
acta mechanica et automatica, vol.2 no.3 (2008) 

 103

ABSTRACTS 
 
Nikat Akkus, Garip Genc, Cemal Girgin 
Control of the pretension in filament winding process 

 
A tension control system which simulates the effect of tension force in the filament winding machines has been 
designed and implemented in the present study. Filament Winding (FW) machines are widely used in Fiber Reinforced 
Plastic (FRP) composite production systems in which they have a pretensioning system to optimize the tension of the 
fiber during winding process. The precise control of the winding path needs highly mechatronic systems. The designed 
control system consists of magnetic break, servo motor, a PID control unit, a load cell and a data converter. The tension 
of the carbon fiber was measured by a load cell and compared to the preset value to keep the tension of the carbon fiber 
in predefined certain range. 

 
Orest Bazylevych, Orest Ivakhiv, Roman Velgan  
Procedure of distances evaluation for surface inspection    

 
In the context of developing automated optical inspection system, this work brings into focus the aspect of de-
velopment of evaluation algorithms for thickness distribution extraction from the object model reconstructed after 
surface scanning. Within this work an algorithm for the evaluation of local differences between two triangle meshes is 
presented. The pair of triangular meshes is representing the front and backside of a scanned 3D-object. The resulting 
array of differences vector corresponds to the shortest local distances (i.e. local thickness) between sides of object. 

 
Ivars Beinarts, Anatoly Levchenkov, Peteris Balckars 
Control of heating processes in transport mechatronic system using sigmoidal feed forward neural network    

 
In this article interest is concentrated on the climate parameters optimization in passengers’ interior of mechatronic 
systems (public electric transportation vehicles- train, tram or trolleybus). Idea is to use feed forward artificial neural 
network to create an algorithm and coordination mechanism for heating system parameters control to save electrical 
energy, and to increase the level of comfort for passengers. A special interest for investigations and further 
development is devoted to intelligent HVAC system allowing more flexible control of the system’s compressor, fan and 
heater operation, and, therefore, improvement of efficiency and energy saving. This paper provides the mathematical 
model and algorithm for optimal control of the climate control system.  

 
Mariusz Bogdan 
Computer processing of some surface images of technical objects after influence of the high temperature conditions   

 
Computer processing of the image of surface of operating gas turbine blades was proposed in order to make 
the method of the evaluation of the condition of these blades more objective. The dependences and connections 
between the degree of blade material overheating and the colour of analyzed surfaces were shown on the basis 
of images registered in visible range of electromagnetic wave (digital image – Charge Coupled Device matrix). The 
proposal of methodology to assign the overheated areas on the blade’s surface in order to assess the range 
(of degradation) of thermal usage of the blade and to forecast it's working resources, might be useful to monitor the 
situation in the operating conditions. Moreover in the article the problematic of acquisition of the form digital images 
dates was presented by showing physical basis of analysis of reflected signal from metallic surface are showed in aspect 
of recording by photoelectric light sensor (matrix CCD). 

 
Norbert Chamier-Gliszczyński   
Disassembly modeling of the mechatronic systems for reuse and recycling    

 
This paper presents processes modeling disassembly of the mechatronic systems for reuse and recycling. Typical steps 
in modeling and analyzing disassembly processes consist of the following: the objective of the model is stated, a mass 
flow diagram consisting of acquisition, sorting, disassembly processes, and recycling process of the facility 
in developed, modeling disassembly processes, disassembly process planning, optimal disassembly sequences: 
(generation of feasible disassembly sequences, adaptive disassembly processing, selective disassembly, destructive 
disassembly). 

 
Agata Dudek  
Investigation on the microstructure of the HAP and YSZ composites    

 
Group of bioceramic materials includes, among others, hydroxyapatites (HAp, OHAp, HA), which, due to their specific 
properties are widely applied. These compounds are currently present in bone systems of human and animal bodies. 
One of the solutions for improvement of poor properties of HAp is addition of zirconium oxide which is characterized 
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by high biological tolerance and enhanced mechanical properties. Application of bioceramic materials as coatings for 
implants introduced into human body due to their bioinertness and biocompatibility enables overcoming immunology 
barriers. One of the fundamental advantages of ceramic materials is their positive impact on human tissues. The 
investigations involved creation of composites through single-axial compaction of two ceramic powders (HAp+YSZ) 
and then their sintering at the temperature of 1300oC for two hours. The aim of the investigations was to determine 
thermal stability of hydroxyapatite (Fig. 1) and HAp + YSZ (Partially Stabilized Zirconia) (Fig. 2) and impact 
of addition of  YSZ (8%wt. Y2O3 stabilizing ZrO2) on phase composition of the prepared composites after the process 
of sintering.Investigations of the structure have been performed using JEOL JSM 5400 (Fig. 4, 5) scanning microscope 
while phase composition have been carried out by means of Seifert 3003 T-T X-ray diffractometer (Fig. 6, 7). 

 
Aleksandr Gubarev, Oleg Jachno, Oksana Ganpantsurova  
Cyclic-modular approach to development of electronically-mechanical control systems of the pneumatic drive   

 
The module approach for build-up of cyclic action systems is considered. The main property of approach is system 
decomposition on cyclic action subsystems (modules). All modules have same structure: actuating device (drive), 
control device (directional valve), status sensors. Methods of approach application are realized by means of graphs. 
Advantage of module approach is possibility of physically heterogeneous devices combination (devices with pneumatic 
or hydraulic control, electro-relay or PLC) not only in all system, but also inside of each modulus, that reduced 
a number of signal conditioning devices. Such synthesis is possible owing to a minimal structure of each modulus.  

 
Marek Hryniewicz, Jan Anthonis, Herman Ramon  
3D apple modeling with the use of the structured light method    

 
The geometrical fruit model could affect many physical phenomena, such as heat, mass and moisture transfer, 
pneumatic transport and mechanical vibrations which occur during handling and processing fruits (Jancsok, 1999). The 
fruit geometrical model could be further studied by the Finite Element Method (FEM) (Jancsok, 1999). Incidence 
of bruises is the most important type of postharvest mechanical injury (van Zeebroeck, 2005). The reason for this is that 
the causes and mechanisms of impact and vibration are complex and interrelated (van Zeebroeck, 2005). In mechanical 
engineering a geometrical model of the structure to be analyzed is usually available as CAD drawing which can 
be imported directly in FE software (Jancsok, 1999). However, for agricultural-, bio- and food- materials there 
are no geometrical models available so they have to be defined manually, which is complicated by the complex shape 
and the shape variability of these products (Jancsok, 1999). Dintwa (Dintwa, 2006) stated that the 3D simplified models 
used in the dynamic experiments were not accurate enough, most certainly because of the coarse discretization used 
with these models. This paper describes a system for complex shapes geometrical modeling. The system 
was implemented in real apple modeling. It was developed on structured light method elaborated by Sitnik (2002). 
The method has advantages and disadvantages. Advantages: modeling of complex shapes, recalculation of many points 
at one moment, at least only 3 views for one figure, measurements without object touching.  
Disadvantages: problems with light reflection. 
 

 
Tatjana Ivanova, Janis Rudzitis 
Traceability and capability control of mass measurement equipment and drift statistical analysis of national mass standards
 in Latvia     

 
LNMC is highest metrological institute of Latvia. The paper describes national mass standards currently in use, their 
traceability, stability, mass measurement equipment and related techniques. 

 
Roman Z. Kacprzak 
Applicability estimation of a low-cost haptic device for the purpose of steering the mobile platform   

 
In this paper a concept of using an easily accessible (i.e. commercially available for common home user) model 
of enhanced user interface – Haptic Device – for purpose of steering a mobile platform is presented. The functional 
requirements for the investigated device are specified based upon literature sources and verified empirically by author 
by performing real-time experiments in Matlab\Simulink. 

 
Bronius Karaliunas  
Computer modeling of the characteristics and magnetic field of single - phase commutator motor    

 
The article presents some calculation results of dynamic characteristics of the single – phase series – excited 
commutator motors and magnetic field analysis. Single – phase commutator motors in up – to – date literature are 
called universal motors, because they can be used in both alternating current (AC) and direct current (DC) systems. The 
single – phase AC small power commutator motors are widely used in different vacuum cleaners, electric tools, drives 
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of household, electrical, medical and hygienic equipments and porta-ble electrical hand tools. However, the principal 
defect of those motors is worse commutation with sparkling between brushes and the collector, and high enough level 
of radio interferences on wide frequency range. In this article obtained expressions compounds the mathematical model 
of the single – phase series – excited commutator motor. The model of the dynamic processes of the motor and its block 
diagram are compiled according to the differential equations which were derived from the equations of voltage balance. 
The software of Matlab/Simulink is applied here which has integrated the methods of the solution of differential 
equations for the motor. For modeling the magnetic field of a AC series – excited commutator motor there was used the 
software JMAG. The program is complied by means of finite elements, by attaching on the computer separate 
geometric figures their titles and character-ristics. Since the magnetic field in the air gap between the salient poles and 
armature is not homogeneous, so the density of the grid has to be the highest. The obtained results of modeling describe 
a very complicated structure of a magnetic field of a commutator motor for the analysis of which are required new 
and comparatively accurate mathematical models. 

 
Gabriel Kost, Daniel Reclik 
The 2 ½D algorithm in robot workspace analysis  

 
In this paper there is presented the method of 3D manipulator’s workspace analysis. The analysis of robot’s 
work-space is necessary for generation the safety movement path. There was 2 ½ D method, which is based 
on algorithm of following sections defining in robot work area. Those sections are explored by flat analysis, but the 
results are transposed into graph form. This graph is the record of all possible movements, so to get the optimum 
movement there must be used Floyd’s algorithm. This, shortest trace is optimized and smoothed by using B-Spline 
curves.   

 
Mustafa Kurt, Hasan Geyik, Bilçen Mutlu, Yaşar Tatar , Ergun Nart 
Design, prototype and experimental evaluation of a wheelchair treadmill   

 
Generally, wheelchair users cannot move easily within buildings since living areas in architectural structures are not 
suitable for them to maintain or to improve their physical capabilities. Because living area restrictions affect the 
physical performance of the users outside during the day, the reduced mobility causes several health problems. These 
problems become more intense by the time. Especially heart and lung related illnesses are common among the 
wheelchair users since the immobility decreases respiration capacity. The aim of this research is to design and 
prototype a wheelchair treadmill to help wheelchair users improve their upper extremity system. In this study, CAD 
was employed for the design of wheelchair treadmill. Then finite element analysis (FEA) was carried out for the parts 
of the wheelchair treadmill and the prototype was manufactured based on the results. The prototype was tested under 
the conditions the product was originally intended to function. In the experiments, the speeds of wheelchair and 
wheelchair treadmill were measured. The distances taken by users were also recorded, and the results were evaluated 
with respect to road surface conditions. 

 
Dmitry Litvinov, Janis Rudzitis  
High frequency vibration monitoring and diagnostics of high-speed pump rolling bearings     

 
Evolution of modern industry makes great demands to reliable work of pump equipment with large revolutions number 
of rotating parts. Under special supervision must be the centrifugal high-speed pumps. One of the major and hardly 
loaded units of high-speed pump equipment are rolling bearings, therefore it is very important to conduct monitoring 
and early diagnostics works to find out defects in them. For the high-frequency vibration detection and analysis 
it is possible to use both stationary and portable systems of monitoring and diagnostics. This diagnostics advantage is 
early detection of aberration from normal operation of rolling bearings and transition from equipment service and repair 
on-schedule to real situation service and repair, which is determined on periodic diagnostics results. 

 
Cristina Pana, Viorel Stoian  
A fault-tolerant control system for a hexapod mobile robot    

 
This paper presents a fault-tolerant control system for a hexapod mobile robot. First, a description of the dynamic 
model of the hexapod mobile robot by a system of differential equations is made and after that, a representation of the 
system in state variable space is obtained. A fault detection and identification algorithm is proposed. The modality used 
here is an analytical redundant process, which supposes that the processing of the information is made at a superior 
level for the identification of the changes due to the faults. By this method, the actualized model obtained by the on-line 
identification of the system, is permanent compared with nominal model (without faults). The adaptive control system 
for uncertain non-linear systems proposed here has two main blocks: adaptation mechanism block which implements 
the mathematical model of the adaptation error and control law accommodation block which changes the characteristics 
of the control law. Finally, the authors propose the hexapod mobile robot which is open to fault events, to be a variable 
structure system and analyze a specific control method. 
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Ilhan Tarimer, Serkan Örücü,  Rıza Gürbüz  
Developing an educational software controlling data transfer of serial and parallel ports    

 
In this study, it has been examined whether computer-based teaching software is applicable in today’s electronic and 
computer teaching. By the improvement of today’s computer teaching, people are able to reach information easily. Both 
indoor and outdoor of classroom works, teaching software, which supports learning, has been aimed to help both 
teachers and students. The educational software prepared in this study that can be used in the area of controls with 
parallel and serial computer ports. In this study, basic properties of parallel-serial ports, to use them in mechatronics 
and their using facilities have been explained. How to program these ports together with their connections have been 
embedded into the educational teaching software. Thus, according to its algorithm and frame, this educational software 
interface developed can be used for general mechatronics training 

 
Abdullah Uzun, Fahri Vatansever  
Ismail Al Jazari machines and new technologies    

 
Al-Jazari was a 12th Century Turkish Scientist, Engineer and writer. His full name was Badi Al-Zaman AbulI-Izz Ibn 
Ismail Ibn Al-Razzaz Al-Jazari. He lived in Diyarbakir region in Turkey (1206 AD). As his town name is Cizre, 
the modern Turkish scripting of Jizra , his last name is known as Jazari (Uzun, 1997). Badi Al Zaman means “prodigy 
of the Age” and was applied to other well-known men (Hill, 1974).  He served the Artuks a Seljuks dynasty 
in Diyarbakir, as a chief engineer – as did his father before him. He invented the crankshaft and some of the first 
mechanical clocks, driven by water and weights- used water power. He authored and drawed 60 inventions in his book 
"Al-Jami Bain Al-Ilm Wal-Amal Al-Nafi Fi Sinat'at Al-Hiyal" (The Book of Know-ledge of Ingenious Mechanical 
Devices). Kitab al-Hiyal is an interesting work on automatic control mechanism, fountains, devices, pipes, valves and 
siphons. The importance and originality of Kitab al-Hiyal is due to its being an earlier example of the automatic control 
studies in the history. There are a number of ma-nuscripts of Jazari’s work in Oxford, Leiden, Paris, Dublin 
and İstanbul. Equally cranks may have first been documented by Al Jazari – 300 years before western engineers 
achieved this (Francesco di Giorgio Martini and Leonardo Da Vinci). He used some kind of symbols for understanding 
of his drawings like using of electronic circuits. We found that his machine drawings and manufacturings quite 
qualified understanding (http://orionrobots.co.uk/tiki-index.php?page=Al+Jazari). The aim of this study is to review 
and examine Al Jazari’s drawings and then, to compare and examine with the new technology period. 

 
Marius Vasylius, Vytautas K. Augustaitis, Vytautas Barzdaitis, Marijonas Bogdevicius  
Dynamics of the air blower with gyroscopic couple     

 
To avoid damaging of tilting pad journal bearings, the problem of safety shut down of high speed air blower cantilever 
rotor becoming important in modern industry. The experimental testing, modeling and simulation of dynamic behavior 
of rotating system was run to directly evaluate gyroscopic negative effect damaging journal bearings. A dynamic model 
of air blower rotating system was designed and simulated. A simulation and experimental measurement results 
of rotating system were used to optimize the shut down regime of machine. Gyroscopic effect influences of rotor 
bearing stability are confirmed. Results of numerical simulation confirm results of experimental vibration measuring. 
The theoretical research results are given and conclusions are made. Experimental testing and simulations results was 
applied to typical air blower rotating systems for elimination of huge negative forces acting on new bearings during 
shut down of the machine. 

 
Arkady S. Yuschenko, Dmitry N. Morozov, Andrey A. Zhonin  
Speech control for mobile robotic systems    

 
The experience and intelligence of human are necessary to fulfill the hazardous and responsible operations 
by mobile robot in undetermined environment. To make the control process more effective and simple for human 
the speech control may be used. The operator’s interface in this case may be created using the linguistic variables both 
for commands formalization and for information presentation. The speech controlled robot has to be an autonomous 
intelligent system capable to re-cognize the current situation and to adopt its behavior to real environment. To adopt 
the artificial intelligence to the human impression and reasoning the fuzzy logic principles may be used to create 
the knowledge base of a speech controlled robot. The simple manipulation and locomotion operations may be presented 
in form of fuzzy production rules. For complicated modes of behavior the procedure of fuzzy AI – planning have been 
proposed. The procedure of robot learning on the base of fuzzy neural networks has been developed .for the situations 
when human-operator can not formalize the fuzzy rules of robot behavior beforehand. 
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Abstract: A tension control system which simulates the effect of tension force in the filament winding machines has been 
designed and implemented in the present study. Filament Winding (FW) machines are widely used in Fiber Reinforced Plas-
tic (FRP) composite production systems in which they have a pretensioning system to optimize the tension of the fiber dur-
ing winding process. The precise control of the winding path needs highly mechatronic systems. The designed control sys-
tem consists of magnetic break, servo motor, a PID control unit, a load cell and a data converter. The tension of the carbon 
fiber was measured by a load cell and compared to the preset value to keep the tension of the carbon fiber in predefined cer-
tain range. 

 

1. INTRODUCTION 

Composite systems which consist of fibers and resins 
have high usage in industrial areas as new structural  
materials. Composites are strong and light, thus they  
are mostly used where the mobility is important. There  
are many types of manufacturing process such as Sheet 
Molding, Compression Molding, Pultrusion, Resin Transfer 
Molding, Prepreg forming to create structural parts.  
Most of the manufactured One of the important composite 
forming processes is the Filament Winding (FW) process, 
which needs high path control of the continuous fiber. The 
winding pattern in the FW process should be precisely 
controlled to have better wound product with high quality. 
Thus the FW machines which are used to produce mostly 
axisymetric and symmetrical parts are mostly accepted  
as a type of mechatronics machines. The main parts of the 
FW machines are;  
− Winding machine body, similar to that of lathe machine, 
− Control unit (mostly by NC, CNC or DNC unit), 
− Heat controlled resin impregnation system, 
− Roving storage and pretensioning unit. 

The FW machine is an integrated system of the above 
sub systems and needs to be run by control and coordina-
tion of the sub systems. 

The brittle structure of the fiber especially that of  
carbon fiber affected very much from the pretensioning 
pro-cess. Optimizations of the above parameters are very 
important to lessen the damage caused on the fiber roving. 
Thus a servo motor controlled PID control system was 
designed and manufactured to carry out the necessary  
experiment. The task of the PID control was to keep the 
pretensioning force in a certain range under various tension 
forces.  

Mainly, pre tension control for filament winding is the 
interest of researchers. In the literature some studies exist 

on the influence of winding tension on composite part  
quality, even if they are referred to symmetric part shapes 
that may be obtained by traditional filament winding  
(Cogen, 1997; Lauke and Friedrich, 1993; Mertiny and 
Ellyin, 2002). All studies stated that once the tension value 
has been set, it is necessary to assure that the tension acting  
on the roving during winding is as near as possible to the 
set nominal value for best strength of the final product. 

Chan et al. (1996)  described the evaluation of a robot 
based filament winding cell consisting of an industrial  
robot. They studied accuracy vs. speed relationships of the 
robotic winding cell for more prices winding of the fiber 
bundles. Sharon and Lin (2001) suggested the development 
of a fully automated fiber optic winding machine capable  
of accurately winding several different coil patterns, incor-
porates active tension control during winding, and includes 
a vision-based, automated error detection and correction 
system for improved reliability. Choi and et al. (1997)  
proposed that, a feedback controller for a moving tape 
tensioning system which uses an ER (electro-rheological) 
brake actuator. Yeung and et al. (1995) suggested a new 
drive system with fuzzy control and a synchronized  
compensator has been incorporated in the system to achieve 
these results. A low-displacement, high-bandwidth filament 
tension sensor has been developed as an integral part of the 
system.  

Kudo and et al. (2000) proposed a new automated  
sewing system is described, consisting of two robots  
handling the fabric on the table in a similar manner as does 
a human operator during sewing. To enable user-friendly 
operation of the system operation, particularly in the phase 
of preparing new tasks, the original Multi-arm Robot  
Control (MRC) system has been developed. The control  
of hand coordination and the fabric tension has also been 
developed and implemented. To control seam path and its 
deviation from the desired trajectory, visual feedback was 
adopted.  Sauter and et al. (2005) proposed a method for 
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fault-tolerant control in dynamic systems. The proposed 
approach is composed of two stages. The first stage is the 
detection and isolation of the failed component using  
a directional filter designed under a particular eigenstruc-
ture assignment. The second stage is represented by the 
reconfiguration mechanism which makes possible the com-
pensation of the fault effects. Polini and Sorrentino (2005) 
studied a new type of robotized winding cell in which the 
winding tension tried to be kept constant. They equipped 
the cell with a dynamometer that has been mounted under 
the winding die. Components of the force along three  
orthogonal directions (Fx, Fy and Fz) were aimed  
to be measured in the system and the data of tension were 
managed by Labview software of National Instrument. 
Polini and Sorrentino (2006) suggested system to keep the 
winding tension on roving near to the nominal value and to 
avoid collision occurrence. Carrino and et al. (2003) stud-
ied a modular structure of a new feed-deposition head for  
a robotized cell able to manufacture complex shape parts  
in composite material by means of the filament winding 
technology. Imamura and et al. (1999) purpose two kinds  
of winding tension control methods, and implement them 
using PID or I-PD control and they proposed tension  
control methods, which make use of the rotational velocity 
diffe-rence between the mandrel and nip-roll parts,  
performed well in trials. Carrino and et al. (2004) suggested 
an original method to optimize and to compare alternative 

winding trajectories for robotized filament winding.  
Another fiber tensioning system with a conventional 

load cell (Kyowa Instruments) was used to check the  
correctness of the developed servo-mechanic pretensioning 
system Carbon fibers were wound under various pretension 
forces using the developed system [Fig. 1 and 2]. Tension 
tests were carried out to understand several tensioning  
parameters on the carbon fiber strength using Instron  
tension machines. 

2. DESIGN OF SERVO CONTROLLED TENSION 
SYSTEM 

A pretension control system for filament winding  
process was designed and manufactured to understand  
the effect of the pretension system parameters in the present 
this study. The diameter of the single fiber is around  
10 micrometer. The fibers are not used as single fiber but 
they are used generally as bundle whose fiber numbers are 
changed from 1000 (1K) to 48000 (48K). They are brittle 
and can be easily damaged if any friction or bending forces 
are in present during winding process. To simulate the  
friction and bending of the fibers, an experimental set up 
was designed and manufactured as it is in real situations. 

 
Fig. 1. Servo System Controlled Filament Winding System (a – Magnetic Brake Unit, b – Pre Tension Unit, c – Servo Motor Unit)

Tensioners which are the main object in the present 
study are used to pull the fiber so that the fiber could follow 
precisely the winding pattern path which it is supposed  
to go. The parameters which affect the winding are;  
− The pretensioning force, 
− The diameter of the pulleys which the fibers goes 

trough, 
− The angle of the fiber between pulleys. 

To control of the some of the above parameters are  
important to prevent strength loss in fibers caused by  
breakage. To do this, the strength loss measurement of the 
fiber bundle is important task. Bending strength in the fi-
bers is mostly caused by vertical distance between pulleys 
and angle which defined by pulley diameter. A pulley sys-
tem  
in which the above parameters can be changed was manu-

factured. The tension force on the fiber body was measured 
by a torque controlled servo motor which was located at 
one end of the tension system. At the end of the system, 
there was a winding roll to pull the fiber. The tension force 
on the fiber was measured by a load cell which is located 
juts prior to last roll. The first unit is tension setup of car-
bon fiber  
by magnetic brake with indicator of tension value.  

Servo system controlled filament winding tension  
system which is seen in Fig. 1. consist of mainly from  
3 units.  
1. Magnetic brake unit which adjusted the speed of the 

fiber. This is also resulted the increase or decrease on 
the tension force in the fiber body (Fig. 2.). 

2. The second unit is consisted of pulleys. The unit has 
two kind pulleys which are different in diameter. The 
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pulleys task was to transfer the fibers to the FW ma-
chine in a proper manner and create a room for tension-
ing adjustment (Fig. 1.b). The other task of the pulley 
was to change the travel angle of the fiber by changing 
the a and b distance between pulleys. 

3. the third unit is fiber roll out unit. The task of the unit 
was to pull out of the fiber according to the predefined 
speed and wound it on a roll.  

 
Fig. 2. Magnetic Brake Unit 

 

 
Fig. 3. Servo Motor Unit 

 
Fig. 4. Schematic Load Cell System 

Pre tension unit which has pulleys – that can change po-
sitions is the second unit (Fig. 1b.). The third unit which 
can be change winding speed during filament winding. 
However this unit has bobbin for winding (Fig. 3). 

During winding, converter takes the measured load sig-
nal and converts it to signal between 0 – 10 V and transmits 
the parameter to the control unit. A proportional–integral–

derivative controller (PID controller) was used as control 
loop feedback mechanism. As it is well known, the PID 
controller calculation involves three separate parameters; 
the Proportional, the Integral and Derivative values. The 
Proportional value determines the reaction to the current 
error, the Integral determines the reaction based on the sum 
of recent errors and the Derivative determines the reaction 
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to the rate at which the error has been changing.  
The weighted sum of these three actions is used to adjust 
the brake movement. The PID controller attempted  
to correct the error between a measured tension force and  
a desired set point of tension force by calculating and then 
outputting a corrective action that can adjust the process 
accordingly. 

The tuning of the PID controller was performed manu-
ally. According to the manual tuning, if the system must 
remain online, one tuning method is to first set the I and D 
values to zero. Increase the P until the output of the loop 
oscillates, and then the P should be left set to be approxi-
mately half of that value for a "quarter amplitude decay" 
type response. Then increase D until any offset is correct  
in sufficient time for the process. However, too much D 
will cause instability. Finally, increase I, if required, until 
the loop is acceptably quick to reach its reference after a 
load disturbance. However, too much I will cause excessive 
response and overshoot. A fast PID loop tuning usually 

overshoots slightly to reach the set point more quickly; 
however, some systems cannot accept overshoot, in which 
case an "over-damped" closed-loop system is required, 
which will require a P setting significantly less than half 
that of the P setting causing oscillation. The contributors of 
the PID control scheme is correcting terms, whose sum 
constitutes the manipulated variable (MV). That is: 

MV (t) = Pout + Iout +Dout      (1) 

Where Pout, Iout, and Dout are the contributions to the 
output from the PID controller from each of the three terms. 

The effectiveness of the PID control system was also 
checked by a conventional measurement system which was 
consisted of a load cell, high speed data logger and  
a computer. A three pulley system with a load cell (Kyowa 
Instruments), originally proposed by Horide et al.(1999) 
was employed. The schematic of the load cell system  
is given in Fig. 4. 

 
Fig. 5. Calibration System with KYOWA-UCAM 21 Measure System 

The pre tension load on the fiber during winding proc-
ess must be constant on acceptable value. Pre tension load, 
which is set up during filament winding process, compare 
with is measured value by system which had accepted  
the correctness. Fiber tensioning system with a conven-
tional load cell (Kyowa Instruments) was used to check the  
correctness of the developed servo-mechanic pretensioning 
system Carbon fibers were wound under various pretension 
forces using the developed system [Fig. 5]. The loads,  
which are measured by KYOWA-UCAM 21, are saved  
to computer as shown in Fig. 5.  

3. RESULT AND DISCUSSION 

In this study, the effect of the primary manufacturing  
parameter ‘winding tension’ on filament winding process 
which widely uses on composite manufactured. It was de-
signed to handle carbon fibers at high speeds while main-

taining exact and very uniform tension. But it can be used 
with any type of fiber in composite manufacturing of con-
tinuous fiber. In composite winding, exact tension of each 
fiber is critical in order to achieve a finished product which 
has a high quality and good strength-to-weight ratio. Thus, 
an advanced tension control system with real-time control 
of the winding tension for filament-winding machine  
has been designed, manufactured and tested. Two kinds  
of winding tension control methods namely PID control  
and direct load cell control were used in the experiments. 
Imamura et al. has proposed a tension control methods, 
which make use of the rotational velocity difference  
between the mandrel and nip-roll parts. Rotational velocity 
is undirected parameters in case of fiber tensioning. Any 
sliding between pulley and fiber may cause an incorrect 
data. Thus, in the present study, the tension force  
on the fibers body was directly measured by a load cell  
and the value was evaluated by a PID controller to keep  
the tensioning constant. A conventional load cell system 
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with a very high sampling rate (80 microsecond-1 ) was 
also used to check the effectiveness of the PID controlled 
load cell system. Fig. 5. shows the comparison of the ten-
sion force measurements data obtained from PID controller 
tensioning system with the conventional load cell system. 
This figure indicates that the tensioning can be kept  
within 10 % variation of the set value which is generally 
acceptable. 

With the implementation of the better tensioning  
system such as one proposed in the present study, it may be 

possible to have advantage in the FW machines. Those 
advantages may be: 
− Production cost reduction may be possible, 
− Less row material loss during winding may occurs, 
− Production speed can be increased, 
− Better product quality may be available.  

To have better winding pattern with optimized fiber 
waviness more winding parameters should be included  
in the control system, especially in the wet winding proc-
ess. The fibers are always tending to slide on the mandrel 
during the placement in the machine. 
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Fig. 6. Variation of the Tension Force in the Fiber during Winding 

Fig. 6. shows deflections of the pre tension and  
measurement frequency per second. Like 19,62 N load 
which are set up during winding process. This value  
are taken approximately ± 1 N deflections values as shown 
in Fig. 6. As the pretension load are taken on the acceptable 
constant value breaking of the fiber are handicapped and 
the pre tension value are set up during winding process on 
the desirable values. 

4. CONCLUDING REMARKS 

A pretension control system with PID control for  
filament winding process was designed and manufactured  
to understand the effect of the pretension system parame-
ters in the present this study. Tension controls of this proc-
ess are important factors in beter winding paterns which is 
the main reson of high strength. A proportional–integral–
derivative controller (PID controller) was used as control 
loop feedback mechanism. Proportional, integral, and de-

rivative (PID) control requires real-time system feedback. 
PID is a sophisticated control technique which monitors the 
error between a desired variable value and the actual value, 
and adjusts the control accordingly (proportional).The aim 
of the fiber control was to keep fiber tension force constant 
in a pre-defined value. The tested pre-tension control  
system for filament winding led to the following  
conclusions: 
− Pretension was controlled in variable value successfully 

during filament winding.  
− The primary test of the system showed that the fiber 

tension may be kept constant within the 10% of aimed 
tension value. 
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Abstract: In the context of developing automated optical inspection system, this work brings into focus the aspect  
of de-velopment of evaluation algorithms for thickness distribution extraction from the object model reconstructed after  
surface scanning. Within this work an algorithm for the evaluation of local differences between two triangle meshes is pre-
sented. The pair of triangular meshes is representing the front and backside of a scanned 3D-object. The resulting array  
of differences vector corresponds to the shortest local distances (i.e. local thickness) between sides of object. 

 

1. INTRODUCTION 

To guarantee the quality of parts produced by sheet 
metal forming the inspection of products geometrical form, 
surface defects, thickness and possible tearing is needed. 
The strong demands for cost reduction, shortened develop-
ment cycle and high quality involve the necessity of a fast, 
exact and robust measurement procedure at the stages of 
forming tool development, procedure and product optimisa-
tion and during mass production. Especially, the inspection 
at production starts lead to important conclusions on the 
production process (e.g., the influence of tool modifications 
on the manufactured parts). Used in the industry visual 
inspection by trained personnel can't satisfy recent require-
ments to the accuracy and objectivity of inspection proce-
dure. Moreover, many relevant surface defects on sheet 
metal parts are not visible to the human eye. For successful 
surface defects detection using machine vision inspection 
instruments a great number of points with high spatial den-
sity as well with required evaluation precision is needed. 
Existing coordinate measuring machine not always satisfy 
demands for scanning velocity caused by the necessity  
of online inspection. Instrumentation for fast, automated, 
user-independent, with high density of measuring points 
thickness estimation of sheet metal parts is currently  
not available. It is known optical instrumentation using 
photogrammetry and grid analysis method (Höflin  
and Feldmann, 2002; Schmidt et al., 2004). Regular grid 
(usually circles) is applied on a sheet metal part before 
forming. Strain and thickness changes are evaluated from 
the grid analysis (analysis of marks form changing after 
forming). The resolution for such method is restricted by 
mark raster and there is some methodical error due to indi-
rect thickness estimation. Most of instrumentation for 
formed sheet metal inspection specialised for one or two 
parameters evaluation and instruments combining the geo-
metrical form parameters inspection, defect detection and 
thickness estimation currently are not available. 

 

2. INSTRUMENTATION FOR SURFACE INSPECTION 

Optical measuring technologies in sheet metal forming 
and tooling have been used more and more in the industry 
during recent years. Using optical systems considerably 
decreases the development time for products and production 
while improving the quality. Good prospects for application 
for the inspection of sheet metal parts have fringe projection 
optical systems. The availability of highly capable three-
dimensional optical sensor systems based on the image 
triangulation principle using fringe projection method  
creates the possibility of fast digitising of object surface 
resulting in a large set of measuring points with high resolu-
tion. Existing on the market fringe projection systems  
enable check up of geometrical form and examination  
of surface structure of digitised object (Ernst et al., 2003). 

The highly accurate and fast sensor system reliably  
detects even the smallest relevant surface defects such  
as dents, bumps, sink marks, waviness, constrictions and 
cracks etc. with a defect resolution down to 10 µm (Stein-
bichler Optotechnik GmbH). To assure the stability  
of formed sheet metal parts, additionally to form and sur-
face structure the thickness fluctuations in the critical zones 
of formed component and defects like necking, thinning 
(with the future risk of tear) or wrinkling should be con-
sidered. New possibilities of defect detection reveals with 
the elaboration of measuring procedure enabling two-side 
surface scanning and creation of digital object model  
(Weckenmann et al., 2004). To realise the evaluation  
of thickness fluctuations an algorithm for distances between 
surfaces estimation is to be elaborated. 

3. ALGORITHM DESCRIPTION 

3.1. Definitions  

To ensure the stability of a part created by sheet metal 
forming procedure is very important to guarantee that the 
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minimal local thickness of a part is greater as the defined 
(for concrete material and work load conditions) critical 
value. From this point of view we define evaluated distance 
as the closest distance in local surrounding of an analysed 
surface point. Note that after a surface scanning an object is 
represented in form of point clouds (3D-data sets). As is the 
convention in coordinate metrology, thickness is estimated 
as length of the perpendicular from a point of one work 
piece surface side to the nearest interpolated surface  
element at the opposite side. The special feature of surface 
data is that the nearest point at the opposite side is included 
in several surface elements, so it is needed to find the sur-
face element perpendicular on which is the shortest. Given  
a point p at one side of object surface and surface element S 
at opposite side, we define the distance c(p,S) as 

'
( , ) min ( , ')

p S
c p S d p p

∈
= , (1) 

where d() is the Euclidean distance between two points in 
R3 and p' - the projection of p onto surface element S. In 
local surrounding of surface elements S1, S2 (for two object 
sides, correspondingly) the one-directional distance E is 
defined as 

),(min),( 221
1

SpcSSE
Sp∈

= . (2) 

Note that often in such way estimated distance is not 
symmetric, i.e. E(S1,S2) ≠ E(S2,S1). A two-sided distance 
may be obtained taking the minimum of E(S1,S2) and 
E(S2,S1) in local neighbouring of surface elements. 

3.2. Evaluation procedure  

The process of nearest element searching is complicated 
for data sets obtained by optical systems due to large  
number of scanning point presence. These data are non-
sorted sets, i.e. without information about neighbouring 
relations between data points. So the first step in evaluation 
procedure (Fig. 1) is the estimation of topology information 
of 3D-data. Such information allows fast searching of the 
neighbouring elements and creates the necessary prerequi-
sites for surface modelling (in current work a linear inter-
polation of triangle meshes is used). For topology estima-
tion the Delaunay triangulation is used. The Delaunay tri-
angulation realises space division with the following merg-
ing  
of nearest points in triangles and demonstrates the optimal 
properties after circumscribed circles and angle maximiza-
tion criteria. Moreover, there is a possibility to approximate 
a plane through each three nearest points and in such way  
to create a surface model (Fig. 2). 

