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Introduction by the General Chairs 

Dear Colleagues, 

We welcome all the participants to the 2022 IMEKO TC11 & TC24 Joint Hybrid 
Conference organized by Croatian Measurement Society (Hrvatsko Mjeriteljsko Društvo, HMD) 
in Dubrovnik (Croatia) being a joint event aiming to promote "Measurement for a better life" 
and "Chemical measurements towards a sustainable future''. It is an honor and a privilege to 
welcome you to Dubrovnik, a city that has an outstanding history, declared a World Heritage 
Site, being a city renowned by the cultural life, the vibrant economic activity, the historical 
buildings, and the beautiful landscape in the Adriatic Sea. The event takes place from 16 to 19 
of October 2022 in the conference facilities at Hotel Croatia rising above a pine forested 
peninsula overlooking unspoiled Cavtat Bay. 

The IMEKO TC11 (Measurement in Testing, Inspection and Certification) and IMEKO 
TC24 (Chemical Measurements) are both newly formed Committees that are multidisciplinary, 
covering a wide spectrum of domains of activities where measurement plays a major role. In TIC 
Industry (Testing, Inspection and Certification), quality of measurement is considered key for 
assuring safety and quality of life. The importance of metrology in Chemical Measurements has 
been recognized as the basis for confirming the reliability and traceability of any test results. 

The Executive Committee and the Local Organizing Committee will do their best to offer 
you a memorable Conference, hoping to create a great opportunity to share knowledge and new 
ideas improving the growing interest in TIC industry and Chemical measurements. We hope that 
you will find the event technically fulfilling and highly entertaining and that it will be an 
opportunity for useful interactions and communications with colleagues from all over the world. 

A warm welcome to all of you coming to Dubrovnik, Croatia, for the 2022 IMEKO TC11 
& TC24 Joint Hybrid Conference! 

On behalf of the Organizing Committee 
Álvaro Ribeiro (IMEKO TC11 Chairperson) 
Tatjana Tomic (IMEKO TC24 Chairperson) 
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Introduction by EUROLAB Secretary Laura Martin 
 
 

EUROLAB (The European Federation of National Associations of Measurement, Testing and 
Analytical Laboratories) is a not-for-profit organization composed of 25 national associations all over 
Europe and beyond, grouping more than 3.000 conformity assessment bodies members, over 9.000 
accredited laboratories and representing over 150.000 professionals, promoting cost-effective testing, 
calibration and measurement services, for which the accuracy and quality assurance requirements should be 
adjusted to actual needs. 
 

We are particularly glad to be co-organizers of the EUROLAB-IMEKO TC11&TC24 Joint 
Conference, as we strongly believe in the importance of representing our Members within the international 
community and working together with our key stakeholders to develop and put forward the joint voice of 
the laboratory community. 

 
Laboratories and the whole Testing, Inspection and Certification (TIC) Sector need to keep up with 

the challenges and opportunities of “The Lab of the Future”, therefore, events as such represent fundamental 
fora to disseminate the latest research, developments and innovations in the field. 
 
We are eager to contribute to the discussion and wish to all participants a fruitful engagement. 
 
 
 

Laura Martin, EUROLAB Secretary General 
  

IMEKO TC11 & TC24 Joint Hybrid Conference 
Dubrovnik, Croatia | Oct 17 - 19, 2022



Introduction by the Technical Program Chairs 

We would like to introduce the congress attendees to the scientific program set up for the 
IMEKO TC11-TC24 Joint Conference.  

This IMEKO event has been designed to be an eminent forum for both researchers and 
professionals working in the fields of ‘Testing, Inspection and Certification’ and ‘Chemical 
Measurements’. Even though this is the first event of this kind, we received good feedback from 
many experts in these two areas of metrology. TC11 received 35 contributions, while TC24 20. 
A good geographical diversity was achieved, with papers from more than 20 countries, covering 
three different continents. Before inclusion in the Conference program, all contributions 
underwent a strict peer-review process in order to assure a high scientific quality of the presented 
papers. 

