 3. In chapter 4 the more or less failure of the feed forward experiments 
could be converted into a successful validation of the complete model. The subdivision into 
three subsystems that started in chapter 1 will be followed through in this chapter. Conclusions 
are made about the three subsystems and about the whole press brake model. 

5.1.1 Pressure Source 
The pressure source was modeled as a point in the hydraulic system with constant pressure. This 
was shown to be true only under constraints. Its input signal, i.e. an electric current should be 
kept constant. The pump causes a disturbance in the flow, which is not propagated through the 
entire system, because of the limited bandwidth of the control subsystem. The pressure of the 
pressure source was also shown to decrease, if the proportional directional valves were opened. 
The changes in the pressure are, however, small, if the proportional directional valves remain 
open. The press brake model is not yet tested actually bending sheet metal plates, so nothing can 
be said about the pressure source model validity under those conditions. 

Under strong restrictions the pressure source could be considered to be a point of constant 
pressure. 



5.1 -2 Control 

The control part was modeled as a black box model for the closed loop proportional directional 
valve spool dynamics and a static nonlinearity that describes the relation between the flow rate 
through the valve and the pressure difference over the valve and the spool position, i.e. the flow 
map. The second order linear model can only be considered to be an accurate description for 
the, for this project designed, PI-controlled valve. It definitely is not suited for the valve with 
Delem controller. The open loop model for the spool dynamics was shown to be an appropriate 
description of the step response behavior for the open loop valve. 

The flow map is an accurate description of the static nonlinear relation between the valve 
opening and the flow rate. However there might be some dynamic effects in the transfer from 
spool position to flow rate, as could be suggested from the ill-fitting FRF of the cylinder upper 
side pressure. The use of a flow map has the disadvantage that it is only suited for one specific 
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proportional directional valve. 

5.1.3 Load 
The load was modeled as a pressure control valve and a hydraulic cylinder. The static nonlinear 
description that was the pressure control valve model is considered to be not to be adequate. 
Due to the nature of the model equation the valve is never closed. This causes large differences 
between the model and the process. 

The cylinder equations form an accurate description for the piston displacement in a region with 
a limited bandwidth. In this region the model is reasonably complicated for describing a simple 
integrator. In the region of interest, since it is the reason into which a faster press brake 
controller will move, differences were found between model and process. The reasons for these 
differences could only be partly explained. Closer inspection of the problem is necessary. 

The nonlinear model was shown to be a better description of the dynamic behavior of the lower 
cylinder pressure than the linear model. 

5.1.4 Complete Model 
As was stated at the beginning of the chapter the model was conceived for control purposes. We 
conclude by making some assessments~about thesuitabiiity of the.press brake model, for. contr 
purposes. 

We have composed a model from theory and experimental data. that is fined-tuned for one 
specific press brake, in fact only for part of one specific press brake under the restrictions of 
only one stage in the pressing cycle and without external load from e.g. bending metal. Under 
these restrictions, the model provides an accurate description of the dynamics of the pressing 
beam. All the characteristics of the model, e.g. resonance frequency .of the load system, could be 
found in the actual process. The model appears to be complex enough to describe most 
phenomena. 

The experiments showed that, when the inverse model was used to calculate a steering signal for 
a prescribed trajectory and this steering signal was used as an input signal for the real press 
brake, the difference between the actual and the desired trajectory was small (5%). 

Whether the model is suited for control purposes is unclear from this project, since no closed 
loop experiments could be done. 



- 5.2 Recommendations 

Three major restrictions were made during the modeling process: one specific set of 
components, no external load, and only one stage in the pressing cycle. 

5.2.1 External Load 
The model is evaluated for a situation without actually bending sheet metal. The pressures in the 
system remain relatively low because of this. The influence of the pressures on the piston 
displacement is relatively small. 

When an external load is added, the pressure levels in the system will rise. These higher levels 
make a model for the pressure balance valve necessary. The accuracy for the pressure signals of 
the current model is only limited. Two improvements are proposed. The model for the pressure 
control valve in the load subsystem must be improved to fully close and damping must be added 
in the load system. 

5.2.2 Other Components 
The model was fine-tuned for one specific press brake with specific components. It is actually 
fine-tuned for one proportional directional valve. In the industrial operating field dozens of 
different proportional valves are used. These valves have different controllers and different 
crifice characteristics. Besides the usage of different valves, there are also differences in the 
characteristics of two instances of one type of proportional valve from one manufacturer. 

The original proportional directional valve had a controller designed by Delem. It was designed 
to emulate the dynamic behavior of proportional valves with external electronic hardware 
controllers. The second order linear model does not accurately describe the dynamic behavior. 

The PI-controller could be used in stead that gives the closed loop valve dynamics a linear 
behavior. Then the second order linear model for the proportional directional valve is sufficient. 
The valve in the total process would give the total model, and therefor the process, a more 
transparent dynamic behavior. The PI controlled valve does not resemble the industrial practice. 

Two approaches can now be taken to improve the model for the industrial practice. In the first 
approach one must look closer into the valve dynamics. Model the dynamics of the spool and of 
the valve controller for each valve. Secondly design a controller ihai gives each valve a linezr 
behavior. In both cases a closer investigation of the spool dynamics of a proportional valve, i.e. 
its open loop behavior is necessary. 

5.2.3 Pressing Cycle 
The current model is only suited for the pressing stage of the full pressing cycle. Using the 
current model components it can be used to model the other stages. The transitions between the 
stages, however, can not be modeled with the current components. The dynamic behavior of 
some components will play a part in these transitions. It is also questionable whether the matlab 
simulink simulation environment is suited for modeling these transitions. 