Using of Delaunay triangulation gives an opportunity  
to significantly reduce the number of searching operations 
and increase the efficiency of data processing algorithm. By 
means of such a structure, for point of one side, it is possi-
ble to quickly find a nearest point at the opposite side. But 
such a point can belong to several triangles. So, to find a 
triangle, projection on which gives the shortest distance, the 
algorithm for nearest point searching should be extended to 

the nearest element searching by the following steps: 
− searching for adjacent triangles, containing the found 

nearest point; 
− evaluation of projection points onto planes of adjacent 

triangles; 
− rejection of the planes if projected point is not inside  

of triangle; 
− estimation of the shortest perpendicular length, which 

corresponds to the local one-directional distance E. 

point clouds representing front and 
back sides of workpiece surface

surface approximation by a triangle mesh

search for the nearest neighbor 
at the opposite surface

search for adjacent triangle planes

estimation of the shortest point-to-surface distance

for each point of one side

for each nearest neighbor point

topology estimation

computation point-to-surface distances
using point of one side and triangles of opposite side

repeating the shortest point-to-surface distance 
evaluation procedure for the points of opposite side

estimation of the shortest local distances

3D-visualisation of surface with 
colour-coded distances

 
Fig. 1. Procedure for evaluation of distances between surfaces 
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Fig. 2. Example of surface triangulation 
For the efficiency of shortest element searching pointer 

indication triangles, containing current point is created. 
For each triangle with points P1, P2, P3 described  

by 3D-coordinates the normal vector is calculated from 
cross product of two triangle edges (Fig. 3) 

[ ])13()12( PPPPn −×−= . (3) 

z

x

y

P1

P2

P3

1312 PPPPn ×=

 
Fig. 3. Computation of normal vector for a triangular surface ele-
ment 

The elements of normal vector };;{ CBAn =  are the co-
efficients of plane equation  Ax + By + Cz + D = 0, where 
the coefficient D means the plane offset from the coordi-
nate origin in the line of plane normal. If coefficients A, B 
and C are known the D is easy to find if put the coordinates 
of one of triangle points into the line equation. This opera-
tion can be described by dot product of vectors 

};;{ CBAn =  and };;{1 111 zyxP =  

)1( PnD ⋅−= . (4) 

Now it is possible to evaluate the distances from each 
point of one side P1i to the triangle plane at opposite side  
(to the corresponding projection point) containing the 
found nearest point. We evaluate this distance as difference  
between projection of P1i to the normal of triangle plane 
(corresponding to the distance to the origin) and distance 
from triangle plane to the origin: 

DPnDPd iin −⋅=−= )(proj 11 . (5) 

At the next step the similar procedure in inverse direc-
tion, i.e. from the work piece opposite side, is run out. Ana-
lysing the results of the bi-directional procedures we find 
the smaller one of the above calculated distances located 
nearby defined points. 

3.3. Procedure realisation 

The elaborated algorithm realizes the method for esti-
mation of local closest distances between sides of digitised 
formed sheet metal part. An example of measured part with 
colour-coded thickness information is shown at the Fig. 4. 
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Fig. 4. Colour-coded distances distribution 

4. SUMMARY 

The evaluation module returns both numerical (array  
of local distances vectors) and visual results in form  
of coloured reference surface according to the estimated 
local distances. The estimated area-wise thickness is visua-
lized over the one of measured surfaces as a colour-coded 
map. This kind of representation enables easy localization 
and documentation of the smallest wall thickness. Further-
more, the direct visualization helps to find reference of the 
wall thickness corresponding to the measured surface zone. 

REFERENCES 

1. Ernst R., Weckenmann A., Velgan R. (2003), Local wall 
thickness measurement of formed sheet metal using fringe 
projection, In: D. Ilic, M. Boršic, J. Butorac: XVII IMEKO 
World Congress, Proceedings, 1802-1805. 

2. Höfling R., Feldmann P. (2002) Strain Analysis by Automa-
tic Grid Evaluation, Technisches Messen, Vol. 69, 10/2002, 
437-442. 

3. Schmidt T., Tyson J., Galanulis K. (2004) Total Area Strain 
Mapping Improves Total Quality of Stampings, Two- and 
Three-Dimensional Vision Systems for Inspection, Control, 
and Metrology, Proceedings of the SPIE, Vol. 5265,  
157-162. 

4. Steinbichler Optotechnik GmbH. Surface Inspection  
of Sheet Metal Parts with ABIS II at KIA Slovakia. 
http://www.steinbichler.com/en/detail/news,3985.htm 

5. Weckenmann A., Ernst R., Velgan R., Gall P., Nalbantic 
K. (2004) Detection of Defects in Sheet Metal by using Fringe 
Projection System, In: 8th International Symposium on Me-
asurement and Quality Control in Production, VDI-Berichte 
1860, 231-236. 

 



Ivars Beinarts, Anatoly Levchenkov, Peters Balckars 
Controls of heating process in electro transport mechatronic system using feed forward neural network 

 14 

CONTROL OF HEATING PROCESSES IN TRANSPORT MECHATRONIC SYSTEM  
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Abstract: In this article interest is concentrated on the climate parameters optimization in passengers’ interior of mechatronic 
systems (public electric transportation vehicles- train, tram or trolleybus). Idea is to use feed forward artificial neural  
network to create an algorithm and coordination mechanism for heating system parameters control to save electrical energy,  
and to increase the level of comfort for passengers. A special interest for investigations and further development is devoted  
to intelligent HVAC system allowing more flexible control of the system’s compressor, fan and heater operation,  
and, therefore, improvement of efficiency and energy saving. This paper provides the mathematical model and algorithm  
for optimal control of the climate control system.  

1. INTRODUCTION 

Nowadays great attention is paid to increasing level  
of passengers’ comfort in public electric transport. The  
aim of it is to provide passengers with a transportation  

service of a high quality. Elaboration of new HVAC  
(heating, ventilation and air conditioning) systems has to be 
performed in order to provide it. Effective work of them can 
be provided by elaborating control systems with usage  
of artificial intellect methods and progressive algorithms.  

HVAC
F C HE E E E= × ×

min .OPE →
min .N →

Indoor 
Environment

,exT ,exRH exV
Outdoor Environment

max.OPQ →

Passenger

18 21in
wT C C= ÷

40% 60%in
wRH = ÷

( ); ;in inQ f T RH N=

min.wN →
,inT ,inRH N

 
Fig. 1. Environment and HVAC system connection (Q – passengers comfort level, E – energy consumption, RH – air humidity, N – acoustic 

noise, V – air velocity, T – temperature, OP – optimal choice of parameters, in – indoor, ex – outdoor.  Ability of HVAC system  
to provide optimal level of comfort QOP is directly dependent on energy consumption E of HVAC system) 

Indoor environment parameters of vehicle passengers’ 
interior to large extent depend on outdoor environment 
parameters (Fig. 1), frequency and intensity of both  
environments connecting (when opening doors and  
windows) as well as on effectiveness of HVAC system 
(Beinarts and Levchenkov, 2007).  

2. PROBLEM FORMULATION 

The main purpose of the paper is to develop structure 
scheme of HVAC intellectual control system and to de-
scribe its working algorithm, as well as to define the opti-
mal HVAC system working regime, taking into account  
priorities of consumers, and trying to reduce consumption 
of electric energy as much as possible. 

Deep and detailed investigation of the behaviour of such 
a system, its operation and running processes requires its 

generalized mathematic modelling, taking into account all 
possible regimes of the operation of compressor, fan  
motors, heater and setting an algorithm of their control 
under any condition. Possible problem solution is intelli-
gent coordination mechanism – intelligent control system 
with the artificial neural network, which gives possibility to 
save the electrical energy min., at the same time providing 
high level of comfort to passengers max. 

3. HVAC SYSTEM 

The modelling and investigation are based on the typical 
architecture of HVAC system (Sauer et al., 1994) with  
a traditional application of AC induction motors for driving 
both compressor and fan of the conditioner. The well-
known field-oriented method (Bimal and Bose, 2002) has 
been considered for the modelling. 
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Fig. 2. Power part of HVAC system (CS – control system, ω – speed control, ψ – flux linkage, Tsx, u – voltage, uc
H – heater control signal)

There are two control systems (CS) – one is for  
compressor motor control and the other – for fan motor 
control (Fig. 2). Heater control system (HCS) is used for 
control of electric heaters, control of which is realized  
according to signal. 

4. CONTROL SYSTEM DESIGN 

HVAC system control is performed using computer  
system. Processing of environmental parameters and  
passengers’ wishes regarding climate parameters is realised 
using program agents.  

Overall structure scheme of control system is given in 
Fig. 3. Passengers’ wishes of necessary level of comfort are 
described as fuzzy variables and processed with fuzzy logic 

controller (FLC) which is described in (Beinarts and 
Levchenkov, 2008).  
 Signal QP

S, characterising wishes of passengers,  
is produced on FLC output. Environmental parameters  
of passengers’ interior are controlled using suitable sensors, 
which are connected to ANN inputs x1 – x6. Inputs x8 – x10 
are connected to separate power elements (cooler, fan, 
heater) of HVAC system for acquiring data about summary 
energy consumption E from electro energy power supply 
(EPS) that is characterized by signals EC, EF, EH respec-
tively. Information acquired from sensors and FLC are 
processed by ANN and according ANN rules respective 
output signals yC, yF, yH are generated, which contain infor-
mation on necessary work regimes of air conditioner, cooler 
and heater. 
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Fig. 3. Heating control system structure 

ANN outputs are connected to the input of control  
signal controller (CSC). CSC performs HVAC power part 
control with signals ωref, ψref and uc

H. 

EPS provides HVAC system with controlled flow of 
electric energy: E = EF ⋅ EC ⋅ EH, size of which is controlled 
and data on its value E are passed to ANN, which provides 
an optimal control regime of energy consumption. 
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5. PROBLEM DECISION METHODOLOGY 

5.1. Artificial neural network 

In the paper there is used a sigmoidal type feed forward 
artificial neural network, which is also known as Multi-
Layer Perceptron (MLP) (Haykin, 1998). Structure  
of  three-layer MLP is given in (Fig. 4). 

Sigmoidal (logistic) neuron activation function is used 
in the network: 

( ) 1
1 as

f s
e−

=
+

,       (1) 

where s – output value of neuron inputs sum, a – steepness 
parameter. 
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Fig. 4. Feed-forward MLP type artificial neural network (Input layer signals: xj∈ { x1, x2, …, xJ}, hidden layer output signals: gl∈ { g1, g2, 

…, gL}, output layer signals: yi∈ { y1, y2, …, yI}, hidden layer weights:  vlj – output layer weights: wil – neuron activation function: 
f – um of input signals: Σ, HVAC system control signals: {yC, yF, yH}, C – cooling, F – fan, H – heat process) 

Sigmoidal expression shows that values of neuron out-
put can be in range [0, 1]. As one of the most important 
characteristics of the function is simplicity of its derivation: 

[ ]'( ) ( ) 1 ( )f s a f s f s= ⋅ ⋅ −       (2) 

In order to simplify description an extended designation 
of the input vector of the network is used described as  
x = [x0, x1, …, xJ]T, where x0 = 1 corresponds to a signal of 
polarization. Input vector x is interconnected with the real 
output signal vector y = [y0, y1, …, yI]T and the desired 
output vector d = [d0, d1, …, dI]T. 

Output signal of the hidden layer neuron is calculated 
according to formula:  

0

J

l lj j
j

g f v x
=

= ⋅
⎛ ⎞
⎜ ⎟
⎝ ⎠
∑       (3) 

where index j = 0 corresponds to the signal and weights  
of polarization, and x0 ≡ 1, g0 ≡ 1. 

Output signal of the output layer neuron is calculated 
according to formula:  
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∑ ∑ ∑   (4) 

5.2. Neural network training 

 The aim of the training is to adjust such values of 
weights vlj and wil for all layers of the network so that when 
input vector x is set, then such output signal values yi are 

obtained which would match with necessary precision with 
desired values di, when i = 1, 2, …, I. If to look at the  
polarization signal as to the one of the components of the 
input vector then polarization weights can be added to the 
vectors weights of corresponding neurons of both layers. 

5.3. Error back propagation algorithm 

The error back propagation algorithm (Kecman, 2001) 
for multilayer ANN defines weights adjusting strategy 
using gradient methods of optimization. It is considered as 
a one of the most effective training algorithms at the  
moment.  Algorithm is based on the target function which  
is formulated as a square sum of difference between desired 
and real output signals values:  

( ) ( )2

1

1
2

I

i i
i

E w d y
=

= −∑      (5) 

( ) ( ) ( )( )2

1 1

1
2

P I
p p

j i
p i

E w d y
= =

= −∑∑     (6) 

Making more precise weights values can be done each 
time after presenting of each training pattern p according 
formula (5) (regime „On-Line“), or one time after presen-
ting of all training patterns when many training patterns are 
presented p = 1, 2, …, P according formula (6) (regime 
„Off-Line“). There is „On-Line“ training regime used in the 
paper. 
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Step1. Choose the learning rate η and predefine the maximally allowed, or desired, error  Edes. 
Step 2. Initialize weights matrices. 
Step 3. Start new learning epoch. 
Step 4. Perform the on-line training, apply the new training pair (xp, dp) in sequence or randomly to the hidden layer neurons. 
Step 5. Consecutively calculate the outputs from the hidden and output layer neurons. 
Step 6. Initialize Ep

acc = [ ]. Perform only in the first step of an epoch (p = 1). 
Step 7. Find the value of the sum of errors square cost function Ep for the data pair applied and the given weights matricesVp and Wp. 
Step 8. Value of the cost function is accumulated over all the data pairs. 
Step 9. Calculate the output layer neurons’ error signals. i = 1, …, I. 
Step 10. Calculate the hidden layer neurons’ error signal l = 1, …, L – 1. 
Step 11. Calculate the updated output layer weights. 
Step 12. Calculate the updated hidden layer weights. 
Step 13. Compare actual p with P. 
Step 11. The learning epoch is completed: p =  P. For  Ep < Edes, terminate learning. 

Fig. 5. „On-Line” version of error back propagation algorithm 
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If assume that the target function is continuous then 
gradient methods of optimization are the most effective for 
the network training. Adjusting of weight vectors is done 
according to formula: 

( 1) ( )w i w i w+ = + Δ       (7) 

where Δw = ηp(w), and η – training coefficient, p(w) –  
direction in space w. Structure of error back propagation 
algorithm is given in Fig.5. 

A set of P measured data pairs that are used for training 
is given: X = {xp, dp, p = 1, …, P}, consisting of the input 
pattern vector: x = [x1, x2, …, xJ + 1]T and the output desired 
responses: d = [d1, d2, …, dK]T.  

6. PROBLEM DECISION ALGORITHM 

Step 1. Initialization. In the object O (vehicle passengers’ 
interior) HVAC system provides minimal necessary  
climate parameters QO

S set by an operator. 
Step 2. ANN is trained using error back propagation  
algorithm on the base of training data pattern set P prepared  
by a supervisor. 
Step 3. Passengers’ climate parameter perception slopes 
Tin

u, RHin
u, Nin

u are determined, and the comfort level set-
point QS

Pis defined by FLC. 
Step 4. ANN is processing information obtained from envi-
ronmental parameters’ sensors placed in the interior of an 
object and comparing energy consumption values of HVAC 
system power plant, and in the result it activates ANN  
output signals yC, yF, yH. Target is minimization of electrical 
energy consumption E = EC ⋅ EF ⋅ EH → min. in compressor, 
fan motors and heater, considering consumer wishes QS

P 

with control regime C with ANN decision making D under 
control procedure Cw

DM(t) during time t. 
Step 5. ANN output signals yC, yF, yH that contain informa-
tion about the necessary changes of HVAC system power 
elements’ parameters are processed by CSC. In the result, 
CSC forms control signals of HVAC system ωC

ref, ψC
ref, 

uC
ref and address of destination power unit.  

Step 6. Work regime of HVAC system Cw
DM(t) is set  

according computation results.  
Step 7. HVAC system, according to CSC control signals, 
provides changes of climate parameters in the object, taking 
into account optimal consumption of electro energy: 
E(t) → min. with comfort level of passengers’ Q(t) → min. 

7. SUMMARY 

The provided results prove that the use of feed forward 
ANN of sigmoidal type (MLP) with application of the  
proposed algorithms can be useful for solving HVAC tech-
nology control problems in the public electric transport. 
Usage of the created models and algorithms in the climate 
parameters control system in the passengers’ interior will 
raise possibility to increase efficiency of  electro energy 
usage, so exploitation costs of transport will reduce as well 
as passengers’ comfort level will be increased. Appropriate 
for this purpose are systems working using control core, 
developed on the basis of artificial intelligence, which can 

control the current condition of all system, environment 
parameters independently on operator, and taking into  
account predictable changes of these conditions, it can take 
decision on the necessary system actions. The elaborated 
system model can be used for sustaining microclimate  
in different facilities, public electric transport vehicles  
and buildings. 
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Abstract: Computer processing of the image of surface of operating gas turbine blades was proposed in order to make  
the method of the evaluation of the condition of these blades more objective. The dependences and connections between the 
degree of blade material overheating and the colour of analyzed surfaces were shown on the basis of images registered  
in visible range of electromagnetic wave (digital image – Charge Coupled Device matrix). The proposal of methodology  
to assign the overheated areas on the blade’s surface in order to assess the range (of degradation) of thermal usage of the 
blade and to forecast it's working resources, might be useful to monitor the situation in the operating conditions. Moreover in 
the article the problematic of acquisition of the form digital images dates was presented by showing physical basis of analysis 
of reflected signal from metallic surface are showed in aspect of recording by photoelectric light sensor (matrix CCD). 

1. NATURE OF THE UNDERTAKEN DIAGNOSTIC 
PROBLEM  

During the operating process of technical objects such 
as: airplane, traction, as well as marine of propulsion,  
all kinds of failures of their turbine sets take place. Most 
common defects are material overheating, as well as  
thermal fatigue of jet and rotor blades. These kinds  
of defects lead to faulty engine operation, and sometimes  
in case of airplane engines to tragic accidents. Elimination 
of this kind of defects is always carried out as a major  
engine repair, which results in high costs (Błachnio, 2005; 
Dudziński 1987; Poznańska, 2000). 

At present, the evaluation of the condition of turbine 
blades is carried out based on the registered image of the 
diagnosed element’s surface and compared to the standard 
images of operational and nonoperational analogical blades 
surfaces. Such condition evaluation criteria are very subjec-
tive, because they depend on the knowledge as well as the 
vision of the diagnostician. Verification of diagnostician’s 
decision is carried out through destructive method.  
Tested element undergoes microstructure analysis  
on metallographic section. Errors in the subjective  
evaluation by the diagnostician can lead to mistaking  
an overheated blade for a suitable one, or a not-overheated 
one for unsuitable. Up until now, a non-destructive method 
of evaluation of the degree of overheating of blade’s  
material based on objective criteria hasn’t been developed.  

Objectivity, sensitivity and reliability increasing  
of evaluation condition of the tested technical element will 
be possible thanks to disclosure of dependences  
and connections between the colour change of the analyzed 
surfaces and the change of material microstructure  
owing to influence of working factor of  high temperature 
(Błachnio and Bogdan, 2008; Bogdan and Błachnio, 2006).  

 On the grounds of problem analysis the following hy-
pothesis is assumed: in visible band of electromagnetic 
wave the digital images processing of surfaces gas-turbine 
can be used for the evaluation of the condition of micro-
structure after effecting of working factor of high  
temperature.  

The task of the conducted researches is aimed  
to demonstration of the relationship between the parameters 
change of surface image of gas-turbine blade and changes 
of the material microstructure. The data presented in form 
of the digital images is recorded by optical system with 
light-sensitive detector (photodetector) – matrix CCD  
(digital camera). 

2. PHYSICAL BASIS OF METHOD ANALYSIS  
    IN VISIBLE LIGHT 

Blade surface is recognized by light-sensitive detector 
(matrix CCD with optical system) thanks to the light re-
flected – reemitted from blade surface (light source secon-
dary). It makes possible the indirect method of tested object 
recognition through processing and analysis of the data 
presented in form digital images (Rafałowski, 2004; 
Sanecki, 2006; Manaybe and Inkokuchi, 1996). A small 
part of incident luminous flux is captured at metallic sur-
face. Majority of light (90% – 95%) emitters from surface  
in form of visible light with the same length like incident 
light. Rest of energy (5-10%) is scattered in heat form  
(in agreement with principle of conservation of energy) 
(Sanecki, 2006): 

I I I I
o r p e
= + +                                                                (1) 

where: 
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Io – intensity light  incidence, Ir – intensity light  reflection, 
Ip – intensity light transmission, Ie – intensity light  
dispersion 

Property of metallic surface are characterized by nu-
merical coefficients. When we apply these characteristics  
to the wave length of used radiation the properties are pre-
sented by spectrum  coefficients. Most interesting light 
incidence coefficient is presented like ratio of luminous 

flux Φρ reflected by illuminated surface to Φ luminous flux 
incidence.  

ρρ
Φ

=
Φ

                                                                             (2) 

Every kind of surface reflection that occurs in practice 
can be considered as a combination of regular and diffusion 
reflection. 

a) b) c) 

 
Fig. 1. Method of light reflection from different surfaces: a) polished surface, b) matted surface c) smoothed surface (Sanecki, 2006) 

Depending on the structure of metallic surfaces, light re-
flected from them can farther propagate in the form of:  
− directional reflected light (from polished surface); 
− transmitted light (from matted surface); 
− directional transmitted light (from smoothed surface  

no mirror surface). 
Defined in physical sense  the intensity of shinning 

(brightness) of metallic surface that is the source of re-
flected light, is described by introduction of luminance 
term.  This term is  understood as light radiation of shining 
surface (own,  reflected, passed light) that depends on its 
area, value of radiated luminous flux  and  its light distribu-
tion in various directions.  

Polish standards define luminance at a given time and 
direction as a ratio of quantity of the light that is at given 
direction, being generated from infinitesimal element of the 
surface which surround the given point to this element 
projection on orthogonal plain (Rafałowski, 2004; Sanecki, 
2006): 

cos

E
L

S α
=

⋅
                                                                     (3) 

Formula (3) results that the luminance of shining  
surface attains maximum in perpendicular direction  
and it decreases when the observation deviation changes.  

Chemical constitution of matter which covers surface  
of metallic objects defined the  suppression individual  
of wave length in radiation spectrum of shinning object  
and mix of selectively light reflected from its surface  
defines its colour (specified metals can have colour owing 
to selectively of light reflecting – gold, copper). To charac-
terize the spectral properties of testing surface it is possible 
to use the graph ratio of spectral luminance coefficient  
to wave length (curve of reflection ability). 

3. PROBLEM OF IMAGINING BY THE MATRIX 

Matrix CCD is sensitive light detector (photodetector).  
Simplifying in a measure, we can say that it is built  

out of pixels and every pixel is an elementary part of whole 
registered image (single point). Task of pixels (elements  
of processing and accumulation) is photons capturing 
(measure of light intensity). In order to capture photons  
the pixels realize photoelectric effect, i.e. electrons freeing 
under influence of photons energy reaching to the centre 
(scheme of this conversion as well as forming losses  
illustrated in Fig. 2). Next, the assembled signal reaches 
amplifier through the electrodes assembled at the end  
of every rank of pixels. With the rise in gain the level  
of noises is also increasing. It is presented if form of graini-
ness as well as perturbations of colour of processing  
images. 

 

Reflection 
Photons no absorbed 

Recombination electrons  
(no accumulation) 

Q/V  Output signal 

Incident light 

 
Fig. 2. Block diagram of losses in process of conversion from 
             optical signal into CCD electric signal (Rafałowski, 2004) 

Matrix CCD itself doesn’t differentiate (can’t differen-
tiate) colours. It only counts photons incident (the light 
radiations incident on particular pixels). In front of detector 
the colour filter is placed, it consist of 3 primary (basic) 
colour: red, green and blue (this scheme of basic colour  
is called  RGB – from first letters of English name). This  
is the most often applied colours system of filter which  
is called as Bayer’s (filter) scheme.   

The image acquisition process using CCD matrix  
and quality of imaging quantification are influenced by the 
following factors and parameters: 
− too low sensitivity of  CCD matrix – big noised (graini-

ness); 



acta mechanica et automatica, vol.2 no.3 (2008) 

 21 

− image defect – less onerous error mainly results from 
lens construction – the defect of image dimensions  
is among this kind of errors; 

− vignetting – lightly (delicate) raising shade of images 
edges; 

− chromatic aberration – delicate broadering of thin lines 
colour – the lines remind then a rainbows miniature; 

− noise level – (visible on photographs as irregular bright 
and dark light spots which appear while photographing 
of uniform colour surfaces);  

− accuracy of colours and brightness mapping – that  
is technique of reading-out of deep red and black  
colours as well as fragments of very high brightness  
by the matrix. 

 
 

4. INVESTIGATIONS OF JET TURBINE BLADES 

Fifteen blades of blades ring of turbine jet were  
examined. The recording was carried out using digital  
camera. On special measuring position, for the purpose  
of avoidance of errors at images recording, following con-
ditions are stipulated, i.e. angle of light incidence is 45º, 
light dispersion is achieved by application of special dia-
phragms, the recorded light is in range of visible light, 
angle of image detection  is 90º, images are of the same 
picture resolution. Preliminary classification according  
to evaluation used before was accepted. Generally, fifteen 
photos for each state were carried out. The examined region 
of interest along the edge of attack was selected (format: 
JPEG, size: 250x750 pixels, depth of colour: 24 bits – true 
colour). 

 y 

x 

z 

I State II State V State IV StateIII State
  

Fig. 3. Accepted classification the degree of overheating blades (according to evaluation used before) - acquisition of the digital camera 
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Fig. 4. Metallographic researches of blade of ring made from ŻS6 K alloy: a) cutting lines (number 1, 2) of turbine blades; b, c) example  

of non overheating structure of surface layer and subsurface layer; d, e) example of overheating structure of surface layer  
and subsurface layer 
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Fig. 5. Average RGB colour profiles: a) along line number 1 – parallel to edge of attack (KN), b) selected range of overheated structure  
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Fig. 6. Average RGB colour profiles: a) along line number 2 – perpendicular to edge of attack (KN), b) selected range of non overheated  
            structure 

Representation of digital image 
(RGB) 
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every channel of basic colour 

RGB

Ratio of overheating surface to total 
surface 

Channel G
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Scanning image pixel after pixel  
on every channel 

 

Channel R

R 
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Fig. 7. Scheme of scanning images of surface blades 

Blades have been working at the range of temperatures 
from 990K to 1123K (overheated occurred as a result  
of exceeding of the working temperature limit). The fifth 
state according to classification used before is defined  
as overheating blade. For the purpose of this evaluation 

verification the metallographic examinations were carried 
out along 2 cutting lines (Fig. 4). 

Changes of thickness of surface layer (aluminium)  
and changes of quantity of precipitates and spacing  
of strengthening γ' phase (materials were examined with  
a scanning electron microscope – computer analysis  
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of metallographic images) were defined. Changes of these 
both parameters have decisive effect on thermal property 
(heat-resisting and high-temperature creep resisting)  
of tested alloy (Błachnio and Bogdan, 2008; Błachnio, 
2008). It makes possible presenting of graph of average 
colour profile which presents both the overheating structure 
(selected range of along line number 1 – Fig. 5 a, b)  
and non overheated structure (selected range of along line 
number 2 – Fig. 6 a, b). 
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 Fig. 8. Effect of scanning of surface images 

On the basis of two ranges of average colour profiles 
(Fig. 5b, Fig. 6b) every surface element (pixel after pixel)  
of states (I-V) of turbine blade was tested. It was made 
from point of view of occurrence of colour points (RGB) 
which describe the overheating and non overheating  
structures (with tolerance ± 2 of value for each pixel from 
selected range) (see Fig. 7).  The condition fulfillment 
means that pixel belongs to the range of graph 5b and the 
unit should be set in resulting matrix. Furthermore, in case 
of the range of non-overheated structure, the unit was set 
for pixels which out of the range of graph 6b. The final 
result for every state was obtained as a logical sum of two 
matrix. Both matrixes represent the points recognized  
as overheating points and the values of second matrix, as it 
was described above, were obtained as a result of negation 
of colourful points which represent the non overheating 
structure (=  point overheating). 

The points (image pixels) recognized as overheated 
were summed for every state and this sum was related  
to the total number of pixels. As a result of ratio of over-
heated area to total selected area (Fig. 8) is obtained. 

5. FINAL CONCLUSION AND SUMMARY 

As a result of scanning of blades of image surfaces  
for the states I - V ratio of overheating surface to total  
surface (expressed in percents) was obtained. The above 
presented graph shows that the blade from state 3 should  
be recognised as to be overheated. The above investigation 
process may contribute to the increase of credibility 
(growth of objectivism) of evaluation of the blade condi-
tion. Automated image acquisition along with the pro-
gramme for the surfaces image recognition would also lead 
to rationalization and more precise diagnostics of this tech-
nical object. Moreover, the use of sight-glass devices 
(videscoops) for image acquisition may be applied to the 
investigation of the changes during the monitoring of the 

blade condition and damage development, i.e. technical 
state of examined elements during operating process (pe-
riodic researches) without the need of engine disassembly. 

To get know the influence of working factor on the state 
of blade surface it is necessary to describe the environment 
of the blade turbines, i.e. the working time of the engine 
that includes the starting and acceleration time, while the 
most destructive heat loads of the engine are thermal shocks 
which mainly (affect) have an impact on structural elements 
of so-called hot part of engine, caused by the large gas 
temperature changes, characteristics of environment. That 
is, the rotation speed increase (accretion) during engine 
starting, distribution of temperature behind turbine, distri-
bution of real average temperature in front of turbine  
(Wiatrek, 1982). The important factor which has an in-
fluence on colour of tested surfaces is the composition  
of fuel and correct working of injector. 
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Abstract: This paper presents processes modeling disassembly of the mechatronic systems for reuse and recycling. Typical 
steps in modeling and analyzing disassembly processes consist of the following: the objective of the model is stated, a mass 
flow diagram consisting of acquisition, sorting, disassembly processes, and recycling process of the facility in developed, 
modeling disassembly processes, disassembly process planning, optimal disassembly sequences: (generation of feasible  
disassembly sequences, adaptive disassembly processing, selective disassembly, destructive disassembly).  

1. INTRODUCTION 

Using the mechatronic systems in the electronic and car 
industry it caused that he was recycling process regulating: 
the European Waste Electrical and Electronic Equipment 
(WEEE) directive and the End of Life Vehicle (ELV)  
directive. To basic parameters one should get which during 
one should rank processes of the recycling of these mecha-
tronic systems were determined by the rate of reuse-
recovery and reuse-recycling, which value in directives 
(WEEE, ELV). Big material diversifying (Fig. 1) under 

construction individual mechatronic systems contributed for 
extending their process of the recycling (Fig. 2). 
A process of disassembly is deserving the distinction, 
which in big step is contributing to getting planned rates  
of reuse-recovery and reuse-recycling. About the major part 
of disassembly in the process of the recycling of products 
they are providing numerous publications. For example: 
Johnson and Wang, 1998 (Economical evaluation of di-
sassembly operations for recycling, remanufacturing and 
reuse), Lambert and Gupta, 2005 (Disassembly modeling 
for assembly, maintenance, reuse, and recycling), Shih, 
Chang and Lin, 2006 (Intelligent evaluation approach for 
ele-ctronic product recycling via case-based reasoning). 

 
Fig. 1. Example of a scrap mechatronic system recycling facility (Spengler at al., 2003)  
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Fig. 2. Different forms for recycling (Kuo, 2006) 

2. DISASSEMBLY MODELING 

Structure of the disassembly process of mechatronic 
systems we will be introducing with help of the graph, 
which every disassembly operation is copied in the form  
of the connection in of graph. However elements  
to regaining and are regained, copied in the form of nodes 
of this graph. This graph is enrolling in the form  
Ambroziak, 1998; Jarzębińska-Dziegciar, 2004; Korzan, 
1978: 

G= W,O,R                                                                     (1) 

W – node set (of elements) of graph G, O – connection set 
(of disassembly operations) of graph G, R – relation  
R  W×O×W. 

For the explicitness of conducting more further delib-
erations, we are receiving the following notation  
of sets and connections in the graph G: 

{ }
{ }

W w(i) i : i 1, 2, ..., I

i 1, 2, ..., i, j, ..., I

;= ≡ =

=
                                      (2) 

( )w(i),w(j) : w(i),w(j) W,
O

w(i) w(j) i,j I

∈
=

≠ ∈

⎧ ⎫
⎨ ⎬
⎩ ⎭

                          (3) 

From above he is resulting that the examined process  
of disassembly has I nodes graph and K connections of the 
graph. 

However mapping R is the Cartesian product W×O×W 
no the set {0, 1} (Ambroziak, 1998; Jarzębińska-Dziegciar, 
2004): 

{ }R:W×O×W 0,1→                                                         (4) 

Any triple (w(i), o(k), w(j))  W×O×W taką, że R(w(i), 
o(k), w(j))=1 we are interpreting in the following way: o(k) 
bow linking w(i) node with the w(j) node, w(i)  w(j)  
or o(k) bow is contained between w(i) node and w(j)node. 
However any triple (w(i), o(k), w(j))  W×O×W so, that 
R(w(i), o(k), w(j))=0 we are interpreting as follows: o(k) 
bow isn’t linking w(i) node with the w(j) node, w(i)  w(j) 
or o(k) bow isn’t contained between w(i) node and w(j) 
node. 

In the disassembly process of mechatronic systems  
a right order of making the operation, resulting from struc-
ture of this systems and technology taken on of its di-
sassembly is required. Therefore a directed graph is being 
used for the description of this feature (Ambroziak, 1998; 
Jarzębińska-Dziegciar, 2004). 

In the coincidence realization of the recovery materials 
and elements from mechatronic systems, a need of defining 
quantitative characterizations for elements of the structure 
of the disassembly process of mechatronic systems. There-
fore recover materials of elements from mechatronic  
systems we are defining the ordered triple(Ambroziak, 
1998; Jarzębińska-Dziegciar, 2004; Korzan, 1978): 

W OS= G,F ,F                                                                     (5) 

G – mapping graph structure of the disassembly process  
of mechatronic systems, FW – functions set defined on the 
node set of the graph G,   

{ }W 1 2F , , ..., , u=1,2,...,Uuϕ ϕ ϕ=                                 (6) 

U – number mapping definite onto node set graph G,  
FO – set of functions defined on the connection set of the 
graph G, 

{ }O 1 2F , , ..., , z=1,2,...,Zzγ γ γ=                                   (7) 

Z – number mapping definite onto connection set of the 
graph G. 

In the examined recovery materials and elements from 
mechatronic systems graph G, described is formula 1 with 
two-part and full graph what means that node set W in it is 
possible to divide in two disjoint subsets: for the elements 
sets EO for recovery  and the set of regained elements and 
materials OEM. We are accepting, that: 

W=EO OEM∪                                                                  (8) 

EO OEM∪ = ∅                                                      (9) 
For the lucidity of the record let A, A  W, a harvest 

means elements for recovery EO and B, B  W means the 
harvest regained elements and materials OEM. At the same 
time we assume that A of elements for recovery numbered  
a = 1, 2,…, A and B of elements and materials regained 
numbered b = 1, 2,…,B. However connection among  
the pair tidied up of tops of sets A and B is making  
the relation of the A×B record. We are determining the set 
of all relations of the RD record as: 

( ) ( ){ }RD A×B a,b : a A, b B⊂ = ∈ ∈                    (10) 

3. STRUCTURE OF THE SET RECOVERED 
    ELEMENTS AND MATERIALS 

Recovered elements from mechatronic systems con-
sidering the criterion of their reuse they divided in two 
groups: 1) elements form the first group to the reuse and the 
regeneration, 2) elements form the second group, which the 
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criterion is in of kind of material, from which they were 
made. 

A model of the structure of recovered elements and ma-
terials will be used to the description of mentioned groups 
from the mechatronic systems defined as: 

( )dOEM = OE,OM                                                          (11) 

OEM – recovered elements and materials from mechatronic 
systems, d – identification number of the mechatronic  
systems, OE – set recovered elements from the mechatronic 
systems, 

OE=OEP OER∪                                                            (12) 

OEP – set reuse elements, OER – set regeneration elements, 
OM – set recovered materials from the mechatronic  
systems, 

OM=OZ OPM∪                                                             (13) 

OZ – set recovered scrap metal, 

OZ=OZS OZK OZMS∪ ∪                                             (14) 

OZS – set recovered scrap ferrous metals, OZK – set reco-
vered scrap nonferrous metals, OZMS – set recovered scrap 
precious metals, OPM – set recovered other materials, 

OPM OTS OG OPO= ∪ ∪                                             (15) 

OTS – set recovered plastics, OG – set recovered rubber, 
OPO – set recovered waste. 

4. CRITERIA OF THE ENVIRONMENTAL 
    ASSESSMENT 

Rate of the reuse-recovery:  

d

MOE+MMO
PO = ×100%

M
                                           (16) 

PO – rate of the reuse-recovery, d – identity number,  
M – mass of the mechatronic systems, MOE – mass of the 
recovered elements, 

m

d k
k=1

MOE = moe∑
                                                            (17) 

MMO – mass of the recovered materials, 
n

d l
l=1

MMO = momo +MFO∑                                              (18) 

MFO – masses of the fraction from bulk recycling which is 
being counted to recovery. 

Rate of the reuse-recycling:  

d

MOE+MMR
PR = ×100%

M
                                           (19) 

PR – rate of the reuse-recycling, MOE – mass of the reco-
vered elements, MMR – mass of the recycling materials, 

q

d p
p=1

MMR = momr +MFR∑                                              (20) 

MFR – masses of the faction from the bulk recycling  
process, 

r1 r2 r3
4

f +f +f
MFR=mozs ×

100
⎛ ⎞
⎜ ⎟
⎝ ⎠

                                           (21) 

mozs4 – mass for the bulk recycling process,  
fr1 – percentage share of the ferrous metals fraction,  
fr2 – percentage share of the nonferrous metals fraction,  
fr3 – percentage share of the plastics fraction. 

5. PROBLEM THE OPTIMIZATION DISASSEMBLY 
   OF MECHATRONIC SYSTEMS 

This task consists in fixing the optimal strategy  
of process disassembly of the mechatronic systems, which 
the function of the purpose is accepting the maximum value 
for: 

ge f h k

c i i i i i
i=1 i=1 i=1 i=1 i=1

pl m

i i i
i=1 i=1 i=1

 (f = oep + oer + ozs + ozk + ozms +

ots + og + opo ) max→

∑ ∑ ∑ ∑ ∑

∑ ∑ ∑
      (22) 

Limiting conditions: 
- rate of the reuse-recovery, 

PO 0,85≥                                                                       (23) 

- rate of the reuse-recycling, 

PR 0,80≥                                                                       (24) 

- balance conditions of recovered mass of elements and 
materials from the mechatronic systems, 

A
(a,b)

a
a=1

a A m m∀ ∈ ≤∑                                               (25) 

B
(a,b)

b
b=1

b B m m∀ ∈ ≤∑                                       (26) 

A – set recovered elements, m(a,b) – mass recovered in the 
relation (a, b), ma – mass of the element to recovering,  
B – set of regained elements and materials, mb – mass  
of the recovered elements. 

