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ABSTRACT
In this paper we present the results of global optimization of green wave parameters (offsets, opening times, speed 
limit) for the main artery in the city of Wrocław (Poland). The optimization process was performed in ArsNumerica 
Execution Environment [1] and involved two different objective functions: the average waiting time and the average 
queue length. Both approaches were compared by calculating the number of vehicles that passed the artery in a 
prescribed time. 

KEYWORDS: green wave optimization, ITS simulation, road traffic simulation

1. Introduction

To provide an efficient and safe pass through the main arteries 
is an important issue in the process of the optimization of the traffic 
flow in the urban area. Many researchers and practitioners have 
undertook this task during last one and a half decade since the 
computing power rapidly increased and the data from such systems 
as Intelligent Transportation Systems became available. The use of 
non-constant traffic signalization parameters (i.e. adjustable to the 
traffic flow green light openings, cycle durations or even offsets) 
opened new possibilities for improvements in contrast to former 
traditional analytical algorithm that assumed static behaviour of the 
artery signalization settings.

A comprehensive survey of the literature in the field of the 
traffic green wave optimization in the sequence of intersections 
can be found in [12]. The authors present the formulation of the 
problem in a mathematical form as a constrained optimization 
process. As the most important design parameters in the green wave 
optimization process for the sequence of synchronized intersections 
the authors identify 

a. a cycle time length – which limit an opening time 
b. an opening time – green time on the major directions, 

defines a green split between major and minor directions,
c. offset – stipulated shift of the opening phase with respect 

to the 0 reference point in time associated with the first 
intersection .

All known methods to optimize green wave use all or chosen 
ones of the above design parameters. 

As a common objective function in a traffic control 
optimization the average delay as well as an average queue length 
is used in most of the cited articles [2,3,7] but also the number 
of stops per unit of time can be used. Both of the latter measures 
of effectiveness of the green wave were combined in [15] to form 
a multi-objective optimization problem. In [7,6] as an objective 
for the optimization the number of vehicles that pass the artery 
without any stop is proposed to be maximized. In our case 
however it turned out that in a congested traffic and on a long 
artery this objective function gave always zero value, and turned 
out to be unpractical.

There are two approaches to optimize the objective function 
in the green wave optimization. The first one is the analytical one 
[5] i.e. the MAXBAND and MULTIBAND algorithms – for a 
literature survey on this algorithm one can also see references in 
[7]. The ideas of these algorithms goes back to 60ties where the 
computer power was not as available as nowadays. The second 
approach is based on an optimization process using one of non-
gradient global optimization algorithms. We made use of the latter 
approach in our work.

For the optimization of the objective function which is usually 
continuous in this process any global optimization algorithm 
with constraints are used particle swarm algorithm[3] fishing 
algorithms [14]. The great attention is paid in this field however 
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to genetic algorithms [2,3,9,10,11,13,15]. In our application we use 
the MATLAB implementation of a genetic algorithm for global 
optimisation with constraints that is based on [17]. Th is algorithm 
enables to work on continuous design variables.

As an engine to calculate the objective function we used the 
ArsNumerica Execution Envirionment (AEE). Th e AEE is an 
optimization layer above the SUMO [8] simulator that 

1. enables to parametrize a description of a dynamic road traffi  c 
simulation,

2. enables to perform the global optimization of the various 
measures of performance for any road traffi  c scenario,

3. has its own language based on TCL TK [22], that enables to 
write micro-programs for all intersections (the parameters of 
micro-programs may be subject of the optimization process).

Th e remainder of the paper is organized as follows. In section 
2 we describe our strategy to synchronization of the intersections 
in the road system, that base on genetic algorithms.

In section 3 we describe how to setup the simulation for SUMO. 
In section 4 we describe the way of use of the AEE. In section 4 
we present results of the application of our strategy for the main 
artery in Wrocław (Poland). Finally we draw conclusions.

2. Strategy to calculate settings 
of traffi  c light signalisation on 
an urban artery

2.1. The problem formulation

Th e mathematical formulation of the problem as a non-linear 
constrained problem can be found in [11] or in a survey paper 
[12]. Design parameters that are subject to the optimization are 
green splits, green-phase durations on the major direction, off sets, 
optionally also the length of the cycle. For our case also the possible 
prolongations of green phases are optimized (see section 4.1). Th is 
is specifi c to the Intelligent Transportation System in Wrocław. 
Usually the cycle duration is fi xed for the whole artery and is not 
directly a subject of the optimization. To fi nd the optimal cycle 
duration time various settings within a prescribe feasible range are 
checked. For Wrocław the range is from 80 to 120 seconds. Tests 
with changeable cycle time show that the optimization process 
does not converge or converges very slowly. To be as close as 
possible to reality bi-directional traffi  c has to be considered.

2.2. Objective functions

As the objective functions to minimize we used the average 
queue length and average waiting time called also waiting steps 
number i.e. the average number of seconds where the movement 
of a vehicle was less than 0.1 meter per second. Th e later objective 
function corresponds to the average waiting time. Th e objective 
functions may be optimized with the genetic algorithm [17].

2.3. A method to compare the obtained 
solutions

Th e results obtained from the optimization of both functions 
can be compared by checking the number of vehicles that pass the 
artery in a prescribed time period. 

3. The SUMO simulator setup 
and output

Th e Simulator of Urban MObility (SUMO) is a traffi  c simulator 
[8] for microscopic simulations based on Krauss car following model 
[20]. To defi ne the simulation scenario in SUMO one needs to 

1. defi ne a road network with detectors, 
2. defi ne traffi  c fl ow on directions and calculate routes that re-

fl ect traffi  c demand.

The output of the simulation describes the measures of 
performance that can be used for green wave optimization. In the 
following sections we describe the process of defi ning of a single 
simulation in SUMO divided into abovementioned stages.

3.1. A network setup

Before we are able to start a road traffi  c simulation, it is 
necessary to prepare some input parts to SUMO. Th e main part is 
routes scenario – map of routes to be simulated.

A creating process of a scenario consists of the following:
cutting a selected area of the Open Street Map [16],
erasing from this area all unnecessary objects such as buildings, 
parks etc.
saving prepared area and then use netconvert tool to convert 
*.osm fi le into *.net fi le which can be used by the SUMO 
simulator.

Th e next step which has to be done is adding detectors to the 
network. Th is step is necessary, because detectors are placed on 
the beginning of each route which vehicles are arriving from. 
Aft erwards  the network can be opened in SUMO graphical mode. 
For the artery studied in this paper its graphical view is shown on 
Figure 1.

Fig. 1. Legnicka-Lotnicza Street in Wrocłąw SUMO model. As one 

can see it gets straightened compared to a real map. The 

straightening however kept proportions of distances between 

intersection. In circles are intersections from Fig. 2 [own study].



M. BAZAN, P. CISKOWSKI, K. HALAWA, T. JANICZEK, Ł. MADEJ, A. RUSIECKI

5

3.2. Traffi  c fl ow setup

Th e next stage, which should be performed before the simulation 
is started is a fl ow defi nition and routes calculation so that they 
refl ect a traffi  c demand. For this task the DFROUTER program 
from the SUMO package is used. It works up to 15 intersections. 
For more intersections more sophisticated origination destination 
matrix algorithms have to be used (c.f. [19] and references therein). 
Th e DFROUTER calculates routes of vehicles during simulation so 
that the demand defi ned beforehand is preserved. In this purpose 
adequately spaced entrance detectors as well as information about 
the number of vehicles on each of the entries in the 10 minute 
interval have to be defi ned as an input.

In our case the whole simulation is set up to cover one hour, 
so 6 compartments are needed . When the program fi nishes 
computing the output is created in a form of an XML fi le which 
describes vehicles routes that are used as an input to the simulation.

3.3. A simulation and its output

Th e simulation input data is defi ned in a confi guration XML 
fi le. In this fi le the user also defi nes an output of the simulation. 
Th e output is generated in an XML fi le which contains a full 
information of what happened during the simulation. We use it to 
calculate our objective functions: queue length and waiting steps. 
Each function has an xml tag assigned : <queuing-length> and 
<waitingsteps>. Th e fi rst parameter describes the length of the 
queue of vehicles for the intersection and the second one a time 
of simulation when vehicle velocity was less than 0.1 meter per 
second. In both functions we collect data and compute mean value 
for each iteration of simulation on the level of AEE which is above 
the SUMO simulator.

4. ArsNumerica execution 
environment setup

Th e ArsNumerica Execution Environment is an optimization 
environment layer that enables to parametrize and execute a sequence 
of single dynamic road traffi  c simulations. It was introduced in [1] to 
audit the Intelligent Transportation System performance on chosen 
intersections in the city of Wrocław. Th e setup of this layer one has to 

1. defi ne sequence table for all or chosen intersections – the ones 
that take part in the optimization.

2. defi ne micro-programs for all or chosen intersections. Th e de-
fi ned micro-programs should correspond to ITS ones but it is 
not obligatory.

Both of abovementioned input components are used to generate 
a parametrized input data for a single SUMO simulation. Th e 
objective function is defi ned using the output tag from SUMO 
simulation. Th e value is calculated aft er the simulation run fi nishes. 
As described in previous sections as an optimization algorithm we 
use MATLAB genetic algorithm that bases on [17].

4.1. S equence table

A sequence table is another necessary part of the input data 
for ArsNumerica Execution Environment. It is a structure which 
describes state of traffi  c lights on each junction in every moment 
of light cycle. It also describes possibility of dynamically fi xing 
duration of specifi c phase of light cycle. Figure 2 shows examples 
of sequence tables. Each row describes one phase of cycle, and each 
column describes specifi c traffi  c light on intersection. Columns 
Fix and T contain in order: possible amount of changing duration 
of the phase and general duration of specifi c phase (both are 
parameters available for optimization). In Table 1. We show how 
many optimization parameters is available for optimization for 
the example calculated in this paper. Th ese parameters are off sets 
green phase durations on a major direction and fi x parameters. In 
our example in total there is 90 parameters.

Figure 2. Sequence tables for two intersections. The intersections 

shown here are those marked in Fig 1. with red circles. The 

sequence table for the intersection on the left contains 6 

parameters whereas the right hand side intersection consists 

of 4 logical intersections tightly coupled in the calculations 

and it is described by 12 parameters [own study].
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Table 1. Number of sequence table parameters for all intersections 

in the considered artery

No Intersected streets Number of 
parameters

1 Podwale/Legnicka/Ruska 12

2 Sokolnicza/Legnicka 6

3 Nabycińska/Rybacka/Legnicka 12

4 Poznańska/pl. Strzegomski/Legnicka 6

5 Niedźwiedzia/Legnicka 6

6 Białowieska/Legnicka 6

7 Małopanewska/Rysia/Legnicka 6

8 Kwiska/Wejherowska/Legnicka 6

9 Na Ostatnim Groszu/Legnicka/Lotnicza 12

10 Bajana/Lotnicza 6

11 Hutnicza/Lotnicza 6

12 Metalowców/Lotnicza 6

 90

4.2. An intersection microprogram

A micro-program dynamically controls all traffi  c lights which 
are placed in the scenario. Aft er creating sequence table it is another 
step in preparing simulation process. In this part, all used variables 
need to be specifi ed. Example is shown in listings 1,2 and 3.

List. 1. The duration of the simulation, number of intersections and 

id’s of detectors are set

set TS 3600
set LS 30
set idD1 ML6
set idD2 ML5
set idD3 ML7
set idD4 ML2

List. 2. A way of setting variable which contain  sequence table and 

example of its use. The fi rst sequence is separated from table 

and set on traffi  c light from a chosen intersection.

set tabsek30 GGGG6yyyy0rrrr6yyyy0
set sekw30 1
gettab tabsek30 pom $sekw30
setlights 30 $pom

During simulation all variable values are created dynamically 
from XML fi les. It is also possible to use basic logic and comparison 
operators. Example is showed in Listing 3 – if number of vehicles 
is greater than declared threshold, then add more time. 

List. 3. IF statement in AEE micro-program language. As one can 

see the inverse Polish notation is used in a conditional 

expression. 

if { > $vehn $threshold } { 
 set time [ + $time 5 ]
}

With the use of this tool it is possible to create advanced 
control program logic for any kind of traffi  c simulation since one 
can modify a traffi  c light logic according to sequence table and to 
the current traffi  c dynamics.

5. Simulation results

As Table 1 shows the number of parameters of the optimization 
was 90. Th e parameters are off sets, green opening times and fi xes 
i.e. how much the specifi c green phases may be prolonged. Th e 
ranges of changes of these parameters are shown in Table 2. 

Table 2. Ranges of the optimization parameter changes

Start End

Fix 5 15

Green phase duration 40 60

Off set 10 110

Fig. 3. The objective function – the average queue length 

optimization [own study]

Fig. 4. The objective function – the average waiting steps number 

optimization [own study]
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Fig. 4. The objective functions comparison  – the number of vehicles 

that pass the whole artery within the period from 15-th minute 

to 30-th minute of the simulation. About 15 minutes is required 

for a single vehicle to pass the whole artery. Both functions are 

increasing and as one can see the systematic shift occurs for 

the optimization with waiting steps objective function. This 

phenomenon is not fully clear for us, but may be the result of the 

diff erence in scenario such that in waiting steps scenario only 

vehicles driving through the whole artery from the intersection 1 

to intersection 9 and inversely were taken [own study]

6. Conclusion

In this paper we presented the ArsNumerica Execution 
Environment framework to perform a green wave optimization using 
the genetic algorithm. Th e presented tool uses SUMO simulator to 
perform traffi  c simulation with Krauss driving model and enables to 
model fully dynamic scenario similar to Intelligent Transportation 
System. Th e tool was applied to improve measures of performance 
such as a delay time as well as number of waiting steps for the main 
artery of the city of Wrocław. Th e tests were performed on real life 
data registered by the Intelligent Transportation System in Wrocław 
during the morning peak hours on weekdays in May 2014. In both 
cases aft er 7000 function evaluations the number of vehicles that 
passed the most crowded part of the artery was increased by about 
10%. Both objective functions seems to be equivalent.

Acknowledgments 

Th e authors would like to thank Mr. Bałżej Trzcinowicz – a 
director in the Department of Transport in Municipal Council of 
the city of Wrocław for providing data from the Wrocław Intelligent 
Transportation System from May 2014. Th e authors would like 
also to thank Mrs. Mateusz Gaj for his patience in preprocessing 
Wrocław ITS data and preparing input data for DFROUTER. Th is 
work was fi nanced from the grant no S50242 at Wrocław University 
of Technology.

Bibliography

[1] BAZAN M., et al.: Intelligent Transport System auditing 
using road traffi  c micro-simulation, in Mikulski J. (ed) Tools 
of Transport Telematics, Springer Verlag, Berlin Heidelberg, 
CCIS 531, 2015.

[2] CEYLAN H.: Developing combined genetic algorithm - hill-
climbing optimization method for area traffi  c control. Journal 
of Transportation Engineering, 132(8): 663 – 671, 2006. 

[3] CEYLAN H., BELL G.H.M.: Genetic algorithm solution 
for the stochastic equilibrium transportation networks under 
congestion. Transportation Research Part B, 39:169 – 185, 2004b. 

[4] CAO C. T., CUI F., GUO G. Q.: “Two-Direction Green Wave Control 
of Traffi  c Signal Based on Particle Swarm Optimization”, Applied 
Mechanics and Materials, Vols. 26-28, pp. 507-511, Jun. 2010.

[5] GARTNER N.H., STAMATIADIS C.: Arterial-based control 
of Traffi  c Flow in Urban Grid Networks, Mathematical and 
Computer Modelling (35), pp. 657-671, 2002.

[6] GUBERINIĆ S., ŚENBORN G., LAZIĆ B.: Optimal Traffi  1c 
Control, Urban Intersections, CRC Press, 2008.

[7] GUO L., YANG R., ZHAN M.: Arterial Traffi  c Two-direction 
Green Wave Coordination Control Based on MATLAB 
Graphical Method, 2015 2nd International Conference on 
Information Science and Control Engineering, 2015.

[8] KRA JZEWICZ, D., et al. : Simulation of modern Traffi  c Lights 
Control Systems using the open source Traffi  c Simulation 
SUMO, Proc. 3rd Industrial Simulation Conf. 2005; Berlin, 
Germany, 2005. 

[9] LV SH., et al.: Coordinate Signal Control in Urban Traffi  c 
of Two-direction Green Wave based on Genetic BP Neural 
Network, Proceedings of the 2012 International Conference 
on Automobile and Traffi  c Science, Materials, Metallurgy 
Engineering 2012.

[10] SANCHEZ J.J., GALAN M., RUBIO E.: Genetic algorithms 
and cellular automata: a new architecture for traffi  c light 
cycles optimization. Congress on Evolutionary Computation, 
CEC 2004, 2:1668 – 1674, 2004.

[11] TEKLU F., SUMALEE A., WATLING D.: A genetic algorithm 
approach for optimizing traffi  c control signals considering 
routing. Computer-Aided Civil and Infrastructure Engineering, 
22:31 – 43, 2007.

[12] WARBERG A., LARSEN J.: Green Wave Traffi  c Optimization 
– A Survey, Informatics and Mathematical Modeling, IMM-
Technical Report-2008-01, 2008.

[13] LI X., TAN G., CHEN CH.: Urban arterial road green-wave 
control based on genetic algorithm, 7th World Congress on 
Intelligent Control and Automation, 2008.

[14] LIU X., YUE Y.: Study of Two Way Traffi  c Green Wave 
Coordinated Control Optimization Method, Proceeding 
ICETCE ‚12 Proceedings of the 2012 Second International 
Conference on Electric Technology and Civil Engineering, 2012.

[15] MA CH., HE R.: Green wave traffi  c control system optimiza-
tion based on adaptive genetic-artifi cial fi sh swarm algorithm, 
Th eory And Applications Of Soft  Computing Methods, Neural 
Computation and Applications, p. 1-11, 2015.

[16] Open Street Map homepage: https://www.openstreetmap.org 
[date of access: 20.02.2016].

[17] SRIVASTAVA S., DEB K.: A Genetic Algorithm Based 
Augmented Lagrangian Method for Computationally Fast 
Constrained Optimization, Computational Optimization and 
Applications, 53.3: s. 869-902, 2012.



GREEN WAVE OPTIMISATION

© Copyright by PSTT , All rights reserved. 20168

[18] SUN D., BENEKOHAL R.F., S.T. WALLER, Multiobjective 
traffic signal timing optimization using non-dominated 
sorting genetic algorithm. IEEE IV 2003 Intelligent Vehicles 
Symposium. Proceedings, pp. 198-203, 2003. 

[19] SZYMANSKI A., et al.: Two methods of calculation of the 
origination destination matrix of an urban area, Raport 
W04/P-007/15, Wrocław University of Technology, 2015.

[20] TREIBER M., KESTING A.: Traffic Flow Dynamics, Data, 
Models and Simulation, Springer Heidelberg, New York, 2013.

[21] WÜNSCH G.: Coordination of Traffic Signals in Networks. 
PhD thesis, Technische Universität Berlin, 2008.

[22] http://oldblog.antirez.com/post/picol.html [date of access: 
20.02.2016].



G. DYDKOWSKI, A. URBANEK

9

TelematicsTelematics
Transport SystemTransport System

Archives of Volume 9 

Issue 3

September 2016

The implementation, maintenance and 
development of IT systems: selected 

problems of designing contracts

G. DYDKOWSKI, A. URBANEK
UNIVERSITY OF ECONOMICS, 1 Maja 50, 40-287 Katowice, Poland
EMAIL: grzegorz.dydkowski@ue.katowice.pl

ABSTRACT
Preparation of IT systems implementation projects is connected with many issues of design, technical, and 
technological nature. Many IT projects encounter difficulties in their implementation, which often results in 
problems with achieving the assumed functionality, exceeding the project execution time, and additional costs, if 
not in the investment phase, then surely in system operation phase. A number of difficulties are due – among other 
things – to imperfections of the contract between employer and contractor, which in case the employer is a public 
party, has substantial limitations concerning changes in its content, thus it may later cause difficulties in its execution. 
The paper, among the many issues related to implementation of IT systems, focuses mainly upon the subject of the 
contract, its scope, period of validity, and remuneration for implementation and maintenance of IT project.