5.2.4 Control 
To fully test the model suitability for control purposes the model should be used to design and 
test an actual control algorithm. This controller design should be tested on the actual press 
brake. 
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Appendix A: Current Control Algorithm 

Appendix A 

Current Control Algorithm 

A. 1 Introduction 

k this dcmment an attempt is made to describe the current control algorithm as used in the 
Delem DM02 controller. The controller consists of hardware and a lot of software, but most of 
all itmconsists of 20 years of experience in the field of controlling hydraulics for press brakes. 
The majority of this experience is gathered through trial and error. 

This document is the result of reverse engineering so any inconsistencies with current views 
might be caused as much by bugs in the code as by errors during in my interpretation of the 
code. 

The Delem DM02 controller software basically contains two parts, the press beam controller 
and the valve controller, in this paper referred to as YAP for Y-axis APplication and VAP for 
Valve Application. 

encoder N D  

Figure A. 1. Basic configuration. 

The following components can be found: 



Appendix A: Current Control Algorithm 

- Proportional Valves. Two proportional valves control the oil flow to the cylinders that are 
in part of what is considered to be the load in this document. Within he proportional valves 
two parts can be distinguished. A part that determines the movement of the plunger, the so- 
called plunger dynamics, and the part that determines the amount of oil flowing trough the 
valve, the so-called hydraulic orifice.' 

- Load. The load consists of the total of cylinders pipes, press beam, sheet metal plate, etc. 
- DM02. The DM02 gets press beam position measurement values from linear encoders, IUD, 

and plunger position measurement values from a LVDT. The YAP software uses the 
encoder signals to calculate a desired plunger position. The VAP software uses the LVDT 
signal to calculate a control signal, V, to place the plunger in the by the YAP desired 
position. The YAP calculates this desired plunger position in such a way that the press beam 
follows a desired trajectory. 

- PWM. The signal calculated by the VAP is converted into a current using pulse width 
modulation (7.8 [kHz], 0-24 [V]) 

- LVDT. A linear Variable Displacement Transducer is used to convert the plunger position 
into a voltage. (3-1 1 [V]) 

- (ND). Linear encoders are used to convert the press beam position into a discrete encoder 
signal. (5 [pm]) 

A.2 VAP 

Proportional valves are manufactured both with and without electronic controller. The 
VAP was originally designed to emulate the hardware controller. Later on modification on this 
basic concept were made. The VAP control algorithms will not be described in this paper 
extensively. The VAP control algorithm is the software implementation of a hardware controller. 
The electric circuit originally used to control the valve position is translated into software. This 
is later further extended. The resulting algorithm would be most accurately described as a gain- 
scheduled PI-controller. 

A.3 YAP 

In this part an attempt is made to describe the YAP controller software. It can be seen in figure 
that the YAP has two inputs: encoder left and encoder right. It calculates two outputs that are 
control inputs for the proces. The YAP output are denoted as ul and u,for left output and right 
output. The left output signal is used by the VAP to calculate is control signal for the left 
proportional valve, the right output to calculate the control signal for the right proportional 
valve. 

A.4 Basic Concept 

In principle is the YAP controller a so-called P-controller. This means that the control signal, i.e. 
the output of the controller, is calculated as the difference between some desired position, called 
reference position and the current position multiplied by a gain. The simplest reference position 
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would be a step. A considerable disadvantage in using a step is that error can get quite large. A 
large error means a large control signal. However the control signal is bounded. 

P 

_.... _ ---- .* - --- 

encoder right poslt~on r~ght 

encoder left posrtron left 

Figure A.2: configuration for YAP. 

In figure A.3, C,, represents the right gain, and, C,, the left gain. the reference signal is chosen to 
be a ramp (see figure A.4). 

Reasons for choosing a ramp: 
- a ramp signal causes a limited initial position error, an thus a limited control signal 

P 

Press c 

- a constant speed might result in better bends. 
YAP 

I - I 

posltion right 

position left 

Figure A.3: YAP in control 

YAP VAP c 

ur , 

t 

- 
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begin 
position 

end 
position 

Figure A.4: reference signal 

A S  Extensions to Basic Concept 

Some extensions 2re n.i!de to this basic concept: 
- different states 

The hydraulic system of a press brake has different modes, which correspond to different 
configurations. The YAP has different states to compensate for these different modes. 

- braking curve 
From a certain distance from the desired end-position the slope of the reference signal 
decrease exponentially. 

begin 
pcsition 

end 
pcsit~on 

- synchronization 

Figure AS: braking curve 

In order to keep the press beam horizontal the slope of the reference signal is decreased if 
one side of the press is lower than the other side. By decreasing the slope of the reference 
signal, the position error on the lower side decreases more than proportional relative to that 
on the higher side. Since the control signals are proportional to the position errors, the 
control signal for the lower side decreases more than proportional relative to that for the 
higher side. 
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- auto gain control 
During pressing motion with an asymmetric load the situation might occur that the 
pressure difference over one proportional valve is (much) higher than that over the 
other valve. This causes the flow trough this valve to be (much) higher with the 
same opening. Estimating the speed of both sides of the press beam and decreasing 
the gain of the fastest side compensates for this. 

- gain doubling 
At a certain distance before the desired end-position is reached the YAP doubles it gains. 
m - .  
1 his is presumzibly doiie to compensate f ~ :  a mn-!ineixity in the v.!ve r,hzl;act~,ri_stic (see 
figure 4) .  It can be seen in f i e r e  6 that the slope of the characteristic is flatter for small 
plunger positions, x,, than for plunger positions. When the end-position is almost reached, 
the position error is small and so is the control signal. The valve is in the 'flatter part' of the 
characteristic. To compensate for this the gain is doubled. 

Figure A. 6: orifice flow. The flow Q versus the plunger position x,. 