6. CONCLUSION 

Of optimization research and experimental research 
findings in the comparative assessment received of process 
disassembly of mechatronic systems a criterion of the envi-
ronmental assessment was used. Analysis of received  
results pointed for intentional carrying out the optimization 
of disassembly of mechatronic systems which led to the 
height of rate PO (rate of the reuse-recovery) and PR (rate 
of the reuse-recycling) (Fig. 3). 
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Fig. 3. Analysis of get rates: PO1 – rate of the reuse-recovery from the mechatronic systems , PR1 – rate of the reuse-recycling from    
            the mechatronic systems, PO – rate of reuse-recovery in directives WEEE and ELV, PR – rate of reuse-recycling in directives 
            WEEE and ELV 
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Abstract: Group of bioceramic materials includes, among others, hydroxyapatites (HAp, OHAp, HA), which, due to their 
specific properties are widely applied. These compounds are currently present in bone systems of human and animal bodies. 
One of the solutions for improvement of poor properties of HAp is addition of zirconium oxide which is characterized  
by high biological tolerance and enhanced mechanical properties. 
Application of bioceramic materials as coatings for implants introduced into human body due to their bioinertness  
and biocompatibility enables overcoming immunology barriers. One of the fundamental advantages of ceramic materials  
is their positive impact on human tissues.  
The investigations involved creation of composites through single-axial compaction of two ceramic powders (HAp+YSZ) 
and then their sintering at the temperature of 1300oC for two hours. 
The aim of the investigations was to determine thermal stability of hydroxyapatite (Fig. 1) and HAp + YSZ (Partially  
Stabilized Zirconia) (Fig. 2) and impact of addition of  YSZ (8%wt. Y2O3 stabilizing ZrO2) on phase composition of the  
prepared composites after the process of sintering. 
Investigations of the structure have been performed using JEOL JSM 5400 (Fig. 4, 5) scanning microscope while phase  
composition have been carried out by means of Seifert 3003 T-T X-ray diffractometer (Fig. 6, 7). 

1. INTRODUCTION  

Recent years have seen considerable improvement  
in development of special-purpose properties used in medi-
cine. In particular, this encompasses group of materials 
used for implants.  

Application of bioceramic materials as coatings for  
implants introduced into human body due to their bioinert-
ness and biocompatibility enables overcoming immunology 
barriers. One of the fundamental advantages of ceramic 
materials is their positive impact on human tissues.  

European Society for Biomaterials clearly defines bio-
materials as a group of natural or synthetic substances 
which can replace or overcome functions of parts  
or a whole tissue or organs (Hartmann and Jager, 2001). 

A group of minerals such as hydroxyapatites (HAp, 
OHAp, HA), due to their specific properties covers wide 
application range in biotechnology. They are the com-
pounds which, from chemical and mineralogy point  
of view, are similar to inorganic substances which form 
human bone tissue or teeth.  

Considerations of human bone system issues is by all 
measures justified due to progressing demand for a variety 
of implants. 

Literature studies enable statement that a threshold  
of opportunities of improvements in biotolerance and  
properties of applied bioceramic implants has already been 
reached. Currently the most promising materials for pros-
thetics are composites (Khalil et al., 2007; Chevalier et al., 
2005; Inzuka et al., 2005; Sung and Kim, 2003; Cheng  

et al., 2005; Rapacz-Kmita et al., 2005; Yoshida et al., 
2006; Chiu et al., 2007; Kalkura, 2003; Heimann, 2006. 

2. MATERIALS AND INVESTIGATIONS 
    METHODOLOGY 

Hydroxyapatite powder of Ca10(PO4)6(OH)2 (Sulzer-
Metco) (with 99% purity and the ratio of Ca/P = 1.67) and 
ZrO2 zirconium oxide powder modified with 8%wt. Y2O3  
(YSZ) were used for investigations.  

Morphology for the applied powders are presented  
in Fig. 1, 2. 

 
Fig. 1. Morphology of hydroxyapatite powder, magn. 350x 
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Fig. 2. Morphology of YSZ powder, magn. 350x 

In order to prepare composites the following granulation 
values for the powders were used: HAp – ca 50 μm, ZrO2 – 
80 μm. Both powders have regular, spheroid shape  
of grains. 

Powders were then subject to grinding in ball grinder  
in order to obtain even mixing of both powders. 

The purpose of the investigation was to obtain bio-
ceramic composites with the following rates by weight: 100 
% HAp , HAp + 10% wt. YSZ, HAp + 30% wt. YSZ. 
These powders were formed through their single-axis com-
paction inside a die with load of 70 MPa (Fig. 3).  

 Upper 
Punch 

Compacted 
Powder 

Lower 
Punch 

Base 

 
Fig. 3. Diagram of the die used for powder compaction 

A result of compaction was a form, commonly referred 
to as ‘moulded piece’. Compaction of the powders was 
carried out in the following stages: 
− dislocation of particles in relation to each other, 
− plastic strain of particles, 
− crushing of particles. 

The particles moving in relation to each other as a result 
of the compaction pressure had to overcome friction forces 
and than the breaking of ‘bridges’ which had appeared 
during powder loading occurred.  

Next stage of bioceramic composite preparation was 
sintering of the prepared moulded pieces. This process 
consisted in soaking of the compacted powder at the tem-
perature lower than melting point of the applied com-
ponents in order to compact it into a solid piece. Sintering 
temperature was determined as 1300 oC for 2 hours. 

As a result of physical and chemical processes which 
accompany the process of sintering a change in properties 
and dimensions of moulded pieces was observed.  

During investigations some microscopic tests  
of moulded pieces before and after the sintering process  
in order to analyse one phase system were carried out. Mi-
crostructure of moulded piece before sintering is presented 
in Fig. 4, while after sintering – Fig. 5.  

Analysis of one phase system (100 % HAp) before and 
after sintering reveals that the grains after the process  
of densification were partially crashed and they adhered  
to each other. After the process of sintering a visible reduc-
tion in porosity occurred.  

 In order to analyse phase stability of the produced 
composites (which is necessary in the aspect of their pro-
spective application) after sintering, a phase analysis was 
carried out using Seifert 3003 T-T X-ray diffractometer 
using radiation with wavelength of λKαCo=0.17902 nm. The 
results of investigations for all created composites are pre-
sented in Fig. 6 and 7. 

Hydroxyapatite begins changing its phase composition 
over the temperature of 900 oC due to loss of water and 
appearance of partially or totally dehydrated oxyhydroxya-
patite.  

 
Fig. 4.  Microstructure of the compacted powder with 100 % HAp 

 
Fig. 5. Microstructure of the compacted and sintered powders  
              with 100 % HAp 
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Fig. 6. Diffractogram of 100% HAp moulded piece before  
               and after sintering at the temperature  13000C for 2 hours 
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Fig. 7. Diffractogram of moulded piece HAp +10 %wt. PSZ  
              and HAp + 30 %wt. PSZ sintered at the temperature  
             of 13000C for 2 hours 

Phase analysis of the samples made of 100% hydroxya-
patite, both before and after the process of sintering, have 
not revealed any phase changes (Fig. 6). HAp phase (hy-
droxyapatite) with Ca10(PO4)6(OH)2 formula occurred 
throughout the volume; it crystallises in hexagonal system 
with the following unit cell parameters: a=b=9.418 nm,  
c= 6.884 nm and space group of P63/m.  

Diffractograms obtained for HAp +10 %wt. and HAp 
+30 %wt. composites revealed presence of two phases: 
HAp and ZrO2 with tetragonal cell (Fig. 7). Moreover,  
X-ray tests excludes the fact of the presence of β-TCP 
phase, described by Yun-Mo Sung and Dae-Hee Kim’s 
team in Sung and Kim (2005); the authors argued that its 
contents increased as a result of rise in YSZ percentage 
value.  

3. CONCLUSIONS 

Subject of investigations was composites made of HAp 
powder and HAp +YSZ powders with granulation of 50 μm 
and 80μm, respectively. Composites were created  
by single-axis compaction in die and then sintering at the 
temperature of 1300 oC during two hours. 

Macro- and microscopic observations of samples before 
and after sintering revealed contraction in volume as a re-
sult of reduction in porosity, maintaining primary shape  
of samples.  

On the basis of X-ray analysis no phase decomposition 
in hydroxyapatite or in HAp – based composites with  
addition of YSZ (ZrO2 – zirconium oxide stabilized with 
8%wt. yttrium oxide Y2O3) after the process of sintering at 
the temperature of 1300 oC has been revealed. 

The applied sintering temperature and addition of ZrO2 
have not caused appearance of unfavourable, from the 
chemical stability point of view, β-TCP phase. 

Analysis of X-ray and structural tests proved thermal 
stability of the applied hydroxyapatite powder. 
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Abstract: The module approach for build-up of cyclic action systems is considered. The main property of approach is system 
decomposition on cyclic action subsystems (modules). All modules have same structure: actuating device (drive), control de-
vice (directional valve), status sensors. Methods of approach application are realized by means of graphs. Advantage 
 of module approach is possibility of physically heterogeneous devices combination (devices with pneumatic or hydraulic 
control, electro-relay or PLC) not only in all system, but also inside of each modulus, that reduced a number of signal condi-
tioning devices. Such synthesis is possible owing to a minimal structure of each modulus.  

1. INTRODUCTION 
 

Modern production lines of an industrial automation are 
bound with making of heterogeneous systems. Methods  
of design, representative for one field, for example, pneu-
matics, should be matched with other technical means,  
including control algorithms for PLC. Good results display 
methods, based on logic model of system, which one  
is invariant to kind of realization technique in execute and 
control means (Ciskowski at al., 2007; Ebel and von Terzi, 
2000; Schmidt, 2002; Woźniak and Jędrzejkiewicz, 2007).   

2. PREMISES OF THE APPROACH 

The tendered approach originally was intended for the 
hydraulics and the pneumatics cyclic systems for which one 
application of traditional methods was limited by number  
of drives and steps of system operation, by cost, response 
and asynchronous actions of the hydraulic and pneumatic 
apparatuses. The approach allows: propagation of reengi-
neering problems, necessity of fast junction to issue  
of other product modifications, shortening of the testing and 
adjusting time. 

2.1. Problems 

− Decomposition of large systems on a projecting phase. 
− Rational combination of an algorithmic, electronic,  

electric, pneumatic and hydraulic tool. 
− Diagnostics, navigation of errors, troubleshooting. 
− Build-up of systems with the open structure. 
 

 

2.2. Physical premises 

− The automation object consists of the fixed number  
of elements. 

− Each element fulfills the action entering in an operating 
procedure multiply. 

− Process of object activity can be represented in the form 
of operation or of a work cycle completely consisting  
of actions of object elements. 

− Deflections from a cycle can be represented as alterna-
tive actions of some elements. 

2.3. Theoretical premises 

Cyclical process can be considered, as the functional 
form of product description (result of system operation) 
(Губарев, 1997). 

Premise 1. Correspondence of product (purpose),  
process (technology of production), object (manufacturing 
system): 

O(*,*,*,Τ) W P : p P W O pG⊕ ⇔ ∃ ∀ ∈ ⇒ ⊕ ⎯⎯→  (1) 

)1,,,(O),,,(O: −τ∗∗∗⎯→←τ∗∗∗Φ∃Τ∈τ∀ Φ ,  (2) 

where: W - the medium of object operation; O (E, Φ, F, T) 
– object; E = {e1, …, en} – an object state as a set of states n 
of its elements; Φ = {φ1, …, φ m} – control functions  
by object; F = {f1, …, f m} – unctions of actions (working 
off of control); T = {τ1, …, τ k} – the discrete time  
(argument of cause-effect relationship between actions);  
P = {p1, …, pr} – a product (a result of object interacting 
with exploitation medium); 

Premise 2. The technology for production line does not 
vary during operation: 
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Premise 3. There is an unequivocal correspondence 
between set of functional elements ei and set of segments  
of process φi: 
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The model of elements system is reduced to a process 
model from actions. Then, system as process can be de-
composed to actions and logical connections between them. 
Each modulus (an action plus connection), in consequence 
of (4), simultaneously is function and building block  
of object:   

ninini yxfe }),{(}),{(}{ == ϕ ,                 (5) 

where X = {x1, …, xn} = {X}n – process and result of ful-
filment of the actions caused by logic functions in system: 
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Y = {y1, …, ym} = {Y}n – the logic functions, which connect 
following actions with previous, where argument are results 
before the fulfilled actions yi = yi({X}n). 
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Premise 4. Each action should iterate many times  
because of a process repetition: 
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Analogously, and the reasons causing these actions, also 
should iterate. But, as to each action, before its repetition, 
the "return" action of the same modulus precedes, then 
should iterate and reasons of this action.  

Therefore, and reasons of the modulus actions constitute 
couples, and mutually exclusive conditions: 
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With allowance for (1) – (8): 
1. The model of the cyclic system of drives is uniform (all 

modules have an equal constitution);  
2. The model consists of cyclical modules which contain 

two inverse actions and two logic functions, setting  
a context of fulfilment of these actions.  
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Fig.1. The scheme of one action (а) and of cyclical modulus for this action (b) 
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Fig. 2. The cyclical sequence of operations represented in the form of a closed digraph: for one modulus (a) and for cyclic system (b) 
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Each action is marked out by number of the modulus 
and represented by an arc referred from a reason to result 
(Fig. 1a), where yi – a logic function caused this action;  
xi –  action; i – a name of the modulus. The modulus  
consolidates two inverse actions and conditions of their 
running in to the form of a cycle (Fig. 1b). 

Process of object activity consists of segments. Each 
segment is represented by a directional action of one 
modulus or simultaneous actions of several modules. The 
segment of process is represented by the directional arc 
with names of actions. Cyclical process receives form of a 
cycle or of the closed digraph, if there are parallel line-ups 
of actions. Arcs of the graph are segments {xi} of cyclical 
modules (9). Sections of conditions forming {уi} in cyclical 
modules (are marked out by a dot line) match to system 
operation between result of fulfilment back action and he 
beginning of the main action of the modulus (Fig. 2a). 

Pictorially the model of system consists of a functional 
graph figuring an operational process: 

},,{ Μ= LPG ,             (9) 

where iiiiiin lplLllppP →→⇒∈∃∀= −− 11 ),(:}{  – set 
of the vertexes matching completion of the previous actions 
and forming of a condition of the beginning of following 
actions; 

iiiiiim plpPppllL →→⇒∈∃∀= −− 11 ),(:}{  – set of 
the arcs matching fulfilment of actions; 

∅≠=∃∀=Μ ),,(:}{ 21 "μμμμ kkl iim  – et of marks for 
the arcs matching names of actions. 

Inside of a functional graph there is a subgraph  
of connection which one adds actions of each modulus up 
to a cycle (Fig .2b).  

Imitation of object activity realized by fulfilment of the 
graph under rules of an input, an output and traversal 
through arcs and vertexes. In this case, action can be con-
sidered as result of fulfilment of conditions (yi=1), suffi-
cient for its beginning. That is actions are an integral from 
conditions on a segment of one arc: 
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Analysis of systems model has displayed, that the  
information about finished actions is recorded in value 
{X}n in the alphabet (0, *, 1). With other words, {X}n is an 
expression of system memory, distributed on static com-
ponent (value 0 and 1 – fulfilled actions) and dynamic com-
ponent (value * – running actions): 
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where  – the static component of memory accumulated  
on the interval LC(τo, τi); LV(τi/o) – dynamic component  
of memory. 

It is displayed, that memory distribution on LC(τo, τi) 
and LV(τi/o) depends on interval limits (τo, τi). It is esta-
blished, that the availability of an interval (τo, τi)  for which 
one the memory value is zero follows to separation  
of object into independent units (from τо up to τi and from  
τi up to τо). The informational completeness of object  
is mirrored with closed system measure: 
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and integrities measure: 
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For the system, which satisfy these measures its  
development is reduced to build-up of a cyclical modules 
complete set. For build-up of one modulus it is necessary to 
realize two actions and two conditions. To the main actions 
there match arcs of the graph at which one transmission 
value xi each time varies from 0 through * up to 1. To the 
back action - variation xi

- from 0 through * up to 1. In the 
real system to it there matches fulfilment of productive 
function (for example, activity of a drive, connection  
of pressure). 
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Fig. 3. The diagram of control and state for one cyclical modulus 
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Conditions are the vector which one closed up arcs  
and constituted from other actions segments (Fig. 2b).  
Conditions consist of several components: proximate 
causes, a context of action, a condition of a repetition  
and others. The procedure of deriving of minimum logic 
conditions is reduced to build-up of a closing vector: 
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∪
v

 - union of expressions of one modulus for alternate 

modes of system operation; ∪
m

k 1=
 - the total of expressions 

for operating modes of the modulus; ∩
2,1 RR

p
 - product  

of expressions of context reasons from alternate modes  

of system R1 and R2; xk, j(i) – state signal of proximate 
causes of k-th mode of i-th modulus; {x}k, jc – the logical 
expression enlarging a signal )(, ijkx  before completion  

of action yi; kkx −}{  – the logical expression ensuring  

a repetition of the modulus; mkx −}{  – the logical ex-
pression ensuring reasonableness of inverse actions of the 
modulus. 

3. TECHNICAL PERFORMANCE OF SYSTEM 

3.1. Actions of one modulus (Xi and Xi-) 

In technical performance the drive is arranged with tools 
of controlling and the supervision of a given function ful-
filment. For example, the pneumatic cylinder fulfilling  
a hold-down tool of a two details during its pasting  
together. (Fig. 4). The control device is the pneumatic di-
rectional valve. Monitoring devices - the pressure trans-
ducer (gain of a hold-down tool), position sensors (initial  
and working), an interval timer (an assembly time in gluing 
of details). The pasting together is finished if: the drive has 
transited the midposition sensor X’2S, is not discontinued 
stroke of the cylinder, after achievement of gain  
of a pasting together drive has transited a technological 
time interval.   
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Fig. 4. Actuating part of modulus No 2 (the pneumatic cylinder fulfilling a hold-down tool of a two details during its pasting together) 

2.4. Conditions of one modulus (Yi and Yi-)  

In technical performance to conditions there match  
control diagrams (relay, pneumatic, hydraulic) or algo-
rithms of PLC programs. Conditions are constituted for all 
modules in the minimum form (17). Procedures of drawing 
up of conditions allow for application of bistable and 
monostable valves. For example, for build-up of a logic 
control  
command for the main action of the second modulus  
(Fig. 2b) the vector Θ, which one goes from the beginning 
of the main action 2 to the beginning back-action 2 ,  
is plotted. The vector Θ is made by segments of connection 
lines of modules: 327 ⋅+ . The first condition is added  

by proximate causes 1577 ⋅⋅→ , the last condition is  
invertible 33→ . Then we write down a logic function 
which one is a control command: 

2 1 5 7 2 3Y X X X X X= ⋅ ⋅ + ⋅ . 

This expression matches to build-up of command  
in case of application as the control device of a monostable 
valve. 

Thus the drive control diagram can be realized depen-
ding on technical specifications and demands as by means 
of pneumatic, hydraulic tools, and by means of the program 
or to consolidate in it physically heterogeneous devices  
(Fig. 5). 
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3.2. The modules connecting up to a system 

Process of modules connecting in to a system is fulfilled 
under the asynchronous circuit: each modulus provided  
by status signals, which dimensioned the logic conditions 
for its start and stop (Yi and Yi-), all system components 
provided with foreseen power supply. As well as by any 
alternative version of the circuit structure, engaging devices 

of system, a possibility of a stopping and alternative  
versions of control are provided. Further, each modulus 
operates under the logic rules set for it, and actions  
of modules, following these rules, constitute an operation 
period of system. Such method of modules connecting  
can be used as a tool for modernization and systems  
reengineering (Chrostowski et al., 2004; Ebel and von 
Terzi, 2000).] 

 

a) b) 

c) 
d) 

1X  

5X  5K  

2Y  

+ 

- 

7X  

2X  

Х1

Y2

32 XX ∗  

Х7

Х1*Х5*Х7

Х1*X5

Х5 Х2 3X  

IF I0.1 AND I0.5 AND I0.7 
    OR I0.2 AND N I0.3 
THEN SET O1.2 
OTHRW RESET O1.2 Х7 

Х5 

Х1 

Х1*Х5*Х7 

Y2

Х2

Х3

32 XX ∗  

 
Fig. 5. Variants of realization of a conditional part of the modulus No 2: a) by means of the relay circuit; b) by a pneumatic tools;  
             c) by hydraulic apparatuses; d) by making algorithm of the PLC program 

The main segment of algorithm has view of a cyclic 
kernel. In this segment are displayed the complete set  
of modules description in the same form. For example,  
the STL algorithm for bistable control valve in modulus  
No 2 has such view: 

 

IF      X1 AND X5    AND     X7 
OR          X2   AND    N      X3 

THEN   SET         Y2 
        RESET    YN2 

OTHRW  RESET    Y2 
           SET         YN2 

   

or monostable control valve:  
 

IF           X1   AND    X5   AND    X7 
      OR   X2   AND     N      X3 
THEN   SET         Y2 
OTHRW  RESET    Y2 
 

The same forms for flag, timer, counter, multi-positional 
drive are designed. By making the algorithm this allows  
to have the same description method for all system compo-
nents. Advantages of this method is: reduction of program 
list, simplicity of new modulus addition in to a system, 
possibility to consolidate alternative versions of system 
operation in one program,  the program “watch” all  
modules all the time by a cyclic kernel.   

4. SUMMARY 

The cyclic-modular approach is effective at making  
systems with close to cyclical process of operation and 

quantity of actuating devices 5 and more. Efficiency of the 
approach is raised, if it uses at all phases - from develop-
ment of the preliminary specifications, before drawing up 
of operating instructions, production of references on navi-
gation and trouble-shooting. The method has formal  
measure for estimation of systems logic completeness,  
the algorithm of account of measure linearly depends  
on number a subsystem. The cyclic-modular constitution  
of systems simplifies the matching of various means in one 
object that get the possibility for addition the system  
by new modules and fulfilment of reengineering. 
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Abstract: The geometrical fruit model could affect many physical phenomena, such as heat, mass and moisture transfer, 
pneumatic transport and mechanical vibrations which occur during handling and processing fruits (Jancsok, 1999). The fruit 
geometrical model could be further studied by the Finite Element Method (FEM) (Jancsok, 1999). Incidence of bruises is the 
most important type of postharvest mechanical injury (van Zeebroeck, 2005). The reason for this is that the causes  
and mechanisms of impact and vibration are complex and interrelated (van Zeebroeck, 2005). In mechanical engineering  
a geometrical model of the structure to be analyzed is usually available as CAD drawing which can be imported directly  
in FE software (Jancsok, 1999). However, for agricultural-, bio- and food- materials there are no geometrical models  
available so they have to be defined manually, which is complicated by the complex shape and the shape variability of these 
products (Jancsok, 1999). Dintwa (Dintwa, 2006) stated that the 3D simplified models used in the dynamic experiments were 
not accurate enough, most certainly because of the coarse discretization used with these models.  
This paper describes a system for complex shapes geometrical modeling. The system was implemented in real apple  
modeling. It was developed on structured light method elaborated by Sitnik (2002). The method has advantages  
and disadvantages.  
Advantages: modeling of complex shapes, recalculation of many points at one moment, at least only 3 views for one figure, 
measurements without object touching.  
Disadvantages: problems with light reflection. 

1. INTRODUCTION 

Precision Agriculture uses the best available technolo-
gies to tailor soil and crop management to fit the specific 
conditions found within an agricultural field or tract.  
It needs collecting huge amount of data from the field from 
many sensors. The Division of Mechatronics, Biostatistics 
and Sensors, KU Leuven University in Belgium has elabo-
rated a concept of unmanned crop cultivation. This concept 
is based on unmanned autonomous machines which would 
do every activity on the field. There are for example sensors 
needed for machine guidance. The most challenging task is 
plant inspection, especially fruits in orchards during the 
growing season. This task needs a method which could 
inspect fruit dimension, shape of surface and colour. Infor-
mation about fruit dimension is very valuable for yield 
prediction. Shape of surface and colour information is very 
important for fruit health investigation. From all fruit shape 
information fruit volume could be calculated as a result. 
This would be useful for precise dosage of spraying.  
It should limit usage of herbicides and fertilizers, which is 
very important for human health.  However the fruit shape 
investigation must be done without touching the fruit. Each 
touch of fruit is a source of mechanical damage of the sur-
face. Bacterials, pathogens and fungi are developing very 
well in these places, resulting in fruit damage and decrease 
in yield. It is the same mechanism as postharvest mechani-

cal injury described by Zeebroeck (van Zeebroeck, 2005). 
The fruit shape is also very important for simulations  
of heat, mass and moisture transfer, pneumatic transport 
and mechanical vibrations which occur during handling and 
processing fruits (Jancsok, 1999). However, for agricul-
tural-, bio- and food- materials there are no geometrical 
models available so they have to be defined manually, 
which is complicated by the complex shape and the shape 
variability of these products (Jancsok, 1999). Dintwa 
(Dintwa, 2006) stated that the 3D simplified models used  
in the dynamic experiments were not accurate enough, most 
certainly because of the coarse discretization used with 
these models. The fruit geometrical model could be further 
studied by the Finite Element Method (FEM) (Jancsok, 
1999) or Discrete Element Method (DEM) (Dintwa, 2006). 
In mechanical engineering a geometrical model of the 
structure to be analyzed is usually available as CAD  
drawing which can be imported directly in FE software 
(Jancsok, 1999). This paper describes a system for complex 
shapes geometrical modeling. The system was implemented 
for real apple modeling, based on the method of structured 
light, elaborated by Sitnik (2002). This method is used  
in reverse engineering for mechanical parts modeling.  
In this paper, this method is tested on biological models  
in laboratory conditions before using it on the field. 
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2. METHOD JUSTIFICATION 

The right method choice is very important because the 
appropriate method is going to be implemented in orchard 
or greenhouse. Thus the real conditions must be taken into 
consideration during the choice. 

There is limited area of camera movement in real condi-
tions due to plants structure (leafs, stems) and close  
distance to other plants. The ideal method should give  
an opportunity to measure the biggest part of fruit surface 
without any camera movement.    

Existing methods based on vision techniques are passive 
or active according to Curless (2000). The term passive  
is used for sensing to refer to the measurement of visible 
radiation that is already present in the scene, in contrast  
to active techniques that project light into the scene. The 
active methods have an advantage above passive methods 
because they can be implemented in places with bad illumi-
nation. This is very important issue for measurements  
in orchard or greenhouse. Numerous shadows from leaves 
and natural change of illumination conditions from clouds 
are typical challenge for computer vision in agriculture. 
Additionally the best active methods generally produce 
more accurate reconstructions than is possible using passive 
techniques as stated Seitz (1999).  

There is a set of active triangulation methods which be-
longs to active methods (Trucco and Verro, 1998). The 
simplest method with Light Spot Projection is illustrated  
on Figure 1. There is needed a laser and a camera. It is easy 
to find the point P distance from the camera when we know 
the distance between the laser and the camera, and appro-
priate angles, according to description given by Klette and 
others (1998) .The Z axis coincides with the optical axis  
of the camera. 

 
Fig. 1. Principle of Light Spot Projection detection in 3D  

On Figure 1: b – distance between laser light source and 
camera along X axis, h – distance between camera and 
point P in space along Z axis, d – absolutely distance be-
tween camera and point P in space, α – angle between laser 
ray and X axis, β – angle between X axis and section be-
tween camera and point P, γ – angle between laser ray and 
section between camera and point P, X0 – P point coordi-
nate along X axis, Z0 – P point coordinate along Z axis. 

There are the next trigonometrical proportions (1): 

d/sin(α) = b/sin(γ)          (1) 

From (2) 

γ = π -(α + β)            (2) 

and (3) 

sin(π - γ) = sin(γ)            (3) 

it follows that (4) 

d/sin(α) = b/sin(π -γ) = b/sin(α+β)         (4) 

Thus, the distance d is given as (5): 

d = b*sin(α)/sin(α+β)                                     
(5) 

The location of the point P(X0, Z0) can be represented  
in XZ coordinates as follows (6), (7): 

X0 = d*cos(β)                         (6) 

Z0 = h = d*sin(β)                                     (7) 

The Light Spot Projection Method detects only one 
point coordinates of laser from one image. It must be done 
change of laser point position or all setup position for de-
tecting another point on investigated object. It is a technical 
trouble for apples surface investigation. This method can be 
improved by throwing a laser line onto the object. It is so 
called Light Line Projection Method and it principle  
is shown on Fig. 2.  

 
Fig. 2. Light Line Projection Method principle 

The Light Line Projection Method improves amount  
of calculated points from one image but it is limited only to 
one stripe. Extension of this Method is projecting of several 
light planes at the same time on the examined apple surface. 
It is so called Static Light Pattern Projection Method. Fig. 3 
presents the Method concept. 

The Static Light Pattern Projection Method reduces 
number of images needed to the investigated apple surface 
representation. The Method gives only points coordinates 
represented on stripes. The points coordinated between the 
strips are unknown. The all setup should be moved and 
other images should be registered for calculation of the 
points coordinates. It is inconvenient for field circum-
stances. 
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The Structured Light Method can give a surface of all 
visible part of fruit without any camera movement. The 
Method idea is widely described in Sitnik (2002) and pre-
sented on Fig. 4. A sequence of fringe patterns is projected 
from DLP projector on the apple. The images are captured 
without any setup movement. This Method can give points 
coordinates of all visible part of the apple.   

 
Fig. 3. Static Light Pattern Projection Method concept 

 

 
Fig. 4. Structured Light Method idea 

In conclusion, potentially the Structured Light Method 
is the best method among other existing methods. But  
it should be checked with use of real apples with different 
textures and colours. Skin of apple has quite different opti-
cal properties than metals surface with or without painting. 
There is a threat of reflections or other unknown side  
effects. Industry deals with this problem by powdering  
of measured metal objects. Powder layer has a few mi-
crometers (10-6 m) thickness. The measured object has 
dimension of a few centimeters (10-2 m) and more. The 
change of dimensions for a few micrometers (powder layer 
thickness) is comparable with change of object dimensions 
according to temperature. Thus powder layer dimension can 
be neglected during measurements. But the powder layer 
gives any reflections from measured surface. 

3. AIMS OF THE RESEARCH 

The research should answer the following questions: 
− Is the structural light method convenient for apples 

surface measurement by an unmanned autonomous ma-
chine? 

− Are there any side effects (reflections without powde-
ring, etc.)? 

− Is the method enough precise for apple measurement? 
− How is an apple shape in reality? 

4. MATERIALS AND METHOD 

4.1. Materials 

A set of apples is investigated. It consists of eight pieces 
of Gala apples and eight pieces of Russet apples. Gala  
apples have smooth surface. Russet apples have rough sur-
face. Their volume is measured by checking a change  
of water level in a vessel. The vessel has a label scaled  
in volume. Thus it is easy to obtain an apple volume  
as difference of water volume after immersing the apple  
in water and water volume before the apple immersing  
in water. It is presented on Fig. 5. 

 
Fig. 5. Apple volume measuring 

Then the apples are measured by making use of the 
Structural Light Method. It is assumed that all errors in the 
Method are distributed in the same way along each axis. 
Thus it is very simple error estimation. 

The system idea (described by Sitnik (2002)) is based 
on throwing structured pattern light on an object, taking 
object picture with pattern image on object surface and 
analyzing it by the software. The result is the information 
about surface shape. Full fruit volume is obtained from  
a few camera points of view.  

The hardware consists of one megapixel camera, digital 
light projector (DLP) with spatial resolution 1024x768 
pixels, computer for images processing and calculations.  

4.2. Shape and volume measurement with use of the 
       Structural Light Method 

Full apple volume can be obtained when the full apple 
shape is measured. It can be done by using an AutoCAD 
function which automatically calculates volume for closed 
three dimensional objects. The steps for data collecting are 
described in the Algorithm for receiving full shape of fruit. 
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The data are further processed according to the Algorithm 
for one camera position. This algorithm is the core of the 
method. 

4.3. Algorithm for receiving full shape of the apple 

The algorithm can be summarised in a few points: 
1. Set the first apple position, collect the data and process 

them according to the algorithm for one fruit (camera) 
position. 

2. Move the apple to the next position and collect the data 
and process them according to the algorithm for one 
fruit (camera) position. 

3. Repeat point 2 until all the required data will be  
collected and processed. 

4. Merge the data from multiple positions in one object: 
− unify systems of coordinates, 
− make triangulation, 
− simplify the mesh. 

5. Write and export the data in an appropriate format. 
The physical operations in the algorithm are illustrated 

on Figure 6. 

4.4. Algorithm for one camera position 

The algorithm can be summarized in a few points: 
1. Throw a structured pattern light (a sequence of sinu-

soidal patterns shifted in phase) on an object. 
2. Take the picture of the object. 
3. Shift the phase in the structured pattern light and throw 

it on the object. 
4. Take the picture of the object. 
5. Repeat steps 2-4 times, minimum twice. 
6. Analyze the pictures – map registered phase from taken 

picture into (x, y, z) coordinates. 
7. Operations with points in (x, y, z) coordinates: 

− bad points elimination, 
− smoothing, 
− simplification. 

The computer prepares an image of fringe patterns 
which is sent into DLP. The DLP throws the image on the 
measured object. The camera captures a picture, and then 
the computer with appropriate software does all recalcula-
tions.  

The system core consists of very sophisticated software. 
It is based on an analysis of fringe patterns. Sitnik (2002) 
stated that it has been proven by several authors (Halioua 
and Liu, 1986; Kowarschik et al., 2000)  that the most  
efficient and accurate way to perform phase determination  
in shape measurement systems applied for analysis of an 
arbitrary static 3D object should be performed by: temporal 
phase shifting (TPS) method (Schwider at al., 1983)  
followed by hierarchical unwrapping, specifically by Gray 
code method (Osten et al., 1996). The temporal phase  
shifting technique requires a projection of a sequence  
of sinusoidal patterns shifted in phase on a measured object. 
Intensity of each pixel for a real fringe pattern of the pre-
pared image is usually represented by equation (7): 

In(i, j) = A(i, j) + Σ B(i, j) * cos[m*(Φ(i, j) + n*Δα)]       (7) 

where: I – generated image pixel intensity, n – number  
of image, i – generated image row number, j – generated 
image column number, A – background function value,  
B – modulation function value, Φ – unknown phase value, 
m – order of harmonics in signal, Δα – phase shift step. 

The phase shift step Δα can be expressed as (8): 

Δα = 2π/(m+2)                         (8) 

where: m – order of harmonics taken into consideration  
in signal. 

The image with pattern previously described is thrown 
on the object by the DLP projector, which is presented  
on Fig. 6.  

 
Fig. 6. Measurement system 

The unknown phase value Φ consists of two parts (9): 

Φ = Φmod2π + ΦFN2π                        (9) 

Then the phase modulo2π is calculated for each pixel  
of camera separately from the intensity values of a captured 
sequence in this pixel. Minimum three images must  
be taken for calculations. The phase modulo2π is calculated 
according to formula (10): 

Φmod2π = arctan(ΣInsin(nΔα)/ΣIncos(nΔα))     (10) 

where: I – generated image pixel intensity, n – number  
of image, Δα – phase shift step (as in formula (8)). 

Each fringe in the sine pattern is coded (numbered)  
in conjunction with phase according to formula (11): 

ΦFN2π = FN * 2π          (11) 

where: 
ΦFN2π – stepped phase, FN – fringe number. 

Exemplary coded sine patterns thrown on investigated 
apple are presented on Fig. 7. 

This final unwrapped phase map is a base for mapping  
it into (x, y, z) coordinations according to formula (12): 

(x, y, z) = CM(Φ, i, j)                      (12)  

where: x, y, z – Cartesian co-ordinates of pixel in the cali-
bration matrix space, i, j – pixel indices in the source image 
taken from the camera, CM – function related to calibration 
matrix determined experimentally, Φ – phase value calcu-
lated for pixel (i, j). 
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However the set is not ideal. It needs some improve-
ments as: bad points elimination, smoothing and simplifica-
tion.  

The calculations are repeated for each apple position re-
sulting in multiple sets of points. These sets are merged into 
one by: systems of coordinates unification, triangulation, 
making triangulation with mesh creation and simplifying 
the mesh. The data are written in an appropriate format  
at the end. 

  

  
Fig. 7. Exemplary images of four Gray coded sine patterns with 
            phase FN2π calculated from them  

The investigated object is then moved as previously  
described in the Algorithm for receiving full shape of the 
apple. 

5. RESULTS 

Gala apples must be covered by powder before mea-
surements with use of the Structural Light Method because 
of reflexes from smooth surface. The apples are naturally 
covered by a very thin layer which is optically similar  
to a wax surface. This surface reflects light what makes 
measurements of structured light impossible. This phe-
nomenon is present for both red and green colours on  
apples.  The apples surface must be covered by a very thin 
antireflective layer from powder. Then it enables good 
pictures registration.  

Russet apples have rougher surface in compare with 
Gala apples. They can be measured by the Method without 
powdering. It is expected that other fruits with surface  
similar (or rougher) to Russet apples can be measured  
by this Method. 

The exemplary shapes of one apple are presented  
on Fig. 8. A few different apples shapes are presented  
on Fig. 9. The standard deviation for volume difference 
between volumes measured in water and computed by 
AutoCAD is 5 ml, which is equivalent to 1,7 mm of linear 
distance along each axis. A possible explanation for this 
error can be by reading the volume of water. Sitnik (2002) 
claims that the uncertainty of measurement from a single 

direction is 10-4 m for measurement of volume dimensions. 
For sorting apples in different dimension classes, the re-
quired precision is about 5 mm, according to Commission 
regulation (EC) laying down the marketing standards for 
apples (Commission regulation (EC) No 85/2004). 