As far as TC11 is concerned, the main topics are the regulatory framework for quality, 
safety, and security of products and services, management systems and quality in the testing, 
inspection, and certification (TIC) sector, innovation and validation of methods in TIC, 
metrological traceability, uncertainty and conformity assessment in TIC, certification of 
reference materials, PT schemes, inter- and intra-laboratory comparisons and other methods for 
quality assurance, and other TIC issues.  

From the TC24 side, the addressed topics spanned from traditional issues related to 
chemical metrology, such as measurement traceability, to new frontiers for analytical chemistry 
and medical measurements. Many authors presented their recent advances related to sensors and 
nanomaterials for sensing applications, then also environmental measurements received 
noticeable attention. Among the addressed topics, the scientific program included also 
contributions related to electrochemical measurements and corrosion. 

The Conference Program is completed by four keynote lectures. The first, scheduled after 
the Conference opening, is given by Laura Martin, Secretary General of EUROLAB providing 
an overview of the activities and initiatives carried out by this association. Then, Zeynep Yildizeli 
will present some of the opportunities given by European Union projects. In the second day of 
the conference, the invited lecture ‘Multiresidue Analysis of Pharmaceuticals in Water Samples 
- Pitfalls and Methodological Challenges’ will be presented by Mira Petrovic. In the third-day
keynote, Kruno Miličević will present the latest advances in ‘Blockchain for the Digital
Transformation of Metrology’.

In the frame of the conference a Workshop on ILAC G8:09/2019 Guidelines on Decision 
Rules and Statements of Conformity will be held, moderated by the scientific chairs Prof. DSc. 
Marija Čundeva-Blajer of TC11 and Prof. Dr. Leonardo Iannucci of TC24. 
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We hope that this event will be the ideal occasion to inspire new studies in the field of 
measurements and instrumentation, to create new collaborations and to build active and 
cooperative groups in the fields of Testing, Inspection and certification as well as Chemical 
Measurements. 

 
The Conference Technical Program Chairs 

Marija Čundeva Blajer (TC11) 
Guo Su (TC11) 

Leonardo Iannucci (TC24) 
Hongmei Li (TC24) 
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Introduction by the Local host 

Dear Guests and Colleagues, 

We would like to welcome the participants of the 2022 IMEKO TC11 & TC24 hybrid 
conference. Topic for the conference are "Measurement for a better life" and "Chemical 
measurements towards a sustainable future''. Conference is held in the beautiful city of 
Dubrovnik, pearl of Adriatic coast. But, Dubrovnik was not chosen by accident. It is the city of 
vibrant past, skilled bankers, cunning traders. City of outstanding economic and cultural past, 
touristic present and promising future. The conference takes place from 16 to 19 of October 2022 
in the conference facilities at Hotel Croatia in Cavtat. 

The IMEKO TC11 (Measurement in Testing, Inspection and Certification) and IMEKO 
TC24 (Chemical Measurements) are newly formed Committees covering a wide spectrum of 
domains of activities dealing with measurement.  

The Executive Committee and the Local Organizing Committee will do their best to prepare 
a well-organized Conference, with plenty of opportunities for shearing knowledge and new ideas. 
We hope that you will find the event useful and highly entertaining and that it will be an 
opportunity for useful interactions and communications with colleagues from all over the world. 

A warm welcome to all of you coming to Dubrovnik, Croatia, for the 2022 IMEKO TC11 
& TC24 hybrid Conference! 

On behalf of the Local Organizing Committee 

MSc Mladen Jakovcic, 
Croatian Metrology Society, president 
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COMPARISON OF DIMENSIONS, SHAPES AND POSITIONS CONTROL 
USING CMM AND 3D SCANNER 

Kenan Varda1/Presenter, Almira Softić2, Nermina Zaimović-Uzunović3, Ernad Bešlagić4 

1 Faculty of Mechanical Engineering, Zenica, Bosnia and Herzegovina, kenan.varda@unze.ba 
2 Faculty of Mechanical Engineering, Sarajevo, Bosnia and Herzegovina, softic@mef.unsa.ba 

3 Faculty of Mechanical Engineering, Zenica, Bosnia and Herzegovina, nermina.zaimovic.uzunovic@unze.ba 
4 Faculty of Mechanical Engineering, Zenica, Bosnia and Herzegovina, ernad.beslagic@unze.ba 