- offset 
For Hoerbiger valves an offset is added to the reference signal at the same point as where 
the gain is doubled. The desired end-position, however, doesn't change. This is presumably 
done to compensate for the effects of dry friction, i.e. a static error. 

- exotic stuff 
Some attempts to implement integrating controllers have been found in the software, but 
they are not described in this paper. 
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Appendix B 

Experimental Setup 

B .1 Introduction 

In this paragraph a description is given of the experimental setup used. Brief calibration 
experiments were carried out for each sensor. Estimates were made for measurement noise of 
the sensors and a brief discussion is given about the accuracy of the sensors. 

B -2 Experimental Hardware 

The experimental setup consists of the following components: 

Darley press brake 
As it was described in chapter 1. 

Siglab Digital Signal Processor 
The siglab dsp has 2 output ports, 4 input ports 0-10 [V] 0-20 [kHz] sample frequency, 16 bit 
accuracy. 

Figure : Siglab (bottom) 
Siglab can be see 

md Laptop for data logging and processing. On the 
the four input channel, the two output channels on 

left hand 
the right. 

side of 'the 
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Laptop + SCSI interface + Matlab Siglab Toolbox 
used for visualization and processing of the logged data. See the picture in figure B. 1. 

Delem DM602 digital controller module. 
The DM602 module is used as interface between the SigLab DSP and the proportional = 

directional valves. Normally the DM602 is used to control the motion of the press brake and the 
position of the valves. 

The DM602 uses the LVDT signals from the proportional directional valves and the encoder 
pulses from the linear encoders to control the valve positions and the pressing beam position. It 
is also used to control the pressure valve. The DM602 module can use additional analog input 
signals between 0-10 [V]. A/D converter and digital algorithms for these analog input signals 
operate at 200 [Hz]. 

Magneto Restrictive Disdacement transducer. 

Figure B.2: Schematic of the magneto-restrictive displacement sensor (Left) and picture of the MRDT in 
the experimental setup (Right). It' s the spike on the right. 

The displacement transducer (fig.B.2) consists of three basic parts: 

1. A steel rot of approximately 400 [mm]. 
2. The effective measuring rage is however 300 [mm]. Inside the steel rot is a wire. 
3. A small ring containing four magnets that can move along the steel rot. 
4. A converter that converts the measurements into an analog signal between 0-10 [V] 

Pressure sensor. 
Pressure sensor converts the pressure between 0-250 [bar] into a DC voltage 0-10 [V]. 

The components are setup in the following configuration. The displacement transducer is used 
to measure the position of the pressing beam. The rot is placed at the table parallel to the motion 
of the pressing beam. The magnetic ring is connected .to the pressing beam. The ring is 
connected in such a way that the distances between the rot and the ring are about the same, in 

Figure B.3: side view of a hydraulic press brake. And experimental setup (Right). 
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Figure B.3 shows the experimental configuration. The displacement traducer is depicted 
symbolically in dark lines. 

So concluding the measured signals are: 
1. The valve displacement with LVDT signal 
2. Pressure in the upper part of the cylinder with pressure sensor 
3. Pressure in the lower part of the cylinder with pressure sensor 
4. Pressure on hydraulic block with pressure sensor. 
5. Press beam displacement with magneto restrictive displacement transducer. 

B .3 Measurement Noise 

A calibration experiment was carried out for each sensor. These experiments should result in 
estimations for the linearity, resolution and noise levels. It was difficult to obtain an absolute 
resolution for the sensors. Unfortunately no good calibration could be done for the pressure 
sensor, because no could comparing measurements could be found. 

B .3.1 Linear Variable Displacement Transducer 

Figure BA.:typical noise on LVDT, and its power spectrum. 
No manufacturer's specification about this LVDT could be found. 
Cause of the 100 [Hz] noise is the power supply that fluctuates at 100 [Hz]. 
The input signal was kept constant and, after all startup phenomena were extinct, the lvdt was 

8.0 1 10.47 1 197 
8.5 ( 10.78 1 225 

Table 3.5 static input output response for the proportional directional valve. 

The last column of figure 3.5 shows the internal digital input value that is sent to valve 
controller. This column is used to find the origin in the relation between the analog input and 
output. It can be seen that both the analog input and lvdt have an offset. If the signal to the 
digital controller is zero, the signal to the valve is zero too. This point can be calculated as: 
analog input: 4.51 [V], lvdt 7.53 [V]. the linearity is very good, and the slope of the relation (i.e. 
the static gain of the valve is 0.8297. 
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B.3.2 Magneto Restrictive Displacement Transducer. 
- resolution. 

The measurement range of the displacement transducer is about 300 [mm]. In this range the 
transducer returns a voltage between 0-10 [V). The measurement accuracy of the 
multimeter read out was about 1 [mV]. Which means that the aquired resolution is about 30 
[ P I .  

- Linearity. 

The transducer output was compared to that of the linear encoders. The linear encoders have 
a resolution of 10 [ym]. A straight line was fitted through the data. The difference was 
calculated between the fitted and the measured data. The difference has a zero mean and a 
standard deviation of 34.4 [pm]. 

MRDT M 

Figure B .5: linearity of the displacment sensor 

- Noise 
Figure B.6 shows the typical noise signal of the magneto restrictive displacement 
transducer. 

Figure B.6: Noise and its power spectrum of MRDT 

The peak at +I020 [Hz] could be caused by the sample frequency of 5120 [Hz]. 
The standard deviation of the measurement noise is 0.85 [mV]. 

B -3.3 Pressure Transducer 

- resolution 
linearity. The linearity of the pressure sensor was difficult to determine. There was no (good) 
calibration tool. We therefor assume that the linearity is according to the manufacturer 
specification. The zero point, however, is not considered to be constant. This means that the 
accuracy of the absolute pressure is uncertain. No good calibration could be found, so we can 
only use the measures pressure differences. 
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- Noise. Figure B.7 shows the typical noise signal of the pressure sensor. 