  

  
Fig. 8. Exemplary shapes of one apple 

   

  

  

  
Fig. 9. A few different apples shapes 
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6. CONCLUSIONS 

The Structural Light Method use for apples measure-
ment is limited to varieties with surface similar or rougher 
to Russet apples. Apples (or fruits) with smoother surface 
(similar to Gala) must be covered by antireflective powder 
for shape and surface measurements. The method is in-
dependent from colour and measures the shape with high 
fidelity for apples covered by powder. The method can be 
used for apples and other fruits surface measurements in 
laboratory conditions. It measures apples with sufficient 
precision according to marketing standard for apples 
(Commission regulation (EC) No 85/2004). 

Digital pictures of apples show that shapes are very 
complicated what is one from many problems to resolve  
in Finite Element Method or Discrete Element Method. 
Results of the measurements (the very precise real digital 
shapes of apples) are very valuable for modeling in these 
methods. 
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Abstract. LNMC is highest metrological institute of Latvia. The paper describes national mass standards currently in use, 
their traceability, stability, mass measurement equipment and related techniques. 

1. INTRODUCTION 

Latvian National Metrology Centre (State Agency)  
is a public organization with legal liability. Its main task  
is to ensure uniformity of measurement throughout the 
country and provide metrological services to persons and 
organizations.  LNMC is highest metrological institute  
of Latvia. Main tasks of State Agency are to maintain uni-
formity and traceability of physical units, verification and 
calibration of measuring instruments and standards 
(weights etc.). Department of mass measurement of State 
Agency is a holder of national mass standards. These are  
1 kg mass standard in stainless steel and two sets of mass 
standards (from 1 mg to 500 g). Laboratory performs pe-
riodic calibration and statistical analysis of mass standards. 
The Department of mass measurement ensures traceability 
between national mass standards (with values derived from 
the International Prototype of the kilogram) and weights  

of class E1 and lower. Once in two years national mass 
standards are carried to DFM (Dansk Fundamental 
Metrologi, Denmark) or other laboratory for calibration. 
Department of mass measurement of State Agency has 
probably the best mass measurement equipment in Latvia, 
such as “Sartorius” comparator (high-precision mass mea-
surement instrument). ScalesNet32 is the software used  
for data acquisition and analysis. Computer running 
ScalesNet32 is connected to both comparator and climate 
control system of the lab. This equipment allows LNMC  
to perform calibration of E1 class weights (most accurate 
ones). 

Department of mass measurement of State Agency does 
participate in various international interlaboratory compa-
risons schemes: “839 EUROMET”, “EUROMET 786”, 
“LNMC (Latvia) -METROSERT (Estonia) - MIKES 
(Finland)”, “832 EUROMET” and others. 

Tab. 1. Interlaboratory comparisons  of LNMC 

Project Id Year Description Standard, range Framework  
reference number 

510 EUROMET. 
M.M-K4 

15.04.2002.-
02.05.2002. 

Comparison of mass 
standards 

Standard (Stainless steel) 
1 kg  

European metrology   
programme EUROMET 510 

445 EUROMET. 
M.M-K2 

27.03.2003.-
21.05.2003. 

Comparison of mass 
standards 

A set of standarts (Stainless steel) 
10 kg,500 g, 20 g, 2 g, 100 mg 

European metrology   
programme EUROMET 445 

832 EUROMET 14.12.2004.-
17.01.2005. 

Comparison of mass 
standards 

Standard (Stainless steel) 
50 kg EUROMET 832 

V/a LNMC  
(LATVIA) – METROSERT 
(ESTONIA) – 

05.09.2006. 
Calibration of non-
automatic weighing 
instruments  

1) Mettler-Toledo, AX504,  
Max 510 g, d= 0,1 mg 
2) Mettler-Toledo, KB50-2,  
Max 60 kg, d= 0,01 g 

VM1-2006 

V/a LNMC (LATVIA) – 
METROSERT (ESTONIA) 
– MIKES (FINLAND) 

09.÷23.11. 
2006.  

Comparison of mass 
standards 

Standard 
500 kg - 

EUROMET 786 
(M.M-K2.1) 

04.01.2007.-
02.02.2007. 

Comparison of mass 
standards 

A set of standards  
(Stainless steel) 
10 kg, 500 g, 20 g, 2 g, 100 mg  

European metrology   
programme EUROMET 786 
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At present, the laboratory is planning interlaboratory 
comparison of mass measurement capability between  
various Latvian laboratories. Department of mass mea-
surement will be the pilot laboratory of the comparison. 
Comparisons like this have never been carried out before. 
This comparison will be first such project in Latvia.  
We have to adapt existing methods and procedures for our 
needs or develop new ones. Major complication is that 
there is strong competition between some of participants. 
However, small size of Latvia makes transfer of standards 
less complex and expensive task. Interlaboratory compari-
sons allow laboratories to validate measurement capability, 
identify and correct measurement errors, assess technical 
proficiency and calibration procedures, verify adequacy  
of laboratory environment, provide evidence of measure-
ment traceability and demonstrate measurement compara-
bility between laboratories. 

2. TRACEABILITY OF MEASUREMENTS 

The international definition of 'traceability' is: property 
of the result of a measurement or the value of a standard 
whereby it can be related to stated references, usually na-
tional or international standards, through an unbroken 
chain of comparisons all having stated uncertainties.   
As said above, mass is unique amongst the base quantities 
of the SI because its unit definition, the kilogram, is based 
on a physical artifact; a cylinder of platinum iridium alloy, 
held at the Bureau International des Poids et Measures 
BIPM near Paris, is defined as being exactly one kilogram 

in mass. All mass measurements undertaken in the World 
should be traceable to this single artefact – the international 
prototype of the kilogram (known as K – see history of the 
kilogram) – and this is achieved by regularly comparing  
its mass with the official 'copies' of the Kilogram held  
in national measurement institutes, such as NPL. 

2.1. Elements of traceability 

Traceability is characterized by a number of essential 
elements: an unbroken chain of comparisons going back  
to a standard acceptable to the parties, usually a national  
or international standard; measurement uncertainty;  
the measurement uncertainty for each step in the traceabi-
lity chain must be calculated according to defined methods 
and must be stated so that an overall uncertainty for the 
whole chain may be calculated; documentation; each step  
in the chain must be performed according to documented 
and generally acknowledged procedures; the results must 
equally be documented; competence; the laboratories  
or bodies performing one or more steps in the chain must 
supply evidence for their technical competence (e.g.  
by demonstrating that they are accredited); reference  
to SI units; the “appropriate” standards must be primary 
standards for the realization of the SI units; recalibrations; 
calibrations must be repeated at appropriate intervals; the 
length of these intervals depends on a number of variables, 
(e.g. uncertainty required, frequency of use, way of use, 
stability of the equipment). 

 
Fig. 1. Standard calibration procedure 
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At the international level, decisions concerning the  
International System of Units (SI) and the realization of the 
primary standards are taken by the Conférence Générale 
des Poids et Mesures (CGPM). The Bureau International 
des Poids et Mesures (BIPM) is in charge with coordinating 
the development and maintenance of primary standards and 
organizes intercomparisons on the highest level. 

The National Metrology Institutes are the highest  
authorities in metrology in almost all countries. In most 
cases they maintain the “national standards” of the country 
which are the sources of traceability for the associated 
physical quantity in that country. If the National Metrology 
Institute has facilities to realize the corresponding SI unit of 
measurement (the term SI units includes all derived units), 
the national standard is identical to or directly traceable to 
the primary standard realizing the unit. If the Institute does 
not have this facility, it has to ensure that the measurements 
are traceable to a primary standard maintained in another 
country. The National Metrology Institutes ensure that the 
primary standards themselves are internationally compa-
rable. They are responsible for disseminating the units  
of measurement to users. They are the top level of the cali-
bration hierarchy in a country. 

Department of mass measurement of LNMC (SA)  
is a holder of national mass standards. These are 1 kg mass 
standard in stainless steel and two sets of mass standards 
(from 1 mg to 500 g). Laboratory performs periodic calibra-
tion and statistical analysis of mass standards. This ensures 
traceability between Latvian national mass standards  
(with values derived from the International Prototype of the 
kilogram) and weights of class E1 and lower. Once in two 
years national mass standards are carried to DFM (Dansk  
Fundamental Metrology, Denmark) or other laboratory  
for calibration. 

2.2. Weighing cycles 

In the weighing cycles, “A’ represents weighing the re-
ference weight and “B” represents weighing the reference 
weighing the test weight. The cycles ABBA and ABA are 
normally used when calibrating E and F class weights. The 
cycle AB1…BnA is often used when calibrating M class 
weights, but generally not recommended for E and F class 
weights. If, however, a mass comparator with an automatic 
weight exchange mechanism is used and if the system  
is installed in a protecting housing, this cycle can also be 
accepted for class E and F weights calibrations. Only cycles 
ABBA and ABA are useful in subdivision weighing. More 
than one reference weight can be used; in this case the 
weighing cycles can be applied for each reference weight 
separately; the reference weights may then be compared 
against one another. 

Tab. 2. Minimum number of weighing cycles 

Class E1 E2 F1 F2 M1, M2, M3 
Minimum number 
of ABBA 

3 2 1 1 1 

Minimum number 
of ABA 

5 3 2 1 1 

Minimum number 
of AB1…BnA 

5 3 2 1 1 

2.3. Data analysis 

Average difference of conventional mass – One test 
weight. For cycles ABBA and ABA, the conventional mass 
difference, Δmc, between the test weight and the reference 
weight of a cycle, I, is: 

c ct crm m mΔ = −            (1) 

ci i cr im I m CΔ = Δ + ⋅           (2) 

where 

0

1 1
( ) ( )i ai

t r

C ρ ρ
ρ ρ

= − ⋅ −   

The average difference of conventional mass for n  
cycles is: 

1

1 n

c ci
i

m m
n =

Δ = Δ∑
          (3) 

If the density ρt or ρr  of a weight is not known, but the 
material is known, the appropriate assumed density from 
mean value of hand-book should be used. If it is only 
known that the density of a weight is within the allowed 
limits then the value 8000 kg⋅m-3 should be used. In cases 
where air buoyancy correction is estimated to be negligible, 
i.e., if the term m0⋅Ci can be omitted. 

0

1

3i

U
C

m
≤ ⋅            (4) 

If only one or an averaged value of the air density  
is available, the buoyancy correction mcr⋅C can be applied 
after averaging. 

Average difference of conventional mass – Several 
test weights. If several test weights are calibrated according 
to weighing cycle AB1…BnA, the average mass difference 
for weight k is obtained from equation (3) by replacing ΔIi 
with ΔIi(k) in equation (2). 

Average difference of conventional mass – Several 
series of measurements. If there are several (J) identical 
series of measurements with average values jmΔ  and with 
approximately equal standard deviations the average value 
of all measurements is: 

1

1 J

c cj
j

m m
J =

Δ = ⋅ Δ∑          (5) 

Several series of measurements are usually performed 
only in calibration of class E weights, when the reprodu-
cibility of weighing has to be investigated. 

Conventional mass of the test weight. The conven-
tional mass of the test weight can be calculated from the 
formula: 

ct cr cm m m= + Δ            (6) 
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In verification, the conventional mass of the reference 
weight is not always known. In these case, its nominal 
value should be used. 

The standard uncertainty u(mcr), of the mass of the re-
ference weight should be calculated from the calibration 
certificate by deviling the quoted expanded uncertainty, U, 
by the coverage factor k (usually k=2) and should be com-
bined with the uncertainty due to the instability of the mass 
of the reference weight, u(mcr). 

2 2( ) ( ) ( )
2cr s cr

U
u m u m= +          (7) 

The uncertainty due to instability of the reference 
weight, us(mcr), can be estimated from observed mass 
changes after the reference weight has been calibrated  
several times. 

The uncertainty of air buoyancy correction can be calcu-
lated from 

2 ( )
a

r t
b cr

r t

u m uρ

ρ ρ

ρ ρ

−
= ⋅ ⋅

⋅

⎡ ⎤
⎢ ⎥
⎣ ⎦

         (8) 

Where ρa is the air density during the (previous) calibration 
of the reference weight by use of a higher order reference 
weight. When using equation (8) be sure to use the same 
value for the uncertainty of the density of the reference 
weight u(ργ), that was used in the uncertainty calculation  
of the previous calibration. If the air density is not mea-
sured and the average air density for the site is used, than 
the uncertainty for the air density is to be estimated as: 

30,12
( )

3
au kg mρ −= ⋅⎡ ⎤⎣ ⎦           (9) 

At sea level the density of air should be assumed to be  
1,2 kg⋅m-3.  

Uncertainty of the balance uba. The recommended  
approach to determine this component is to test the balance 
and mass comparators at reasonable time intervals and use 
the results from the test in the uncertainty calculations.  
If the balance is calibrated with a sensitivity weight  
(or weights) of mass ms, and of standard uncertainty u(ms), 
the uncertainty contribution due to sensitivity is 

2 2
2 2

2 2

( ) ( )
( ) ( )S S

S c

S S

u m u I
u m

m I

Δ
= Δ ⋅ +

Δ
                                 (10) 

Where ΔIS is the change in the indication of the balance due 
to the sensitivity weight; u(ΔIS) is the uncertainty of ΔIS; 
and, cmΔ  is the average mass difference between the test 
weight and the reference weight. If the sensitivity is not 
constant with time, temperature, and load, its variation must 
be included in the uncertainty. If the weight does not have 
the form of a perfect cylinder, then additional corrections  
or an expanded uncertainty may be required. For a digital 
balance with the scale interval d, the uncertainty due  
to resolution is 

/ 2
( ) 2

3
d

d
u = ⋅         (11) 

The factor 2  comes from the two readings, one with the 
reference weight and one with the test weight. 

Uncertainty due to eccentric loading uE.  If this con-
tribution is known to be significant, the magnitude must  
be estimated and if necessary the contribution must be in-
cluded in the uncertainty budget. 

1 2( / )

2 3
E

d d D
u

⋅
=

⋅
       (12) 

Where D is the difference between maximum and minimum 
values from the eccentricity test performed according  
to OIML R 72-6; d1 is the estimated distance between the 
centres of the weights, and d2 is the distance from the centre 
of the load receptor to one of the corners. In most cases, the 
uncertainty contribution uE is already covered by the uncer-
tainty uw of the weighing process and may be neglected. 
When using balances with automatic weight exchange 
mechanism, the indication difference ΔI, between two 
weights may be different when the positions are inter-
changed: ΔI1≠ ΔI2. This may be interpreted as an eccentric 
loading error and the corresponding uncertainty should be 
estimated using equation (13). This uncertainty contribution 
is applicable, if it is known from previous interchanging 
measurements with weights of the same nominal value. In 
case that the interchange is performed during a calibration 
procedure, the average of the two indication differences 
shall be taken as the weighing results and uE can be ne-
glected. 

1 2

3
E

I I
u

Δ − Δ
=          (13) 

Combined standard uncertainty of the balance uba. 
The uncertainty components are added quadratic ally as 
follows: 

2 2 2 2

ba S d E mau u u u u= + + +         (14) 

Expanded uncertainty U(mt). The combined standard 
uncertainty of the conventional mass of the test weight  
is given by: 

2 2 2 2( ) ( ) ( )c t w c cr b bau m u m u m u u= Δ + + +       (15) 

The expanded uncertainty U, of the conventional mass of 
the test weight is as follows: 

( ) ( )t c tU m k u m= ⋅         (16) 

Where the coverage factor k = 2, should be used. 
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Tab. 3 - 6. Instability analysis of national mass standards 

Type of weights MГO – I a – 1110 No 25  (1 mg-500 mg)  1989 -2006 years 

DmΔ  
E1 
mpe 
(OIML R 111) 

Drift 
)( DS mu Δ   No. 

Nominal value of the 
weights, 

Nm  
mg mg mg mg 

1. 1 -0,00003 0,003 0,000017 
2. 2 0,00003 0,003 0,000017 
3. 2* 0,00008 0,003 0,000046 
4. 5 0,00003 0,003 0,000017 
5. 10 0,00006 0,003 0,000035 
6. 20 -0,00002 0,003 0,000012 
7. 20* 0,00008 0,003 0,000046 
8. 50 0,00010 0,004 0,000058 
9. 100 0,00005 0,005 0,000029 
10. 200 0,00015 0,006 0,000087 
11. 200* 0,00008 0,006 0,000046 
12. 500 0,00033 0,008 0,000191 

      
Type of weights ГЭ - 1110 No 12  (1 g-500 g)  1989 -2006 years 

  mg mg mg 
1 1 -0,00031 0,010 0,000179 
2 2 -0,00038 0,012 0,000219 
3 2* -0,00027 0,012 0,000156 
4 5 -0,00027 0,016 0,000156 
5 10 -0,00029 0,020 0,000167 
6 20 -0,00031 0,025 0,000179 
7 20* -0,00062 0,025 0,000358 
8 50 -0,00107 0,030 0,000618 
9. 100 -0,00280 0,05 0,001617 
10. 200 -0,00495 0,10 0,002858 
11. 200* -0,00359 0,10 0,002073 
12. 500 -0,00793 0,25 0,004578 

 
Type of weights KГЭ - 1 No 16  (1 kg)  1985 -2006 years 

DmΔ  
E1 
mpe 
(OIML R 111) 

Drift 
)( DS mu Δ   No 

Nominal value of the 
weights, 

Nm  
кg mg mg mg 

1. 1 0,00677 0,5 0,003909 
 

Type of weights KГO – I -1 No 21  (1 kg)  1984 -2006 years 

DmΔ  
E1 
mpe 
(OIML R 111) 

Drift 
)( DS mu Δ   No  

Nominal value of the 
weights, 

Nm  
кg mg mg mg 

1. 1 0,01707 0,5 0,009855 

Remark: Where mN is nominal value of the weights, mc – conventional mass of the weights, U(mc) – expanded uncertainty  
of the conventional mass of the test weigh, ( )S Du mΔ  – drift (instability of the test weight) 
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Fig. 2. Calibration results of national standards and approximation 

Measurement equipment of Department of mass meas-
urement of State Agency. Department of mass measure-
ment of State Agency has probably the best mass measure-
ment equipment in Latvia (Table 7), such as “Sartorius” 
comparator (high-precision mass measurement instrument). 

ScalesNet32 (Figure 3) is the software used for data ac-
quisition and analysis. Computer running ScalesNet32  
is connected to both comparator and climate control system 
of the lab. This equipment allows LNMC to perform cali-
bration of E1 class weights (most accurate ones). 

Tab. 7. Mass comparators and balances in Department of mass measurement of State Agency 

Mass comparators 
No. Type Manufacturer / Productions year Calibrations weights 

1.  CC 6                    E1 ;E2 ;F1 ;F2 1 mg   ÷   5 g 

E1 500 mg   ÷   50 g 2.  CC 50                  E2 ;F1 ;F2 1 mg   ÷   50 g 
3.  CC 1 000 S-L     E1 ;E2 ;F1 100 g   ÷   1 kg 
4.  CC 10 000 U-L   E1 ;E2 ;F1 1 kg   ÷   10 kg 

E2 20 kg   ÷   50 kg 
F1 10 kg   ÷   50 kg 
F2 5 kg   ÷   50 kg 

5.  CC 50 002           

“Sartorius” 
Germany, 2003 

M1 1 kg   ÷   50 kg 

6.  KC 600 sHR       Mettler-Toledo”, Sweden - MSE 
Systems, Germany, 2003 M1 100 kg, 200 kg   ÷   500 kg 

7.  CCS 3 000 K      “Sartorius” Germany, 2006 M1 2 t   ÷   3 t 
Balances 
No. Type Manufacturer / Productions year Calibrations weights 
8.  ВЛО-200g-Ia «Госметр», Russia, 1968  50 g   ÷   200 g 
9.  ВЛО-200g-I «Госметр», Russia, 1978  50 g   ÷   200 g 
10.  ВЛО-1kg-I «Прибор», Ukraine, 1988  200 g   ÷   1 kg 
11.  ВЛО-5kg-I «Госметр», Russia, 1975  500 g   ÷   5 kg 
12.  ВЛО-20kg-II “Etalon”, Latvia, 1955  5 kg   ÷   20 kg 

 
ScalesNet32 fulfils the requirement of a quality ma-

nagement system, regulated by national standards. Calibra-
tion of weights always relates to a project or a customer, 

serial number and type of the weights, and others essential 
parameters, creating a unique description of the test object. 
The weight date is saved in a database, assuring the avail-
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ability of the weights history at all times. The balances used 
for testing user supplied weights are calibrated in pre-
defined intervals. These calibration data is recorded in the 
database. ScalesNet32 controls the used reference weights 
and climate stations with a set of connected sensors. The 
software will inform the user of necessary routine calibra-
tions of the reference weights used for testing. The calibra-
tion intervals for the balances and reference weights are 
entered into the system by the user. The following modules 
are available: calibration of customer weights; external 
calibration of customer weights; calibration of reference 
weights; calibration of weights with dissemination of mass 
scale; quick calibration of weights; calibration of weights 
with row data output; manual input of weighing data; cali-
bration of Balance; Collection of environment data. 

Most important features of Scales Net 
− Centralized SQL Database to record all measurements 

and data; 
− Auto-read of process data via a Balance-port. Port  

parameter can be configured according to the specifica-
tions of the scales manufacturer; 

− Automatic measurement of the labs environmental pa-
rameters during weighing cycles; 

− Adjustment of weighing cycles and measurement pro-
files (ABBA or ABA) in classes; 

− Selection of classes according to OIML R111, ASTIM 
617, or other national standards; 

− Simultaneous testing of weights, belonging to one set  
of weights, using different Comparators in a Laboratory 
environment; 

− Plausibility test for reference weights and balance  
(testing if selection of weights and balance matches  
pre-defined classes); 

− Each tested weight is provided with a test certificate, 
recording all test results (reference weights and balance 
used, temperature, humidity, air pressure, etc.); 

− Optional history report for each tested weight; 
− User definable Word templates to create calibration 

and/or test protocols, or DKD protocols. Data to be re-
presented will be positioned via text markers within the 
word document. During printing the text markers will 
be replaced by the actual measurement data. DKD pro-
tocols can be generated in 2 languages; 

− Automatic inventory generation, listing all used ba-
lances reference weights. 

External System Hardware 
• Scales-Controller 

Microprocessor controlled terminal to perform all ne-
cessary steps of the calibration procedures for weights 
and test equipment. Connectivity to the ScalesNet32 da-
tabase is provided via CAN bus. 

• Climate Station 
Collects all environment data of the laboratory. During 
a measurement cycle the environment data will be de-
livered and combined with the actual weighing data.  
A data logger-converter is needed to convert the  
environment data into a ScalesNet32 readable format.  
If a third party system is used instead. 

 
Fig. 3. ScalesNet32 

2.4. Mass comparators 

Mass determinations of the highest accuracy are carried 
out with mass comparators. These are used in laboratories 
high up in the hierarchy of the dissemination of the unit of 
mass, starting with the international prototype of the kilo-
gram. In particular, the International Bureau of Weights and 
Measures (BIPM) in Sevres near Paris and the national met-
rological institutes (NMI) which generally have the national 
prototypes at their disposal belong to this hierarchy.  
Mass comparators are based on the compensation principle. 
This means that the weight force is largely balanced  
by force acting in the opposite direction. The range of the 
balance’s display is therefore limited, and corresponds  
to the remaining difference of the weight forces. Only mass 
standards of the highest quality are used on such balances. 
Most comparators are based on the principle of the beam 
balance, where the weight force of a mass standard is com-
pensated by the weight force of a counter weight  
via a lever. A comparator that works on the hydrostatic 
weighing principle has been realised, the compensation 
being effected by the buoyancy in a liquid. In the older 
beam ba-lances, the knife-edges and bearing blocks form 
pivots, and in more recent models it is the flexure-strip. 
Some of these mass comparators were developed in the 
laboratories of national metrological institutes, and others 
in workshops with many years experience in the construc-
tion of balances. Today, comparators are industrially manu-
factured that have a standard deviation of up to 10-9. The 
best comparators in NMI reach up to 5 x 10-12. 

Fig. 4 shows the characteristic quantities of a beam ba-
lance in a general two dimensional representation. The axes 
of rotation are reduced to pivots i.e. assumed to be parallel. 
The beam’s bearing is at point S’; the weight force of its 
mass mS acts at its centre of gravity S. The masses mL and 
mG hang at points L and G. The broken line represents the 
gravitational horizon; the line connecting L and G forms an 
angle α with the horizon and is divided by the perpendicu-
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larly through S’ with the length α into the sections lL, lG; 
the lever arm of the balance’s centre of gravity with  
a length lS forms an angle γ with α. In equilibrium, the 
torqueses are neutralised. With the gravitational accelera-
tions gL, gG and gS, in the three gravitational centres of the 
masses, the following is valid: 

[ ]
[ ]

0 cos sin

cos( ) sin( )

sin( )

L L L

G G G

S S S

g m l

g m l

g m l

α α α

π α α π α

γ α

= − +

+ + + +

−

                  (17) 

In the following it is assumed that g = gL = gG = gS.  
A change in the mass mL by dmL causes an inclination  
of the beam by dα; the sensitivity of the balance is therefore 
defined according to Eq. (17) as follows: 

[ ]
[ ]

/ ( cos sin ) /

( sin cos

sin( ) cos( )

cos( ))

L L

L L

G G

S S

d dm l

m l

m l

m l

α α α α

α α α

π α α π α

γ α

= −

+ +

+ − + +

−

    (18) 

 
Fig. 4. Beam balance (schematic). S, S’ gravitational centre  

or pivot of the beam; mS mass of the beam; L, G pivots  
of the suspensions for the load with a mass mL and the 
weights with the mass mG; a distance between S’ and the 
connecting line LG: lL, lG lever lengths of the load and 
weight arms projected on to LG; lS lever length of the ba-
lance’s centre of gravity; α angle of beam’s inclination;  
γ angle between lS and α. 

According to Eq. (18) the balance’s sensitivity depends 
generally on all the parameters. 

 
Case I: α = 0 (horizontal position) 

0 sinL L G G S Sm l m l m l γ= − +        (19) 

or:  

0 1 sinS SL L

G G G G

m lm l

m l m l
γ= − +        (20) 

and  

( ) cos
L

L L G S S

ld

dm m m m l

α

α γ
=

+ +
        (21) 

From Eq. (20) it is apparent that a change in the arm 
length ratios lL/lG is inversely proportional to the mass  
ratios mL/ mG.  

 
Case II: α = 0 and l = lL = lG (equal arm lengths): 

0 ( ) / sinL G S Sm m l m l γ= − +        (22) 

1

( ) cosL L G S S

d

dm m m m l

α

α γ
=

+ +
       (23) 

The sensitivity now depends only on the load mL + mG 
and one the angleγ of the position of the level arm’s centre 
of gravity. 

 
Case III: α = 0, lL = lG – l; and γ = 0 (symmetrical balance) 

L Gm m m= =         (24) 

1

2L S S

d

dm m m l

α

α
=

+
        (25) 

The beam of a symmetrical balance is horizontal only  
if masses mL and mG are equal. If the shape of the beam is 
also symmetrical the centre knife-edge and the two suspen-
sions mounted on the side knife-edges are the same in form 
and mass, the balance is not sensitive to changes in air pre-
ssure and the relative air moisture. However, the sensitivity 
still depends on the mass m of the load body (see Eq. (25)). 
This means that if the side knife-edges are lower than the 
centre one (α > 0), the sensitivity decreases with increasing 
load; if they are higher (α > 0), and then the sensitivity  
increases with the load up to an α where the balance be-
comes unstable, that is when 2ma + mSlS ≤ 0. 

 
Case IV: α = 0, l = lL = lG, γ = 0 and α = 0 (pivots on one 
level); 

1

L S S

d

dm m l

α
=         (26) 

In this case the sensitivity is independent of load,  
depending only on the mass and the position of the centre 
of gravity. 

3. CONCLUSION 

The results achieved by National Agency of Metrology 
are quite acceptable as national standard. Drift and error 
values are well within requirements for E1 class. The 
equipment and procedures used by the laboratory allow 
most accurate and perfectly traceable measurements. Most 
customers only need F2 or M1. However, some of them 
require calibration of E1 weights (for example, 
pharmaceutical industry). The laboratory can satisfy all 
their needs, at the same time remaining small and effective 
organisation. This is very important for such a small 
country like Latvia. 

At present, all standards used by the laboratory are 
being sent for calibration to other laboratories such as DFM 
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(see Fig. 1). In theory, it is possible to have direct 
traceability to international mass standard. Directly 
traceable laboratory could provide metrological services  
to the most demanding customers such as national 
metrology organizations of other countries and research 
institutions. However, further improvement is needed  
to become international laboratory like this. From purely 
technical point of view, overall design of the building and 
location of the laboratory must be reconsidered. In urban 
areas, moving masses (trucks etc.) and ground vibrations 
may influence results of highly accurate mass 
measurements. The laboratory should be moved outside the 
city. The building must be designed with maximum 
stability in mind. 
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Abstract: In this paper a concept of using an easily accessible (i.e. commercially available for common home user) model  
of enhanced user interface – Haptic Device – for purpose of steering a mobile platform is presented. The functional require-
ments for the investigated device are specified based upon literature sources and verified empirically by author by performing 
real-time experiments in Matlab\Simulink. 

1. INTRODUCTION 

Haptic User Interfaces stand for a group of devices that 
opposed to standard user interfaces, take advantage of the 
human body’s sensation of touch by means of mechanical 
signal generation. Depending on the type of receptors, 
which are sensory elements, one differentiates tactile  
and kinesthetic sensations. The tactile sensations refer  
to receptors located in the skin and they can be recorded 
with pressure or vibration functions. The kinesthetic sensa-
tions that are often described as force sensations can be felt 
with muscles and tendons. The main control issue that 
arises in this context is a sensorimotor control comprising 
the frequency with which the stimuli are sensed and the 
rapidity with which humans can respond. This paper will 
focus mainly on applicability of an example of a low-cost 
haptic device for the purpose of steering the mobile robot. 
Due to cost reduction, such of-the-shelf device possesses 
the limited mechanical and computing capacity of force 
stimulation that effects generation of solely kinesthetic 
stimuli. Hence, the presented low-cost haptic device is 
often also called a force-feedback device. 
 The main feature of haptic devices that distinguishes 
them from the standard user interfaces is utilization of an 
active and bidirectional information channel. It enables  
a force-feedback loop implementation (see Fig. 1) where 
the signals of motion commands flow from the user in the 
remote slave plant direction (light arrows) and simulta-
neously the force signals acting on the remote robot  
are transferred back to the user (dark arrows). In this  
approach the perception block of sensory-motor control is 
extended in addition to the vision element over the kines-
thesia and tactility. The force-feedback loop adaptation 
changes the information exchange process into a live and 
intensive interactive workflow. 

In this paper, first the Mobile Platform Haptic System 
and its major subsystems are presented. Next, several fun-
ctional requirements for selected model of Haptic Device 
are specified based upon literature sources and verified 
empirically by performing experiments in Matlab\Simulink. 

This programming environment, which is rich in many 
powerful tools, enables the user to run simulation applica-
tion in real-time in common Windows OS. It facilitates as 
well communication with peripheral equipment with the aid 
of a Simulink block which relieves the user from burden  
of device driver programming. The assumption about an 
application execution in real-time is critical in reference  
to control the Mobile Platform Haptic System according  
to automatic control theory engineering. Finally, the  
experiment results are compared with the previously out-
lined functional requirements and conclusions are drawn. 

 
Fig. 1. The extended (over tactility and kinesthesia) sensory-motor 

control loop with an adapted haptic device, computer and 
mobile platform (the dark arrows stand for force signals 
that are fed back to operator perception block) 

As subject of this article refers mainly to low-cost hap-
tic device all references to or all sentences containing 
phrases haptic device, haptic user interface or low-cost 
haptic device will be used next, except as otherwise stated, 
in the sense of the low-cost force-feedback (kinesthetic) 
joystick. In this article only general information referring 
differences between distinct models of haptic user inter-
faces are mentioned. In case of additional interest it will be 
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asked the reader to consult the previous author’s documents 
(Kacprzak and Bartoszewicz, 2007; 2005) where in the 
introductory part a comprehensive information concerning 
the history, the structure and the principles of operation  
of haptic user interfaces are presented. 

2. MOBILE PLATFORM HAPTIC SYSTEM (MPHS) 

 The MPHS frame, in general, is composed of three main 
hardware subsystems: the low-cost haptic user interface, 
 the mobile platform and desktop computer. The simplistic 
control architecture of the MPHS is presented in Fig. 2. The 
blocks placed on the dimmed background are controllable 
(outward-positioned arrowhead) or readable (inward po-
sitioned arrowhead) elements. The two blocks marked with 
bold frame are the controller which will be mentioned  
in later sections. The control blocks are user accessible 
which means that they can be freely programmed. 

Mobile Platform

Local Robot 
Controller

Encoders

Motor Driver DC Motor

Servo

Motor Current 
Sensor

Communication 
Port

Communication 
Port

Human-Computer Interface

Local HCI 
Controller

Potentiometers

Motor Drivers DC Motors

Desktop Computer

Supervisor 
Controller

 
Fig. 2. Generic control system architecture 

3. MOBILE PLATFORM (MP) 

For the mobile robot construction partially ready-made 
elements were used placing more attention to electronic 
architecture set-up and hardware programming issues than 
to robot mechanics. For the mobile platform base a gear-
belt and electric-drive car-like chassis (scale 1:10) were 
adapted with a few modifications related to chassis  
equipment (e.g. encoders attached, front axle mechanism 
modification, etc.). The main component of the mobile 
platform is the MB-128-MAX module with an embedded  
8-bit Atmega128 microcontroller clocked with a 16 MHz 
crystal oscillator. This mini-module serves as the central 
processing unit and due to the real-time triggered interrupts 
can be used for Local Robot Controller (LRC) implementa-
tion. Currently, simple proportional controller is in opera-
tion. Given that more complex control unit should be  
applied as the LRC and the restricted sampling rate is kept, 
a need arises to add an upper hardware layer (e.g. an addi-
tional motherboard with embedded processor) where the 
controller will be located. The peripheral features (e.g. 
USART, TWI, external RAM interface) of MB-128-MAX 
build-in microcontroller enable control loop realization 
with data reading from encoders and motor current sensor, 
and command writing to a motor driver and a front axle 
servo. The local control loop is utilized with a sample rate 
of 100Hz. This sampling rate was assigned empirically with 
regard to hardware capability without signal parameters 
identification in compliance with the Nyquist–Shannon–
Kotelnikov theorem. Therefore, some further investigation 
may be necessary to avoid aliasing and for perfect signal 
reconstruction (e.g. applying digital or analog anti-aliasing 
filter). Nevertheless, a sample rate of 100Hz was estimated 
as multiplicity of the value of joystick (10-30Hz) and kines-
thetic system (20-30Hz) bandwidth. 

 
Fig. 3. The electronic architecture of the mobile platform 

The electronic architecture of the mobile platform  
is illustrated in Fig. 3 and it consists of the following  
modules: 
− credit card-sized circuit board – MB-128-MAX AVR 

module; 
− DC motor driver MD03 for cart speed control; 

− DC motor Mabuchi RS-540; 
− servo-steering mechanism Hitec HS-475HB; 
− Bluetooth module BlueNode OEM2 for wireless data 

link; 
− two incremental encoders MOZ18 with dedicated 

LS7166 integrated circuits. 
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The MD03 motor driver enables both writing the de-
sired velocity value and reading the ongoing electric current 
value from the memory registers. The computation of the 
covered distance is performed indirectly using the LS7166 
counters that count the falling and rising signal edges from 
encoders output channels. The direction of motion of the 
mobile robot can be determined by means of a servo-
steering mechanism Hitec HS-475HB. It is mounted on the 
front of the robot and connected through special links to the 
front axle with the purpose of adjusting the steering angle. 
The 8-bit inner counter of the Atmega128 microcontroller 
generating PWM signal is used to control the Hitec servo. 

4. HAPTIC USER INTERFACE (HUI) 

For the mobile platform motion control a low-cost  
haptic device was chosen (see Fig. 4). Such devices are 
commonly used with computer games or just as input de-
vices to interact with operation system. In order to set the 
velocity, turn and direction commands a common force-

feedback joystick can be utilized. This example of user 
interface has two force degrees of freedom that means its 
actuators (DC motors) are able to provide force sensations 
in two directions. The low cost of force-feedback joysticks 
introduces some constraints in the mechanics and com-
puting power that refer mainly to frequency and value of 
generated forces as well as to the resolution of the position 
determination. On the other hand, some design constraints 
could be established for the system given the limits of per-
formance of the human cutaneous sensory system. 

In order to assess the efficiency of a low-cost force-
feedback joystick in presenting force stimulation to the 
human wrist, several functional requirements for the device 
will be defined, then common features of an arbitrary force-
feedback device taken from technical literature will be 
conveyed. Thereafter,  selected model the SideWinder 2 
Force Feedback Joystick from Microsoft will be evaluated 
during tests in Matlab/Simulink environment. After all, the 
test results will be compared with the previously outlined 
fun-ctional requirements. 

   
Fig. 4. Examples of low-cost hapitc devices: the Microsoft SideWinder and Logitech Wingman force-feedback joysticks (from the left)  

and the internal view on electric actuators 

5. DESKTOP COMPUTER 

The idea of using a desktop computer as a hardware 
platform and Windows OS for a supervisory controller  
was imposed by programming requirement of the force-
feedback joystick and partially by benefits of using the 
Matlab/Simulink tools in analysis and evaluation process. 
The Real-Time Workshop with an additional toolbox the 
Real-Time Windows Target enables through the use of two 
Simulink blocks: the Analog Input Block and the Analog 
Output Block in external mode, the user-friendly program-
ming of force-feedback joysticks and ensures communica-
tion with them in real-time. 