Abstract: 
In this paper, measurements on stainless steel 

AISI 304 workpiece using Coordinate measuring 
machine Carl Zeiss Contura G2 and 3D scanner 
RangeVision PRO are compared and analyzed. 
Dimensional control is conducted by measuring 11 
faces and 9 cylinders. Length, diameter, cylindricity, 
flatness and parallelism are controlled for features 
of interest. Using Calypso software on CMM and 
GOM Inspect software for 3D scanned model are 
used for creating virtual measurement strategies and 
dimensional and GD&T control. Deviations of 
measuring results using both measuring systems are 
shown and conclusions and recommendations for 
dimensional control are listed in tables. 

Keywords: metrology; CMM; 3D scanning; 
inspection; measurement 

1. INTRODUCTION

The main goal of this paper is to compare the 
results of measurements on two complex measuring 
systems with different operating principles, contact 
and non-contact. The idea is to demonstrate the 
eventual possibility of using an optical measuring 
device, which is simpler and cheaper compared to a 
coordinate measuring machine, as an alternative 
when measuring deviations from dimensions and 
shapes. The coordinate measuring machine used to 
measure metal workpiece for this paper is stationary 
and very expensive to purchase in small and 
medium-sized enterprises. As an alternative for 
dimensional and GD&T control, a 3D optical 
scanner is used, which is much cheaper and easier 
to use. The basic characteristics of both complex 
measuring devices are shown in table 1. 

Table 1: The basic characteristics of used measuring devices 
CMM Contura G2 3D scanner RangeVision PRO 

Machine weight 1278 kg Weight 6,5 kg 
Workpiece weight 560 kg Max rotary table load capacity 60 kg 
Measuring range – XYZ (mm) 700x700x600 Workpiece dimension range 5-5000 mm
Length measurement error 1,8 µm Scanning technology Structured light 
Repeatability range of E0 1,4 µm Resolution 1920 x 1080 
Scanning error 2,5 µm Accuracy, mcm up to 18 
Form measurement error 1,8 µm 3D resolution, mm up to 0,04 
Single stylus form probing error 1,8 µm Cameras resolution 6,4 MP 

1.1. Workpiece 3D model 
The workpiece on which the measurement was 

performed has its nominal dimensions. Based on the 
nominal dimensions, a 3D CAD model was created 
and the surfaces and features that will be measured 
and controlled were marked (Figure 1). 

In the process of measurement and control, the 
deviation from the nominal measurements that 

occurs due to the technology of making pieces on 
the five-axis milling machine DMU60 
MonoBLOCK is not taken into account. The 
measurement was performed on a calibrated 
coordinate measuring machine, and in relation to 
these measurements, a comparison of the 
measurement results obtained on the 3D scanner is 
made. According to the marked features, table 2 
shows the controlled dimensions and shapes. 
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Figure 1: 3D CAD model of workpiece and its features of interest 

Table 2: The controlled dimensions and shapes 
Controlled dimensions and shapes Features 
Length P1, P2; P3, P4; P5, P6; P1, P3; P2, P4 
Diameter C1, C2, C3, C4, C5, C6, C7, C8, C9 
Cylindricity C1, C2, C3, C4, C5, C6, C7, C8, C9 
Parallelism P1, P2; P3, P4; P5, P6; P8, P9; P10, P11 
Flatness P1, P2, P3, P4, P5, P6, P7, P8, P9, P10, P11 

2. CMM MEASUREMENT

In the process of preparing measurements on a 
coordinate measuring machine, the first task is to 
position the work piece on the work table of the 
machine. With the help of electromagnetic devices, 
the piece was positioned on the work table in a 
position that allows unhindered movement of the 
measurement probe and measurement without the 
possibility of collision between the piece and the 
probe (Figure 2). 