Figure B.7: noise level pressure sensor 

The standard deviation of the error is 2.7 [mV], i.e. 0.068 [bar]. 

B.4 Input Noise 

An experiment was carried out to measure the input noise. Unfortunately, the input noise cannot 
be measured directly. The DM602, however, has an output port that can be used for analog 
signals. The software in the DM602 is altered to use this port to directly feed the analog input 
signal through. The analog output signal can now be measured. Figure B.8 symbolically depicts 
this configuration. 

DM602 

Figure B.8: Schematic representation of the analog input noise measurement configuration. 

The valve control cycle has a cycle time of 1 [ms]. The y-axis control cycle, however has a 
cylce time of 5 [ms]. The analog inloutput is connected to this 5ms-cycle. Since we expect some 
kind of time delay, due to this cycle time, we will first determine this time delay. 

r -  - - - - -  
, 

Figure B.9: step response of the analog input (upper line) and the analog output (lower line) 

In figure B.9 the step response analog in & output signals are shown. The analog input siganl is 
measured byt directly connecting the siglab output channel to an input channel. It can be seen 
that the analog input signal has some kind of dynamic behavior, overshoot can be seen and a 
disturbance just before the step is made. There is also a time delay of 2 [ms] (standard deviation 
0.0 [ms], 8 measurements). This delay can be the siglab output port delay or a delay on the 
measurement trigger. 
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The analog output signal has a time delay with respect to the analog input signal of 6.6 [ms], 
(standard deviation 1.3 [ms], 8 measurements) . This results in a total averaged time delay of 8.6 
[ms] (standard deviation 1.3 [ms], 8 measurements). 

Besides the time delay there can also be seen a dynamic behavior in the analog output signal. 
Input steps don't result in immediate analog output steps. This time response can have two 
causes: the dynamic behavior of the analog input and output port of the DM602. The presense 
of a risetime in the input port will possibly result in a intermediate value in the AID converter. 
This phenomema actually occurs. The frequency with which this phenomena occurs depends on 
the step size. For steps of size 2 [V], see figure B.9, approximatelyone in every three steps 
responses has an extra intermediate sample. 

The average 95% rise time for the measurements without intermediate samples is 0.12 [ms], 
with the rather standard deviation of (0.3 [ms]). 

Figure B.9 shows the noise signals for the analog input and output signals. The input noise of 
the input signal has a standard deviation of 0.3 [mV], while the analog output signal has a 
standard deviation of 13.3 [mV]. Both signals have peaks in their power spectra at 100 [Hz], 
200 [Hz], etc.. . These are caused by the DM602 hardware and external noise. 

Figure B.9: Analog input & output noise 
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Hydraulic Components 
Component 

Filter 

Pressure Balance Valve 

413 Proportional Directional Valve with LVDT 
Hoerbiuer PRL500P07P06 U 24V Pmax 350 bar 
In 0 . 7 0 ~  Qm 06 Ilmin SO731 
Electric Motor: 
Elektrim Motor Nr.6023769 Slg 1325-.4 IP 55 3- 380-430 A V 50 
Hz 5.5 kW S1 coscp 0.84 11 .O A, 
n 1450 -1min IM B 25 465BG 33A-87-00 
Hydraulic Pump 
Voith Turbo typ IPV 3-10-101 Pmax 345 bar 
n-max 3600 -1min 
Anti cavitation Valve 1 

Directional Valve 

413 Proportional Directional Valve 

Check Valve 
Proportional Pressure Control Valve 
Hoerbiger VPDBVE16E serie D l  C37 5300304 24 V 0.7 A 
100%ED 180 bar max 
Pressure Control Valve 

Shuttle Valve 

Cylinder 

Table C. 1: Hydraulic components 
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Fundamental Equations 

D. 1, Conservation s f  mass 
The approach taken here to formulate the law of conservation of mass is called the integral 
approach. This approach is used when only the global behavior of the material properties is of 
interest. The integral approach uses a so-called control volume. The control volume is a 
predefined volume in the fluidic medium which motion and position are exactly known. It can 
either be fixed or move through or with the fluidic medium. 

Consider an arbitrary control volume that moves with the medium. As the control volume 
moves through the medium, no fluid flows over its boundaries and thus no mass flows over its 
boundaries. This means that for the conservation of mass can be written: 

This equation states that the rate of change of the volumetric integral of the mass density, p , 
over the time dependent volume V(t) is zero. Or, the mass inside the control volume does not 
change. 

Now consider a fixed control volume in a fluidic medium. 
& 

v 

Figure D.l: fixed control volume in a fluidic medium. 

In figure D.l a fixed control volume is shown in a fluidic medium. The control volume has a 
fixed volume V. The boundary of the control volume is also fixed and has a surface area, A. The 
mass inside the control volume at time t, is m. The speed of the flow at time t at the boundary is 
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represented by the vector, G . The vector, E , is a vector of length 1, at that is perpendicular to 
the boundary pointing outwards. 

