DEPARTMENT OF SYSTEMS
AND CONTROL

The department is engaged in the analysis, control and optimization of systems and processes.
The activities of the department are focused on the research of new methods and algorithms
Jor automatic control, the development of procedures and tools to support the design of control
systems, the development of specific measurement and control modules, and the development and
construction of complete systems for the control and supervision of machines, devices and industrial
processes.

Basic and applied research

The basic and applied research in 2015 was devoted to three sub-areas: methodologies for analysis and control
systems design; tools and building blocks for implementation; and applied research in the priority problem domains.

The first topic addressed the modelling and identification of nonlinear and complex dynamical systems.
The research on methods for dynamical systems’ modelling was pursued in two directions: the development of

Gaussian-process models and the development of model-tree ensembles. The developed and improved methods for Head:
Gaussian-process modelling were validated on environmental systems, while the methods based on model-tree Dr. Vladimir Jovan

ensembles were validated with process-engineering processes (Figure 1).

The second topic was advanced control. We have been researching the
problem of implementing model predictive control (MPC) using fast, online,
first-order quadratic programming optimization techniques. Using these
techniques and methods for MPC complexity reduction, we have managed
to implement a prototype MPC controller for the ITER plasma current and
shape controller for the plasma magnetic control of the ITER fusion tokamak
reactor, which resulted in a peak computation time of 10 ms on a standard
laptop computer. This computation time is considered sufficiently short
for practical control implementation at the anticipated sample rate, and is
five times faster than the one achieved using the commercial optimization
solver CPLEX.

The third topic of interest was condition monitoring and fault di-
agnosis. Here, the focus was on diagnostic decision-making in which the
system’s condition is inferred from the "distance" between the ensemble
of probability density functions (pdfs) of features captured in the current
state and the ensemble of features in the nominal fault-free condition. This
novel approach is radically different from conventional approaches in which
usually one pdf from the current state is compared with a reference pdf in

the fault-free state. The main theoretical contribution concerns a relatively F;’gurg 1. Validation Qfozong.mode[pygdjcﬂgns with measurements of

simple approximation of the pdf of the Jensen-Reny divergence serving asa maximum daily values
distance measure between two ensembles.

In 2015 we continued working on the diagnostics of PEM fuel cells with the use of the newly developed fast
electrochemical impedance spectroscopy. The methodology was fused with an in-house-developed DG/DC converter
and multi-channel fuel-cell voltage monitor. This fusion enables the seamless utilization of advanced diagnostics for
PEM fuel-cell systems in industrial operating conditions. The results of this work were presented in journal papers
published in /EEE Transactions on Industrial Electronics.

In the area tools and building blocks for implementation, the MAGICS methodology for the development
and automatic generation of process-control software has been further developed. In the past year a new proce-
dural control entities behaviour model was developed for the domain-specific modelling language ProcGraph
and the MAGICS methodology for the development and automatic generation of the process-control software. The
specifications for a new version of the MAGICS development environment prototype, based on the mentioned new
behaviour model, has also been realized.

In 2015 we continued with the development and validation of a software prototype called ProOpter, which
enables the analysis of production dynamics and supports the optimisation activities within the production process.
The influential variable selection module was upgraded with new functionalities that were applied to the problem
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of selecting the most relevant variables for the forecasting of 0ozone concentrations (ARRS project with MEIS d.0.0.).
The software prototype was presented in an SCI journal Computers in Industry.

Applied research in the priority problem domains was the third sub-area of our interest. A system for

monitoring the performance tests of electronically commutated motors was developed. The system allows up to 10
concurrent tests. At each test point the system can acquire vibration signals,
temperature, voltage and electrical current. Additionally, the system allows
adetailed specification of the conducted performance tests, data analysis as
well as the tracking of all the events connected with the tests. The system has
been successfully installed at Domel d.0.0. For another of Domel’s production
units PE ECS an end-quality control system for blowers was also developed.
The system allows the acquisition and analysis of vibrations, sound emis-
sions, pressure as well as electrical parameters such as voltage, current and
power. Unlike the standard end-quality control systems that have a fixed
testing profile, the developed system offers a fully customizable definition of
the test profile and the order of the data acquisition. Such a property allows
the testing of different types of electrical blowers.

Control of wastewatertreatment plants is our next traditional research
area. We participated in the implementation of the physico-chemical model
of the pH variation and ion speciation in a wastewater-treatment process.

