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ABSTRAcT
The tunnel central control system is designed for maintaining the necessary safety and resistance against failures 
as a system fully redundant at all levels. All hardware components of the control system and their connections are 
doubled. Control system is based on the programmable logic controllers (PLC’s) and used the industrial buses on 
an optical and metallic physical layer. This system controls the traffic and all tunnel equipment systems (variable 
traffic signs, various lighting elements, ventilation system, etc.). Nowadays the control strategy is based on measured 
data inside the tunnel, metrological information and operator’s commands. The control strategy or algorithm must 
be enhanced to obtain better or optimal results. Using of model predictive control (MPC) may lead to optimize the 
control way for chosen criteria. MPC can be implemented to PLC by several methods.

KEYWORDS: tunnel central control system, modern control

1. Introduction
The road tunnel and its central control system is a part 

of intelligent traffic system which requires a continuous 24-
hour service all year. This requirement can be done by correct 
procedure during designing and implementation of whole parts 
of tunnel systems. The main systems are: Fire alarm and detection 
system, operation control and automation equipment, traffic 
control system, power supply, lighting system, ventilation system, 
water management, etc. Central control system (CRS) completely 
control all technology and traffic in the tunnel. CRS is realized 
by the redundant PLC on the automatic working control level. 
This solution increases availability and reliability of the system. 
Improving of safety level must be solved at the hardware level 
(selection of components with a defined SIL – safety integrity 
level) [9], [10]. The PLC (programmable logic controller) should 
by therefore simplistically describe as industrial computer, 
specially designed to control the industrial systems. Although 
PLCs are similar to „conventional“ computers in term of hardware 

technology, they have specific features suited for industrial 
control: a) Rugged, noise immune equipment; b) Modular plug-
in construction, allowing easy replacement or addition of units 
(e.g. input/output); c) Standard input/output connections and 
signal levels; d) Easily understood programming language; e) 
Ease of programming and reprogramming in-plant; f) Capable 
of communicating with other PLCs, computers and intelligent 
devices; g) Competitive in both cost and space occupied with relay 
and solid-state logic systems; These features make programmable 
controllers highly desirable in a wide variety of industrial plant 
and process control situations. Next chapters will deal with 
architecture of the control system, control algorithms design and 
implementation.



Tunnel CenTral ConTrol SySTem enhanCed wiTh modern ConTrol approaCheS

© Copyright by pSTT , all rights reserved. 20144

2. Increasing the system 
reliability

System redundancy can serve for recovery after the failure. 
The reserve parts of the system are those, the using of which would 
be obsolete, if other parts of the system work correctly. 

Redundancy can be described in different groups: according 
to their using, according to the functionality and according to the 
fabrication.

a. According to their using:
Power redundancy – System should be powered at least two 

indifferent sources and should have a backup power source. The 
supply of power for the classified equipment in the case of a failure 
in the power supply from the public network is provided by a 
rotational backup source, i.e. a diesel generating set.

Sensor redundancy - if there is any measurement in the 
production process so important that its failure could shut down 
production, it is doubled. It is used to connect two sensors to the 
redundant module.

Network and media redundancy - Network and media 
redundancy works by creating multiple data paths within a 
network, between any and all locations. The nodes must be 
doubled too. If a cable, switch, or router suddenly fails, another 
pathway will be available to maintain the communication flow. 
Redundant systems deliver significant value in a host of industrial 
applications and are especially essential to tunnel systems [16].

Redundancy of communication buses - This is achieved 
by doubling the communication cards on both sides of the 
communication network.

CPU redundancy - the processors running the same program 
with the same data and in the event of failure of the main processor 
will assume control the standby processor.  Of course, it must be 
provided with the redundancy of communication and input-
output signals necessary to control.

b. According to the functionality:
Hot-standby redundancy - For tunnels systems is required the 

Hot-standby redundancy. With redundancy on all system levels 
(i.e. hardware, system software, application programming and 
maintenance, monitoring interfaces) hot-standby redundancy 
provides maximum reliability with outstanding convenience 
at the same time. Hot-standby redundancy enhances network 
redundancy by the following attributes:

•	Fully automatic matching of process variables.
•	Automatic failover upon detecting internal errors.
•	Integrated self-tests for checking system status.
•	Automatic system matching (system software, configuration, 

applications).
•	Automatic application synchronization.
•	Resistant to single-fault events.

c. According to the fabrication:
Safe redundancy - is the redundancy, where is redundant 

everything necessary for safe operation, for example: processors 
are redundant, but signal redundancy is not ensured.

Full redundancy - redundancy, where everything is redundant: 
power, wiring, sensors, signals, communications processors.

In Fig. 1 we can see the redundant control unit for tunnel system.

Fig. 1. Redundant wiring of the control unit [16]

3. Tunnel central control system 
(TCCS)

The central control system is a central unit of tunnel 
equipment. Coordinated operation of the various operating units 
of the tunnel, such as: energy system, ventilation system, lighting 
system, Fire detection and firefighting systems (FDS and FFS), 
electronic security systems (ESS), the information system, video 
surveillance, variable message signs (VMS) and others is achieved 
by using a special software equipment. In the past, the control 
of tunnel systems was used by supervisory control with partly 
automated fractionation processes. Currently, the automatic 
control is dominant and operators provide supervises upon 
running automated system. Architecture of the tunnel central 
control system is shown in Fig.2.

Fig. 2. Architecture of the tunnel central control system – block 
diagram [5] 
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3.1 Data for tunnel central control system

Traffic intensity is sensed by a camera system and the cars are 
then counted and sorted by categories in database system. More 
information about monitoring of the traffic and measurement can 
be found in [7], [8] and [18]. About the security by transferring 
the data is discussed in [4]. About communication networks is 
discussed in [11] and [12]. Gases emitted by combustion engine 
consist largely of oxides of nitrogen (NOx), carbon monoxide (CO), 
steam (H2O) and particles (opacity) are sensed by special sensors. 
The actuators are: variable message signs (VMS), information 
boards, jet fans, doors, etc. We need the system identification to 
design the control algorithm [5]. 

The main tasks of system identification were the choice of model 
type and model order. It is advantageous obtain a linear time discrete 
model to consider the discrete character of controller. Although most 
real systems have non-linear input/output characteristics, many 
systems, when operated within nominal parameters (not „over-
driven“) have behavior that is close enough to linear that LTI system 
theory is an acceptable representation of the input/output behavior. 

System identification is the study of modeling dynamic systems 
from experimental data. System (S): A defined part of the real 
world. Interactions with the environment are described by input 
signals, output signals and disturbances. Model (M): A description 
of a system. The model should capture the essential behavior of the 
system. Transportation systems modeling are described from other 
view in [21].

All linear models can be derived from general linear model by 
simplification. In the recursive identification the following linear 
dynamic models can be taken into consideration. These are ARX, 
ARMAX and OE models. All models based on the difference 
equation [2]:

y(t)+a1y(t−1)+· · ·+anay(t−na) = b1u(t−1)+· · ·+bnbu(t−nb). (1)

This equation can describe the relation between input and 
output.

3.2 Recursive identification method 

The recursive parameter estimation algorithms are based on 
the data analysis of the input and output signals from the process 
to be identified. This method can be used for parameter estimate 
of ARX model.

(2)

The essence of the Recursive Last Square (RLS) algorithm is 
calculation of new estimates parameters in step (k +1). For the 
derivation of RLS we assume that the estimated parameters are 
known at the time k and covariance matrix P(k) = (WTW)-1

 is also 
known. W is the data matrix. We need to derive recursive relations for 
θ̂ (k+1) and P(k+1). If we have measured values in step (k +1), then:

(3)

(4)

For the covariance matrix is valid the relation:
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The Matrix Inversion Lemma.
Theorem: Let M = A+BC-1D. If A,C are regular then:
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Next, using the Lemma we get: 
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It is valid that: 
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where ( )1+Λ t  is increment,
( ) ( ) ( )111 +⋅+=+Λ ttLt ε (10)

where ( )1+tL  is the gain and ( )1+tε  is prediction error,
( ) ( ) ( )1ˆ11 +−+=+ kykykε (11)

where ( )1+ky  is a real value and ( )1ˆ +ky  is estimated value.
Recursive Least Squares Algoritm is given by sequence of 

relations:

( ) ( ) ( ) ( )kkWkyk T θε ˆ111 ⋅+−+=+ (12)

let us denote:

( ) ( ) ( ) ( )[ ] 1
1111

−
+⋅⋅++=+ kWkPkWk Tγ

( ) ( ) ( ) ( ) ( )11111 +⋅⋅++−=+⇒ kWkPkWkk Tγγ
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( ) ( ) ( ) ( ) ( ) ( ) ( )kPkWkWkPkkPkP T ⋅+⋅+⋅⋅+−=+ 1111 γ

(13)

The new estimate of the parameters θ̂ (k+1) is found:

( ) ( ) ( ) ( )11ˆ1ˆ +⋅++=+ kkLkk εθθ (14)

Recursive algorithm must have initial conditions for θ̂ (0) =0  
a P(0)=cI, where c is an arbitrary large constant (e.g. 106). Using 
this algorithm we are able to create the model of the real system for 
the purpose of implementation the predictive control algorithm.

4. Model Predictive Control 
(MPC)

Predictive control is basically based on discrete or sampled 
models of processes. Therefore relevant relations and derivations 
are presented mainly in discrete area. The term “predictive control” 
denotes a class of control methods having a set of common 
properties: a mathematical model of the control system that is 
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used for prediction of the future controlled output, known future 
trajectory of the required quantity, calculation of sequence of future 
control actions involving minimization of a proper cost function 
(usually quadratic) together with future trajectories of control 
increments and control deviation. Only the first proposed control 
action is performed and the whole minimization procedure is 
repeated in the next sampling period again. Usability of predictive 
control algorithms is quite wide and quality of control is usually 
higher than in the case of PID-controllers. They are applicable to 
unstable, multidimensional processes or processes with transport 
delay and compensate effects of measurable and non-measurable 
failures [1], [6]. Application of another approach of using the 
MPC in tunnel systems are discussed in [3], [13].

In this work we have applied the Dynamic Matrix Control 
(DMC) method which is one of the most spread approaches and 
creates the base of many commercially available MPC products. It 
is based on the model obtained from the real system [17]:

( ) ,)(
1
∑
=

−=
N

i
i ikuhky (15)

where hi are Finite Impulse Response coefficients of the model 
of the controlled system. Predicted values may be expressed:

,)|(ˆ)()(
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We assume that the additive failure is constant during the 
prediction horizon:

)|(ˆ)()|(ˆ)|(ˆ nnynynndnknd m −==+ (17)

Response can be decomposed to the component depending on 
future values of control and to the component determined by the 
system state in time n:

∑ ++−+∆=+ ),()()|(ˆ knfiknuhnkny i (18)

where f(n+k) is that component which does not depend on 
future values of action quantity:
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Predicted values within the prediction horizon p (usually 
p>>N) can be arranged to the relation (20):

,
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where the prediction horizon is k=1...p, with respect to m 
control actions. Regulation circuit is stable if the prediction 
horizon is long enough. The values may be arranged to the 
dynamic matrix G:

,
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:::
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0...01

+−−

=

mphphph

hh
h

G (21)

and expression used for prediction can be written in the 
matrix form:

(22)

Where ŷ is a vector of contributions of action quantity and 
f is the free response vector. The objective of DMC controller is 
to drive the outputs as close to the setpoint as possible in a least-
squares sense with the possibility of the inclusion of a penalty 
term on the input moves. Therefore, the manipulated variables are 
selected to minimize a quadratic objective that can consider the 
minimization of future errors:
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Where e is a vector of future errors within the prediction 
horizon and u is a vector of increments of the action quantity 
during the control horizon, can be obtained analytically by 
computing the derivate of J and making it equal to 0, which 
provides the result:

)()( 1 fwGIGGu TT −+= −λ (24)

Only the first element of vector u is really sent to the plant [1]. 
Next chapter deals with implementation of this algorithm to PLC. 

4.1. Implementation

Automation Studio supports all the basic programming languages 
used in industrial automation according to IEC 61131: Ladder 
Diagram (LD), Function Block Diagram (FBD), Instruction List 
(IL), Structured Text (ST), Sequential Function Chart (SFC) and also 
supports high-level programming languages like Automation Basic, 
C++ and standard ANSI  C. The biggest advantage of Automatic 
Code Generation affects those developers who already use MATLAB 
and Simulink for simulation and solutions design and to developers 
who used to tediously rework implemented structures in a language 
supported by Automation Studio in the past. In the procedures the 
Automatic Code Generation tool provided by B&R represents an 
innovation with endless possibilities that help to productively reform 
the development of control systems. The basic principle is simple: The 
module created in Simulink is automatically translated using Real-
Time Workshop and Real-Time Workshop Embedded Coder into the 
optimal language for the B&R target system guaranteeing maximum 
performance of the generated source code. Seamless integration 
into an Automation Studio project makes the development process 
perfect [20]. Automatic code generation eliminates errors that may 
get introduced with manual coding and helps ensure that the final 
structured text produces numerical results on the PLC that closely 
match the results we saw in simulation. Since the tunnel central 
control system use programmable logic controllers (PLCs) it is 
suitable for real implementation.



J. Hrbček, V. Šimák, A. JAnotA, r. Pirník

7Volume 7 • Issue 3 • September 2014

4.2 Model in simulink

Using the model in Simulink the operation of the system was 
simulate. On the basis of result comparison we can confirm the 
theory of effectiveness of control [5].

5. Conclusion
The paper presents a methodology that has been used for 

design parametric models of the road tunnel system. Identification 
has many aspects and phases. In our work we use the parametric 
identification of real system using the measured data from the 
tunnel central control centre. Using of MPC may lead to optimize 
the control way for chosen criteria. This algorithm can be used in: 
traffic control system, ventilation system, lighting system or water 
management. By introducing predictive control it will be made 
possible to greatly reduce electric power consumption.
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ABSTRAcT
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computing and data intensive tasks. The objective of the paper is to analyse the value of new initiatives connected 
with the use of cloud computing technology in ship management platforms.
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1. Introduction
There is little doubt that, over the next years, demand for 

mobility will further increase. Although in some geographical 
areas the reduction of transport is possible, in general people and 
goods will be moving around the globe further and faster.

Intelligent Transport Systems (ITS) and rapidly evolving 
information and communications technologies (ICT) are expected 
to play a key role in transforming transportation and delivering safe, 
efficient, sustainable and seamless transport options for freight and 
people across Europe.

Major technological trends that will impact the transport field 
can be found in the ICT domain and constitute key enablers for 
the roll-out of “intelligent” transport applications also maritime. 
Cloud Computing (CC) is one of these technological trends, and 
in its various forms provides solutions for the computing and data 
intensive tasks. CC is increasingly encroaching on every aspect of 
our digital lives.

Some companies in the maritime sector have begun to explore 
the potential of this technology and examine how she could benefit 
from applying her to the business of operating ships [1], [2].

The objective of the paper is to analyse the value of new 
initiatives connected with the use of cloud computing technology 
in ship management platforms.

2. Cloud computing concept
The benefits of CC, which is a shorter time-to-market, 

greater flexibility of Information Technology (IT) in supporting 
business strategies and the possibility of a more rapid response to 
competition, makes its adoption accelerates.

For example, according to the consulting firm McKinley & 
Company [3] “With CC technology, any computer application 
or service can be delivered over a network or the Internet, with 
minimal or no local software or processing power required. In 
order to do this, IT resources (such as computation and storage) 
are made available on an as-needed basis – when extra capacity 
is needed it is seamlessly added, without requiring up-front 
investment in new hardware or programming.”

Also according to [3] “The cloud is enabling the explosive 
growth of Internet-based services, from search to streaming media 
to offline storage of personal data (photos, books, music), as well 
as the background processing capabilities that enable mobile 
Internet devices to do things like respond to spoken commands 
to ask for directions. The cloud can also improve the economics 
of IT for companies and governments, as well as provide greater 
flexibility and responsiveness. Finally, the cloud can enable entirely 
new business models, including all kinds of pay-as-you-go service 
models”.
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2.1 Full definition

The full definition according to the US National Institute of 
Standards and Technology (NIST) is as follows: “Cloud computing 
is a model for enabling ubiquitous, convenient, on-demand network 
access to a shared pool of configurable computing resources (e.g. 
networks, servers, storage, applications, and services) that can be 
rapidly provisioned and released with minimal management effort 
or service provider interaction” [4].

NIST has explained that CC has also service model – Software 
as a Service (SaaS)

through which “the capability provided to the consumer is to 
use the provider’s applications running on a cloud infrastructure 
(collection of hardware and software). The applications are accessible 
from various client devices through either a thin client interface, such 
as a web browser (e.g. web-based email), or a program interface. 
The consumer does not manage or control the underlying cloud 
infrastructure including network, servers, operating systems, storage, 
or even individual application capabilities, with the possible exception 
of limited user-specific application configuration settings” [4].

CC has also different deployment models: private cloud, public 
cloud, and hybrid cloud.

According to NIST [4]:
•	Private cloud is when “the cloud infrastructure is 

provisioned for exclusive use by a single organization 
comprising multiple consumers (e.g. business units). It may 
be owned, managed, and operated by the organization, a 
third party, or some combination of them, and it may exist 
on or off premises.”

•	Public cloud is when “the cloud infrastructure is 
provisioned for open use by the general public. It may be 
owned, managed, and operated by a business, academic, or 
government organization, or some combination of them. 
It exists on the premises of the cloud provider.”

•	Hybrid cloud is when “the cloud infrastructure is a 
composition of private and public cloud infrastructures 
that remain unique entities, but are bound together by 
standardized or proprietary technology that enables data 
and application portability (e.g. cloud bursting for load 
balancing between clouds).”

2.2 Future of cloud computing

despite predictions of dynamic growth in the field of CC, both 
the largest U.S. companies (Fortune 500) and small companies, 
according to argue the need for them to keep up with growing 
applications pace of implementation of “cloud”  business strategies. 
Trend will be certainly strengthened - just look at the selected 
forecasts of cloud computing.

For example, according to consulting firm McKinsey & 
Company and published its list of technologies that will change the 
live, business and the global economy, the fourth place is a cloud [3].

Also according to [3] “While enterprise IT use will continue 
to grow, the largest source of economic impact through 2025 will 
likely come from enabling the delivery of services and applications 
to Internet users”. McKinsey & Company estimated that the total 

potential economic impact for cloud technology across sized 
applications could be $1.7 trillion to $6.2 trillion in 2025. Of this 
total, $1.2 trillion to $5.5 trillion could be in the form of surplus 
from use of cloud-enabled Internet services, while $500 billion to 
$700 billion could come through productivity improvements for 
enterprise IT.

Also some companies in the maritime IT sector have begun 
to explore the potential of this technology and will propose 
new initiatives. Some shipping companies have begun and will 
implement this technology.

Some chosen new initiatives connected with the use of CC 
technology in ship management platforms are presented in this 
paper.

3. MARSSA architecture

3.1 What is MARSSA?

MARSSA is an acronym for MARine Systems Software 
Architecture.  MARSSA is the first Open Systems Reference 
Architecture (ORSA) for the maritime industry.

According to [5], [6] MARSSA ”sets out to provide an open 
platform, which will serve as a base for the development of 
standards and, at the same time, an architecture to support the 
integration of all software-dependent devices and systems on all 
types of ships as well as shore-based electronic systems. Seamless 
interoperability will be achieved and a platform stimulating 
innovation and competitiveness will be provided on a high quality 
framework based on proven industry standards.”

3.2 When was marssa created and who host it?

A team of marine software engineering experts and passionate 
mariners at MARSEC-XL started to work on MARSSA in 2008. 
On the 14th of February 2011 MARSEC-XL donated the very 
first version of MARSSA to the Open Source Community and the 
work on MARSSA has continued as an open source project hosted 
by MARSEC-XL Foundation since then [6]. 

MARSSA v. 1.0 was developed as a community effort with 
the help of over 150 contributors around the globe. The MARSSA 
community gathers software engineering experts, software 
and system architects, mariners, commercial sea officers, naval 
architects, engineers, ship builders,  as well as students, enthusiasts, 
and commercial companies active in the IT and maritime sectors.

MARSSA is contributing to improving  safety at sea and to the 
MONALISA 2.0 project also.

The Swedish Maritime Administration has initiated an 
extension of the on-going MONALISA project, called MONALISA 
2.0, which aims at developing efficient, safe and environmentally 
friendly maritime transport in the European Union [7].

With a budget of 24 million Euros for the 2012-2015 period, 
MONALISA 2.0 will build on the Motorways of the Sea concept 
and look at sea traffic management tools and operations, among 
other areas.
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Actions taken will include: testing of concrete applications 
and services which would allow rapid commercial deployment; 
integration of route planning; elaboration of better standards 
for route information exchange; and demonstration of hands-on 
services using new technology to enhance maritime safety.

One possible implementation of MARSSA is in a hybrid cloud 
environment including a private cloud onboard a ship. Some 
figures can be find in [6],[8].

3.3 Cloud computing on board a vessel

What are the major benefits of utilizing cloud technology 
on board a vessel? According to [5], [6] “Empirical data show 
that cloud solutions based on Open Architecture, such as 
MARSSA, achieve up to 80% savings in Total Cost of Ownership 
with increased quality. It means easier system integration and 
shorter commissioning times for builders. Data sharing across 
on board electronic devices (and vessels) and continuous pushing 
of raw sensor data into the cloud allows for the prediction of 
the onboard behaviors enabling optimization of the yacht’s e.g. 
energy generation, and contributing to improvements in the 
vessel’s performance attributes such as fuel and/or hybrid-electric 
efficiency. Cloud’s scalable computation power and information 
storage make it possible to convert historical navigation data into 
useful real-time predictors.”

Are security risks attached to the use of cloud technology on 
board a superyacht ? How are these risks negotiated? According 
to [5] “A robust system software architecture is key in assuring 
that the cloud-based services do not have an impact on the safety 
critical features on board the vessel. The onboard systems must 
be split over multiple separate networks; one for safety critical 
applications, and the others for infotainment and other services. 
The multiple networks and sets of components are physically or 
otherwise separated with highly advanced firewalls, preventing any 
of the applications to interfere with one another. Signing software 
components with digital certificates and requiring encrypted data 
transports also contribute to achieving security.”