For the law of conservation of mass it now holds: 

This equation states that the rate of change of the mass of volume, V, is equal to minus the mass 
flowing out off the control volume over the boundary. Since the control volume is fixed, the 
time derivative can be changed to the partial derivative, and the partial derivative can be moved 
inside tine integrai. Tnus, the equation above can be rewritten as: 

An alternative way to do the integral approach to the laws of conservation of was uses a moving 
control volume. This control volume moves along with the flow in such a way that no volume 
flows over its boundary. Since no mass can be created or destroyed the following equation 
holds: 

3 . 2  Bulk modul.iis 
Before we look at the implications of conservation of mass for a hydraulic cylinder chamber, we 
will first look at the fluid property, called the bulk modulus. The bulk modulus is a derivative of 
the fluid compressibility, K , which is defined as: 

1 AV 
K=-- 

(D.5) 

VO AP 
A more careful definition specifies under what conditions the compression occurs. Hence, 
isothermal compressibility is defined as: 

(D-6) 
0 

We can rewrite the compressibility in terms of the mass density: 
(D.7) 

The reciprocal of compressibility is known as the volumetric or bulk modulus 0% elasticity. The 
isothermal bulk modulus of elasticity is defined as: 

D.3 Newton's Second Law 
Starting point is the integral law of conservation of mass for a control volume at a fixed position 
within the fluidic medium. 
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The divergence theorem states that for any body property b (like the mass density, p): 

50. (b G)dV = Jb(v - ii)dA (D. 10) 
v A 

Hence: 

Or: 

(D. 1 1) 

(D. 12) 

Which states that the rate of change of the mass density is equal to zero. The left-hand side of 
this equation shows the rate of change of the mass of the control volume V. This representation 
for the rate of change of a body property is not specific for the mass density. It can also be used 
for the rate of change of the momentum of the control volume, by replacing the mass density by 
the specific momentum, p G . Hence the rate of change of the momentum of the control volume 

is: 
(D. 13) 

We will now formulate Newton's second law of motion as: 

The rate of change of the momentum of a volume is equal to all forces working on that volume. 

The forces that work on control volume are: 
A 

- f := the forces that work on a volume particle . These forces might be gravitation of - 
electromagnetic forces but we restrict ourselves to only the gravity, hence: f = p g 

- . t := the surface forces that work on a surface area particle dA. The vector, t , represents 
both shear as normal forces. The shear forces are normally contributed to the viscosity of 
the fluidic medium. We assume that the forces caused by viscosity are negligible relative to 
the normal forces (i.e. the pressure). In that case the vector, t , becomes: t = -pE . Where 
p is the pressure. 

The s u n  of the forces working on the control volume V caE be written as: 

Using the divergence theorem: 

Which means that for Newton's second law of motion holds: 

(D. 14) 

(D. 15) 

(D. 16) 

Since this ho1d;for any control volume V,  it also holds for the infinitesimally small volume dV: 

d b  - (D. 17) 
+ ~ p  W = p  g - V p  

dt 
Which can be written as: 
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a? - 
p -+p  v O . v = p  g - v p  

at 
Since 

From conservation of mass, and: 

(D. 18) 

(D. 19) 

D.4 Bernoulli Equation 
The Bernoulli equation is a special case of the Euler equation. We follow the fluid along a so- 
called streamline. A streamline is defined as the velocity field lines that are always tangent to 
the velocity vector. We define the normal vector a$, which is parallel to the streamline and < , 
which is perpendicular to the strearnline and corresponding streamline coordinates s and n. 

The derivative of the velocity becomes: 
dv av . av . at, av av 

- +s-+n-=-+v- 
dt at as an at as 

The pressure gradient in streamline coordinates may be written as: 

Taking the improduct of the Euler equation with : 

Or: 
av ap 

p v-ds =p g - <ds --ds as as 
As we look at stationary flow. 
Let us consider the situation. that. the-gravity works in negative y-direction then the equation 
becomes: 

If we integrate this equation: 
" 

v L  P 
- + p  gy + - = constant 
2 P 

This is the Bernoulli equation. The limitations to this equation are: 
Non viscous flow 
Steady flow 
Incompressible flow 
The equation applies along a strearnline. 

If the flow is rotation free the fourth limitation is no longer necessary and the Bernoulli equation 
applies to the whole field. 
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Desired Trajectory 
The desired trajectory is a standard 3rd order set point profile. 

A phase is defined as a time during which the presribed jerk is constant. It can be shown that for 
all phases i=1..7 hold: 

ti-, < y < ti 
j(t) = J with J = j,, or - j,, or 0 (E.1) 

a( t )  = J( t  - ti-l) + a,-, (E.2) 

The resulting trajectory is depicted in figure E. 1. We must solve the algebraic equation with the 
boundary conditions for the times ti. Two situations might occur: the maximal acceleration is 
reached during acceleration phase or it is not. 

The times ti for both situation are presented in table E. I. We choose the trajectory symmetrical, 
which implies that the minimal jerk is equal to the maximal jerk and the maximal acceleration is 
equal to the minimal acceleration. Also In the table, the condition with which to calculate is the 
maximal acceleration is presented. 

Where the ,vi-, , y,-, represent the acceleration, velocity and displacement at the end of 

interval i-1. We get seven sets of linked algebraic equation, because they form each others 
boundary conditions. The starting conditions for phase 1 are constant position with no velocity, 
acceleration, and the end conditions for phase 7 are a covered displacement and no veIocity or 
acceleration. 

With these times it is possible to calculate desired trajectory. We now have to determine values 
for the maximal achievable acceleration and the maximal jerk. The velocity and position also 
have boundaries. The velocity must be smaller than 13.4 [rnmh]. This value was measured and 
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is determined by the maximal flow rate of the pump. The position boundaries are determined by 
le stro 

a L x  
' p r o g  ' 7 

Jmax 

J m  

Y p r o g  + 2. jy,, 
' p r o g  V jmax 

Table E. 1. Tin 

Jmax 

' prog  amax 
-+- 
amax Jmax 

YP'08 

v ~ r o g  

Y p r o g  amax 
+- 

' p r o g  Jmax 

trajectory 

t IS1 

Figure E. 1 : Resulting trajectory 



Appendix F Other Experiments 

Appendix F 

Other Experiments 

F. i Introduction 

This appendix deals with the additional validation experiments of the half,press brake model, as 
it was formulated in the chapter 2. 