Figure 2: Workpiece positioned on CMM 

In the measurement process, two approaches 
were used: manual and automatic. Using manual 
measurement, controlling the probe with a joystick, 
a certain number of points on each plane of interest 
were measured. Measurement results were obtained 
after manual measurement was conducted, without 
creating automatic and standardized measurement 
methods on the coordinate measuring machine. 
When it comes to cylinders, cylindricity and radius 
were controlled by manual measurements, using the 
VAST XT measurement probe. Several points were 
measured inside each cylinder, at two different 
heights, , thus achieving the conditions for creating 
an automatic measurement strategy for each of the 
cut parts of the cylinders. An automatic 
measurement strategy was created for each of the 
cylinders, which executes two circle paths at two 
different heights inside the cylinders (Figure 3a). 
Several parameters were defined under the circle 
path automatic strategy settings: speed: 5 mm/s, 
number of points for each circle: 50, start height: 1 
mm, target height: 3 mm.  

After the planes and cylinders have been 
measured, using the Form and Location option, 
within the Calypso software, the features to be 
controlled are created. For measurement and control, 
the default Least Square method of measurement 
and control was used (Figure 3b). 

Manual and automatic strategies were conducted 
and results for dimensional and GD&T control were 
obtained. 
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a) b) 
Figure 3: a) Automatic circle path strategy, b) Defined characteristics for the control 

3. 3D SCANNING PROCESS AND VIRTUAL
MEASUREMENT 

3.1. RangeVision PRO scanning 
Based on earlier research, in the process of 3D 

scanning, with the optical 3D scanner RangeVision 
PRO, there is a problem of surface reflection and 
color of the workpiece. The workpiece, made of 
stainless steel AISI 304 material, is glossy and it is 
necessary to reduce the influence of that factor on 
the scanning process. Using a powder spray, a white 
color powder layer was applied to the work piece, 
which allowed to obtain better scanning results. The 
workpiece was positioned on the rotary table of the 
3D scanner (Figure 4). 

Under the settings in the software ScanCenter, 
few 3D scanning parameters were defined: the 
number of scans: 16 and, inner scanning domain and 
the type of white light projection of the scanner. 
After the scanning procedure was carried out, also 
in the ScanCenter software in the postprocessing 
phase, unwanted surfaces on and around the model 
were removed, scans were registered and connected 
to the coordinate system, and a 3D virtual model 
was created in .STL format (Figure 5). 

The meshed virtual model consists of over 20 
million triangles. Without simplifying the model, a 

realistic metrological model was created and 
prepared for virtual metrology inspection. 

Figure 4: RangeVision PRO 3D scanner and workpiece 
prepared for 3D scanning 

Figure 5 – Virtual scanned model 
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3.2. GOM Inspect control 
Dimensions and GD&T control of the scanned 

model was performed in the GOM Inspect software. 
GOM Inspect is the gold standard in virtual 
metrology that complies with ISO and ASME 
standards. 

The meshed model, created by 3D scanning, is 
positioned in the virtual environment of the 

software and the coordinate system is determined 
using the Pre-Alignment tool. Based on the features 
defined for control in this work, planes and 
cylinders were created that correspond to those that 
were controlled on the coordinate measuring 
machine. The same surfaces and cylinders are 
marked with the same labels and are controlled in 
the same order as in the Calypso software (Figure 
6). 

Figure 6 - GOM Inspect dimensional and GD&T control 

Contrary to the Calypso software, the algorithm 
that allows us to create features in the GOM Inspect 
software, such as approximated planes and 
cylinders, uses the Gauss method. GD&T analysis 
was performed, including planarity, parallelism and 
cylindricity as well as two-point distances and 
diameter control and measured results were 
obtained. 

4. RESULTS COMPARISON

After the process of measurements, the results of 
both measurements were compared, contact on a 
coordinate measuring machine using the Calypso 
software and non-contact using the ScanCenter and 
GOM Inspect software. All controlled dimensional 
and GD&T characteristics results are reprezented 
numerically in Table 3. 