KEYWORDS: contracts, implementation of IT systems, IT projects, public funds, public procurement, 

option contracts

1. Introduction

Preparation of implementation of IT systems is connected 
with numerous problems concerning design, technical, and 
technological issues. Those issues are topics of various  documents, 
such as functional-technical assessment studies, general designs 
of systems, or technical designs. The issues are difficult and 
complicated, yet in times of open markets and availability of 
various advanced IT technologies, most often they are not decisive 
for the success of an IT project. Ever more often the key factors 
for implementation of an IT system are the issues concerning 
organization, law, and finances. Generally speaking, those issues 
should be properly recognized and prepared before proceeding 
with the project, as part of the feasibility study. The latter, 
however, particularly when prepared for public entities, in many 
cases assess IT projects feasibility quite optimistically and fairly 
superficially, they focus on demonstrating the financial feasibility 
of a given undertaking, assessment of costs and opportunities 
for the implementing entity, external benefits, as well as general 

legal conditions for the undertaking, overlooking or treating very 
generally the risk analysis and possible obstacles in execution of the 
undertaking. As a result, many IT projects encounter difficulties 
in their implementation, which often results in problems with 
achieving the assumed functionality, exceeding the project 
execution time, and additional costs, if not in the investment phase 
then surely in system operation phase. A number of difficulties 
are due – among other things – to imperfections of the contract 
between employer and contractor, which - in case the employer 
is a public party - has substantial limitations concerning changes 
in its content, thus it may later cause difficulties in its execution. 
The paper, among the many issues related to implementation of IT 
systems, focuses mainly upon the subject of the contract, its scope, 
period of validity, and remuneration for execution of IT project.
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2. Implementation and 
development of IT system – 
key issues discussed in the 
literature

When regulations and procedures preceding the conclusion 
of contract for delivery and implementation of IT system are 
described, one can distinguish in particular the public sector 
entities listed in art. 9 of the Act of Law of August 29, 2009 on 
public finance, obliged in accordance to art. 3 of the Act of Law 
of January 29 2004, public procurement law, to follow that act of 
law in the course of procedure to select the contractor, as well as 
subsequent due performance of the agreement/contract. This is 
due to the fact that those entities spend public funds. The second 
group consists of entities that do not belong to the public sector, 
general with private equity – in such cases civil code regulations 
apply. Those entities are free to a large extent to select contractors 
in due procedures, they can independently lay down the principles 
of proceeding, have the liberty to change conditions, cancel the 
procedure, change the time for which contract is concluded, and 
possibly also introduce further changes to the contract at a later 
date. In case of those entities, the formal and legal aspects of the 
undertaking are made easier.

Review of literature concerning implementation of IT 
systems indicates that a large number of publications focus on the 
functionalities of module and IT systems, principles of designing 
and methodology of IT systems implementation [2, 7, 8, 11, 13, 16]. 
Far fewer publications refer to the efficiency of IT systems [3], or 
the risk connected with their implementation, although such issues 
are also taken up [5], oftentimes the publications refer to various 
applications of information science [4, 6, 9, 10, 12, 17]. On the other 
hand, the issues concerning wording of contracts on supply and 
implementation of IT systems are subject of several publications only, 
in Poland there are only several such publications. In general, no 
hand-books or documents exist, which could indicate good practice 
in ordering and concluding supply and implementation contracts for 
IT systems. Against that background, one can assess very positively 
the documents prepared by The Public Procurement Office [15] as 
well as the documents of the system Project for supporting actions 
concerning building of electronic administration [14]. Many things in 
that scope are just in the phase of development. This is due to several 
reasons. In contracts, numerous detailed regulations are used, which 
have been introduced to Polish legal order fairly recently. Besides the 
civil code, contracts for implementation of IT systems make use of 
regulations related to public procurement, law on copyright, personal 
data protection, and many others, related to a given sector or the type 
of services, to which the given undertaking applies. For example, 
the implementation of electronic payments for public services is 
related to acts of law concerning electronic payment instruments and 
banking law. With the exception of civil code, the regulations listed 
do not have a long history in Poland, which results in fairly general 
knowledge of them, scarcity of comments, or decisions in civil 
code proceedings. Also, the implementation of big, extensive, and 
extremely costly IT systems in the conditions of open IT markets is 

a very young discipline, for several reasons incomparable with other 
fields of business activities. On top of that, there is the complexity of 
the undertaking of such kind, often its innovative character, as well as 
the occurrence of problems mentioned earlier, which had not been 
anticipated during designing.

To finish off the reference made to studies already undertaken, 
one should add that the problem stipulations made in contracts 
may be considered in the context of game theory achievements, as 
the very conclusion of the contract and its subsequent execution 
is a process which has to do with the balance between parties to 
it. This is of importance, as in the situation where a contract is 
concluded with certain infringement of the balance between 
parties, its execution becomes difficult, and problems dealt with 
by one party, most often will be transferred to the other party, in 
one way or another. 

3. Description of the subject of 
contract 

When preparing the draft contract, one should aim at giving an 
explicit, precise, and exhaustive description of the ordered product, 
as this is of key importance both at the stage of the procedure of 
selecting the contractor, and later on, during the execution phase. 
At the stage of ordering and submission of offers, the description 
of subject of contract allows the potential contractors to assess the 
possibilities of performing, as well as to prepare the offer price. 
It is thus important for fulfilling the condition of competitive 
tendering procedure, as potential contractors understand the 
subject of contract equally well. At the stage of contract execution, 
an accurate description of the subject of the order enables to avoid, 
or significantly reduce the divergences connected with different 
interpretation of contractual provisions, and complications 
related to that. It also reduces the possibilities that the contractor 
may have to possibly refuse to perform certain activities which, in 
the opinion of the employer are included in contract concluded, 
whereas the contractor may claim otherwise, taking advantage 
of the too general stipulations made in the contract. Disputes 
resulting from different interpretations of the scope of work to be 
executed in connection with the contract concluded, are difficult 
to resolve, as narrowing down the scope translates into additional 
expenditures for the employer, while widening it would incur 
specific additional costs for the contractor. Binding settlements 
are possible as a result of court verdicts (concerning the content 
of the contract), yet time factor comes into play here. Long time 
that may elapse before a court decision is made, this may postpone 
the execution of the project, as well as cause losses due to it, much 
more substantial that the value of the object of dispute. On the 
other hand, appendices, agreements, or settlements concerning 
the subject of the contract may be interpreted as, or de facto are 
changes of the scope accepted earlier, which in turn – in case of 
contracts made under public procurement law procedures – is 
subject to considerable limitations.

Detailed description of the scope of deliveries, services, or 
activities being subject of the contract does not exclude, at the same 
time, the possibilities of modifying it. However, one should stipulate 
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the possible scope of changes at the beginning, and describe in 
the contract the principles governing changes/replacements and 
variants. Changes themselves should not be anything extraordinary, 
in case of IT systems they are first of all the result of progress taking 
place and the availability of solutions better than were available 
when the contract was formulated. Other factors of change 
include changing legal regulations or market conditions, changing 
expectations of the employer – concerning the IT system being 
implemented. It is also advised to introduce stipulations which 
allow increased deliveries of selected devices and/or relinquishing 
deliveries of others, within the framework of a given contract. This, 
of course, is connected with creation of a certain system of payment 
for activities executed under the contract, in which selected elements 
of hardware, software, or some activities will have unit costs, as this 
will enable – within certain limits of course – adjusting deliveries 
to demand, not causing problems with invoicing and settlement, 
though. This takes the form of options, then. 

The institution of options consists of determining the 
minimum level of orders, which will be executed for sure, as well 
as defining a certain additional scope, that may be executed if 
certain circumstances defined in the contract occur. The employer 
may use the option right, but does not have to. Making use of 
the option thus does not constitute change of the contract, nor 
conclusion of additional contract with new conditions, yet is the 
execution of the contract already concluded. Introduction of the 
right of options may thus be advantageous for the employer, as it 
allows to make the order more flexible, excluding at the same time 
the risk connected with the application of art. 144 item 1 of the 
public procurement law [1]. 

In case option right is included in the contract, both the scope of 
the contract covered by the option, and the circumstances, in which 
the right of option may be utilized should be described accurately. 
The description must stipulate accurately the scope of the contract, 
its duration, as well as the manner performance, in order to enable 
the contractors a correct and comparable preparation of offers/
bids. It is indispensable to distinguish clearly, both in the material 
contract terms, and in the description of the subject of contract,  
between the basic scope of work and the scope covered with the 
right of option. At the same time, both the basic and optional part 
are included in the same subject of contract, with established total 
estimated value. What is important, the prediction and execution of 
the right of option may not lead to evade to stipulations of the public 
procurement law. The employer may not include, within the right 
of option, in the content of terms of reference or in the contract 
provisions a principles which would enable execution of possible 
future orders in the range that exceeds the subject and value of 
contract awarded in a specific procedure [1].

A good solution is to select, within the framework of one 
contract, and thus one tender procedure, a contractor whose task 
will be both the delivery and implementation of the system, and 
its subsequent operation, that is provision of service, maintenance, 
and – to some extent – also the development of the system. First of 
all, this concerns introduction of alterations and modifications in 
the system, related to extension of functionalities, and adjustment 
to changing requirements, e.g. legal ones. There are several 
prerequisites that support the selection of a contractor, who will 

provide the servicing and maintenance, at this stage or together 
with selection of the contractor who will implement the system 
First of all, in case of big, extensive, and complex IT systems, it 
is difficult to determine clearly a breaking point between 
implementation of the system and starting its operation. Of 
course, the moment of completing implementation is indicated, 
due to formal reasons that are related to financial settlements, yet 
it is often the case that one goes smoothly from testing phase to the 
so-called production start up. Gradually, specific functionalities 
are launched, on top of that come also the obligations of the 
employer, often connected with transformation of organization 
structure and linking the processes taking place in the institution 
with new IT system.

The moment, which can be considered the end of implementation 
is often a subject of disputes between parties, the contractor aims at 
conducting the full set of tests and obtaining confirmation of execution, 
or himself states that the system has been delivered in compliance 
with contract. This often takes place in conditions of delays, which 
are connected with penalties fixed by contract. It turns out, though, 
that in normal operation conditions of the system, faults and defects 
occur, which make the functioning of the system virtually impossible. 
Frequently occurring situations are those in which IT systems are 
implemented in stages, and reaching the stage of operations may 
take place even in situations in which the implementation of the 
entire system has not been completed yet. Consequently, it may turn 
out inconvenient for the success of the entire undertaking, at the most 
crucial moment, namely the production start up of the system, to 
replace the implementing entity with the one responsibility for its 
maintenance and service. Another prerequisite supporting the 
connection of execution and operation under one entity is related 
to the location of risk concerning delivery of an unreliable system 
and related costs among contractor risks. If the contractor knows 
he is also responsible for the maintenance and service of the system, 
then at the stage of implementation he will be motivated to create a 
reliable and open system, to minimize the later costs of services and 
implementation of changes. Thus, executing the contract, he should 
also take into account – when selecting components of the system – 
the subsequent consequences of their possible failures, as he will be 
charged with the excessive costs of servicing.

A vital problem encountered during implementation of IT 
systems is system openness as well as the employer’s acquiring of 
rights and technical capacity to meddle in the systems delivered. 
It is not only about their interoperability, which allows to expand 
the activity and use components of suppliers, but also about the 
technical capacity and feasibility, at acceptable costs, the servicing 
and updating of the system, which the given entity has not 
implemented. Attention is paid to the time and cost connected 
with getting acquainted with the system, often designed and 
developed to meet the specific needs of the employer. One can 
come across various specific impediments, such as completeness 
and correctness of the system documentations, for example. That 
is why conducting the procedure of selecting the contractor for 
maintenance, servicing, and updating of an existing system is 
fairly difficult; even if competitive mode is prepared, the very 
fact that one entity implements the system makes that entity 
privileged as concerns knowledge of the system, in comparison 
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with other entities. A much better solution is to select the entity 
at the very beginning, when potential bidders may – having equal 
opportunities – offer to undertake the entire project consisting 
of supply, implementation, and further maintenance of the 
implemented IT system.

4. Contract execution period 

Another important thing is the period of contract execution 
by the contractor, most often understood by the employer as 
the period, which elapses from signing the contract or the date 
stipulated in the contract, on which its execution should start, and 
commissioning of the implemented system. That period is most 
often defined by the employer, contractors have limited influence 
here, also it is possible to assume a solution in which the execution 
time declared by the bidders is used as a criterion for assessment of 
bids. The contract execution time, defined in the contract, should 
result from realistic time schedules, prepared on the basis of real 
time consumption related to specific stages of implementation, 
hardware and software delivery times, time required for testing, 
introduction of corrections and acceptance/commissioning, taking 
into account the sequences and consequences of related actions, as 
well as the fact that not all actions may be execute in parallel. Also, 
some extra time should be reserved, for unexpected situations.

Unfortunately, fairly often one can encounter situations, in 
which the system is to be delivered and implemented to a certain 
deadline indicated, while that deadline does not result from the 
assessment of labour intensity and execution capacity; it depends 
upon - e.g. – changes in law, necessity to settle the funds at the end 
of the year, or that period gets reduced, in order to shorten the 
investment execution period. There are also cases and situations, 
where the project-related procedures or selection of contractors 
are prolonged, which later results in the employer reducing the 
time for execution proper. Projects executed in accordance with 
the time schedule developed in that way are often delayed at the 
very start. Oftentimes, also the labour intensity of the project is 
underestimated, or certain actions which turn out to be necessary 
have been omitted. Mistakes in assessing the project execution 
period thus consist of:

ignoring the fact, that project execution time does not get 
reduced in proportion to the increase of resources, in most 
general terms: increasing resources twice does not necessarily 
lead to reduction of project execution time in the same degree,
assessment of execution time in separation from time required 
for delivery, assembling, and testing of equipment supplied by 
subcontractors,
assuming the availability of resources at the past level, although 
it is not so in practice,
assuming optimistic attitude during preparation of time 
schedule, based on the Assumption that risks characteristic 
for the given project will remain hypothetical and will not turn 
into problems to be solved.

Too short contract execution periods in practice result in 
delays in relation to time limits fixed in contracts, or submission 

for commissioning of such systems, which have not been property 
tested, are not complete or not finished. In such situation the 
employer, after application of suitable procedure, should refuse their 
acceptance, demanding required corrections from the contractor. 
However, one can encounter situations, in which the employer does 
not want to prolong work on system implementation, accepts its 
commissioning or conditionally accepts it, requiring the contractor 
to pledge to correct the errors or other drawbacks in the time 
stipulated.

The executed project may be divided into stages, that are subject 
of intermediate acceptance. This is recommended particularly in 
case of implementing large and complex IT systems. This has several 
advantages, it allows the employer to arrange work properly, and to 
assess the project progress realistically. Additionally, it is possible to 
use the hardware supplied and solutions implemented, even when 
the entire project has not yet been completed. Moreover, acceptance 
procedures are not condensed – they are not carried out at the 
same time for the entire system, they are conducted when work in 
other stages of the project is still under way. Division into stages is 
advantageous for the contractor, as it allows to receive funds in the 
form of advance payments for executed stages of the project. 

The contract should stipulate the course of acceptance and 
commissioning procedures, in order to determine in general terms 
the consecutive actions, in the form of procedure algorithms, as 
well as the duration of commissioning activities performed by 
the employer, from the  moment of acceptance request. In case of 
stages in which the contractor supplied hardware and provided 
its installation, the acceptance procedure is mainly carried out to 
check each shipment for conformity with the quantity ordered. The 
hardware is checked for completeness, compliance of sub-assemblies 
serial numbers with the documentation provided (warranty issues), 
as well as completeness of documentation concerning installation/
assembling – in case of hardware installed in the field – permits, 
agreements with owners of the land, on which the devices have been 
installed, as well as agreements and documentation connected with 
power supply. Acceptance procedures, whose subjects comprise 
system software, start up, and correct functioning of the system – 
in compliance with the parameters stipulated in the contract – as 
well as provision, over a certain time or at a certain time or in the 
scope determined, of specific system functions and actions. This 
requires labour intensive acceptance procedures, namely testing 
the functionalities and correct functioning of individual modules, 
and subsequently – also the system as a whole. Such testing should 
be performed by the contractor before making the acceptance 
request, it can be stipulated in the contract that the contractor is 
obliged to deliver reports from tests made by companies that are 
external for the contractor. However, imposing upon the contractor 
the obligation to perform tests, even in case of positive reports of 
external testers, should not exempt the employer from performing 
the tests on his own, as it is the employer who bears the main 
consequences of performing and confirming the acceptance of 
system, which has not gained definite efficiency and functionality. 
The very testing of software, its integrality and the entire system 
should follow the accepted principles/rules, which may be described 
in the so-called test scenarios. In general, the issue is to perform the 
tests as efficiently as possible, using statistical methods in selection 
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of samples for testing, and procedures indicating the scope of testing 
and ways of proceeding in case of detecting various types of errors 
in software functioning.

The employer should also be prepared for the consequences 
of a situation, when a phase/stage for which acceptance request 
has been made a few times (e.g. after getting remarks/reservations 
from the employer twice) and that phase/stage still fails to comply 
with requirements. In extreme cases the employer should, in such 
a case, have the right to notice the termination of the contract 
(or, possibly, withdraw from the unfulfilled part of the contract). 
Limiting the risk related to potential delay in implementation, the 
employer may agree for the production start up of the system, on 
condition that in the system stabilization period all faults will be 
corrected and final acceptance of the system shall be carried out. 
The employer should also regulate the issue of the so-called silent 
acceptance, that is a situation in which the employer does not carry 
out the final acceptance on time, neither has remarks nor refuses 
to accept a specific phase/stage or the entire system. The parties 
thus should determine the consequences of such abstaining from 
action by the employer, and determine the procedure to be applied 
in such a case [1].

Delivery and implementation of the system takes varying 
amounts of time – between a few months and a few years. After 
that, the system maintenance and servicing commences, as well 
as the implementation of minor or major modifications due to 
development. It is natural that selected elements will be replaced 
or supplemented – extension of memory, increased line-rate and 
data processing speed, devices and functionalities will be added. 
Thus, the period for which the contract for system maintenance 
and development should be concluded is an open question. On 
the one hand, the stipulations of the public procurement law 
generally  limit – in case of public entities – the period for which 
contracts are concluded to 4 years. The task of it is to look after 
openness of markets, and market verification of prices of services 
provided. However, exceptions are possible: due to the subject of 
the contract and particular interest of the employer; in such cases 
contracts can be concluded for a longer time. It seems that in case 
of systems with high complexity, sophistication, as well as high 
costs and long time of implementation, it will be natural to make 
use of that exception. Complex and expensive IT systems’ life 
cycles are ever longer. The system life cycle, often of several years’ 
duration, is significantly longer than the depreciation period, or 
the durability defined as the duration of recorded depreciation. 
Oftentimes, the first year or two years are devoted to reaching the 
full efficiency of the system. This means that in case of complex 
systems the contract for maintenance and development should be 
for minimum 5 years. The maximum length, on the other hand, 
is determined by the time after which so significant changes are 
expected, that the provision of maintenance and development 
services concerning the system in its present shape may be useless. 
It seems, that although it should result from more detailed analyses 
of the development of the entire IT sector, as well as the given 
IT system, that 8 – 10 years may entail the need for far reaching 
changes. In fact, the question boils down to how much the sector 
in which the system is implemented undergoes intense changes, 
which force substantial changes in IT systems.