F.2 Time Behavior of Proportional Pressure Control Valve 

The time behavior is depicted in figure F. 1 At time t=O [s], an input signal is sent to the 
proportional valve. The hightest line corresponds to the step response to an input step of 10 [v), 
the middle line to a step input of 3 [V], and the lowest line to a step input signal of 1 [V]. The 
proportional valves are closed. The lowest line is presumed to depict the dynamic behavior of 
the pressure valve in the pressure source configuration. The damped harmonic frequency (about 
42 [Hz]) that can be seen is supposed to be caused by the masstspring system in the pressure 
valve. 

avior of pressure of the pressure source 

The other two lines depict a mix between the dynamic behavior of the pressure valve and the 
pressure balance. When the proportional valve is closed the system has the from conform the 
figure F.2. 
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I 

Figure F.2: Schematic representation of the hydraulic system with closed proportional valves 
It can be seen in the figure that the oil must either flow through the pressure valve or the 
pressure balance. As the opening pressure of the pressure valve is increased more oil must flow 
through the pressure balance. If the input signal to pressure valve is 10 [V], which is maximum, 
the valve remains closed and all oil must flow trough the balance. 

In figure F. 1 RHS you can see the same pressure signah, as in figure F. 1 LHS, but at a later 
time. It can be seen that both the middle as the upper line approach the same value, about 2.1 
[V]. This must be the equilibrium pressure of the pressure balance. At time t=2 [s]. The 
proportional valves are opened and all three pressures drop to eventually the same value. 

F.3 Time Behavior of Pressure Control Valve 

The assumption that the flow rate through the valve changes instantaneously with changing 
input pressure was also investigated. The time behavior of pressure inside the lower cylinder 
chamber was followed. Typical time behavior is shown in figure F.3. The system starts at time 
t=O, the system is in rest. At time t=O.l [s], the pressure source is set at a higher value. This 
causes the pressure input of the system to increase. The leak in the proportional valve causes the 
upper cylinder chamber pressure to increase, which in its part increases the pressure in the lower 
cylinder. Since the proportional valve is still shut, the pressure of the pressure source can still 
build up (See the paragraph about the pressure source). At approximately t=0.37 Is] the 
proportional valve is opening and the pressure drops. The pressure now seems to follow a 
damped harmonic frequency (approx. 33 [Hz]) and finally settles at a constant value. 

The harmonic frequency is not caused by the proportional directional valve. The frequency is 
not found in the LVDT signal that represents the valve piston displacement. The harmonic 
frequency can, however, be found, although with a lower amplitude, in the upper cylinder 
chamber pressure. The cylinder/mass component has an eigen frequency, but that is thought to 
have a higher value of >I00 [Hz] (see cylinder component validation). 

t [SI 

Figure F.3:time behavior of the pressure in the lower cylinder chamber. 

The harmonic frequency in the pressure signal is thought to be caused by the pressure valve 
dynamics. In chapter 2, it was shown that valves in general have moving parts, i.e. small 
moving masses, and springs. The frequency in the pressure signal could be cause by the 
dynamics of the small mass, i.e. the valve piston of the pressure valve. 
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F.4 FRF Estimates for Noise input signals 

This paragraph shows an overview of the measured FRF for the hydraulic system. As input 
signal was used a noise signal in stead of the sine sweep input signal of chapter 3. 

The signal coherency is depicted in figure F3. 
depicted in figure F.4 

Delern Vap 
1, I 

The amplitude of the bode characteristics 

Slow PI 

. . 

f [Hz1 
Moderate P I  

are 

f [Hz1 f [Hz1 

Figure F.3: The signal coherency of the Ain-LVDT signals for the four differenrly controlled 
proportional directional valves. - - 

Figure F.4 shows the FRF estimates for the four different types of valves. 
ph -> LWT -> L M T  

20, 1 20 I 

2 -400 
* 
an r ITsI 1 o0 f lHz1 10' 10' 

ph -> LWT 

20, I 

I I 
1 o" 10' lo' 

f lHz1 

e 

6m 800 

1 o" 10' 10" 10' ld 
f lHz1 f IHzl 

Figure F.3: The bode plots of FRF of the Ain-LVDT signals for the four differenrly controlled 
proportional directional valves. Clockwise strarting from the upper left corner: Delem Controlled 

Valve, Slow PI Controlled Valve, Fast PI Controlled Valve, Moderate PI Controlled Valve 
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1 , , , , , , , , , , , , , , , , , j  
1 o" 10' l d  

f lHzl 

Figure F.5: Bode plots of The FRF estimates of from top to bottom: 
LVDT to MRDT: valve position to piston position 

LVDT to PS 1 : valve position to pressure in cylinder upper side 
LVDT to PS2: valve position to pressure in cylinder lower side 

Figure F.5 shows Bode plots of the load system 
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Model Linearization 
Before we are going to linearize the half press model, we will first write it down in state 
space representztioa. Let us first recdil! the full model as it was derived in chapter 2. 

pp  = constant (G.1) 

Proportional valve: 
iV + 2c  w,iv + w , ~ x ,  = K,,w,'x," 

CylindedPiston mass: 
mji = Alpl  -A ,p2  +mg 

Pressure Valve: 

The proportional valve model clearly does not have to be linearized, since it already is 
linear. The rest of the model will be written in state space with: 

z1 = p1 z2 = p2 z3 = y z4 = j)  0 9 )  
So: 
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(G. 10) 

With 
(G. 11) 

This is called a~ afSine model [8], which means that it can be written as: 

4 = a(&>> + B(z(t>> . ~ ( t )  (G. 12) 