Can a yacht be built to accommodate developments in wireless 
technology and enhanced connectivity? How future-proof 
a yacht? According to [5], [6] “To future proof a yacht the “third 
architecture”, i.e. systems software architecture, such as MARSSA, 
must be adopted, next to naval and interior architecture. The three 
architectures must co-exist seamlessly. Data interfaces must be open 
allowing for interoperability. By using COTS (Components Off The 
Shelf) and Open Architecture system integration and refits become 
easier and cheaper. This allows for rapid and frequent technology 
insertion and refresh.”

4. Shiptech in the cloud
Inatech is a global provider of intelligent cloud-enabled and 

on-premise consulting, ERP implementation, managed services 
and marine solutions.

According to [9] “Inatech’s Marine Solutions Division is a 
leading provider of intelligent shipping and bunker procurement 

management solutions. Shiptech, its flagship solution, Inatech’s 
software portfolio includes Shiptech, Shiptech Premium and 
Shiptech Optimizer. All solutions are available ‘in the cloud’ as a 
Software as a Service or can be hosted on-site and are designed to 
easily integrate (and scale) with other standard shipping software 
systems.”

4.1 What are the benefits of using shiptech in 
the cloud?

According to [9] benefits of cloud technology include:
•	Flexibility: Inatech has built flexibility right into Shiptech 

from cloud hosting to customisable fields to ensure that he 
capture user’s entire fuel ecosystem to ensure maximum 
adoption by all parties. 

•	Scalability: The SaaS technology provides the facility to scale 
the application to any number of vessels /locations / users 
through the web.

•	Mobility: The system is designed to be accessed through the 
latest handheld devices to capture and display information 
“real-time”. 

•	Fast set up: This technology makes user set up quick and easy.
•	Easy user provisioning and usage metering.
•	Little upfront investment in hardware compared to on-premise: 

Shift from heavy initial Capex to more predictable Opex.
•	24x7, highly reliable application hosting: User get to choose 

the best data centres in the world.
•	Easy monthly subscription of services.

4.2 What are the differences between the 
three shiptech solutions?

According to [9] in order to match the diverse fuel procurement 
needs of different sized shipping companies Inatech has developed 
three unique offers. For ship operators with small operations and 
simple buying strategies Inatech has created Shiptech. For larger 
shipping operators with high volume purchases and who use 
advanced buying strategies there is Shiptech Premium and then 
for any operator looking for real-time, fuel optimisation Inatech 
has Shiptech Optimizer.

In the case of Shiptech the modules covered with this package 
include [9]:

•	Procurement – Optimise processes, maximise efficiency
•	The procurement system means that the use can manage the 

entire purchase cycle from requisition to fulfilment. Optimise 
business functions across all levels through the integration of 
technology, data and people-centric processes.

•	Claims - Automated and effortless
•	With the claims module automate user’s entire claims cycle 

and record, track, analyse and retrieve quality, quantity and 
demurrage claims, effortlessly.

•	Bunker Delivery Receipts (BDR) – Tracking activities made 
easy

The BDR records the delivery of the bunker starting from 
the point for payments, through to the quality/quantity test and 
claims processes.
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•	Reporting – Decision making simplified
•	Reporting gives the user everything in one location so 

decision making is quick and easy. 
•	Business hours support – Problems/questions sorted
•	When the user needs help Shiptech is with business hours 

support as standard with each Shiptech licence sold.
In the case of Shiptech Premium user get all the functionality 

of Shiptech plus [9]:
•	Risk Management – Minimise risk, maximise profits
•	The trade and risk management module gives user access to 

the critical real-time information required to make profitable 
transactions.

•	Advanced Analytics (dashboard reporting) – Turns data into 
action-orientated knowledge

•	Sophisticated analytics mean that the user has the most 
comprehensive view of his fuel procurement operations in 
one, easy to access location. Need detailed analysis then the 
user has got it with interactive dashboards, drill down reports 
and ad-hoc reporting capabilities for the strategic, tactical 
and operational workforce.

As a stand-alone solution or as part of the Shiptech fuel 
procurement portfolio, Shiptech Optimizer offers user advanced, 
real-time fuel procurement optimisation. Optimizer takes the 
guesswork out of user’s fuel purchasing decisions by providing 
user with real-time guidance on the three key factors of quantity, 
location and price strategy by answering three questions:

•	How much fuel to buy for each ship in the fleet,
•	The best port to bunker at,
•	The right price strategy (spot versus contract).

5. Value added voyage experience
Maritime Communications Partner (MCP),  the Telenor-owned 

on-board communications specialist, has announced the launch of 
Value Added Voyage Experience (VAVE), a unique digital platform 
that creates a ship-wide cloud on board cruise or ferry ships. The 
news follows the successful completion of an eight-month technical 
trial on the Corsica Sardinia vessel Mega Express Five [10].

VAVE has been conceived to bridge the digital divide between 
land and sea mobile behaviour. By utilizing a vessel’s GSM signal 
and Wi-Fi network it creates a ship-wide ‘on board cloud’ that all 
mobile devices (smartphones, tablets, laptops etc.) fall under [10].

Users can then access a range of services – such as free messaging 
(if desired) over Wi-Fi, or on board retail/booking systems – while 
shipowners can target individual handsets with personalised 
messages.

According to MCP’s Senior Vice President of Business 
Innovation Ole Kristian Sivertsen [10] “Smartphones and mobile 
devices have changed our behavioural patterns, in terms of both 
business and personal interaction. However, at sea handsets go into 
hibernation. VAVE reawakens their potential by providing the same 
sort of connectivity on sea as on land, only with a package that is 
customized for the unique environment of every individual vessel.”

Sivertsen says the list of services VAVE can enable is as endless 
as a device’s potential. For passengers and crew members this 

means, for example, accessing on-demand entertainment, VoIP 
messaging and calling, location-based services (to find their way 
around, or take advantage of special offers nearby), connections 
to onboard social networks to make new friends, booking tables, 
trips or treats, using social media, and so on.

According to Sivertsen “The benefits for the ship owner are 
even more compelling” “MCP’s CellAtSea mobile network identifies 
every phone on board. This means that ship owners can use VAVE 
to send tailor-made marketing messages to individuals. It opens up 
a channel of one-to-one communication to engage with guests and 
enhance their enjoyment, while increasing revenues, enriching the 
overall brand experience, and boosting loyalty” [10].

Developed in partnership with iES Italia and exclusively 
licensed to MCP, the system utilises GSM and Wi-Fi to create 
a vessel-wide network driven by a VAVE delivery and platform 
engine. Users, both passengers and crew, can access the platform on 
large screen public TVs, in-cabin screens, and all personal mobile 
devices (phones, tablets, laptops etc.). VAVE is available on Apple 
and Android devices, as well as through web browsers [10].

In addition, MCP says that the cloud created by VAVE’s onboard 
server solution allows content to reside locally. This limits pressure, 
and costs, relating to a vessel’s VSAT connection.

MCP’s VAVE promises new digital reality for ship owners, 
passengers and crew. Ship owners can easily [10]:

•	Reach any individual or group onboard,
•	Deliver personalized experiences to every guest,
•	Attract, engage and connect with customers on a new level,
•	Increase sales through targeted mobile marketing,
•	Gather insight on guest behavior (habits), interests and 

satisfaction,
•	Enable new revenue opportunities such as advertising and 

content sales.

6. Initiative of orange business 
services

Orange Business Services (OBS) has announced that it has 
joined a European Union-sponsored initiative to develop a cloud-
based ship management platform.

As part of the EIS (Exzellenz Initiative Schiffsmanagement) 
initiative, OBS will provide ship-to-shore, vessel-based and 
land-based communication infrastructure which will be used to 
implement a cloud-based satellite solution on several vessels run 
by COLUMBIA Ship Management, one of the four largest ship 
managers worldwide [11].

The solution provided by OBS comprises the communication 
hardware for the vessels, the onshore data centre, as well as the design 
and development of traffic optimisation tools. The integration of 
satellite communications with a Business VPN, a fully managed IP-
based VPN service, with private access to cloud services will enable 
COLUMBIA Ship Management to benefit from a high performance, 
secure solution without relying on the Internet [11].

According to Timothy Scheller, project manager at COLUMBIA 
Ship Management [11] “Communication at sea constitutes specific 
challenges and was historically a source of problems in terms of cost, 
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performance and support. With the help of OBS, this project can be 
used to test and design solutions that help the industry take a giant 
leap forward and set new standards in maritime IT. With this initiative 
it is possible to build a remotely managed, integrated communication 
and application infrastructure on board that intelligently connects the 
vessel to the office at the lowest possible cost.”

According to Michel Verbist, head of International Business 
Development, Satellite at OBS [11] “With the new cloud-based 
platform in this project, it is possible to demonstrate how improved 
communication between vessels and their management will 
streamline business tools and decisions. Real-time ship-to-shore 
communication can provide a competitive advantage for both large 
and small shipping companies around the world”.

The EIS initiative is supported by the European Regional 
Development Fund (ERDF) and the City of Hamburg, Germany. 
Other subprojects of EIS will be implemented by partners such 
as DNV/GL Group, Evidanza, Humance Maritime Services, 
MarDynamics and Portal Systems.

The consortium of partners plans to establish joint sales 
activities and agreements in order to conduct joint research and 
development activities from Hamburg.

7. Conclusion
Analysis the value of new initiatives connected with the use 

of cloud computing technology in ship management platforms 
shows many advantages. 

For example, Shiptech shipping solution provides a scalable 
cloud-based real-time fuel procurement solution with an 
intelligent approach that streamlines the buying process, reduces 
fuel costs and enhances profitability.

The cloud version is easy to integrate (and scale) with other 
standard shipping and bunkering technology management systems 
and is appealing because it enables shipping companies to move 
away from making old fashioned capital expenditure (CAPEX) 
investments in technology towards adopting an operational 
expenditure (OPEX) model.

The Shiptech shipping solution is a feature-rich, cost-efficient, 
integrated solution designed specifically to address the bunker 
procurement needs of modern shipping and cruise companies. 
Developed to integrate easily with 3rd party applications, it 
provides sophisticated analytical and reporting tools and efficient 
workflows and processes for key functions, including bunker 
procurement, claims management, trading and risk management.

VAVE is smart maritime solution for smart devices. Mobile 
engagement, mobile marketing and digital experience are the 
cornerstone of VAVE. This solution  allows communication with 

passengers on a rich digital experience and engagement platform 
that provides entertainment, Internet access and much more. The 
innovative platform ensures that on board customer experience is 
vastly improved, passenger satisfaction and loyalty is increased, 
and new revenue sources can easily be rolled out. VAVE adds 
value to the voyage to any ship and all individuals. The service 
allows forward-thinking ship owners to introduce services that 
meet customers’needs and wants, as well as introduce mobile 
marketing and digital customer engagement.

Orange Business Services has joined an initiative sponsored by 
the European Union to play a key role in the development of new 
business intelligence and IT standards set to improve management 
tools in the shipping industry [11]. According to [11] “the key 
goal of the initiative is to help shipping companies take complex 
decisions on the basis of valid, up-to-date information across all 
ship management lifecycle processes. This will not only make it 
easier for companies to manage vessels and will also integrate 
them into a corporate infrastructure thereby facilitating real-time 
business decisions, enabling cost savings and improving safety 
and crew welfare”.

Bibliography
[1] JOSZCZUK-JANUSZEWSKA, J.: The Benefits of Cloud 

Computing in the Maritime Transport. In: Mikulski, J. (ed.) 
CCIS, 329, Springer, Heidelberg (2012)

[2] JOSZCZUK-JANUSZEWSKA, J.: Importance of Cloud-
Based Maritime Fleet Management Software. In: Mikulski, J. 
(ed.) CCIS 395, Springer Heidelberg (2013)

[3] MANYIKA J., CHUI, M., et. al: Disruptive technologies: 
Advances that will transform life, business, and the global 
economy. McKinley & Company (2013).

[4] MELL, P., GRANCE, T.: The NIST Definition of Cloud 
Computing. National Institute of Standards and Technology, 
Information Technology Laboratory (2011)

[5] http://www.marssa.org (accessed: 06.06.2014)
[6] http://www.marsec-xl.org (accessed: 06.06.2014)
[7] http://www.monalisaproject.eu (accessed: 06.06.2014)
[8] WOJNAROWICZ, K., FAGERHUS, G.: Total Cost of 

ownership vs openness – can we save by adopting open 
technologies? Bulletin 2013, vol. 108, no. 2 (2013)

[9] Inatech, http://www.inatech.com (accessed: 06.06.2014)
[10] Maritime Communication Partner, http://www.mcp.com 

(accessed: 06.06.2014)
[11] Orange Business Services, http://www.orange-busines.com 

(accessed: 06.06.2014)



A. Lewiński, Z. ŁukAsik, T. PerZyński, P. ukLejA

13Volume 7 • Issue 3 • September 2014

TelematicsTelematics
Transport SystemTransport System

Archives of Volume 7 

Issue 3

September 2014

Future generation of railway control 
systems for regional lines including 

new telematic solutions

A. LEwińSKia, z. ŁuKASiKa, T. PERzyńSKia, P. uKLEJAb

a FACULTy OF TRANSPORT AND ELECTRICAL ENGINEERING, 26-600 Radom, Malczewskiego 29, Poland
b SCHEIDT & BACHMANN POLSKA SP. Z o.o., Wąska 15, 62-030 Luboń, Poland
EMAIL: adro@wt.pw.edu.pl

ABSTRAcT
The paper deals with implementation problem of new generation of railway control and management systems 
dedicated for regional lines. The special infrastructure of such lines gives the possibility of application the new 
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1. Introduction
The loss of railway communication in sub regions may generate 

economic, social and demographic problems. For Poland the balanced 
development may respect the aspects of large regions beyond capitols 
and big agglomerations. Another problem is connected with ecological 
aspects and environment protection. Now only railway transport may 
assure above requirements and social needs.

It is a assumptions for so called railway regional lines, integrated 
with main or magisterial lines. Now this is a reason for modernization 
or revitalization of railway lines assigned to regional connections. of 
course both procedures must require the same, obligatory safety level. 
In the part  he regional lines are defined and characterized.

The main problem of revitalization of regional lines is a 
modernization of communication – instead traditional telephone 
connections the new wireless radio communication is proposed. 
Such solution may be a skeleton for modern railway control 
and management system  related to local control centre (LCC) 
and including station interlocking (SI) systems, block line/rail 
occupancy (RO) systems and level crossing system (LCS). 

2. The structure of railway 
control system for regional 
line with radio transmission

The categories of railway lines are defined in regulation of Polish 
Ministry of Infrastructure (Dz.U. 2003 No 86 pos. 789, Instruction 
Id – 12 (D – 29) – Specification of Lines) [1]. Such specification does 
not strictly defined the regional line. The authors suggest following 
criteria for classification the railway line as a regional line:

•	assigned to category first class or lower (not  arterial) , it 
means that volume of trains is T ≥ 25 (Tg/year), maximal 
speed is vmax ≤ 120km/h (for freight trains vmax ≤ 80km/h),

•	with speed vmax ≤ 120 km/h with UIC specification,
•	mixed passenger and freight traffic,
•	with volume of trains lppoc ≤ 20 (in Poland typical 10-16, 

maximal 30),
and at least one above criterion must be satisfied.
The trends in modernization and revitalization must assure 

(according to UIC recommendations):



Future Generation oF railway Control SyStemS For reGional lineS inCludinG new telematiC SolutionS

© Copyright by PStt , all rights reserved. 201414

•	maximal economical solutions of railway and management 
(i.e. closing of level crossing systems activated by driver),

•	implementation of low cost  radio transmission for train driver 
and between dispatcher, interlocking and line block systems 
(i.e. GSM-R).

Now in EU only a few railway administrations have research 
works on new information technologies for introduced regional 
lines. The some necessary reductions of management and railway 
procedures (with assurance of SIL4) may have an influence for 
following assumptions reducing the rules for dispatchers:

•	work without extraordinary (manual) commands,
•	setting of routes by train drivers in case of emergency control,
•	reduction of full operation for two track lines.

The technical reduction rules are connected with:
•	interlocking computer as “2002” configuration,
•	interlocking desk in SIL 2,
•	no local desks (only LCC),
•	no train routes without stop in main additional tracks,
•	no shunting routes (with maneuver mode only),
•	no emergency signals in semaphores,
•	no control of some types of points,
•	application of axe counters for occupancy the rail sections 

and points.
The providing modernization works may destroy some re-

commendations assigned to given line, classified as regional, but 
satisfied another criteria.

The main emphasis is related to automation of control and 
management, corresponding to:

•	automatic setting of route ways,
•	automatic time scheduling implemented in dispatcher desks,
•	automatic (computer) documentation in LCC, controlled area 

and neighbor stations,
•	automatic co-operation with information system for passengers 

using radio communication via open public standards (WiFi, GSM).
These solutions reduce the dispatcher staff significantly. The 

typical structure of regional line equipped with radio-transmission 
links is presented on Fig. 1.

Now in Polish Railways the experimental system for regional line 
Radom – Tomaszów with radio transmission (ESTER) is implemented 
by KOMBUD S.A. We can distinguish following subsystems:

•	Local Control Centre (LCC),
•	Interlocking system  for small station (IS),
•	System Monitoring of Rail Section Occupation (RO),
•	Level Crossing System (LCS).

The radio transmission is realized using open standard in 
433.725 MHz channel with 25MHz band. The speed of transmitted 
data is 19 200 bit/s. the telegrams in the system is protected by 128 
bit AES key according to EN 50 159 standard and CRC 32 integrity 
code [6]. The applied transmission devices Satellar produced by  
Satel are characterized high reliability (MTBF about 52600 h) and 
authorized controlled access.

The authors suggest the more flexible solutions, devices APRISA 
produced by 4RF Communication based on WiFi standards including 
typical industrial (existing cable) standards such RS232c, RS485 and 
Ethernet. (The functional and reliability parameters are similar, but 
additional requirements such 128 bit AES and 32 bit CRC may be 
implemented according to EN 50 159 standard).

Fig. 1 The structure of regional line equipped with radio 
transmission links [own study]

3. The modeling of radio 
transmission

The main change in system safety is radio transmission 
applied on different levels responsible for dispatcher management 
and control [2]. For analysis the basic parameters influencing for 
safety and functionality the humongous stationary and ergodic 
Markov process theory is applied. It is a combination of stochastic 
processes theory and mass service theory, because the probabilistic 
and time  measures (delays and queues) may be estimated [3],[5].

For introduced radio transmission links we propose as a 
measure the availability – the sum of probabilities of occurrence 
in the state of possible work.

∑∞→=
i

it tPA )(lim (1)

where i is connected with states of possible operation.
The second important parameters are delays, the time of delay 

may be evaluated using Markov process approach.

3.1 The subsystem

In the elementary subsystem level devices IS, RO, CLP systems 
and remote devices such train detectors or axe counters, the two 
channel radio transmission is proposed (Fig. 2). The figure below 
shows the Markov model of two channel transmission of single 
devices [4].
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Fig. 2. The Markov model of two channel transmission of single 
device [own study]

For model from Fig.2 the following states are introduced:
0 – state corresponding to operation with both radio transmission 

channels,
01 – state with operation only one transmission channel,
1 – state of system failure connected with both faulty radio 

transmission channels.
The transition between states are described corresponding to:

λ – failure rate of single radio transmission channel
μ – recovery, repair rate (reciprocal to time of return from failure)

The Markov model from Fig. 2 can be described by equations:

(2)

To the solving of equation the Mathematica software was used 
(Fig. 3). The probabilities to be in the states P0, P01 and P1 for 

∞→t , amount:

(3)

Availability for model form Fig. 2 shows the formula:

(4)

Assuming the value of λ as at least 10-5h-1 (recommended  for 
SIL2 devices) and 

µ= 102 /h, we may estimate the availability as:

(5)

Of course the time of delay τd1 is equal to μ-1. (typical value is 
assumed as 10-1h).

The Fig. 3. presents the window of analysis in Mathematica 
software for model from Fig. 2.

Fig. 3. The window of analysis the Markov model from Fig. 2 [own 
study]

3.2 The concentrator

The Markov model of concentrator (Fig. 4) is based on mass 
service theory introduced by Tannenbaum for telecommunication 
and computer network application [7]. On the Fig.2 the following 
states are introduced:
0 – state corresponding to operation (service) of message,
1i – state with waiting for service where i is a number messages 

for processing.
The transition between states are described corresponding to:

λ’ – intensity of received messages,
μ’ – service rate (reciprocal to time of single message service).

Fig. 4 The Markov model of concentrator [own study]

The  system availability is connected with state 0, as follows:

0)(lim
0

PtPA
i

it == ∑
=

∞→ (6)

where P0 is equal to:

'
'10 µ

λ−=P (7)

and Pi may be expressed as:

(8)

The time of delay is related to time of waiting for service (plus 
time of service):

'
1

2 λ
τ Nd = (9)

where N is a mean length of messages waiting for service equal to:

'
'1

'
'

µ
λ

µ
λ

−
=N (10)
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Typical values of λ’ and μ’ may be assumed as 1,2*102h-1 (it is 
related to mean time of request 30s) and 1,8*103h-1 (it correspond 
to 2s time of service) thus we can estimated N ≈ 0.07 and τd2 ≈ 2,1s. 
For such assumption A = 0,93 (such value may be better if mean 
time of request will be bigger).

3.3 The local control centre

The LCC is a typical duplex system with transmission overlay 
(only one transmission channel is processed, second is treated as 
hot standby), Fig. 5:
0 – state of typical work with both transmission channels,
01 – state with waiting for service,
1 – state after correct switch to single transmission channel,
2 – state of uncontrolled transmission failure (no connection with 

concentrators),
3 – state of controlled transmission failure (emergency procedure 

is realized.
The parameters of transition are:

λ – failure rate of single transmission failure
μ – recovery, repair rate (reciprocal to time of return from failure)
λ’’ – intensity of received messages,
μ’’ – service rate (reciprocal to time of single message service)
pFS – probability of correct switch to second transmission

Fig. 5 The Markov model of dispatcher/control centre [own source]

1'0)(lim PPtPA
i

it +== ∑∞→ (11)

where: 









−=

"
"10'0

µ
λPP (12)

According to (7) and (8) we must normalize probabilities:

(13)

Probabilities P0 and P1 are equal to:

(14)

Assuming value of rates like for model from Fig. 2 and Fig. 3. 
the availability is equal to: A = 0,933551592  (P1 = 0,062178681, 
P0 = 0,933613822, P0’= 0,87137291). 