Table 3: Numerical representation of all controlled dimensional and GD&T characteristics results 
Characteristic Feature CMM 

(mm) 
3D scanner 
(mm) 

Characteristic Feature CMM 
(mm) 

3D scanner 
(mm) 

Flatness P1 0,073 0,1 Parallelism P1, P2 0,0168 0,12 
P2 0,0156 0,07 P3, P4 0,0775 0,53 
P3 0,0748 0,21 P5, P6 0,0230 0,28 
P4 0,0099 0,17 P8, P9 0,0262 0,06 
P5 0,0064 0,29 P10, P11 0,0797 0,13 
P6 0,0037 0,22 Length P1, P2 96,5921 94,8 
P7 0,0764 0,33 P3, P4 72,0340 70,88 
P8 0,0014 0,16 P5, P6 305,3988 305,20 
P9 0,0009 0,23 P1, P3 13,3354 12,08 
P10 0,0443 0,19 P2, P4 13,1722 11,81 
P11 0,0038 0,11 Diameter C1 8,0386 7,76 

Cylindricity C1 0,1096 0,28 C2 7,9982 7,74 
C2 0,0642 0,30 C3 10,4484 10,03 
C3 0,0662 0,41 C4 10,4299 9,94 
C4 0,0871 0,44 C5 10,0357 9,75 
C5 0,2550 0,41 C6 10,4044 10,12 
C6 0,0304 0,27 C7 7,9092 7,63 
C7 0,2292 0,25 C8 10,2593 10,11 
C8 0,3421 0,34 C9 8,0373 7,70 
C9 0,0623 0,26 
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5. SUMMARY 

Analyzing the measurement results and 
comparing the results obtained by measuring on a 
coordinate measuring machine and a 3D scanner, it 
is possible to observe quite large deviations in 
certain characteristics. 

It is important to note that the measurements 
were made on a very precise, accurate and 
calibrated coordinate measuring machine and on a 
3D scanner that has less accuracy and does not have 
a standardized calibration method. In addition, one 
of the disadvantages of 3D scanning was that the 
workpiece had to be treated with a powder spray, 
which was an additional factor that added error into 
the measurement process itself. 

Observing the deviation from flatness, we can 
notice that the deviation values range from 0.027 
mm for the smallest surfaces to 0.2836 mm for the 
largest surface. The result is the influence of a small 
number of points that were measured on the CMM 
and based on which the flatness was controlled and 
the Gaussian method used to create the surfaces in 
the virtual measurement. For the deviation from 
cylindricity, the smallest value is 0.0021 mm, while 
the largest is 0.3529 mm. The values of deviations 
from parallelism range from 0.0338 mm to 0.4535 
mm and smaller deviations are clearly visible for 
smaller surfaces. 

As far as dimensional control is concerned, the 
deviations are significantly greater. They range in 
length from 0.1988 mm to 1.7921 mm and from 
0.1493 mm to 1.4699 mm. In length measurements, 
the largest dimensions have the smallest deviations. 
As for deviations in diameter measurements, at 

maximum nominal diameters of 10 mm, deviations 
of half a millimeter are very large. 

It is possible to conclude that 3D scanning can 
be used to control workpieces that have very large 
permitted tolerances and deviations from nominal 
measurements, but with more precise and accurate 
measurements, especially when controlling the 
internal dimensions of cylinders, it is impossible to 
get the desired results. 

6. REFERENCES 
[1] Varda K., Bešlagić E., Zaimović-Uzunović N., 

“Measurement of NACA Airfoil Characteristic 
Parameters on 3D Printed Models”, New 
Technologies, Development and Applications, 
2021. 

[2] J. Kacmarcik, D. Spahic, K. Varda, E. Porca, N. 
Zaimovic-Uzunovic, "An investigation of 
geometrical accuracy of desktop 3D printers using 
CMM", IOP Conference Series: Materials Science 
and Engineering, 2018..   

[3] Henzold G.,"Geometrical Dimensioning and 
Tolerancing for Design, Manufacturing and 
Inspection", 2006.  

[4] Varda K., Bešlagić E., Zaimović-Uzunović N., 
Lemeš S., "Ambient Light and Object Color 
Influence on the 3D Scanning Process", New 
Technologies, Development and Application V pp 
37–45, 2022. 

[5] Kersten T.P., Lindstaedt, M., Starosta, D., 
"Comparative geometrical accuracy investigations 
of hand-held 3D scanning systems-an update", Int. 
Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 
42(2), 487–494, 2018. 