5. Remuneration of the 
contractor for execution of the 
project 

In most general terms, the amount of remuneration for deliveries 
and actions described in the contract in the result of competitive 
proceedings and acceptance of the bid offering suitable proportion 
of the price and other parameters important for the employer. 
One should strive to have the pricing of the entire order in the 
competitive procedure – both the implementation part and system 
maintenance/support – of course broken down into basic types of 
hardware, software modules, and selected functions. Extending 
the scope of the order later on, by adding items not included in the 
contract, generally ends in single-source procurement procedures. 
Even if competitive procedure could be theoretically possible, it 
proves to be difficult to obtain the required documentation amidst 
the implementation  process, to define standards clearly, and to 
organize co-operation of another entity with the contractor for the 
entire project. Knowing about it, contractors generally – during the 
execution of the order or after its completion – execute additional 
orders, using remuneration for them to compensate for the lower 
commission assumed in the bids under competitive procedures. 

A good solution, however, is to break down the total remuneration 
not only into specific stages, but also basic types of hardware, software 
module, and significant actions/activities carried out under the 
contract. Of course, valuation of parts of the order does not entail 
that the employer or the contractor will have the possibility to define 
the scope of the order freely. First of all, however, for the employer it 
simplifies the proceeding in situations, in which the subject or scope 
of the order changes in comparison with the original provisions 
of the contract. These may be situations of additional orders, as 
options which are assumed in the contract, they may also concern 
the uselessness of involve performing certain tasks from the point of 
view of employer’s needs, they may also involve non-performance or 
improper performance of certain parts of the order, and the employer 
has been forced to make settlements with the contractor, considering 
those previously not predicted situations. 

One should also consider the dependence of the remuneration 
amount on selected technical parameters achieved by the system, or 
indicators of products, results, and/or effects to be achieved by the 
contractor. This will motivate the contractor to such implementation 
of the system, that it will perform the functions and employ processes 
in line with the expectations of the employer. This may happen by 
means of increasing the remuneration amount, depending on the 
moment (in time) when certain effects are achieved. One should 
take into account that - in order to avoid possible conflicts – any 
remuneration increase has to depend solely on the activities and 
work of the contractor.

When drawing up the contract, one should consider whether 
the stipulated penalty is to be calculated for retardation or for delay. 
Penalty for retardation is imposed in the situation of retarding the 
project, regardless the fact that the retardation is due to the contractor, 
or due to other reasons that do not depend on the contractor. Thus, 
in such situation it is the contractor who bears the risk that there 
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will be circumstances that do not depend on the contractor, which 
will retard the project. More often, stipulated penalties in contracts 
depend on the delay, that is a situation, in which the delay is caused 
only by the contractor. Such a formulation of stipulated penalty may 
lead to a situation, in which the project has a considerable delay, yet 
the contractor does not agree with imposing any stipulated penalty, 
claiming that the delay is a result of various external events, on which 
the contractor had no influence. This is not difficult, taking into 
account that supplied of hardware and software come from various 
parts of the world, that it is necessary to locate various devices in 
different places, obtain various documents or approvals from third 
parties, unexpected difficulties or obstacles in construction works 
may occur or appear, etc. Another issue is the amount of stipulated 
penalty. Unfortunately, substantial delays occur in execution of IT 
projects, which are not counted in days, but in months or years. In 
such a case the penalty amount calculated in accordance with the 
contract may be significant indeed, even equal to or exceeding the 
remuneration, which may lead to absurd situations. A solution here 
may be the mechanism that limits the maximum amount of penalty, 
or restraining the penalty.

6. Conclusion

The implementation of an IT system, in particularly systems 
with quite complicated processes, innovative ones, and used by big 
entities, whose activities require location of system components 
in many different places, is a complex undertaking for various 
reasons. Definitely, it requires knowledge, experience, and selection 
of suitable information technologies. Such an undertaking also 
has its organizational, legal, and financial nature. It has many risks 
involved, as well.

The success of implementation depends to a large extent 
upon its preparation, including the preparation and conclusion 
of a suitable contract with the contractor. The contract contains 
numerous provisions, among them it should accurately define and 
address the obligations of parties. However, the implementation 
of IT system entails the possible occurrence of many risks, thus 
the occurrence of various problems will be very probable. A well-
constructed contract should foresee the procedures which are 
most prone for problems to occur, as well as those whose negative 
consequences may be substantial.

The employer has extensive influence upon the form of 
contractual provisions, thus it can attribute risk areas to the 
contractor, as well as determine the principles of procedure so 
that they can be convenient for the employer. After signing the 
contract, the advantage and decision possibilities of the employer 
become more illusory, because practically speaking the employer 
becomes ever more dependent upon the contractor as time goes 
by (not necessarily in line with the progress of work). Of course, 
the contract can be dissolved due to the fault of the contractor, 
should circumstances stipulated in the contract occur. For the 
employer this entails discontinuation of work by the contractor, 
complications with termination of the existing contract, with 
probable court proceedings, and commencing the procedure of 
selecting a new contractor. Of course, without guarantees that is 
will turn out to be better than the previous one. 
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1. Introduction

Unmanned transport communication is one of the most 
popular technical challenges in modern telematics. It’s well known 
that the role of unmanned transport systematically grows. When 
we talk about the future we must take into account the transport of 
cargo but equally interesting is the transport of the people. So, the 
role of radio communication between Unmanned Aerial Vehicles 
(UAV) and some radio-stations is very high, especially, when we 
take into account high transmission rate of data in modern systems. 

In this paper we take into account the role of unmanned 
transport systems in the case when transport is realized in coastal 
zone and at sea. In this case we can talk about the connections 
established between coastal radio-stations (base stations) and UAVs 
which can fly under sea and under coast. So, it can be e.g. coast guard 
UAVs, medical UAVs and Maritime Search and Rescue Services, 
and many others. A common set for these applications of radio 
communication system is that in real perspective of communication 
development high speed communication is necessary, dedicated for 
multimedia communications and general data transmission. Taking 
into account this consideration we must first make the requirements 
of proposed system depending on conditions of its work. In this 
paper we analyse the situation when the communication is realized 

in seaside zone when base station is stationary, and mobile station 
is localized in UAV. The UAVs are typically under the sea or under 
the coast. It plays the main role in the problem of radio-wave 
propagation in analysed system. 

If we want to analyse radio communication system requirements 
then we must take into account two points of view. First, 
important is the application of UAVs what determines the sense of 
communication. Second is the problem of kinds of communication, 
i.e. control information transmission, voice transmission, data 
transmission and its type, etc. In first case we can talk about civil 
cargo transport, civil people transport, medical transport, coast 
guards and military applications etc. From the point of view of future 
applications we can see that data transmission is very important, 
especially of two types. First multimedia communication, 
and second is the M2M communication. From the point of view 
of system design, in each type of communication, important is 
transmission rate and quality, as well as the signal coverage in a 
system. 
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2. Conditions of signals 
propagation and system 
proposal

2.1. Channel model 

From the point of view of radio-wave propagation we can see 
that the transmission of coast-to-air under sea is dominant in our 
case. In typical situations the 2-ray propagation model is used 
for modelling of radio-wave propagation and signal loss. In this 
model we must take into account 2 main components of multipath 
signal propagation. Th e 1-st is the LOS (line-of-sight) component 
and the 2-nd is the component refl ected from the surface of the 
sea [3-6] what is presented in fi g. 1. 

Th e impulse response of this channel is given by 

(1)

when: 
α0(t) – the complex amplitude of the LOS component, 
αs(t) –  the complex amplitude of refl ected component, 

 

 
DRk 

= X + X’ – lLOS

In the case of coastal transmission it is possible to receive some 
additional components refl ected from the coast obstacles. So, for 
better interpretation of this situation a wideband channel model 
can be employed. Th e model of wideband channel can be presented 
as the FIR fi lter, consisting of the delay line and not more than 4 
branches, what we can see in fi g. 1b. Th e received signal y(t) is the 
vector sum of signals received in diff erent propagation paths with 
various delays and phase. Th e fi rst component is the LOS signal 
of temporary complex amplitude a0(t) and phase shift  ϕ0. Th e 
probability of amplitude of this component is given by the Rician 
distribution. Th e 2-nd component is refl ected from the surface of 
the sea, of the as(t) amplitude and ϕs phase shift . Th e probability of 
amplitude of this component is given by the Rayleigh distribution. 

Fig. 1a. Channel model: the 2-ray propagation model for fl at earth 

[own study] 

Fig. 1b. Channel model: wideband channel model [own study]

Whereas the remaining components additionally depend on 
stochastic process, respectively z1(t) and z2(t) which determines 
their existence. Th e probability distribution of occurrence of these 
components is largely undefi ned. But it is understood, however, 
that the probability of amplitude of second component and other 
components results from the Rayleigh distribution. 

Th ere are not many publications on the problem of channel 
modelling for analysed propagation conditions. Some information 
we can fi nd in [9-10], and, especially most suitable for UAVs, in 
models investigated by NASA [3-8]. In this case signals transmission 
between coast radio-station with UAVs is researched and some 
measurements of channel characteristics are presented. The 
research was made on the basis of 2-ray model taking into account 
the radio wave refl ections from waving surface of the sea (salty 
water). Th e refl ection of a radio wave from irregular sea surface 
may result in large radio wave phase-shift . But most important 
conclusions are that additional components plays very low role in 
signals transmission and reception in this propagation environment 
[3-8] due to their small power. So, they are not important from the 
point of view of OFDM system design.

2.2. Channel parameters 

Th e main problem in the design of OFDM systems involves 
selecting time-frequency parameters of radio interface. Th e way of 
selection these parameters depends on propagation environments 
characteristics. Especially important are correlation time, delay 
spread and coherence bandwidth as well as Doppler shift  and 
Doppler spread. On the basis of research presented in [7-10], we 
can see that the correlation time and delay spread for investigated 
propagation environments are very short. Th e delay spread was 
measured for short distance between vehicle and coast station and 
for larger distance. In general delay spread was very short for larger 
distance and slightly longer for short distance. But in both cases 
delay spread was not larger than 50 ns, and in the most critical 
situation increased to 250 ns. Th is is very important information 
from the point of view of the OFDM system design. We know that 
small delay spread allows the use of short time guard Tg between 
OFDM symbols. In typical situation the time guard should be a 
few times larger than maximum delay spread which is possible in 
a given propagation environment. 

Taking into account the situation when delay spread grows due to 
the refl ections from some obstacles in sea shore, terrain shaping and 
building development we set the minimum time guard to 1 ms. Note 
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that this is approximately 5 times less than the so-called short time 
guard used in LTE (Long Term Evolution). It means that the OFDM 
technique is better for the use in sea propagation environment in 
comparison to urban, suburban or rural environments, as in typical 
case of LTE.

Bc

B 

2.3. Basic assumptions of the system proposed

Th e basic assumptions of proposed system are connected with 
the problem of data communication with high transmission rate 
using wideband channel of 10 MHz. In this system we can use the 
OFDMA transmission in TDD duplex mode. System works at 1.4 
MHz frequency. For transmission of signals in a radio interface 
we use the OFDM technique, in which the transmission in overall 
frequency band is made using a number of orthogonal subcarriers 
transmitted simultaneously. Th is method of transmission allows 
increasing the immunity of signals transmitted on frequency selective 
signal fadings, which are the most problematic in wideband radio 
communication systems. Th e basic set of parameters is presented 
in tab. 1. 

Table 1. Basic parameters for proposed radio interface

Parameter Value

Multiple access/
duplex method  OFDMA/TDD

Centre frequency 1.4 GHz

Signal band 10 MHz 

Modulation QPSK and 16 QAM

Channel coding Convolutional coding (3,1,9)

FFT size 1024

Number of OFDM 
symbols in a single 

slot (per 0.5 ms)
6, 7 or 8 

Physical resource 
size 12 subcarriers x 8 (7 or 6) OFDM symbols

Th e basic unit of OFDMA resources is the resource block 
which size is defi ned in time-frequency domain. In time domain 
resources are divided depending on the number of OFDM 

symbols used in a single time slot. In frequency domain resources 
are divided into a number of subcarriers. Th e size of this block is 
12 subcarriers and 6, 7 or 8 OFDM symbols in a single slot what 
we can see in fi g. 2. 

Fig. 2. Resource block format in the designed system [own study]

Th e number of resource blocks is dependent on set subcarrier 
spacing. A single resource block consists of data sent on 12 
subcarriers in a single slot of 0.5 ms duration. Th e block size 
depends on the number of OFDM symbols per slot. A single 
resource element carries 2 or 4 bits depending on modulation 
type: QPSK or 16 QAM, respectively. So, the resource element it 
is the smallest unit of information sent on a single subcarrier in 
OFDM symbol duration.

3. System design process

Th e goal of this consideration is to present how propagation 
conditions aff ect the throughput in designed system. So, we analyse 
the principles of OFDMA interface design and achievable throughput 
in our system.

3.1. The principles of OFDMA interface design 

Design process of OFDM systems begins from selection of 
FFT size which depends on planned number of subcarriers in 
OFDM signal, and on channel bandwidth (10 MHz). Th e FFT 
size is the power of 2 in typical situation due to low complexity 
of FFT implementation in this case. We can see that in the case of 
10 MHz channel band we can use the 1024 FFT size. As one can 
see a few hundred of subcarriers are needed in designed system. 
If assigned number of subcarriers is less than 1024 then we use 
these subcarriers only (so-called active subcarriers) and other 
subcarriers are set to zero.

Subcarrier spacing should be much larger than the Doppler 
spread which depends on speed of motion of vehicles. If speed 
of motion of terminals is high then we must take into account 
higher Df. In most systems designed Df is over dozen kHz, and it 
is proper even for very large (more than 500 km/h) vehicle speed. 
So, the subcarrier spacing must meet the condition

f fDoopler
(2)
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Sampling frequency in the radio interface depends on Df and 
on the number of subcarriers (FFTsize). So, it is given by

fs=FFT  · f (3)

Th e OFDM symbol duration depends on Df and it can be 
estimated as

(4)

But total transmission period TTR is the sum of the OFDM symbol 
period and time guard. TTR depends on the number of designed 
OFDM symbols per time unit and duration of a single time slot. In 
our system the time slot duration is Tslot = 0.5 ms what we can see in 
fi g. 2. In a single time slot we can transmit (Nsymb) 6, 7 or 8 OFDM 
symbols. 

Total transmission period can be calculated as

(5)

Using the TTR and TOFDM we can estimate necessary time guard 
Tg between consecutively transmitted OFDM symbols. Th e most 
critical assumption is that Tg should be greater than maximum delay 
spread in dedicated propagation environment what means that

Tg> Tdelay
(6)

However it would be better if Tg>> Tdelay. In our project we 
assume that minimum Tg is not less than 1 ms.

3.2. Throughput estimation 

Th e total throughput available in 10 MHz frequency channel, 
which can be understood as the capacity, depends on channel 
bandwidth, the number of subcarriers, and the number of resource 
elements, and resource blocks as well as on the number of OFDM 
symbols allocated in a single slot. Additionally, the capacity depends 
on modulation type and coding rate, i.e. on the number of bits 
per modulation symbol when M-ary phase modulation is used. 
Th us, a major capacity estimation problem is the determination of 
the number of available physical resource blocks for a given user. 
Moreover, the plan of the structure of the data transmitted in a single 
time slot as well as the number of OFDM symbols available for this 
user with the exception of control data overhead are important.

So, taking into account early observations we can estimate 
throughput Rp [bps] using the following expression 

(7)

where: 
- nb [b/symbol] is the number of bits which depends on modulation 
type (QPSK: nb = 2, 16QAM: nb = 4, 64QAM: nb = 6), 
- hcod is a channel coding rate, 
- lSC RB is the number of subcarriers (resulting from the number of 
resource blocks), 
- lsymb is the number of OFDM symbols assigned in a single slot 
(6, 7 or 8), 
- Tslot = 0.5 ms is time slot duration, 

- nloss – the loss factor resulting from the use of certain OFDM 
symbols by the control data [1] (nloss = 0.86). 

In our analysis there is not important the value of throughput 
for diff erent system confi gurations. Th e goal of analysis is that we 
fi nd eff ective confi gurations of radio interface parameters. Th at’s 
why we calculate normalized values of throughput Rp/Rmin what 
means that calculated value of throughput is divided by throughput 
for worst case confi guration.

4. Results of analysis 

Now, we can see the results of throughput achieved for diff erent 
confi gurations of OFDM parameters. Th e parameters calculated 
for the LTE system are analysed what allows comparison of results 
with known system.

4.1. OFDM parameters for diff erent 
confi gurations of radio interface

Th e OFDM parameters for diff erent interface confi gurations are 
presented in tab. 2. We can see there the number of resource block 
NB, Df, TOFDM and number of subcarriers in 10 MHz band (no. of 
SC). Th ese parameters are then taken into account during the 
calculations of Tg, and TOFDM  + Tg for diff erent number of resource 
blocks (and subcarriers) and for various number of OFDM symbols 
in the 0.5 ms single slot. 

Note that minimum acceptable Tg should be greater than 1 ms 
due to the assumption resulting from signal propagation conditions. 
So, we can see that minimum Tg in tab. 2 can be 2.49 ms, 2.84 ms 
and 1.26 ms, respectively, because if we use greater number of 
resource blocks ten resulting in small Tg for each number of OFDM 
symbols. Additionally, for LTE we were taken into account two 
situations when so-called long and short cyclic prefi x is used what 
corresponds to the 6 or 7 OFDM symbols in a single slot. In LTE, 
there is not possible the use of 8 OFDM symbols.

 Fig. 3. Time guard as a function of subcarrier spacing for diff erent 

number of OFDM symbols in single slot [own study]

Additionally, the results of Tg calculation depending on Df, for 
diff erent number of OFDM symbols, we can see in fi g. 3. Th ere we 
can see the eff ect of subcarrier spacing on guard time acceptable 
in a system.
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Table 2. Results of OFDM parameters estimation for diff erent  operating conditions

6 symbols 7 symbols 8 symbols

RB Df
TOFDM

[ms]
No. of 

SC
TOFDM+Tg

[ms]
Tg

[ms]
TOFDM+Tg

[ms]
Tg

[ms]
TOFDM+Tg

[ms]
Tg

[ms]

Pr
op

os
ed

 s
ys

te
m

 a
na

ly
si

s

44 18.56 53.88 528

83.33

29.45

71.43

17.55

62.50

8.62

46 17.76 56.31 552 27.03 15.12 6.19

48 17.01 58.79 576 24.54 12.64 3.71

50 16.33 61.24 600 22.10 10.19 1.26

52 15.71 63.65 624 19.68 7.77

non - realizable

54 15.12 66.14 648 17.20 5.29

56 14.58 68.59 672 14.75 2.84

58 14.08 71.02 694 12.31

non - realizable

60 13.61 73.48 720 9.86

62 13.17 75.93 744 7.40

64 12.76 78.37 768 4.96

66 12.37 80.84 792 2.49

LT
E 50 15.00 66.67 600

long cyclic prefi x
(16.67 ms)

short cyclic prefi x
(5.2 ms and 4.69 ms) non - realizable

83.33 16.67 71.43 ~ 4.76

4.2. Throughput optimisation

For comparable estimation of throughput achieved for diff erent 
system confi gurations we use the Rp/Rmin throughput normalized 
to its minimum value in our calculations. Estimation was made 
using all confi gurations from tab. 2.  Normalized throughput is 
then the indicator for the use of resources (in our case it was 6 
OFDM symbols and 44 resource blocks). As we can see, the best 
proposal is for 8 OFDM symbols per slot when calculated guard 
time is Tg = 1.26 ms, assuming that Tg should be greater than 1 ms.