The delay is the same, because the values  of λ’’ μ’’ are assumed 
as in point 3.2.

4. Conclusion
The results from analysis of availability and delays in radio 

transmission links between many control subsystems for railway 
regional line detects the conditions for  implementation such open 
standards.

The availability is very high (0,99999999999998 - for sub-
system from Fig 2., 0,93 for model from Fig. 4 and 0,933551592 
for model from Fig. 5). The availability for sub-systems and LCC 
have comparable values with typical cable communication devices, 
the safety is assured by the same CRC32 coding (integrity) and 
additional cryptographic codes (AES128). The availability for 
concentrators depend on time of processing and may be better for  
radio devices produced by specialized manufactures (the availability 
is related with queue of waiting messages).

The total delay is less than 2s and may be reduced using better 
procedures of queuing and processing. The low volume of trains 
in the regional line shows that λ’ and  λ’’ are not critical for service 
of received messages.

The transmission is treated as a overlay on the existing  fail safe 
railway control devices responsible for station interlocking, level 
crossing and  rail occupancy monitoring. The safety of such SIL4 
subsystem (dedicated to regional lines) reflects the  recommendations 
obligatory for other lines.

The  main aim of this work is connected with modeling the 
functionality of open radio transmission systems. Based on Markov 
theory the tree models are evaluated, it is a tool for analysis the 
more sophisticated systems. Of course these models may be verified 
using at first simulation software and some laboratory tests for real 
confirmation the all introduced parameters. 

The presented transmission system is arbitrary and may be 
modified with respect to real needs (for example, the second radio 
link for any sub-system may be not connected with concentrator 
but for neighbor sub-system).
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ABSTRAcT
The paper presents possibilities of using fractional calculus in dynamic measurements used in telematic equipment 
in cars and railway vehicles diagnostic systems. It describes a laboratory measurement system for investigating 
dynamic properties of accelerometers. Tests are executed in the MATLAB&Simulink programme. Properties of 
the examined transducers of integral and quasi-fractional-orders are compared. The authors indicate the fractional 
calculus advantages from the point of view of their dynamics description.
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1. Introduction
Dynamic development of recent research into the use of 

fractional calculus for the dynamic system analysis encouraged  
authors of this paper to attempt the use of it for the analysis and 
modelling of measuring transducers and measurement systems 
used in telematic equipment [2], [3], [9] and [12].

The work’s main objective is an implementation of a fractional 
calculus-based method allows for a description of dynamic properties 
of signal processing of measuring transducers with integer-order and 
quasi-fractional-order [1], [4], [5], [6], [7], [8], [10] and [11].

Measuring transducers used in transportation facilities, especially 
telematic equipment in cars and railway vehicles diagnostic systems – 
accelerometers [10], [11] are tested, treated as a representative group 
of measuring transducers. In the classic notation, accelerometers are 
described with second-order differential equations, like many other 
groups of measuring transducers, such as: RLC circuits, mechanical 
vibrating systems, displacement measurement sensors, systems 
including tensometric and piezoelectric transducers. In addition, 

linear transducers of higher than second orders, when in transitional 
states, behave in ways similar to second-order linear transducers. 

The tested 2nd-order accelerometers were a point of reference 
for the modelled transducers of quasi-fractional-orders.

2. Model of the 2nd order 
measuring transducer

A measuring transducer comprising three types of elements 
characteristic for linear systems, i.e.: elements storing kinetic energy, 
elements storing potential energy and elements causing energy losses, 
are referred to as second-order measuring transducers [4], [7], [8]. 
Simulation and laboratory testing of a second-order measuring 
transducer - accelerometer has been tested in this paper, treated as a 
representative group of measuring transducers (Fig. 1.). 

A differential equation describing the absolute motion of a second-
order measuring transducer’s seismic mass can be expressed as:
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    (1)

where: 
m
ks=0ω ,

mk
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s

t

2
=ζ  and 

sk
k 1
= .

Fig. 1. Kinetic diagram of an accelerometer [4], [6], [11] 

Where: m – seismic mass, ks – spring constant, Bt – damping 
coefficient, x – object motion relative to a fixed system of 
coordinates, y – motion of a vibrating mass relative to a fixed 
system of coordinates, w – motion of a vibrating mass relative to 
a vibrating object. 

Considering the motion of the vibrating mass relative to the 
vibrating object (Fig. 1):

    (2)

Depending on selection of ks, m and Bt, a transducer can serve 
to measure displacements as a vibrometer assuming low ks and 
a Bt, and high m (Fig.  2b), or acceleration as an accelerometer 
assuming a high ks, low m and  Bt (Fig. 2a). 

In practical vibration measurements used in cars and railway 
vehicles diagnostic systems, acceleration-measuring transducers, 
the so-called accelerometers, are employed.  For purposes of 
simulation testing, a measuring transducer was assumed of a 
frequency f=350Hz, that is, circular frequency of free vibrations 

s
rad22000 =ω  and degree of damping ζ=0.2. Dynamics of such 

a transducer, characterised by means of a 2nd-order differential 
equation (2), are described by operator transmittance:

Fig. 2. Graphic solution to the equation of measuring transducer’s 
seismic mass motion [10]: a) for 0ωω <<m : mω  – 
measured frequencies, 0ω  – circular frequency of free 
vibrations, y  – real mass displacements, x  – displacement 
of the housing; b) for: 0ωω >>m : mω  – measured 
frequencies, 0ω  – circular frequency of free vibrations, y  – 
real mass displacements, x  – displacement of the housing 

    (3)

Fig.  5 illustrates amplitude and phase frequency characteri-
stics of a measuring transducer with operator transmittance (3). 

3. Quasi-fractional model of the 
measuring transducer

Mathematical models describing dynamic performance of 
telematic devices (measuring devices, automation objects, sensors, 
etc.) are widely used like in different disciplines of science. Their 
task is to reproduce the real behaviour of the examined device in 
the simulation environment. They are most frequently used at early 
stages of research, prior to the real examination of the problem, 
or construction of a device as a quick tool of fast prototyping. 
They allow for simulation testing of an object’s behaviour and 
testing it under normal and extreme working conditions. In this 
way onerous and costly preliminary investigations of real objects 
that aim at early assessment of their usefulness (the method 
investigated or the object) for concrete applications are ignored. 
What is more models are also the basic tool allowing us to get 
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acquainted with mathematical or physical foundations of a given 
object or phenomenon’s performance.

Dynamic behaviour of accelerometers used in telematic equipment 
(in general – objects, sensors and measuring devices for different 
applications) is written down in a form of differential equations or 
operator transmittances. In the process of determining a model of an 
accelerometer’s (object’s) dynamic behaviour, physical phenomena 
are taken into account which result from external influences and 
specific properties of an accelerometer being an effect of their design. 
Thus, accuracy of reproducing its real dynamic behaviour is first of all 
connected with this phenomenon.

Equation (1), describing the measuring transducer, can be 
expressed as a difference equation [11]:

2011220112 −−−− ++=++ kkkkkk xaxbxbwawawa     (4)

or a matrix equation:
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Equation (5) can have the following derivative-integral expression:
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where )(n
k∆  is the discrete function’s reverse difference [9], 

defined as:
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When (7) is taken into account, (6) has the matrix expression 
below:

[ ]

[ ]
















∆
∆
∆

++−−=

=
















∆
∆
∆

++−−

kk

kk

kk

kk

kk

kk

x
x
x

bbbbbb

w
w
w

aaaaaa

)0(

)1(

)2(

012010

)0(

)1(

)2(

012012

2

2

    (8)

On comparing responses of the measuring transducer to the 
input sinusoid signal, it was described by means of three models 
using the above method:

1. Classic model (Fig. 3) (transfer function of measuring trans-
ducer model) described with operator transmittance (9):

    (9)

2. Classic discrete model (discrete transfer function of measuring 
transducer model), derived from the operator transmittance mo-
del (9), described by means of discrete transmittance (10) (Fig. 3): 

    (10)

Response of a continuous object to a discrete input depends not 
only on values of this signal at a discrete moments of time but also 
on sampling time and the extrapolator used. 

3. The quasi-fractional discrete model (discrete transfer function 
of fractional transducer model) is expressed with derivative 
integrals and described by discrete transmittance (11) (Fig. 3):

    (11)

Models’ responses were tested in the programming 
environment MATLAB&Simulink. It can be noted that the model 
described by means of the discrete transmittance (11) correctly 
reproduces values of the input signal amplitude, like the model of 
transmittance (10). It can be noted in Bode frequency diagrams 
(Fig. 5.) that the measuring transducer model determined by the 
derivative-integral method presents the dynamics of the classically 
determined model (the diagrams of the models coincide). This 
confirms that integral-order differential-integral calculus is a 
special case of differential-integral calculus of non-integral orders.

Fig. 3. Simulation diagram of the system comparing measuring 
transducer models [10]: Transfer function of measuring trans-
ducer model – transducer model of operator transmittance 
(9), Discrete transfer function of measuring transducer model 
– discrete transducer model of transmittance (10), Discrete 
transfer function of fractional transducer model – quasi-frac-
tional discrete model (11) 

Measuring transducer models (10) and (11) have only been 
subject to simulation testing and do not fully represent real models 
but the simulations indicate that the quasi-fractional model (12) 
exhibits the same dynamics as the classic model (Fig. 4). 

Fig. 4. Comparison of responses by measuring transducer models 
(10) and (11) to step functions (diagrams of the models 
overlap) [5]
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The ‘apparent’ time of stabilization of time diagrams – the time 
after which a model’s description is independent from time – for 
the quasi-fractional model is the same as for the classic model.

Fig. 5. Comparison of Bode diagrams of measuring transducer 
models (10) and (11) (diagrams of the models overlap) [5]

4. Model of a laboratory system 
of acceleration measuring 
transducer

an overview of the measurement system is shown in Fig.6.:

Fig. 6. Laboratory measurement system for testing of mechanical 
vibration transducers [10]: 1 – conditioner, 2 – generator, 3 – 
amplifier, 4 – measurement card μDAQ USB-26A16, 5 – induc-
tor, 6, 7 – model and tested measuring transducers, 8 – oscil-
loscope, 9  computer/MATLAB&Simulink

In order to determine measuring transducer’s operator 
transmittance, a system comprising two accelerometers (6), (7), 
conditioner (1) and μDAQ USB-26A16 measurement card (3) 
was modelled. Accelerometer (7) DeltaTron by Bruel&Kjaer 
type 4507, sensitivity 10.18mV/ms-2 and the range of frequency 
measurements from 0.4Hz to 6kHz was tested. The conditioner’s 
operating range was between 1Hz and 20kHz. The transducer 
was mounted on an electrodynamic inductor (5). A model 
accelerometer (6) by VEB Metra, type KB12, sensitivity 317mV/
ms-2 was aligned with the tested transducer.

The operator transmittance (12) describing dynamics of the 
measurement system was determined by identification with an 
external ARX (AutoRegressive with EXternal input) [4], [7] and 
[10]. The voltage signal from the end of the tested measurement 

track is the identified signal, signal from the model accelerometer 
in response to the generator’s sinusoid function (2) of 100Hz is the 
comparative signal. 

The ARX identification method [6], [7] produced the operator 
transmittance G(s) describing the system’s dynamics:

1. Classic model:

    (12)

2. Discrete transfer function of the model was determined on the 
basis of the operator transmittance (12):          

    (13)

The classic discrete model (13) was produced by discretising the 
classic model (12) by means of the ‘Zero-Order-Hold’ method 
with the sampling time Tp=10-4s, for which Nyquist theorem of 
sampling frequency selection obtains.

3. Discrete transfer function of fractional models was determined 
with a method implemented in MATLAB&Simulink. For vary-
ing increment of h, quasi-fractional transducer models become 
discrete transmittances which is presenting in Table 1.: 

Table 1. Discrete transmittances of measuring transducer models 
for varying increment h [10]

The model of the real measurement system in the form of 
discrete transmittance and models expressed by means of a 
differential-integral equation were then compared. Both types 
of the models were based on the classic model derived by ARX 
identification method (Fig. 7). The simulations were carried out 
by ode3 integration method for a 100Hz sinusoid input signal.        
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Fig. 7. Simulation diagram of the system comparing measuring 
transducer models (models from Table 1) [10]

Fig. 8 shows logarithm frequency amplitude and phase diagrams 
of the measurement system models. It can be observed that, for the 
adopted increment of h, measure of differentiation accuracy, the 
diagrams clearly diverge. This means that other h increments, far 
lower than the sampling frequency, must be adopted.

Fig. 8. Bode frequency diagrams of measuring transducer models of 
transmittance (models from Table 1) [10], [11]

5. Conclusion
The comparison of classic and quasi-fractional models’ 

responses to the step function implies the time after which 
diagrams stabilise for quasi-fractional models is the same as for 
the classic model. The same applies to frequency diagrams for 
quasi-fractional discrete models, which have the same course 
in the tested frequency ranges as the classic models (Fig. 4 and 
Fig. 5). This means that non-integral order differential-integral 

calculus is a generalisation of integral-order differential calculus – 
this is confirmed by laboratory testing of dynamic systems. 

Application of the quasi-fractional method of describing 
dynamic properties of measuring transducers discussed in this 
paper, based on non-integral-order differential calculus, will help 
to undertake analyses of simulated dynamics of various objects and 
processes in telematic problems which, due to their complexity, 
must be described by means of differential equations of any orders.
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ABSTRAcT
The main objectives of all the types of implementation in the field of ITS include facilitation of road traffic that 
results from efficient utilization of the network of roads, improving road safety and efficient services for travellers. 
The scope of activities within ITS systems includes road traffic management, demand management, support for 
management of public transportation, information for passengers, management of vehicles’ fleet, management of 
incidents and support for rescue teams, advanced technologies inside vehicles and problems of electronic payments 
and collection of tolls. The ITS applications necessitates development of a strategic basis that regulates the principles 
of design, implementation and decision-making. Such a basis is provided by ITS architecture. This paper presents 
the standardization requirements and the structure of services in terms of ITS, discusses the organizational questions 
concerning architecture and presents current state in terms of development of the national ITS architecture

KEYWORDS: intelligent transportation systems, ITS architecture, road traffic engineering

1. Introduction
In many cases of thick development in the cities and 

municipalities, current state of road transportation infrastructure 
does not allow for further investments connected with extension 
of roads and streets. Therefore, one of the options in improvement 
of the conditions of traffic in road and street networks, reduction of 
costs of transportation and limitation of the negative effect of road 
transportation on natural environment is to implement intelligent 
transportation systems. Intelligent transportation systems (ITS) 
represent a wide collection of various telecommunication, 
information, automation and measurement technologies 
and  management techniques used in transportation in order to 
protect lives of road traffic participants, improve the efficiency of 
transportation systems and protect the  resources in the natural 
environment. Intelligent Transportation Systems derive from 
convergence of telecommunication and information technologies 

into telematics. The most important field of telematics is 
transportation, thus transportation telematics has emerged. 
Furthermore, individual solutions in telematics, which are 
interrelated with each other, often affected by an overriding factor 
e.g. human aided by dedicated software and specific methodologies 
of control and management of the systems and  transportation 
networks, are offered by Intelligent Transportation Systems. It can 
be concluded that ITS represents a set of tools that allow for efficient 
and effective management of transportation infrastructure and 
efficient services for travellers. The basis for application of ITS that 
regulates the principles of design, implementation and decision-
making is ITS architecture, which should determine technological, 
organizational, legal and business-related aspects. ITS architecture 
can be designed for the national, regional or urban needs. It might 
relate to specific sectors or services. The architecture ensures that 
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the ITS system implemented is planned in a logical manner, meets 
the requirements concerning efficiency, is  effectively integrated 
with other systems and operates, in any situation, in a manner 
demanded by a user. Furthermore, it is assumed that this system 
should be easy to be managed, maintained and extended as well as 
it should meet the expectations of the users.

2. Normalization and structure 
of Intelligent Transportation 
Systems

Normalization of ITS on a world scale is being implemented 
mainly by such organizations as [4, 10, 27]:

•	ISO TC204 (Intelligent Transport Systems),which operates in 
the field of normalization of information, communication and 
control systems of urban and non-urban land transportation, 
including the aspects of intermodality and  multimodality, 
information for travellers, traffic management, public 
transportation, rescue services and commercial ITS services.

•	CEN/TC278 (Road Transport and Traffic Telematics), 
which strives for  development of European standards and 
technical specifications in order to  ensure interoperability 
and harmonization of technical solutions in such areas 
as cooperation of individual systems, information for travellers 
and traffic, determination of routes and navigation, public 
transportation, rescue vehicles and toll collection.

•	ETSI TC ITS, which develops standards, specifications and 
other products to  support development of ITS services in 
the network in terms of more specific problems concerning 
communication of the interrelated systems with consideration 
for vehicles, users, interfaces, multimodal transportation, 
interoperability of  the  systems, excluding standards of ITS 
application, radio problems and EMC.

•	IEEE 802.11/p (WAVE) and E 1609, which play a key role in 
terms of communication at smaller distances.

The most important products of normalization organizations 
are subject to public discussion and voting. Their neutrality with 
respect to concrete solutions available for equipment and software 
and neutrality with respect to technology of their manufacturing 
is also assumed, which causes that the standards should be free 
of local particularism and orientation towards narrow interests. 
Regardless of the degree of  obligatory use, norms and actual 
standard which are not formal norms represent the  basic tool 
for maintaining interoperability of telecommunication and 
information systems.

Furthermore, the scope of functioning of ITS is regulated by 
ISO 14813-1:2007. The  structure of ITS services was based on 
different national and international standards of classification 
(which come from the USA, UE, Japan) as presented in Table. 1.

Table. 1. Domains and groups of services ITS according to ISO 
14813-1:2007. Based on [2, 5, 8, 15]

No. Domains of 
services Groups of services

1. Traveller 
information

Pre-trip information
On trip information
Route guidance and navigation – pre-trip
Route guidance and navigation – on-trip
Trip planning support
Travel services information

2.
Traffic

management and
operations

Traffic management and control
Transport-related incident management
Demand management
Transport infrastructure maintenance 
management
Policing/enforcing traffic regulations

3. Vehicle

Transport-related vision enhancement
Automated vehicle operation
Collision avoidance
Safety readiness
Pre-crash restraint deployment

4. Freight transport

Commercial vehicle pre-clearance
Commercial vehicle administrative processes
Automated roadside safety inspection
Commercial vehicle on-board safety 
monitoring
Freight transport fleet management
Intermodal information management
Management and control of intermodal 
centres
Management of dangerous freight

5. Public transport
Public transport management
Demand response transport
Shared transport

6. Emergency

Transport related emergency notification and 
personal security
After-theft vehicle recovery
Emergency vehicle management
Hazardous materials and incident notification

7. Transport related 
electronic payment

Transport related electronic financial 
transactions
Integration of transport related electronic 
payment services

8.
Road transport-
related personal 

safety

Public travel security
Safe enhancements for vulnerable road users
Safe enhancements for disable road users
Safety provisions for pedestrians using 
intelligent junctions and links

9.
Weather and

environmental 
conditions 
monitoring

Weather monitoring

Environmental conditions monitoring

10.
Disaster response 
management and 

coordination

Disaster data management
Disaster response management
Coordination with emergency agencies

11. National security
Monitoring and control of suspicious vehicles
Utility or pipeline monitoring

12. ITS data 
management

Data registers
Data dictionaries
Emergency messages
Control centre data
Enforcement
Traffic management data
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Development of ITS causes that more and more countries have 
formed their own national and international ITS architectures. 
These include:

•	the first national ITS architecture was designed in the USA. It 
was co-financed by the U.S. Department of Transportation and 
implemented in June 1996. All the present implementations 
are obliged to cooperate with the national architecture,

•	common framework for the ITS architecture in Europe was 
developed within KAREN project (Keystone Architecture 
Required for European Networks). The first version was 
published in 2000 and since that time, it has been developed 
and updated within FRAME (Framework Architecture Made 
for Europe) projects. These include projects financed by the 
European Commission: KAREN (1998-2000), FRAME-
NET (Framework Architecture Made For Europe - Network) 
and  FRAME-S (Framework Architecture Made for Europe 
- Support) (2001-2004), E-FRAME (Extend FRAMEwork 
architecture for cooperative systems) (2005-2011).

The objective of FRAME is to update and improve European ITS 
architecture which might be used as a basis for ITS implemented 
in individual European countries. Among the projects that operate 
within national ITS architectures based on  the  European ITS 
Architecture, the most important are: ACTIF (France), ARTIST 
(Italy), TTS-A (Austria), TEAM (Czech Republic), AVB&STIS (the 
Netherlands), TelemArk (Finland), VIKING (Scandinavia), NARITS 
(Romania). These projects have common approach and methodology 
but each of them is supposed to focus on  the aspects essential for 
the particular country and solve local problems with substantial 
precision. Apart from Europe, other countries such as Japan, China, 
Chile and Australia have implemented similar projects.

3. Intelligent transportation 
systems architecture

Intelligent Transportation Systems architecture definitions 
according FRAME [24] is shown on Fig. 1.

ITS architecture represents a common plane for planning, 
definition and integration of individual subsystems. It is defined 
based on the needs of the users and composed of the following 
structures:

•	general: which is a model approach, presents the concept of 
the whole system and principles of operation,

•	functional (logical), which determines the functions which 
should be realized by  a  particular system in order to meet 
the expectations of users. It takes into consideration the 
relationships with the environment and users of the system 
and the sets of the data used,

•	physical, which is a specification of different technical equipment 
with software, based on the elements of transportation 
infrastructure which is aimed at performing specific functions,

•	communication, which defines resources that help exchange 
information between the elements of the system i.e. means 
of transfer of data streams. Flow of  information and data 
combine the functions of the system and physical subsystems 
in an integrated wholeness.

Intelligent Transportation Systems Architecture

Informal definition Formal definition Technical definition

A set of general 
statements which 
allow for planning 
and implementation 
of integrated 
applications and 
services. This 
usually involves 
technical aspects 
and the related 
organizational, 
legal and economic 
problems, and is 
aimed at ensuring 
that implementation 
of ITS:
•	 can be logically 

planned,
•	 is effectively 

integrated with 
other systems,

•	 operates at 
expected efficiency,

•	 behaves according 
to expectations,

•	 is easy to be 
managed, maintain 
and extend,

•	 meets expectations 
of the users.

