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ABSTRACT

Information Technology (IT) offers both software and hardware for improvement of the engineering design and industrial applications. The latest progress in IT makes integration of an overall design and manufacturing IT- concept feasible and commercially attractive. An IT-tool concept for modelling, simulation and design of mechatronic products and systems is proposed in this paper. It built on results from a Danish mechatronic research program focusing on intelligent motion control as well as results from the Esprit project SWING on IT-tools for rapid prototyping of fluid power components and systems. A mechatronic test facility for a hydraulic robot and a CNC XY-machine table was implemented. The controller applies digital signal processors (DSPs). The DSP controller utilizes the dSPACE System suitable for real-time experimentation, evaluation and validation of control laws and algorithms. It is proposed utilises the ISO 10303 STEP Standard.

1
INTRODUCTION

Companies are facing the on-going challenge that customers always increase their needs for capability of products and machinery. They want improved productivity and efficiency – if possible to lower prices; value for money. The demands often focus on extensions of functionality, faster response, operation capability, man-machine interface (MMI), robustness, reliability and safety in use. Today’s IT-tool offers both software and hardware for improvement of engineering design and industrial applications. The tremendous progress in IT makes integration of an overall design and manufacturing IT- concept feasible. This includes IT-tools for controller design and for intelligent motion control that could satisfy customers’ needs, requirements and the regulations etc. A developed IT-tool concept for controller and system design taking the advantage of using the ISO 1303 STEP Standard is proposed. A mechatronic test facility with digital controllers for a hydraulic robot and a CNC XY-machine table have been implemented. The facility is suitable for real-time experimentation, evaluation and validation of control laws and algorithms. The digital controllers are implemented with DSPs. The DSP controller takes the advantages of applying the dSPACE system. Promising experimental path-tracking results with adaptive and optimal control algorithms are here presented and discussed. The experiments confirm the significant advantages of using DSPs to intelligent control of actuators and robots for high-speed and high precision tasks. Furthermore, a problem-driven and project-based learning framework for strengthening and development of the students/candidates self-learning competency is proposed and discussed. 

2
THE CONTROL ENGINEERING DESIGN TASK

The task of control engineering design can be analysed using the IPD-model by M. Myrup Andreasen and Lars Hein [1] shown in Fig. 1. The IPD-model is an idealised model for product development, that is integrated in terms of creation of market, product and production, and that clarifies integration between project and management, including the need for continual product planning. The task of control engineering design related to the IPD-model is illustrated in Fig. 2 developed by our team at the Department of Control and Engineering Design, DTU in 1999 in order to integrate control theory and design methodology into the design process.
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Figure 1   The Product Development phase model.

Figure 2  The control engineering design task.

The objective of the model is to give an overview and understanding of the control task (or agenda), shown to the left in Fig. 2, with focus on quality, and the nature of control systems, shown to the right. At the bottom of the figure is illustrated the design process based on the Integrated Product Development (IPD) activities starting with the customers’ needs to the very left and ending up with the deliverable product to the very right.

An important part of the engineering knowledge base includes descriptions, models and experiences concerning known products, including controllers, machines, robots etc. In this context, it is named as knowledge on the “botanics” of control systems. The control aspects are focused on the areas: Man-Machine Interfaces (MMI), safety, sequential control and dynamic control. As shown, the modelling activity for an actual control task relies on the available theories, methodologies and tools to model and describe the behaviour of the product undertaken in the design process. In this context, today’s available IT-simulation techniques are very useful for hardware in the loop simulation and rapid prototyping.

2.1
Allocated costs and production costs

There is a significant consistent relationship between defrayed and allocated costs in a development project, because they do not occur at the same point in the time scale as illustrated in Fig. 3.
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Figure 3  Allocated resources and total cost.

Costs are allocated in the early stages; in particular, the production-related costs are for the most part allocated in the design phase – often up to 70%!  This means that the designer and/or the team of designers should be able to foresee the consequences of his/their decisions and achieve the best possible results on the basis of a fairly complex economic model, that takes in function, production and, to a certain extent, sales as well. In addition to the early definition of the financial constraints of the product, the possible methods of production are determined at the same stage.