In fi g. 4 we can see the results of throughput estimation as 
a function of subcarrier spacing Df. If we take into account less 
number of OFDM symbols in a slot then we can achieve the same 
throughput using less Df value in comparison to greater number 
of OFDM symbols. But if larger Df is preferred, it is better to use 
greater number of OFDM symbols.

Th e fi rst conclusion is that larger number of OFDM symbols 
not always gives greater throughput. But large number of OFDM 
symbols is preferred because it is achieved when Df is larger. And 
larger values of Df are preferable for high speed of UAVs. Th e 
second conclusion is that analysed propagation environment are 
very good from the point of view the use of OFDM transmission 
for data transmission because we can use small Tg periods at 
relative large Df values. It is possible to use large number of OFDM 
symbols for a single slot what guarantees high spectral effi  ciency.

Fig. 1. Normalized throughput as a function of subcarrier spacing for 

diff erent number of OFDM symbols in a single slot [own study]

 Fig. 5. Normalized throughput as a function of time guard for 

diff erent number of OFDM symbols in a single slot: a) full 

range of available subcarrier spacing and results for LTE; b) 

narrowed range for better presentation of the best results 

[own study]

In fi g. 5 the normalized throughput available in diff erent 
confi gurations of Tg is presented. In fi g. 5a the full range of guard 
time analysed is shown, and in fi g. 5b the range of short guard 
time is presented for better visualisation. We can see that the 
greatest throughput is achieved for the largest number of OFDM 
symbols in a single slot. For the case of 7 symbols, the throughput 
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higher than 1.56 is not realizable due to too short guard time in 
this case. That’s why this throughput is less than the throughput 
achieved for 6 OFDM symbols. Very important is that the optimum 
number of OFDM symbols is dependent on designed guard 
time and its restriction. Note, that system is realizable only for 
parameters marked as points in this figure because it is dependent 
on predefined resource block size (the position of these points is 
dependent on resource block size, and only the even number of 
resource blocks is acceptable). 

We can see that for Tg = 2.5 ms the best throughput is with 6 
OFDM symbols only but in the case of Tg = 2.85 ms better results 
are obtained for 7 symbols. But if we take into account greater 
value of Tg = 3.71 ms then the best situation is when 8 symbols 
per slot is implemented. However when we allow the Tg value as 
low as possible, with assumption that Tg > 1 ms, then optimum 
is 8 OFDM symbols in a slot because the Tg = 1.26 ms can be 
implemented. Additionally, in fig. 8a the throughput available in 
LTE is presented for 2 possible configurations of Tg in LTE (so-
called short cyclic prefix and long cyclic prefix). We see that the 
band of 9 MHz per 10 MHz available in LTE and taken parameters 
of Tg and Df, determine poor LTE efficiency in comparison to 
analysed system.

5. Conclusion 

Some proposal for design of OFDMA-based system for 
unmanned transport applications is presented in this paper. The 
discussion about propagation conditions of signals transmitted in 
proposed system has led to the conclusion that the OFDMA interface 
is very suitable for the implementation of radio communication 
interface in this system. Due to relatively short delay spread these 
conditions are much better in comparison to urban environments and 
rural environments. It means that the OFDM technique is strongly 
recommended for communication with UAVs. Additionally, we can 
see that the configuration of OFDM parameters for LTE is much 
more unfavorable from the viewpoint of resource use, compared to 
the configurations of the proposed system. Future research directions 
of this consideration is connected with the problem of advanced 
frequency reuse in different cells of proposed system which are well 
described in [1-2].
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ABSTRACT
The purpose of this article is to perform an assessment of technical condition of a transport company and to answer 
the question whether the nature and direction of changes in technical equipment and work organisation in road 
transport companies allows to acknowledge that they work and develop in the frameworks appropriate for self-
learning company.

KEYWORDS: transport company, technical and organisational condition 

1. Introduction

The scope of discussion includes the selection and depiction 
of technical and organisational aspects of transport company 
operations taking into account the changes in that regard and 
conducting an assessment of their nature.

Next, based on the analysis of transport company operations an 
attempt was made to establish to what degree the actual organisation 
decisions and actions correspond with the assumptions. 

2. Strategic management

Market economy system created very different conditions 
for functioning of transport company. On one hand, it means the 
freedom of actions within the law, on the other, it created a rigorous 
requirements, which include striving for profits. Freedom of 
running a business activity created the necessity of concocting the 
management strategies for such companies. The strategic approach 
of managing the companies was shaped in a process of evolution, 
starting from financial planning, through long-term and strategic 
planning, to strategic management. There are many definitions of 
strategies, and it is stated in the literature [2,7] that a strategy is 
intentionally and purposefully devised plan of operations which 
anticipates the course of events. 

The most developed form of a strategy is a model of, the so 
called, „self-learning” organisation [6]. It was created as a type of 
suggestion ensuring the ongoing drive to improve efficiency. „Self-
learning” organisation can be defined as an organisation that learns 
through experience, which means that it analyses in time its own 
actions and draws conclusions from them. Since the process of 
learning is placed over a period of time, it must be an evolutionary 
process and the strategy formulated based on that process is called 
an evolutionary strategy. The notion of a strategy is understood as 
an action that aims at planning, completing and controlling the 
efficiency and the economic effectiveness in such manner that the 
costs of that process are lower and the business continuity is kept. 
As far as the transport company is concerned, forecasting demand 
is much simpler than when it comes to companies operating in 
different branches of economy, which is mainly caused by different 
principles of their functioning. Transport companies are the 
dispatchers of the fleet, which means that the number of vehicles 
in the fleet as well as its technical conditions are known or possible 
to anticipate. Additionally, the incorporated strategy of planned 
and preventing repairs clearly determines date and range of the 
inspection or repair for every vehicle, which allows company to 
prepare appropriate components in advance.

In order to take an advantage of existing potential and to develop 
it further, the company has to create proper organisation conditions. 
Nonetheless, it has to be remembered that every organisation 
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- especially the transport one - is unique, which means that every 
time an evolutionary strategy is created, it is necessary to correctly 
identify basic organisation features and external factors, as well as 
to determine their influence on its functioning. The correctness of 
such determination is essential for the quality of company strategy 
that was based on it. It means that there is no simple solution for 
the incorporation of these principles in practice and in particular 
situation.

3. Organisational and technical 
evolution of the transport 
companies’ base

The assessment of technical condition of transport companies’ 
base and subsystem acceptance requires to take a closer look at all 
the stages of its development. The organised exploitation of vehicles 
that are used in larger numbers created economical and technical 
need for their repairs, which means initialising preventive processes 
- delaying the process of functional properties loss and reparation 
processes - restoring those properties. In order to complete the above 
mentioned tasks a certain strategy needs to be developed to assess 
the technical condition of service vehicles, organise the reparation 
process as far as the organisation and workshop equipment bases are 
concerned, and prepare the organisational and technical processes 
of spare parts production and regeneration.

Since the purpose of such companies is to maintain the fleet in 
appropriate technical condition, it means that they cannot be 
limited to only service and reparation works. It is necessary to 
analyse the designs of the vehicles in order to conduct the reparation 
works in optimal manner. Currently, a very dynamic technological 
development as far as the means of transport are concerned can 
be observed. The important reasons for customers when deciding 
about the mean of transport are availability, price of the transport 
service, time of the transport and its conditions. The ability of 
carrier to offer those conditions is closely connected with features 
and properties of their fleet. The increase of these indicators can 
be ensured only through the use of fleet with modern and reliable 
design, which is more expensive to purchase and use. Thus, in order 
to allow fleet service costs to remain on reasonable level a new way 
for vehicle operation and service must be devised. 

Each of the mentioned aspects is very important as far as the 
vehicle operation is concerned, but the most important technical 
issue is maintainability. It is a property of an object inferred from 
design and technological solutions, which characterises its level 
of preparation for use, detection and removal of inefficiencies 
and prevention against them in short period of time and in the 
most economical manner for the specific use. Maintainability 
can be described as the probability of restoring object’s efficiency 
in a period of time or performed work, average service labour 
consumption, average time of a stop in service, average cost of 
service and technical availability factor.

Object properties that influence maintainability include, among 
others, the accessibility of object elements, the ease of disassembling, 
assembling, diagnosing, measuring and research, the ease of replacing 

elements, subassemblies and assemblies, etc. Maintainability ensures 
the most effective manner of usage, but it is also connected with 
high financial expenses that are necessary at the beginning. These 
outlays are mainly allotted for adaptation of the fleet vehicles 
and companies to their new repair organisation. However, as the 
studies show [5], the incurred costs are quickly recompensed as a 
result of shorter repair time and lower costs. The additional benefit 
resulting from streamlining reparation process and shortening time of 
decommissioning is the possibility of decreasing the fleet reserve for 
those vehicles that are being repaired. It needs to be acknowledged 
that covering the fleet of vehicles with that form of service allows to 
accomplish - in long-distance perspective - significant savings in many 
aspects of usage. Full compensation of incurred expenses with the 
steady demand for transport services occurs in five to seven years. [5]

Technical base of the vehicle fleet allows company to quickly 
locate the damage, determine the proper scope of service and 
their completion in the shortest time possible and with lowest 
financial expenses possible. Fulfilling these terms allows technical 
and organisational development of diagnostic methods. Striving 
towards the improvement of reparation efficiency is connected 
with the design of vehicles, which allows company to quickly 
locate and repair damages and facilitate the planning of control 
and repair works. Vehicle technical diagnostics is not a new issue 
in the service process. When more complicated vehicles were 
introduced, there were attempts to determine the causes of their 
inappropriate functioning. The defects were identified based on 
the experience. Observed benefits, resulting from different types 
of methods, such as shorter time needed to locate the defect or the 
lack of need for disassembling vehicle while locating the defect, 
triggered the beginning of a research on diagnostics in order to 
obtain reliable and most accurate information. It enables not only 
to determine the current vehicle technical condition but also to 
predict condition in the future.

Since the equipment impairment is of random nature and is 
not dependant on the external factors, the prediction of damage 
occurrence is based on probability and on a certain classification of 
the equipment efficiency and inefficiency conditions. The basis for 
such classification is to determinate the time in which the equipment 
remains in efficient condition. However, the main difficulty in creating 
such classification is the need for a series of tests that determine 
the impairment of particular elements and define external features 
of equipment, which accompany particular defects. Equipment 
conditions might be differentiated at any moment. Their recognition 
must be done through the analysis of external signs and the 
description of condition they resemble. Modern technical diagnostics 
is based on the assumption that equipment is of determined nature. 
It means that every possible equipment condition manifests very 
specific external signs and the other way around - every diagnostic 
sign is paired with completely defined (clear) technical condition of 
the equipment. Diagnostics is general and systematised method for 
the recognition of different conditions. It is not a set of separated 
practical undertakings, which try to define the usefulness of particular 
equipment parts for further operating. Basic difficulty linked with 
completion of diagnostic tests is their high labour-intensiveness. The 
solution to this problem is automation of the process. It allows users 
to conduct the diagnostic tests in an integrated manner, utilising 
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previous experience as far as the diagnostic signal interpretation 
and the strategy (sequence) of conducted tests are concerned. It 
also introduces significant modifications when it comes to testing 
and recording different parameters and their presentation. Usage of 
this technique is connected with proper preparation of the vehicle 
for particular test type by fitting it with appropriate fixtures, such as 
sensors and measurement wiring.

New possibilities in diagnostic techniques and the requirements 
for economic efficiency improvement of vehicle reparation created 
the need for new service methods. The idea of these new diagnostic 
methods is their division into on-board diagnostics and stationary 
diagnostics. The purpose of on-board diagnostics (inspection) is to 
detect vehicle malfunctions or signal to the vehicle operator during 
their operation that some of the parameters approach critical values. 
The consequence of such signal is to send vehicle for stationary 
diagnostics. Testing of the vehicle at stationary diagnostic station 
allows operator to observe it in simulated work conditions. It offers 
an opportunity to conduct the tests that could not be performed 
in normal work conditions. It is even more valuable when the 
station allows to recreate almost all work conditions and test vehicle 
reactions in those conditions. Diagnostic process is managed by a 
computer that selects the optimal option and scope of diagnostics, 
oversees the measurements and collects data for processing. Data 
processing is done in two stages. Firstly, the computer collects 
and identifies individual diagnostic signals and then evaluates the 
degree to which particular equipment is destroyed. It is compared 
with new model. Computer then determines the optimal time of 
commencing and range of repairs. Any deviations and changes 
in the process of wearing out elements - if they are not random - 
are recorded via statistical tests and instantly adjusted in already 
existing model. 

Diagnostic system allows user to maintain the vehicle in good 
technical condition and provides better use of their operational 
capacity. The reason for putting the vehicle forward for reparation 
is its actual technical condition and not the knowledge of particular 
elements impairment statistics. Consequently, it means that the 
mentioned method replaced previous strategy of repair planning 
in time. Currently, one of the basic standards in periodical service 
planning of vehicles is service cycle. This cycle is the period between 
two major services. The range of service cycle includes reparation 
operations and prevention operations. Reparation operations consist 
of planned and non-planned repairs. Non-planned repairs are divided 
into immediate (current) repairs - covering the works linked with the 
restoration of vehicle technical properties lost in random manner and 
the emergency repairs - conducted in situation, when the vehicle had 
been damaged in, for instance, an accident. The planned (periodical) 
repairs are technical operations aiming at the restoration of the vehicle 
technical condition lost to the course of usage. They are divided into 
revision repairs - which cover the inspection of elements and sub-
elements, including their partial disassembling and replacement of 
worn out elements for new or regenerated ones, and major repairs - 
covering partial disassembling of vehicle, which is accompanied by an 
inspection and service of all equipment and the evaluation of vehicle 
technical condition. 

The group of prevention operations includes periodical 
inspections and controls. Periodical inspections aim at preventing 

damages and maintaining the vehicle in operational condition that 
guarantees road safety. One of the periodical inspection variations 
is seasonal service, the purpose of which is to prepare the vehicle 
for operation in spring or summer seasons, and autumn or winter 
seasons. It is conducted twice a year and most commonly included 
in periodical service. The second group of inspections are control 
services covering the operations and works that follow appropriate 
instructions and are conducted before the vehicle is sent on the 
road or during a break of its work. The example of such inspection 
is technical inspection. Created system of planned and prevention 
repairs allows users to create one structure of overhauls for each 
group of vehicles and gather previous experience. Information 
gained while upgrading inspection and repair cycles have proven 
that maintaining the system of repairs based on strict rules and 
with small tendency for modifications is ineffective and even 
harmful for repair efficiency. Natural direction for further system 
evolution is an attempt to determine the actual margin of fleet 
“usage potential”. The most important and most carefully studied 
feature is durability of elements. This feature, tested through the 
appropriate sample, is the basic quantity parameter. It has to be 
determined for all selected basic elements of the studied vehicle 
types. It is a starting point for particular systems (variants) of 
technically correct repair cycle.

The study of normal physical wear aiming at durability 
determination of basic elements is an analysis of element sets 
with the same name included in all vehicles of particular type. It 
is not connected with the analysis of particular vehicle. Presented 
element durability determination method allows user to define 
critical mileage values for vehicle basic elements. Obtained results 
also allow to assume the quality of design (as signified by the level 
of elements reliability). Quoted terms were adapted to solve the 
problem of vehicles critical mileage values. With an increase in 
number of inspections the period between the inspections did not 
increase. Combined labour intensity of inspections in new system 
is not higher than labour intensity of inspections conducted in 
previous manner. The last aspect connected with providing planned 
and prevention repairs with final and the most rational shape was 
resolving the issue of vehicle usage period. Repair due to its physical 
wear seems uneconomical. It is not technically and economically 
justified. The exchange of old fleet for new one should occur before 
its physical wear. The factors limiting mileage are technical wear. It 
should be understood as mechanical wear resulting from physical 
and chemical processes. Markers of vehicle degradation and “moral 
wear” are understood as the inability of old vehicles to cope with new 
technical requirements resulting from technological development. 

Even though it is difficult to determine the vehicle lifespan 
based on the “moral” wear, it is much easier to determine vehicle 
lifespan through progressing fleet degeneration. Up to date data 
are collected regarding wear processes, elements mutual impact, 
types of external impacts, etc. [3]. The most reliable indicator used 
to evaluate the existing technical and organisational solutions 
regarding maintenance and reparation of vehicles is economic 
calculation. It was considered only as assistance in dealing with 
current operation costs. It became necessary to introduce some 
unified economic indicators suggested by the World Bank, which 
should allow an objective evaluation of operational costs and a 
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selection of the best operation variant in terms of investments 
and modernisation. The most important fact, however, is that 
this method allows the efficiency verification of those solutions 
in the full period of time as a result of comparing calculated 
indicators. It is possible to select the most appropriate variant for 
long-term perspective. The process of economic analysis comes 
down to calculation of following indicators [4]: 

NPV – Net Present Value (updated value of undertaking),
IRR – Internal Rate of Return (internal rate of capital return) 
– profit rate,
B/C Ratio – Benefit – Cost Ratio (efficiency indicator of 
expenditures and costs),
PP – Payback Period (period of share capital return).

Currently, the basic criterion for transport company operation 
efficiency evaluation is financial factor. In the assumed method, the 
efficient investment is considered to be the profitable one. The aim is 
to adjust vehicle design in order to make the reparation process easier, 
and at the same time organise that process at the highest quality. This 
system also assumes a significant “flattening” of transport company 
functional structure. It means that the management deals with 
company operational strategy and general supervision of processes, 
but the executive actions are covered by employees. Employees 
are encouraged to constantly improve their skills, develop their 
independence. They should be also responsible for the company. 
The benefit of introducing such system is, among other things, the 
increase in mutual trust, the ability to move employees to the busiest 
workstations and the increase in work quality. It also contributed to 
the increase in work efficiency and streamlined repair process, which 
led to elimination of vehicle deficit.

3. Conclusion

When summarising the discussion it needs to be stated that 
the characteristic features of transport companies are variability 
and ability to adjust to new work conditions, which is a trait of 
self-learning organisations. 
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ABSTRACT
Transport is one of the main sectors of the economy, which has a significant impact on the economic development. 
Efficient transport systems are the basis of economic competitiveness. However development of transport, especially 
in the case of road transport, results many inconvenience, like negative environmental impact, accidents or increase 
of congestion in cities. From the perspective of sustainable development the most important one is pollution. 
Depending on the type of emitted substances, transport pollution is of local or global nature. Considering the 
emission of pollutants in urban areas, emitted toxic compounds mainly impact the local pollution the environment. 
This paper is focused on utilization of Internet tools for visualization of data regarding local pollutions in urban 
transport systems. This is the example of tool, which could be helpful in analysis of present functioning of UFT

KEYWORDS: urban freight transport, city logistics data visualization, freight transport management, 

sustainable development, local pollutions, transport environmental impact  

1. Introduction

Economic growth in urban areas is connected with an increase 
in industrial production and trade turnover, which results in increasing 
goods flows and traffic in cities. In addition currently around 74% 
of Europe’s population live in urban areas [11], and the urban share 
is expected to increase to 84% by 2050, adding further challenges 
to urban freight transport and last mile delivery solutions [8]. 
City freight delivery problems are caused by narrow streets on 
the one hand and still rising number of cars, passengers of public 
transport and pedestrians on the other hand. Due to increasing 
demands of the recipients, a urban freight transport also has the 
challenges associated with energy use, air quality (environment), 
increasing road congestion, road safety, disturbance and noise, and 
access restrictions combined with a general lack of loading and 
unloading space. In this framework, freight transport is a significant 
contributor to poor air quality and carbon generation in Europe.