6. THE HUMAN CUTANEOUS SENSORY SYSTEM 

In the beginning, it is reasonable to point out which 
joints of the human arm take part in actuation of a joystick 
handgrip (see Fig. 5). For simplicity, it can be assumed that 
only forearm and wrist are affected provided that forearm  
is at standstill. In general, the cutaneous senses are served 
by the somatosensory system, which includes tactile per-
ception which is caused by mechanical displacement of the 
skin, proprioception, the sense of position of the limbs and 

kinesthesis, the sense of movement of the limbs. In the case 
of a low-cost force feedback joystick only a few sensations 
connected with the somatosensory system are significant 
due to device limitations. 

1

2

3

4

 
Fig. 5. Human arm degrees of freedom with joints marked that 

take part in joystick handgrip movements: 1–wrist fle-
xion/extension, 2–forearm supination/pronation, 3–elbow 
flexion/extension, 4–shoulder flexion/extension (Caldwell 
et al., 1995). 
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Among several types of touch receptors located in the 
skin (see Fig. 6) the Ruffini’s endings can be constrained. 
The receptor endings and nerve fibers associated with them 
define the type of stimulation to which they respond. The 
Ruffini cylinder’s fibers are slow-adapting (SAII) nerve 
fibers which means they produce a regular discharge rate 
for a steady load (they continue responding as long  
as the stimulus continues). Psychophysically, the Ruffini’s 
endings respond to frequencies ranging from 0-10 Hz after 
(Burdea and Coiffet, 2003) and less than 8 Hz after (Wall 
and Harwin, 2001)) and their stimulation results in the 
perception of stretch (detect stretching of skin or move-
ments of joints and corresponds to static force function). 

Regarding proprioception and kinesthesia, the state  
of muscles and joints and position of the limbs is monitored 
by two major kinds of receptors (apart from receptors lo-
cated at skeletal articulations): muscle spindles, which lie  
in parallel with the muscle fibers, and Golgi tendon organs, 
which lie in series with muscles where one end is attached 
to tendon and the other to muscle, presented in Fig. 7a. The 
muscle receptors activity referring to their excitation  
is shown in Fig. 7b,c,d corresponding to the states of:  
muscle relaxed, muscle stretched and muscle contracted, 
respectively. The muscle stretching activates special muscle  
spindles and transiently Golgi tendon organs whereas  
the muscle shortening during contraction activates tendon 
organs. 

 
 

Fig. 6.  A cross section of the skin, showing the location of receptors (left) and Ruffini’s cylinders in the palm as skin receptors detect skin 
            stretching or joint movement (right) (Rosenzweig et al., 2002) 

 

 
 
 
 
 

 
              
 
                (a) 

 
                                   (b)                                           (c)                                            (d) 

Fig. 7. Muscle Receptors: a) muscle spindles and Golgi tendon organs, b) muscle relaxed, c) muscle stretched, d) muscle contracted  
          (Rosenzweig et al., 2002) 
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7. FUNCTIONAL REQUIREMENTS 

Concluding the above information regarding the  
cuta-neous sensory system, the first important functional 
features the sensory and motor bandwidths of an investi-
gated device can be noted. The bandwidths of sensory-
motor control loop are: the sensing bandwidth that refers to 
the frequency with which stimuli are sensed and the control 
bandwidth that refers to rapidity of human responses. 

Both bandwidths are asymmetric as humans sense  
stimuli much faster than can respond to them (see Fig. 8 
left). A typical maximum frequency with which a human 
hand can move a grasped joystick hand grip is 5-10 Hz 
whereas reliable force signals have to be submitted back-
ward with frequencies not less than 20-30 Hz. The band-
width requirements depend upon the nature of the task and 
can be selected upon the scale in Fig. 8 right. 

Fig. 8. The asymmetric capabilities of sensory-motor control loop of the human hand (left) and the range of bandwidths for different tasks 
           (right) (Shimoga, 1993)  

Continuing the consideration of functional requirements 
of simple force-feedback devices the issues regarding inter-
action forces exerted on the human arm will be addressed. 
In this context, the critical factors are the maximum magni-
tude of force stimuli and their resolution. The human arm 
should be able to sustain the exerted forces as well as  
to discriminate between significantly different stimuli. 

Taking into account the problem of maximum force  
exertion the results of previous works found in An et al., 
(1986) can be adapted. The maximum power grasping force 
for males equals to 400 N and for females equals to 228 N. 
These results are not relevant assuming that human can 
apply the maximum force only for short period of time due 

to muscle fatigue. Looking on the Table 1 the difference in 
sustained opposite to maximum force magnitude can be 
seen. After the result of much research (Wiker at al., 1989) 
it has been discovered that the value of controllable force 
sensation belongs to the range of 15-25% of the maximum 
exerted force. Hence, for the purpose of a low-cost force-
feedback joystick it can be assumed that the magnitude  
of forces for wrist joint should be in order of 7.5-12N. 

In order to quantify the intensity of kinesthetic sensation 
several factors defined in the literature can be used for. The 
first is so-called absolute threshold, where the term abso-
lute threshold stand for the minimal energy of touch that 
can be recorded by body receptors. Second one corresponds  
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to spatiotemporal resolution where the size of receptive 
fields are assumed. Next one is called Weber ratio or the 
differential limen (DL) or the just-noticeable-difference 
(JND), defined as the quotient of the just-detectable inten-
sity increment or decrement over a baseline intensity that 
already exists. 

Tab. 1. Average Maximum Controllable Force in the Arm (data 
 from An et al., 1986) 

Joint Subjects 
 Female Male #1 Male #2 

Wrist 35.5 N 64.3 N 55.5 N 
Elbow 49.1 N 98.4 N 78.0 N 

Shoulder (side) 68.7 N 101.5 N 102.3 N 
Shoulder (front) 87.2 N 101.6 N 101.7 N 

The last one of presented here after mpb-techno- 
logies.ca/mpbt/haptics/hand_controllers/freedom/resources/ 
Human%20Factors.pdf, as well-defined one, will be used 
next for haptic device evaluation. It defines the ability  
to distinguish a difference in force and is called the force 
resolution. Its value is around 10% of the reference force 
depending on task nature. Hence, for mobile robot execu-
ting task where 5N of force is needed (due to constrained 
output of the mobile robot), the operator should be able  
to detect 0.5N difference in force. This requirement is  
defined in reference to inner friction forces of the haptic 
device itself, that should be imperceptible for a human  
operator. In case the friction forces of joystick handle are 
higher than the force resolution ratio, the user will not be 
able to distinguish the desired force from the friction. 

The ability to detect a change in position differs in each 
joint: the wrist and elbow can detect 2º and shoulder 0.8º 
(Tan et al., 1994). Assuming a palm length (clenched on the 
joystick handgrip) of 10 cm and , the position resolution  
of the hand controller needs an accuracy of (100mm) 
x tan(1°) = 1.75 mm. 

8. THE HARDWARE FEATURES  

After the constraints of human perception system have 
been shown, in this section attention will be focused on the 
hardware features with their limitations referring to genera-
tion of force stimuli. 

Let us then start with the bandwidth of the sensory-
motor control loop. The main issue in this aspect is the 
answer to the questions: how often can the force data be 
written to and the position data be read from the device and 
how fast can the device process force data itself? To solve 
the problem the hardware and software issues are consi-
dered. 

First, we will look at hardware structure and more par-
ticularly at the mechanical assembly of a low-cost force-
feedback joystick (see Fig. 9). Its main principle of opera-
tion is based on the usage of two separate DC-motors  
(numbers 1 for x and 2 for y axis respectively) for each axis 
that are coupled to the joystick control handle via various 
mechanisms. This enables the motors to provide the desired 
forces to joystick handle by means of producing on the 

motor shaft proportional torques. Simultaneously, the po-
sition of the joystick handgrip is determined by electro-
mechanical or optical position sensors placed along  
a motion axes X and Y and coupled to drive shafts. 

 
Fig. 9. The isometric view of a motorized quarter-gimbal me-

chanism that is used in a haptic feedback joystick (Patent  
International Publication Number: WO 01/65328 A1) 

An important invention of force-feedback input/output 
devices of the prior is the usage of a separate micro-
processor local to the interface device that is separate from 
the one of host computer system. The additional micropro-
cessor implements a local force-feedback loop containing 
low-level commands (i.e. the force commands to actuators 
determined in accordance with local microprocessor force 
routine, sensor data and high-level host commands) in-
dependently from host computer microprocessor updating 
software application, e.g. game or simulation software.  
It relieves the host system of computational burden; con-
serves significant processing time of the host processor; 
provides an optimal utilization of the relatively low-
bandwidth interface due to the fact that only the high-level 
force commands (i.e. general information referring force 
effect) and sensor data are transmitted over it. This finally 
allows more realistic and accurate force sensation to be 
provided to the control handle of force feedback device and 
be perceived by human arm. 

The performance of sensory-motor control or simply  
a haptic loop depends strongly on software, particularly  
on the software application running in a particular operating 
system as on the operating system structure itself. The soft-
ware running on microprocessor local to the haptic device 
generally has a significant impact on whole haptic loop.  
In the case of high fidelity haptic devices (specialized and 
expensive devices not just simple kinesthetic devices, that 
provide full haptic sensation) this part of a sensory-motor 
control loop would be considered separately. Nevertheless, 
low-cost haptic devices are provided of-the-shelf with  
an embedded microprocessor that runs quasi real-time 
software. Sometimes the vendors provide the ability to 
program haptic devices but it is often limited to upload 
some force effects that has no effect on the control issues of 
the haptic loop. As the local to interface device haptic loop 
cannot be affected by the user it will not be discussed  
in this paper. 
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For further considerations it will be assumed that the 
force-feedback joystick runs under Windows XP OS and 
the API (application programming interface) functions  
of DirectX libraries are used for wrapping of low-level 
driver commands. 

As Windows XP OS is not any kind of real-time ope-
rating system (either soft or hard RTOS) the joystick  
input/output operation times may vary with the OS load. 
Therefore, in order to assure all operations are most likely 
time-invariant (i.e. they are independent on operating  
system response time and occurring time lags in processor 
allocation) the investigation of software characteristics  
and identification of haptic loop parameters was performed 
in a Matlab\Simulink programming environment. Two 
toolboxes were selected: the Real-Time Workshop and the 
Real-Time Windows Target. They appear to be the most 
useful as they match the criteria of running the simulation  
in real time under arbitrary Windows OS. 

In addition, it is proper to assume, that the Windows OS 
is running on hardware that is optimal for Matlab\Simulink 
environment, i.e. the hardware does not impose any addi-
tional constraints on system performance. Then, if most 
system resources are available, i.e. no additional back-
ground work is performed, the programming environment 
of Matlab\Simulink can constrain the communication rate 
with haptic device exclusively, which will be explained 
further. In the case that enormous system load is present the 
communication loop is affected and the communication 
bandwidth will be constrained in addition. 

9. EXPERIMENTS  

To fulfill all of the mentioned above requirements  
a desktop PC was prepared with the intension to install only 
a pure Windows XP operating system with Matlab\  
Simulink software exclusively. 

As one can read in the Matlab tutorial in the chapter 
‘RTWT\Features\Real-Time Kernel’ the standard Win32 
API calls are incompatible with the RTW kernel. It is ge-
nerally true but joystick and mouse drivers are exceptions 
that use special mechanisms which allows them to pass data 
from the Win32 layer to the kernel without breaking the 
real-time constraints. The communication between kernel 
and joystick is done asynchronously to the sampling rate of 
Simulink model, using a separate Win32 thread. This thread 
awakes periodically and sends the joystick coordinates  
to the kernel, while at the same time it retrieves force-
feedback values from the kernel. This is entirely indepen-
dent of any sampling period the kernel processes may run 
at. The sampling rate of the joystick communication is 
dependent on the particular joystick model. The software 
producer of the RTWT the Humusoft company states that  
it is usually in the range up to 100Hz. The Simulink model 
sampling rate can be significantly higher, up to 1kHz. 

The approach the RTWT kernel uses for I/O joystick 
operations is possible only with human interface devices as 
no human being is able to react in the order of milliseconds. 
Due to this assumption the software producer concludes 
that the millisecond delays caused by the Win32 thread do 
not have any effect. This approach is intended for joysticks 
and mouse explicitly and is not useful with data acquisition 

boards which drivers have a true real-time code that  
accesses their devices directly from kernel. 

The Win32 thread communicates with joystick by 
means of DirextX interface. As this programming interface 
is not real-time by design the Real-Time Windows Target 
does the data exchange process in such a way that the 
Win32 thread does not slow down the real-time operation 
of the RTWT kernel. This means that the RTWT kernel 
places a request to DirectX but does not wait for the request 
to be completed and similarly, it asks DirectX for the  
joystick position data but if DirectX does not respond in 
time, the data is taken in next sample. The Simulink model 
uses only the last joystick position value that the Win32 
thread returns, and only the last force-feedback value 
passed on to the Win32 thread is applied, so no joystick 
commands are lost. 

 
Fig. 10. The Simulink model with the Real-Time Windows Target 
              blocks 

The research methods used during tests: 
1. An extension of capabilities of Simulink and Matlab: 

The Real-Time Workshop was used. In addition,  
for compilation of Simulink model the Real-Time  
Windows Target was chosen as option in ‘Real-Time 
Workshop\System Target File’ section of ‘Simulation\ 
Configuration Parameters’ (rtwin.tlc). In ‘Solver  
Options’ section following values was typed: ‘Fixed-
step’ in Type field and 0.01 in ‘Fixed-step size’ field. 
The Simulink model consists mainly of two following 
blocks (see Fig. 10): ‘Analog Input’ and ‘Analog  
Output’ with ‘Standard Devices Joystick [1h]’ as cur-
rent board, a value 0.01 in ‘Sample Time’ field, a vector  
‘[1 2]’ in Input Channels field and ‘-1 to 1 V’  
in ‘Input\Output Range’ field what limits the joystick 
input\output signals values to the range [-1,1]. In conse-
quence, to run the created model the external mode  
in main model menu was selected. 

2. For the purpose of determination of a single position 
(along one axis) sample time the test was performed 
where the human operator was trying to move the  
joystick handle as fast as possible. 
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3. For the purpose of determination of a position resolution 
(along one axis) the test was performed where the  
human operator was asked to move the joystick handle 
as precisely as possible. At the beginning, the maximal 
deflection of joystick handgrip in both direction along 
one axis was measured with a ruler for further calibra-
tion and determination of the magnitude of position 
threshold in millimeters. 

4. For the purpose of determination of a maximal force 
that can be generated by joystick actuator along one axis 
the digital force measurement device CNR ST 100 (see  
Fig. 11) which can measure the forces up to 100N with 
resolution of 0.01N was used. 

5. For the purpose of determination of a force resolution  
of force stimuli generated by joystick actuator the test 
series were performed where a force signal from ‘Pulse 
Generator’ Simulink block was provided to the joystick 
handgrip held by human operator. In subsequent tests 
the generated force value was increased over 0.25N. 

 

 
Fig. 11. The digital force measurement device CNR ST 100 from 
              ANDILOG 

  
Fig. 12. Determination of joystick parameters regarding position: sampling rate and resolution (performed in Simulink RTWT) during Fast 
             (left) and slow (right) movements of joystick handle with human operator hand 

Force resolution was determined during other test sepa-
rately where 50g weight (and subsequently its multiplica-
tion) was attached to unhanded (released) joystick handgrip 
with the aid of a thin thread rested on the horizontal rod. 
The weight due to gravity exerts a equivalent force pulling 
the joystick handgrip upwards. 

The test results provided (see also Table 2): 
− the time duration for the acquisition of a single position 

sample ranges between 30ms and 100ms (see time axes 
on Fig. 12); 

− the position resolution of joystick handle equals  
approximately 0.2mm (see ordinate axes on Fig. 12); 

− the maximum force that can be applied by inner motor 
of the joystick along single axis equals approximately 
5N 

− the force resolution (the force threshold value) that was 
found empirically equals 1N.  
The arguments for determining the force threshold  

follow: first, the friction forces of joystick actuator mecha-
nisms were assessed to be in the range of 0-1N. Hence,  
the desired difference of 0.5N in force is imperceptible for 
the human arm. Second, even though the force variation  
of 0.5N can be digitally recorded (see Fig. 13) such small 
force effects joystick movement that magnitude is less than 
position resolution (less than 0.2mm). In conclusion, the 
user is not able to distinguish the kinesthetic stimuli from  
a friction of joystick actuator mechanisms that are less than 
1N. 
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Fig. 13. Freely joystick movements (no human operator hand interference) in arbitrary axis induced by force variations of 0.5N (performer 
              in Simulink RTWT) 

Tab. 2. Test results – comparison of the design functional  
requirements and joystick parameters estimated  
in experiments in Matlab/Simulink environment 

 Functional  
requirements 

Experimental 
results 

bandwidth of sensory-
motor control loop 

20-30Hz  
(sensory) 
5Hz (motor) 

10-30Hz  
(for both) 

max. magnitude  
of force stimuli 7.5-12N 5N 

force threshold 10% of the 
reference force 1N 

position resolution 1.75mm 0.2mm 

10. SUMMARY 

The main goal of joystick parameters assessment  
and their comparison with the desired (that were described 
as functional requirements) was the estimation of applica-
bility of low-cost force-feedback joystick for the purpose of 
steering the mobile platform in real-time without significant 
time delays. As it was explained at the beginning, due to the 
cost reduction such devices were addressed mainly to the 
undiscriminating home user that utilize force-feedback 
devices in computer games. Beyond the doubt, the joysticks 
have been designed properly to meet the conditions of force 
stimuli generation required to truly simulate the game  
activities. This assumption is still weak and insufficient in 
order to state about reasonableness of using the low-cost 
haptic device for mobile robot steering. As the manufactu-
rers provide only general information referring device spe-
cification and no comprehensive information concerning 
psychophysical features and physiology of touch is public 

available, the author decided to perform self-designed test 
of particular low-cost force-feedback joystick. As the re-
ferences the functional requirements defined well in litera-
ture were assigned. 

Finally, the test results are combined with the functional 
requirements specified previously. The estimated para-
meters of the joystick device are (as it can be seen in  
Table 2) close to reference values. Two of them, the magni-
tude of motor control bandwidth and the accuracy of po-
sition resolution match the target value where the latter 
even exceed it greatly. The Joystick parameters considering 
the force stimuli differ from the reference. The maximum 
force that can be provided to the human wrist is a half of 
the for wrist desired value (5N instead of average 10N), the 
same as the small perceptible difference in force (1 instead  
of 0.5N) that corresponds to the maximum magnitude of 5N 
reference force i.e. the force value needed to accomplish 
some task in environment of the mobile robot. If we assume 
that the maximum reference force is 10N then the desired 
force resolution calculated as 10% of reference force will 
be 1N. This magnitude matches functional requirements 
and experimental results and hence, it is acceptable to an 
operator of the mobile robot. The assumption allows the 
user to feel stimuli with low sufficient difference of 1N in 
force but simultaneously constrains the ability of perception  
to upper value of 5N. That means the user will be not able 
to feel all forces larger than 5N acting in remote environ-
ment of the mobile robot. 

Joystick parameters according to performance of the 
motor-control loop were assessed using a Matlab\Simulink 
programming environment, here there is a need for cou-
pling both subsystems of the MPHS i.e. the Mobile  
Platform and Haptic User Interface together. The former 
approach (Wiker et al., 1989) achieved by the author  
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without com-pliance of real-time aspects provided much 
information about system nature but didn’t meet demands 
according automatic control engineering. Therefore, further 
test of the MPHS in Matlab\Simulink utilizing the Real-
Time Windows Target toolbox are going to be performed. 
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Abstract: The article presents some calculation results of dynamic characteristics of the single – phase series – excited  
commutator motors and magnetic field analysis. 
Single – phase commutator motors in up – to – date literature are called universal motors, because they can be used in both 
alternating current (AC) and direct current (DC) systems. The single – phase AC small power commutator motors are widely 
used in different vacuum cleaners, electric tools, drives of household, electrical, medical and hygienic equipments and porta-
ble electrical hand tools. However, the principal defect of those motors is worse commutation with sparkling between 
brushes and the collector, and high enough level of radio interferences on wide frequency range. 
In this article obtained expressions compounds the mathematical model of the single – phase series – excited commutator 
motor. The model of the dynamic processes of the motor and its block diagram are compiled according to the differential 
equations which were derived from the equations of voltage balance. The software of Matlab/Simulink is applied here which 
has integrated the methods of the solution of differential equations for the motor.  
For modeling the magnetic field of a AC series – excited commutator motor there was used the software JMAG. The pro-
gram is complied by means of finite elements, by attaching on the computer separate geometric figures their titles and char-
acter-ristics. Since the magnetic field in the air gap between the salient poles and armature is not homogeneous, so the den-
sity  
of the grid has to be the highest. The obtained results of modeling describe a very complicated structure of a magnetic field  
of a commutator motor for the analysis of which are required new and comparatively accurate mathematical models. 

1. INTRODUCTION 

In manually operated devices, where high velocities  
of (20 – 40) thousands r/min and a comparatively small 
masses are required, there are applied universal commutator 
motors. These motors are mostly applied as single – phase 
alternating current (AC) in series – excited motors.  
However, motors themselves as well as manual tools  
and devices with commutator drives not always comply 
with modern requirements in the field of electromagnetic 
compatibility, environmental protection and radio interfe-
rences reduction. Moreover, there are problems in relation 
with the application of electronic digital control systems, 
application of control and braking systems for commutator 
drives. From that point of view, the investigation of the 
following issues, namely the magnetic field of commutator 
motors, calculation of their characteristics, optimization  
of the design as well as reduction of radio interferences  
are considered to be very relevant issues for analysis.  

Recently, there have appear scientific works dealing 
with the analysis of the problems concerning the theory  
of commutator type electric motors and their practical  
application. In the author’s presented list of literature 
(Puternicki, 2000, based on the achievements of modern 
technologies, there have been solved very significant  
problems of automatized designing, structure optimization 
and synthesis as well as search for an optimal version of 
low capacity commutator motors. The long – lasting ex-

perience of the author is summoned here concerning the 
designing, manufacturing, experimental research of such 
motors. 

In article (Karaliunas, 2005) there are presented the 
findings on the magnetic field of single – phase commuta-
tor motors in order to achieve the reduction of the intensity  
of radio interferences caused by such motors. The meth-
odo-logy for calculating the characteristics of alternating 
current (AC) commutator motors is submitted in article A 
group  
of authors in their report (Jack et al., 2000) analyse the 
magnetic system of a salient pole stator of universal motor, 
in which the poles tips is manufactured from a special  
material – Somaloy 550. The authors state that in this case 
the manufacture of the magnetic circuits of the motor  
is simpler and cheaper. In article (Tuncay et al., 2001) there 
are presented the results of modelling characteristics  
of universal motors with different capacities. The authors 
presents the patterns of distribution of the magnetic flux 
lines in the magnetic system of  the motor and the diagrams 
of dynamic characteristics. It is not possible to install the 
usual measures of commutation improvement such as addi-
tional poles and the windings of compensation in the low 
capacity commutator motors due to space shortage. That  
is why the decisive influence on the commutation processes  
of the current, the intensity of sparking and the intensity  
of radio interferences in such motors make the specific type  
of disturbance appearing in the air gap of the magnetic 
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field. The mentioned above issues have not received the 
required attention in the scientific literature so far. That is 
why the purpose of the work is to investigate the magnetic 
field  
of the single – phase series excited commutator motors  
and to analyze their dynamic characteristics. 

2. THE MAIN EQUATIONS AND THE BLOCK 
DIAGRAM 

When simulating, there are applied the differential  
equations of the exciting circuit and armature circuit,  
derived from the equations of voltage balance. In the  
mentioned above equations there are evaluated the mutual 
inductance of both the circuits and the excitation currents  
as well as the change of armature current at the moment  
of starting the motor. For the excitation circuit it is possible 
to write the following: 

e a
e e e e ea

di di
u i r L M

dt dt
= + + ; (1) 

where ue, ie, re – is the voltage of the series excitation  
winding, the  current and active resistance; Le– is the self – 
inductance of series excitation winding; Mea– is the mutual 
inductance of series excitation winding and armature  
winding; ia– is the armature winding current. 

The following equation is received for the armature  
circuit: 

a e
a a a a a1 a2 e ea1 ea2

di di
u =i r -ωi L +L +ωi M +M

dt dt
;            (2) 

where ua, ra– is the voltage of armature winding and active 
resistance; ω – is the angular velocity of armature rotation; 

La1 and La2 – are self – inductances of parallel branches  
of armature winding. 

The equations (1) and (2) are modelled together with 
the main equation of motion of commutator drive: 

e l
dωJ =T -εω-T
dt

;                                                             (3) 

where J – is the torque of armature inertion; Te– is  elec-
tromagnetic torque of the motor; εω εω  – is the component  
of the resistance torque due to the friction in the bearings 
and in the commutator brushes sliding contacts; T1 – is the 
load torque of the motor. 

Electromagnetic torque of the single – phase commuta-
tor motor is proportional to the instantaneous power and 
could be calculated in the following way: 

a
e

e (t)×i(t)
T =

ω
;                                                                 (4) 

where ea(t) – is the instantaneous value of electromotive 
force induced in the armature winding. 

Expression (4) indicates that the torque of the motor is 
generated not only by the rotational, but by the transformer 
armature electromotive force. Then after determining the 
expressions of electromotive forces and inserting them into 
(4), we derive that the electromagnetic torque consists  
of four components: 

e rv trv rk trkT =T +T +T +T ;                                                   (5) 
 
where Trv and Ttrv – is the average components of the 
torque caused by the rotational and transformer electromo-
tive forces; Trk and Ttrk– is the alternating components of 
the torque, which varies with double frequency of the net-
work. 

Fig. 1. Matlab/Simulink model of a single – phase commutator motor 



acta mechanica et automatica, vol.2 no.3 (2008) 

 63

For calculating the several components of the torque  
the following expressions were obtained: 

rv m m
pNT = Φ I cosγcosβ
4πa

;                                                 (6) 

a 1
trv m m

w ω
T = Φ I sinγsinβ

2πω
;                                               (7) 

rk m m 1
pNT Φ I cosγcos(2ω t-β)
4πa

= ;                                    (8) 

a 1
trk m m 1

w ω
T Φ I sinγsin(2ω t-β)

2πω
= ;                                    (9) 

where p – is the number of pairs poles of the motor;  
N – is the number of the armature conductors; a and wa– 
are the numbers of parallel branches and coils of armature 
winding; Im and Φm– is the amplitudes of excitation current 
and magnetic flux; γ – is the angle of bend of brushes  
sliding from the geometric neutrality; β – is the angle  
of motor losses; ω1=2πf1  – is the angular frequency of 
excitation current. 

Having the equations (1) – (3) and the expressions of 
torque (6) – (9) it is possible to get all the transver func-
tions required for compiling the computer model. The soft-
ware Matlab/Simulink is used, where the methods of differ-
ential equations solution are integrated there. Then in the  
Simulink desktop there are connected separate subsystems 
to form block diagram of which is presented in Fig. 1. 

3. MAGNETIC FIELD MODELING 

For modelling the magnetic field of a commutator mo-
tor there was applied the software JMAG. The software for 
modelling was compiled by the method of finite elements, 
when in the computer to the separate sectors of the mag-
netic system, there were attached their titles, characteristics 
and other parameters.  

In Fig. 2 there is presented the finite element model of 
the magnetic circuit of the motor together with the inductor 
and the scheme for connecting both the armature windings 
and commutator. 

Fig. 2. The model of the magnetic system of commutator motor with the logical scheme of windings connecting 

4. RESULTS OF MODELING 

By using Matlab/Simulink model presented in Fig. 1, 
there were obtained the patterns of the velocity, accelera-
tion, electromagnetic torque, currents and dynamic  
characteristics. The variation of the electromagnetic torque 
in time is presented in Fig. 3. Distribution of magnetic  
induction in the motor is presented in Fig. 4. 

The results of modelling indicate, that the character  
of transitional processes of high speed single – phase  
commutator motors is similar to the transitional processes  
of the practically tested motors. Judging from the results 

presented in Fig. 4 the conclusion is derived stating that  
in the operating motor there appear the demagnetization 
effect of the reactions of an armature. Due to that the  
highest density of the magnetic flux is observed not at the 
poles of the excitation, but they are shifted by a certain 
angle from the longitudinal axis of the motor. That is why 
in non – reverse commutator motors the brushes have to be 
turned from the geometric neutrality by the same angle, 
namely from the cross – sectional axis of the motor. This 
measure allows increasing the coefficient of efficiency  
of a motor, to reduce the sparkling and the intensity of 
radio interferences. 
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Fig. 3. Variation of electromagnetic torque in time  
 
 

Fig. 4. Distribution of magnetic induction in a commutator motor 

5. CONCLUSIONS 

The new simulation model of transitional processes  
and dynamic characteristics is derived for a alternating 
current single – phase series excitation commutator motor.  

The results of modeling indicate that the type of transi-
tional processes of velocity, acceleration,  torque and  
currents for low capacity single – phase commutator motors 
coincide with the results of the experimental research of the 
practically tested  motors. 

Modeling and calculation results of dynamic character-
istics and magnetic field help to find constructive means 
which reduce transvese magnetic flux and intensity of the 
radio interferences. It is recommended to simetrize  
of magnetic circuit of the small power commutator motors 
and the elements of interferences reduction must be placed  
as close as possible to sparkling sources. 

REFERENCES 

1. Jack A., Dickinson P., Mecrow B., Janson P., Haltman L. 
(2000), A Scoping Study of Universal Motors with Soft  
Magnetic Composite Stators, Proc. of Int. Conf. on Electrical 
Machines, Vol. 2, Helsinki, Finland. 

2. Karaliūnas B. (2005), Calculation of Characteristics  
of the Single –Phase Collector Motor, Proc. of the XV Int. 
Conf. on Electromagnetic Disturbances, EMD’2005,  
Technologija Kaunas – Bialystok. 

3. Puternicki P. (2000), Silniki komutatorowe malej mocy. 
Analiza i optimalna synteza konstrukcji, Instytut Elektrotech-
niki, Warszawa. 

4. Tuncay R. N., Yilmaz M., Onculoglu C., Kanca G. (2001), 
The Design Methodology to Develop New – Generation  
Universal – Motors for Vacuum Cleaners, 

      http://www.ieeexplore.ieee.org/iel5.pdf. 
 



acta mechanica et automatica, vol.2 no.3 (2008) 

 65

THE 2 ½ D ALGORITHM IN ROBOT WORKSPACE ANALYSIS 

Gabriel KOST*, Daniel RECLIK* 

*Institute of Engineering Processes Automation and Integrated Manufacturing Systems,  
Silesian Technical University, Gliwice, POLAND 

gabriel.kost@polsl.pl, daniel.reclik@polsl.pl 

Abstract: In this paper there is presented the method of 3D manipulator’s workspace analysis. The analysis of robot’s  
work-space is necessary for generation the safety movement path. There was 2 ½ D method, which is based on algorithm  
of following sections defining in robot work area. Those sections are explored by flat analysis, but the results are transposed 
into graph form. This graph is the record of all possible movements, so to get the optimum movement there must be used 
Floyd’s algorithm. This, shortest trace is optimized and smoothed by using B-Spline curves.   

 

1. INTRODUCTION 

Preparing the production in technological way (1)  
includes a wide range of very important tasks, which are 
necessary to start a brand new or to modernize existent 
technological process. Those tasks refer to overall (general 
idea) and detailed development of technological process 
and structural solution (e.g. tools, machines, grips, etc.), as 
well. In most cases those problems are solved by using 
techniques of computer-aided the engineering work, which 
could be e.g. CAx systems (Chlebus, 2000). Generally, 
CAx systems fulfill all the requirements perfectly. How-
ever,  
in particular way, the usability of individual subprograms 
of CAx systems are helpless and, even, useless, e.g. pro-
grams from CAD/CAM systems. Possibilities of program-
ming the numerically controlled machine by using CAM 
systems meet the requirements of technological needs, but, 
in range of off-line robot programming the possibilities of 
using such a system are bounded. One of the main reasons, 
why those systems are helpless, is the necessity of having 
the correct robot workspace analysis, thanks to it, the pro-
duction  
engineering – programmer can generate the collision-less 
robot movement in its workspace.   

2. PROBLEM OF THE COLLISION – FREE 
    TRAJECTORY PLANNING 

Despite the fact that there is a lot of methods which 
solve the problem, their practical application in this case  
is small and bounded. The main reason is computational 
complexity of existent method, which causes serious time-
consumption of final solutions. Collision-free robot move-
ment planning is a very complex matter – it consists  
of many parts, beginning with geometrical analysis of robot 
workspace and, at the end, collision-free motion steering 
task based on determined collision-free trajectory (Dulęba, 

2001; Kost, 2004; Morecki, Knapczyk, 2001). Addition-
ally, the time-consumption increases the necessity of dy-
namic modeling the collision-free trajectory with necessary 
changes of robot movement in its stationary workspace. 
Those modifications are caused by changes connected with 
technological activity, e.g. accessibility of selected areas  
of workspace, connected with necessity or impossibility  
of tool machine services, warehouse occupancy, grip  
exchange, etc. The motion planning methodology is shown 
on the on Fig. 1.  

  

Set of base points  of 
collis ion- free path 

TR
 

 
Geometrical 

model of robot 
work space

 

MOTION PLANNING IN OUTER TASK SPACE 

 (CARTESIAN SPACE)
 

Planning collision-free robot trajectory T(t)  (fun- 
ction describes the robot trajectory in field of time t 

 

    Planning the  c ollicion- free robot path  
 

TR  in 
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Determination of collision-free robot path T(q)

Robo t 
configura tio n 

spa ce Q 

Ro bot task space 
ΠRB 

 
Fig. 1. Task stages of planing the  collision-free robot motion:  
            t-time, q – vector natural coordinates of robot 

 
Those problems and difficulties are mainly because  

of geometrical complexity of robot workspace, which 
comes from the space configuration of the machines  
operated by the robot. Determination of collision-free robot 
movement and workspace analysis are a base, which makes 
possible the determination of searching collision-free tra-
jectory between initial and final robot position. This subject 
was’t solve enough to use it in off-line programming  
systems. In connection with it, there is no possibility  
to compare described method with others – because there  
is no such one. 
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1.1. Searching algorithm based on Floyd’s method  

The collision-free path, which was determined during 
planning process in robot workspace, is a base for next 
stage of planning – determining the equation of collision-
less path in 3D workspace (collision-free trajectory). De-
termined collision-less path in 3D workspace defines the 
set of basis points, which determine the broken line w 
workspace. According to this broken line the robot should 
move from initial to final position. It definitely must be 
broken line equation in workspace, which fulfilled the 
continuity condition in following basis points and it also 
must fulfilled the smoothness conditions in geometrical 
sense. Those conditions fulfilled second degree curves; it 
means C2 curves with continuity acceleration. The curves 
can be determined by the method of interpolation the basis 
points set – third degree polynomials. Polynomials, which 
can be used in steering task, are (Demaine, 2002; 
Kozłowski, 2003; Fortuna, 1999): Bestsein-Bézier’s poly-
nomials, NURBS and B-Spline. The main problem in de-
fining C2 curve  
is getting three-dimensional geometrical model, which 
comes from three-dimensional robot workspace. The  
authors propose to use 2 ½ D geometrical model, thanks  
to it there is possible to simplify basis points settling  
in planning task. 

2. THE 2 ½ D METHOD FOUNDATION  

In this paper the authors take the following foundation: 
− Analyzed robot workspace is static and ordered, which 

is the main foundation in manipulators motions plan-
ning (Majchrzak,2004; Latombe, 1993), 

− Data comes from geometrical analysis of robot scene  
by using octal analysis. The collision-free robot path is 
determined from the set, which is free from roadblocks,  

− Dimensions of octants, which compose the path, are 
dynamically defined by using the dimensions of ma-
nipulating object (Kost, 2004; Dulęba, 2001; Latombe, 
1993). 

 
Fig. 2. Robot workspace with determined sections (after planar  
           collision-less movement planning process)  
 
 

In order to simplify the computational complexity of de-
termining the collision-free robot path in three-dimensional 
space there was used 2 ½ D interpolating mechanism. In 
presented issue the 2½D method causes the implementation 
of 2D method with proper algorithm which controls the 
location of the analyzed plane in three-dimensional space 
(the place of making the proper section). Thanks to that 
simplification there is possible to use the mechanism  
of generating others sections in robot workspace, which 
together make a spatial shape of analyzed task. When one 
considers separately the received three-dimensional section 
planes, there is possible to analyze the collision-free path as 
2D task. However, this could be possible, if one fulfills 
some conditions. The necessary condition is to model the 
machines which cooperate with robot. It is so important 
because those machines can cause the collision. Those  
machines must be model as a rectangular prism base of  
a square or, at least, rectangle. The most important thing in 
motion trajectory planning application is proper selection of 
following plane sections. It’s worth seeing that over-
richness of section number increases number of calcula-
tions. To provide the possibility of received robot path 
(optimal in its length) there is necessary to take into consi-
deration all of the sections, which vary in number of 
crossed machines. Because, theoretically those machines 
have their own height, the simplest way of passing them by 
is to go up all those machines and pass them by in straight 
line. Sometimes it is impossible to go the robot bunch up 
on the proper height, that’s way there must be fulfilled 
another condition – boundary condition of maximal height 
of robot bunch. Generating following scene sections for 
correct height range is accepted as a correct solution. To 
provide the motion safety there was necessary to define the 
protection area (Kost, 2004) round every machine in order 
to guarantee passing the roadblocks by in proper and safety 
way. The height sharing are made in turn from the back, it 
means the first range enclose the height from zero (plane of 
robot base) to the shortest machine tool (or its component), 
enlarged on the protection area. The next range encloses 
bigger height – from the shortest machine to another, big-
ger one, which is also enlarged on the protection area.  
Fol-lowing parts of the rest range are made in the same way 
(till the final height – the maximal motion height of robot 
bunch). Because all of the sections of robot scene are  
determined in the same way, the calculation complexity, 
presented in this method, depends on height diversification 
of the machine tools and the final height of robot bunch. 
Because the motion collision-free trajectory planning appli-
cation determines the optimal basis points of movement 
length (it means the shortest way), therefore there must be 
the same motion path at a given range of height. Therefore 
the received information about safety path on the proper 
height (coordinates x, y, z of basis points) requires trans-
formation of the standard points determined in sections.  
On Fig. 2 there is shown the principle of subprogram op-
eration which generates the sections. In this example (Fig. 
2), the analysis of robot scene topography with the condi-
tion of maximal height of robot bunch, shows the occur-
rence of two different height of machines, therefore as a 
result of method working there was received two sections 
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of robot scene (as it is shown on Fig. 2) with marked initial 
and final points of movement with x and y coordinates. 