2.2
Successful R&D-project business

The designer and/or the team of designers pre-determine the production related costs and hereby the business potential during his and/or the team’s decisions in the design phase. The awareness of managing this relationship is very important during the design of products to make a successful business. This is in particular important for enterprises in mechatronics. Use of the IPD-model and available IT-simulation techniques suitable for hardware in the loop simulation and rapid prototyping could improve the design phase and test phase in order to reduce the time to market and total costs leading to a successful business.

Furthermore, use of the Product Data Management (PDM) concept with methodologies and tools, could help engineers and others to improve the management of both data and the integrated product development process. The PDM concept was undertaken in the EU project SWING for the design and development of fluid power com​ponents and systems by use of smart simulation and IT tools in a concurrent engineering approach following the iterative design concept illustrated in Fig. 4 by Finn Conrad. The driving forces are the designer’s innovation, creativity and thinking combined with their knowledge and capability skills to solve the actual design task.
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Figure 4  The design process is an iterative on-going human controlled process. 

3.
IT-TOOL CONCEPT FOR CONTROLLER DESIGN 

A company’s capability of beating the competitors often depends on the ability to shorten the time of a product’s development and design phase and to decrease the total design and prototyping costs.  Developing a closed-loop control system for fast mechatronic systems is not a simple task. It involves control design with plant modelling and offline simulation as well as real-time simulation to verify the controller’s functions in reality. For mechatronic products, machines, robots and systems with a controller, this challenge can be undertaken by using a suitable IT-tool concept for controller design based on CACSD (Computer Aided Control System Design) with facility for rapid controller prototyping with hardware-in-the-loop (HIL) simulation capability. A feature is the integrated design and rapid prototyping of controllers targeted at Digital Signal Processors (DSPs) or other embedded systems. The high performance and low cost of today's DSPs together with the use of powerful design and programming software, allows engineers to design controllers faster and with lower cost than traditional "custom" controller board designs. DSPs and Alpha processors are a very suitable hardware of choice for design of controllers utilising the CACSD packages such as Matlab/Simulink, VisSim, Easy5, ACSL, Dymola, Saber and AMESim.

3.1
Classical concept for controller design

A classical applied set-up and procedure for controller design, including system design, simulation, C-code generation and implementation is illustrated in Fig.5. Controller design is carried out by means of Matlab. In order to evaluate and validate the design result, the non-linear dynamics of the complete hydraulic test robot system is simulated together with the designed controller by means of Simulink or ACSL. If the simulation result is not satisfactory, the design procedure should be repeated. When a satisfactory simulation result is obtained, the controller code is generated in C and then downloaded to a digital signal processor (DSP), which performs all controller calculations. A concrete Simulink block diagram can be converted to C-code automatically by using the Matlab Real-Time Workshop Toolbox.
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Figure 5  A classical  IT-concept for controller design.

The main disadvantage with the classical procedure described above is that the simulation and implementation are carried out in different software and IT-tool environments. The controller design, simulation, and implementation are carried out separately with different platforms.

3.2
Novel IT-concept for controller design

To overcome the disadvantage of the traditional set-up and procedure for controller system design, a novel concept for controller design was developed and implemented at our Department. This concept based on use of DSPs and the dSPACE system, as illustrated in Fig. 6, is very suitable for intelligent motion control of machines and robots. The novel controller design concept integrates the development and design phases into a single design platform. It uses the Matlab Real-Time Workshop to generate C-code automatically from a Simulink block diagram, and then compile it, and download it to the real-time hardware. It can perform all steps of the control design process in one development environment. In a dSPACE system, input/output (I/O) can easily be specified and connected within the Simulink environment. The integration of the DTU hydraulic test robot facility with DSPs, Alpha processor board and the established dSPACE system is illustrated in Fig.7.