Conceptual project, 
which defines the 
structure and/or 
behaviour of the 
integrated intelligent 
transportation 
system. Description 
of the architecture 
represents a formal 
description 
of the system 
which defines 
the components 
of the system or 
blocks of which the 
system is composed 
of.
The architecture 
also includes the 
plan of creation of 
products that form 
the system that takes 
into consideration 
the functional and 
economic aspects.

•	 Scope of works of 
the highest level,

•	 strategic, non-
deterministic plan 
of designing, which 
defines “what 
is necessary” and 
“how it will be 
implemented”, is 
independent on 
the technology (life 
of ITS architecture 
is usually longer 
than the time 
of utilization of 
any particular 
technology),

•	 set of assumptions 
of the highest level 
(minimum of what 
is necessary rather 
than maximum of 
what is possible).

Fig. 1. ITS architecture definitions according FRAME [24]

Numerous studies all over the world have dealt with the 
problems of ITS architecture, e.g. [1, 7, 14, 25, 26]. The prototype 
architecture which is popular worldwide is ITS architecture 
present in the USA (Fig. 2)

Fig. 2. High level architecture diagram description [25]

The literature in Poland is not as numerous, although several 
studies on ITS architectures ([3, 9, 13, 21, 23]) or interrelated 
components of the transportation system ([16-20]) have already 
been published.
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4. National ITS architecture in 
Poland: current status

Based on the European architecture for building FRAME systems 
and in consistency with the European Directive on the frameworks 
for implementation of ITS and the guidelines developed on its 
basis, the General Directorate for National Roads and Motorways 
in Poland developed the National System for Traffic Management 
(Krajowy System Zarządzania Ruchem, KSZR). It is being planned 
that the KSZR system will start operating in 2020. At present, the 
KSZR architecture is undergoing public and trade consultations. 
In the future, KSZR is expected to extend over the whole network 
of motorways, expressways and national roads. The system will 
give drivers easy access to information about current difficulties 
in road traffic, available detours or alternative routes. KSZR is also 
designed to collect information from rest areas (Miejsce Obsługi 
Podróżnych, MOP) and inform the interested people about e.g. how 
many free spaces are available in nearest MOP and where are the 
next ones. At present, some systems which represent a substitute of 
ITS are already present, such as weather stations, vision monitoring 
cameras, systems of vehicle weighing and more complex systems of 
traffic management in the expressways and motorways.

For a variety of technical, organizational and financial reasons, 
the  implementation of KSZR is planned in stages, divided into 
several separate projects [6]:

•	KSZR in TEN-T network: this is a basic project, which has 
to be implemented in the first place. Its scope is supposed to 
include the roads in the area of Poland that are located in trans-
European TEN-T networks.

•	KSZR POIiŚ II – this is the project aimed at implementation of 
KSZR in the network of national roads that are not located on 
the TEN-T network. Within this project, functions of KSZR will 
be implemented mainly in the national roads connected with the 
area of Warsaw’s urban agglomeration and Silesian urban area.

•	As an element of road building, KSZR represents a project that 
consists in installation of the components of KSZR in newly 
build sections of the roads within road construction contracts. 
These activities are aimed at quick activation of the functions 
performed by KSZR in the new sections of national roads.

•	In other projects, KSZR is a project with the range that will 
include the tasks focused on implementation of KSZR in the 
roads which are not qualified for any of the above projects. These 
are most often the local tasks which are aimed at improvement 
in conditions of road safety.

The basis for each KSZR project is the same system architecture, 
which guarantees that the systems designed in individual projects 
will form a coherent wholeness in terms of function, communication 
and organization.

In recent years, apart from the KSZR architecture, traffic control 
centres (Centrum Sterowania Ruchem, CRS) have been implemented 
in many cities of Poland. The CSRs in individual cities have been built 
without national standards and ITS architecture, thus, in many cases, 
the architecture of these systems is incompatible with other CSRs. The 
first integrated CSR in Poland was established in 2008 in Warsaw. The 
system incorporates such subsystems as a system for control of traffic 

lights, system of monitoring and measurement of road traffic, system 
for information for road users about the conditions on the roads and 
traffic difficulties (through installation of road signs with changing 
contents), system of quick reaction to road incidents, including 
dangerous incidents, system for assigning the priority to vehicles of 
public transportation (buses or trams) in the area integrated into 
KSZR, system for information for road users about the environment 
conditions using weather stations and boards with changing contents, 
system for monitoring and controlling the traffic in the tunnels, 
subsystem of giving priority for special vehicles (e.g. ambulances, 
police, fire brigade etc.). Further stages of extension of the system will 
involve implementation of the subsystems for management of car parks, 
information about dangers and management of road works. Another 
example is CSR in Tricity in Poland designed within the Tristar projects 
named Tricity Agglomeration Intelligent Transportation System 
(Trójmiejski Inteligentny System Transportu Aglomeracyjnego) (more 
information about the system see: [11, 12, 22]). The system was started in 
2013 and includes e.g. the following subsystems: control of traffic lights, 
detection of moving vehicles, information for travellers (in the form of 
bus stop boards that inform passengers about public transportation of 
vehicles and delays of buses and trams), monitoring and measurement 
of road traffic parameters, management of car parks (through 
displaying information on light boards with free parking places and 
recommended routes to this car park), weather stations (which provide 
information about current weather). The CSR in Gliwice has been 
operating since 2013. This system includes such systems as: traffic light 
control along the street traffic routes (through the choice of plans for 
traffic light signalling coordinated linearly or automated), monitoring 
and measurement of parameters of road traffic, on-line information for 
road users about intensity of traffic in the area of intersections. Wrocław 
is another city that implemented CSR, which has been operating since 
2013. This system includes e.g. the following subsystems: traffic light 
signalling (opportunities for switching on a “green wave” for rescue 
teams), information for travellers (in the form of bus stop boards). In the 
future, all the buses and trams are supposed to send information about 
their location. It is also planned to activate the system of informing the 
drivers who move on the main arteries of the city using the road signs 
with changing contents. These signs are supposed to display how much 
time it takes to cover five routes in the city and, if necessary, they should 
warn against the queuing of vehicles, accidents or sleet. It is expected 
that this system will also provide information about free car park places 
near the specific location and the messages played on the phones about 
the route a driver plans to take during the trip. Furthermore, CSRs have 
also been established in other Polish cities, e.g.: Kraków, Szczecin (since 
2012), Stryków (this CSR has supervised traffic over 100-kilometre 
section of A2 motorway between Konin and Stryków), Poznań, Łódż, 
Olsztyn (since 2013) and Kalisz (since 2013).

5. Conclusion
Thick road network and dynamic development of telematics 

and intelligent transportation systems have caused that, at the 
moment, numerous systems of control and management of road 
traffic are being designed and implemented. In many cases, these 
systems are restricted to the administrative limits of a particular 
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city or urban agglomeration. Consequently, this leads to difficulties 
in compatibility of these systems or the lack of any coordination of 
tasks with systems in other cities or agglomerations. There are also 
the cities and areas in Poland where several incompatible systems for 
road traffic management are operated at the same time. Therefore 
it is legitimate to unify and implement standardized principles 
and obligatory rules in the form of a homogeneous ITS architecture, 
which will substantially facilitate mutual exchange of information 
between individual CSRs and, in the future, will represent the basis 
for central and integrated units of road traffic control.

If the basic ITS architecture continues to be missing, the 
problems connected with ensuring the expected level of services 
provided by the traffic control centres, difficulties with extension 
of this type of systems, lack of opportunities for adaptation of new 
technologies and lack of opportunities for integration of already 
existing systems can be expected. Consequently, this might 
generate higher costs of maintenance ITS technology and traffic 
control centres, limitations in the access to  road services and 
failure to reach full ITS efficiency.
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ABSTRAcT
Telematics data has been mainly used to track the historical and live locations of vehicles. Recently, with more 
data available and better telecommunication technologies, fleet managers are able to investigate the root cause of 
faults, problems or events such as breakdown and incident. With recent development in cloud computing power, 
advanced analytics and optimisation techniques, fleet telematics can move to the next level, where future events can 
be predicted and systems can schedule maintenance to avoid breakdowns. Risk of accidents can also be raised and 
advance warnings given. In this paper, the evolution and current state of analytics and optimisation techniques and 
models in the area of telematics have been reviewed. Later, the key components, challenges and opportunities of 
applications of analytics in fleet telematics have been discussed.
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1. Introduction
Vehicle Telematics Systems (VTS) have significantly changed 

since the first mobile information system for transportation and 
logistics, the OmniTRACS [1], was introduced by Qualcomm 
in 1987. In addition, the implementation costs of VTS has also 
significantly dropped. The main drivers of lower costs are decreasing 
telematics hardware cost and subscription/transactional fees as well 
as reducing cost of data transmissions with the introduction of 3G 
and 4G networks. Thus, Lower cost makes the VTS more affordable 
for fleet operators as road transport fleets are usually operating on 
slim margins [2].

Most of the off-the-shelf vehicle telematics solutions currently 
provide basic tracking and tracing functionalities [3]. With recent 
development in cloud data storage and computing power, increasing 
the capabilities of on-board units, advances in automotive industry 
and adaptation of advanced analytics and optimisation techniques 
VTS can move to the next level and deploy predictive and 
prescriptive systems.

On the other hand, the volume, variety, veracity and velocity 
of telematics data are growing very quickly and will continue to 
grow each day that create telematics big data. 

The main origins of the telematics big data are:
•	High number of sensors fitted in the vehicles (volume)
•	Advanced telematics units capable of capturing various type 

of data from vehicle CAN-bus and environment (volume/
velocity/variety)

•	Growing number of ECUs in vehicles (volume/velocity/variety)
•	Better access to the crowd-sourced data (volume/velocity/

variety/veracity)
•	Excessive number of external connected devices such as 

smartphones, tablets, in-cab video cameras, insurance black 
boxes and toll collection units to the main telematics device 
(volume/velocity/variety)

•	Faster, cheaper and more reliable telecommunication 
technologies (velocity)

•	High number of open source datasets such as traffic, weather 
forecast and parking data (volume/velocity/variety/veracity)

•	Reducing the cost of accurate sensors (volume/velocity/variety)
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The focus of this paper is on applications of analytics methods 
and techniques in increasing the benefit of vehicle telematics 
systems. Section 2 gives an overview of various analytics systems. 
The applications of the analytics in VTS has been discussed 
in Section 3. Finally, Section 4 looks into the future telematics 
systems and services for vehicles.

2. Analytics from descriptive to 
prescriptive

analytics systems aim to analyse data in order to get actionable 
insights and knowledge [4]. Analytics is commonly viewed from 
four major perspectives: descriptive, diagnostics, predictive and 
prescriptive.

Fig. 1 shows a very wide spectrum of analytics systems from 
the simplest to the most advanced. Analytics includes techniques 
and solutions from looking backward to answer questions such as 
“what and why happened” to looking forwards to answer “what 
will happen and what should we do about it”. 

By increasing the degree of the intelligence and complexity 
of the analytics methods, the value of system increases. Gartner 
[5] encourage organisations to gain competitive advantage from 
higher levels of analytics maturity by moving from information 
and hindsight (descriptive analytics) to optimisation and foresight 
(prescriptive analytics). However, most organisations only use 
descriptive and/or diagnostics analytics. 

Descriptive analytics looks at the historical data, past events 
and past performances for hindsight as to how to approach 
the future. It is the simplest use of analytics to mainly produce 
management and performance reports for the users. Diagnostics 
analytics can go a one step further by root causes, key parameters 
and unseen pattern using statistical analysis methods. 

Predictive analytics aims to get insight of the historical and 
real-time data to determine likelihood of future situations and 
events. It takes advantage of predictive modelling techniques 
and forecasting methods such as computational intelligence (AI) 
and advanced statistics. Finally, Prescriptive analytics, which 
has the highest level of maturity, uses optimisation techniques 
and mathematical models to help decision makers gain the level 
of foresight they need. However, a prescriptive model can be 
also considered as a combination of multiple predictive systems 
running in parallel based on decision maker’s actions.

Co
m

pe
tit

iv
e 

Ad
va

nt
ag

e 
/ 

D
eg

re
e 

of
 In

te
lli

ge
nc

e/
 

A
na

ly
tic

s 
M

at
ur

ity
 a

nd
 c

ap
ab

ili
tie

s

Prescriptive Optimisation What is the best that 
can happen

Predictive

Predictive 
Modelling What will happen next

Forecasting What if these trends 
continue

Diagnostics Statistical 
Analysis Why is this happening

Descriptive

Alerts What actions are 
needed

Query Drilldown Where exactly is the 
problem

Ad-Hoc 
Reports

How many, how often, 
where

Standard 
Reports What happened

 Fig. 1. Eight Levels of Analytics for Competitive Advantage 
(adapted from SAS Eight Levels of Analytics [6] and Gartner 
Analytics Ascendancy Model [5])

3. Analytics and VTS
The potential of telematics big data can revolutionise vehicle 

telematics system and create new opportunities for logistic 
operators and users. However, it can also cause challenges for 
telematics services and be a big threat for VTS providers. Therefore, 
it is necessary for the vehicle telematics solution providers to 
adopt analytics methods and techniques in their VTS to tackle the 
problem of big data. Use of advanced analytics methods will create 
opportunities for VTS provides to introduce new products as well 
as enhance their services.

Massive amounts of telematics raw data are being collected 
every day. VTS providers usually process a few hundreds of 
transactions per vehicle daily. Therefore, it becomes necessary for 
the telematics providers to couple telematics data with analytics 
methods to create useful information and knowledge for their 
customers. Moreover, the value of telematics data can be enhanced 
by aggregating telematics data with open source data and crowd-
sourcing approaches. 

Analytics becomes one of the main vital components of the 
any VTS. Predictive and prescriptive analytics will reshape the 
vehicle telematics industry in coming years which will have 
remarkable results by increasing uptime, reducing maintenance, 
fuel, and insurance costs as well as decreasing the CO2 emission 
and improving driver and vehicle safety.

On the other hand, there is an increasing call from governments 
and logistics sector for efficient and innovative vehicle telematics 
solutions which makes analytics more demanding for designing 
intelligent and smart VTS. 

Table 1 summarises the main current and potential applications 
of the analytics in VTS. Following, some examples are explained 
in more details.
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Table 1. Adopted Analytics features in VTS [own study]
Integrated Feature Usability Feature

Descriptive System

•	 GIS/GPS data 
•	 GPRS data
•	 Interactive features
•	 Communication features

•	 Web-based interface
•	 Smartphone/tablet interface
•	 Dashboard interface
•	 Fleet management
•	 Staff management
•	 Asset management
•	 Usage-based insurance

Diagnostic System

•	 Diagnostics Trouble Codes data
•	 Accelerometer-based data

•	 Interactive dashboard interface
•	 Fuel efficiency
•	 Fleet utilisation
•	 Remote diagnostics
•	 Health management
•	 Driving style / behaviour

Predictive System
•	 Vehicle CAN bus / sensor data
•	 Safety related data
•	 Camera data
•	 Accident/incident data
•	 Traffic data
•	 Weather and environmental 

data

•	 Prognostics
•	 Infotainment systems
•	 Accident/incident prediction

Prescriptive System

•	 Open source data
•	 Crowd-sourcing
•	 Collaborative system

•	 Dynamic multi-echelon routing 
and scheduling systems 

•	 Integrated loading, routing, 
scheduling and delivering 
systems

•	 Predictive maintenance
•	 Vehicle sharing system

Most of the current vehicle telematics solution use the 
descriptive analytics approaches, which is the simplest class of 
analytics, in their product. These approaches are useful to some 
extent, but not for making long-term decisions. The purpose 
of descriptive system is to summarise raw telematics data (past 
events) to make it useful information for fleet users. Fleet 
management solutions which provide various customised reports 
such as past/current locations of vehicle, speed report, vehicle 
usage are the common type of descriptive telematics systems. 

Diagnostics systems are the next step in data reduction which 
have become more popular recently. The focus of the Diagnostics 
system is to capture patterns in telematics data as well as identify 
the root causes of any problem and issue. A common example of 
diagnostics system is Remote Diagnostics System (RDS) which 
allows fleet managers to do the remote vehicle diagnostics which 
will help them to inform the driver and workshop regarding the 
status of vehicle in real-time. The RDS mainly uses Diagnostics 
Trouble Codes (DTC) and telematics data to evaluate state-of-
health of vehicle and notify drivers problem which not usually 
noticed or undervalued by them.

In response to market demands, vehicle telematics solution 
providers start taking advantage of predictive analytics and plan to 
add more sophisticated predictive models in their solution in the 
future. Predictive techniques analyse big historical and real-time 
data to identify patterns and predict the future events. Prognostics 
systems are one of the main applications of the predictive models 
in VTS which is becoming more important to fleet operators. This 

aims to predict the future behaviour, state-of-health and remaining 
useful life (RUL) of individual vehicle components such as battery, 
engine, transmission system etc [7]. As the number of electric and 
hybrid vehicles increased, the battery prognostics has attracted 
most research attentions in vehicle prognostics systems [8].

Accident prediction systems are another example of application 
of predictive models in VTS [9]. The system can estimate the risk of 
accident/incident for an individual driver in the near future. Driving 
behaviour, historical incident/accident, driver’s state-of-health and 
weather data can be input to an artificial intelligence model to 
exploit pattern in historical and transactional data to predict the risk 
of an accident/incident. 

Prescriptive analytics use the results obtained by the predictive 
system to specify the best decision for a complex problem. 
Predictive maintenance system can be considered as a prescriptive 
system. This uses the results of a prognostics system and focuses on 
finding the best schedule for the vehicle to visit the workshop for 
repair/service. Telematics-based dynamic vehicle routing systems 
(TDVRS) are another example of prescriptive system. TDVRS has 
the main functionalities of the general vehicle routing systems in 
addition to using real-time data such as telematics data, traffic and 
weather forecast data, to reschedule the delivery/pickup as well 
as reroute the journey in response to any disruptions during the 
journey.

4. Conclusion
This study focuses on understanding how analytics techniques 

can make better use of vehicle telematics data. Applications of four 
main analytics models in vehicle telematics systems have been 
discussed. Modern vehicle telematics solutions start deploying 
advanced analytics techniques as the core of the system. 

Although, various applications of descriptive and diagnostics 
analytics can be identified in off-the-shelf vehicle telematics 
solutions, predictive and prescriptive telematics models are still in 
research phase. Accuracy and number of telematics sensors fitted 
in vehicles and lack of cost-benefit analysis of telematics system 
are the main factors which have significantly slowed down the 
transition of predictive and prescriptive telematics systems from 
research towards commercialisation.
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ABSTRAcT
Effectiveness of the global transport is directly linked to the freight security measures undertaken during entire 
integrated transportation process. Securing the supply chain through the securing of containers during transit could 
help to lower costs for consumers through the potential reduction of billion of dollars that are lost to theft and other 
spoilages. An effective container transport security system and supply chain security solution must include end-to-
end container tracking and full container intrusion monitoring in real time. This article is based on the AVANTE 
end-to-end intermodal container supply chain security tracking system used in order to achieve high supply chain 
security level. The article however, represents much more holistic approach identifying critical benefits for single 
transport operators as well as for the local and global economy.

KEYWORDS: freight security, electronic cargo tracking systems, supply chain security

1. Introduction
Over 16 million maritime containers are in transit throughout 

the world on any given day - at sea, on rail, over the road, or waiting 
on stuffing, pick-up, delivery and stripping. A misplaced container 
results in financial and operational risk and any delay in delivery 
only leads to increased transaction costs, production disruptions, 
missed sales opportunity and higher costs of selling goods [5].

The cargo monitoring solution, in general, has to facilitate 
the flow of accurate and timely information across supply chain 

partners and government agencies. The monitoring solution 
strategy includes but is not limited to [5]:

•	Optimization container logistics processes
•	Improvement supply chain efficiency and reduce costs
•	Achievement of more efficient and individual container 

traceability
•	Deterioration theft, diversion and counterfeiting
•	Receiving notifications when an exception occurs in any 

given process
•	Integration the RFID/GPS technology into existing business 

processes 
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The most important task is to ensure end-to-end supply chain 
security. Entire process begins at the packaging and consolidation 
centres, follows en route trucking and delivery to the port, storage 
and staging at the port and yard, optional ship deck monitoring, 
through drayage, and finishes with de-consolidation and unpacking 
at the shippers or end users warehouse. 

Although goods transport systems have been improved in recent 
decades, however not all of them are sufficiently integrated to meet 
today’s requirements in terms of quality and safety. It is mainly due to 
the lack of well-structured and organized intermodal transport chains 
[3]. Information technology (IT), incorporating communications 
technology, could become a primary tool in ensuring the safe and 
efficient operation of freight transport systems [3].

2. Various methods of securing 
containers – the global 
challenge

Improving transport efficiency is possible through the activities, 
such as development, deployment and use of intelligent transport 
systems based on advanced information and communications 
technologies [2]. Therefore a review of the technical and scientific 
status quo of intelligent monitoring systems for freight transport, 
traceability issues, vehicle location technologies, the IT systems 
available (wired and wireless), and radio frequency identification 
seems to be vital in order for better understanding of specific and 
complex nature of the challenge. Entire area of interest of the 
modern electronic cargo tracking systems as a part of intelligent 
freight technologies is bounded by the specific elements, such as: 

•	Traceability (incl. tracking, tracing and monitoring) - tracking 
is defined as the gathering and managing of information 
related to the current location of products, tracing refers to 
the retention of the manufacturing and distribution history of 
products and components, and monitoring refers to the on-
going assessment of the progress of transport [8],

•	Vehicle location systems – electronic monitoring of the 
location of vehicles during transport can be achieved by 
two methods: automatic vehicle identification (of the less 
importance for global solutions) and the global positioning 
systems (US NAVSTAR – GPS navigation system with 
ranging-global positioning system, Russian GLONASS 
system (Globalnaya Navigatisionnaya Sputnikovaya Sistema), 
European monitoring system «Galileo».) [6].

•	 Information networks – eg. Fieldbus networks (as kind of 
digital communications network designed to connect together 
all kinds of sensors, actuators, transducers, programmable 
controllers and data processing equipment, within a coherent 
system, where CAN (Controller Area Network) – based 
systems are the basis for road vehicle systems), and other 
format such as SAE J1939 and ISO 11992. CAN gateways 
are a type of unit for network inter – connection and enable 
CAN-based networks to be linked together or linked to the 
networks using other protocols; this feature can be used in the 
intermodal transport and is depicted on Fig. 1.