3. DIAGRAM OF COLLISION-FREE PATHWAY IN 
ROBOT WORKSPACE  

To make possible the 2½D method application with the 
mechanism of section generating for determining three-
dimensional curves of robot motion in its workspace there  
is necessary to generate a collision-free pathway diagram. 
This diagram consists of basis points of collision-less path, 
which are the input data in presented method. In the coor-
dinates there is modified the Z value so that it allows hav-
ing all basis points of the path placed in analyzed section 
on defined parting plane. The most important thing of the  
diagram creating stage is having the correct section for 
initial and final motion point. Obviously, those points can 
lay down on different heights; moreover, their height can 
be in different section range. Received, in this way, basis 
points can by linked as collision-free path diagram. In order 
to improve the complexity of taken analysis, additionally, 
there was decided to fulfill the diagram with additional 
basis points received on the way of following robot scene 
sections. It allows having more numerous set of basis 
points, thanks to what it was possible to lead the pathway 
optimization by the diagram from the point of the smooth-
ness robot motion, the shortest way and the fastest robot 
movement from initial to final position. On the fig. 3 there 
is shown the generated diagram of collision-free pathway. 
It’s worth seeing that the diagram tops are creating a mid-
dle of half-tone screen, which were used to generate the 
collision-free robot path (Kost, 2004; Morecki, 2001). On 
Fig. 3 there are marked points generated by made sections 
in blue color and additional points marked in red. More-
over, on the right there are presented results of working the 
2D motion trajectory planning application for each section. 
Such prepared data cause that in the next stage there is 
pathway optimization by the diagram with using Floyd’s 
method (Demaine, 2002; Rosen, 1991). 

3.1. Searching algorithm based on Floyd’s method 

The algorithm, which was used to solve the problem  
of determining the optimal robot pathway in its workspace, 
calculates the importance edge sum which link directly  
or indirectly all of the diagram top pairs. To receive  
and remember, during calculations, the results there was 
necessary to create a matrix in n x n size (n means the  
number of diagram tops). The adjacency matrix (Demaine, 
2002; Rosen, 1991) is a two-dimensional chart in n2 size. 
Following rows and columns in this matrix are representing 
the diagram tops; however the value of crossing the i-row 
and j-column in adjacency matrix is an importance of edge 
linking the tops (Majchrzak, 2004). 

To save the original value of edge importance there  
is necessary to define the second chart in the same size.  
It would be a working chart, where after finishing the cal-
culations, one can find the final results. To make possible 
the replacement of following top sequences creating the 

pathway between tops, there is necessary to create one 
more chart - a predecessor matrix. This matrix is used to 
defining the possibilities of collision-free robot movement 
between particular points of pathway diagram. Such solu-
tion allows sorting analyzed basis points automatically. As 
an importance there is used true distance between points as 
follows: 

( ) ( ) ( )2 2 2

i,j i j i j i j ,K x x y y z z= − + − + −                      (1) 

where: x, y, z – are the following coordinates of trajectory 
basis points in pathway diagram. 

 
Fig. 3. Result of the section searching algorithm’s working – safe 
            trajectories movement graph  

Floyd’s algorithm operations in presented task one can 
define as it follows: 
for k equal from 0 to n-1 do: 
   { 
   for i equal from 0 to n-1 do 
      { 
      for j equal from 0 to n-1 do 
          { 
          if there is a path between i and k and k and j do: 
              { 
              if there is not a path between i and j then take the movement     
              length between I and j as a  path sum from I to k and k to j  if              
              there is a path from I to j then take the movement length between  
              I and j as path  minimal from I to k plus k to j or I to j              
              update the pathway matrix – mark path from i to j as a path  
              possible to overcome 
              } 
           } 
       } 
   } 

The result of the algorithm working (Fig. 4) is deter-
mining the minimal length between each pair of diagram 
tops. Because above there was included the additional  
matrix, besides the value of the shortest movement length, 
one can find the pathway sequence of following diagram 
tops. 
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4. SOLUTION OPTIMIZATION OF PATHWAY 
DIAGRAM IN THREE-DIMENSIONAL SPACE 

The applied method has to mineralize the calculation 
complexity, which is required to generate three-
dimensional collision-free robot movement. There was 
necessary  
to develop a suitable module which can change the number 
of received basis points made from pathway diagram. The 
assumption was that the final trajectory must be smooth  
in geometrical way, and also, there must be fulfilled  
the continuity condition of second derivative of the path 
function (C2 class). The authors used for realization the 
presented task (for interpolation the 2-and 3- dimensional 
curves) mainly B-spline and NURBS. 

 
Fig.  4. Results of working the Floyd’s algorithm 

4.1. The algorithm of generation the interpolated 
curves 

Interpolated curves, based on Berstein-Bézier polyno-
mials, NURBS curves and B-spline, are composite  
functions. The base of generating those curves is basis  
function, which gives the proper shape of 3-dimentional 
curve with set parameters when it is suitable linking up. 
Because basic functions are defined by the time, therefore, 
one can found that, the curve, which comes from the  
junction, is also indirectly defined by the time. Therefore,  
to determine the interpolated curve of robot movement on 
collision-free trajectory, at first, there must be provided the 
total time of movement duration. This time (of movement 
duration) is indicate as base unit, it means that the move-
ment lasts from 0 to 1 in time interval, that is from  
0 to 100% of real time. Because the NURBS mathematical 
algorithm is very universal, therefore there is described the 
procedure of realization that algorithm (Dulęba, 2001; 
Majchrzak, 2004). It is necessary to determine the kine-
matic pair at first during creating the polynomial of flexible 
interpolated function. Because the movement on curve 
must last from 0 to 1, therefore the interval time from that 
range is interpolated kinematic pair. To accept the right 
number  
of interpolated kinematic pair, there must be defined the 
degree of interpolated polynomial n and number of ordi-

nary points of interpolation Li. Kinematic pair set can be 
passed mathematically in following way: 

,0 1 2 3 4 5 kT {t , t , t , t , t , t , , t }= …                                     (2) 

However, the number of kinematic pair ti must be equal to: 

1,U Li n= + +                                                                   (3) 

To assign the right value of time from 0 to 1 there must be 
used the following procedure: the first n+1 of kinematic 
pair must be fulfilled by 0 and the last n+1 must be fulfilled 
by 1, however the remaining kinemaic pairs must be ful-
filled proportionally by ascending time values. The set of 
interpolated kinematic pairs for curve of third degree and 
for seven basis points has been shown below:   

 { 0, 0, 0, 0, 0.25, 0.5, 0.75, 1, 1, 1, 1 },T =                     (4) 

Having defined the kinematic pairs of interpolation  
(T points on time axis), it is possible to determine the basic 
function component of rational B-spline polynomial 
(NURBS). Defining the basic functions must be done itera-
tive, because if one want to have determine the basic  
function of any degree, at first one must defined the basic 
function of lower degree. That’s why; the whole process  
of defining the basic functions starts from determining the 
basic function of 0 degree, which is defining as follows: for 
set time interval are 1, while for others time interval are 0 
as it shown below  (Majchrzak, 2004): 

, and  among interval  time tobelonghich moment t wfor   1
 other timefor   0

1{,0 += ii tt
tNi     (5) 

Having computed values of basic functions, there can 
be determined the points’ coordinates of interpolated poly-
nomial X(t), Y(t), Z(t) as superposition of values of particu-
lar cartesian coordinate system. In case of conventional  
B-spline polynomial, the values of coordinates are deter-
mined as product sum of basic functions and coordinate 
values of basis points P, in a way as it is shown on the next 
page in eq.6 (Dulęba, 2001; Fortuna, 1999). 

,

,

,

( ) ( ) *

( ) ( ) *

( ) ( ) *

j m j
j

j m j
j

j m j
j

X t N t Px

Y t N t Py

Z t N t Pz

=

=

=

∑

∑

∑

,                                                   (6) 

For determine the rational B-spline polynomial 
(NURBS) one must take into consideration the importance 
of the basic points P, which are indicate as w. Knowing the 
importance of basic points one can determine particular 
coordinates of interpolated polynomial by using below 
formulas (Majchrzak, 2004): 
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,                                          (7) 

Enlarging the degree of the polynomial causes decree-
sing curve inflexion, what, in result, causes that the curve 
has softer rounding. For particular positions – base points 
Pi, which determine the robot planning trajectory related to 
its configuration space Q the simple and reverse cinematic 
task is solving in following stage (e.g. Moore-Penrose’ 
method or weighted pseudo-inversion). For instance, using 
Moore-Penrose’ method, you can verify, based on reverse 
robot cinematic model, the internal vector qi for each base 
point Pi of collision-free planning robot trajectory. The 
most important requirement, which must be fulfilled  
is (Koch, 1996): 

* *
# ( )i i iq J q d= ⋅ ,                                                               

(8) 
 

where: [ ] 1# )()()()(
−

⋅⋅= i
T

ii
T

i qJqJqJqJ QQ is a Moore-
Penrose’ pseudo-inversion, J(qi) - Jacobian defined for Pi 
robot position in robot space expressed by qi , )( i

T qJ Q  -  

transposed Jacobian J in Q robot space,  di -vector of posi-

tion defined for Pi , id
*

- time derivative of robot movement 

for Pi , iq
*

 time derivative of qi vector defined for Pi . Ad-
ditionally, there must be fulfilled another condition, that the 
matrix of simple transformation T the kinematics of robot, 
transpose the robot configuration from tack space to inner 
space condition: 

1−
QT :di(s)→qi= )(1

iQ dT − ,                                                    (9) 

di(si)∈ΠRB,                                                                       (10) 

where: 1−
QT - the matrix of cinematic reverse task transpo-

sition, ΠRB - The outer robot configuration space 

5. RESULTS OF ALGORITHM WORKING 

Because the optimization process of the spatial traje-
ctory (for following reasons: used tools and worked  
out algorithms) has enormous computational complexity,  
it can be used for off-line robot programming. Findings are 
in NURBS curve shape, which can be digitize (it means  
that we can establish the number of generated points of the 
function). Likewise on the plane, the smooth process goes 
in iterative way with checking the calculation correctness 
(collision-free movement). Fig. 5 shows how the trajectory 
changes during calculations. Fig. 6 show generated and 
optimized robot trajectory in its workspace. There was 
marked safety area in half-transparent block. The dimen-
sions of robot roadblocks (machines) are marked in blue 
color, while in red there was marked the collision-free 
robot path.   

 
Fig. 6. View of robot scene with generated collision-free motion path with C2 smoothness 
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6. SUMMARY 

Thanks to presented algorithmical solutions, there was 
received fully satisfactory spatial robot path, although the 
calculations were made as a two-dimensional problem, 
represented by the revert diagram. The system of searching 
collision-free robot trajectories, which is presented in this 
paper, has not been fully finished yet. This system is con-
stantly developed; especially the authors are working on 
mechanism of 3D optimal searching the equation of robot’s 
movement in its work space. In effect, the authors will 
prepare the fully functional system, based on B-spline, 
which can be added to one of off-line programming system  
of robot. Developed solution and its simplification by using 
2½D algorithm allows to simplify and bound the number  
of calculations, which are needed to generating the equa-
tion of robot trajectory. 

 
Fig. 5. View of following stages of motion smoothing in three- 
            dimensional workspace 
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Abstract: Generally, wheelchair users cannot move easily within buildings since living areas in architectural structures are 
not suitable for them to maintain or to improve their physical capabilities. Because living area restrictions affect the physical 
performance of the users outside during the day, the reduced mobility causes several health problems. These problems  
become more intense by the time. Especially heart and lung related illnesses are common among the wheelchair users since 
the immobility decreases respiration capacity. The aim of this research is to design and prototype a wheelchair treadmill  
to help wheelchair users improve their upper extremity system. In this study, CAD was employed for the design of wheel-
chair treadmill. Then finite element analysis (FEA) was carried out for the parts of the wheelchair treadmill and the prototype 
was manufactured based on the results. The prototype was tested under the conditions the product was originally intended  
to function. In the experiments, the speeds of wheelchair and wheelchair treadmill were measured. The distances taken  
by users were also recorded, and the results were evaluated with respect to road surface conditions. 

1. INTRODUCTION 

Sports are just as important to persons with disabilities 
as to "able-bodied" people, if not more so (Yim at al., 
1993). Sports help maintaining an individual's fitness while 
improving feelings of self-worth. Lack of physical fitness 
can cause obesity and cardio respiratory ailments to which 
manual wheelchair users (MWCU) are particularly prone 
(Robinson et. al., 1988). 

The functional consequences of lower-limb disability 
result diminished independence, fitness, work capacity  
and recreational/employment opportunities. Particularly, 
the upper-limb pain resulting from overuse injury affects 
the physical performance and the quality of life  
for MWCU. Chronic conditions such as carpal tunnel syn-
drome, rotator cuff injuries, elbow/shoulder tendonitis,  
and osteoarthritis have also been associated with long-term 
manual wheelchair use. Shoulder or wrist joint pain has 
been reported in 64-73 % of those who use manual wheel-
chairs with spinal cord injuries. In the previous studies,  
67 % of MWCU had upper-limb mononeuropathies defined 
by strict electro diagnostic criteria. In addition, ineffective 
biomechanics can decrease the economy of wheelchair 
operation and lead to excessive metabolic and cardiopul-
monary demand. Investigators have identified several pos-
sible contributors to overuse injuries in MWCU, including 
duration of manual wheelchair use, frequency of arm use, 
and propulsion style kinematics (Brubaker, 1990). On the 
other hand, several researchers have proposed that Chronic 
wheelchair-use creates imbalances in propulsion agonists 
and antagonists, and training of the antagonists may correct 
these imbalances, reduces the potential for associated  
upper-limb pain (Koontz, 2002), and improve the blood 

circulation in the lower body that is not in motion at all the 
times (Devillard et. Al., 2001). Therefore, training and 
related equipment for wheelchair-users offer an area  
of research that may result increased physical performance, 
and decreased health care costs for the users (Koontz, 
2002). 

This device also gives an important adaptation platform 
for beginners, prevents the possible injuries in user’s arms 
and wrists in daily usages, and introduces a training  
platform for the people make wheelchair sports. Therefore, 
the aim of this study is to design and prototype an optimum 
wheelchair treadmill, which strengthens the upper extrem-
ity (shoulder, arm and wrist), and measures performance  
of the users. According to the extracted design parameters, 
a prototype was designed using CAD software in detail, 
and then finite element analyses were performed for  
the designed parts respectively. Then, the prototype was 
manufactured according to the results provided by FEA. 

2. MECHANICAL SYSTEM DESCRIPTION 

A solid model of wheelchair treadmill is shown  
in Fig. 1. As shown in Fig. 1, Wheelchair treadmill is an 
entirely user independent system. The system consist  
of five main components: the roller (1), the frame (2),  
the ramp (3), the magnetic unit (4), and enter/exit unit (5).  

1. Rollers: It is the most critical module of the product. 
If the rollers are not functional or any problems which  
affect their functionality are not prevented, the product is 
essentially useless. Therefore, the core of the roller assem-
bly has to be made of a hardened steel shaft that runs 
through the length of the roller. This ensures that the ends 
of the roller assembly be collinear and help with alignment. 
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The shaft diameter was determined as 17 mm. The DIN 115 
Cr V3 shaft material was selected which meets require-
ments for strength and cost effectiveness. ORS brand high 
quality roller bearings have been used, rated for an angular 
velocity of 1700 rpm with a load capacity of  9,55 kN. 

2. Frame: Designing the frame is an integral process  
for several reasons. First, the frame has to be designed  
to accommodate the motion of the rollers, so the integration 

between these two parts is crucial. Second, the frame needs 
to be able to bear the load applied by the user and wheel-
chair, as well as fit for various different wheelchair sizes. 
For this reason, the base consists of a flat rectangle made 
from profile of 60x40 mm. Rectangular comer braces and  
a center strip are welded to the frame to ensure accurate 
alignment for the base rollers. Supports are added to hold 
the shafts for the rollers and the platform. 

 
Fig. 1. A Solid Model of Wheelchair Treadmill 

3. Ramp: The ramp, though seemingly a small part  
of the entire design, is important because it supplies what  
is desired for the overall comfort levels of the users. If the 
user cannot easily set him or her up on the machine, surely 
customers won’t be happy to use it. Therefore, the ramp 
and the platform are constructed from 18 mm plywood. The 
platform is designed for a height of 100 mm. This low pro-
file allows for a short (381 mm) ramp with a practical l/10 
ratio. The large platform (1000 x 900 mm) allows the user 
to train using standard wheelchairs, as well as long racing 
wheelchairs. 

4. Magnetic Device: A commercial magnetic device 
was attached to the Wheelchair Treadmill mechanism.  
The device supplies resistance to the rear roller through  
a belt and pulley system. A mounting block is welded  
to the frame to support the magnetic resistance device. Two 
rollers are used with deflection devices that eliminate the 
need for a clamping mechanism. Essentially, the magnetic 
unit is coupled to the back roller to allow seven levels of 
workouts corresponding to various levels of user abilities, 
and it can be disconnected to perform hand stroke analyses. 

5. Enter/Exit Brake: A brake system was designed  
in order to lock the front roller into the frame. By locking 
the front roller, the mechanism between rollers and wheel-
chair is transformed to a static structure. So wheelchair 
users can safely enter and exit the equipment. 

In the model the followings are assumed: 
− Wheelchair users do not change posture, 
− The weight of wheelchair users is  100 kg, 
− The weight of wheelchair is 20 kg, 
− Wheelchair has a 40 cm wheelbase, 

The way to estimate center of mass (COM) described  
by Tomlinson (2000)  

Fig. 2 shows weight distribution for a typical wheel-
chair. 

 

 
Fig. 2. Wheelchair weight distribution 

Equations used: 
Weight distribution     

wbr
wd

wb

l xf
r

mg l

−
= =  , c

wd

wb

f x
c

mg l
= =                       (1) 

Using this Equation (1), weight on caster (fc) and weight  
on rear wheels (fγ) can be calculated.      
   

. .c wdf m g c=                   (2) 

. .r wdf m g r=         (3)  

Results: 294 Ncf = , 883 Nrf =   
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Two major geometrical factors can affect the radial load 
applied at each bearing. These are "Roller Distance", the 
horizontal distance between each roller, and "Roller Size", 
the diameter of the roller. Fig. 3 shows cross-sectional view 
of a wheelchair wheel in contact with a set of rollers.  
The Figure simply includes the wheelchair and two rollers 
represented by a large circle and two small circles respec-
tively, and a number of different forces exerted on the  
bodies. 

 
Fig. 2.  Forces and force components exerted on rollers due  
             to wheelchair load 

As shown in Fig. 3, L, R, and r represent the distance 
between roller axes, the radius of the wheelchair wheel, and 
the radius of the roller respectively. The force due to weight 
of the wheelchair and person is defined as Fw, and F1  
is used to define the radial force on the rollers. “½ Fw” 
simply corresponds to a component of the radial force, and 
Q stands for the angle between the radial force and force 
due to the weight of the wheelchair. 

1sin
2( )

L

R r
θ −=

+
       (4) 

1 1
* ( )

2N wF F
Cosθ

=        (5)  

Using the equations (4) and (5), the relationship  
between roller distance and radial load can be calculated,  
as shown in Tab. 1. 

Tab. 1. Radial load on rollers 

L   [mm] 200 250 300 350 

Fx   [ N ] 64,9 81,7 97,5 113,7 

Fy  [ N ] 211,0 205,1 198,1 189,2 

M  [ N.m ] 19,2 24,1 28,8 33,6 

3. DESIGN ANALYSIS 

The roller, which is the major component of the wheel-
chair treadmill, is the most critical part of the device.  
It supports all of the weight of a person and a wheelchair.  
In this study, a computer model of the wheelchair treadmill 
was produced using a CAD software, and then, each part in 
the model was transferred to ANSYS Workbench 10.0 FEA 
software. The frame and the rollers were assembled for the 
analysis. Then, aluminum 6063-T6-pipe roller material has 
been chosen because of its strength and affordability. Next, 
interactions have been defined by introducing the contact 
pairs between the related surfaces of the parts in the assem-
bled model. In addition, loads and boundary conditions 
have been assigned (Fig. 4) and a suitable mesh was gene-
rated for each part. At the end, a general static geometri-
cally nonlinear analysis was submitted to FEA software. 

 
Fig. 3. Load Distribution of the Rollers 

 
Fig. 4. Deformation on the roller 

Having completed the analysis, the results have been 
obtained as shown in Fig. 5 and Fig. 6. Fig. 5 reveals that 
the critical point on the roller is located at the middle of the 
first roller where the deflection and the moment are the 
highest. Similarly, by looking the results, the stresses have 
been controlled to make sure that no place in the model has 
exceeded the mechanical limits. 
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Fig. 5. The relationship between roller distance and deformation 

4. TESTING AND EXPERIMENTAL RESULTS 

After manufacturing the designed prototype (Fig. 7), 
several experiments have been planned and conducted.  
To choose suitable users for the experiment, the weight  
and age of the wheelchair users and the time of the wheel-
chair’s usage have been considered carefully. In the first 
experiment, velocities of several wheelchair users on the 
road conditions such as the flat asphalt and the ceramic tile 
coated surfaces in buildings have been measured and  
the average velocity, maximum velocity, and the distance 
covered by the users have been recorded. In the second 
experiment, similar parameters have been observed.  
However, during this experiment, the resistance level  
of magnetic brake located on the wheelchair treadmill has 
been increased step by step from 0 to 7, and for each level, 
the average velocity, the maximum velocity, which the 

wheelchair user is able to reach, and the equivalent distance 
have been measured with a digital speedometer mounted on 
the wheelchair. The duration of experiment at each resis-
tance level has been determined for at least one minute to 
fulfill the requirements. Finally, the velocity of the subjects  
in wheelchair treadmill has been shown in Fig. 8. 

 
Fig. 6.  Schematics of experimental prototype 

Table 2.  Velocities of users 

 1.Subject 2.Subject 3.Subject 4.Subject 
 Asphalt Parquet Asphalt Parquet Asphalt Parquet Asphalt Parquet 

Average Velocity   [km/h] 1,275 1,336 1,333 1,575 1,116 1,183 1,216 1,366 
Maximum Velocity [km/h] 1,422 1,475 1,605 1,672 1,422 1,475 1,416 1,733 
Trip  Distance       [m/min] 77 80 80 95 67 71 73 82 

 
Fig. 8. Subjects velocity in the wheelchair treadmill 
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5. CONCLUSIONS 

In this study, a wheelchair treadmill mechanism has 
been designed, and a prototype of it has been manufa-
ctured. The mechanism has been tested both for disabled 
and normal people. The average, maximum speed and the 
distance covered have been measured on asphalt road, 
parquet surface as well as on the produced wheelchair 
treadmill. These measurements have been performed taking 
the values from a digital speedometer for one minute  
period. The experiments have been conducted in the reha-
bilitation center of Marmara University 

The average speed while increasing the magnetic resis-
tance level of the wheelchair treadmill for different subjects 
is shown in Fig.7. In order to achieve the speed on the  
normal ground, wheelchair users should simply adjust the 
resistance to level 2.  Similarly, the users can increase the 
resistance level to maximum for claiming a ramp. For these 
proposes, the system has been constructed in such a way 
that the different resistance levels are achieved by adjusting 
the distance between rollers. This functionality provides 
users with a useful tool to make their daily activities even 
in small living areas. 

On the other hand, it has been observed that various  
factors associated with manual wheelchair driving force 
have strong effect on the results of experiments performed 
on the wheelchair treadmill. These factors are (a) wheel-
chair design and quality of the components, (b) environ-
ment in which the wheelchair is used, (c) the extent  
of person’s disability, (d) person’s level of physical fitness, 
and (e) person’s skill and experience in using a wheelchair. 
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Abstract: Evolution of modern industry makes great demands to reliable work of pump equipment with large revolutions 
number of rotating parts. Under special supervision must be the centrifugal high-speed pumps. One of the major and hardly 
loaded units of high-speed pump equipment are rolling bearings, therefore it is very important to conduct monitoring  
and early diagnostics works to find out defects in them. For the high-frequency vibration detection and analysis it is possible 
to use both stationary and portable systems of monitoring and diagnostics. This diagnostics advantage is early detection  
of aberration from normal operation of rolling bearings and transition from equipment service and repair on-schedule to real 
situation service and repair, which is determined on periodic diagnostics results. 

1. INTRODUCTION 

Pumping equipment of various enterprises as well as 
any other equipment is subject of disrepairs and failures, 
which result in a substantial economic loss. From the large 
variety of technological equipment, pumps are taking a one 
of  
lea-ding places. All of pumping equipment requires the 
permanent supervising after its work. But under the special 
supervision there must be centrifugal pumps (Fig. 1) with 
the high-speed coefficient ns ≥ 150, which is determined 
by: 

3

4

3, 65s

Q
n n

H

= ⋅ ⋅  ; (1) 

where: Q - complete pressure (m3/h);  H - feed of pump 
(m); n - revolutions amount of working shaft (rpm). 

From a formula (Eq.1) evidently, that the impeller  
of centrifugal pump, intended for work with defined Q and 
H, possesses the greater high-speed, than anymore its rota-
tion frequency. Large rotation frequencies set conditions 
for small sizes and mass of pumps and drive engines at high 
output of aggregates. Therefore application of working 
impellers with high ns (Fig.1 pos. 1; 2; 3) economically 
feasible. 

At the determined rotation frequency high-speed the 
higher, than anymore feed and less pressure, developed by 
working impeller. Therefore centrifugal pumps having 
working impellers with the high coefficient of high-speed 
have a low-pressure and give a large feed (Черкасский, 
1984).  

Consequently, to provide this type pumping equipment 
reliable and trouble-free work, it is necessary, that this 
equipment constantly be under control.  

The most important and high-loaded units of high-speed 
pumps are rolling bearings; therefore it is very important to 
conduct works for monitoring and early diagnostics to find 
out defects in it already on the early stage. 

 
Fig. 1. Types of high-speed pump working impellers:  1 - High-

speed impeller, ns =150÷ 300;  2 - diagonal impeller,  
ns =300÷ 600; 3 - axial impeller, ns = 600÷ 1200 

One of bearing incipient wear signals is a high-
frequency vibration. It is the vibration in frequency range 
from above 20 kHz. Difficulties during the diagnostic  
information selection from low frequency and middle  
frequency vibrations, possible its distortions and complica-
tions of defect’s localization it is all defined the promoted 
interest to the high-frequency vibration. Advantage of this 
diagnostics is an early acquisition of deviations from roll-
ing bearings normal work and transition from equipment’s 
maintenance and repair on regulation to maintenance  
and repair on the actual state. 
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The basic high-frequency vibration discovery and 
analysis method is a narrow band spectral analysis of sig-
nals, got from bearings, with large permission on fre-
quency. This analysis is carried out by Fourier discrete 
transformation.  
In the transformation the probed function is periodic, has an 
eventual period of repetition, and is discrete and actually 
allows presenting a discrete function as an eventual number 
of frequencies with the defined values of amplitude and 
phasing (lays out a function in its spectrum).  
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Where: ReX[x] - an array, containing cos values; Im X[x]  
- an arrayy, containing sin values.  

By another words it is possible to say that this transfor-
mation is laid out by the probed signal on the base func-
tions of sine (Eq.2) and cosine (Eq.3). They are analogues 
of two mutually perpendicular vibrations, because on a 
phase displaced in relation to each other on 90 degrees 
(http://shack 
master.narod.ru/fourier.htm)   

2. NATURE OF ROLLING BEARING’S VIBRATION  

Rolling bearing’s work in high-speed pump composi-
tion and at presence faults in it can influence on a vibration 
and modulating it processes with the followings fundamen-
tal frequencies: 
− Rotation frequency of movable ring in relation to im-

mobile: fγot; 
− Rotation frequency of separator in relation to an outer 

ring: 
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2
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d
f f
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⎛ ⎞
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⎝ ⎠

;            (4) 

Where: dsγ  - solid of revolution diameter; dγ  ≈1/2(dout - din)  
- diameter of separator; dout - diameter of outer ring;  
din - diameter of inner ring; αcontact angle of bodies  
and rolling paths; 
− Rolling frequency of sol - id of revolution on an outer 

ring: 
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Where: z -  solid of revolution number; 
− Rolling frequency of solid of revolution on an inner 

ring: 
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− Rolling frequency of solid of revolution in relation  
to the surface of rings: 
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Expressions (Eq. 4, Eq. 5, Eq. 6, and Eq. 7) are evalua-
ting only basic harmonics frequencies in the vibration spec-
trums and envelope of its high-frequency components at the 
different types of defects (Барков et al., 2000) 

3. METHODS OF MONITORING AND DIAGNOSTICS 

Among the monitoring and diagnostics different methods  
of the high-speed pump’s rolling bearings state it is possi-
ble to select two basic: 

3.1. High-frequency vibration form analysis, excited 
       short shock impulses 

This method is sensible to microshocks appearance  
at the friction elements contact in rolling bearings. It got the 
name «Method of shock impulses». For such type of high-
frequency vibration analysis implementation the specialized 
measuring devices were created. 

To illustrate this method, on Fig. 2 the rolling bearing’s 
high-frequency vibration signals are resulted without  
defects (Fig. 2a), with the friction surface wear (Fig. 2b), 
and with a shell on the friction surface (Fig. 2c). Shock  
impulses arise up in third case, at the rotation of bearing 
with a shell on any of rolling friction surface. They are 
revealed by the size of signal maximal value relation to its 
RMS value. This relation is named by pick factor and  
at rare shock impulses appearance can exceed a value ten. 
In default of shock impulses it, as a rule below to five. 

Utilizing this method it is possible to find out the en-
gendered microscopic greasing defects at which the oil tape 
breaks take a place rarely and irregularly, and also me-
chanical micro faults of bearings, on unstable rotation fre-
quencies, for short time (for 2-3 turns). Thus, in practical 
diagnostics, method of shock impulses not using separately, 
in the aggregate with the high frequency vibration power 
checkout only (Maurice and Adams, 2001). 

3.2. High-frequency vibration power oscillations spec-
tral 
       analysis 

This method possesses more high possibilities  
on control after the rolling bearing’s state of high-speed 
pumps on the high-frequency occasional vibration envelope 
spectra, excited by friction forces in oil tape of bearing, and 
also by shock impulses at its breaks. 

Occasional signal envelope spectra gives information 
about periodic changes of high-frequency vibration power 
in the frequency range, which is preliminary selected from 
the vibration signal by one third octave band filter (narrow 
band filter).  

In the Fig. 3 the vibration spectrum of bearing unit is 
resulted in a range from 10 kHz to 25.6 kHz, where is 
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shown the frequencies range of filter, utilized for a high-
frequency casual component selection with the envelope 

consequent forming. 
 

a   

 

b  

c  

Fig. 2. High-frequency vibration of rolling bearings: a – without defects; b – with the friction surface wear; c – with a shell on a friction 
           surface 

 
Fig. 3. Rolling bearing’s vibration spectrum of high-speed pump with selected of one third octaves frequency band 
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Fig. 4. Forms of the high-frequency vibration and its envelope spectrums are for three identical bearings, accordingly, without faults  
           (a); with the fault of separator (b); with a shell on an outer ring (c) 

The method gives positive results only when harmonic 
constituents of vibration do not get in the frequency band  
of filter, by power exceeding an occasional vibration.  
Otherwise the power oscillations sum of harmonic and  
occasional constituents decreases and an envelope spectrum 
giving the distorted information about bearing’s state 
(Баркова, 2003). 

In spite of certain complication of high-frequency cas-
ual vibration envelope spectra measuring as compared to 
mea-suring, executable by the «shock impulses» method,  
all possibilities of envelope method’s realization allows  
to solve many important problems of high-speed pump 
rolling bearing’s diagnostics. 

4. EQUIPMENT FOR MONITORING  
    AND DIAGNOSTICS 

In technical maintenance of high-speed centrifugal 
pumps, the vibration monitoring and diagnostics fill the 
special place because of the possibilities to find out the 
changes in the condition long before emergency situation.  

 
Fig. 5. The monitoring and diagnostics stationary system structure 

(1 - computer with special software; 2 – boards of trans-
formation signals from sensors in digital form; 3 – sensors 
of vibration; 4 – centrifugal pumps) 

 
Fig. 6. The monitoring and diagnostics portable system structure 

(1 –  Laptop with special software; 2 – data collector-
analyzer; 3 – the sensor of shaft revolutions; 4 – vibration 
sensor) 

 

The modern systems of looking after pumping  
equipment unite in it both monitoring and diagnostics  
functions. These systems can be both stationary and por-
table. 

It is expedient to apply the monitoring and diagnostics 
stationary systems at supervising pumps large amount  
presence. The generalized structure of the stationary system  
is shown on Fig. 5.  

For necessary mobility and realization monitoring and 
diagnostics works providing in different situations, utilize 
the portable systems (Fig. 6). 

Utilizing experience of both stationary and portable  
systems shows that a most economic effect is obtained  
at presence on an enterprise simultaneously both stationary 
and portable system.  

5. SUMMARY 

It is possible to draw a conclusion from all of above-
stated, that high-speed centrifugal pumps equally with other 
rotating machinery require permanent control after their 
technical state. It is very important to find out defects  
in rolling bearings on the occurrence early stage. That  
is possible due to the vibration control in high-frequency 
range ( in frequency range from above  20 kHz ). Only  
in this range possible to find out the engendered defects  
of rolling bearings. All these actions are necessary for  
a transition from the planned repairs of equipment to re-
pairs on the actual state. 
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Abstract: This paper presents a fault-tolerant control system for a hexapod mobile robot. First, a description of the dynamic 
model of the hexapod mobile robot by a system of differential equations is made and after that, a representation of the system 
in state variable space is obtained. A fault detection and identification algorithm is proposed. The modality used here is an 
analytical redundant process, which supposes that the processing of the information is made at a superior level for the 
identification of the changes due to the faults. By this method, the actualized model obtained by the on-line identification  
of the system, is permanent compared with nominal model (without faults). The adaptive control system for uncertain non-
linear systems proposed here has two main blocks: adaptation mechanism block which implements the mathematical model 
of the adaptation error and control law accommodation block which changes the characteristics of the control law. Finally,  
the authors propose the hexapod mobile robot which is open to fault events, to be a variable structure system and analyze  
a specific control method. 

 
1. INTRODUCTION 

 The desire to develop a legged robot has existed  
for hundreds of years; however, it has only been in the last 
half century with the advances of technology that dream has 
become achievable. A large number of legged robots have 
been built to date.   
 The motion of walking machines is not a continuous 
motion like a wheel motion. With sufficient technology 
development walking robots has the potential to traverse 
much more rugged terrain than current wheeled or tracked 
platforms since they do not need a continuous support 
surface (Manko, 1992). Previous studies addressed mainly  
the robot control, at the leg level, or the leg coordination, 
adopting strategies such as neural networks (Tsai and Lee, 
1997), fuzzy logic (Tsai et al., 1997), hybrid force/position 
control (Song et al., 1997), subsumption architecture 
(Brooks, 1989) and insect-like scheme (Ferell, 1995).  
 The mechanical systems are generally subjected  
to different faults as caused by unexpected internal 
parameter alterations or by actuators or sensors problems 
(malfun-ctions). 
 Topics like fault detection, fault diagnosis and fault 
tolerant control (FTC) have been principal subjects of 
considerable study in the past years. The design of fault-
tolerant systems is an important research field ( Blanke  
et al., 2003; Zhang and Jiang, 2003).  
 When faults exist, it is very important for a hexapod 
mobile robot to be kept stable with acceptable 
performances and to have a safe and reliable function for a 
minimum required period. The problem of stability can be 
solved by keeping the center of the mass of the machine 
within the polygon of support formed by the supporting 
feet. 
 In Patton, 1997; Blanke et al., 2000; Wang and Wang, 
2001; Iichman, 1993; Kabore and Wang, 2001; Polycarpou, 

2001; Loose et al., 1985; Veillette et al., 1990, Wallacc and 
Vander, 1984 and Veillette, 1995 a lot of algorithms and 
methods have been designed and applied successfully  
to different practical systems. In Zhihua et al. (2003),  
a robust fault-tolerant control method is presented for 
uncertain non-linear systems which are based on a robust 
measure of failures and which can switch between one 
robust control algorithm developed under a normal 
operating conditions and another, developed under a faulty 
operating conditions. Structural analysis has been used for 
large-scale system decomposition (Steward, 1962), 
observability and controllability (Lin, 2001; Murota, 1987), 
control and diagnostic design, including sensor placing 
(Meyer et al., 1994). 