The DSP card that facilitates the computer control is programmed via a Real-Time Interface (RTI) by means of ‘Rapid Control Prototyping’ (RPC) and ‘Hardware In the Loop’ (HIL) technologies including Matlab/Simulink and the Real-time Toolbox. The RPC is suitable for offline simulation with a Simulink model of the control object (here the test robot and the CNC XY-table system) along with the desired control system. When the model is tested sufficiently off-line, it has to be prepared for implementation on the real-time system. That is, the model has to be exchanged for I/O components that form the interface to the real system. The RTI provides such I/O components by means of a dSPACE I/O library for use in Simulink – here the DS1003 digital signal processor, so the designer just replace the control object Simulink model with the DS1003 module. Finally, choose ‘the Generate and Build Real-time command’ in RTI to compile, link, and download the model automatically from Simulink to the DS1003 card (i.e. the real-time hardware).

When the application is running on the real-time hardware the RTI provides a virtual instrument panel, COCKPIT, that enables the user to change parameters and monitor signals, and a TRACE facility that displays the time history of any variable being used by the application.
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Figure 6  IT-tool concept for control system design.
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Figure 7 dSPACE set-up for testing intelligent controllers for machines and robots.
4
THE DTU HYDRAULIC TEST ROBOT FACILITY

The DTU hydraulic test robot is shown in Fig. 8. It is controlled by two equal hydraulic servoactuators. The pistons have double rod, equal area and are controlled by a two-stage Moog superhigh frequency servovalve.
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Figure 8  The DTU Hydraulic test robot.

Each cylinder has an integrated LVDT transducer for measuring the displacement of the piston. Both actuators can achieve a static force of 20 kN and the robot has a load capacity of 50 kg at the tool centre with a maximum velocity around 3.5 m/s.

The main objective of test robot was to establish a test facility suitable for experimental based evaluations and validations of various advanced control concepts and algorithms. In the first experimental study phase, conventional PID control was implemented. As expected the results were not satisfactory. Intelligent control was later on undertaken for research and tested for control of the robot, e.g., adaptive control including model-based control (feed-forward control and computed-torque control), robust control, optimal control and fuzzy logic control.  The novel concept based on DSPs and the dSPACE system (Fig. 6 and Fig. 7) is the design and implementation tool. 

4.1
Model of the DTU Hydraulic Test Robot

The system dynamics consists of arm dynamics and actuator dynamics. The matrix description of the arm dynamics of the hydraulic manipulator is 
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where 
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 are vectors of the joint position, velocity, and acceleration, respectively. All variables, parameters and constants are in the list of nomenclature list presented in the final paragraph.

The actuator dynamic equations consist of a servovalve equation, a static valve flow-pressure equation, a cylinder continuity equation, and a piston force equation. Since the two actuators, one for each link, are equal, it is assumed that they have the same static and dynamic characteristics. For each actuator, the servovalve equation is approximated by the linear expression 
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where 
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 is the servovalve spool position, 
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 is a constant, and u is the servovalve input voltage.  The valve flow-pressure equation is approximated by
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where Q is the load flow, 
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 is the discharge coefficient of the valve orifices, w the area gradient of the spool valve, 
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 the pressure drop across the piston, and 
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 the mass density of oil.

The cylinder continuity equation is approximated by
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where A is the end area of the piston, 
[image: image25.wmf]t

x

&

 the piston velocity, 
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 the flow leakage  coefficient, 
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 the total volume of the cylinder chambers, and 
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 the effective bulk modulus of the oil. 
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Figure 9   Geometry of the hydraulic test robot.

The piston force equations for the cylinders are
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where g is the acceleration of gravity, the subscript 1 denotes the lower link, and the subscript 2 denotes the upper link. In equation (5) 
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 are the accelerations of the pistons, m is the mass of the piston, 
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[image: image35.wmf]b

f

 is the viscous damping coefficient. The angles 
[image: image36.wmf]1

2

1

,

,

,

q

g

w

w

, and 
[image: image37.wmf]y

 are defined by the geometry of the robot shown in Fig. 9.  