Fig. 1. Container CAN (controller area network) in intermodal 
transport [8]

•	Satellite and wireless communication – there are several 
ways of achieving wireless communications for intermodal 
transport: wireless wide area network (WWAN), wireless 
local area networks (WLAN), and wireless sensor network 
(WSN) systems. All available systems are shown on Fig. 2. 

Fig. 2. WWANs, WLANs and WSNs in intermodal transport [8]

Wireless sensor networks (WSN) as a system, consists of radio 
frequency (RF) transceivers, sensors, microcontrollers and power 
sources [10]. In order to monitor the «on-the-go» environment 
in vehicles during transport process all available sensors can be 
placed (micro-electromechanical sensors – MEMS including 
inertial, pressure, temperature, humidity, strain-gage, and 
various piezo and capacitive transducers for proximity, position, 
velocity, acceleration and vibration monitoring) [10]. Multi-hop 
communication over the ISM band (eg. Bluetooth) is recently 
closely linked to the WSN technology. Table 1 summarizes the 
most important standards for wireless networks.

Table 1. Summary of the most important wireless networks 
solutions [8]

wide area network (WWAN), wireless local area networks
(WLAN), and wireless sensor network (WSN) systems.
Table 1 summarizes the most important standards for
wireless networks.

Wireless wide area networks

Wide area networks enable long-range communi-
cation between containers and central servers, and are
facilitated by satellite and cellular systems. Satellite
systems are quite expensive compared to cellular systems,
but they provide virtually ubiquitous coverage, so they
can relay status messages and GPS data from nearly
anywhere in the world. Satellite messaging systems
are used in developing regions that lack a cellular
infrastructure (ABI Research, 2004).

The use of satellites for monitoring refrigerated con-
tainers generally fails when the container antennas beco-
me shadowed, rendering data transmission impossible.
The same applies when containers are stowed under a
deck. In the future, however, it will definitely be possible
to send data via satellite from ships to receiving stations
on land, enabling online access to the refrigerated
containers being transported. Cellular devices make
use of surface antennas for transmission (GDV, 2005).

Global System for Mobile-Communication (GSM)
and General Packet Radio Service (GPRS) modems
are widely used in commercial vehicle tracking and
fleet management. Recently 3G technologies have
emerged. 3G is a wireless industry term for a collection
of international standards and technologies aimed at
improving the performance of mobile wireless networks.
3G wireless services offer data packaging enhance-
ments such increased speeds and the capacity for
combined voice and data services with high quality
service facilities. The two main 3G technologies are

UMTS (Universal Mobile Telecommunications System)
and CDMA2000 (Code Division Multiple Access
2000). UMTS is a good option for container tracking,
as nearly ubiquitous coverage is available in Europe
(Baghaei and Hunt, 2004).

Wireless local area networks

Local area networks provide intermediate range data
transfer at ports, on marine vessels, and in container
yards and terminals; Wi-Fi (wireless-f idelity) is the
most important standard.

Wi-Fi is a set of product compatibility standards for
WLANs based on IEEE 802.11.x specifications (Wi-Fi,
2005). The 802.11 family currently handles six over-
the-air modulation techniques. Those widely accepted
techniques include the b, a, and g systems. The 802.11b
and 802.11g standards use the 2.4 GHz band, and the
802.11a standard uses the 5 GHz band (IEEE, 1999,
1999 bis, 2003 bis).

Wi-Fi already has a role in locating assets in indus-
trial yards, such as heavy equipment and cranes. 
Wi-Fi enables RFID (radio frequency identif ication)
readers, handheld or f ixed, for data storage and
verif ication (Wherenet, 2003).

When wireless sensor units are installed in con-
tainers they communicate with the outside world. The
network topology used for system deployment is
critical. For example, if the ever-present star (hub and
spoke) topology exemplif ied by most 802.11 (Wi-Fi)
networks is used, each wireless sensor node must be
able to communicate directly with the base station.
Radio link performance for each node is characterized
by point-to-point radio communication between the
nodes and base station. Classic communication theory
(and reality) dictates that when the attenuation present

148 L. Ruiz-Garcia et al. / Span J Agric Res (2007) 5(2), 142-156

Table 1. The most important wireless networks solutions

Name Implementations

WWAN GSM (Global System for Mobile-Communication)
(Wireless Wide Area Network) CDMA (Code Division Multiple Access)

GPRS (General Packet Radio Service)
UMTS (3G) (Universal Mobile Telecommunications System)

WLAN IEEE 802.11.x
(Wireless Local Area Network) HyperLAN

Home RF
WSN Bluetooth
(Wireless Sensor Networks) Zigbee

•	Radio frequency identification (RFID) – an emerging technology 
that makes use of wireless communication, can identify, 
categorize, and manage the flow of goods and information along 
a supply chain and provides automatic vehicle and equipment 
identification. 
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Based on advanced information and communications 
technologies a number of supply chain monitor and tracking tools 
have been recently developed as a part of intelligent transport 
systems. Table 2 summarizes recent IT applications for transport..

The challenge undrestood as a lack of integration and need to 
establish a commonly used and global system, has been already 
undertaken and creatively transferred into a globaly working 
monitoring and tracking cargo systems. For this paper purposes, 
after deep analysis of entire spectrum of available systems 
suitable for further analysis (eg. STARCOM Systems TRITON 
Real-time Container Tracking), the AVANTE Intermodal Real-
time Container Tracking Solution has been chosen as the most 
advanced and complex system. AVANTE is the US Company 
headquartered in Princeton, New Jersey widely recognised as one 
of the best complete tracking solutions company.

Table 2. Summary of recent Information and Communication 
Technology (ICT) applications in transport [8]

equipment and monitors the container lock-on mecha-
nism. A radio link between the container handling
equipment, the container, and the base enables trans-
mission of the real-time position whenever a container
is locked onto, moved, or released.

Unnold (2004) developed a system for tracking and
monitoring containers worldwide that uses solar cells,
rechargeable batteries, two-way satellite communication,
a central processing unit (CPU), a variety of sensors,
GPS, and a geographic information system (GIS). The
apparatus is permanently mounted on the cargo
container.

Auerbach et al. (2005) focused on the development
of a «smart container monitoring system» comprising
sensors mounted within the shipping container that
wirelessly transmit information to an electronic seal
mounted on the outside of the container. Moreover, this
seal wirelessly transmits information on its status to a
remote monitor.

Kafry and Inbar (2005) proposed a system for mo-
nitoring the electronic sealing of cargo containers
during their transport along highways. This involves a
wide network of readers mounted along highways, and
electronic seal transponders installed in vehicles and
containers. The readers and electronic seal transponders
communicate by means of a standardized protocol. The

transponders incorporate a unit that analyses and trans-
mits their status to a control centre.

WSNs have been used for the tracking and moni-
toring of nuclear materials as part of the authenticated
tracking and monitor system (ATMS) (Schoeneman et
al ., 2000). The ATMS employs wireless sensors in
shipping containers to monitor the state of their contents.
The sensors transmit wirelessly to a mobile processing
unit, connected to both a GPS and an International
Maritime Satellite (INMARSAT) transceiver.

Gunnarsson (2001) initiated the development of a
wireless link between truck and trailer using Bluetooth.
The truck uses a SAE J1939 CANbus while the trailer
makes use of an ISO 11992 CANbus.

Qingshan et al. (2004) undertook the development
of an intelligent WSN for refrigerated vehicles. Zigbee
was considered the most appropriate standard for a
WSN within refrigerated vehicles in which artif icial
intelligence plays a key role. The sensors are enhanced
with self-calibration, self-compensation and self-
validation.

Fuhr and Lau (2005) have shown that a radio fre-
quency device can be placed in a metal cargo container
and that it can still reliably communicate with the
outside world. They developed a mesh-network in the
2.4 GHz region, using the 802.15.4 protocol (Zigbee).
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Table 3. Summary of recent ICT (Information and Communication Technology) applications in transport

Category Subject References

GPS, GSM
WSN, GPS
WorldFIP
Bluetooth
RFID
GPS
GPS, WLAN
RFID
RFID
RFID
WWAN, GPS, GIS
GPS, WSN
Zigbee
WSN
WLAN, WWAN, RFID
RFID
RFID, GPS, Sensors
WLAN, WSN
RFID
Zigbee
RFID, WSN
RFID, WSN

Monitoring animals during transport
Tracking and monitoring nuclear materials
Remote monitoring of nuclear materials 
Link between truck and trailer
Automatic identif ication in rail transport
Intermodal movement status monitoring systems
Container tracking systems
Automatic container identif ication
Tracking containers
Electronic seals
Tracking and monitoring containers worldwide
Securing and/or tracking cargo containers
WSNs in refrigerated vehicles
Tracking system for containers in ports
System and method for asset tracking and monitoring
RFID tags in container depots
Integrated tracking, seal and sensor systems
Smart container monitoring systems
Monitoring electronic container seals
Mesh-network in cargo containers
«Smart packing», improve traceability
Autonomous sensor systems in logistics

Geers et al., 1998; Gebresenbet et al., 2003 
Schoeneman et al., 2000
Funk et al., 2000
Gunnarsson, 2001
AAR, 2002; Transcore, 2003 
Doyle, 2003
Carson, 2003
Transcore, 2003
Karkkainen, 2003
Jensen et al., 2003
Unnold, 2004
Ng and Wells, 2004
Qingshan et al., 2004
Callaway, 2004
Brosius, 2005
Ngai et al., 2007
Balog et al., 2005
Auerbach et al., 2005
Kafry and Inbar, 2005
Fuhr and Lau, 2005
Wang et al., 2006
Jedermann et al., 2006

3. Responses to the global 
challenge – AVANTE systems

The “Needle-in-a-haystack” syndrome is a widely experienced 
by security staff trying to find potential illegal materials while 
handling millions of containers. With the massive flow of 
products, only a small percentage of containers are inspected. 
Unfortunately detailed container-checking process is long and any 
container and supply chain security management system faces the 
same dilemma. The problem is how to achieve satisfactory level 
in securing the supply chain without stopping the flow of world 
commerce [4].

The full implementation of the AVANTE end-to-end intermodal 
container supply chain security tracking system as part of the cargo 
transport tracking and monitoring security system provides real-
time reporting capability and meets almost all of the challenges 
listed in the Table 3. 

Table 3. Container Security and Supply Chain Security Challenges in 
Cargo Tracking Solution [4]

Challenges Solutions

Impossible to 
inspect all of 

the containers 
(not possible 
to check even 

10%).

Incorporate an automatic real-time locating and 
monitoring system for every container.

Track and trace every container through the 
process of stuffing, loading, transit, rerouting, and 

disposition.
Place an active tag on the outside of the container 

or incorporate it as part of the outside container 
seal.

Maintain real-time visibility and monitoring for 
containers and supply chain security including any 

tampering after sealing.

Detecting 
tampering 

during transit. 
Preventing loss 
before arrival at 
the unloading 

port.

Place one or more RFID “ZONER™” devices inside 
the container upon sealing. An outside monitoring 
“RELAyER™” reader may be used to communicate 

with the inside “ZONER™” devices. This may be 
optionally integrated with chemical, biological, 

radioactive, light, impact, temperature, pressure, 
humidity, and other sensors.

Monitor any change of RFID signals from inside 
the containers associated with the opening of the 
container with an on-board fixed site network of 

RELAyER™ reader-monitors.
Real-time reporting of any exception and incident 

of container security violation to destination 
custom and port authorities for remedial action 

before arrival.

Determination 
if any content 
may contain 

illegal materials 
e.g. weapon, 

drugs, etc. 

Place one or more RFID “ZONER™” devices 
integrated with radioactive, chemical, and 

biological sensors inside the container upon sealing 
from the shipping agent.

Use synchronized “RELAyER™” reader-monitor with 
date-time clock to monitor any tampering during 

transit.
AVANTE RFID ZONER™, ZONER™ with sensors, 

and RELAyER™ network technological solution 
solves the last three of four core elements of the 

“Container Security Initiative (CSI)”:
Using intelligence and automated information to 

identify and target high-risks containers;
Pre-screening those containers identified as high-
risk at the port of departure, before they arrive at 

U.S. ports;
Using detection technology to quickly pre-screen 

high-risk containers; 
Using smarter, tamper evident containers.

To achieve expected level of compatibility between all kinds 
of sensors, actuators, transducers, programmable controllers 
and data processing equipment, there are three types of devices 
vital for the system. The key elements of the AVANTE system are 
presented in Table 4. 

Table 4. Key elements of the AVANTE End-To-End Supply Chain 
Security System and Tracking Solution [4]
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AVANTE Supply Chain Security Monitoring Services provides a 
full spectrum of end-to-end services for cargo container (including 
cold chain) security monitoring and tracking to all stakeholders 
(shippers, logistics providers and customs authorities) throughout 
the supply chain from point of origination to point of destination. 
The system provides monitoring abilities depicted on Fig. 3.

Fig. 3. AVANTE system location and monitoring application [4]

AVANTE uses patented technologies that exceed C-TPAT 
container security requirements. The system is the only one in the 
world that provides real-time alerts and notification of any theft 
or damage to a container’s contents and security breaches from 
any of the six sides of the container. Exceptions and/or intrusions 
are detected by AVANTE patented multi-mode sensors and RFID 
devices inside the container and reported in real-time to shippers, 
buyers, authorities including customs, insurance providers and 
3PL providers via SMS, email and other communications channels 
as required. Control, management and access are web-based. The 
“Asset Trakker” application is shown on Fig. 4.  

A user-friendly web-based interface provides stakeholders the 
ability to check the conditions of the goods including intrusion, 
tampering, temperature, moisture and other sensor-based status 
anytime and anywhere in the supply chain. As an example 
temperature chart is presented on Fig. 5.

AVANTE Supply Chain Security Monitoring Services provides 
its subscribers with a certificate and documentation of end-to-
end tracking and monitoring for each container shipment. This 
report may be used for insurance rate negotiation, adjudication, 
and possible “green lane” inspection qualification and compliance. 
Typical for the “cold chain” documentation is as follow [4]: 

•	Verifiable end-to-end temperature-moisture documentation 
on-and-of products;

•	Verifiable end-to-end temperature-moisture exceptions-and-
durations as well as verifiable chain-of-custody;

•	Actionable real-time exception alerts on temperature-humidity;
•	Detailed out-of-bound temperature-time report for First-

Expire-First-Out (FERO) execution with confidence

Fig. 4. AVANTE system “Asset Trakker” application [4]

Fig. 5. AVANTE system real-time temperature monitoring 
application [4]

In addition, the system provides contraband detection and 
optional real-time reporting of security threats arising from 
radiological and certain chemical device smuggling by direct sensor 
detection as well as strategic end-to-end monitoring of stuffing 
points, transportation and storage (see Fig. 6).  

The capability of the AVANTE system to report tampering and 
exceptions in real-time along with monitoring the transportation 
workers and staff in all phases of the supply chain execution helps to 
provide accountability, efficiency and deterrent of theft and tampering.
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Fig. 6. AVANTE system direct real-time detection [4]

4. Economic benefits
The AVANTE container security tracking and monitoring 

services using RFID technology dramatically minimizes false alarms 
that have plagued the e-seal technology due to invariable shocks 
and movements during transport. All of the common false positives 
that affected existing RFID intermodal container electronic seals are 
eliminated which brings positive economical effects [4]. 

Active RFID ZONER™ tag and RELAYER™ network technology 
provides complete coverage of a ship’s deck and port terminal yard. 
The resulting intermodal container security system is much more 
affordable and lower in cost than similar solutions. Summary of 
the benefits for all stakeholders is presented in the Table 5. 

Table 5. Potential Benefits of Intelligent Freight Technologies [4]

Direct 
Benefits 
to Private 
Firms

•	 Increased efficiency and productivity, often thought 
of as cost reduction benefits

•	 Improved reliability and service quality, usually 
thought of as tools to retain good customers and 
grow market share and revenue

•	 Improved shipment and container integrity, built 
around a core of security issues

Direct 
Public 
Sector    
Benefits

•	 More efficient and effective government operations
•	 Greater national security
•	 Improved safety
•	 Reduced environmental effects of freight transport
•	 Reduced congestion and expanded capacity for 

transportation infrastructure

Indirect 
Freight 
Network 
Benefits

•	 Economies of scale and decreasing unit cost of 
network expansion

•	 Exponential increase in total benefits as costs drop 
and usage grows

•	 Derivative productivity benefits in industries that 
depend on freight transportation

Direct benefits to private firms are the easiest to calculate while 
indirect freight network benefits are to estimate only. 

5. Conclusion
Almost 90% of the world trade is accomplished with the help of 

containers using different means of transportation including ships 
and trains. The container trade faces a lot of challenges comprising 
of container tracking, real time monitoring and intrusion detection, 
real time theft reporting mechanism, and status reporting of 
shipment items. [7] 

To improve the interoperability and the compatibility of systems, 
the wider adoption of common freight transport system architecture 
is needed. A good example of an integrated system is presented 
in this article AVANTE end-to-end intermodal container supply 
chain security tracking system, where all modern technologies are 
introduced and serve for achievement of high performance and 
standards.

Further works and continuity of common approach will 
enhance development of new applications. In addition, increasing 
standardisation in the intermodal chain streamlines cargo transactions, 
improves mobility and security, and reduces costs. [1,3]. 

Intermodal transport becomes a solution for goods transport 
in the immediate future, however it needs to be efficient and easy 
to use. The combination of available information technologies 
such as CAN, GPS and wireless data communications can 
provide complete container monitoring information for really 
affordable price. Critical variables are supervised by multiplexed 
communications systems. That is why integrated and intelligent 
transport monitoring systems become a cost-effective technology. 
The concept of the «smart container» is now coming to the fore. 
This increases efficiency and productivity within logistic chain of 
supply, often understood as cost reduction benefits.
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ABSTRAcT
The paper presents an evaluation of the properties of the vehicle detection system comprising the source of data of 
traffic flow for road traffic control in a city. The quality of traffic data determines the ability to reach optimal traffic 
control decisions. Errors of measuring traffic stream balancing locally at junctions and in the whole of the road traffic 
control system are chosen as evaluation criteria. The city traffic is modelled using a directed graph, with vertices 
being the measurement sites and with edges linking vertices having weights representing traffic flow values. The 
analysis of the results enables the determination of measurement sites inadequately mapping the road situation and 
allows proposing new sites to improve the system. The analysis is performed using real traffic data acquired from the 
Traffic Control Centre in Gliwice.

KEYWORDS: traffic flow,  traffic control, vehicle detection

1. Introduction
The construction of city road traffic control systems is determined 

by the selection of  traffic control policies, the complexity of the road 
network, the number of road connections with other municipalities 
and most significantly by available resources for construction [1]. 
Different municipal traffic policies determine the most important 
criteria of appraisal of optimisation tasks in traffic control. The aim 
is to diminish the costs of urban travel for all participants, reduce 
environmental damages and improve the economy of functioning 
of the transport infrastructure. The economy is at first perceived as 
costs of construction, which leads to traffic control and management 
systems with the minimum number of controlled junctions aiming 
to attain the best performance at least costs. The choice of junctions 
controlling the most of traffic is of paramount importance.

In order to achieve, set optimisation goals on this scale, it is 
necessary to coordinate the functioning of traffic controllers. It is 
envisaged that traffic controllers work on common traffic data. The 
traffic controllers should also operate together in order to carry 
out elaborate control strategies on different levels of managing 
urban traffic systems.

Traditionally UTC (Urban Traffic Control) systems are classified 
into generations. The first adaptive systems, which widely used 
vehicle detectors emerged in late 60’s. SCOOT, SCATS and TUC 
are the most widely deployed systems of this generation [2, 3, 4]. 
Improved systems were introduced when reliable vehicle detectors 
were constructed for use in traffic control. Systems such as OPAC, 
PRODYN, RHODES, UTOPIA/SPOT utilize also greatly enhanced 
processing capabilities of new hardware and communication means 
– WANs [5, 6, 7, 8]. 

With each generation of UTC systems the significance of traffic 
measurements rises and ways of increasing the robustness of data 
acquisition gain on importance. A minimised UTC structure may 
lose its control properties if the vehicle detectors in the system do 
not adequately cover the whole of the city traffic. Investigation of 
the balance of traffic flows on the bounds of the city will indicate the 
overall traffic flow leaks, which are not accounted for by the system. 
Further analysis will enable the designation of traffic network areas, 
which require special extra vehicle detection points and presumably 
additional traffic controllers.

The paper is organized as follows. Section 2 presents the 
digraph model of city road traffic, which is used to organise traffic 
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data for analysis. In the following section the traffic data is analysed 
to determine the properties of the current traffic measurement 
system. This is the main contribution of the paper and allows 
for a discussion of required improvements of the system, which 
is done in section 4. The last section lists the conclusions of the 
investigation of city road traffic balancing. 

2. Traffic stream balancing
UTC (Urban Traffic Control) systems cover usually only a 

part of the city area. The main roads are included and other are 
chosen on the basis of earlier traffic measurements or more often 
according to the knowledge and experience of the system designer. 
This may leave a range of unaccounted vehicles, which disrupt 
the functioning of the city traffic control system. The selection 
of correct junctions, which carry the missing traffic is a difficult 
problem especially when the city lies in a conurbation, that is it is 
surrounded by places with many common roads. 

Earlier research indicates also that traffic flows are highly 
correlated with week days [9, 10]. The character of daily traffic 
changes is distinctly marked with – morning and evening peaks 
of flow during work days. At weekends and during holidays the 
course of the changes is gentle and the peak hours are shifted 
by 2 hours. It becomes important to carry out the traffic stream 
balancing not only globally but also split into week days.

2.1 Assumptions for traffic modelling 

The flow of road traffic is measured using a vehicle detector-
based infrastructure comprising of video detectors, induction 
loop detectors and magnetic detectors. It is assumed that vehicle 
detectors are the fundamental building blocks of the measuring 
setup and thus the significant constituents of the traffic network. 
Detectors provide data in the form of vehicle counts acquired 
in predefined periods of time. The elementary period is 5 min, 
all other count data is derived by aggregating data from the 
elementary count periods. The second general assumption is that 
data for modelling is filtered in order to remove gross count errors, 
which occur when detectors fail. All data counts are registered by 
local traffic controllers and transferred to a central data base at the 
Traffic Control Centre. 