Today urban areas face the challenge of making transport 
sustainable in environmental (CO2, local air pollution, noise) and 
competitiveness (congestion, efficiency) terms while at the same 
time addressing social concerns. For that reason and also due to 
the increasing prices of petrol and natural gas, the stakeholders and 
users of urban freight transport are looking for other, new solutions 
as the alternatives for the internal combustion engine, such as eco-
cars with electric drive.

Analysis of the local impact of freight transport on the environment 
associated with the emission of chemical compounds, directly 
affecting the health of people living in the city, such as nitrogen 
oxides, which have a similar impact on the human health as war 
gases, lead to lung damage and reduce the ability of blood to carry 
oxygen. The major problem in management of urban freight 
transport in the context of its environmental impact is the lack of 
data regarding the level of emitted pollution and availability of the 
information for final users.
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2. The environmental impact of 
urban freight transport

Urban areas represent particular challenges for national 
and international freight transport, both in terms of logistical 
performance and environmental impacts (emissions, noise, accidents, 
congestion and land use). Urban freight is indispensable for the city’s 
economy but at the same time freight deliveries significantly affect 
the attractiveness and quality of urban life. Typically, urban freight 
transport represents between 20 to 25% of road space contributing to 
between 10 to 20 % of urban road traffic [12]. The generally low load 
factor in distribution activities increase the total amount of freight-
related traffic, and the commercial speed is usually low due to severe 
congestion in many urban areas.

Currently about 75 % of the European population live in town 
and cities [22]. It is predicted that by 2020 this number will increase 
to 83 %, and by 2050 about 2/3 of the world population will live 
in cities [16]. The key role of logistics in ensuring sustainable and 
competitive mobility in Europe is stressed in the mid-term review 
in White paper “Time to decide: 2010” [6]. A key part of the logistic 
challenges are connected to urban-interurban shipments and “last 
mile” distribution.

In the “Freight Transport Logistics Action Plan” [3], freight 
transport and logistics is said to possess an essential urban 
dimension. The Logistics Action Plan emphasises among other things 
that distribution in urban conurbations requires efficient interfaces 
between trunk deliveries over longer distances and distribution to the 
final destination over shorter distances. In addition, the distribution 
process between production centres and customers inside an urban 
area needs to be efficient and clean.

In the green paper, ‘Towards a new culture for urban mobility’ [7], 
the EC highlights the importance of the urban dimension of freight 
transport, and the need for efficient interfaces between long and 
short-distance freight transport. Possible solutions proposed include 
the use of smaller, more efficient and cleaner vehicles, improved load 
planning, consolidated distribution, zones with access regulations, 
and institutional reforms with increased integration of multiple 
stakeholders in local policy-making.

In the Action Plan on Urban Mobility [2] the Commission 
explains that it intends to provide help on how to optimize urban 
logistics efficiency, including improving the links between long-
distance, inter-urban and urban freight transport, aiming to ensure 
efficient ‘last mile’ delivery (Action 19). Another focus in the Action 
Plan is how to better incorporate freight transport in local policies 
and plans, and how to better manage and monitor transport flows.

Also the energy consumption related to transport will increase 
by about 30% by 2030. The increasing growth of urban freight traffic 
has substantially affected the quality of life of urban residents. The 
negative impact on the environment resulting from rising traffic 
volume includes noise, pollution, congestion, accidents, use of non-
renewable fossil fuels, loss of greenfield sites and open spaces as 
a result of transport infrastructure development and increasing 
amounts of waste products, such as tyres, oil and other materials. 
The external costs (including the environmental impact) caused 

by urban freight transport in European cities are estimated to 
several tens of billions of euros. 

The analysis of environmental impact of UFT is mainly focused 
on pollution emission, which is depended directly on energy 
(usually fuel) consumption and noise emission level. The analysis of 
emissions from road transport usually takes into account the level of 
CO2. This approach is justified in the global context only [1, 10, 20]. 
From the city perspective and influences on city dwellers (taking 
into account the chemical compounds directly related to the health 
status of the city population) most important are local pollutants, 
which include mainly:

carbon monoxide (CO), which is an odourless and colourless 
gas with highly toxic properties, 
nitrogen dioxide (NO2) - brown, highly toxic gas with a pungent 
odour;
hydrocarbons (HC), which include carcinogenic compounds;
particulate matter (PM) in the form of carbon-graphite 
compounds, ash and soot.

Finally, the increase of freight demand at urban areas as well as 
the environmental impact of freight traffic influence in significant 
manner on quality of life at urban areas [21]. 

The negative impacts of urban goods distribution are mainly 
caused by used vehicles (e.g. diesel-powered) and low system 
efficiency (e.g. low loading factor, low cooperation). So it seems to be 
most important to implement the local policies based on reduction 
of energy consumption in freight transport, decreasing the number 
of transported kilometres in urban areas by freight transport 
vehicles as well as using the environmentally friendly engines for the 
last mile freight delivering, reduction of pollutants (e.g. CO, CO2, 
NOx, particulate emissions) emitted by goods vehicles, increasing 
the number of low and/or zero emission freight vehicles circulating 
in urban areas (expected to be electrically powered), reduction 
of the number of freight vehicles in the urban areas (especially in 
city centres) by implementing restrictive measures for the most 
polluting and heavy freight vehicles, improving the cooperation at 
the local level among the relevant stakeholders, as well as removing 
non-technological barriers, promoting public-private initiatives etc.

The most effective activities of a sustainable transport policy in urban 
areas are considered the ones which reconcile the three dimensions of 
sustainability (economic, environmental and socio-cultural), whilst 
minimizing the costs associated with achieving the desired goals. The 
environmental aspect includes the pollution, especially greenhouse 
gases and carbon dioxide emissions (consumption of non-renewable 
fossil fuels contributes to the generation of waste such as tires, oil, etc.). 
The goals of sustainable mobility policies in the environment area 
mainly include [17]:

combating climate change by reducing greenhouse gas 
emissions to the extent determined by the general reduction 
targets: by 2020 – 40%, 2030 – 50%, 80% by 2050 (145 million 
tons) compared to 1990, or alternatively: by 2020 – 20%, 2030 
– 30%, 50% by 2050 with respect to 2005;
taking into account the nature of the tolerance limits – limit 
the use of land for housing and transportation goals from the 
current 129 ha to 30 ha per day in 2020 and to 0 in 2050 (at 
that time recycling of land will only be possible);
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the use of renewable resources – by 2020 the use of non-renewable 
resources, not produced in accordance with the principles of 
sustainable development, should be reduced to zero;
reducing the use of non-renewable virgin materials by 40% by 
2020 and to 80% by 2050 compared to 1990-1994;
reducing the health risks by maintaining the limit values adopted 
by the EU for fi ne dust nuisance and NO2 and reducing road 
traffi  c noise in residential areas.

Th e most important problem in analysis of the environmental 
impact of urban freight transport is lack of data. Th e principal 
eff ectors of the barrier in obtaining data within the urban freight 
system include the following facts [19]:

urban deliveries involve mainly private companies, which 
usually do not want to share data on their transactions, supplies 
and transported goods with their competitors and the public 
sector (it is, of course, observed not only in the case of transport 
within cities, but also in interurban, national, or international 
transport);
there are no standardized research methods in the fi eld of 
urban freight deliveries.

A certain solution to solve the above problems is the use of the 
independent system, which will make it possible to collect the data 
apart from the logistics operators and freight vehicles drivers. Th e 
basis of this kind of solution could be the telematics technologies 
based on motion detection and classifi cation of vehicles. Th ese 
systems allow for making measurements, which are non-invasive, 
undetectable for drivers and independent of freight companies [13].

Th e other problem related to the usability of data regarding 
urban freight transport environmental impact is the deliverable the 
information to fi nal users. Taking to the account the mentioned 
above expectations of EC, it’s valuable to share it on free of charge 
public system. It was one of the major assumptions of project 
GRASS (GReen And Sustainable freight transport Systems in 
cities), which is fi nanced under the grant from Norway through the 
Norwegian Financial Mechanism 2009-2014 – Polish-Norwegian 
Research Programme. Th e major aim of GRASS project is to 
support municipalities in implementation of sustainable Urban 
Freight Transport  measures in accordance with the expectations of 
diff erent stakeholders groups and requirements regarding utilization 
of technologies that limit the negative impact on environment 
[9]. Project is realized by two partners – Maritime University of 
Szczecin (Department of Logistics and Transport Systems) from 
Szczecin, Poland and the Institute of Transport Economics from 
Oslo, Norway. 

3. The web-based application for 
visualization the pollution in 
urban transport systems

3.1. Major assumptions for application in 
GRASS project

The objective of the work package named “Modelling of 
transport pollution propagation in urban areas”, realized under the 

GRASS project, is the preparing of the model of transport’s pollution 
propagation at the urban area and implementation of it on free web-
site for unlimited use by transport and logistics operators. 

Based on the result of data collection process realized under the 
other project work packages,  the model of urban freight transport 
pollution propagation was prepared. Pollution propagation model 
for road network is described by a number of variables related to the 
traffi  c of vehicles, the types of vehicles as well as the environmental 
and weather conditions. Th erefore, during the traffi  c detection 
process it was necessary to classify vehicles into categories, which 
forms the basis for determining the characteristics of the emission. 
Two mobile traffi  c detectors Sierzega SR4 helped to divide vehicles 
into four categories: motorcycles (length to 20 dm), passenger cars 
(length between 20 and 60 dm), trucks (length between 60 and 95 
dm) and long trucks (length between 95 and 255 dm). In addition, 
in order to simplify the system, modelling was performed for a 
constant average speed of vehicles in a given road section, which 
allows for assuming a constant emission intensity over the entire 
length of the road for the given vehicle category. Delimitation of 
the analysed area in Szczecin was focused on two factors:

accumulation of entities in the particular area that generate 
increased demand for transport – according to data from the 
Regional Inspectorate for Environmental Protection, NO2 
concentration level in Szczecin is focused around the downtown 
area and the highest concentration of NO2 exceeding 120 mg/
m3 occurs, among others, within the Centre and the Old Town;
analysis of the number of commercial entities, taking to the 
account retail entities, HoReCa, service entities, production 
plants – the basis for this analysis were the results of the 
research described in [4] and survey realized at the chosen 
area of city centre.

Finally the 8 road section were chosen for the detailed analysis 
and involvement in the planned model and on-line tool (Fig. 1).

Fig. 1. The analysed road sections in the centre of Szczecin [own study]

3.2. The system architecture 

Building information solutions the most important challenge 
is the proper identifi cation of the needs. Th ese needs, called 
requirements, allows to specify what a system should be, what 



K. MAŁECKI, K. KIJEWSKA, S. IWAN

29

features it has to have. Th e requirements, in the fi rst stage of 
collection, are typically stored by words. In complex systems such 
form is converted into the graphic form, using UML. Th e possibility 
of graphic representation of the functional requirements of the 
system, is undoubtedly one of the biggest advantages of UML. Th is 
article uses two structures of UML: DFD – data fl ow diagram (Fig. 
2) and the use case diagram (Fig. 3). 

Figure 2 shows a data flow diagram, which is a tool for 
describing, analysis and design of the system presented in the paper. 
In graphical way presents the basic relationships occurring in the 
information process, wherein the advantage of DFD is to simplify 
the used symbols. Th ere are only 4 symbols: process (P1, P2, P3), 
data warehouse (matrices and visualization matrix confi guration), 
data fl ow (arrows) and the terminator (the client).

Fig. 2. The Data fl ow diagram of presented system [own study]

Use case diagram is a diagram that shows the functionality 
of the system and its surroundings (Fig. 3). It allows to graphical 
representation of the system properties in the way, as they are seen 
from the user side. Th ey are used for imaging of services, which 
are visible from the outside of the system. Use case diagram, even 
though it is made up of several elements, it plays the most important 
role in the design of the system; in fact it describes the functional 
requirements, which the system must meet, and the environment in 
which it is located. Th is diagram is an aggregate of the function of 
services which the system is doing. Out of specifi cation, this diagram 
allows the identifi cation of system functionality, verifi cation of 
progress in modelling and implementation, and also supports the 
communication between the participants.

Fig. 3. The use case diagram of presented system [own study]

One of the most important features, which is described by 
the use case diagram, there is the fl ow of events - scenarios that 

show a set sequence of successively executed operations designed 
to achieve the functionality depicted by the specifi c use case. In 
the diagram shown in Fig. 3 use cases are: scroll the map, view 
the map, view the pollution in the region. Using these scenarios 
were able to present a basic set of operations, which refl ects the 
expected sequence of events. Th e recipient of these events and 
the initiator is the actor. Th e actor is a role that holds user to the 
system and use cases. An actor can be a human, device or another 
system.

UML diagrams allowed the relevant grouping of events occurring 
in the system. Th e next important factor was to determine the 
requirements. It was assumed that the application will be made in web 
technology, enabling access to users from any device operating under 
the control of any operating system (prerequisite is to have installed 
a web browser). Th e application is designed to visualize the level of 
pollution generated by urban freight transport.

Th e web application, prepared under the introduced activities, has 
modular structure (Fig. 4). Each modules are connected according 
to the logical processes of data analysis and fi nal information 
presentation on the web-site.

Fig. 4. The modular structure of the application [own study]

3.3. User interface

Th e main application window, with the exemplary results, is 
shown in Fig. 5. On the left  side there are the values (types of 
pollutants - CO2, NOx, CO, days of the week, hour range and 
direction of the wind), which setting determines the results 
displayed on the map presented on the right side of the application 
window. Pollutants are depicted as small squares adjacent to streets, 
where the measurements were conducted. Each of the squares has 
a specifi c colour and presents the level of calculated contamination 
for a particular section of the street. Th e heart of the application is 
a mathematical model that calculates the values displayed on the 
map, based on data taken from detectors road.
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Fig. 5. The result of the application for the level of carbon monoxide 

(CO), metered Monday in the hours of 6:00-7:00 am [own 

study]

4. Conclusion

Th e analysis of environmental impact of transport systems 
in cities are mainly focused on the level of CO2. Th is approach 
is justifi ed in the global context only. From the perspective of 
infl uences on city dwellers most important are local pollutants, 
which include among others carbon monoxide (CO), nitrogen 
dioxide (NO2), hydrocarbons (HC) and particulate matter (PM). It 
was the basic assumption for analysis introduced in this paper and 
realised under project GRASS. One of the major objectives of this 
project is to prepare a model of urban freight transport infl uences 
on city environment and preparing of the web application, which 
will provided information regarding some chosen pollution at 
analysed road sections in Szczecin city centre. Th e model covered 
simulation of the distribution of pollutants for vehicle traffi  c 
stream in a communication network of the city centre. 

Th e results presented in this paper are based on the B-test 
version of application. In the next stages the fi nal version will be 
prepare and available on web site grassproject.eu as the free of 
charge tool. Th is application could help to assess the environmental 
impact of UFT for analysed city area taking to the account diff erent 
conditions, like kind of pollution, day and time as well as the average 
wind direction in Szczecin area.
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ABSTRACT
The paper presents the principles of the Automated System for Management Depot. ASMD system includes:

Identification System designed to recognize individuals who enters into depot (marker RFID),
Radio Data transmission system, dedicated fibre optic network,
The place for dispatcher with terminal equipped with interface for dispatcher,
Integration with: subsystem monitoring (CCTV), the position of replenishment of sand, under- track turning 
machine, position of the laser measuring of flat area on wheels and stickers on the wheels.

System constantly analyzes the situation of track and signals from sensors available. The system is equipped with a 
number of reports to the dispatcher. The elements of detection and device drivers track ensure safety in the class SIL3.

KEYWORDS: Tram Depot Operating System, Safety Integrity Level, Fleet Identification System, Traffic 

Control System, Depot management system, Traffic Control Terminal 

1. Introduction 

This paper presents a system developed in response to the 
requirements of end user City of Szczecin Tramway Operator used 
for the operating and monitoring internal depot traffic base on 
tram on demand flow related to each next day working plans in 
respect to thy needs and valid technical restriction due to tram 
maintenance plan. 

2. Fleet Identification System 
(SIT)

2.1. General concept of system SIT 

The main task for the SIT system is identification and location 
of vehicles (trams) in time: 

entry to the depot, 
passing through the measurement stations, 
passing through collision nodes.

Based on information from the RFID tags mounted on the 
trams, the system identifies the object and notes his current position 
at the depot. Information received from the vehicles and / or RFID 
readers is transferred subsequently to the SZZ, where on the basis 
of defined rules will be determined parking position of identified 
vehicle.

In the absence of proper identification of the vehicle depot 
employee have the ability to manually verify the number of the 
vehicle with a manual reader RFID tags (if the vehicle is equipped 
with an RFID tag) or on the basis of unique characteristics of the 
wagon (eg. side number).

Depot employee can also manually specify in the dispatcher 
application SZZ parking place (to modify an order determined by an 
automatic algorithm - Level 2 work Of SZZ) for an oncoming vehicle.

Information about the vehicles are identified by SIT granted 
to other information systems on. Reading tags (tags) RFID in the 
following areas: 

tag identifier, 
an identifier (IP address) of the RFID reader. 
time.
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Fig. 1. Fleet Identifi cation Sensor [own study]

For each rail vehicle are assigned at least two ID numbers. Each 
number corresponds to the physical tag ID / RFID tag, which is 
installed at the beginning and end of the vehicle.

In the case of the longest confi gurations also mounted marker 
and the central module of the trams. Th is solution will allow to 
unambiguously determine the position of a rail vehicle in relation 
to the switches and determine the direction of travel. RFID tags are 
mounted in the lower part of the tram between the axles, which 
will allow the practice to achieve the shortest distance between the 
reader and provide no access to third parties. Provided readers / 
antennas and RFID tags, are suitable for use in harsh industrial 
environments. 

2.2. Network devices and trackside devices

Track-side and control cabinet presented in the drawing 
number 1 and number 2 :

Fig. 2. Box with automatics and network devices on fi eld [own study]

Fig. 3. Traffi  c sensor network devices on fi eld [own study]

2.3. Network Management - dedicated fi bre 
optic network, presented on drawing 
number 4

Fig. 4. Dedicated optical network [own study]

Integration with: subsystem monitoring (CCTV), the position of 
replenishment of sand, under- track turning machine, position of the 
laser measuring of fl at area on wheels and stickers on the wheels. 

Fig. 5. Integrated CCTV monitoring system [own study]

Fig. 6. Integrated device for laser measuring of fl at area on wheels 

and stickers on the wheels [own study]

3. ASOZ System 

3.1. System Architecture 

Th e overall system architecture is presented in Figure 7.
Th e fi gure number 7 shows the key elements included in the 

Tram Depot Operating System:
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Fig. 7. The general architecture of Automated System for 

Management Depot. ASMD [own study]

Tram Depot Operating System (ASOZ)
Th is system automates the depot through the integration 

of each component and interface functionally integrated 
environment where data exchange occurs in a way that requires 
minimal user intervention. Also included are unusual situations 
in which some system components, in particular systems Traffi  c 
Control System (SSR) and Depot Management System (SZZ) are 
not available or are not working properly.

Depot Management System (SZZ)
Allocates parking space for vehicles to those entering the depot 

and guided trips. Allows management e dispositions repair and 
off ering serviceability. It allows to the user visualization the state of 
the depot and provides reports related to the current functioning 
status.. Control and read the status of depot infrastructure is done 
via the Traffi  c Control System.

User interface for employees of the depot are: 
Application of Depot Management System - the client application 
serving management and control of depot work status , 
Panel tram drivers - screen presenting information on. current 
grants trams drivers. 
Driver’s workstation - a client application presents personalized 
information for the motorman aft er logging proximity card.