The reaction force is related to the joint torque by means of the geometrical relation
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where


[image: image39.wmf]÷

÷

ø

ö

ç

ç

è

æ

-

-

-

-

-

=

÷

÷

ø

ö

ç

ç

è

æ

+

-

-

+

-

=

-

-

)

cos(

)

sin(

tan

)

cos(

)

sin(

tan

1

2

2

0

0

1

2

2

0

1

1

1

1

0

0

1

1

1

0

1

a

a

y

q

q

g

w

v

a

b

w

v

a

w

v

d

c

w

v

d



[image: image40.wmf]m

d

m

c

m

b

m

a

257

.

0

08

.

1

02

.

1

24

.

0

0

0

0

0

=

=

=

=


4.2
LQ Control System Design 

Linear quadratic optimal control (LQ) technique provides one of the most complete multivariable design and synthesis theory yet available. A case study was undertaken for applying the LQ control to the test robot.  In order to implement the optimal control, the non-linear dynamics of the robot system must be linearised. As a result, a 6th order linear state-space model was developed to describe approximately the robot system. The LQ optimal control has been successfully implemented on the DTU hydraulic test robot.  

When the controller is implemented on computers and/or DSPs, a discrete-time model is required for the design and implementation of the controller. The discrete-time state space model of the test robot system is of the form
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As shown in Fig. 10 the control scheme is based on a control strategy, which combines a feedback control, a feed-forward control, and error integration. 

The Simulink block diagram of the developed LQ control system for the hydraulic test robot is shown in Fig. 11. The designed LQ optimal control has been successfully implemented for real-time control of the hydraulic test robot. The sampling time was 2 ms. The control system starts up from a PID control mode and then transfers to the LQ control mode after 100 samplings.
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Fig. 10  The applied LQ control scheme for the test robot.
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Figure 11   Simplified Simulink block diagram of LQ controlled hydraulic test robot.
5
THE DTU CNC XY-MACHINE TEST FACILITY

The developed and implemented DTU hydraulic CNC XY-machine table test facility is shown in Fig. 12. The XY-table is controlled by two electro-hydraulic position servo systems. Each of the two servo drives consist of a hydraulic motor, controlled by a two-stage Moog 76-103 electro-hydraulic servo valve. The displacement of the motors are Dp = 22.2 cm3/rev.; nmax = 3000 rpm and max. pressure: 150 bar.
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Figure 12  Layout of the DTU CNC XY-machine table.

The lower Y-table carries all the weight of the upper the X-table plus the weight of the actual work piece mounted on the X-table. The control system consists of a PC with Matlab/Simulink, dSPACE System with real-time workshop installed, a DSP DS1003, a multi I/O card DS2201, two Moog E122-205 servo amplifiers, two Heidenhein encoders ROD S/77.1 each connected with an encoder card DS3001 with Smidt-Trigger. The torques performed the motors are transferred to forces to drive the two machine tables via lead screws. The encoders facilitate the position feedback. Furthermore, the controller includes a velocity feedback loop established via a dc-tachometer mounted on the motor shaft for the X- and Y-axis, respectively. The analogue velocity signals are converted to digital signals by A/D converters. The digital encoder signals are directly fed back into the encoder cards acting as an interface to the DSP and dSPACE System. In the feed forward part of the control loops, the digital position control signals provided by the dSPACE control system are converted into analogue signals by two D/A converters in order to generate current control input to the two servo valves via their servo amplifiers. 
5.1
Mathematical model of the XY-machine table

Here, the servo valves are approximately modelled by
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where
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Rated flow is 38 l/min for rated current i = 15 mA and supply pressure Ps = 70 bar. Note, all variables, parameters and constants are in the list of nomenclature list presented in the final paragraph.