Y = M t N  + D(z(t)) . u(t)  - 

We assume that &(t)), &(t)), B(z(t)) and D(Z(t)) are continuous and can be 
differentiate with time at least time. Then there exist matrices A(z(t)) and C(Z(t)) such 
that for infinitesimally small 6 z  and all 2 it holds: 

a(z  + 62)  = d z )  + A ( d  -62 (G. 13) 

c(z + 62)  = &) + C(z )  - 6 ~  
We call A and C the derivative of g resp. g with 2. 
Often we are primary interested in the system behavior for smaii disturbances A&) with 
respect to a given reference trajectory ~ ( t ) .  We define %(t) and ~ ( t )  as the with the 
trajectory corresponding in- and output signal, such that: 

2 ,  ( t )  = 4 2 ,  ( t ) )  + W Z ,  0)) .U, ( t )  (G. 14) 

Y , (t)  = C(Z r ('1) + D(zr ( t ) )  - gr ( t )  - 

For t 2 to. We now use: 
z(t)  = 2, ( t )  + &(t) - (G.15) 

And we can thus rewrite the model equations of 3.10 to relations between A&), Age) 
and Ay(t). If A& and A&) are sufficiently small , we can neglect the quadratic and 
higher order terms of these deviations, with respect to the first and zero order terms. The 
model equations thus transform to: 

A&@) = A r A ~ + l B . A ~ , ( t )  (G. 16) 

AY - r ( t )  = C r A m  + Dr&, ( t )  

(G. 17) 

If we now go back to our model equation for a half press brake we can substitute: 
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With equation G. 18 we write down A as: 

(G. 18) 

Let us now consider a reference trajectory and its corresponding in and output signals: 
d r  ('1 = G (G.23) 

The press beam position is constant. This only holds if: 

gr  ( t )  = Q y ( t )  = yo = constant 
- r  

Which implies for the system matrices: 
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Which can be written as: 

This again can be rewritten in transfer function representation as: 
(G.30) 

The transfer function has three poles: 

The square root in equation G.3 1 is called the cylinder frequency. In the figure G. 1 we 
c m  see the relatior, between the cylinder frequency a d  the relative position. The 
cylinder frequency has a minimum at a relative piston position of 0.706. 

The frequency depends heavily on the quotient of the bulk modulus and the half press 
beam mass, both of which are not exactly know but must be estimated. The graph of 
figure G.l corresponds to a model with crude estimates of both bulkmodulus and press 
beam mass. 

Figure G. 1: calculated frequency vs. relative position; o- minimum 

m = 300 [kg], bulkmodulus le9 [ ~ l r n ~ ] ,  AI=0.0095 [m2], AI=0.0095 [m2] 

Instead of the linearization the model for the cylinder and pressure valve we will now 
linearize the full model. The full model is already in affine form, with the following 
states: 
X1 = Xv X2 = x,, x3 = p1 X4 = p2 X5 = y X6 = j )  (G.32) 

The full system equation: 
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Linearization of g(x(t)) for small disturbances around a 
in a matrix A(t). 

predefined trajectory x,(t) results 

The matrix still is time dependent, since the piston position, y, i.e. the output trajectory 
still is a function of time. 

Figure G.2: The change of three of the poles in the complex plane. m = 300 [kg], bulkmodulus le9 
[ N I ~ ~ ] ,  A1=0.0095 [m2], A1=0.0095 [m2], y(t)=vot+yo, yo=70 [mm], v e  5 [mrn/s] the circles depict the 

position of the poles at t=O [s]. 
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The trajectory is chosen to be a constant piston speed. The proportional valve thus has 
constant position. The pressures are constant. We calculate the appropriate reference 
states in the following way. We chose a press beam speed. This speed determines the 
flow rate through the pressure valve, q2. 

With this flow rate the lower cylinder chamber pressure, p2, can be determined. This in 
turn can be used to calculate the upper cylinder pressure, pl. With this pressure the 
pressure difference over the proportional valve can be determined, that can thus be used 
to calculate the nominal flow rate through the valve orifice. With the flow map the valve 
piston position can determined and thus the whole state.We will consider an example of 
the system: 
rn = 300 [kg], B=le9 [ ~ / m ~ ] ,  AI=0.0095 [m2], AI=0.00165 [m2], 
y(t)=vot+yo, 
y0=70 [mm], 
vo= 5 [mmls] 
At t= 0 [s] the poles are: 
s, = 0 s, = -1 1090 s, = -43.7 + 725j s, = -43.7 + 725j s, = -68.8 s, = -3 10 
Figure G.2 shows the way the poles change during 3 second of motion at 5 [rnrnls]. 
Three of the poles (sl, s2, and s5) remain constant the two complex poles change with 
the piston position, as does sg. For reasons of simplicity we assume this time dependent 
system, however to be approximately constant. We will compare this approximation 
model with experimental data. 
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Appendix H 

Software 

H. 1 Introduction 

This appendix gives a small overview of the software used. Besides the MATLAB and 
SIMULINK environment a SIMULINK model was made that will be shown in paragraph H.2. 
The software used in the PI controller for the proportional directional valve is shown in 
paragraph H.3. 

H.2 Simulink Model 

sqrt(u[t]lFM-OeltaPNominal) 

Pressure Ofference 
P ~ u w  

I I I 

- 

7 

Upper Cylmder Chamber 

XVXVs 

Cylinderharnber 

I vd maw 

second order linear 
X-  flowmap 

f e e d  ~ t h  experl mental data 

CLPD-K*CLPD-w062 

E ~ Z ' C L P D - ~ Z ~ ~ ~ * C L P ~ S + C L P D ~ W O ~ ~  

Figure H.lO: Simulink Model for the Press Brake 

-t 



Appendix H Software 

The figure H.10 shows the simulink model. The following components can be distin 
4 ,  - -  - - r -7' ' 2 .  