Traffi  c Control System (SSR)
SSR controls the infrastructure serving the movement of vehicles 

in a manner that ensures safety in SIL-3. Th is includes the entire 
infrastructure (automation) track is responsible for the movement of 
vehicles within the depot, and so mainly to control turnouts, signaling 
control, reading of the status of track circuits.

Use of Traffi  c Control System by employees of the depot are: 
Terminal Traffi  c Control (TSR) - used by the dispatcher to 
malfunction SZZ (ensuring control capabilities at damaged 
or disarmed SZZ system.
Panels Local Control - located in the depot.

Fleet Identifi cation System (SIT)
Th is includes infrastructure responsible for the identifi cation 

of vehicles in selected places of the depot, so the proximity card 

readers RFID tags, RFID (tags) placed on the vehicles and the 
necessary cable connections.

Fig. 8. Elements of the operating system on layout [own study]

3.2. Local operating panels 

In manual control of nodes (Level 3), touch panels are used to 
carry out the following functions: 

selecting a route by selecting the target track and it locks, 
control individual turnouts for unlocked and unoccupied 
track sections – shunting movements, 
a simplifi ed visualization of the state of the depot (switches, 
signals, busy sections of track).

Th e panels are located at the hubs in the depot with a minimum 
of 4 units (2 entries and a minimum of 2 depot) and a panel TSR. 
It is possible to realize routes concurrently, as well as to control the 
Level 1 and 2.

Travel for vehicles equipped with RFID tags using local control 
panels are covered by the same high level of security, which in 
automatic mode. Changes make by control panel it requires user 
authentication.

Due to the ongoing functions of the panels are equipped with 
tactile graphic displays, and meet the minimum requirements: 

Large temperature range (min. -30 ° C-60 ° C). 
Resistance to rain and dust (IP65). 
High brightness and contrast of the screen.

On the local control panel is running a dedicated application 
visualization allows for the implementation of the required functions 
completely independently of the SZZ. Th e panel is plugged into a 
network of industrial and communicate directly with the controller 
SSR. 

Th e application running on the panels by simplifying functional 
in relation to the master system, have high reliability. Each panel 
have a dedicated application view allows user to control only the 
local node-sectoral. Th e panel allows for the implementation 
journey by providing:

Th e choice of initial track (if more than one initial track); 
Selecting the end track node; 
Retrograde motion. 
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Th e panel also allows you to shift  the specifi c crossover 
(when it is selected) and set alarm - admission. Th is function is 
also covered by all the rules of safety - ie. Changeover switch and 
setting permission to enter the indicator is possible only aft er the 
fulfi llment of the rules of safety.

In addition to safety, the panel is equipped with a simple access 
control system. Th e panel allows to control the node aft er applying 
the proximity card. 

Control panel for local control (choice of initial track)

Fig. 9. Local operating panel [own study]

3.3. Interface GUI 

Th e system is equipped with a Graphical User Interface, 
which allows you to perform all the operations related to both 
the operation of the system from the system operator and system 
administration (in accordance with their permission) - Figure 9 
and 10.

Fig. 10. Customer GUI 1z 2 [own study]

Fig. 11. Customer GUI 2 z 2 [own study]

3.4. Base tasks of the system 

Th e controller of Traffi  c Control System establishes the desired 
route on the basis of a request from the generated respectively 
(depending on the automation) from SZZ, TSR panel or panel for 
local control. 

In automatic mode, a request to establish a route generated 
by the depot management system based on information about the 
intended destination for the vehicle or on the basis of instructions 
entered manually by the dispatcher into the system.

As input parameters, the desired route controller receives data 
on SSR. Th e beginning and end of the route. SSR controller then 
checks whether the route can be set by the driver switches on the 
basis of:

the current state / status switches, 
Busy individual track sections (determining the ability to stop 
safely aft er switch, and the ability to travel) 
possible collisions routes of entry and exit, 
it is safe to close the gate. 

If the route can be adjusted controller SSR switches and blocks 
the crossovers in the relevant positions. Th en colliding with the 
route passing traffi  c directions given signal “stop” to keep collision-
free passing, and the vehicle receives the signal “go”.

In the absence of the possibility of establishing a route, the 
controller rejects the request SSR Management System depot, Panel 
TSR or Local Panel.

Addition to the implementation of safety functions and control 
controller SSR provides to SZZ all information needed to visualize 
the state of the object and reporting, such as the state of switches, 
lights and heating.

Traffi  c Control System allows the concurrent realization of routes 
of journeys, if these routes meet all safety features (no collision). 
Transport journey can be any combination of settings switches and 
signaling fulfi lling these functions.

Th is fl exibility allows the realization of SZZ system, or by means 
of local control panels, effi  cient traffi  c tram depot management 
while maintaining a high level of security.

In addition, it is also controlled the security of gate closing in 
the depot - using occupancy sensors - for rail vehicles, and presence 
detectors - to detect people and other equipment. 

In the case of closing the gate is guaranteed infl ammation of 
the right light “stop” on the entrance. Th e gate can be controlled 
locally using the control panel or buttons, in complete safety 
carried out by the controllers SSR.

Communication SZZ-SSR is provided be dedicated proven 
soft ware communication with the drivers in the form of OPC server.

During the design and implementation of SSR contractor 
ensured all the required procedures, design and testing for system 
certifi cation to the standard SIL-3.

Confi guration node collision 

SSR controller allows the reservation of routes within individual 
nodes in collision. 

Levels of safety system SSR 
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Level Description Comments 

SIL-3 The system fully operational Resistant to a single 
failure. (1)

SIL-2 No marking composition of the 
RFID-I 

Resistant to a single 
failure. (2) 

SIL-1
Hand - remotely longer power 

failure devices SSR failure of 
multiple

(3)

1. The system is based on a redundant fiber-optic network, and 
two central controllers. For fiber-optic network connected 
systems are inputs and outputs and the local controllers. Any 
single failure does not limit the functionality of SSR.

2. A larger number of failures is also not causing loss of functio-
nality of the system, but the number of functions performed 
automatically will be limited. The tram is not detected by the 
RFID readers - not marked is not positioned at checkpoints 
certainly required by the SIL-3. Unmarked composition requ-
ires information by the dispatcher at the entrance to the depot 
allowing SZZ determine the parking space.

3. Retraction operation and fault conditions require interference 
Dispatcher, or tram drivers from desktops installed at selected 
signals.

4. Conclusion 

As part of the requirements specified by the Customer, was 
deliver Tram Depot Operating System in scope of: 

equipping of track infrastructure and equipping a vehicle in the 
equipment necessary to implement the automatic functions of 
the system; 
it was provided the requirement of safety and class SIL-3 in the 
field of automation control ensuring safe movement of vehicles 
in the area of the depot through the use of appropriate quality 
control devices as switches;
Retrofitting a vehicle, it’s necessary equipment for vehicle 
identification; 
It provides information systems carrying out support functions 
service depot: 
assigning parking spaces including rules defined by users, 
automatic compilation route for vehicles entering the depot 
automatic compilation of trip routes for vehicles entering 
tasks of transport as scheduled tasks for the next day; 
collecting and processing data from devices in the trackway 
and on the vehicle; 
reporting and visualization of the state of infrastructure; 
implementation and execution of orders service and repair;



SHIELDING OF THE ELECTROMAGNETIC FIELD IN THE RANGE OF SMALL FREQUENCIES AS THE FACTOR FOR ENSURING 
COMPATIBILITY IN ELECTRONIC TRANSPORTATION SYSTEMS

© Copyright by PSTT , All rights reserved. 201636

TelematicsTelematics
Transport SystemTransport System

Archives of Volume 9 

Issue 3

September 2016

Shielding of the electromagnetic field 
in the range of small frequencies as 

the factor for ensuring compatibility 
in electronic transportation systems

J. PAS
MILITARY UNIVERSITY OF TECHNOLOGY, Faculty of Electronics, Kaliskiego 2, 00-908 Warsaw, Poland
EMAIL: jacek.pas@wat.edu.pl

ABSTRACT
Security systems are operated in diversified weather conditions and in various surrounding electromagnetic environments, 
which may be the cause of the occurrence of interferences. The article presents fundamental the principles of shielding of 
electromagnetic field in the range of small frequencies.

KEYWORDS: field, small frequencies, compatibility

1. Introduction

The main purpose of transport is to transfer people and 
cargo. The security of transport is the property of the transport 
process realized (the process of transferring people and/or cargo) 
[2,6,10]. This process should be characterized by a high level of 
reliability and security. The measure of transport security is the 
trust that the elements of the transport process will remain intact 
during its realization apart from those changes that are the result 
of the natural processes of tear and wear [6,7]. To ensure an 
appropriate level of safety, it is essential to use security systems. 
Whose objective is an increase of the security of people and cargo 
in transport [12,20,21]. Security systems are those systems whose 
objective is to detect threats that occur in the transport process 
(both for stationery and moving objects) [15]. Those systems are 
more and more frequently used in the transport process, where 
they ensure security:

 to people (e.g. security systems installed in permanent facilities 
railway stations);
 to people and cargo transported in system;
 to cargo transported system; in connection with a GPS system, 
they can monitor the state of the cargo and the route of a 
given means of transport [4,5,9,15,18].

Security systems are operated in diversified weather conditions 
and in various surrounding electromagnetic environments, which 
may be the cause of the occurrence of interferences [1,8,11]. 
Security systems installed in the railway area are particularly 
exposed to the impact of electromagnetic interferences, whose 
source is moving objects (traction vehicles) and the whole electric 
and electronic infrastructure of the railway area: i.e. traction power 
supply, electrical power transformer stations, rail traffic control 
systems, telecommunication systems [16,17,20,21]. A high level of 
interferences may be the cause of an occurrence of interference in 
the operation of digital systems and microprocessor systems that 
control and security systems are composed of (e.g. a burglary and 
assault signalling system) [19]. In the railway area, there occur 
interferences with various frequency ranges, including interferences 
in the range of small frequencies: ELF (5 – 2000) Hz and VLF (2 – 
100) kHz. 
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2. The principles of shielding of 
electromagnetic fi eld in the 
range of small frequencies

Th e shield constitutes a metallic separation of two areas of space. 
It is used to decrease the degree of the transfer of electric and magnetic 
fi elds from one area to another area. Shields can be used to limit the 
space of the occurrence of electromagnetic fi elds if they surround the 
sources of interferences, or to maintain electromagnetic radiation 
outside a certain area [3,5]. Th e eff ectiveness of shielding, which is 
determined as a relation of the value of the fi eld intensity in a given 
space without a shield to the fi eld intensity aft er an introduction of a 
shield, is the basic parameter that defi nes the properties of a shield. 
Th e notion of shield dampening S is sometimes used instead of the 
eff ectiveness of shielding. Th is parameter is determined in decibels 
in accordance with the following dependence [3,13]:

S = 20 log (Pbe / Pze) (1)

where: 
Pbe – fi eld intensity without a shield;  
Pze – fi eld intensity with a shield.
In the case of an electric fi eld or a coupled fi eld, the eff ectiveness 

of shielding is expressed by means of the following formula [3,13]:
SE = 20 log (Ebe / Eze) (2)

where: 
Ebe and Eze – intensities of the electric fi eld with and without 

a shield.
In relation to the magnetic fi eld, by analogy [13]:

SH = 20 log (Hbe / Hze) (3)

where: 
Hbe and Hze – intensities of the magnetic fi eld with and without 

a shield.
As shown in fi g. 1, two types of losses occur when an 

electromagnetic wave falls on a metal surface. Wave F1 that comes 
from the source of radiation is in part refl ected from the surface of 
the shield, and it creates wave R , while its transferred part A (not 
refl ected) is dampened when going through the medium (losses of 
absorption), which it leaves as wave F2.

Fig. 1. Principle of shielding of an electromagnetic wave through a 

metal obstacle [own study]

Th e total eff ectiveness of shielding of a material is equal to 
the sum of the measurements of relative losses of absorption A, 
refl ection losses R and correction coeffi  cient B that takes into 

consideration multiple refl ections in thin shields – fi g. 2. Th e total 
shielding eff ectiveness can be written as follows:

S = A + R + B (4)

Fig. 2. Principle of shielding of the source of radiation F1: a) located 

outside the shield, b) located inside the shield [3]

Correction coeffi  cient B (of multiple refl ection) can be omitted 
if absorption losses A are greater than 10 dB. From a practical 
point of view, coeffi  cient B is omitted for electric fi elds and fl at 
waves. Th e eff ectiveness of shielding is explained in the following 
manner. Currents that are inducted in the shields, which are 
generated as a result of the activity of interfering fi elds, generate 
their own fi elds, which aim at levelling the original fi elds. Th e 
determination of shielding eff ectiveness consists in providing 
information as to by how much the intensity of the magnetic or 
electric fi eld decreased owing to the use of a shield. In the case of 
an electromagnetic wave that falls on a well conducting surface, 
the refl ection angle of this wave is the incidence angle. On the 
surface, the component tangent of the electric fi eld intensity and 
normal component of the magnetic fi elds are equal to zero. In 
practical cases, refl ection losses R in a close fi eld for fl at waves can 
be defi ned with the following formula [3,13,14]:

R = 168 – 10 log(μr f/σr) (5)

where: 
μr – relative magnetic permeability, 
f – frequency (MHz), 
σr – relative conductivity of the material of the shield.
In the case of electric fi elds, a greater part of the incident wave is 

refl ected and it is only its scanty part that penetrates a well conducting 
shield. For magnetic fi elds, a greater part of incident wave goes to the 
shield, where it undergoes a multiple refl ection. For the magnetic fi eld 
in the shield, the correction coeffi  cient B of multiple refl ection (in dB) 
is expressed with the following formula [3]:

B = 20 log[1 – exp(-2e/d)] (6)

where: 
e - shield thickness, 
d - penetration depth of magnetic fi eld
Th e penetration depth of the fi eld d is defi ned with the 

following formula [3]:

(7)

where: 
f - frequency, 
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m - absolute magnetic permeability, 
s - conductivity.
Th e correction coeffi  cient B is a negative number. Th is show 

that with very thin shields, the eff ect of multiple refl ection 
considerably weakens the total losses of absorption. Losses in 
refl ections are the greater the smaller the impedance of the shield 
is. Th e impedance of the shield can be reduced through the use of 
materials with high conductivity and small magnetic permeability. 
Absorptive dampening A expressed in decibels can be easily 
calculated when the fi eld penetration depth is known [13].

A = 8,7 e/d (8)

where: 
e –shield thickness in any units, 
d - fi eld penetration depth in the same units as e.
When propagated in the shield, a part of the wave which 

undergoes dampening changes its energy into heat. A great 
eff ectiveness of shielding by absorption is obtained by using well 
conducting materials with a high magnetic permeability e.g. iron. 
Absorption losses depend on the frequency, shield thickness and 
kind of material.

3. Results of the measurements 
of electromagnetic fi elds with 
various shields 

In the experimental part of the article, the parameters were 
examined of diff erent shields which were used to reduce the 
environmental impact of radiation generated by selected electronic 
devices. Shields were examined that were made from various 
materials, both single-layer and multi-layer ones. Th e results of 
the measurements of magnetic fi eld induction B and electric fi eld 
intensity E, at the housing of the generator examined are presented 
in tables 1 and 2. 

Table 1. Values of magnetic fi eld induction B at the housing of the device

Measurement 

location

Value of  magnetic fi eld 

induction ELF  B[μT]

Value of electric fi eld  induction 

VLF  B[nT]

Left side 12 – 192 1.7 – 113

Right side 3 – 15 0.6 – 4.1

Back 3.5 – 6 5.9 – 9.4

Front 7.4 – 82 14 – 128

Table 2. Values of electric fi eld intensity E at the housing of the device

Measurement 

location

Value of electric fi eld intensity 

ELF [V/m]

Value of electric fi eld 

intensity VLF [V/m]

Left side 40 – 220 0.3

Right side 5.7 – 99 0.3

Back up to 750 0.3

Front 4.7 – 22.4 0.3

The maximum and minimum values that occur on the surfaces 
examined are given in the tables above. The measurements were 
carried out with single-layer shields made from various materials. 

The diagram of the mutual location of the shielded device in 

were used for one-side shielding - steel metal sheet with thickness 
h = 1.5 mm; - one-side laminate with copper layer thickness hCu = 

m; two-side laminate with copper layer thickness hCu = 70 m.

Fig. 3. Location of the device that generates electromagnetic fi eld in 

the shield [own study]

Th e results of the measurement of the distribution of magnetic 
fi eld induction B in the function of distance d from a shield made 
from steel metal sheet are presented in fi g. 3. As seen in fi g. 4, 
magnetic fi eld induction diminishes quite considerably with an 
increase of the distance from the device.

Fig. 4. Distribution of magnetic fi eld induction B [μT] in the function 

of distance d [cm] at the point of the maximum intensity of 

this fi eld by the device examined [own study]

In order to determine the directions of the maximum radiation, 
omnidirectional measurements were made in relation to the 
geometrical centre of the housing of the shielded device – fi g. 5.

Fig. 5. Omnidirectional characteristics for the individual 

components B
x
, B

y
, B

z
 of magnetic fi eld induction B[μT] for 

ELF frequency range in the case of a steel shield [own study]
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Table 3. Shielding eff ectiveness of magnetic fi eld in ELF range for 

single shields

Type of shield
S [dB]

0° 90° 180° 270°

Steel metal sheet shield
(h = 1.5 mm) 8.26 5.9 1.21 3.21

Shield from one-side laminate 
h(Cu) = 35 μm 1.67 -1.19 -2.31 -1.11

Shield from two-side laminate 
h(Cu) = 70μm 2.56 -2.24 -4.05 0

Fig. 6. Omnidirectional characteristics for the individual components B
x
, 

B
y
, B

z
 of magnetic fi eld induction B[μT] for ELF frequency range in 

the case of one-side laminate shield (thickness of copper layer h = 

35 μm, dielectric layer depth h = 1.5 mm) [own study]

Table 4. Shielding eff ectiveness of magnetic fi eld in VLF range for 

single shields

Type of shield
S [dB]

0° 90° 180° 270°

Shield from steel metal sheet
(h = 1.5 mm) 13.25 6.02 2.92 1.58

Shield from one-side laminate 
h(Cu) = 35 μm 4.31 0.92 0 0

Shield from two-side laminate 
h(Cu) = 70μm 8.15 0 1.34 1.58

Table 5. Shielding eff ectiveness of electric fi eld in ELF range for 

single shields

Type of shield
S [dB]

0° 90° 180° 270°

Shield from steel metal sheet
(h = 1.5 mm) 2.83 13.17 -3.552 -2.83

Shield from one-side laminate 
h(Cu) = 35 μm 1.79 12.25 -6.58 -1.24

Shield from two-side laminate 
h(Cu) = 70μm 2.02 4.37 3.55 -4.65

Table 6. Shielding eff ectiveness of electric fi eld in VLF range for 

single shields

Type of shield
S [dB]

0° 90° 180° 270°

Shield from steel metal sheet (h 
= 1.5 mm) 8.52 0 0 0

Shield from one-side laminate 
h(Cu) = 35 μm 8.52 0 0 0

Shield from two-side laminate 
h(Cu) = 70μm 8.52 0 0 0

Aft er the examination of the eff ectiveness of single-layer shields, 
measurements were made of fi elds around the shielded device with 
the aid of two and then three layers of various materials. Fig. 7 
presents intervals between the successive layers of shields.

Fig. 7. Distances between layers in a multi-layer shield [own study]

Tables 7 include the values of the received dampening S of 
magnetic and electric fi elds for two-layer shields. 