The law of continuity gives the average motor input flow 
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where the laminar leakage flow is
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The theoretical motor torque is
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The average mechanical efficiency ratio (m = 80 % in the operational range. The pressure volume of each pipe connecting the motor and the valve is V = 64.5 cm3.

Newtons 2nd law applied for the table gives:
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where
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and for relation between tables and the lead screws
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where

diameter 
d 
= 28 mm.

length (: 
(x-axis 
= 743 mm.



(y-axis 
= 843 mm

pitch, 

p 
= 5 mm/rev

mass 

mx-axis 
= 30 kg and my-axis = 50 kg

density 

(steel
= 7800 kg/m3
Coulomb friction, Tfric, is modelled in Simulink by use of the function “Coulomb and Viscous Friction” block. The encoders with A/D converters are modelled in Simulink as shown in Fig. 13.
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Figure 13   Model of encoder and A/D converter.

The D/A converter outputs ± 10 V and uses 12 bit with a discretisation of 211 = 2048 (one bit is allocated to sign). The sample time was T = 1 ms set in the “Zero-Order Hold” block. The “Quantiser” models the resolution of the encoder. The encoders give 1000 pulses per revolution and the quantification is consequently 1/Kt = 2(/1000. The Quantiser block passes its input signal through a stair-step function so that many neighbouring points on the input axis are mapped to one point on the output axis. The effect is to quantise a smooth signal into a stair-step output. The output is computed using the round-to-nearest method, which produces an output that is symmetric about zero:

output signal = (1/Kt)* round(input signal*Kt).

One BLU corresponds to the resolution of the encoders:

BLU = Pitch of the lead screw/proportional coefficient of the encoders =  p/Kt   =  (5/2()/(1000/2()  =  5/1000  =  0.005 mm. The D/A converter model is shown in Fig. 14.
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Figure 14 Model of D/A converter.

The developed Simulink model of the X-axis is shown in Fig. 15 and Fig. 16.
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Figure 15   Simulink model of the X-axis. The hydraulic x-motor is shown in Fig. 16.
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Figure 16   Simulink model of the hydraulic x-motor.

6
EXPERIMENTAL RESULTS AND DISCUSION

A series of research studies including experimental investigations have been performed applying the mechatronic test facility with digital controllers for the DTU hydraulic test robot and the DTU CNC XY-machine table. The digital controllers were implemented with a DSP. The DSP controller takes the advantages of applying the dSPACE system. The proposed IT concept for design and intelligent control was applied. Promising obtained experimental path-tracking results with optimal control (LQ) and adaptive control algorithms are here presented and discussed. The results cover real-time experimentation, evaluation and validation of control laws and algorithms. 
6.1
LQ control of the hydraulic test robot

Experiments were undertaken to investigate controllers based on DSPs and use of dSPACE System for the LQ controller design for the robot. Fig. 17 shows the measured position of path in the robot’s working space. 
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Figure 17    Measured position of path in the robot’s work space.
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Figure 18  Position error of the tool center point (TCP).

The desired reference path is a circle with a diameter of one meter and the path time of the circle is three seconds. The sampling time is 2 milliseconds. The position error of the tool centre point (TCP) of the robot is shown in Fig. 18. The maximum error is about 10 mm except first few samplings.

6.2
Results with the DTU CNC XY-machine table

A series of simulation experiments was performed with the DTU CNC XY-machine table for investigating  controllers based on DSPs and use of dSPACE System for the controller design. A step response for the X-axis according to the no allowed overshoot with an observer-based digital controller is shown in Fig. 19.
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Figure 19   Step response for the X-axis of the machine table.