2.2 Graph model of the city road network

The traffic model of the city includes traffic junctions, which 
are equipped with traffic controllers operating in tandem with 
vehicle detectors. Uncontrolled junctions are omitted. A traffic 
junction is denoted by Ji and is considered a graph node (vertex). 
There is a set of N nodes constituting the city junctions W={J1,J2, 
…JN}. Graph nodes i, k are linked with pairs of directed arcs qik, 
qki∈Q representing traffic flows between junctions – upstream, 
downstream. The city network is the set S=(W,Q).

a)  

b)  

Fig. 1. a) The graph of the road traffic network of Gliwice,  
b) reduced graph – tree [own study]

Fig. 1.a) shows the traffic network of Gliwice being investigated 
in this paper. This graph is reduced to the tree in Fig.1.b) to 
facilitate the global, in the domain of the whole city, analysis of 
traffic flows. The arcs of the tree represent outbound and inbound 
traffic flow of the whole city.

Table 1. contains vehicle counts collected during the investigation, 
these are the arc values of the tree in Fig 1.b. Nodes represent 
measurement sites of traffic flow from different directions. The daily 
values are averaged over the period of data collection.

The largest number of vehicles is registered at nodes P4 and P3. 
These nodes are placed on trunk roads connecting the city with 
motorways A4 and A2 respectively, which indicates that many drivers 
leave Gliwice to travel considerable distances to work and study.

Table 1. Daily mean values of vehicle counts in the traffic 
network of Gliwice [own study] 

Number 
of node 

N

Inbounds
Outbounds Mon Tue Wed Thu Fri Sat Sun

1
In 8285 8485 8637 8573 8776 6947 6372

Out 8781 9137 9109 9216 9547 7417 6343

2
In 8135 8248 7914 7667 8171 5959 4668

Out 6968 7064 6962 6865 7434 5274 4054

3
In 9683 9644 9928 9741 10047 6396 4786

Out 7397 7426 7508 7455 7717 4859 3738

4
In 11310 11198 11180 11553 11689 9057 8628

Out 9321 9523 9618 9620 10439 7360 7897

5
In 8728 8695 8798 8945 9160 7197 5551

Out 9100 9090 8918 9375 9591 7860 5950

6
In 5533 5737 5439 5494 5718 3580 2889

Out 4808 4999 4891 5060 5067 3491 2767

7
In 7192 7924 6555 5876 6488 4442 4623

Out 6682 6936 6965 6837 6956 5649 4478
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3. Analysis of road traffic flows
Road traffic data was collected in the period from the 1st of  June 

till the end of November of  2013. Due to malfunctioning of some 
of the vehicle detectors a considerable number of measurements 
were rejected. In the result a set of data from 8 full weeks was 
selected, which had no gross errors. In all more than 225 thousand 
traffic counts were used in the analysis (8 weeks×7days×255 5min 
counts×7 vehicle detection sites for inbound and outbound traffic). 
Traffic balancing was performed for each week day, for whole weeks, 
for each of the measuring sites and for the whole city.

Fig. 2 presents total mean counts of vehicles from all of the 7 
measurement sites split into week day bins. For each week day the 
total traffic count is:

•	inbound traffic Qwdin

(1)

•	outbound traffic Qwdout

(2)

where: N is the number of measuring sites (vertices).

The traffic data was collected in 5 min intervals so the daily 
traffic counts are obtained:

(3)

Where:
qic – is the inbound traffic count (into the city c from i node),
qci – is the outbound traffic count,
M – is the number of measuring intervals per day (24×12).
 

Fig. 2. The number of vehicles travelling in and out of the city split 
into week day totals [own study]

The vehicle counts range between 35 thousand and 60 thousand 
per day. Significant differences are observed between inbound and 
outbound traffic values especially on work days.

3.1 Intra-week traffic flow discrepancies

Intra-week discrepancies between inbound and outbound traffic 
indicate that a significant number of drivers arrive in Gliwice using 
the roads controlled by the municipal traffic control system but leave 
the city using other roads. Fig. 3. presents the percentage of total 
inbound and outbound traffic attributed to investigated measuring 
sites. The fraction of inbound traffic and outbound traffic from 
different directions, corresponding to the measurement sites, is 
constant on work days. This indicates that drivers exhibit constant 
travel behaviour, which means that travel destinations such as, work 
places, schools, offices function on a stable time basis 5 days a week.

Fig. 3. Percentage of total inbound and outbound traffic attributed 
to measuring sites on week days [own study]

During the weekends the sites P1, P6 and P5, P4 to a lesser 
extent, show higher traffic counts than usual but also smaller 
differences between in and out traffic. This may be accounted for 
visits to shopping centres outside Gliwice. 

A more detailed picture is revealed on Fig. 4 using Dav values. 
Dav, that is average percentage differences of traffic count values, 
are calculated:

(4)

Where: 
qic – is the inbound traffic count (into the city c from i node),
qci – is the outbound traffic count,
i – measurement site number.
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Fig. 4. The average differences in inbound and outbound traffic in 
Gliwice [own study]

Direction P3 and P4 prevails as an outbound site, while P1 
and P5 prevail as inbound sites and show little fluctuations in the 
whole week. P3 and P4 traffic shows a flow of drivers who leave 
Gliwice to stay (work, study) elsewhere on work days. The largest 
fluctuations of traffic is noted at site P7. The differences in vehicle 
counts per measurement site and per week day are much higher 
than total differences for the whole city traffic (Fig. 2). Traffic 
routes in different parts of the city, which are not noted by the 
traffic control system, cancel out some of the differences.  

3.2 Intra-day traffic flow discrepancies 

In order to analyse the intra-day traffic flow discrepancies 
the traffic counts from the measurement sites are smoothed by 
aggregating the elementary 5 min counts to 15 min counts. This 
smoothing eliminates the variability of flow caused by traffic lights 
and enables a more consistent analysis. The difference of inbound 
and outbound traffic is calculated and representative intra-day 
graphs are presented in Fig. 5 and 6.

Fig. 5. The average differences in inbound and outbound traffic in 
Gliwice for Mondays [own study]

A Monday graph, representative of work days, has characteristic 
paired extrema indicating neighbouring periods of high in- and 
out- traffic for site P1, P3 and a slowly fluctuating course for P2 
which reaches a gentle hump between 6 and 9 a.m. The morning 

period differences hump indicate that many drivers come to 
Gliwice from neighbouring places. Paired extrema indicate that 
a numbers of drivers leave Gliwice to reach destinations for time 
to work and a much larger number arrive a little later at the 
boarders in time to work in Gliwice. Sunday traffic differences 
exhibit significant peaks early in the morning for direction P1 it 
is an outbound peak while for direction P3 it is an inbound peak. 
P2 graph has a rather gentle outbound hump in the morning and 
in the afternoon. These outbound excess is related to weekend 
shoppings or mass events.

Fig. 6. The average differences in inbound and outbound traffic in 
Gliwice for Sundays [own study]

4. City traffic
The analysis uses a digraph to represent the structure and 

traffic flows of the city road network. The digraph is reduced to a 
tree with the city centre as the root. The merit of this approach is an 
easier observation of global behaviour of the traffic system, but the 
drawback is omission of local traffic properties, which may lead to 
stalls in traffic and in consequence far from optimal traffic control 
decisions. Fig 2. shows clearly that the vehicle counts in Gliwice 
are larger for outbound traffic and thus indicate an embedded 
imbalance of the control system. The traffic stream equilibrium 
rule is not preserved [10].

    Further investigation was performed for measurement sites 
which demonstrated the largest differences in total daily traffic 
flows. For the site P3 the differences are as high as 26% of the mean 
daily traffic. This site is potentially a weak point in the system and 
requires supplementation with some other detection sites. Similar 
behaviour is observed for site P2.

5. Conclusion
Balancing of the traffic flows in the city is the first step in 

evaluating the performance of the municipal traffic control 
system. This analysis shows that the current system in Gliwice 
requires additional traffic controllers to cover traffic from the 
directions between sites P2 and P3. Analysis of the original 
traffic graph (Fig. 1a) is required to establish the exact positions 
of these controllers.
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ABSTRAcT
The article presents some problems for the radio network planning rail system digital mobile GSM-R. There is a 
description of the architecture of the system, a set of available services and the different ways of data transmission. 
Then there are presented certain conditions that should be taken into account for the link and the requirements 
for network dimensioning for the purpose of determining the physical capacity of the network. Volume generated 
within the base station telecom traffic affects not only the number needed to handle the movement of resources, but 
also implies a number needed to allocate frequency channels.
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1. Introduction
GSM-R (Global System for Mobile Communications-Railways) 

is an international  wireless communications  designed for railway 
communication. It provides digital voice communication and digital 
data transmission and offers extensive functionality of the GSM 
system. Infrastructure of GSM-R is characterized by localization 
only near the railway lines.GSM-R is designed to support systems 
introduced in Europe: ERTMS (European Rail Traffic Management 
System) and ETCS (European Train Control System), which is 
designed to continuously collect and transmit data on a rail vehicle, 
such as speed or geographical location. The GSMR a transmission 
medium for ETCS, mediates the transmission of information to the 
driver and other rail services [1].

By implementing the above schemes significantly the safety of 
rail traffic is improved and also it is possible to diagnose vehicle 
in real time and to introduce monitoring shipments and wagons. 
Moreover, by clarifying the distance between trains can greatly 
increase the bandwidth on individual lines [8], [14].

One of the key issues in the implementation of GSM-R radio 
network planning taking into account both the requirements for 
coverage of the radio signal for ETCS second level on defined 
railway lines, but also in terms of dimensioning of the capacity for 
voice and other services in the GSM-R system. 

The article  presents selected issues related to the analysis of 
the GSM-R network and issues dimensioning of the network in 
terms of providing opportunities for data and voice. There are  
certain conditions that should be taken into account for the link. 
Volume generated within the base station telecom traffic, affects 
not only the number needed to handle the movement of resources, 
but also implies a number needed to allocate frequency channels..

2. The structure of the network 
and services of GSM-R

2.1 The structure of GSM-R

The basic infrastructure of GSM-R is very close to the 
infrastructure of the GSM system. However, for functional reasons 
is enriched with a few items that do not appear in public systems. 
This involves a typical rail services such as targeting or functional 
classification of individual subscribers by groups validity, applied 
here a special database called the registry addressing key. GSM-R 
infrastructure is also enriched with components cooperating with 
the system and automatic train control unit designed for using 
dispatchers. In this system required the implementation of group 
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calls, dispatching, and high-priority calls which time the statement 
should not exceed one second. In addition to the GSM-R mobile 
terminals, known from GSM systems, also used the so-called 
transportable terminals installed in locomotives rail vehicles. 

Arrangement of base stations in the GSM-R system can take 
place in four different ways depending on the required security. 
The choice of placement and connection of base stations should 
be dictated by class and purpose of the railway line, its capacity 
and the required level of safety. The GSM-R systems, we can 
distinguish three basic types of cells used. The first are cells, which 
by definition only covers the area of the railway line. They are 
characterized by a long shape and a small width. The second type 
of cells are overlapping station’s areas and some railway lines. They 
typically have a circular or elliptical shape. The third type of cells 
are large, covering other areas such as railway sidings, railway 
buildings, complexes, etc.

Each of the cell types supports all types of radios. The size and 
shape of cells may be varied by adjusting the power level and the 
use of omni-directional antennas and large or very small half-
power angles. The GSM-R is the use of the service, so it does not 
provide radio coverage areas other than railway areas.

In order to ensure the efficient location of mobile subscribers 
in the GSM-R network adopted a complex hierarchical structure 
(Fig. 1).

The structure of the GSM-R is distinguished by the following 
layers [11]:

•	Network GSM-R (GSM for Railways Network or GSM for 
Railways Service Area) - the area covered by the range of 
services of GSM-R. Geographically, it corresponds to all 
countries (operators), in which the system operates GSM-R. 
The connections between the GSM-R network and the public 
telephone network shall be held by one of the  transit GSMC;

•	The GSM-R (PLMN service area) - Action GSM-R network 
managed by a single operator. If a country has several operators, 
there are several parallel systems, GSM-R, which communicate 
with each other via the public telephone network;

•	MSC service area - part of the GSM-R system, supported by 
one of the  MSC. Incoming calls to the mobile station are routed 
to the MSC working in this service area, in which is currently 
a mobile station;

Fig. 1. The hierarchical structure of the GSM-R network [11]

•	Location Area (LA) - part of the area, in which a moving 
mobile station does not need to pass to the system updated 
data about your position. Specify the size of location area is 
related to the efficient use of radio channels.

•	Cell - the smallest fragment of GSM-R. A collection of cells 
creates an area of recalls. Each cell corresponds to one base 
station.

2.2 Services of GSM-R 

The GSM-R performs all the basic services of the GSM standard 
and additional services, complemented by standard GSM Phase 
2+ (Voice service diffusion, group calls, GPRS, priority calls). This 
allowed the introduction of the following services [7], [8], [9], [12]:

•	Voice Broadcast Service (VBS) - consists of transmitting voice 
information to a specified, pre-defined group of customers, 
without the possibility of return voice confirmation of the 
information received

•	Voice Group Call Service (VGCS) - allows simultaneous and 
mutual communicate with each other in advance of a defined 
group of users (SIM), where each participant can activate 
or deactivate your participation in this type of connection. 
Supervision of the formation of the group, the choice of active 
participants and oversee the conduct of all service names are 
the initiator of the meeting or the dispatcher.

•	Enhanced Multi-Level Precedence and Preemption (eMLPP) 
- the service is to give priority to certain users of the network 
in the realization of connections and is used in emergency 
situations. Time of connection setup, the priority should be 
short (less than 2s, including the termination of an existing 
connection).

•	Functional Addressing (FA) - is the connecting railway 
employees addresses associated with the functions they 
perform. This allows for communication with the user by 
means of a number identifying the appropriate function, not 
a physical terminal. With this feature you can, for example, to 
connect with the driver of the train, not only by its individual 
address, but also mentioning the train or locomotive.

•	Location Dependent Addressing (LDA) - provides 
communication to an employee performing a specific 
function depending on the location of the train and the area 
associated with the paging function. The use of this type 
of addressing, for example, allows to connect to the train 
driver with the emergency motion at the touch of a button.

•	General Packet Radio Service (GPRS )is used mainly in the 
transmission path-to-vehicle (ETCS);

•	Enhanced Railway Emergency Call (EREC) - Emergency 
calls inform drivers of traffic on duty and other required staff 
about the dangers of requiring eventual halt traffic on a given 
area or take other actions. Defined are two types of railway 
emergency calls: Emergency calls for trains (not related to 
maneuvering operations) and emergency calls related to 
the operation maneuverability. Type-initiated connection is 
established automatically based on the operating mode of 
the terminal initialization. Emergency call for trains must be 
communicated to all drivers and traffic remaining on duty in 
a defined area of operations.

•	Shunting mode - provides communication between staff 
involved in shunting operations.
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•	Direct mode - refers to a situation in which the mobile 
terminals communicate with each other without going through 
a GSM-R network. This is a function provided for situations 
such as network failure or lack of coverage of GSM-R.

•	Data transmission in GSM-R supports four main groups 
of services: text messages, the main applications of data 
transmission, automatic fax machines and applications in 
support of control train. Data service is associated with a remote 
control and on-board traction, automatic control the movement 
of trains, security control rail traffic and applications designed for 
passengers. The GSM-R network methods are used packet GPRS 
and EDGE solutions known to the public.

3. Selected aspects of planning 
and network dimensioning 
of GSM-R

3.1 The elaboration of the energy balance of 
the link 

The projected budget for specific conditions links and calculations 
regarding the useful range of individual base stations should take into 
account the following parameters [2], [3], [4], [5], [9]:

•	The required minimum signal level and the probability of 
signal coverage, 

•	The height of the suspension of the base station antenna and 
the antenna mobile station 

•	Margin call transfer (handover) and power margin for 
dropouts, 

•	Margin of safety, 
•	Losses in the radio channel, 
•	Gain antennas and a gain resulting from the use of spatial 

diversity reception and polarization (diversity), 
•	The expected ranges of base stations, 
•	Planning of radio channels.

Margin is the transfer of the material to the radio planning 
parameter, since its value affects both the energy balance as well as 
the link speed handoffs. Its too large value may cause unnecessary 
density of base stations as well as the delay in the transfer of 
calls. Too small  margin  of call transfer, or its lack, will cause 
unnecessary switching. In practice radio planning that power 
margin for signal dropouts in the flat, open the suburban area is 
approximately 5dB. However, in the case of the planned system 
GSM-R due to a variety of characteristics of the land should be 
greater, eg 7-10 dB.

It should be taken into account that the resulting interest rate 
correctly completed the transfer of the type of services must be 
at least 99.5% at standard operating conditions (weather, network 
load, etc..).

The margin of safety in accordance with the recommendations 
of Eirene is 3dB and included in this parameter factor aging 
infrastructure of GSM-R.

Similarly to the public network in the radio channel losses 
should include the power loss between the output of the input 

terminals of the transmitter and base station transmit antenna. 
Those losses consist of insertion of flexible cables, connectors and 
coaxial cable attenuation. Antenna gain of the mobile device that 
should be taken to link the budget to 0 dBi, while for base station 
antennas should be taken to link the budget of the standard most 
often as a dozen dBi antenna gain. The target value of the link 
budget of profit resulting from the use of spatial diversity reception 
and polarization (diversity) in public networks is typically 3dB. 
However, due to the fact that the profit resulting from the use of 
spatial diversity reception and polarization is smaller in an open 
environment (and a large part of the GSM-R system in such an 
environment is built) to the budget of the link should take smaller 
values  .

The GSM-R from a technological point of view, is a system 
designed for the needs of rail traffic, and therefore having specific 
requirements for access to transmission resources. Used here, two-
sector base stations to provide network coverage along the railway 
lines. Useful range of the base station on the location ranges from 
approximately 2.5 km (urban area) for approximately 9.5 km (open 
area). The system operates redundantly, the so-called. double 
coverage – the use of the reserve MSC and “overlapping cells” can 
provide the power of supporting, at least at the level of -95dBm 
with a probability of 95% even in a situation where half of the 
base stations of the basic infrastructure is excluded (Fig. 3). Plan 
allocation of frequency channels for GSM-R requires the creation 
for each base station identification relations with neighboring 
base stations, which are necessary to ensure the transfer of calls 
between sectors. Relationships should be established with regard 
to the specificity of the GSM-R, and in particular linear and not 
the territorial nature of radio coverage on the railway lines and the 
need for handover in case of simultaneous failure of the station 
from the pool even or odd.

Fig. 2. The use of double coverage and backup infrastructure in the 
GSM-R network [6] 

3.2 Network capacity dimensioning

Network GSM-R must provide support for different types of 
services that generate different types of network traffic. Therefore, 
all of the profiles of movement should be considered at the stage 
of network dimensioning. Size offered traffic can be defined as 
the product of the number of requests per unit of time (usually 
referred to the busy hours GNR) and the average duration of a call. 
Calculation of traffic generated should take into account both the 
traffic generated by voice and data transmission circuit switching 
[2], [3], [7].

At this stage it is also necessary to designate the busy hours 
(GNR). As a result, you can determine the amount of the offered 
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traffic in the area. The calculations must take into account the 
presence of trail maintenance personnel and teams maneuvering, 
which also generate traffic.

In order to properly dimensioning the network for the purpose 
of determining the volume of telecommunications traffic take into 
account the classification of the main sources of traffic resulting from 
distinguished by Eirene uses GSM-R network in relation to a typical 
modern rail network [13], [14]. Sources of telecommunications traffic 
in the GSM-R network are:

•	Control and Monitoring: Automatic and train control, remote 
control elements of the railway network.

•	Connectivity Technology: dispatcher – the driver, emergency 
calls, connectivity maneuvering, communication driver, 
connectivity to maintain the trail, train staff communication 

•	Local connectivity on the pathways and nodes. 
•	Communication Area non-operational. 
•	Connectivity passenger in the passenger information.

Network GSM-R must provide support for different types of 
services that generate different types of network traffic. Therefore, 
all of the profiles of movement should be considered at the stage 
of network dimensioning. Size offered traffic can be defined as the 
product of the number of applications per unit of time (usually 
referred to the busy hours GNR) and the average duration of a call. 
Calculation of traffic generated should take into account both the 
traffic generated by voice and data transmission circuit switching. 

Data transmission in the GSM-R system can be divided 
according to the procedures used in the transmission. In general, 
the traffic generated by the data can be determined based on the 
amount of sent messages per unit of time and the size of a single 
message. Additionally, it should be taken into account the intensity 
of transmission – whether it is a continuous transmission, or are 
broken. You can distinguish the following mechanisms to ensure 
data transmission in GSM-R:

•	SMS text – sizing, use the amount of messages, regardless of 
the medium-sized messages (up to 140 bytes)

•	Packet transmission - you can take an average message size 
of 64 bytes, 

•	Additional services data-used for the registration and de-
registration of the mobile station for the purpose of addressing 
the function - the unit is here the number of messages 

•	Transmission data using a circuit-switched-can be 
dimensioned in the same way as a voice call, 

•	ETCS data transmission.
The primary means of data transmission in GSM-R is  ETCS.
The implementation of ETCS Level 2/3 requires the transmission 

medium providing communication between train and track-side 
equipment . Network GSM -R, as part of the ERTMS / ETCS system 
allows for two-way exchange of information between devices on 
rail vehicles , RBC Radio Control Center and Radio Team updating 
the RIU . It requires relatively low bandwidth (up to 9600 bps). 
RBC Radio Control Center to train sends small messages (up to 
200 bytes) periodically every 30 s train reports to RBC with 32 
bytes ( user data ) messages transmitted every 10 seconds worth 
noting that the most important from the point of view of ETCS 
is to provide minimum transmission delay in both directions as 
well as its reliability. Currently transmission is achieved by circuit 

switching , which means that each transmission channel ETCS is 
one timeslot. Each of ETCS train occupies the slot for the duration 
of the train route, which can cause problems with the capacity of 
the network junction stations. Depending on the type of traffic 
generated, the geographical location of users and their function 
within the organization can be divided into different groups of users 
GSM-R network. But first, you must specify which types of traffic 
can be expected in the GSM-R. Can be distinguished [8]:

•	voice and point-to-point data transmission circuit switching, 
expressed in units of telecommunications traffic [Erl]

•	voice group calls [Erl], point-to-multipoint [Erl]
•	short text messages SMS [number of messages/h],
•	circuit switching [number of messages/hour]
•	communications package [number of messages/h],
•	communication point – the point of using location-based 

addressing [Erl], expressed in Erlangs,
•	switched data transmission links using location-based 

addressing [Erl].
Offered traffic refers to specific areas and includes traffic 

generated on the train as a sum of the traffic generated by staff 
and data transmission systems as well as the movement of the 
other users of the system, both stationary and mobile, defined 
as the number of active terminals. From the point of view of the 
functionality of GSM-R system can be divided into four groups of 
users and their profiles mobility.