Figure 2: Presentation of a fuel-cells-based power system with diesel A special sqlving rQutine Was develop e,d in orQer 0 hand.l ¢ simulFaneoqu
reforming during the closing meeting of the project FCGEN ordinary differential equations and differential algebraic equations with
multiple interdependencies. The strategy combines a multi-dimensional

Newton Raphson method with the Simulated Annealing algorithm. The first method ensures a fast convergence,

while the second one, which requires a larger number of iterations, is only used when the solution becomes unstable.

International and national R&D projects

In the final year of the 3-year international project Burostar ProDisMon-Probabilistic Distributed Industrial
System Monitor we have validated the algorithms for the threshold selection in the diagnosis and prognosis of
rotational machines with a stress on the bearing faults. The methodology has been successfully implemented on a
sanding machine. An online assessment of the system condition and a prognosis for the remaining useful life are
made by processing signals from a vibration sensor mounted on the bearing supporting the rotor shaft.

In 2015 the FP7 project FCGEN-Development and on-truck demonstration of a diesel-powered FC-based
power unit has been in its final stages and its goal was successfully achieved with an operating demonstration
during the final project meeting in May 2015 (Figure 2). During this time the APU was located at the JSI, where
initially the damaged reactor was replaced and the quality of the produced reformate was validated. Afterwards,
the reformer part was merged with the fuel cell and the JSI-developed ECU and DC/DC converter was installed. The
first integrated APU operations were targeted to control the fine-tuning and system troubleshooting, while later
runs tested the real conditions and autonomous operation. The reformer completed over 50 operating days, during
which numerous design modifications required for operating improvements have been identified.

This year also marks a successful end to the EU FP7-funded project FluMaBack- Fluid Management component
improvement for back up fuel cell systems. The goal of the project was the development of advanced components

for fluid management in systems with fuel cells. The final project results
include the novel concept of a hydrogen recirculation pump, a more efficient
air-blower unit, a new concept for a humidifier and the customization of the
fuel-cell stack. The application of these components has a positive impact on
the overall system durability. The team from our department was in charge
of the development and the implementation of the end-quality control line
for the hydrogen pump and the air blower.

From April 2014 we also participated in the third EU FP7 project
Diamond-Diagnosis-aided control for SOFC power systems. The feedfor-
ward-feedback controllers that ensure fast load tracking of the solid-oxide
fuel cell (SOFC) power system were designed during 2015 and verified via
simulations. The feedforward part reacts to the electrical current demand
in compliance with the stoichiometry of the electro-oxidation. The feedback
part performs the corrections of the controlled system output by an additional

Figure 3: Optimisation of refrigerators' defrost schedule in a manipulation of the system inputs. Crucial system variables, such as stack
supermarket temperatures and fuel composition, were estimated from data as well as from
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the stoichiometry. The designed feedforward-feedback controllers and soft
sensors can be easily implemented in practice.

In collaboration with the consortium ENEA/CREATE from Naples, Italy,
we also began activities within the project Fast Model Predictive Control

Jfor Magnetic Plasma Control - FMPCFMPC. The aim of the project is to
apply novel fast MPC approaches to plasma magnetic control, where MPC
is currently not applicable due to the large-scale multivariable nature of the
problem and sub-second sampling rates.

Within the scope of the Slovenian Research Agency’s applicative project
Optimisation of the refrigeration energy costs in shopping centres in 2015
a hybrid model of a refrigeration system was developed. The model was
applied to validate different measures for the minimisation of operating
costs. Moreover, an innovative control scheme was designed that reduces
the power peaks while dynamically adjusting the refrigerator‘s temperature
reference (Figure 3).

Department of Systems and Control E-2

For another on-going Slovenian Research Agency project Development Figure 4: Diagnostic system for the total quality control of eco-motors on
and implementation of a method for on-line modelling and forecasting the new production line ML-13 in Domel d.o.o.

of air pollution a procedure for on-line Gaussian-Process modelling for

ozone-concentration forecasting was developed. Moreover, a procedure for improved local-ozone forecasting us-
ing the integrated models was also developed. The integrated models also include data from meteorological and
air-quality prediction models. The procedures were validated above the selected locations in Slovenia. The results

were sent to be published in journals from the field of atmospheric phenomena.