6.3
Fuzzy Logic Control

For the time being, the fuzzy logic control design is undertaken for investigation to study its ability to control the DTU hydraulic test robot.  A model is developed and in use for simulation experiments in order to prepare real-time experiments afterwards. Simulation results of PID control, fuzzy logic control and LQ optimal control, respectively, have been obtained where the robot’s TPC tries to follow a circular trajectory with 1 m of diameter. The results seems to prove that both LQ control and fuzzy logic control might improve control performance compared with the PID control and that the LQ control is superior to the fuzzy control for this robot case.
7
DEVELOPMENT OF STUDENTS’ SELF-LEARNING COMPETENCY

The engineering design process is an iterative on-going human driven and controlled process. A simplified phase model describes the phases and the human driving forces in the centre of Fig. 4 shown earlier in paragraph 2:

· knowledge and capability skills

· ability for innovation, creativity and thinking

The very rapid and dynamic development of technologies is strong challenge for universities that have continuously to re-think and re-new the education agenda, in particular the engineering education agenda. Key questions for education of students and BS-, MSc- and PhD-candidates are: 

· which engineering skills are required and most important for the future?

· what subjects are the most important and in which context and structure?

· what is the best ways to teach and develop self-learning competence? 

· how should the teaching and learning process be to satisfy the future needs?

· what tools and methodologies are most important to learn to manage in best practise?

· what are the most important skills of teachers to require? 

There is not a single answer to each of these questions. The most important is to be aware of them and try to find good answers during analysis and on-going experiments with teaching and active learning, evaluation and validation.

Today’s IT-tools offer design engineers both software and hardware for further improvement of the engineering design and industrial applications. The latest progress in IT makes integration of an overall design and manufacturing IT- concept feasible and commercially attractive. An IT-tool concept for modelling, simulation and design of mechatronic products and systems is proposed in this paper. This includes IT-tools for controller design and for intelligent motion control that could satisfy customers’ needs, requirements and the regulations etc. Concerning design of mechatronic products and systems of the model presented earlier in Fig. 2 is useful to give an overview and understanding of the control task. The model has focus on quality, and the nature of control systems. At the bottom of the figure is illustrated the design process based on the Integrated Product Development (IPD) activities starting with the customers’ needs to the very left and ending up with the deliverable product to the very right. An important part of the engineering knowledge base includes descriptions, models and experiences concerning known products, including controllers, machines, robots etc.; knowledge on the “botanics” of control systems. The model underlines the awareness of the significant consistent relationship between defrayed and allocated costs in a development project (illustrated in Fig. 3).

In the following a problem-driven and project-based learning framework for strengthening and development of the students/candidates self-learning competency is proposed as shown in Fig. 20 and discussed. 
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Figure 20   Key aspects related to self-learning competency.

The objective to develop and improve the student’s self-learning competency is in focus of Fig. 20. The student is in focus as learner in active learning environment as illustrated in Fig. 21.
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Figure 21   The student is in focus as learner in active learning environment.

The objective is to develop and improve the student’s skills by bringing the student as active learner in active learning environment where the student learn from problem-driven activities and project-based learning approach. The teacher has in practise often several roles depending of the problems, task and projects he is involved in. By giving the student opportunities to learn from the teachers no only from the classroom, but from the hole range of his activities the student’s self-learning competency and engineering skills might be improved. The authors have so far good experience from using the described model and approach at our university DTU.

8
CONCLUSION AND OUTLOOK

Promising results are obtained partly from a Danish mechatronic research program (IMCIA) focusing on intelligent motion control as well as results from the Esprit project SWING on IT-tools for rapid prototyping of fluid power components and systems. The DTU mechatronic test facility with digital controllers for a hydraulic robot and the CNC XY-machine table facility have proven their capability for research. The controllers have been implemented with digital signal processors (DSPs). The developed novel IT-tool concept for DSP-based control system design and rapid controller prototyping utilising the dSPACE System is superior relative to transputers-based solutions. The proposed IT-tool concept is very suitable for real-time experimentation, evaluation and validation of control laws and algorithms. Furthermore, the IT-tool concept could be improved utilizing the ISO 10303 STEP Standard for the exchange of product model data in order to improve and strengthen integrated product development businesses. 

The results contribute to improve design of intelligence and robustness of adaptive controllers for hydraulic servo actuator systems. A number of experimental results have proven the effectiveness of the presented design. The following conclusions can be summarised:

· LQ control design is promising for hydraulic robot control.