Table 7. Shielding eff ectiveness of magnetic and electric fi elds for 

a shield which consists of steel metal sheet and one-side 

laminate

Type of 
fi eld

Frequency 
range

S [dB]

0° 90° 180° 270°

Magnetic 
fi eld

ELF 9.42 5.84 0.39 3.44

VLF 13.25 4.44 0 0

Electric 
fi eld

ELF -8.11 -7.39 -10.95 -12.2

VLF 8.52 0 -7.36 0

4. Conclusion

Investigations into the eff ectiveness of shielding of unintentional 
electromagnetic fields emitted by selected electronic devices were 
conducted for the so-called small ELF and VLF frequencies. A division 
into such ranges is the result of the instruments that were used for 
the measurements. It is also used in standards for the protection 
against a negative impact of electromagnetic fi elds. Diagrams 8 
- 9 present the shielding eff ectiveness of the magnetic fi eld and 
the electric fi eld for individual frequency ranges. Th e types of the 
shield used were marked in the fi gures with digits 1-7:
1. steel sheet shield; 2. single-side laminate shield; 3. double-side 
laminate shield; 4. multi-layer shield: steel sheet, single-side laminate; 
5. multi-layer shield: single-side laminate; double-side laminate; 6. 
multi-layer shield: steel sheet, double-side laminate; 7. multi-layer 
shield: steel sheet, single-side laminate; double-side laminate.

A considerable difference can be observed as regards the 
shielding eff ectiveness between the electric and magnetic fi elds. Th e 
results obtained during investigations confi rm the dependence of 
the shielding eff ectiveness from the type of materials used and the 
design solutions of the shields. It is much easier to shield an electric 
fi eld than a magnetic one. A suffi  cient shielding eff ectiveness of the 
electric fi eld was established in the case of single-layered shields 
made from all the materials tested. Diagrams 8 present the values 
of the shielding eff ectiveness of the electric fi eld in ELF and VLF 
ranges for all the shields tested. In the majority of cases, the shielding 
eff ectiveness accepts positive values, which proves an adequate level 
of damping. It is only in two cases in the ELF frequency range, that 
negative values of damping S were found. Th is concerns multi-layer 
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shields made from steel sheet and single-side laminate as well as 
steel sheet and single-side and double-side laminate. As expected, 
steel sheet proved to be the most eff ective material that shields the 
magnetic fi eld. Th e shielding eff ectiveness of the magnetic fi eld can 
be improved by using a shield with a large magnetic permeability 
coeffi  cient m or by increasing the thickness of the sheet used for 
the shield. As can be seen in Diagrams 9 the shielding eff ectiveness 
values are positive in both ranges of ELF and VLF frequencies. 
In accordance with the theory, a greater shielding eff ectiveness is 
found for the selected cases in the VLF frequency, i.e. for greater 
frequencies. 

Fig. 8. Shielding eff ectiveness S [dB]: electric fi eld for VLF range, 

electric fi eld for ELF range [own study]

Fig. 9. Shielding eff ectiveness S [dB]: magnetic fi eld for ELF range, 

magnetic fi eld for VLF range [own study]
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ABSTRACT
A prototype of the “Mobile System for Recording Road Weather Conditions” has been made in the context of 
research and development work done on behalf of APM PRO Sp. z o.o. The system is used to record data collected 
from MARWIS - mobile sensor of surface condition produced by Lufft Company, a GPS receiver, accelerometer, and 
the instantaneous vehicle velocity from CAN bus. Its task is also processing the obtained information to standardized 
form and transfer it to an external database.

KEYWORDS: road weather condition, mobile systems, prototype 

1. Introduction

From the point of view of safety and car transport efficiency, 
the current information about the road conditions is very 
important. Because of significant spatial changeability of these 
conditions resulting among others from relief, differences in traffic 
intensity, exposing the street to sunshine etc. [1, 2, 6, 7], the data 
from stationary weather stations are not sufficient. Data from 
road weather stations can be of course assisted by proper weather 
prediction systems. Such prediction, however, requires a knowledge 
of series of input parameters and proper model calibration for the 
local conditions. Moreover, regarding the provision of continuous 
information access to the weather station, mobile recording systems 
can constitute a great source of data during breaks in weather 
stations operations [5]. This article presents a prototype of Mobile 
system for recording road weather conditions. This system allows to 
collect information about road weather conditions along the route 
of vehicle equipped in proper sensors. Thanks to such solution the 
weather information from stationary weather stations, recorded in 
a given road section, will be cyclically completed by data regarding 
the road conditions along the transit route. The system measuring 
devices can be mounted, among others, on special maintenance 
vehicles (e.g. patrolling given road sections), passenger transport or 
road management vehicles, e.g. ploughs or salt spreaders.    

2. System assumptions

In regard to the system presented in the article, it was assumed 
that the basic task would be to record data acquired from the mobile 
surface conditions sensor and the vehicle spot speed from the CAN 
bus. Moreover, the system should process recorded data in order to 
achieve a standardised form of data and send them to the external 
database. As part of the works a prototype of the device was built 
along with communication interface and data gathering system.

The main assumption during the works on the prototype was 
to base it on the central driver put into place in form of a single-
board computer. Such approach requires implementation of proper, 
dedicated software to serve for communication protocols and data 
gathering mechanisms from:

Lufft MARWIS mobile road conditions sensor
GPS receiver,
accelerometer,
CAN bus via OBD II diagnostic interface.

The system should also perform data transfer to external SQL 
Server database. 
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3. Implementation of the 
prototype

Raspberry Pi 2B microcomputer was used as central driver 
that allows implementation of the assumed system functionality. 
Schematic diagram of the prototype presenting the most important 
elements of it and used communication protocols is presented on 
Fig. 1. Elements that are inside the frame were built in common 
housing (Fig. 2). Basic technical parameters of the prototype are 
presented in table 1.

Fig. 1. Schematic diagram of the prototype hardware layer [own study]

Fig. 2. Picture of the prototype [own study]

Table 1. Prototype basic technical parameters

Parameter Description

Housing length  190 [mm]

Length with antennas 215 [mm]

Housing width 150 [mm]

Housing height 75 [mm]

Housing mass 750 [g]

Input power voltage 12 [V]

Maximum power consumption 6 [W]

Connection socket 12V lighter socket plug

Due to the use of Raspberry Pi minicomputer, the measuring 
system has the ability to communicate by one of following 
standards: RS485, USB, Bluetooth and Ethernet Base-T. In the 
described prototype not all protocols are used, however their 
existence can allow a development of the system in future. Th anks 
to the use of OBDII diagnostic system interface, data acquisition 
for vehicle CAN bus is possible. A GPS receiver was connected to 
one general input/output in Raspberry Pi minicomputer. Because 
Raspberry Pi does not have a built-in real-time clock, such clock 
was integrated with the GPS receiver. An accelerometer designed by 
APM PRO sp. z o. o. is used for acceleration measurement. It uses 
the INVENSENSE MPU-6050 module and Atmega 328P micro 
controller, which connect via I2C protocol. Communication with the 
OBDII diagnostic interface and the mobile road conditions sensor 
is done via Bluetooth wireless interface. Th e prototype uses SENA 
PARANI-UD100 device which allows data transmission at distance 
of 300m. Th e prototype was also equipped in 3G modem that allows 
the use of fast 3G internet. Due to such solution prototype’s eff ective 
communication with data base installed on external servers is 
possible. Prototype is powered by a car’s lighter socket plug. Th e 
housing has a feeder equipped in two USB A sockets with output 
parameters: nominal voltage - 5V DC, maximum summary current 
intensity - 2.1A. Th ese parameters provide power for the Raspberry 
Pi microcomputer with all built-in peripherals. Additionally, the 
prototype has a separate car lighter socket plug for connecting the 
MARWIS sensor. Such solution allows to supply the whole system 
from a single lighter socket.

In order to provide proper work for the accelerometer, a level 
line was installed on the outer housing (Fig. 2) that allows to level 
the prototype. Additionally a sticker was placed on the prototype, 
informing about the in-vehicle prototype placement that would ensure 
the correctness of the vehicle linear and crosswise accelerations.

Also a small Th ePiHut USB hub was installed in the prototype. 
It is equipped in seven ports to which one can connect any device in 
USB 1.1 or 2.0 standard. Hub is dedicated to work with Raspberry 
Pi minicomputer. Th e use of an external memory in the form of 
a  Pendrive was predicted. It is designed to gather and preserve 
data for their temporary archiving in case of any communication 
errors with the external server. 

4. The recording system 
software, data processing and 
export

In order to reach full system functionality, the prototype 
has installed author soft ware that uses libraries available under 
free of charge licence. Soft ware is started from the central unit 
level managed by the Raspbian 7 system, part of the Linux 
systems family. Th is operating system was implemented with a 
confi guration script that allows to control of soft ware in the form 
of scripts:

1. to manage measurement data recording,
2. to process recorded data, including coordinates correction, 
3. responsible for data export to the external database systems.
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As part of soft ware for measurement data recording scripts 
were installed for following devices:

vehicle CAN bus with use of Bluetooth 2.0 wireless data 
transmission interface; soft ware for reading OBD II engine 
diagnostic system data and selecting in real time information 
regarding spot speed and ambient air temperature,
MARWIS Mobile system for recording road weather 
conditions, also with the use of Bluetooth 2.0 wireless data 
transmission interface; soft ware uses manufacturer’s data 
transmission protocol UMB 1.0, allowing at the same time 
to set the read frequency, 
GPS receiver that communicates with central unit via serial 
transmission, 
triaxial accelerometer, also communicating with the central 
unit via serial communication with the simultaneous guarantee 
of higher read frequency than for other devices.

Also local archiving was performed as part of each script. Data 
are stored until they are successfully sent to the external server. 
Fig. 3 presents a basic algorithm block scheme according to which 
data downloading applications work.

Soft ware for recorded data processing, including coordinates 
correction, covers:

soft ware which performs averaging of acceleration measurement 
values for each axis as part of analysed time windows for road 
conditions recording set by the frequency of this status read,
soft ware that realizes correction algorithms - implemented 
measurement system that uses data from CAN bus and 
from accelerometer allows a higher resolution and precision 
in positioning measurements done by the mobile system 
for recording road weather conditions; position correction 
algorithms incorporate three basic cases:
vehicle correction from GPS in case the vehicle is in stop,
increase of resolution of location in the road surface condition 
parameters in case of continuity of the GPS signal in traffi  c, 
including acquisition of information about road grade line 
inclination, height diff erence between following measurements 
and air temperature necessary for implementing development 
works of other systems for short term weather forecast,
securing information about location of the road conditions 
measurement result in case of losing a GPS signal.

Th e last implemented group of soft ware are scripts responsible 
for integrating all measurement data and their export to external 
systems. Created scripts allow to send data to database system of the 
Multimodal Traffi  c Monitoring System (MTMS) and SmartView 
[3] database soft ware. Th e MTMS platform is product of APM PRO 
sp. z o.o., whereas SmartView belongs to Lufft   - the manufacturer of 
MARWIS [4] sensor. Implemented algorithms ensure data stability 
and their synchronisation on the driver-database level. Data buff er 
mechanism is also an important element. It is very important if 
there is a loss of communication with the Internet. Data safety is 
guaranteed by the private VPN network used with OpenVPN 
soft ware.

 Fig. 3. Basic block diagram of the data acquisition algorithm [own study]

5. Database

Fig. 4. The EER database collector model [own study]
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Because the presented prototype was created with help of the 
APM PRO sp. z o. o., it was adapted to communicate with database 
used by this company. Th erefore, in order to ensure compatibility 
with products off ered by the APM PRO, that is the MTMS platform 
and the SmartView application, two independent databases 
were created. Th e fi rst one, named collector, is a representation 
of the SmartView application structure, where the second one - 
OnDynamic - guaranties coherence with the MTMS. Fig. 4 presents 
a model of the collector EER database model.

Th e system was also equipped with mechanisms that trigger 
data directly to the external systems and data correctness algorithms. 
Additionally, as part of the system, a cyclic removal procedure of data 
older than a given time interval was implemented. Data removal 
mechanism has also the ability to save archive data to CSV fi le.

6. Conclusion 

Currently the prototype undergoes testing by APM PRO sp. z o. o. 
As part of tests a number of passages was done with vehicles equipped 
in the discussed prototype – Fig. 5. On the basis of collected data, an 
analysis is being conducted regarding the improvement of the system, 
mainly ensuring a proper reliability in regard to the communication 
between particular system elements.

 

Fig. 5. Test vehicle equipped in system prototype [own study]

Th e authors of the prototype hope that the fi nal product 
will fi nd its use both in winter maintenance units and in private 
transport companies. Integration of mobile road condition units 
with track parameters recording system allows to gather current 
information about the road surface. Th is information can be 
helpful for road administration and can be a valuable guide for all 
drivers, thus contributing to traffi  c safety improvement. Access to 
data acquired by the system could be allowed via public internet 
applications. Currently talks are held regarding commercialization 
of the prototype on the Polish, German, English and American 
market.
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ABSTRACT
The purpose of the research is to provide a telematics system architecture. The technologies used in computer science 
belong to the most important instruments also affecting transport management in an enterprise. They may assist the 
utility of the system, its accessibility, the level of integration and substantially influence the performance of a company. 
The use of telematics tools will make it possible to optimize the supply chain within the company. This optimization 
applies to sales forecasting, which affects the material demand, production, etc. A mathematical model has been 
developed, which is based on the fusion of fuzzy classifiers with the theory of probability and the theory of mathematical 
evidence. The data affecting sales include, amongst other things: delivery lead time, sales records, customer satisfaction, 
delivery compliance rate, delivery speed ratio, supply excellence ratio, lead times between order taking and delivery, etc. 
The study has proven that soft calculation methods based on fuzzy sets and artificial neural networks are appropriate for 
the tasks of the logistics chain control, and the support of telematics tools will improve the management of an enterprise.

KEYWORDS: telematics system architecture

 

1. Introduction

The turn of the millennium  is a time of intensive development 
of modern information and communication technologies in the 
developed countries of the world. Personal computers, computer 
networks and the Internet have become the symbols of this 
development. They have increasingly been used in almost all areas 
of social and economic life. As a result of their mass application, 
a new type of society is being developed, called the information 
society, where the information becomes a fundamental public good.

The number of enterprises engaged in forwarding activities is 
increasing each year. These enterprises are looking for methods 
to improve the quality of management and raise the operational 
efficiency. They decide on the implementation of telematics 
system to assist the flow, selection and grouping of information, 
and as a consequence the fleet management becomes easier and 
more efficient. A strong emphasis in the case of such a decision 
is placed on the selection of software and its suppliers. The very 
implementation is marginalized, which, in practice, affects the 
appropriate and consistent functioning of the system as expected. 

The intelligent implementation and use of information systems 
is the way to gain competitive advantage. 

Information technologies do not develop in a market vacuum, 
but in close connection with the market situation and they meet 
specific needs. Sometimes they are ahead of the awareness of the 
existence of the demand in potential customers.

The use of information and communication technologies has also 
led to nearly total automation of data processing and transmission 
processes, in which the role of the human is limited merely to the 
exercise of supervision. Therefore, these solutions facilitate work and 
the exchange of information with the client, reduce the duration of 
logistic processes and eliminate human errors.

Examples of more or less advanced telematics technologies in 
transport are technical means (hardware and software, protocols, 
etc.) for:

remote measurements of the condition of transport objects 
using such technical devices as for example sensors, detectors,
data transmission over large distances by satellite and land-
based communications systems,
electronic and wireless exchange of information between a 
moving vehicle and roadside devices,
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gathering multimedia data for example in databases and data 
warehouses to ensure eff ective access to them,
fast data processing, oft en multimedia data (texts, images, 
voices),
providing information to users in real time, i.e. in parallel 
with the implementation of transport operations.

Th e variety of telematics solutions in transport systems is 
extremely high. It is worth noting at this point that telematics systems:

are technological innovation in transport,
their core function is to improve transport systems in the fi eld 
of remote gathering information about dynamic transport 
objects, its processing in real time, effi  cient storing and fast 
forwarding, oft en on small or large distances,
more integrate the whole transport system for information, 
especially its basic components: infrastructure, vehicles and 
transport operations, thus enabling better management of the 
transport system or its individual components.

Th e transport infrastructure is the foundation of proper 
functioning of the economy. Its development should be shaped on the 
basis of modernity and effi  ciency, particularly given the signifi cant cost 
of this development. Th e support to properly designed information 
systems signifi cantly allows to alleviate or completely exclude the 
defects and problems that occur when running a transport enterprise. 
Th erefore, the aim should be to develop integrated strategies for the 
promotion and implementation of modern transport solutions, 
which, when introduced, will contribute to improvement in the 
availability and quality of passenger and freight transport services, 
and reduce the impact on the environment.

Th e implementation of a telematics system is a very complex 
undertaking and constitutes the largest investment in an 
enterprise taking into consideration costs, complexity and time of 
implementation. Th is operation is not limited to the purchase of 
computers, wireless devices and the installation of the soft ware.

Th e article presents the architecture (model) for the collection 
and processing of information in the internal transport of 
information, which forms the basis of business management. 

Th e proposed original Fuzzy-ProgKM classifi er uses a fusion of 
classifi ers related to the  probability, the theory of fuzzy sets and 
mathematical evidence theory. A telematics system in the form 
of sensors that measure inventory size sends the information to 
ERP system in real time. Th is information comes from a variety of 
sensors and it requires special mathematical methods to aggregate 
such data and make decisions. For this reason, a sequential 
approach proposed [2, 6, 7] for the task of forecasting is an essential 
part of the algorithm, since in addition to the current state of the 
earlier observations, the observation of previous measurements 
signifi cantly contributes to an increase in the precision of the 
forecasts. Th e main inspiration for this model was to describe the 
creation of a method that, in contrast to statistical methods, will 
cope better with uncertain, imprecise data which we are witnessing 
mainly in stochastic processes. Undoubtedly, these kinds of data occur 
during inventory forecasting since their size is dependent on  changes 
in demand on the market which are oft en diffi  cult to estimate. In 
order to authenticate the results of the original model, its results of 
forecasting (convergence, error) were compared to Holt-Whinters 
forecasting algorithms, known from the literature [1,8].

2. Mathematical description 
of the task of inventory 
forecasting

Before describing the task of inventory forecasting a scheme of 
architecture for internal transport of information within a telematics 
system is shown in fi gure 1. 

Fig. 1. Scheme of architecture for internal transport of information 

within a telematics system [own study]

Th e devices of the system gather information in real time on 
inventory stock, orders to warehouse, orders for production. From 
various chains of an enterprise the information is transported 
using TCP/IP protocols to the aggregation module of information 
coming from diff erent sources. Th en the information gets to the 
modules of information processing and decision making. Th ese 
modules have the task to recognize the task of classifi cation.

Th e task of sequence recognition based on the fusion of 
classifi ers will be treated as a dynamic process. An object in 
k-th interval is in the Yk state that belongs to the quantitative 
category yk R+. Th e state of the yN object is not subject to direct 
measurement. It is the result of observation of the object’s trend, 
and more specifi cally a trajectory of earlier measurements Yk-

1,Yk-2,...,Yk-l. Let xk X be a (d)-dimensional vector of variables 
(characteristics), which have been measured in the preceding 
intervals. Th ese variables in the case of stocks are the delivery 
time, customer service ratio and other variables that can serve as a 
basis for determining the size of stocks. Th ese variables are subject 
to fuzzing  [3.4] by fuzzy sets, where:

        

(1)

In further considerations n will mean n-th fuzzy rule:

(2)

In the analysed case the current state of the object is dependent 
on previous states, i.e. used inventory control. Let Yk-1,Yk-2,...,Yk-l be 
objective functions. 
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Combining the current observation of the object’s characteristics 
with the previous state is a simplifi cation. It is possible of course to 
analyse all object’s states so far but this interpretation can be diffi  cult 
to take into account.