Telecommunications traffic is related to train staff. Train traffic 
is generated by the driver with the emergency call traffic to other 
drivers and staff present in the train. In addition, the driver is a 
member of the group call VGCS and dissemination stations VBS. 
Assuming the standard traffic model you can expect the traffic 
generated by the driver of 0.02 – 0.1 Erl. Each train using ETCS 
allocates 1 timeslot on the transmission of data on the duration of 
the train route, which means that 1 Erl should be reserved for each 
train. Communication is carried out mainly at the stations and to 
a small extent on the trail.

Teams maneuvering. Group based on the maneuvering area or 
control room, involved in the organization of the train composition.. 
Voice calls carried out by members of the group are characterized 
by long duration and include group calls VGCS between group 
members and VGCS communication with the emergency motion. 
It can be assumed that the traffic generated by the staff will contain 
in the range 0.1 - 0.5 Erl.

Staff maintain the trail. The traffic generated by employees 
involved in the maintenance of the rail trail. Average traffic 
generated is about 0.05 Erl per user. This includes maintenance 
workers as well as carrying out construction work, security services, 
drivers of construction equipment.

Personnel working at the station. The traffic generated at the 
stations is initiated by workers engaged in activities related to 
ensuring the proper operation of the railway station. These include, 
among others, the control room staff, dealing with logistics, baggage 
protection. This movement is mostly local within the station (95%) 
and includes point-to-point connections (90%).

Traffic model determines the amount of voice and data 
traffic associated with applications railway operator as well as 
the geographical distribution of traffic in the network. Since the 
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generated traffic is an individual characteristic of users is difficult 
to define a universal model. It should, therefore, result from the 
analysis of network traffic during peak GNR / BHCA (Busy Hour 
Call Attempts). Due to the characteristics of the movement and 
its intensity should be in determining network capacity variants 
organizations GSM-R network. Thus:

•	Railway network nodes in terms of their size,
•	Train stations. In the analysis of telecommunications traffic 

generated at the railway stations in the GSM-R network 
should be taken into account: the number of rail lines coming 
into the station, the number of platforms used at the same 
time, the number of lines through, the number of workers 
on the platforms, the number of employees performing work 
outside platforms (maneuvers within the station)

•	Number of shunting locomotives, the number of employees 
in teams maneuvering and other users in the areas of 
maneuvering.

•	Railway lines of distinction on railway lines with high 
traffic and railway lines with little traffic. In the analysis of 
telecommunications traffic generated in the GSM-R network 
on railway lines should take into account the number of lines, 
the frequency of trains, the maximum speed of trains and the 
distribution of trains (close to each other in the vicinity of the 
station, more distantly between stations).

•	For telecommunications traffic in the railway network nodes 
consists traffic generated by the trains which are contained 
within the station and the local traffic generated by employees. 
For terminal stations or the initial number of stores during 
peak hours will be equivalent to the amount used platforms 
simultaneously. It can be assumed that for most stations the 
number of trains at the station will be linked with an average 
occupancy of platforms. The resulting number of configurations 
must be multiplied by the average value of telecommunications 
traffic generated by a single composition. This will serve to 
identify traffic generated by the trains at the station. The next 
step is to determine the traffic generated locally at the station by 
the station staff and a group of maneuvering.

For the purpose of determining the volume of 
telecommunications traffic on the railway lines, you can use the 
relationship, taking into account the number of trains per hour 
and a maximum speed of composition. This gives the number 
of trains per kilometer, which from the point of view of GSM-R 
network is important to determine.

4. Conclusion
The GSM-R is a component of the ERTMS system, which 

provides for the safe running of the train. Therefore, the GSM-R 
system must be securely operating system for the transmission of 
information (voice and data), which should be higher than in the 
public system, GSM, and reliability of operation which is ensured 
by additional measures (redundancy of equipment, adequate 
coverage of the electromagnetic field ).

The paper presents selected issues related to the analysis of the 
GSM-R network and the problems of planning and dimensioning 

of the network in terms of providing opportunities for data and 
voice in the conditions of Polish railways. Requirements capacitive 
allowing the estimation of the number needed transceivers at each 
base station direct result of the number of devices, which also will 
benefit from the station.

Current frequency allocation uses only 7 of the 19 channels 
provided for the GSM-R system. Such channels may be insufficient 
for networks designed according to the requirements described, 
particularly in the major railway junctions. Using these seven 
channels can not fulfill the basic requirements for the separation 
of allocated channels. As a result, you can claim for adverse events 
associated with interference.
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ABSTRAcT
This paper considers the issue of vertical position control of a ball placed on a disc. The aim of this work is to create 
a fuzzy logic controller able to manage the issue of ball and wheel. The second chapter describes the identification 
system. In the next chapter a Fuzzy controller is described. The last chapter is dedicated to results of implemented 
fuzzy controller. Most of control tasks in transport are non-linear. This application should help to apply a fuzzy 
control in such systems.

KEYWORDS: PLC, fuzzy, control

1. Introduction
In industrial technology there are many non-linear systems 

whose management is implemented with the assistance of 
conventional controllers. Often the model of non-linear system 
replaced by a constrained linear one and resulting control deviations 
are acceptable to the customer. In the case of strongly non-linear 
systems, it is not possible to apply a single linear controller because 
it cannot adequately control a complex process and the variation 
and time consumption for the regulation is becoming difficult.

The system of a ball placed on a wheel in the literature known 
as “The ball on the wheel system”- BOW is selected for its strong 
nonlinearity (detailed description in [6] and [7]). The problem 
of controlling the position of the ball is often a popular topic for 
various scientific institutions just for strongly nonlinear response 
of the ball. For this kind of system not only the size ratio of used 
wheels and balls is crucial but also the transfer between the drive 
unit and the driven system. Also the place of laying the ball may 
affect the control.

The solving of the ball and wheel system offers a solution 
for multiple nonlinear problems encountered in the industry. 
An overshoot is a critical property, as well as the accuracy of the 
control output and the time necessary for the regulation. If the 

used controller is able to adequately regulate the ball on the wheel 
system, we can assume that its use will also be widely applicable 
in the industry. In this work some known regulators have been 
gradually applied. First the PID controller, the other is fuzzy. 
The results of regulation are described in the final section. The 
controller has been implemented in B&R PLC. Other methods of 
controller implementation in PLC are described in [1]. A squirrel-
cage induction motor is used as an actuator, which is described in 
more detail in [2]. This work is a continuation of master thesis [3], 
which has described the construction of the apparatus and other 
control methods.

2. System identification
A considerable space in the literature is devoted to the 

identification of dynamical systems. The first step in identifying is 
the correct identification of the model representing a realistic model 
of the system. The system of a ball placed on the top of the wheel 
is mentioned in the literature under the name “The Ball on Wheel 
System” (BOW). The system of ball on the wheel is a classic example 
of a system with single input and single output (SISO) system.
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2.1 Ball on wheel system 

There are many methods for SISO system description. The 
most common method used in industry is the method of least 
squares. The most common model is the ARX linear regression 
model. This model provides a description of stationary stochastic 
processes using polynomial functions. This model describes a 
system using the following equation: 

)()()()()( tetuqBtyqA += (1)

where: 
y(t) is an output of the system, 
u(t) are control interventions, 
e(t) are errors caused by white Gaussian noise, or errors in the 

system. 
Then we can write the relationship: 
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which can be written in the vector form: 
)()()()( tetptWty T += (3)

where: p is the vector of parameters, which can be written in 
the form: 

[ ]TNN bbbaaatp  2121)( = (4)

and WT is a vector of data that can be written as follows:
[ ])(,),2(),1(),(,),2(),1()( mtututuntytytytW T −−−−−−−−−=   (5)

2.1 Euler – Lagrange formulation 

Solving the problem of control of loosely placed ball on a 
vertical roll is also historically frequently mentioned theme of 
various scientific works. In the literature it is possible to find a 
number of solutions. The first men, who tried to describe such 
a system in the eighteenth century, were Leonhard Euler – a 
Swiss mathematician and Joseph Louis Lagrange – an Italian 
mathematician. These two important mathematicians formulated 
and derived equations describing the system of balls on the wheel. 
The definition of Euler - Lagrange formulation dates back to 1750. 

The basis of this equation is the Lagrange function, which is 
given by the difference of kinetic and potential energy L = T – V 
where T is the kinetic energy and V is the potential energy of the 
system. Lagrange function L is sometimes called Lagrangian. The 
system of mutual interaction variables acting on the ball and the 
wheel is described in the following Fig. 1. 

As seen in the figure above, a ball is at the top of the wheel 
and its motion is close to the edge of fall without intervention. 
The coordinate system is signed by letters x and y, letter g is the 
gravitational acceleration, rb and rw is the radius of the ball and the 
wheel, respectively. Similarly, mb and mw is the mass of the ball and 
the wheel and Ib and Iw is the moment of inertia of the ball and the 
wheel. Symbol θ1 stands for an angular offset from the center of 
the system, θ2 is an angular velocity of the wheel around its center 

and θ3 is an angular shift of ball around its center. Letters Cb and Cw 
designate contact points touching the ball and the wheel. Ow is the 
center point of the wheel and Ob is the center point of the ball. The 
following section will describe relationships between variables. 

Fig. 1. The system of a ball on the wheel [own study] 

The Euler-Lagrange equations formula is given as F: 

(6)

When q gives the output state of the system, the following 
would be valid: 
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where: θ1 is an angular displacement of middle of the ball 
against the center of the system, θ2 is an angular rotation of 
the wheel around its center. Forces entering the system are 
designated as Q and the following is valid: 
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where τ is the torque applied directly to the wheel. For the 
calculation of the kinetic energy T = Tb + Tw will be valid. Kinetic 
energy of the ball Tb will be calculated as: 

(9)

The first part of the kinetic energy formula symbolizes the 
movement of the ball on the wheel and the second part symbolizes 
the kinetic energy of rotation of the ball around its own axis. The 
formula for the kinetic energy contains the following expression: 

 which represents in this case the angular velocity of the ball 
along the surface of the wheel. The moment of inertia of the ball 
can be calculated according to the following formula: 

2
5
2

bbb rmI = (10)

The kinetic energy of the wheel is calculated as follows: 

(11)
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where: Iw is the moment of inertia of the wheel and for 
calculation of the moment of inertia of the wheel, the following 
relation is valid: 

2
2
1

WWW rmI = (12)

Deriving of calculation of the moment of inertia of the wheel 
is as follows. The moment of inertia of a rotating body is given 
by the product of the mass of each point and the square of the 
distance from the center point of rotation. Here, we can derive the 
total kinetic energy of the system as follows: 
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The following will be valid to calculate the potential energy: 
( ) 1cosθbWb rrgmV += (14)

The potential energy of a rotating body is unchanged, but the 
potential energy of the ball changes, because it changes its position 
relative to the reference system. The potential energy of the ball 
depends on the current position of the ball on the wheel, so it is given 
by the cosine function. Now we can derive Lagrangian L = T – V. 
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From these equations it is possible to derive state equations of 
the system: 
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These equations are valid only while the forces between the 
wheel and a ball sufficiently large to maintain a circular movement 
of the ball on the wheel. 

2. Fuzzy regulator
A fuzzy regulator implements all well-known steps necessary 

for fuzzy control system implementation (more detailed 
description of a fuzzy controller is available in [4] and other 
control methods in [5]):

Normalization and fuzzification: 

The program implements the normalization and fuzzification 
in a single step. All fuzzy sets are piecewise constant and linear. 
Therefore the fuzzification is composed of several IF/THEN 
conditions and each constant or monotonous part is described 
by one function. The fuzzification has finally 5 fuzzy sets. The 
setting is shown in the figure below (Fig. 2.). All breakpoints of all 
functions are set as constants in the PLC memory. This makes the 
tuning of fuzzy sets comfortable. 

Fig. 2. Input fuzzy set [own study] 

Program code implementation (example for two sets):           
IF Position <= P_low_mid THEN 
            Position_low_fuzzy:=1; 
            END_IF; 
IF Position > P_low_mid AND Position <= P_
low_end THEN 
            Position_low_fuzzy:=1-
((Position- 
            P_low_end)/(P_low_mid-P_low_
end)); 
            END_IF; 
IF Position > P_low_end THEN 
            Position_low_fuzzy:=0; 
            END_IF; 
IF Position >= P_middleL_beg AND Position <  
            P_middleL_mid THEN 
            Position_mediumL_
fuzzy:=((Position- 
            P_middleL_beg)/(P_middleL_mid- 
            P_middleL_beg)); 
            END_IF; 
IF Position >= P_middleL_mid AND Position  
            <= P_middleL_end THEN 
            Position_mediumL_fuzzy:=1-
((Position- 
            P_middleL_mid)/(P_middleL_end- 
            P_middleL_mid)); 
            END_IF; 
IF Position < P_middleL_beg OR Position > 
P_middleL_end 
            THEN 
            Position_mediumL_fuzzy:=0; 
            END_IF;. 
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Inference:
The inference is the simplest step in the fuzzy control system. 

The inference consists of simple rules as follows: as constants in 
PLC memory. This makes the tuning of fuzzy sets comfortable. 

Program code implementation:
Output_positive_fuzzy:=0.01*Position_
mediumH_fuzzy; 
Output_negative_fuzzy:=0.01*Position_
mediumL_fuzzy; 
Output_positive_fuzzy:=Position_high_fuzzy; 
Output_negative_fuzzy:=Position_low_fuzzy; 
Output_neutral_fuzzy:=Position_medium_
fuzzy;

 
Defuzzification and denormalization:

The defuzzification is the most complex part of the program. 
The center of gravity is used as a defuzzification method. Therefore 
next steps are necessary:

The first step is to calculate the area of relevant part of fuzzy 
output set cut-off. Generally all fuzzy sets used in this system are 
trapezoidal. In fact if a fuzzy set for example of a triangular shape 
is cut-off at 0.7, the relevant part of the triangle is now trapezoidal. 
Beside the area, the momentum used in calculation of gravity of a 
compound shape is the second relevant piece of information. 
 
//Area low                        area_
low:=(Output_positive_fuzzy*(Output_low_
end-Output_low_mid)/2)+(Output_low_mid); 
gravity_low:=area_low/2; 
area_low:=area_low*Output_positive_fuzzy; 
 
//Area medium 
gravity_medium1:=(Output_neutral_
fuzzy*(Output_middle_mid-Output_middle_
beg)/2)+Output_middle_beg; 
gravity_medium2:=(Output_neutral_
fuzzy*(Output_middle_end-Output_
middle_mid)/2)+Output_middle_mid;            
gravity_medium:=(gravity_medium1+gravity_
medium2)/2; 
area_medium:=Output_neutral_fuzzy*(gravity_
medium2-gravity_medium1);

The next step is to compute the overlay area. These 
contributions are significant because the calculation of only the 
area of separate output functions will cause a double counting of 
overlay areas. 
//Overlay low and medium 
IF Output_positive_fuzzy >= Output_neutral_
fuzzy THEN 
gravity_overlay_low_middle1:=(Output_
neutral_fuzzy*(Output_middle_mid-Output_
middle_beg)/2)+Output_middle_beg; 
gravity_overlay_low_middle2:=(Output_
neutral_fuzzy*(Output_low_mid-Output_low_
end)/2)+Output_low_mid; 

ELSE 
gravity_overlay_low_middle1:=(Output_
positive_fuzzy*(Output_middle_mid-Output_
middle_beg)/2)+Output_middle_beg; 
gravity_overlay_low_middle2:=(Output_
positive_fuzzy*(Output_low_mid-Output_low_
end)/2)+Output_low_mid; 
END_IF; 
gravity_overlay_low_middle:=(gravity_
overlay_low_middle1+gravity_overlay_low_
middle2)/2; 
IF Output_positive_fuzzy >= Output_neutral_
fuzzy THEN 
area_overlay_low_middle:=Output_neutral_
fuzzy*(gravity_overlay_low_middle2-gravity_
overlay_low_middle1); 
ELSE 
area_overlay_low_middle:=Output_positive_
fuzzy*(gravity_overlay_low_middle2-gravity_
overlay_low_middle1); 
END_IF; 

The last step is to compose the final center of gravity, the 
separate functions are positive contributions and the overlay areas 
are the negative contributions.
system_output:=(((area_low*gravity_
low)+(area_medium*gravity_medium)+(area_
high*gravity_high) 
-(area_overlay_low_middle*gravity_
overlay_low_middle)-(area_overlay_middle_
high*gravity_overlay_middle_high))); 
system_output_u:=REAL_TO_DINT(system_
output/(gravity_low+gravity_medium+gravity_
high+gravity_overlay_low_middle+gravity_
overlay_middle_high));

3. Conclusion
The fuzzy algorithm was not working optimally due to a very 

long ultrasonic sensor delay. The response of 40ms is insufficient 
for this type of application. Because of that the motor wheel was 
running the ball from one side to another without stabilization at 
the top of the wheel. Various attempts were made to get a stable 
output without the desired results. One of the attempts was a two 
input variables fuzzy regulator (one for the position and another 
one for the angular velocity). This system was very difficult to 
set the input variables sets. The next work will be focused on 
the system improvement. The first step will be the change of an 
ultrasonic sensor to an optical sensor. The optical sensor has a 
response time of only 10 ms. This should be sufficient for this kind 
of application. The program of fuzzy logic controller is running in 
a 2 ms loop. The duration of the loop does not need to be changed. 
The output of the regulation is shown in the figure below (Fig. 3.).
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Fig. 3. The position of the ball oscillating around its middle using 
a fuzzy regulator on the left and using PID on the right side 
[own study]
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ABSTRAcT
The paper discusses basic assumptions of the WiMAX Mobile system. It also presents and analyses the results of 
simulation tests run for selected data scheduling methods and subcarrier allocation. Based on the test results, the 
authors have prepared a comparative analysis of two popular data scheduling methods, i.e. WRR and PF, and their 
own method CDFQ which uses information about the current channel situation for the queuing processes and data 
allocation. The tests have been conducted with a simulator designed by the authors, based on work defined quality 
criteria. 
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1. Introduction
Networks based on the WiMAX Mobile system (Worldwide 

Interoperability for Microwave Access), described in detail by IEEE 
802.16e and IEEE 802.16m standards, give their users braodband 
access to the services of the Internet [1]. Many years of experience 
show that networks based on WiMAX family standards ensure 
the delivery of high standard services to their users by providing 
support for the quality of service management mechanisms QoS 
and data transmission with advanced mechanisms of data stream 
classification. It is worth mentioning that orignially the WiMAX 
standard was designed to be used in areas of the highest demand 
for data transmission services requiring broadband access. It 
is true that recently the WiMAX network has been deployed 
mainly in areas where the cable Internet access is impossible or 
uneconomic - and the good example of it is Poland. Networks 
based on WiMAX Mobile standard are used for example in South 
Korea (called WiBro) and Amsterdam (called Worldmax) [1][2]. 
Scheduling mechanisms of quality of service management used 
in WiMAX networks are very similar to those which are now 
used in LTE and LTE-Advanced networks [5]. WiMAX and LTE 

standards show a lot of similarities when it comes to the structure 
of the lower layer protocol of the two systems. Some experts think 
that what supports the market application of WiMAX and LTE 
technologies are mostly business strategies, and the objective 
technological factors seem to be of secondary importance here [1]
[2][3][4][5]. 

Discrete event simulator of the WiMAX Mobile system, 
designed for the purposes of the research described in this paper, 
allows to perform a series of significant simulations, connected i.a. 
with research on the influence of data queuing methods used in 
BTS on different indexes of transmission quality. Particularly, the 
simulator makes it possible to run tests for 3 different standardised 
channel models described in recommendation ITU-R M.1225, 
i.e.: Pedestrian B (for v = 3 km/h), Vehicular A (for v = 60 km/h 
and 120 km/h) and 3 data scheduling methods: WRR (Weighted 
Round Robin), PF (Proportional Fairness) and our own method, 
called further in the work - CDFQ (Channel Dependent Fair 
Queuing) [3][4][6].
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2. Basic features of the WiMAX 
mobile system

The WiMAX version designed for mobile users, uses the 
Wireless MAN-OFDMA interface to carry out the basic multiple 
access method. A dynamic allocation of physical resources is done 
through a scheduling mechanism of a BTS, which assigns a certain 
subset of subcarriers grouped in so called subchannels to each 
terminal depending on its needs and in a way consistent with a 
standard [5][6][7][8]

In the MAC sublayer of the WiMAX Mobile we can distinguish 
three sublayers (fig. 1) [3][4][6]: 

•	convergence sublayer CS
•	common-part sublayer CPS 
•	security sublayer SS 

Sublayer CS is responsible for formatting so-called packet data 
units PDU coming from higher sublayers, their classification and 
transmission. Sublayer CPS performs the most crucial function of 
MAC sublayer. The layer consists of a core of the MAC sublayer 
(so-called MAC Core (fig. 1)) which is responsible for, i.a.: 
transmission and reception of protocol messages, management of 
AMC - adaptive modulation and coding profiles (which optimises 
transmission to and from each terminal by adapting its link’s features 
and parameters depending on the current conditions of a radio 
channel), registration and connection initiation of the terminal with 
the network, band and service management, and many others [1]
[5][8]. The MAC sublayer of the WiMAX Mobile is where complex 
processes of data scheduling are implemented, which is the subject 
matter of this paper. Dynamic allocation of physical resources to 
particular terminals is done by a scheduling mechanism of a BTS, 
which assigns a certain subset of subcarriers to each mobile station 
in order to service it. It is necessary to emphasise the importance of 
so-called hybrid variation of the ARQ protocol (Automatic Repeat-
reQuest),implemented in the MAC sublayer of the Mobile WiMAX, 
called HARQ, which generally serves to detect transmission and 
retransmission errors. HARQ uses not only error-detection codes 
but also error-correction codes and uses retransmission to improve 
the reception quality [10]. 

Fig. 1. A simplified layer model of WiMAX Mobile protocol [1, 2]

Then the compression module independently compresses each 
image according the the picture compression factor received from 
the analysis module. The compressed images are then passed to do 
the data transmission system (a modem) which implements their 
transmission by means of a selected telecommunications system. 