In 2015 a new diagnostic system for the end-quality control of vacuum-cleaner motors on a new production
line ML-13 has been installed in Domel d.o.0. The system is based upon already-installed diagnostic systems on

the production lines ML-7, ML-8 and ML-10. Nevertheless, many innovations
were introduced during the implementation on the electro-mechanical
partaswell as on the software part. The new system supports both AC and
DC motors across a broad range of supply voltages, which is a significant
improvement over previous systems. Next, on the software side, new
diagnostic features were introduced that can detect bearing slip during
motor start-up. Also, vibrations can now be measured over the whole motor
housing. Finally, the most important improvement is the new connection
to a central database, which improves the product traceability.

For the company Danfoss Trata d.o.o. (project iFlow) we are developing
(i) a method for calculating the current liquid flow on the basis of the feed-
back filtering of flow sensor signals and (i) models for hydraulic components
in the system based on the commercial datasheets of individual components.
Among the most important results of this project is a new concept of HVAC

system control that linearizes the operation of the entire system at various Figure 5. The TARAS award

working points (e.g., summer-winter).

Educational and training activities

Some members of the department are giving lectures and practical courses at different faculties and universi-
ties: the Faculty of Electrical Engineering, University of Ljubljana, the Faculty of Logistics, University of Maribor, the
University of Nova Gorica and the “Jozef Stefan” International Postgraduate School. They also act as supervisors

of Ph.D. students.

Some outstanding publications in the past year

1. Debenjak, Andrej, Petrovcic, Janko, Boskoski, Pavle, Musizza, Bojan, Juricic, Dani. Fuel cell condition
monitoring system based on interconnected DC-DC converter and voltage monitor. /EEE transactions

on industrial electronics, ISSN 0278-0046. [Print ed.], 2015, 62, no. 8, str. 5293 - 5305

2. Pregelj, Bostjan, Vrecko, Darko, Petrov¢ic, Janko, Jovan, Vladimir, Dolanc, Gregor. A model-based approach
to battery selection for truck onboard fuel cell-based APU in an anti-idling application. Applied energy,

ISSN 0306-2619, 2015, vol. 137, str. 64-76

3. Mileva-Boshkoska, Biljana, Boskoski, Pavle, Debenjak, Andrej, Juricic, Dani. Dependence among complex
random variables as a fuel cell condition indicator. Journal of power sources, ISSN 0378-7753, jun. 2015,

vol. 284, str. 566-573
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Godena, Giovanni, Lukman, Tomaz, Steiner, Igor, Bergant, Franc, Strmcnik, Stanko. A new object model
of batch equipment and procedural control for better recipe reuse. Computers in industry, ISSN 0166-
3615, jun. 2015, vol. 70, 46-55

Boskoski, Pavle, Gasperin, Matej, Petelin, Dejan, Jurici¢, Dani. Bearing fault prognostics using Rényi
entropy based features and Gaussian process models. Mechanical systems and signal processing, ISSN
0888-3270, feb. 2015, vol. 52/53, str. 327-337

Some outstanding achievements in the past year

L

Development and implementation of a new (the ninth) diagnostic system for final-quality control of
electric motors on production line ML-13 in Domel d.o.0. (Figure 4)

Atthe 7th Industrial Forum of Innovation, R&D and Technology - IRT 2015, the TARAS statuette award for
the most successful cooperation between research teams and industry was granted to the Danfoss Trata
company and the Systems and Control research group at the Jozef Stefan Institute (Figure 5).

The book entitled Modelling and Control of Dynamic Systems Using Gaussian Process Models, authored by
our department member Prof. Dr. Jus Kocijan, has appeared in the Springer series Advances in Industrial
Control.

[EEE Spectrum, the leading magazine of the IEEE, the world’s largest professional organization devoted
to engineering and the applied sciences, reports on clean-energy production from diesel with fuel cells
-a demonstrated technological solution developed in the FP7 FCGEN project finished in 2015 under the
leadership of our department.

Awards and appointments

L

Bostjan Dolenc, Pavle Boskoski, Dani JuriCic: the article “Distributed bearing fault diagnosis based on
vibration analysis” has been ranked as the 11" most downloaded article in the journal Mechanical Systems
and Signal Processing for the last quarter of 2015

Dani Juriic, Pavle Boskoski, Bojan Musizza, Janko Petrovic, Bostjan Dolenc, Stanislav Cerne: the first
prize for the innovation with the greatest economic potential that was created in PRO’s (public research
organizations) in 2015 at the 8" International Conference on Technology Transfer and Innovation Day 2015
Danfoss Tratad. 0. 0. and the Systems and Control research group: the TARAS award for the most successful
cooperation between research teams and organisations on one side and development teams in industry
on the other side for the year 2015 at the 7% Industrial forum of Innovation, R&D and Technology - IRT
2015 held in Portoroz

Andrej Debenjak: “Golden award” for his doctoral thesis “Condition monitoring of PEM fuel cells” in 2015
at the 25" Slovenian Trade Fair and Conference on Technical Maintenance, Otocec

Patents granted

L

JoZe Vizintin, Jose Miguel Marques Querido Salgueiro, Boris KrZan, Gabrijel Persin, Dani Jurici¢, Pavle
Boskoski, Gregor Dolanc, Apparatus and method for on-line monitoring of oil condition and debris con-
centration, SI24579 (A), Slovenian Intellectual Property Office, 30. 06. 2015.