Input port 
Input port 

A 

Y " 8  , 2 L X  - ' < I  I a ,  

- - 

Matlab Fcn 

P-pump 
Xv-desired 

Transfer function 

Lookup table 

Input of the pump pressure [N/m2] - 
Input of the desired spool position of the 

Pressure Difference 

Product 
S-function 

proportional directional valve [m] 
The compensation of the flowmap for 

Second order linear 
fitted with 
exverimental data 
Flowmag 

S-function 

the actual pressure difference - 

The transfer function of the proportional 
directional valve dynamics based on 
experimental data 
The spool position+flowrate 
characteristic, from experimental data 

Product 
Upper Cylinder 

Group 

Constant I Vel max ( A cylinder velocity [0] 
Groun 

Y I Press B a r n  1 A double integrztor of a moving ass 

- 
S-function, describing the time behavior 

Chamber 
Lower Cylinder 

f at lab Fcn 
Constant 

of the pressure inside this chamber 
S-function, describing the time behavior 

Chamber 
Pressure Control 

Table H. 1 The components of the Simulink model. 

of the pressure inside this chamber 
The nonlinear static function that 

Valve 
Stroke 

Double Integrator 
Output port 

Listing of the C-code of the cylinder chamber. 

describes the pressure control valve 
The constant cylinder stroke 

/ *  File : CylenderChamder * /  

Y[ml 

#include "simstruc.h" 
/ /  cci = cilinder chamber input 
#define cciFlowPtr (ssGetInputPortRealSignalPtrs(S,O)) 
#define cciStatePtr (ssGetInputPortRealSignalPtrs(S,l)~ 
/ /  cco = cilinder chamber output 
#define ccopressure ssGetOutputPortRealSignal(S,0) 
/ /  ccp = cilinder chamber parameter 
#define ccpArea (*mxGetPr (ssGetSFcnParam(S, 0) ) ) 
#define ccpcompressibility (*mxGetPr(ssGetSFcnParam(S,l))) 
#define ccpBeginPressure (*mxGetPr(ssGetSFcnParam(S,2))) 
/ /  ccs = cilinder chamber state 
#define ccspressure ssGetContStates(S) 
#define ccNumParam 3 

Output of the press beam position [m] 

/ *  Function: mdlInitializeSizes ............................................... 
* Abstract: 
* The sizes information is used by Simulink to determine the S-function 
* block's characteristics (number of inputs, outputs, states, etc.). 
* / 
static void mdlInitializeSizes(SimStruct *S) 
{ 

ssSetNumSFcnParams(S, ccNumParam); / *  Number of expected parameters * /  
if (ssGetNumSFcnParams(S) !=  ssGetSFcnParamsCount(S)) { 

return; / *  Parameter mismatch will be reported by Simulink * /  
> 

iished: 
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ssSetNumContStates (S, 1) ; 
ssSetNumDiscStates (S, 0) ; 

if (!ssSetNumInputPorts(S, 2)) return; 
ss~et~nputPortWidth(S, 0, 1); 

ssSetInputPortWidth(S, 1, 2 )  ; 

if (!ssSetNumOutputPorts(S, 1)) return; 
ssSetOutputPortWidth(S, 0, 1); 

ssSetNumSampleTimes(S, 1); 
ssSetNumRWork(S, 0) ; 
ssSetNumIWork(S, 0); 
ssSetNumPWork(S, 0); 
ssSetNumModes (S, 0) ; 
ssSetNumNonsampledZCs(S, 0); 

/ *  Take care when specifying exception free code - see sfuntmpl.doc * /  
ssSetOptions(S, SS-OPTION-EXCEPTION-FREE-CODE); 

1 

/ *  Function: mdlInitializeSampleTimes ......................................... 

* Abstract: 
* Specifiy that we have a continuous sample time. 
* / 
static void mdlInitializeSampleTimes(SirnStruct *S) 

ssSetSampleTime(S, 0, CONTINUOUS-SAMPLE-TIME); 
ssSetOffsetTime(S, 0, O.Of); 

1 

#define MDL-DERIVATIVES 
/ *  Function: mdlDerivatives ................................................. 
* Abstract: 
* xdot = Ax + Bu 
* / 
static void mdlDerivatives(SimStruct *S) 
I 

real-T * dP = ssGetdX(S); 
real-T flow = *cciFlowPtr[O]; 
real-T pistonposition = *cciStatePtr[Ol; 

real-T pistonvelocity = *cciStatePtr[l]; 
real-T volume; 

volume = ( ccpArea * pistonposition); 
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* dP = (ccpcompressibility / volume) * (flow - ccpArea * pistonvelocity); 
} 

/ *  Function: rndlTerminate ..................................................... 
* Abstract: 
* No termination needed, but we are required to have this routine. 
* / 
static void mdlTerminate(SimStruct *S) 
I 
1 

#ifdef MATLAB-MEX-FILE / *  Is this file being compiled as a MEX-file? * /  
#include "simu1ink.c" / *  MEX-file interface mechanism * /  
#else 
#include "cg-sfun.hM / *  Code generation registration function * /  
#endif 

H.3 PI controller 
This is the code of the (very) simple PI-controller. 

void PID-control(void) 
I 

/ *  calculate control signals * /  
pid.right.xv = ~ ~ ~ ~ ~ ~ ~ ~ T ~ - ~ ~ ~ ~ T ( p i d . r i g h t . i - s i g n - m a g ,  15); 
pid.right.xv = (pid.right.xv - 631)*(11000 - 3610)/(950 - 311) +7310; 
pid.ri9ht.m-desired = SIGNMAG-TO-SHORT(pid.right.t-sign-mag, 15); 
pid.ri9ht.x~-desired = (pid.right.m-desired)*(11000 - 3610)/(32676) +7310; 
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