Making a decision on the planned inventory levels at k+1 
moment is dependent on the measurement of the characteristics 
describing it and the knowledge about the relationships between 
successively occurring measurements of stocks (trends) and features 
describing the size of the stocks. Th is knowledge is stored in a 
learning set, which consists of a set of learning sequences:

(3)

A single learning sequence can be written as follows:

(4)

Sk- means an observation of specifi c k object. In the case of 
inventory planning Sk is the measurement of characteristics that 
describe the volume of stocks, for example delivery time, customer 
service ratio. Sequential recognition task will mean the fact that 
the decision-making algorithm in the k-th interval to decide on 
the forecast of stocks for the next period will use the information 
in the form of previous stocks volumes, delivery times and 
customer service ratio.

Th e error on a learning set can be defi ned:

(5)

Where  takes the value 1 if the condition 
is fulfi lled and 0 if it is not fulfi lled. Value q is the value described 
by an equation (6).

(6)

Let us assume that we have d of decisive classes. Th en the 
diff erentiability function will be function F:D Rd. Let F=(f1,...,fd)T. 
Object x is allocated to the class with the highest support ratio, i.e. if:

(7)

In sequential recognition we assume certain weights p1,...,pn. 
Th ese weights can be interpreted as distributions of probability. 
x1,Y1 ,..., xn,Yn . While learning we select examples from the 

set S in accordance with the distribution of basic probability P. 
As a fuzzy observation of features was adopted at the beginning, 
therefore for such a case, an appropriate weighted error shall be 
adopted:

(8)

Th e weight ωk+1 is calculated according to the equation:

(9)

(10)

where  is a function of belief according to Dempster-
Shafer theory regarding belonging to the fuzzy set .

In order to satisfy the condition , a simple 

standardization shall be made: 

(11)

where:

(12)

In general, the algorithm can be written as:

(13)

It is a combined classifi er using the fusion of fuzzy Bayesian 
classifi er with a fuzzy observation of previous stocks values. 

Th e algorithm is written in a general form and its arguments 
are dependent on the complexity of the parameters used in the 
assessment of stocks. Th e sequential recognition process can is 
presented in diagram 1.

Fig. 2. Fuzzy illative system [own study]

In the model presented in fi g. 2 the current use of stocks on the 
input is defuzzifi ed Yk once the diff erences of vectors describing 
the size of the consumption of inventory between k and k-1 
interval as well as the diff erences between k-1 and k-2 intervals. 
Th e values are subject to the process of fuzzifi cation. Next, based 
on all available knowledge accumulated in the learning set in an 
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interference block, a fuzzy mapping of fuzzy quantities is planned 
 into a fuzzy set. In the process of defuzzification, the fuzzy set  

Yk+1 is transformed into crisp value Yk+1. 

3. Conclusion

The article describes the architecture of information transport 
system within an enterprise. This information is used in the process 
of recognition. A telematics system collects information from a 
variety of sources. This information includes the availability of 
the whole transport infrastructure inside the company, inventory, 
history of measurements, availability of employees, information 
on material demand MRP and ERP forecasting. All information 
is collected from recorders, measuring probes, motion sensors, 
RFID system (automatic identification). This whole trajectory of 
measurements allows for the development of a forecasting system to 
keep the inventory at an optimum level. Due to the high complexity 
of the data it is necessary to create a hybrid model in the process 
of inference. This model combines the methods deriving from 
soft computing methods (fuzzy sets, artificial neural networks). 
It also includes hard methods, i.e. probability. The aggregation of 
knowledge in the knowledge database which is based on fuzzy rules 
gives the ability to describe the entire complex structure of data that 
are often incomplete, imprecise and incomplete.
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ABSTRACT
The paper describes the study of the control of the hydrogen fuel cell stack for a car, which has been prepared on the  
example of a light vehicle, built for racing competitions. The issue included of the control of the hydrogen cell stack 
in the conditions of varied energy demand, occurring during urban traffic and selection of system parameters, using 
numerical model.
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1. Introduction

Although car electric drive has been known for a dozen of years, 
it is this decade that it is becoming more and more widely used. 
The idea of the electric car with a battery has one big disadvantage 
which prevents it from wider commercial usage i.e. not satisfactory 
range of travel due to insufficient battery parameters. Therefore, 
the development of hybrid drives using combustion engines can 
be observed. In different hybrid systems the combustion engine 
can perform different functions [2]. On the one hand, the engine 
is directly used for driving a car with simultaneous alternator drive 
generating electric energy for powering electric engines or batteries 
accumulating the energy. On the other hand, combustion engine 
is used as a sole energy source for generating electric energy for 
electric engine drive. 

The issue of the flows of mechanical and electrical energy and 
their accumulation and buffering is the key issue in these types of 
drives and the subject of many different technical solutions and 
research [1,5]. Hybrids drives owing to their degree of complexity 
form a temporary solution in the development of electric drives 
and to be more precise energy sources for these drives [2]. In 
the systems with only electric drives as energy source, hydrogen 
fuel cell stacks are used apart from batteries and combustion 

aggregates. Smart Power team [7] from the Silesian University of 
Technology, based on their experience in constructing innovative, 
energy saving electric vehicles driven by batteries, has decided to 
install in their newly constructed vehicle a complex driving set 
with hydrogen fuel cell stack instead of lithium ion batteries.

Hydrogen fuel cell stack is a device which generates electric 
energy from hydrogen that is supplied from the tank with the flow 
being controlled by a controller and a set of valves depending on 
the current demand and oxygen being supplied from the air. In 
the course of chemical reaction water is obtained which is the 
only redundant outcome that do not cause emissions. It is worth 
mentioning that in the course of reverse reaction –hydrolysis it is 
possible to produce hydrogen and oxygen after delivering energy 
to water in a proper way. Commonly, the cell set is enriched with 
a set of supercapacitors which play a role of an energy buffer since 
the possibilities of controlling the cell are not as great as in the case 
of batteries. The degree of complexity of the supply set of hydrogen 
fuel cell stack is much greater than battery supply however, the 
hydrogen fuel cell stack supply has no disadvantages of battery set 
i.e. short time of filling up with hydrogen and far greater range,  
resulting from higher energetic density of hydrogen. Therefore, 
introduction of  this type of supply as a source of supply for electric 
cars allows us to get rid of drawbacks of batteries.
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2. Hydrogenius

Th e prototype for HydroGENIUS vehicle is Bytel. Both of the 
vehicles are research electric vehicles which have been elaborated 
and constructed at the Silesian University of Technology by the 
Smart Power team which consists of academics and students. Th e 
vehicles have been constructed in order to carry research on the 
possibilities of reducing energy consumption in transportation 
and optimization of technical solutions for energy effi  cient and 
light electric vehicles [6], [8]. Th e fi nal verifi cation of the results 
happens during Shell Eco-marathon race (SEM) [3]. Bytel, has 
been initially prepared by Smart Power team  as a vehicle with 
lithium ion battery supply , however, during its development the 
supply has been changed and the batteries have been replaced by 
a set of hydrogen fuel cell stack. Additionally, the drive system has 
been altered to use energy recovery system with modern BLDC 
engines with innovative, patent application, system of gears and 
clutches. Bytel took  part in  global Shell Eco-marathon race in 
2015 in prototype version, getting to the top fi nal 10 of the best 
cars and taking 7th place in the category UrbanConcept Hydrogen. 
Nevertheless, in 2014 when it was in the version of conceptual 
vehicle it took 12th place in the category UrbanConcept Battery 
Electric. In the consecutive version a vehicle with hydrogen fuel 
cell stack is being prepared called HydroGENIUS. 

Th e Shell Eco-marathon is the biggest global race of Energy 
effi  cient vehicles organized splendidly. Th ere are three continental 
editions of the race namely, African, American and Asian. In 
European- African edition over 200 teams take part annually 
with over 50,000 spectators. Th e vehicles are divided into diff erent 
categories. Th ere are two types of classes  based on sizes i.e. small 
vehicles Protoype class and big vehicles UrbanConcept class. In each 
class there are diff erent supply categories namely, petrol, alternative 
fuels, diesel, battery and hydrogen. Since 2012 the race has been 
held in the centers of big cities. European editions in the years 2012 
to 2015 were held in Rotterdam and in 2016 will be held in London.

F ig. 1. Research vehicle HydroGENIUS [own study]

3. Characteristics of driving 

Th e operation of a hydrogen fuel cell stack does not have the 
same effi  ciency for each parameter. Th erefore, it is favorable to use 
the cell in constant working conditions. An electric vehicle has 
changeable energy demand due to variable speed of driving. 

During a typical drive there are large changes in the power 
demand. These model changes in demand for energies are 
consciously planned in the SEM race. Th e plan of a race includes 
typical situations in city traffi  c [8]. In the course of moving from a 
standstill and accelerating, a large amount of energy from the power 
supply must be given. Th e vehicle reaches the target cruise speed in 
urban conditions and then during continuing the drive, demand for 
energy is low. Driving conditions and, in particular, bending and 
overtaking causes small changes in energy demand applicable to the 
necessary speed changes. With such small changes, there is great 
potential to use energy buff er for both short collection of energy 
for propulsion as well as charging the buff er through regenerative 
braking. During the stop the vehicle does not require supply and 
what is more energy from braking may be obtained in a very short 
period of time. Th e system  generates signifi cant energy at high 
power. Th e magnitude of braking power normally makes it diffi  cult 
to recover all the braking energy during emergency braking. 
During a stop at a traffi  c light, for example, the demand is very low, 
and the power supply should be in a great readiness to accelerate 
smoothly  and consume the appropriate amount of energy. It is 
possible to adjust the current operating parameters of the cell 
using a controller , but it is not as dynamic as the change of energy 
demand of the vehicle. From the point of view of operation of the 
cell, the most advantageous situation would be when the cell works 
under constant conditions, for maximum performance, regardless 
of the current energy demand of the vehicle. For that purpose the 
solutions are used which allow energy buff ering, most frequently 
they are supercapacitors or batteries. During the increased demand 
for energy supercapacitors are discharged while during the reduced 
demand for energy they are recharged. As regards electric vehicles 
they are an essential part of the electrical system using hydrogen 
fuel cell stack. Supercapacitor battery also allows the optimal 
selection of the cell. Th e cell in this case is selected based on the 
average energy demand system, which is much lower than the 
maximum energy consumed by the vehicle. Th e power of the 
cell should be chosen with a certain excess. Th e lower cell power 
means lower costs of purchase and the reduction of its size and 
weight. An additional advantage of the use of supercapacitors is the 
possibility of energy recovery during braking. Th e simplest option 
is to use reverse operation of the motors. In this way the motor acts 
as a generator losing the mechanical energy that is converted into 
electricity. Supercapacitor batteries are used for the storage. During 
braking without energy recovery, most of the energy of the vehicle 
is lost. In energy-effi  cient solutions for electric vehicles due to the 
unfavorable energy balance this situation is unacceptable.

4. Hydrogen fuel cell stack

Principle of operation of hydrogen fuel cell stacks is similar, 
however their working parameters and characteristics are diverse. 
For this reason, the model of the system has been created for specifi c 
example, instead making a generalized numerical model. Th e research 
and the model has been done for the hydrogen fuel cell stack mounted 
in HydroGENIUS. Th is approach allows for subsequent verifi cation 
of test results and also allows a more precise selection parameters of 
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the numerical model. If needed, the model can be easily converted for 
parameters of diff erent hydrogen fuel stack.

Th e fuel cell stack used in the vehicle is H-1000XP made by 
Horizon Fuel Cell Technologies company[3]. Nominal power of 
the fuel cell is 1000W, the temporary peak power can reach 1200 
W. Th e hydrogen fuel cell is supplied by 99% pure hydrogen. 
Th e pressure of hydrogen is 0,5 bar and is constant. Th e oxygen 
required for the reaction is drawn from the atmospheric air. Th e 
fuel cell stack is equipped with fans with variable speed control, 
used for increasing the air fl ow through the cell. Th e characteristic 
of the fuel cell stack is shown below (Fig. 2).

Fi  g. 2. The characteristic of the fuel cell stack [own study]

Hydrogen consumption increases with the increase of fuel cell 
stack power, however it is not a linear correlation. Effi  ciency of 
the cell varies depending on the power of the cell. Th e effi  ciency is 
the key for vehicle hydrogen consumption and thus critical for its 
driving range. Th e dependence of the effi  ciency and the power has 
been calculated, based on hydrogen consumption of the fuel cell 
stack. It  has been shown below (Fig. 3). Th e maximum effi  ciency is 
54,7% for the power 524 W. Th e effi  ciency for the values lower and 
higher then 524 W is lower, especially for values from the range 
0-  200 W. Th e effi  ciency for the nominal power 1000 W is 47,9 %.

Fig  . 3. The effi  ciency of the hydrogen fuel cell stack [own study]

5. The numerical model

Th e issue of hydrogen fuel cell stack control is a complex 
problem. In particular, the selection of such control parameters 
to get the required power with minimum hydrogen consumption 
through the fuel cell stack. It is a problem of optimal control. 

Because the system is complex and the many parameters intricate, 
has been decided to build a numerical model of the hydrogen power 
cell with the motor.

Th e model has been prepared in Simulink package of Matlab 
application. It consist of for main blocks: fuel cell stock block, engine 
block, supercapacitor block and the control block. Additionally, 
in the model has been used single basic blocks to provide correct 
signal fl ow. To create a block the fuel cell stack, the characteristics 
has been used, not going into details of its working. For the proper 
modeling of hydrogen fuel cell it is enough detailed. It also simplifi es 
the model. Th e supercapacitor block is responsible for simulating 
supercapacitors installed in the vehicle, primarily for simulation of 
its charging and discharging. Th e engine block is a block responsible 
for the power demand of the system. Th e power demand for the 
model is variable like for a car. At the moment the engine block is 
only a block responsible only for power demand, the full simulation 
of the electric engine will be added in the future. Th e control block 
will be responsible for the optimal control of the fuel cell stack. At 
that moment the block limits the maximum power of the fuel cell 
stack. All simulations has been performed for the fi xed step size 0,1 s.

5.1. The energy consumption assumed for the 
system

One of the most important uncertainty in model is the car energy 
demand. It is very variable because of the working conditions of 
the car. During the stop, the energy consumption is very low, and 
when moving off  very high. Because it is not possible to accurately 
determine the energy demand changes, the task to determine a route 
profi le that would be and reliable and allows for comparing the results 
of the simulation, is a very diffi  cult issue. Energy demand in the 
conditions of urban traffi  c is quite diff erent than during driving on the 
highway. For the purposes presented here preliminary calculations a 
hypothetical waveform energy requirements of the system has been 
assumed for the simulations. Th e waveform has been shown in 
the fi gure below (Fi  g. 4). In the waveform occur fragments of stop, 
moving off  and slow driving. Th e duration of the simulation is only 10 
minutes, to decrease the time of preliminary calculations.

Fig. 4. The system power request [own study]
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5.2. Selecting the supercapacitors batery

Th e battery of supercapacitors play an important role of the 
energy storage in the system. It’s essential part of the system 
equipped with a hydrogen cell stack. In the case of low energy 
consumption the battery of supercapacitors are recharged. Because 
the maximum peak power of electric engine is much higher than 
maximum peak power of the fuel cell stack, it is necessary that the 
supercapacitors always have to be charged to some level. Th e most 
important criterion of selection a supercapacitors for the system 
is their capacity. Th e value of capacity must be optimal. Too low 
capacity of the supercapacitors will decrease their eff ectiveness and 
results, that they will not be able to compensate a temporary defi cit 
of energy in the system. Too high capacity will result in too long 
a time of initial charging and increase the cost of the system. Th e 
maximal voltage in system should be lower than maximum allowed 
voltage for the battery of supercapacitors. Series of simulations has 
been performed for the hypothetical energy demand, in order to 
select optimal capacity of the supercapacitors. Th e capacity of the 
capacitors should be selected so as to maximize the effi  ciency of the 
hydrogen fuel cell stack. For the purposes of simulation, has assumed 
a fi xed resistance value connected in series with the supercapacitor 
as 1Ω. Th e real value of resistance should be selected aft er chosen 
a particular model of the supercapacitors. Has been assumed, that 
during the initial charging, the effi  ciency of the fuel cell stack should 
be maximal. Th erefore, during the fi rst 15 seconds of the simulation 
the maximum power of the fuel cell stock was limited to 550 W, 
and during the rest of the simulation has assumed maximum power 
as nominal power- 1000 W. Th e results for diff erent capacity of the 
supercapacitors is s  hown in fi gure 5.

 

Fig. 5. The effi  ciency for diff erent supercapacitor capacity [own study]

Th e analysis of the effi  ciency of the fuel cell stack for diff erent 
values of the capacity shows, that using the supercapacitor with 
high capacity is more benefi t than with the low capacity. Th e mean 
effi  ciency of the fuel cell stack increase with the supercapacitors 
capacity increase. However, simultaneously with increasing the 
capacity of supercapacitors, time of the initial charging is rapidly 
growing. For the example above, the maximum capacity of the 
supercapacitor, for that the charging level is suffi  cient is 8 F. 
Th is capacity has been selected. Th e result of the simulation for 
8 F capacity has been shown below. Th e resulting actual energy 
supplied to the system is very similar to the energy demand in the 
system. Th e capacity 8 F is optimal for this system.

Fig. 6. The simulation for capacity of 8 F [own study]

6. Fuel cell stack control

Th e control of the fuel cell stack should be optimal. In this case, 
the control should provide the required amount of energy while 
simultaneously a low amount of consumed hydrogen. Th erefore 
the fuel cell stack should work with relatively high effi  ciency. If 
high effi  ciency is not possible to achieve, the fuel cell stack should 
work with minimum request power, so as to ensure minimum 
consumption of hydrogen. In practice, the control of the fuel cell 
stack it is possible to realize only by limiting the maximum power 
of the hydrogen cell, by reducing the supplied amount of hydrogen 
and air. Th e control in this case is to smooth change of this 
parameter. By temporarily reducing the maximum power of the 
fuel cell stack to the minimum, necessary for the cells working, it 
is possible to control the launch time of the fuel cell stack. Because 
of the low effi  ciency of the fuel cell stacks for the low power, the 
strategy of the control should provide using the hydrogen fuel cell 
stack only for high power. Th erefore more benefi t is that for low 
energy request, the fuel cell stack should work intermittently with 
the higher power and the higher effi  ciency, than continuously with 
the low power minimal necessary power. In case when the energy 
consumption would be low, the energy should come only from the 
supercapacitors, which should be periodically charged.

7. Conclusion

An important part of the general control system applied to 
an electric car with a hydrogen fuel cell stack is control system 
for the hydrogen fuel cell stack. Proper generation of electricity 
in combination with buff ering energy gives great potential for 
reducing energy consumption. For proper planning control process 
of hydrogen fuel cell stack it is necessary to obtain knowledge about 
the cell operation and optimization of the internal system processes. 
For the purposes of the numerical optimization of the process of 
generating electricity from the fuel cell for the purpose of driving 
an electric car numerical simulation model has been built. Th e 
model includes not only a model of hydrogen fuel cell stack with 
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the regulatory controls, but also the energy buffer largely decisive 
for the proper operation of the system. The paper describes in detail 
the character of this model. Numerical simulation model permits 
the optimization of the control strategy of the cell according to 
the driving conditions as well as to determine the optimal design 
parameters cell itself and above all a buffer in the form of a set of 
super capacitors. In the future steps it is planned to integrate the 
simulation model of the hydrogen fuel cell stack  electric supply 
with the simulation model of the entire vehicle.
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