· The proposed IT-tool concept for controller and system design is recommended 

for industrial application due to the performance.

A problem-driven and project-based learning framework for strengthening and development of the students/candidates self-learning competency is proposed and discussed. The authors have so far good experience from using the described model and approach at our university DTU. The test robot facility, the CNC machine table and other lab-facilities combined with the IT-tools described above have been applied successfully in education of MSc- and PhD-candidates.
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Nomenclature list for the DTU Hydraulic Test Robot



Lag-lead constant




Oil bulk modulus, 

 pa




Model parameter V(m/s)




Constant disturbance V



Damping ratio




Disturbance m




Forgetting factor




Integral time s




Filter time constant s




Time-varying disturbance V




Phase of lead-lag controller at crossover frequency deg




Critical frequency rad/s



Natural frequency





Crossover frequency rad/s




Set

a
Relay input amplitude m
A
Piston area, 





Internal viscous friction coefficient of cylinder, 340 N/(m/s)



Viscous friction coefficient between mass i and i+1 N/(m/s) or (Nm/(rad/s)(



Leakage cst.,





Equivalent viscous friction coefficient, 340 N/(m/s)

d
Relay output amplitude V

e
Position error m




External load force/torque N or (Nm(



Critical gain V/m




Velocity feedback gain V/(m/s)



Spring constant between mass i and i+1 N/m or (Nm/rad(



Controller gain.




Flow-voltage gain 





Flow-pressure gain 





Valve gain 





Velocity gain, 0.05

 or ((rad/s)/V(



Distance from attach point of spring i+1 to center of rotation for mass i, m

m
Ratio




Mass/inertia of body no. i  kg or (

(



Equivalent mass, 3000





Input chamber pressure pa



Output chamber pressure pa



Supply pressure 180 bar



Cylinder input flow 





Cylinder output flow 





Distance from attach point of spring i-1 to center of rotation for mass i, m
R
Net pressure force N




Critical time period s

u
Valve control input V



Oil volume in cylinder 





Stroke/2, 0.175 m



Piston position m




Position of body no. i m or (rad(.

Indices and operators



Deviation from working


point

C
Complementary set

i
Index related to body no. i

f
Filtered variable
n
Dynamic order of drive train and working process.

p
Differential operator

r
Reference/desired variable

sign
Returns sign of argument
*
Working point 




Time derivative 




Absolute value of argument.




Estimate

_
Variable in configuration with velocity feedback




Parameter error.
Nomenclature list for the DTU CNC XY-machine tables facility

The variables and constants related to the system are:

BLU
   Basic Length Unit.

CL
   Leakage coefficient.

Csv
   Constant used for the determination of CL.

D
   Lead screw diameter.

Dp
   The displacement of the motor.

Flead
   Force component from the lead screw.

Fexternal    External forces acting on the table (e.g. from the pen or other tools).

Kq
   The flow gain of the valve.

Kv(i)      Coefficients to the transfer function of the servo valve.

K
   Digital proportional gain.

Kt
   The proportional coefficient of the encoders.

(
   Length of the lead screw. 

M
   Mass of the lead screw.

m
   Mass of the table.

p
   Pitch of the lead screw.

Pm
   Pressure drop across the motor.

Ps
   Supply pressure from power-supply.

Pv
   Pressure drop across the servo valve.

q
   Flow through the valve/motor.

T
   Sampling time.

Tfrict
   Coulomb friction (static).

Tm
   Motor torque.

u
   Control voltage to servo valve.

V
   Volume of oil between valve and motor.

x
   Prismatic movement.

xreal
   The real position.

xrealdigi    The digitized (sampled) real position.

(
   Effective bulk modulus.

(m
   Efficiency ratio of the motor. 

(
   Motor/lead screw angle.

(
   Dynamic viscosity of oil.

(
   Kinematic viscosity of oil.

(oil
   Density of oil.

(steel
   Density of steel (lead screw).
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