3. Data scheduling methods 
used in the WiMAX mobile 
system

In order to support different services, WiMAX Mobile defines 5 
categories of services, connected with different requirements of QoS 
(Quality of Service). The procedure of data scheduling in WiMAX 
Mobile is a two-stage, complex process of handling data streams 
flowing from and to terminals. The first stage involves scheduling 
packets flowing from and to terminals. The second stage, on the 
other hand, involves servicing queues and allocation of physical 
resources for packet transmission to particular terminals [8][9]10]. 
The most popular, and at the same time, the easiest method of data 
scheduling is WRR method, which is the least complex method 
computationally and the easiest to implement. The basic version 
of the method does not support the QoS mechanisms [4][5][6][7] 
because each of the packets, which is part of the queue, is handled 
in an unalterable order, based on so-called carousel (rotary) 
mechanism of queue handling. In networks, where packets stored 
in queues are of different lengths (and in practice that happens 
most often) the duration of each round can vary over time. When 
we deal with aggregated data-stream, which includes packets of 
different types (which also means different lengths), the handling 
time for each packet in WRR method is variable over time and is 
difficult to determine. Another popular data scheduling method, 
which ensures a certain compromise between throughput and so-
called fairness in handling packets coming from different users, 
used by some BST manufacturers of WiMAX Mobile and LTE 
systems, is the PF method [5]. In this method the servicing priority 
of a given logical stream1 with a unique SFID is set based on the 
current throughput in relation to the throughput measured some 
time before, at not too distant points in time. Thanks to the dynamic 
throughput regulation, the PF method can adapt do the current 
network load and requirements of different services, in order to 
achieve a compromise between throughput and fairness. This 
method is often used by operators of commercial LTE networks 
[6]. The data scheduling method proposed by the authors of the 
paper called CDFQ, described in more detail in works [5], [6] and 
[7], belongs to the CDS group of methods(Channel Dependent 
Scheduling)which includes both the process of data stream 
scheduling and physical resource block allocation, according to the 
rules described in the standard. Data scheduling in CDFQ method 

1 WiMAX standard defines a notion of so-called logical link which is 
connected with a one-way packet stream belonging to a particular QoS catego-
ry between protocol stations of MAC sublayer of a terminal and a base station. 
Such stream is identified by a Service Flow Identifier SFID. 
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starts with determining the value of the priority function Pnd(tn),m
2 

(where: nd=1,2...,5 and is a QoS category index, and m=1,2...,M is 
an index of physical connection) at a certain moment tn for each of 
the serviced logical links. WiMAX Mobile allows at most 5 logical 
links in each physical connection. Therefore, at a time point tn a BST 
can not service more than 5M logical links, although the number is 
usually lower than that. In the CDFQ method, the logical streams 
which include packets belonging to the UGS category (Unsolicited 
Grant Service) are assigned the same number of subcarriers, which 
allows constant bit rate. The number of assigned subcarriers is 
updated every 5 ms, so that the system can respond appropriately to 
the changes of the channel characteristics and parameters. Once the 
procedure of determining the value of the function Pand(tn),mis over, 
then starts the process of sorting physical links described by CID 
according to the values of the CINR parameter (Carrier to Interface 
+ Noise Ratio) in descending order. The physical connection with 
the highest CINR value according to CDFQ method is assigned the 
most subcarriers, whereas the connection with the lowest CINR 
value the least. Such approach guarantees all terminals fairness of 
access to all resources, since it is the current quality of channel that 
decides about the scope of access of a particular terminal to the 
resources of the system.

4. Quality indexes defined for 
data scheduling methods

In order to compare the efficiency of the implemented data 
scheduling methods, we have identified three quality indexes 
listed below: 

•	total bit rate RS of the system, 
•	packet error rate - PER, 
•	fairness ratio - FR (describing so-called scheduling fairness of 

packets of different users). 
Bit rate RS of the system can be determined according to the 

formula [8]:
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where:
T [s] – observation time,
K – number of users,
NK – number of subcarriers assigned k- to this terminal,
lrec – length of received and decoded packets3.

Packet error rate PER has been defined as a ratio of the number 
of received packets with detected errors to the total number of sent 
packets. 

Fairness ratio FR used for the sake of this discussion is 
described by formula (2), where the numerator in the fraction 

2 Each logical link has a unique ID called SFID. On the other hand, each 
physical connection (the number of which can be at most M), is described by 
a unique ID called - CID (Circuit IDentifier).

3 When running simulations it was assumed that a packet is rejected 
when it can not be correctly reconstructed in the receiver [7]. 

represents the total length of packets of a user who received the 
most of them (p user) less the sum of packet lengths of the user 
who received the fewest of them (r user), in relation to the total 
length of sent packets.

(2)

where:
lpi, lrj – length of packets of a particular user p-this and r-that,
Np– number of data packets sent by p-this user,
Nr– number of data packets sent by r-that user.

It is worth mentioning here that that value of the index FR 
defined in such a way is in the range between 0 and 1, and to 
consider the service as fair, the value should be close to 1. 

5. Simulation results
The tests were conducted for 3 standardised models of channels, 

described in detail in recommendation ITU-R M.1225 and in the 
paper [3]. The simulation was run on a single cell of the WiMAX 
Mobile system, in which the number of active users varied in 
the range between 30 and 190. The experiment used different 
standardised models of channels described in the paper [7] and in 
the Table 1-3. 

Table 1. Parameters of a standardised model of channel ITU-R 
M.1225 Pedestrian B (v=3 km/h) [own study]

Path Delay along the path [µs] Relative propagation
attenuation [dB]

1 0.00 0.0
2 0.20 0.9
3 0.80 4.9
4 1.20 8.0
5 2.30 7.8
6 3.70 23.9

Table 2. Parameters of a standardised model of channel ITU-R 
M.1225 Vehicular A (v=60 km/h) [own study]

Path Delay along the path [µs] Relative propagation
attenuation [dB]

1 0.00 0,0
2 0.31 1,0
3 0.71 9,0
4 1.09 10,0
5 1.73 15,0
6 2.51 20,0

Table 3. Parameters of a standardised model of channel ITU-R 
M.1225 Vehicular A (v=120 km/h) [own study]

Path Delay along the path [µs] Relative propagation
attenuation [dB]

1 0.00 0,0
2 0.31 1,0
3 0.71 9,0
4 1.09 10,0
5 1.73 15,0
6 10,00 20,0
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Table 4. Test scenarios [own study]

Test scenario I Test scenario II Test scenario III

PPed.B_3 km/h 1 1/3 0,1

PVeh.A_60 km/h 0 1/3 0,2

PVeh.A_120 km/h 0 1/3 0,7

where:
PPed.B_3 km/h – probability that Pedestrian B, v=3 km/h; model of 

channel will be assigned to a given terminal in the 
simulation

PVeh.A_60 km/h – probability that Vehicular A, v=60 km/h; model of 
channel will be assigned to a given terminal in the 
simulation

PVeh.A_120 km/h – probability that Vehicular A, v=120 km/h; model 
of channel will be assigned to a given terminal in 
the simulation

Test scenario I (Table 4) reflected a situation where all 
terminals in a simulation cell WiMAX are moving at the same 
speed v=3 km/h and each terminal is assigned one and only one 
standardised model of channel, i.e. Pedestrian B (tab. 1). On the 
other hand, in the test scenarios II and III the speed of the moving 
terminals in a cell is not constant (standardised models of channels 
were assigned to particular terminals according to distribution of 
probabilities described in Table 4).

Fig. 2. Dependence of standardised total throughput in a cell on the 
number of active terminals (test scenario: I) [own study]

Fig. 3. Dependence of packet error ratio on the number of active 
terminals (test scenario: I) [own study]

Fig. 4. Dependence of standardised fairness ratio on the number of 
active terminals (test scenario: I) [own study]

Fig. 5. Dependence of standardised total throughput in a cell on the 
number of active terminals (test scenario: II) [own study]

Fig. 6. Dependence of packet error ratio on the number of active 
terminals (test scenario: II) [own study]

Fig. 7. Dependence of standardised fairness ratio on the number of 
active terminals (test scenario: II) [own study]

Fig. 8. Dependence of standardised total throughput in a cell on the 
number of active terminals (test scenario: III) [own study]
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Fig. 9. Dependence of packet error ratio on the number of active 
terminals (test scenario: III) [own study]

Fig. 10. Dependence of standardised fairness ratio on the number 
of active terminals (test scenario: III) [own study]

The results of the simulation tests have shown that the method 
CDFQ, proposed by the authors of the paper, proves to be most 
efficient in a mixed environment, where none of the standardized 
models of channel is visibly dominant. In such cases the quality 
indexes assumed in the tests confirm the benefits coming from 
applying the proposed method for data scheduling. Simulation 
tests have also shown that in simulated operating conditions 
and with the assumed transmission parameters, applying the 
proposed method can cause in certain conditions a double-digit 
increase of the total throughput in a cell (in relation to WRR and 
PF methods), while the value of PER decreases by several percent. 
[7] In situations when all terminals are moving at the constant 
speed of 3 km/h or 120 km/h (the maximum moving speed of a 
terminal described in IEEE 802.16e standard), then the benefits 
resulting from applying the proposed method are slightly lower, 
however still significant. The best results have been achieved for 
the CDFQ method and Vehicular A model of channel, v=60 km/h, 
which matches the speed of users travelling in vehicles in typical 
traffic [9][10]. 

6. Conclusion
The paper discusses selected test results of data scheduling 

methods and subcarrier allocation used in networks operating 
according to WiMAX Mobile standard. The simulations have been 
conducted for the following methods: WRR, PF and CDFQ. The 
tests allow us to formulate the conclusion that using parameters 
describing current radio conditions and operating conditions 
in CDFQ method results in greater efficiency of scarce physical 
resources in the access network. 
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ABSTRAcT
The paper presents chosen issues of multiresonant ZVS DC/DC converters for use in transport devices. It provides 
results of mathematical analysis, simulation and experimental testing of selected multiresonant ZVS DC/DC 
conversion circuits. The paper explores the theory of the multiresonant DC/DC conversion circuits in consideration 
of single-transistor topologies. In the end conclusions are presented.
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1. Introduction 
Resonant DC/DC converters contain circuits where resonance 

occurs to support switching processes of semi-conductor elements 
by application of appropriate control. A basic characteristic of the 
converters is their high control frequency. Power of these circuits 
is usually up to 5 kW. Resonant converters DC/DC are used among 
other applications in telematic transport to supply power to IT 
systems (information technology) and many other systems and fields 
of transport where DC voltage is required. Interest in the practical 
potential of these circuits is growing.

Application of resonant converters DC/DC at high control 
frequency enables: 

•	to reach high energy efficiency ratio, 
•	to minimise dimensions of converters, 
•	to minimise electromagnetic and acoustic interference.

Energy efficiency ratio of resonant circuits operating at high 
frequency largely depends on the switching processes  of semi-
conductor elements. At turn-on and turn-off, switching  power losses 
occur in transistor and diode equal to current multiplied by voltage 
across the switches. To minimize switching power losses the so called 
‘soft’ switching techniques of semi-conductor elements are applied 
that is: switching  at zero voltage (ZVS) or zero current (ZCS). The 
transistor’s operating point at ZVS and ZCS is shown in Fig. 1.

Fig. 1. Operating point of transistor at ZVS, ZCS [2] 

Different topologies of resonant DC/DC converters can either 
eliminate or diminish switching losses and stresses in semiconductor 
devices. In respect to the way the  load is connected to the resonant 
circuit there are (Fig.2): 

•	series resonant converters; output current does not contain 
overcurrents, 

•	parallel resonant converters; the converter operates as the 
source of voltage, 
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•	hybrid resonant converters, load is in series-parallel with the 
resonant capacitance. 

Among resonant-switch converters where ‘soft’ switching 
techniques are applied there are: 

•	quasi-resonant converters (one operation cycle is divided into 
time intervals where resonance can occur), 

•	multiresonant converters. 
Multiresonant converters DC/DC are resonant circuits where 

oscillations of at least two resonant frequencies take place during 
a full operation cycle. Due to topologies of such circuits parasitic 
capacitances of diodes and transistors and parasitic connections 
inductances are included in the resonant circuit. In effect the negative 
impact of parasitic capacitances on electromagnetic phenomena in 
resonant circuits (in the form of parasitic oscillations) is limited.

Fig. 2. Selection of resonant DC/DC converters [2]

There are various topologies of DC/DC converters based on 
the idea of employing multiresonance to switch semi-conductor 
elements at zero voltage [1,9]. In literature most of them are 
analysed on the basis of simulation testing results [1]. In the U.S. 
Prof.Tabisz [7,8] determined properties of a buck multiresonant 
converter with one transistor in simulation and experimental 
testing. Results for energy efficiency ratio are given only for a 
selected few values of switching frequency and mathematical 
description of the converter’s operation assumes zero on-resistance 
of transistor. Publications focus on particular solutions. Designing 
of multiresonant converters involves necessary application 
of complex numerical analysis therefore effective methods of 
designing these circuits need to be developed. Literature does not 
cover the issue in full. The subject is still topical. 

The objective of this paper is to explore the theory of 
multiresonant ZVS DC/DC converters in reference to single-
transistor circuits by theoretical analysis, simulation and 
experimental testing of selected circuits in their steady state. 

For purposes of testing six multiresonant converters including 
a single MOSFET were chosen (Fig.3).

a)

b)

c)

d)

e)

f )
Fig. 3. Multiresonant ZVS converter topologies including one 

transistor [2]: a) buck, b) boost, c) buck-boost, d) Čuk, e) 
SEPIC, f) ZETA

2. ZVS operating region of 
multiresonant converters

The control system of multiresonant ZVS converters in Figure 
3 is based on the method of frequency control at the constant time 
of transistor turn-off toff [2,3]. Another control method is possible 
involving frequency control at the variable time of transistor turn-
off toff. Either way the control modulation ratio β of transistor varies 
which should assume values that would enable the semiconductor 
converter elements to be switched at zero voltage. The control 
modulation ratio β of transistor is expressed:
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ftoff ⋅−=1β    (1)

where: 

β - control modulation ratio of transistor 
ton - turn-on time of transitor 
toff - turn-off time of transitor 
T - period of cycle operation 

S
N f

ff =

fN - switching frequency in relative units 
fS - resonant frequency of L, CS, COS circuit 

There is another possible method of control of output value 
by variable time of transistor turn-off. In both the cases control 
modulation ratio β  varies which should have such values that semi-
conductor elements are switched at zero voltage. 

Ranges of β as a function of switching frequency in relative 
units where the transistor is switched at zero voltage make up the 
ZVS operating region of the converters. ZVS regions of all tested 
converters are delimited with curves determined for minimum and 
maximum β.

3. Results of simulation testing
Simulation testing were conducted by means of Simplorer 

software. There are models of semi-conductor elements of real 
parameters, models of ideal passive elements and source of supply 
voltage. Output power of the simulation models is within the range 
100÷800W. To compare results the same transistor and diode types 
and the same values of resonant circuit elements in the mathematical 
simulation and experimental models were employed. 

Simulation and experimental testing were conducted at two load 
resistances. Control properties of multiresonant ZVS converters can 
be defined by: 

•	region of their ZVS operation, 
•	control characteristics in the form of ratio of voltage conversion, 

and maximum voltages and currents, across semi-conductor 
elements as functions of switching frequency,

•	and by energy efficiency ratio. 
Control characteristics of single-transistor converters resulting 

from simulation testing are defined by: 
•	ratio of voltage conversion, 
•	maximum transistor current, 
•	maximum diode voltage, 
•	maximum transistor voltage 

in relative units for ZVS operating regions.
Chosen results of simulation testing of control properties of 

tested single-transistor converters using the example of  boost 
converter are presented in the Fig. 4,5,6,7.

Fig. 4. ZVS operating region of boost converter [3]

a)

b)

c)

d)

Fig. 5. Control characteristics of ZVS boost converter in relative 
units for CN=2.9, RN=0.5 RN=1 for E=50V [2]: a) ratio of voltage 
conversion M, b) maximum transistor current ISmax/IO, c) 
maximum diode voltage UCDmax/E, d) maximum transistor 
voltage UCSmax/E
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In the converters under examination total power losses across 
transistor and diode were determined (Fig. 6).

a)

b)

Fig. 6. Power losses in ZVS boost converter, for CN=2.9, RN=0.5, RN=1 
[2]: a) PT across the transistor T, b) PD across the diode D 

In all tested circuits total power losses across transistor and 
diode equal conduction power losses of semi-conductor devices. 
Switching power losses are negligible. Power losses across 
transistor are several times greater than across diode. Therefore it 
is important to select a transistor of minimum on-resistance.

Simulation efficiency ratios of single-transistor ZVS converters 
are over 0.90 in ZVS operating regions of each tested converter 
(Fig. 7).

Fig. 7. Efficiency ratio η of ZVS boost converter [2]

4. Results of mathematical 
calculations

Mathematical analysis of the boost converter [Fig.3b] involves 
a mathematical description of electromagnetic phenomena in its 
resonant circuits and control properties of the converter. Maple 
and Delphi software were used in calculations. Mathematical 
description of the boost converter is presented as functions 
determining  current and voltage waveforms in resonant circuits 

in consideration of non zero on-resistance of transistor. Operating 
cycle of the converter consists of five time intervals [4]. 

Mathematical model of the converter’s operation includes a system 
of 5 linear 1st degree differential equations presented as a matrix.

 
(2)

where: )(tkX - state vector of the system for kth time interval 
(k=1,…,5), 

 

(3)

xki(t) for i=1÷5 - state variables in the system
Ak - system matrix for the kth interval
B - control matrix
U(t) = 1(t) – input function vector

Applying Laplace’s transform to the system of equations 
converting and solving instantaneous forms of state variables in 
five time intervals were obtained. The Fig. 8 presents waveforms of 
the current iTC  obtained from calculations.  

Fig. 8. The waveforms xk1(t) – current iTC
(k)(t) in five time intervals 

(results of numerical calculations) [2]

Based on numerical calculations  ZVS operating region was 
determined (Fig.9). Control characteristics of the boost converter 
for ZVS operating region were calculated (Fig. 10).

Fig. 9. ZVS operating region of boost converter (results of numerical 
calculations) [2]
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a)

b)

c)

d)
Fig. 10. Control characteristics of ZVS boost converter in relative 

units, for CN=2.9, RN=0.5, RN=1, [2]: a) voltage conversion 
ratio M, b) maximum transistor current ISmax/IO , c) maximum 
diode voltage UCDmax/E, d) maximum transistor voltage 
UCSmax/E (results of numerical calculations) 

Results of mathematical calculations and simulation testing in 
regard of electromagnetic phenomena and control properties of 
the boost converter were compared. 

ZVS operating regions are shown in the Fig. 11. Results of 
calculations are shown in green and results of simulation tests are 
shown in black. 

a)

b)
Fig. 11. ZVS operating region of the boost converter for CN=2.9 [2]: 

a) RN=0.5, b) RN=1 (comparative results of calculations and 
simulation tests) 

The figure presents control characteristics of the converter. Results 
of calculations, are shown in green, results of simulation tests, are shown 
in black. Convergence of mathematical calculations and simulation 
testing, involves a maximum relative error of 4.4%. The differences, 
result from omission of commutation phenomena and from non-linear 
nature of semi-conductor elements, in theoretical analysis.

a)

b)

c)

d)

Fig.12. Control characteristics of the ZVS boost converter in relative 
units for CN=2.9, RN=0.5, RN=1, [2]: a) voltage conversion ratio 
M, b) maximum transistor current ISmax/IO , c) maximum diode 
voltage UCDmax/E, d) maximum transistor voltage UCSmax/E 
(comparative results of calculations and simulation tests) 
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5. Results of experimental testing
Based on theoretical analysis of the characteristics of multiresonant 

ZVS boost converter at output power of 140W an experimental circuit 
was designed and executed. The converter’s main circuit includes the 
following: MOSFET IRFP460, diode HFA25TB60, and the following 
elements: L=7μH, CS=7nF, CD=23nF, LF=150μH, CF=10µF (Fig.3b). 
Supply voltage E=20V  DC. Resonant frequencies are fS=678kHz, 
fD=396kHz. Tests were carried out at load resistances RN=0.5 and 
RN=1 [3,4].

Results of mathematical analysis and simulation testing of the 
boost converter with experimental testing were also verified. The 
Fig. 13 shows selected current and voltage waveforms of the resonant 
circuit elements in the condition of steady operation at f=344.8kHz, 
β=0.65, RN=1 obtained in simulation (Fig.13a) and experimental 
(Fig.13b) tests. The differences in the waveforms and oscillations in 
the transistor current waveform are effects of parasitic resistances 
and reactances in the experimental circuit. 

Fig. 13a. Current and voltage waveforms in the ZVS boost 
converter for E=20V, CN=2.9, RN=1, f=344.8kHz (fN =0,51), 
β=0.65 – simulation results; ILF=5.00A, UO=52.5V, η=0.91, 
Pin=100.50W, Pout=91.70W

Fig. 13b. Current and voltage waveforms in the ZVS boost 
converter for E=20V, CN=2.9, RN=1, f=344.8kHz (fN =0,51), 
β=0.65 – experiment results; ILF=4.84A, UO=49.8V, η=0.85, 
Pin=96.80W, Pout=82.34W [2]

The Fig. 14 shows efficiency ratio in ZVS operating region. 

Fig. 14. Efficiency ratio η of ZVS boost converter for E=20V [2]

Maximum divergence of experimental, simulation and 
theoretical results for the boost converter is 5%. 
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6. Conclusion
Based on results of theoretical analysis simulation and experi-

mental testing the conclusions are following: 
1. Switching power losses are minimised in multiresonant ZVS 

converters. Energy efficiency ratio of these circuits mainly 
depends on conduction power losses of semi-conductor elements. 

2. Single transistor converters which fulfil one function only, 
voltage buck or boost, show the best control characteristics.

3. ZVS operating regions of single-transistor converters 
determine the recommended operation ranges of the transistor 
and allow the defining of the parameters of the control system.

4. Variations of control modulation ratio of transistor at constant 
switching frequency within ZVS region do not influence the 
efficiency ratio. 

5. The results of mathematical analysis simulation and 
experimental testing of the single-transistor boost converter 
show conformity with the maximum relative error of 5%. 
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