2. DYNAMIC MODEL OF THE HEXAPOD MOBILE 
     ROBOT 

 
Fig. 1. The hexapod mobile robot (a); The variables of the leg i (b) 

In Fig. 1 the structure of a hexapod mobile robot and the 
variables of the leg i are represented. In relation (4) we can 
see all components of the internal variables’ vector of the 
hexapod robot system where:  

wB = [xB yB zB]T            (1) 

– by reason of translation motion of the hexapod body  

θB = [θBx θBy θBz]T           (2) 
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– by reason of rotation motion of the hexapod body  

θi = [θi1 θi2 θi3]T, i = 1, 2, ….6          (3) 

 – the variables of the six legs       

1 2 3 4 5 6q w θ θ θ θ θ θ θ
TT T T T T T T T

B B= ⎡ ⎤⎣ ⎦        (4) 

 T – transpose      
 In Pana et al. (2008) the dynamical model of the 
hexapod robot is obtained. Its vector form is: 

M(q) q C(q, q) q G(q) τ+ + =          (5)  

M(q) is the inertia matrix and its structure is (Pana et al., 
2008): 

M(q) =             (6) 

1 2 3 4 5 6

1 2 3 4 5 6

1 1 1

2 2 2

3 3 3

4 4 4

5 5 5

6 6 6

T T T T T T T

w w θ w θ w θ w θ w θ w θ w θ

w θ θ θ θ θ θ θ θ θ θ θ θ θ θ

w θ θ θ θ

w θ θ θ θ

w θ θ θ θ

w θ θ θ θ

w θ θ θ θ

w θ θ θ θ

m m m m m m m m

m m m m m m m m

m m m 0 0 0 0 0

m m 0 m 0 0 0 0

m m 0 0 m 0 0 0

m m 0 0 0 m 0 0

m m 0 0 0 0 m 0

m m 0 0 0 0 0 m

B B B B B B B B B

B B B B B B B B B

B B

B B

B B

B B

B B

B B

T T T T T T

⎡
⎢

⎣

⎤
⎥

⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎢ ⎥⎦

 

where all its components are submatrices of size 3x3 and 
contain mass components, inertia moments, jacobian 
matrices and transformation matrices between different 
frames. They are defined in Pana et al. (2008). M(q) is 
symmetric, positive definite and both M(q) and M-1(q) are 
uniformly bounded as function of q∈Rn.  
C(q, q) q is a vector which contains centrifugal forces 

(terms of type 2q k ) and Coriolis forces (terms of type i jq q ;  
i ≠ j) and its expression is: 

( )1
C(q, q) q M(q) q q M(q) q

2 q
T∂

= −
∂

     (7) 

The matrix N(q, q) M(q) 2 C(q, q)= − is screw symmetric, 
where C is defined using Christoffel symbols. The vector 
G(q) is the vector of the gravitational forces: 

G(q)
q

PE∂
=

∂
 (EP is potential energy)          (8) 

Using the properties of the inertia matrix M(q), the relation 
(10) can be written:  

1

i i 1 n 1 n i 1 n 1 n

n

τ

q =f (q ,...q ,q ,...q )+B (q ,...q ,q ,...q ) L

τ

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

       (9) 

The expression (11) separates the terms which define 
internal evolutions of the robot of the terms with external 
variables (control variables τi). The new coefficients are: 

[ ]1f(q, q) M (q) C(q, q) q G(q)−= − +   

1B(q, q) M (q) I−=                      (10) 

The outputs of a general mechanical system are: 

1

k k 1 n 1 n k 1 n 1 n

n

τ

y =C (q ,...q ,q ,...q )+D (q ,...q ,q ,...q ) L

τ

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

;       (11) 

k = 1, 2, … m     
Generally, the outputs of a robot system directly depend 

not on input variables, so we can write: 

k k 1 n 1 ny =C (q ,...q ,q ,...q ) ;            (12) 

k = 1, 2, … m    
For a representation in state variable space, we built the 

vector of the state variables: 

x = 

1

2

2n

x
x
L

x

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦

          (13) 

xi(t) = qi(t), i = 1, 2, … n 

i+n ix (t) = q (t) , i = 1, 2, … n       (14) 

With these notations, the equations (9) – (12) become 
(15) and (16): 

1 n+1

2 n+2

1

n 2n 2

n+1 1 1

n+2 2 2 n

2n n n

x x 0

x x 0

L L L τ

x x 0 τ
= + ×

x f (x) B (x) L

x f (x) B (x) τ

L L L

x f (x) B (x)

⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥

⎣ ⎦⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦

     (15)   

1 1

2 2

m m

y C (x)

y C (x)
=

L L

y C (x)

⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦

        (16) 

 
We establish the notations: 
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A*(x) =

n+1

2n

1

n

x

L

x

f (x)

L

f (x)

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

; B(x) = 
1

n

0

L

0

B (x)

L

B (x)

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

;  

(17) 

C(x) = 

1

2

m

C (x)

C (x)

L

C (x)

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦

; u = 

1

2

n

τ

τ

L

τ

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦

   

where A, B, C and u have the dimensions: [2n x 1], [2n x 
n], [m x 1] and [n x 1]. 

In this case, the relations (15) and (16) become (18) and 
(21) and hereafter, (20) and (22). 

*x=A (x)+B(x)×u          (18) 

From relations (17) we can see that A*(x) can be 
written: 

A*(x) = A(x) · x                      (19) 

where A(x) is a [2n x 2n] matrix. The relation (18) becomes 

x=A(x)×x+B(x)×u         (20) 

y = C(x)                       (21) 

Because output hexapod variables are represented  
by internal coordinates qi(t), (21) becomes: 

y(t) = C·x(t)         (22) 

The relations (20) and (22) define the input-state-output 
relations of the hexapod mobile robot. 

3. FAULT DETECTION AND IDENTIFICATION 
    (FDI) PROCESS TO THE HEXAPOD ROBOT 

The FDI concept is a very important element in automat 
control theory. Its implementation in practical applications 
is made in two modalities: physical redundant processes, 
where control structures with parallel processing of the  
information and analytical redundant processes are realized, 
which supposes that the processing of the information  
is made at a superior level for identifying the changes due  
to the faults. 

The main requirements imposed to a FDI algorithm are: 
fast response when a fault arises, robustness with regard to 
model errors and system noises, reduced risk for the 
generation of false alarms, smaller computation effort.  

Here we will use the second modality and for that the 
dynamic model of the hexapod robot is very important.  
By this method, the actualized model MA (obtained by the 
on-line identification of the system) is permanent compared 
with nominal model MN (without faults). This algorithm 
with two phases is presented in Fig. 2. 

 
Generating  
differences 

Evaluating 
differences y(t) r(t) h(t) 

 
Fig. 2. The two phases of the FDI algorithm  

where y(t) is the vector of the experimental information 
(measured parameters), r(t) is the residual vector (contains 
the differences related to ideal parameters) and h(t) is the 
vector of the decision and evaluating signals. 
 In Fig. 3 the external variables of the hexapod robot 
system are presented:  

 

Hexapod robot 
system 

f(t) n(t) m(t) 

u(t) y(t) 

 
Fig. 3. The external variables of the hexapod robot system 

x(t), u(t) and y(t) are state, input and output vectors, f(t)  
is the error vector, n(t) is the vector of the external 
perturbations, m(t) is the vector of the errors of the robot 
model. 

The elements of the hexapod robotic system exposed  
to faults are: the actuator system, the mechanical structure 
of the robot and the sensorial system (Fig. 4).  

 
Actuators Mechanical 

structure 

Sensors and 
transducers 

¤ ¤ 

¤ 

¤ - exposed to faults 

 
Fig. 4. Elements of the robotic system exposed to faults 

With this information the model (20), (22) becomes: 

)t(x = Ax(t) + Bu(t) + Exf(t) + Fxn(t) + Gxm(t) 
(23) 

y(t) = Cx(t) + Eyf(t) + Fyn(t) + Gym(t)   

Analytical redundancy concept which is based on etalon 
models has two design methods: state estimation and 
parameter identification. We use here the second method 
which is represented in Fig. 5 where: RS – real system 
(hexapod robot), PIB – parameter identification block, MA 
and MN - actualized and nominal model of the hexapod 
mobile robot, ΔM – block which generates the parameter 
differences (residuals r(t)), DEB – decision and evaluating 
block, CS – control system. 

Supposing the system structure is known, we can make 
the dynamic nominal model of the robot: 
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[ ]
[ ]

n n n

N

n n n

x (t)=f x (t), u(t), p , t
M :

y (t)=g x (t), u(t), p , t
⎧
⎨
⎩

        (24) 

where pn is the vector of the real parameters and it has m 
components: 

pn = [pn1, pn2, … pnm]T        (25) 
 

[ ]
[ ]

e e e

A

e e e

x (t)=f x (t), u(t), p , t
M :

y (t)=g x (t), u(t), p n(t), t
⎧
⎨
⎩

      (26) 

where n(t) is added noise and pe is the vector of the 
estimated parameters: 

pe = [pe1, pe2, … pem]T         (27) 
 

RS 

PIB 

M

MN 

ΔM DEB 

u(t) y(t) 

noise 
 

n(t) 

r(t) 

h(t) 

CS 

 
Fig. 5. FDI by parameter identification 

 For detection and identification of the faults, the 
parameter vector of real system is permanently evaluated, 
but indirectly, by the vector of the estimated parameters pe. 
For that, the error criterion is minimized:  

E=
0t+T

T

e e e e

t

[y(τ)-y (τ,p )] [y(τ)-y (τ,p )]dτ∫       (28) 

 In (28) y(τ) is output vector of  RS and ye(τ, pe) are 
outputs of the estimated system. We impose: 

i

E
= 0, "i = 1,m

p
 

∂

∂
        (29) 

 Solving the system (29) which has m equations with m 
unknown variables we obtain explicit mathematical 
relations and determine the vector p*

e: 
T* * * *

e e1 e2 emp  = p , p , ..., p⎡ ⎤⎣ ⎦          (30) 
 E has a minimal extreme point if it verifies the 
following need: 

m1ippfor0
p

E
eiei2

ei

2
,,, * =∀=>

∂

∂
      (31) 

 With the vectors pn and p*
e we can determine the 

difference ΔM: 
ΔM: r(t) = pn - 

*
ep = [pni-

*
eip ]i=1, 2, … m      (32) 

 

4. ADAPTIVE CONTROL SYSTEM 

We consider the control system from Fig. 5 (CS)  to be 
an adaptive control system (Fig. 6) and we consider for that 
the dynamic model of the robot (20) and (22).  
 The actualized reference model is: 

m m m mx = A x + B u , ym = Cmxm       (33) 

where Am, Bm and Cm are constant matrices which have the 
dimensions: [2nx2n], [2nxn], [mx2n]. 
 The adaptive system task is to determine the parameter 
changes of the control system so that the state vector of the 
robot tends to state vector of the model. We consider the 
matrices Γ and Δ with dimensions: [2nx2n] and [2nxn]. 
Their coefficients γij(t), δij(t) help us to design the 
adaptation law. 
Γ = Am – A(x),  Δ = Bm – B(x)        (34) 

γij(t) = amij – aij(x(t),t)  i,j = 1, 2, … 2n 

δij(t) = bmij – bij(x(t),t)  i = 1, 2, … 2n, j = 1, 2, … n      (35) 

Initially, aij and bij are the coefficients of the model (20), 
afterwards they have a role helping the error to converge  
to zero. The adaptation mechanism establishes their 
temporal evolution. So, we define the adaptation error and 
error derivative:   

e = xm – x, me = x - x         (36) 

 
u +

-
RS

Control law 
accommodation 

Adaptation 
mechanism 

CS 

FDI

y 

 
Fig. 6. Adaptive control system of the hexapod 

 If we use the expressions of xm and x from (20) and 
(33), we obtain: 

e = Amxm – A(x)x + (Bm – B(x))u        (37) 

 If we use the definition of the error (36), we have: 

e = Ame + (Am – A(x))x + (Bm – B(x))u       (38) 

 The relation (38) depicts the mathematical model of the 
error and it defines the adaptation system. This mechanism 
works correctly when: 

lim e(t) = 0
t → ∞

         (39) 
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 To analyze the stability conditions of the relation (38) 
we can use the second Lyapunov method like in Ivanescu 
(1994). So, there is a positive definite and symmetric matrix 
P which is a solution for the matrix relation: 

T

m mA P + PA  = -Q                                   (40) 

where Q is, likewise, a positive definite matrix. In Ivanescu 
(1994) the stability conditions are obtained: 

T

ij ij j iμ γ  + x e p  = 0  

T

ij ij j iν δ  + u e p  = 0         (41) 

where µij and υij are positive and constant parameters, pi is 
the column i from matrix P, xj and uj are  the elements ji 
from the vectors x and u, respectively. The relations (41) 
depict the adaptation mechanism. By a integration process 
we can obtain the matrix coefficients γij(t) and δij(t) which 
allow the calculus of the adapted matrices A and B from 
relations (34) according to variables xj, uj and the error e. 
The vectors pi can be established off-line depending on the 
reference chosen model.  

5. VARIABLE STRUCTURE CONTROL 

 In this chapter we consider the situations when the 
faults are produced by blocking of some links of the legs.  
For describing these events we establish a data base with 
mathematical models (filters), one model (filter) for every 
possible situation (Fig. 7). One of the filters is the healthy 
state. The outputs of the real system are permanently 
compared with the outputs of the filters and a testing and 
control block (TCB) analyzes the comparison result and 
establishes one action assumption. According to the 
implemented algorithm in TCB, an action assumption 
(hypothesis) has the best probability to be true if the 
residual vector concordant with that hypothesis is most 
contiguous to zero (Iancu and Vinatoru, 2003; Willsky, 
1976). 

 

+ 

+ 

+

- 

- 

- 
FILTER 

FILTER 

FILTER 

Hypothesis 
Hypothesi

Hypothesis 

U YHEXAPOD 

TESTING AN 
CONTROL BLOCK 

 
Fig. 7. FDI by multiple filters method  

 We consider the hexapod mobile robot system, when  
it is possible to block one or more links and when we use 
the multiple filters method, a variable structure system  
because the control system can change control parameters 
according to the changes of the system structure. 

6. CONCLUSIONS 

This paper presents a fault-tolerant control system for  
a hexapod mobile robot. First, a description of the dynamic 
model of the hexapod mobile robot by a system  
of differential equations is made and after that,  
a representation of the system in state variable space is 
obtained. A fault detection and identification (FDI) 
algorithm is proposed. The FDI concept is a very important 
element in automat control theory. Its implementation in 
practical applications is made in two modalities: physical 
redundant processes, where the control structures with 
parallel processing of the information and analytical 
redundant processes are realized, which suppose that the 
processing of the information is made at a superior level for 
identifying the changes due to faults. The modality used 
here is the second process. By this method, the actualized 
model obtained by the on-line identification of the system, 
is permanent compared with nominal model (without 
faults). The adaptive control system for uncertain non-
linear systems proposed here has two main blocks: 
adaptation mechanism block which implements the 
mathematical model of the adaptation error and control law 
accommodation block which changes the characteristics  
of the control law. Finally, the authors propose the hexapod 
mobile robot which is open to fault events to be a variable 
structure system and analyze a specific control method.  
The future work will be focused on topics like collaborative 
system, hierarchical control and robust controller. The  
system discussed here, a hexapod mobile robot, is a multi-
chain robotic system and it is a collaborative system  
because it is composed by a number of co-operant 
subsystems: the body and six legs. The control system is a 
hierarchical control system with two levels. The upper level 
coordinator gathers all the necessary information to resolve  
the force distribution. Then, the lower-level local control 
problem is treated as an open-chain manipulator control 
problem. A control system can switch itself between one 
robust control strategy designed under normal operating 
conditions and other control strategies under the fault 
conditions. For some simple systems, a robust controller is 
sufficient to achieve a fault tolerance. The changes in 
system parameters caused by faults can have a significant 
effect on the global stability of the hexapod mobile robot 
motion and it may be impossible to stabilize this system by 
only a robust controller. Some simulations results will be 
presented and discussed. 

REFERENCES 

1. Manko D. J. (1992), A General Model of Legged Locomotion 
on Natural Terrain, Kluwer Academic Publishers, 
Westinghgouse Electric Corporation. 

2. Tsai C. R., Lee T. T. (1998),  A Study of Fuzzy-Neural Force 
Control for a Quadrupedal Walking Machine, Journal of  
Dynamic Systems, Measurement and Control, 120, 124-133. 

3. Tsai C. R., Lee T. T., Song S.M. (1997), Fuzzy Logic  
Control of a Planetary Gear Type Walking Machine Leg,  
Robotica Journal, 15, 533-546. 



acta mechanica et automatica, vol.2 no.3 (2008) 

 85

4. Song J., Low K.H., Guo W. (1997), A Simplified Hybrid 
Force/Position Controller Method for the Walking Robots, 
Robotica Journal, 175, 583-589. 

5. Brooks R.A. (1989),  A Robot that Walks; Emergent  
Behaviors from a Carefully Evolved Network, A.I. Memo 
1091, Artificial Intelligence Laboratory, MIT. 

6. Ferrell C. (1995), A Comparison of Three Insect Inspired 
Locomotion Controllers, Robotics and Autonomous Systems 
Journal, 16, 135-159. 

7. Blanke M., Kinnaert M., Lunze J., Staroswiecki M. (2003), 
Diagnosis and Fault Tolerant Control, Springer-Verlag,  
Berlin-Heidelberg, Germany. 

8. Zhang Y. M., Jiang J. (2003), Bibliographical Review  
on Reconfigurable Fault-Tolerant Control Systems, Proc. of 
IFAC Symp. SAFEPROCESS’03, Washington, DC, 265-276. 

9. Patton R. J. (1997), Fault tolerant control: the 1997 situation, 
Proceedings of IFAC Symposium on Fault detection, 
supervision and safety for technical processes, Hull, UK, 
1033-1055. 

10. Blanke M., Frei C., Kraus F., Patton R. J., Staroswiecki M. 
(2000), What is fault tolerant control?, Proceedings of the 4th 
IFAC Symposium on Fault detection, supervision and safety 
for the technical process, Budapest, Hungary, 40-51. 

11. Wang H., Wang Y. (2001), Neural-network-based fault-
tolerant control of unknown nonlinear systems, IEE Proc. 
Control Theory Appl., 146 (5), 389-398. 

12. Iichman H. (1993), Non-identifier-based high-gain adaptive 
control, Chapter 5, Springer-Verlag, London. 

13. Kabore P., Wang H. (2001), Design of faults diagnosis filters 
and fault tolerant control for a class of non-linear systems, 
IEEE Trans. Autom. Control, 46(11), 1805-1809. 

14. Polycarpou M. M. (2001), Fault accommodation of a class  
of multivariable nonlinear dynamical systems using a learning 
approach, IEEE Trans. Autom. Control, 46(11), 736-742. 

15. Loose D. P., Weise J. L., Eterno J. S., Barrett N. M. (1985), 
An automatic redesign approach for reconstructable control 
systems, IEEE Control System Mgmt, 5(2), 16-21. 

16. Veillette R. J., Medanic J. B.,  Perkins W. R. (1990), On the 
design of reliable control systems, Proceedings of the 1990 
American Control Conference, 3030-3035. 

17. Wallacc R. J.,Vander V. (1984), Control system 
reconfiguration, Proceedings of American Control 
Conference,  
1741–1745. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

18. Veillette R. J. (1995), Reliable linear-quadratic state-feedback 
control, Automatica Journal, 31(1), 137-143. 

19. Zhihua Q., Ihlefeld C., Yufang M. J., Apiwat A. S. (2003), 
Robust fault-tolerant self-recovering control of nonlinear  
uncertain systems, Automatica Journal, 39(10), 1763-1771. 

20. Steward D. V. (1962), On an approach to techniques for the 
analysis of the structure of large systems of equations, SIAM 
Revue, 4, 321-342. 

21. Lin C. T. (2001), Structural controllability, IEEE Trans. 
Autom. Cont., AC-19(3), 201-208. 

22. Murota K. (1987),  Systems analysis by graphs and matroids. 
Structural solvability and controllability, Springer-Verlag, 
Berlin. 

23. Meyer M., Le Lann J.-M., Koehret B., Enjalbert M. 
(1994), Optimal selection of sensor location on a complex 
plant using a graph oriented approach, Computer Chemistry 
Engineering, 18, S535-S540. 

24. Pana C. F., Stoian V., Pana D. M. (2008), Dynamic Model 
of n-legged Robot, Proceedings of the 3rd International 
Conference on Optimization of the Robots and Manipulators”- 
OPTIROB, Predeal, Romania. 

25. Ivanescu M. (1994), Industrial Robots, Ed. Universitaria, 
Craiova, Romania. 

26. Iancu E., Vinatoru M. (2003),  Analitical Methods for Fault 
Detection and Identification. Chapter 2, Control Ingineering 
Series, Ed. Universitaria, Craiova. 

27. Willsky A.S. (1976), A Survey of Design Methods for Failure 
Detection in Dynamic Systems, Automatica Journal, (1976), 
Vol. 12, 601-611. 



Cristina Pana, Viorel Stoian 
A fault-tolerant control system for a hexapod mobile robot 

 86 

 



İlhan Tarimer, Serkan Örücü, Rıza Gürbüz 
Developing an educational software controlling data transfer of serial and parallel ports 

 86 

DEVELOPING AN EDUCATIONAL SOFTWARE CONTROLLING DATA TRANSFER  
OF SERIAL AND PARALLEL PORTS 

İlhan TARIMER*, Serkan ÖRÜCÜ**,  Rıza GÜRBÜZ** 

*Technical Education Faculty, Department of Electronics and Computer Education, Kotekli Campus, 48000, Mugla,Turkey 
**Çankırı Karatekin University, Technical and Business College, Turkey 

itarimer@mu.edu.tr,  ser_khanor@hotmail.com, gurbuz@cmyo.ankara.edu.tr 

Abstract: In this study, it has been examined whether computer-based teaching software is applicable in today’s electronic 
and computer teaching. By the improvement of today’s computer teaching, people are able to reach information easily. 
Both indoor and outdoor of classroom works, teaching software, which supports learning, has been aimed to help both 
teachers and students. The educational software prepared in this study that can be used in the area of controls with parallel 
and serial computer ports. In this study, basic properties of parallel-serial ports, to use them in mechatronics and their using 
facilities have been explained. How to program these ports together with their connections have been embedded into the 
educational teaching software. Thus, according to its algorithm and frame, this educational software interface developed 
can be used for general mechatronics training.  

1. CAT SOFTWARE 

CAT software change according to the area which they 
are used and according to specifications of the users. For 
instance, specifications of a lesson software which is pre-
pared for the usage of one’s his/her own working style and 
for himself herself is obviously different from the specifica-
tions of a lesson software which will be applied in a lesson 
time, in the laboratory under the under the control  
of a teacher 
(www.aof.edu.tr/kitap/IOLTP/2276/unite10.pdf 
2006). 

Computer which operates the software leads among the 
sectors which have an interrelation with teaching softwares. 
The first student is the person which communicates with 
software that can be found frequently. There is not an ex-
ception; software is controlled by the first user. The second 
student is the other student who is also going to use the 
computer. In the simultaneous applications, the software 
can be used by students or teachers, or by a group. Teacher 
is also the director of the software in a laboratory environ-
ment (www.aof.edu.tr/kitap/IOLTP/2276/unite10.pdf, 
2006; www.ceit.metu.edu.tr/~yuksel/cai-1.doc, 2006). 

The first part of program which called “What is parallel 
port”, trains students about parallel port basics, and signal 
types. The code snippet supports learners to understand 
parallel port fundamentals with several animations as code 
based and sound records. While reading these explanations 
and code based animations with sound records, powerful 
learning effects would occur. The code based animations 
initially shows how to send data via parallel ports. The 
results which got from experiment kits and screen defi-
nitely seem to be obtained at the same time. Once the les-
sons completed, learners can use testing part of program to 

define its learning level. The second part of program which 
called “What is serial port” has been prepared as similar  
as to the program of “What is parallel port”, but it includes 
only serial port lessons. 

2. CONTROL OF PORT 

  Electronic ways which are used for getting and send-
ing data are called as communication points 
(http://www.cs.itu. 
edu.tr/~gunduz/courses_2005/mikroisl/slides/d8.pdf, 2006). 
They are known as “ports” as well. These pins are used for 
programming hardware or sending data to the computer 
over the motherboard. The ports of a computer are intro-
duced in below lines. 

2.1. Parallel communication and parallel port 

   If a separated line is used for each bit of the data 
while transporting a datum, such kind of a communication  
is called as parallel communication. In the Fig. 1, two units 
are connected each other by using the technique of parallel 
communication. 

On DB-25 pins, there are 3 ports named, data, status 
and control (Fig. 2). All of these pins are the exit pins at the 
level of TTL.  The exit of parallel port is at the level of 
TTL Logic. Even though it changes one computer to an-
other that the capacity of port’s current absorbing and car-
rying; it is limited to a few miliamperes their level of cur-
rent which will be absorbed and carried. In the figure-2 
Port of data, status and control are given with their pin 
numbers. 
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It has been thought to use Visual Studio.NET 2005  
platform (Tuğay, 2005; Yanik, 2004) for preparing the 
program on controlling the ports in this study. But Visual 
Studio.NET 2005 platform doesn’t include any component  
for the control of parallel port, so, only way to reach the 
addresses of parallel ports is installing an external com-
ponent. Mostly, inpout 32 DLL is preferred which is mostly 
known. Also this DLL is used for its blocking the operating 
systems to reach to ports in the systems which are Win-
dows NT based. Inpout 32 DLL’s description in the pro-
gramming table of C# [1, 2] is like that; firstly that code is 
added to the form. Inpout 32 DLL basically includes two 
functions: 

using System.Runtime.InteropServices; 

 
Fig. 1. Two connected nodes for parallel communication 

 

 
Fig. 2.  Data, Status and Control ports 

These are Inp32 and Out32. Inp32 is used to read the 
data which come from pointed addresses, and on the others 
hand addresses which will be read are defined with  
variables from the genre of integer. Out32, similar to Inp32, 
is defined with variables from the genre of integer which 
includes the values of data which will be written to that 
address and the address to write the data (http://www.code 
project.com/csharp/csppleds.asp, 2006; http://msdn2.micro 
soft.com/enus/library/system.io.ports.serialport(VS.80).asp
x2006 ). 

public class read_port 
{[DllImport("Inpout32.dll")] 
public static extern short Inp32(int address);} 
public class write_port 
{[DllImport("inpout32.dll")] 
public static extern void  Out32(int adress, int value);} 

To write data onto the parallel port after the definitions 
of DLL and function, following code pattern is used (http 

://www.csharpnedir.com/makalegoster.asp?MId=576, 
2006; Axelson, 1998). 

private int baseadres = 0x378; 
private void timer1_Tick(object sender, System.EventArgs 
e) 
scan_status_port(baseadres);} 
public static int Read_status_port(int base_address) 
{int veri =read_port.Inp32(base_address+1); 
data= data & 120; return (data >> 3);} 

By the help of a timer which is integrated into the form, 
if a code is written as “read_status port” to scan the ports in 
a specific time, the data which come from port are scanned 
automatically in a specific time. Reading data by using data 
port of parallel port is easier and done as shown below; 

write_port.Out32(888, x); 

2.2. Serial Communication and Serial Port 

In version 2005 of C# programming language which  
is the one among Visual Studio.NET platforms, for port 
accesses, one of the components of this software is defined 
for only serial port (Karagülle, 2004). To be able to use 
serial port, firstly the component of serial port is added  
to the form in figure 3. 

 
Fig. 3. Adding serial port component 

The way to add the component of serial port is shown  
in the figure 3. This library supplement enables all of the 
functions related with the serial port to use altogether.  
Furthermore, an example to form some functions can be 
defined and can be given as like below lines (http://www. 
dotnetmagzin.de/itr/online_artikel/psecom,id,397,nodeid,31 
.html, 2006). 

private void Form1_Load(object sender, EventArgs e) 
{serialPort1.StopBits= StopBits.One; 
serialPort1.DataBits = 8; 
serialPort1.Parity= Parity.None; 
serialPort1.BaudRate = 9600; 
serialPort1.PortName = "COM1"; 
serialPort1.Open();}  

When data transfer from serial port was being exam-
ined, the device developed for experiments must be in-
stalled. Thus, a code pattern is obtained to read and to write 
like  
as one in the below lines; 

string data_write = textBox1.Text; 
serialPort1.WriteLine(data_write); 



İlhan Tarimer, Serkan Örücü, Rıza Gürbüz 
Developing an educational software controlling data transfer of serial and parallel ports 

 88 

string data_read; 
data_read = serialPort1.ReadLine(); 

Instead of this way, a delegate might be used for  
opening data process channel (Tuğay, 2005; Gümüşkaya, 
2004). In this case, a code pattern is occurred like  
as ones in the below lines; 

private delegate void run(string value); 
private run serial_port_thread; 
private void Form2_Load(object sender, EventArgs e) 
{serialPort1.StopBits = StopBits.One; 
serialPort1.DataBits = 8; 
serialPort1.Parity = Parity.None; 
serialPort1.BaudRate = 9600; 
serialPort1.PortName = "COM1"; 
serialPort1.Open();  
seri_port_thread=new run (port_listen);} 
private void button1_Click(object sender, EventArgs e) 
{string a = textBox1.Text; serialPort1.WriteLine(a);} 
private void get_data(object 
sender,System.IO.Ports.SerialDataReceivedEventArgs e) 
{string data = serialPort1.ReadExisting();  
this.Invoke(this.serial_port_thread, new object[] {data });} 

The educational software program has been designed as 
two separated parts. One of them is for the kits and the 
other is for the experimental devices. They could be com-
bined constructional controlling of this computer and the 
software according to port types which people need. A 
sample has been given in figure 4. It shows the animation 
of data  
transfer which is used in the part of “what is parallel port?” 
which is one of P-Kod software. The other sample software 
has been given in the figure 5 which shows transferring 
data from/to the addresses of parallel ports according to the 
boxes which are clicked. 

 
Fig. 4. An animation written with codes 

 
Fig. 5. A sample software usage panel 

 

By the time first installation, the form view of “what is 
parallel port” program which is the first part of P-Kod soft-
ware is shown as in the figure 6. When it is clicked to the 
parallel port button, the screen view transforms its form 
into the figure below (Fig. 7). The first part of the software 
appears to the form that concerns with the teaching of the 
lecture topic. At this part, the basic functions of parallel 
ports could be examined as audio–visual. However an au-
dio and video playback dll which is one of the dll of Direct 
X has been used in this coding section of the program. 

 

 

Fig. 6. P-KOD software main page  

 
Fig. 7.  P-KOD software teaching part 

 

 

Fig. 8. The software tutoring part 

“What is serial port”, which is the second part of P-
Kod software is similar to the view of the first installation 
section of “what is parallel port”. When clicked the button 
“serial port”, it transforms its screen view into the view as 
it seen in figure 8. The view of mini experiment kits are 
given in the figure 9 which was prepared for P-Kod. The 
circle of data reading contains 4 units of buttons and resis-
tances, and the circle of data writing contains 8 units 
of LEDs and 8 resistances. 
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Fig. 9. Mini experiment kits 

3. USING THE SOFTWARE INTERFACE  
    AND COMPARISONS   

Once clicked on to the button of parallel port, the initial 
section of the software application related with teaching 
lesson appears to our face. In this section, features  
of parallel port can be examined as audio visually. After 
that it has been stated pin numbers and basic features  
of data, control and status ports (Fig. 10). At the next steps 
of this software interface, there is a sample workable 
application using with together an experiment kit. To be 
able to have the sample software interface to connect the 
experiment kit numbered 1 with the cable belonging to that 
one, they must connect to each others via normal apparatus 
(Fig. 9). The first section of serial port tutoring is being 
related with serial communication. Then general specifica-
tions of serial port have been prepared to be taught  
to learners in a form of charts as audio visual (Fig. 11). 

 
Fig. 10. Pin numbers and basic features 

When clicked on to the button of application, a new 
segment is opened. This segment is the last section  
of the software interface and it makes the two computers  
to communicate together (Fig. 12). In both sections there 
have been several tests in which learning levels can be 
evaluated. Therefore this software includes open source 
codes as well and it steers learners to benefit from these 
codes for ascending their personal experiences (Fig. 13).  

 

 
Fig. 11. Experiment kit 

 
Fig. 12. Application window of the software interface 

 
Fig. 13. Open source codes 

 
These codes in which any learners interested in using  

of them have been designed and written according to the 
system of chart. So, students and learners have got a re-
playing chance. Thus, this software interface forms the 
learning and teaching process more rapid, more retentive 
and absolutely independent from an experimental environ-
ment.  

4. CONCLUSIONS 

In this study, it has been examined an educational soft-
ware for teaching of parallel and serial ports in electronics, 
computer and mechatronics. To do this, a computer based 
teaching programs have been developed by using C# pro-
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gramming language which is one of the Visual Studio.NET 
2005 platform programs. The software developed provides 
the users to learn port control theories both on their own 
and under control of a teacher. Although the port addresses 
used in this application are stationary, the user can also 
choose other addresses that he wants to write. The entire 
program modules were powered by a graphic user inter-
face. It has been examined within the program, how audio 
sources support learners besides the visual sources. From 
this aspect, the results obtained would be a pioneer amongst 
port control teaching programs. With this technique, both 
theory and applications in area of electronics, computer and 
mechatronics would be applied together and there might be 
no need for installing and running additional hardware 
equipments.  
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Abstract: Al-Jazari was a 12th Century Turkish Scientist, Engineer and writer. His full name was Badi Al-Zaman AbulI-Izz 
Ibn Ismail Ibn Al-Razzaz Al-Jazari. He lived in Diyarbakir region in Turkey (1206 AD). As his town name is Cizre, the  
modern Turkish scripting of Jizra , his last name is known as Jazari (Uzun, 1997). Badi Al Zaman means “prodigy of the 
Age” and was applied to other well-known men (Hill, 1974).  He served the Artuks a Seljuks dynasty in Diyarbakir,  
as a chief engineer – as did his father before him. He invented the crankshaft and some of the first mechanical clocks, driven 
by water and weights- used water power. He authored and drawed 60 inventions in his book "Al-Jami Bain Al-Ilm Wal-Amal 
Al-Nafi Fi Sinat'at Al-Hiyal" (The Book of Know-ledge of Ingenious Mechanical Devices). Kitab al-Hiyal is an interesting 
work on automatic control mechanism, fountains, devices, pipes, valves and siphons. The importance and originality of Kitab 
al-Hiyal is due to its being an earlier example of the automatic control studies in the history. There are a number of ma-
nuscripts of Jazari’s work in Oxford, Leiden, Paris, Dublin and İstanbul. Equally cranks may have first been documented  
by Al Jazari – 300 years before western engineers achieved this (Francesco di Giorgio Martini and Leonardo Da Vinci). He 
used some kind of symbols for understanding of his drawings like using of electronic circuits. We found that his machine 
drawings and manufacturings quite qualified understanding (http://orionrobots.co.uk/tiki-index.php?page=Al+Jazari). The 
aim of this study is to review and examine Al Jazari’s drawings and then, to compare and examine with the new technology 
period. 

1. INTRODUCTION   

Abu Al Izz Ismail al Jazari lived in Amid, that is called 
now Diyarbakir in South-east of Anatolia in Turkey, (12th 
century) during Artuk Seljuqs period. He had spent twenty-
five years in service of Seljuqs Sultans (Nasiruddin Abul 
Fath Muhammed bin Karaaslan and his father). 

The Artuks were a Turcoman dynasty descended from 
Artuk, a general who served Malik Shah, the Seljuq Sultan, 
at the end of the 5th/11th century. They were divided into 
two main branches, descended from two sons of Artuk-
Ilghazi and Sukman. Al Jazari’s masters belonged to the 
Sukman branch of family (Hill, 1974). 

We know from his book that Al-Jazari wrote that book, 
which finished (16th jan . 1206), on the request of  Sultan 
Nasiral-Din Mahmud bin Karaaslan after spending twenty 
five years in his service (1198). Al-Jazari wrote his book  
in Arabic alphabet that was dynasty palace’s language  
at that time. 

He frankly acknowledged that he got some knowledge 
from the formers such as Archimedes. “I have studied the 
books of the earlier (scholars) and the works of the later 
[craftsmen]-masters of ingenious devices with movements 
like pneumatic (movements), and water machines for  
the constnat and solar hours, and the transfer by bodies  
of bodies from their natural positisons.I have contemplated 
in isolation and in company the implications of proofs.  
I considered the treatment of this craft for a period of time 
and I progressed, by practising it, from the stage of book 
learning to that of witnessing and I have taken the view  
on this matter of some of the ancients and those more recent 

(scholars). I was fervently attached  to the  pursuit  of  this 
subtle  science  and persisted in the endeavour  to arrive   
at the  truth. The eyes of opinion looked to me distinguish 
myself in this beloved science. Types of (machines) of 
great importance came to my notice, offering possibilities 
for types of marvellous control. 

His book showed a deep understanding, and is still  
analyzed today by the world’s top engineers. Prof. Lynn 
White Jr. writes: “Segmental gears first clearly appear  
in Al-Jazari, in the West they emerge in Giovanni  
de Dondi's astronomical clock finished in 1364, and only 
with the great Sienese engineer Francesco di Giorgio 
(1501) did they enter the general vocabulary of European 
machine design” (http://en.wikipedia.org/wiki/Al-Jazari).  