Damir Vrancic, Marko Nerat, Samo Krancan, Procedure of rapid signal filtering of rotational speed with au-
tomatic elimination of periodic deviation, SI 24580 (A), Slovenian Intellectual Property Office, 30. 06. 2015.
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INTERNATIONAL PROJECTS

7FP - FLUMABACK; Fluid Management Component Improvement for Back up Fuel Cell

Systems
Dr. Pavle Boskoski
European Commission

Prof. Dani Jurici¢
European Commission

Environmental and Economic Challenges
Dr. Darko Vrecko
Cost Office

4. ER-3-FU; Enabling Research; EUROFUSION
Dr. Samo Gerksic
European Commission

7FP - DIAMOND; Diagnosis-aided Control for SOFC Power System

RESEARCH PROGRAM

1. Program systems and control
Prof. Dani Juricic

R & D GRANTS AND CONTRACTS

Development and implementation of a method for on-line modelling and forecasting

COST ES1202; Water_2020: Conceiving Wastewater Treatment in 2020 - Energetic, of air pollution

Prof. Jus Kocijan
2. Optimisation of energy cost for refrigeration systems in shopping malls
Asst. Prof. Damir Vrancic
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NEW CONTRACTS

L.

Optimisation of energy cost for refrigeration systems in shopping malls
Asst. Prof. Damir Vrancic
Danfoss Trata, d. 0. 0.

Department of Systems and Control E-2

2. Development of advanced control strategies to increase the reliability of medical
accelerators
Dr. Matej GaSperin
Cosylab, Laboratorij za kontrolne sisteme, d. d.

VISITOR FROM ABROAD

1
2
3
4
5.
6
7.
8

Serena Invitto, University of Salerno, Salerno, Italy, 19 January to 25 July 2015
Vincenzo Apicella, University of Salerno, Salerno, Italy, 5 March to 7 July 2015
Erik Aberg, Modelon AB, Lund, Sweden, 18-19 May 2015

. Jonas Eborn, Modelon AB, Lund, Sweden, 18-19 May 2015

Per Ekdunge, PowerCell Sweden AB, Gothenburg, Sweden, 18-19 May 2015
Gunther Kolb, Faunhofer ICT-IMM, Mainz, Germany, 18-19 May 2015

l Johannes Kogler, VOLVO Gropup, Gothenburg, Sweden, 18-19 May 2015

Carlos Navas, FCH JU, Brussels, Belgium, 18-19 May 2015

9. Joachim Pasel, Forschungszentrum Jiilich, Jiilich, Germany, 18-19 May 2015
10. Ralf Peters, Forschungszentrum Jilich, Jilich, Germany, 18-19 May 2015

11. Behrooz Razaznejad, VOLVO Group, Gothenburg, Sweden, 18-19 May 2015
12. Jochen Surrer, Faunhofer ICT-IMM, Mainz, Germany, 18-19 May 2015

13. David Wails, Johnson Matthey PLC, London, Great Britain, 18-19 May 2015
14. prof. dr. Cesare Pianese, University of Salerno, Salerno, Italy, 27-31 July 2015
15. dr. Fernando Aller, University of Leon, Leon, Spain, 1-4 August 2015

STAFF

Researchers

1. Dr. Pavle Boskoski

2. Dr. Gregor Dolanc

3. Dr. Matej Gasperin, left 01.09.15
4. Dr. Samo Gerksi¢

5. Giovanni Godena, M. Sc.
6. Dr. Dejan GradiSar

7. Dr. Nadja Hvala

8. Dr. Vladimir Jovan, Head
9. Prof. Dani Juricic

10. Prof. Jus Kocijan

11. Dr. Bojan Musizza

12. Dr. Janko Petrov¢ic

13. Dr. Bostjan Pregelj

14. Prof. Stanislav Strménik
15. Asst. Prof. Damir Vrancic
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