I assembled that in a book (lit. Introduction Muga-
ddima) comprising fifty specimens and it is divided into six 
categories. I have been thorough in description and in par-
ticulars. In  what  I have  written  I have used foreign names  
passed on by  earlier people and adherence  to these  has 
continued until to today; and other expressions  made  ne-
cessary  by time. For the people of every epoch have [their 
own] language and every group of scholars have technical 
terms understood among themselves, and convertions fa-
miliar to them. For every specimen (shakl) I have drawn  
a picture, and have marked it with letters for guidance  
and have (also) put altenatives for these letters. 
Catergory I. On the construction of clocks from which can 
be told the passage of the constant and solar hours-10 
Charpters (it.specimens-ashkal).            
Catergory II. On the construction of   of vessels and figures 
suitable for driking sessions-10 Charpters. 
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Catergory III.On the construction of pitchers and basins for 
phlebotomy and ritual washing-10 Charpters. 
Catergory IV. On the construction in pools of fountains 
which change their shape and of machines for the perpetual 
flute -10 Charpters. 
Catergory V. On the construction of machines for raising 
water from standing water which is not deep and from  
a running  river-5 Charpters. 
Catergory VI. On the construction of different, dissimlar 
things -5 Charpters” (Uzun, 2003). 

But according to Al-Jazari, some of these knowledge 
are correct some are not. Al-Jazari described approximately  
fifty mechanical devices in six different categories, 
including water clocks (one of his famous clocks was 
reconstructed successfully at the London Science Museum 
in 1976 and Istanbul Technical Universty in 1982),  
automata, combination locks, hand washing device (Wudhu 
machine) , machines for raising water, double acting pumps 
with suction pipes and the use of a crank shaft in a machine, 
accurate calibration of orifices, lamination of timber  
to reduce warping, static balancing of wheels, use of paper 
models to establish a design, casting of metals in closed 
mould boxes with green sand, and more. He is also re-
garded as one of the first recorded designers of  
a humanoid robot (cybernetics). 

First his work was machine of Wudhu (preparing top 
ray, washing hands and face etc. before salah) for Sultan. 
Sultan admired his machine and asked him to write a book. 
That was claimed the first of his manuscript.  There are  
a number of manuscripts of Al Jazari’s work, which are 
available in İstanbul, London, Paris, Dublin, Leiden etc. 

Ibn Ismail Ibn al-Razzaz Al-Jazari (1206 AD) was one 
of history's greatest engineers. He invented many automata 
and some of the first mechanical clocks, driven by water 
and weights. He was called Al-Jazari after the area where 
he was born. Since the pre-Islamic times, al-Jazira has been 
an economically prosperous region with various agri-
cultural (fruit and cereal) products, as well as a prolific 
manufacturing (food processing and cloth weaving) system.  
Al-Jazira, which is the traditional Arabic name for northern 
Mesopotamia or Jazira is a town in the south-east Anatolia 
in Turkey (near Diyarbakir). His tomb is in that town.  
Al-Jazari draws on the works of its predecessors both  
from the Greeks (Philon, Heron and Archimedes)  
and Islamic scholars and engineers (Banu Musa brothers, 
Al-Khuwarizmi and Ridwan). His contribution was very 
important for the diffusion of knowledge in the Arabic 
world and after in Europe due to the translations of his 
books like “The Book of Knowledge of Ingenious Me-
chanical Devices” which contains more than 150 automata 
and mechanical devices. 

Eilhard Wiedemann was the first most important 
researcher studied on Al Jazari’s works. He (1852-1928) 
studied on Islamic science, medicine, mathematics and 
technology his life’s work, and in these fields his writings 
are of great importance. His many articles are scattered 
among a number of learned German Periodicals. He was 
worked with Fritz Hauser, a German engineer. Al Jazari’s 
works were examined by Wiedemann and Hauser in seven 
articles in various periodicals. These articles have several 
merits, and in particular they give a fairly clear 

understanding, to anyone with some measure of technical 
knowledge, of the design, construction, and operation  
of each of devices (Hill, 1974).  

In 1974 Donald R. Hill translated and annotated  
Al Jazari’s book in Boston –USA. His manuscripts were 
translated, and drawings additionally guieded to under-
standing. That book name is “The Book of Knowledge  
of Ingenious Mechanical Devices”. 

In 1951, Ibrahim Hakki Konyali for the first time men-
tioned about that manuscript in a magazine in Turkey. Dr. 
Ayhan Songar, Dr. Toygar Akman wrote about Al Jazari’s 
work. Prof. Dr. Kazim Çeçen made one of Al jazari’s ma-
chines (Water Clock) in Istanbul Technical Universty in 
1980’s. Prof. Dr. Atilla Bir wrote some article about his life 
and Works. 1997 first book was puplished in Konya about 
Al Jazari’s life and his Works by Abdullah Uzun then 2004 
his manuscripts full translated in Turkish. 

2. HIS MACHINES IN COMPARISON TO SOME 
    NEW TECHNOLOGIES 

The first water clocks in their simplest form were used 
by the ancient civilizations of Babylonia and Egypt (Hill, 
1974). After and before Al Jazari, a lot of water clocks  
and ingenious devices made in Asia Minor, Philon  
of Byzantium and Arabs. Some of those technologies was 
transferred to Spain and to Maghrib (Andalusia). 

Al-Jazari’s book delt with completely devices  
and automatas for multiple functions. What they have  
in common is the considerable degree of engineering skill 
required for their manufacture, and the use of delicate 
mechanisms and sensitive control systems. Many  
of the ideas employed in the construction of ingenious de-
vices were useful in the later development of mechanical 
technology. Al-Jazari inherited the knowledge of his  
predecessors, but he improved on their designs and added 
devices of his own invention (http://www.history-science-
technology.com/Articles/articles%206.htm). 

Al-Jazari use some symbols like electronics works in his 
manuscript. He wrote and designed his machine very care-
fully. Pictures are nice and colours are not pale that are  
of great artistic merit. Some historians of art acknowledges 
that his manuscripts were illustrated in marvelous form  
and conditions. 

Being honest and humble, he always expressed that he 
had got some technical principle from Archimedes and 
other previous scientists. 

In 1206, Al-Jazari presented his “Book of Knowledge  
of Ingenious Mechanical Devices”, devised for both educa-
tional and entertanment purposes, to the Sultan. In this 
singularly important work, he described contemporary 
labor-saving devices and unusual clocks, including some  
of his own designs. Even though the book does not contain 
descriptions of the astrolabe or balance, for which Arab 
scientists were famous, it plainly displays stronger  
and weaker aspects of Arabic engineering. 

Most of the machines, with varying degrees of utility, 
used age-old principles of mechanics, including systems  
of weights, pulleys, gears, cams, and levers. The crankshaft 
was first described Al-Jazari, though it is not clear whether 
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or not it has been invented by him. In fact, some scientists 
say that he invented the crankshaft and some of the first 
mechanical clocks, driven by water and weights (http://en. 
wikipedia.org/wiki/Al-Jazira%2C_Mesopotamia Minor). 

 
Fig. 1.  Mechanical  pump by Jazari 

 
Fig. 2  Al-Jazari in the Nature magazine 

Prof. Lynn White Jr. writes: "Segmental gears first 
clearly appear in Al-Jazari, in the West they emerge in 
Giovanni de Dondi's astronomical clock finished in 1364, 
and only with the great Sienese engineer Francesco  
di Giorgio (1501) did they enter the general vocabulary  
of European machine design". 

Equally cranks may have first been documented by Al 
Jazari 300 years before Western Engineers achieved this 
(Francesco di Giorgio Martini and Leonardo Da Vinci) 
(http://en.wikipedia.org/wiki/Al-Jazira%2C_Mesopotamia 
_Minor). 

Al-Jazari noted a number of practical joke devices in his 
text. Some were trick drinking vessels that appeared  
to contain water but could not be emptied. Others looked 
empty but produced water when tipped over.  

In producing these not-so-useful inventions, Al-Jazari 
was typical of his age. The engineers of that time had  
a reputation for frivolous machines that dated back  
to the writings of the ancient Greeks. Had he lived in  
a different society, Al-Jazari might have put his ingenuity 
to a different purpose.  

In Fig. 1, there is an automata for rotation gearwheels 
by means of water. Water flows into second section then 
axle and gearwheel rotates, so it triggers the other gear-
wheel and rotation of the vertical axle and then, the rotation 
of the robot donkey, cupboard turning and rising water at 
last. This cycle is going as sketched in Fig. 1. 

 

 
Fig. 3. Automatic Wudhu machine 

 
Fig. 4. 4 Effective water rising system (4 stroke cylinder) 
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Fig. 5. Crank shaft system water rising machine 

 
Fig. 6. Water Clock 

 
Fig. 7. Four effective water rising system 

3. CONCLUSION 

Al-Jazari’s  works and his book occupies an important 
place in the history of automata, mechanics, mechatrconics, 
automatic control, robotics and automated musical theaters. 
His pioneering work is duly acknowledged in most  
histories. 

Al-Jazari was not primarily innovator, but this is not to 
imply that he made no innovations like this; the perfection 
of the tipping bucket, the reciprocating pump, measuring 
basin and some type of water clock. We should also include 
in his significant innovations his remarks that indicate that 
he had ideas about application of an escapement to a water-
wheel (Hill, 1974). 

The life stories of engineers such as Leonardo da Vinci, 
James Watt and many other scientists including  their con-
tributions are quite well known, but it is not very much 
known about Al Jazari’s life. Today there is only Al 
Jazari’s manuscript. As such, none of European scientists 
do know him nor his works, thus a substabtial attention is 
needed to be drawn on his possible impacts upon later ge-
nerations of engineers. Al Jazari’s idea and useful machines 
are in his manuscript but after him no-one has written  
and followed about him and his works. His drawings are 
shown with several remarks. He certainly used a technique 
that is indispensable for all engineering drawing. 

Al Jazari, then, gives us the full engineering content  
of his work. For a given machine he tells us its appearance, 
purpose and functioning. He describes, step by step, the 
manufacture of its component parts, setting out, assembly 
and fitting, joints and connections, and testing. He was  
a master craftsman, fully conversant with all branches  
of his trade, consciously proud of his membership of the 
technical fraternity 
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Abstract: To avoid damaging of tilting pad journal bearings, the problem of safety shut down of high speed air blower canti-
lever rotor becoming important in modern industry. The experimental testing, modeling and simulation of dynamic behavior 
of rotating system was run to directly evaluate gyroscopic negative effect damaging journal bearings. A dynamic model of 
air blower rotating system was designed and simulated. A simulation and experimental measurement results of rotating sys-
tem were used to optimize the shut down regime of machine. Gyroscopic effect influences of rotor bearing stability are con-
firmed. Results of numerical simulation confirm results of experimental vibration measuring. The theoretical research results 
are given and conclusions are made. Experimental testing and simulations results was applied to typical air blower rotating 
systems for elimination of huge negative forces acting on new bearings during shut down of the machine. 

1. INTRODUCTION 

 One of most often problems occurring rotating system 
exploitations is high vibration displacements of journal in 
tilting pad bearings. The general causes of these vibrations 
are unbalance, insufficient dynamic stiffness, mechanical 
looseness and rotating elements wear, etc. (Bently, 2002)  

Rotors of turbines, compressors, fans and etc. carry one 
or more disks, and these disks besides contributing  
to a lumped mass at stations where they are located, also 
introduce a gyroscopic couple. The effect of gyroscopic 
couple is predominant, if the disk is located at a nodal point 
or at a free end of the rotor (Rao, 1996) . The effect of 
gyroscopic couple has been researched in many papers,  
starting from pioneering works by Smith (1933), Yama-
moto (1954), Dimentberg (1961), considering various ways  
of unfolding the rotor lateral transversal and angular  
motion. Descriptions of gyroscopic effects, together with 
more complete lists of references, can be found in publica-
tions by Ehrich (1992) and by Vance (1988). An experi-
mental work dealing with parameter identification for the 
rotor system with large gyroscopic influence was reported 
by D. Bently et al. (1986) (Muszynska, 2005). 

Technological critical machinery is expensive. They 
cannot be replaced. The stoppage or breakdown of these 
machines are destructive to all technological process and 
associated with big economical losses. That is the main 
reason to estimate the technical condition of the machinery 
by using technical condition monitoring, protection and 
failure diagnostics and particular unexpected breakdown 
preventions systems (Barzdaitis and Činikas, 1998).  

The purpose of this paper is to design the mathematical 
model of air blower rotor’s system, which describes the 

vibrations of the system and to identify the sources of the 
vibrations: dynamic stiffness of bearing support, the rotor’s 
systems resonance frequency and identify the influence  
of gyroscopic effect of rotor vibration. 

2. ROTATING SYSTEM OF AIR BLOWER 
MACHINE 

The air blower machine SF01-18 comprises high power 
electric motor EM, gear box GB and blower rotor BR,  
as shown in Fig. 1. The induction motor (power 5.6 MW) 
runs at 1500 rpm and rotates an air blower rotor BR 
through flexible 8 pin type coupling C1, gear box GB and 
flexible type coupling C2 at high rotational speed at 
3119 r/min.  

 
Fig. 1.  The air blower and proximity probes location scheme:  

1, 2 – journal bearings of EM; 3 - 6 – journal bearings  
of gearbox (GB) with transmission ratio u = 0.477712,  
z2 = 43 of a driven gear and z1 = 90 of a driving gear;  
7, 8 – tilting-pad journal bearings of blower rotor (BR); 
C1, C2 – flexible couplings; 1X, 1Y – proximity probes 
fixed at the 7th bearings 
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For technical condition monitoring and vibration data 
analyzing has been used diagnostic equipment Dynamic 
Machine Analyser DMA04 (Epro, Germany, Profess s.r.o., 
Czech Republic), with software MMS 6850 Database 
(Adash s.r.o. Czech Republic). The technical condition  
is evaluated by monitoring of air blower rotor vibration 
displacement permanently. 

In this article we studied dynamics behavior of blower 
rotor pivoted-pad journal bearings. The objective is to de-
termine the main reason of the journal bearings failure. The 
blower rotor shaft vibration displacement sp-p7 and smax7 
values at 7th bearing and maximum vibration displacement 
smax values of the shaft at the middle location point between 
7th and 8th bearings monitored by means of 7X, 7Y pro-
ximity probes, contact less measurement induction sensors. 

3. RESULTS OF EXPERIMENTAL INVESTIGATION 

The experimental testing of the blower rotor vibration 
made at different running modes: at nominal loading 100 % 
and 50 % and at free run. The blower rotor resonance 
speeds measured at run up and coast down regimes.  

The 7th bearing shaft vibration displacements and orbits  
at full loading and coast down running mode are presented 
in Fig. 2a and Fig 2b.  

The peak-to-peak vibration displacement values at reso-
nance speed 1436 rpm reached inaccessible values in both 
X and Y orthogonal directions as shown in vibration dis-
placements plots and orbit of the shaft, Fig. 2b. These vi-
bration displacements sp-p values became 6-8 times higher 
at the resonance in comparison with values at the maximum 
load at 3119-3132 rpm (Fig. 2a). The blower rotor high 
vibration displacements at resonance mode damage the 
journal  
bearings. The valuable damages are checked at the upper  
segment of the 7th bearing and the lower segment of the 8th 
bearing.  

The dynamic forces that damages bearings depend not 
only by resonance phenomenon but by rotors gyroscopic 
effect too. The rotors shaft position in the 7th bearings  
is described by the gap value. When machine runs in coast 
down mode, the gap between the vertical sensor 7Y tip and 
shaft surface decreases about ~200 µm value reference  
to nominal position at maximum rotation speed.  

a)  

b)  

Fig. 2. The vibration displacements plots and orbits of blower rotor measured at bearing 7th at full loading (a): s(o-p)x = ~22μm, s(o-p)y = ~20μm 
           and smax = 27μm at 3132 rpm and at coast down, (b): s(o-p)x =  183μm, s(o-p)y =155μm and smax = 210μm at 1324rpm 

4. MODELING AND SIMULATION OF BLOWER 
    ROTOR 

The purpose of the mathematical modeling is to confirm 
a gyroscopic effect hypothesis and to estimate the influence 

of dynamics forces to bearings durability. The rotor  
dynamics is analyzed by the finite-element method, where 
the finite element consists of two nodes and five degrees 
(DOF) at each node. The first and the second DOF are 
displacements along the y and z axes and the last three DOF 
are angles around X, Y and Z axes. 
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The dynamic model of all system in static state is shown 
in Fig. 3. 

There are three coordinate systems of axes to localize 
rotor position (Fig. 4): 
1) Inertia coordinate system OXYZ. Point O in steady state 

coinsides with the point where rotor is attached  
to the blower.  

2) In the moving coordinate system O1Y1Z1 point O1  
is tightly connected to the rotor. When rotor rotates, 
geometrical center O1 moves in plane OYZ. 

3) Coordinate system OCYCZC of mass center. Any rotor 
point P position is defined by vector cpr . 

 
Fig. 3.  Dynamic model of the air blower rotor: 1 – air blower,  
            2 – rotor, d = 0.20m, a1 = 0.844 m, a2 = 0.5m 

 
Fig. 4. The scheme of coordinates and vectors deployment which 
           describe the rotor position  

Work variation of inertial forces: 

{ } { }T

p p

m

W R R dmδ δ= ∫ ;          (1) 

Where {δRp}T – variation vector of point P; { }pR – acce-

leration vector of point P. 
The system of equations of blower: 

[ ]{ } ( ){ }, ,b bI F tθ θ θ= ;          (2) 

where  

1 1 1 1 1 1

1 1 1 1 1 1

1 1 1 1 1 1

mass interia tensor 
of blower 

x x x y x z

b y x y y y z

z x z y z z

I I I

I I I I

I I I

− −

= − −

− −

⎡ ⎤
⎢ ⎥ −⎢ ⎥
⎢ ⎥⎣ ⎦

  

( ){ }, ,bF tθ θ – vector of forces which affecting blower. 
Mass inertia tensor of blower: 

[ ] [ ] [ ][ ] [ ] [ ] [ ] [ ] [ ]01 01 01 01

TT T

b c b c c c cI I M r r r S S r= + + + ; (3) 

where [ ]cI  – mass inertia tensor in respect of mass center. 

[ ] [ ]T

c cp cp

V

I r r dVρ= ∫ ; [ ]bM  – mass matrix of blower; 

[ ] ( ), ,b b b bM diag m m m= ; [ ]01cr  – skew-symmetric matrix 

associated with vector{ }01cr ; [ ]S  – skew-symmetric  

matrix associated with vector{ } { } { }( )01c cpS r r dVρ= +∫ ; 

{ }cpr  – vector defined position of either blower point  

in respect of mass center C. 
Vector of forces and moments which affecting blower: 

{ } { } { },T T

b bR bF F F θ= ⎡ ⎤⎣ ⎦ ;                      (4) 

where {FbR}– vector of forces which affecting blower.  
It calculable: 

{ } [ ][ ]{ } [ ][ ][ ] [ ]{ }2

T

bRF A S A S A Gω θ= − + ;       (5) 

where [ ]ω  – Matrix of angular velocity; [A] – transforma-
tion matrix between global and local coordinate systems; 
[ ]2G  – derivate of matrix [ ]2G  by time in global coordi-

nate system; { }θ  – vector of derivate of turning angle. 

{ }bF θ – vector of moments which affecting disk. It calcula-
ble: 

{ } [ ] [ ][ ]{ } [ ] [ ][ ] [ ]{ }2 2 2

T T T

b b bF G I G I A Gθ ω ω θ= − + ; (6) 

where [ ]ω  – skew-symmetric matrix associated with vec-

tor of angular velocity in body coordinate system.{ }ω , 

[ ] [ ] [ ][ ]TA Aω ω= ; [ ]ω  – skew-symmetric matrix asso-
ciated with vector of angular velocity in the inertia coordi-
nate system. 

Transformations of coordinate: 

{ } [ ]{ }01 1R B q= ; 

where [B1] – transformations of coordinate. 
Angles, first and second derivates of angles vector  

velocities and accelerations: 

{ } [ ]{ } { } [ ]{ } { } [ ]{ }; ; .N q N q N qθ θ θθ θ θ= = =     (7) 

where  [Nθ] – matrix of element form function. 
Vector of blower generalized coordinates: 

{ } [ ]{ }bq B q= ;             (8) 

The system of equation of blower motion: 

[ ] [ ][ ]{ } [ ] ( ){ }, ,T T

b bB M B q B F q q t= ;         (9) 

The equations of motion of rotor’s finite element are  
derived by applying a Lagrange equation of the second 
order, which can be written as follows: 
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[ ] [ ] [ ][ ]( ){ } [ ] [ ]( ){ }

[ ]{ } ( ){ } [ ] ( ){ }, , , ,

T

e b e e

T

e e b

M B M B q C G q

K q F q q t B F q q t

+ + + +

= +
;     (10) 

where [Me], [Mb], [Ce], [Ge], and [Ke] are mass of finite 
element, mass of blower, damping, gyroscopic and stiffness 
matrices of the finite element, respectively;  

( ){ }, ,eF q q t  and ( ){ }, ,bF q q t  are vectors of forces 
which affecting rotors finite element and blower. 

General equation of all rotating system in matrix form: 

[ ]{ } [ ]{ } [ ]{ } ( ){ }, ,M q C q K q F q q t+ + =       (11) 

where [M], [C], [K] are the mass, damping and stiffness 
matrices; ( ){ }, ,F q q t is a non-linear force vector; { }q , 

{ }q  and { }q  are the displacement, velocity and accelera-
tion vectors of the finite-element assemblage. In an implicit 
time-integration scheme, the equilibrium of the system (11) 
is considered at time t + Δt to obtain the solution at time 
 t + Δt. Iteration will be performed in the non-linear analy-
sis (Barzdaitis and Bogdevičius, 2006). 

5. RESULTS OF THEORETICAL INVESTIGATION 

The calculation results are shown in Fig. 5 and Fig. 6. 
There is orbit plot of the rotor center O2, were rotor is  
attached to air blower, Fig. 5. Numerical calculation results 
approved that vibration displacement of the rotor are 
caused not only by unbalance, but by gyroscopic effect too. 

 
Fig. 5. Orbit of the rotor center point O2 at nominal rotation speed 
           3120 rpm, sp-pmax = 300 μm.  

In Fig. 6 are shown orbit of the shafts rotating in 7th  
and 8th bearings. The four pad tilting-pad journal bearing 
model of the rotating system was used. The numerical  
calculation results were acquired with such parameters: 
coefficients of stiffness of bearing k3Y=k3Z=200×106N/m, 
k2Y=k2Z=150×106N/m; coefficients of damping c3Y=c3Z= 
40×103Ns/m, c2Y=c2Z=20×103Ns/m; rotor diameter 
d=0.20m; air blower weight m=1660kg. 
 

 

 
Fig.  6. Simulation results of the journals motion in the bearings at 

nominal rotating speed 3120rpm. a) – orbit of 7th bearing 
sp-pmax=31μm, b) – orbit of 8th bearing sp-pmax =25μm 

6. CONCLUSIONS 

1. The designed theoretical model of the air blower  
rotating system is based on the finite-element method. 

2. Calculation and experimental results indicated that 
gyroscopic effect is important for long continuous run 
of  
tilting pad journal bearings. Elevated hypothesis is that 
air blower rotors gyroscopic moment decrease rotor  
dynamic eccentricity at nominal rotating speed. 

3. But during shutdown mode of operation its negative 
influence of the tilting pad bearing wear is inadmissible 
too high. 

4. Air blower rotating system shutdown time interval must 
be minimized with additional brake mechanism. 
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Abstract: The experience and intelligence of human are necessary to fulfill the hazardous and responsible operations  
by mobile robot in undetermined environment. To make the control process more effective and simple for human the speech 
control may be used. The operator’s interface in this case may be created using the linguistic variables both for commands 
formalization and for information presentation. The speech controlled robot has to be an autonomous intelligent system  
capable to re-cognize the current situation and to adopt its behavior to real environment. To adopt the artificial intelligence  
to the human impression and reasoning the fuzzy logic principles may be used to create the knowledge base of a speech  
controlled robot. The simple manipulation and locomotion operations may be presented in form of fuzzy production rules. 
For complicated modes of behavior the procedure of fuzzy AI – planning have been proposed. The procedure of robot  
learning on the base of fuzzy neural networks has been developed .for the situations when human-operator can not formalize 
the fuzzy rules of robot behavior beforehand. 

1. INTRODUCTION 

Mobile robots are widely applied for complicated opera-
tions in undetermined environment. Among such operations 
are mine disarming, fire fighting, rescue operations, medi-
cal service, etc. Robotic systems are normally equipped 
with manipulators, different sensors, including vision  
systems. Such systems are generally controlled by human 
operator whose experience and intelligence is necessary  
to fulfill the hazardous and responsible operations.  
The control of mobile robots is often realized now as a re-
mote control by human-operator using a kind of joystick  
to guide the motion of a manipulator or a chassis. This 
mode of control is difficult for operator working in time 
and information deficit and often inefficient creating the 
risk of error due to the "human factor". Thus a task emerged 
to arrange the control process so that the operator would 
have to specify only the aim of the operation. The robot is 
supposed to assess the environment and make decisions that 
are necessary to ensure the aims posed by the human opera-
tor are achieved. Such systems have been traditionally de-
fined as Intelligent Robotic Systems (IRS). It is rational  
to arrange the IRS control based on speech, which is  
expected to take the shape of bi-lateral dialogue between 
the robot and the operator using a problem-oriented  
language similar to a natural one. 

The speech control, in turn, induces a whole range  
of artificial intelligence control problems including  
environment scenes and operator’s commands recognition,  
motion planning, knowledge accumulation and IRS  
training. Theses tasks are suggested to be solved using the 
same approach based on linguistic variables and fuzzy logic  
application. Some of the tasks are discussed below. 

 

2. ENVIRONMENT REPRESENTATION 

The environment representation in a human-controlled 
IRS is based on the corresponding representation in human 
mind. The information necessary for control in a given 
situation can be expressed using the means of a natural  
language (NL) and then translated to a formal language of 
the relevant semiotic model that is used to control the robot. 
One of the peculiarities of such representation is its stru-
cture, i.e. the representation of the environment as a set  
of objects bearing particular names and linked with particu-
lar relations. D.A.Pospelov names 11 types of such rela-
tions (including spatial, temporal, quantitative, causal, and 
others) (Pospelov, 1986). In most cases of mobile robots 
control, the environment description in IRS based on fuzzy 
representations includes the description of objects in the 
environment as well as spatial and temporal relations  
between them. The human is known to assess these rela-
tions using psycho-physiological scales, defined by objec-
tive properties of the corresponding receptors in his body. 
Therefore the most adequate means to describe the spatial-
temporal relations is the apparatus of linguistic variables 
which uses the same scales. 

To describe the current scene, extensional and inten-
tional relations are employed. The former are represented 
by the relations that describe the location and orientation  
of objects. For example а1 is far, to the right, to the fore 
and a little above а2. The latter include the relations like  
R1 – to be adjacent to; R2 – to be inside of; R3 –  to be  
outside of; R4 – to be in the centre of; R5 – to be on the same 
line as; R6 – to be on the same plane as; R7 – to have zero 
projection on, R8  – to be on the surface of. Two unary rela-
tions are also proposed in (Pospelov, 1986) – R00 – to be 
horizontal and R01 – to be vertical, as well as 28 elementary 
spatial binary relations. 
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The set of specified objects in the current scene, the re-
lations between them, and transformation rules constitute  
a formal language for scene representation, that is similar  
to a natural language. Scene description in this language 
allows for a formal semiotic representation that uses the 
spatial-temporal relations logic. So, a complex relation а1 is 
on the surface S far and to the right can be written as (a1 R8 
S)&(a0 d5 f7 a1), where а0 – is the observer, with respect to 
whom the distance and orientation relations are formulated.  

Since the environment is ever-changing due the motion 
of the observed objects as well as to the motion of the robot 
itself, the scene description changes in time respectively. 
This circumstance requires that we take into account not 
only spatial but also temporal relations in the external 
world, such as to be simultaneous with, to be prior to,  
to follow etc. 

3. OPERATIONS DESCRIPTION 

External world description allows to pass on to the de-
scription of robot’s operations within it (Yuschenko, 2002). 
We assume that complex operations performed by the robot 
can be represented as a sequence of relatively few typical 
consistent operations. These are define in advance and are 
stored in the IRS knowledge base as frames of typical  
operations. A frame of this kind contains linguistic va-
riables based description of the aims of an operation, the 
initial stage scene, and the preconditions for the feasibility 
of the operation. The latter may depend on the specific 
situation, the capabilities of the robot in question, and the 
properties of the object of the operation. Thus, the structure 
of a typical operation frame is as follows:  <operation 
name> <operation object> < initial situation (modifier of 
place)> <target situation> <operation feasibility condi-
tions (preconditions)>.<additional details>.  For example: 
<move> <object A>  <object A on B>  <object A on C>  
<object A is free> <install object A shock-free>. While per-
forming technological operations this frame should some-
times have an extra slot <operation performance method 
(modifier of manner)>. 

Preconditions are one peculiarity of the discussed opera-
tions description approach. Generally, all preconditions can 
belong to one of at least three types: a) situational, e.g. the 
condition object A is free means that there are no other 
objects on object A; b) preconditions stipulated by the  
robot’s capabilities: the robot is equipped with the gripper 
suitable for type and size of the object; and c) preconditions 
connected with the peculiarities of the object: the object is  
a rigid body and can withstand the force developed by the 
gripper without any damage. 

The description of typical operations expands the situa-
tion description language mentioned above. The operator 
can control a robotic system directly by giving the names 
and aims of the typical operations in the problem-oriented 
language, e.g., ‹move object A to plane C› ‹insert shaft A 
into orifice O›. Preconditions description may not always 
be complete in the sense that some of them may not be de-
fined. For example, it may not be known whether there  
is free space on plane C, on which object A is to be put. 
Then a query to the cognitive operations base is formed, 

and an operation is selected for examining plane C that  
is supposed to provide for filling in the empty slot. The 
system can also formulate address queries to the operator,  
if cognitive actions yield no results or uncertainty persists.  
      Taking into account the similarity between the proposed 
language for IRS operations description and the situational 
control language as formulated by D. A. Pospelov, we shall 
keep to this term bearing in mind the above mentioned  
peculiarities of the language for IRS. 

4. COMPLEX OPERATIONS PLANNING 

We shall use the term complex for the operations that 
can be represented by a sequence of consistent typical  
operations that result in achieving the aim. Consistency  
of operations means that the situation achieved as a result 
of n-th operation meets the preconditions for the (n+1)-th 
operation. If after the actual completion of n-th operation 
the consistency is not achieved, the planning process  
is repeated, with the current situation being assumed as the 
initial. A distinctive feature of planning procedure in ro-
botics, as compared to numerous methods of artificial  
intelligence planning, is the possibility of continuous  
comparison of the real situation observations and the condi-
tions defined during the planning stage. The comparison 
can be performed as that of linguistic descriptions of the 
observed and expected (existing only as a statement)  
situations. The emerging conflict induces a plan of actions 
aimed at solving it and hence realization of the desired 
situation. Thus the aim and the name of each separate  
typical situation gene-rated by the system based on the 
comparison of real and expected situations, rather than 
specified by the operator. 

The conflict resolution approach is rather similar to  
human cognitive activity while planning actions, which  
is also based on comparing the operative image of the  
situation and the target image. The conflict resolution prin-
ciple application requires a further extension of IRS control  
language. Besides the “vocabulary” of typical operations 
we now need a “vocabulary” for situational conflicts reso-
lution by means of performing typical operations. If spatial 
relations are intentional then each type of conflict induces  
its own typical operation to resolve it.  

For example: if the aim is: (a1 R8 S), i.e. object a1 is on 
the surface S, while in fact (a1 ⌐R8 S), then the conflict  
induces a typical operation move а1 to S . If the aim is de-
fined as (a1 R 2 С), i.e. shaft a1 is inside orifice C, while 
observation results show (a1 ⌐R 2 С), then a typical opera-
tion is induced: insert a1 into С. If the condition a1 is free  
is necessary for further operations, while in fact we have: 
(a2 R8 a1), i.e. a2 is on a1, then a typical operation remove 
a2 from a1 is induced. One can easily proceed with this list 
of action that resolve intentional type conflicts. 

 If the relations are extensional there is no need for  
a special vocabulary for matching the situation with the 
required typical operation. Conflict can be resolved by per-
forming a typical operation aimed at the relation specified 
as its precondition. If a mobile robot R is expected  
to in position (R d1  f1  N) with respect to observer N, while 
in fact a different conditions holds true: (R d2, f2  N), then 
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the required operation will be defined in the form of: move 
robot R from position (R d2 f2  N) to position  (R  d1  f1  N).  

While planning complex operations there emerges  
a multi-step procedure of conflicts resolution. At first, the 
target and the actual situations are compared. If they do not 
coincide, the conflicts are defined and the actions are  
devised to resolve the conflicts. Then the preconditions  
of the resolving actions are checked, as they can also be  
in conflict the actual situation. They generate new actions 
and so on, until at least one resolving action meets the  
necessary conditions. Then this operation is performed (so 
far on the planning level), and a new situation appears, 
which is analyzed in a similar way and so on. This proce-
dure can be represented as directed graph, with its root  
being the target situation (Yuschenko, 2005). 

A disadvantage of the existing approach is that the  
operator has to define the rules for different situations  
beforehand, hence the situations should also be known  
in advance. If the operator fails to formulate the IRS opera-
ting rules, then the system can be taught instruction. In this 
case the operator guides the robot through typical situations 
after which the information is processed in, e.g. teachable 
fuzzy (hybrid) neural networks (Vechkanov et al., 2002).  

5. SPEECH INTERFACE 

Speech interface is the main method to transfer the  
control data to the IRS. In consists of recognition and  
linguistic blocks. The recognition block is a device for 
transforming speech signals as well as interpreting them as 
separate words or phrases. The linguistic block performs  
the interpretation of statements into situational control  
language, as well as the representation of these statements 
in a semiotic form. 

At present there are two most widely used methods  
of speech recognition :  Dynamic Time Warping (DTW),  
or template matching, and hypothesis probability estimation 
using Hidden Markov Models (HMM). The template 
matching method can hardly be regarded a continuous 
speech recognition method. Moreover, it is speaker  
depen-dent and requires periodical templates refreshment. 
For continuous speech recognition one can employ template 
phrases construction, using the information on the grammar 
of the IRS problem-oriented language. It is possible  
to increase the number of operators whose commands the  
system can efficiently recognize, by means of the so-called 
method of multiple templates.  

The HMM method using hypothesis probability estima-
tion with Viterbi algorithm (beam-search) allows to reco-
gnize continuous speech almost independent of the speaker. 
However this method requires a high quality and expensive 
teaching speech database. Moreover, the hypothesis pro-
bability estimation method implies that the a-priori pro-
bability distribution of different hypotheses is known  
in advance, at the same time ignoring the possible similarity 
of speech messages. In other words, the HMM method  
is incapable of detecting and using the distinctive features 
of words or phrases, in contrast with the template matching 
method.  

Operators statements for IRS control can be formulated 
in the robot situational control language mentioned above. 

The linguistic analyzer performs the syntactic and semantic 
decomposition of the statement which is supposed to result 
in filling the slots of the frame that describes operations. 

When passing from speech sound signal recognition  
to the inner representation of the operator’s sentence,  
the sequence of words-members of the sentence undergo  
a formalization procedure. Each sentence – except degene-
rate commands like “stop” – is presented in the form  
of typed predicative structure. While describing a sentence, 
that is in fact a command to perform a certain operation, the 
corresponding verb plays the key role and is described by 
the higher-order frame. The slots of the frame are filled in 
with relevant subordinate parts of the command-sentence. 
Relying on L. Tesniere’s verb-centric theory we can intro-
duce the obligatory and arbitrary valences for each of the 
verbs that describe the IRS’ operations. Each slot of the 
higher-order frame can also be an encapsulated frame, 
which is the case, e.g. with operation object description. 
This relieves the operator from the necessity to include into 
the command-sentence all available information on the  
object in question. Providing only one of the identification 
tags allows to assign to the object all available data (size, 
position, e t. c. ) on the semantic level of the speech inter-
face without human interference. The linguistic recognition 
stage output is a set of encapsulated frames that can be 
uniquely interpreted over the further stages of command-
sentence completion. 

It was shown above that the sentences represented by 
linguistic frames can be expressed in the inner semiotic 
language as a sequence of symbols. Operator’s command 
that arrives through the speech recognition block is in turn  
a sequence of symbols as well. Thus, the interaction  
between recognition and linguistic is reduced to trans-
forming one sequence of symbols into another, based on an 
expert-built grammar. At the same the linguistic analyzer 
can be represented as finite-state automaton. 

The speech recognition block generates a stream  
of word hypotheses constituting the operator’s sentence. 
For each word a hypothesis is selected that has the higher 
probability value. The linguistic block after recognizing 
each separate word is to define a manifold of acceptable 
ending of the phrase, with each variant of the complete  
sentence being assigned the corresponding probability.  
Using this information the recognition block selects the 
most plausible hypothesis for the next word (or phrase). 
The advantage of using the DTW method in this case is in 
the fact that the reduction of number of the hypotheses to be 
recognized allows us to use the computational adjustment 
procedure that would choose the most relevant hypothesis 
of the remaining few.   

Note that the recognition block can in some cases result 
in recognition failure instead of a hypothesis, as is the case 
when the noise level is high. In this case the IRS requests 
the operator for the missing information. The operator’s 
answer can in turn pose new questions which brings about 
the requirement to fit the linguistic block with a separate 
dialogue-planning module. 
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6. CONCLUSION 

The preliminary research has shown that the implemen-
tation of speech control for a robotic system by way of for-
mulating separate commands is inefficient. It is necessary 
to develop a speech interface meant focused on the use of 
problem-oriented language similar in its structure to the 
situational control language. This allows a substantial sim-
plification of the task of robot control, as it no longer  
requires any special skills from the operator. There are  
ho-wever a number of tasks in this field that are yet to be 
solved. In particular, the application of speech interface for 
teaching the robot, rather than merely controlling it, when 
the rules of behavior cannot be formalized in advance,  
is seen as very important. We also attribute crucial im-
portance to the psychological aspects of interaction between  
a human and an “intelligent” system, connected with  
“mutual” ideas about the situations and reasonable  
beha-vior.  
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