[6] Varda K., Bešlagić E., Zaimović-Uzunović N., "3D 
PRINTED MODELS MESUREMENT AND 
CONTROL OF SHAPE DEVIATION USING 
CMM AND GOM", QUALITY, 2021. 
 

 
 

IMEKO TC11 & TC24 Joint Hybrid Conference 
Dubrovnik, Croatia | Oct 17 - 19, 2022

6



IMEKO TC11 & TC24 Joint Hybrid Conference 
October 17-19, 2022, Dubrovnik, Croatia 

QUALITY ASSURANCE AND TESTING OF THE ATLAS LIQUID ARGON 
CALORIMETER POWER DISTRIBUTION BOARDS 

A. Carbone1, F. Tartarelli2, M. Lazzaroni3, S. Latorre4

1 Physics department, University of Milano & INFN Milano, Italia, antonio.carbone@unimi.it 
2 INFN Milano, Italia, francesco.tartarelli@mi.infn.it 

3 Physics department, University of Milano & INFN Milano, Italia, massimo.lazzaroni@unimi.it 
3 INFN Milano, Italia, stefano.latorre@mi.infn.it 

Abstract: 

During the second Large Hadron Collider Long 
Shutdown, the Liquid Argon calorimeter of the 
ATLAS experiment at CERN has been upgraded 
with a new trigger readout electronics which 
provides digital information with higher granularity 
to the ATLAS trigger system. In particular the new 
LAr Trigger Digitizer Boards will process and 
digitize the "Super Cells" (group of readout 
calorimeters cells) and send the processed data to 
the back-end electronics. The Power Distribution 
Board is a mezzanine board that provides the power 
distribution to the LTDB.  

Keywords: Large Hadron Collider; ATLAS; 
Liquid Argon Calorimeter; Power Distribution 
Board.  

1. INTRODUCTION

 The ATLAS detector [1] at the CERN Large 
Hadron Collider (LHC) [2] is a multipurpose 
particle detector, optimized to exploit the full 
physics potential of high-energy proton–proton (pp) 
and heavy-ion collisions. This includes the study of 
the properties of the Higgs boson, precise 
measurements of Standard Model processes and 
searches for rare and new phenomena. The ATLAS 
detector at the LHC covers nearly the entire solid 
angle around the collision point, and consists of an 
inner tracking detector surrounded by a thin 
superconducting solenoid, electromagnetic and 
hadronic calorimeters, and a muon spectrometer 
incorporating three large superconducting toroidal 
magnets. In total, ATLAS has over 100 million 
electronic channels, which provide readout from 
these detectors. After the 2015-2018 data taking 
campaign (Run 2), an upgrade plan (Phase-I 
upgrade) started to enhance the physics reach of the 
experiment during the upcoming operation at 
increasing LHC luminosities (Run3, started in 
2022). In particular, for the liquid argon calorimeter, 

to avoid efficiency losses and enhance the physics 
reach, it was decided to increase the trigger readout 
granularity by up to a factor of ten, summing the the 
transverse energy (ET) of calorimeter cells in areas 
smaller than the previous configuration (these 
smaller clusters of cells are called Super Cells). In 
addition, the precision and range of the ET 
measurement is also increased [3]. The Lar Trigger 
Digitizer Board (LTDB) processes and digitizes up 
to 320 Super Cell signals and transmits them via 
optical links to the Back-End. Power distribution on 
the LTDB is provided by the PDB mezzanine card. 
The choice of developing a separate board for the 
generation of the supply voltages for the LTDB 
ensures forward compatibility in the future Phase-II 
upgrade, for which a different power distribution 
scheme for the Front-End electronics is planned. 
The Power Distribution Board (PDB), mounted on 
the LTDB, uses some of the existing supply 
voltages as input and converts them to the needed 
values using LTM4619 DC/DC converters (from 
Analog Device, Inc.) for the digital part and 
LHC4913 (positive voltage) and LHC7913 
(negative voltage) regulators (from 
STMicroelectronics) for the analog part. All the 
PDB produced have been tested in Milano by a 
custom test board, internally designed and 
manufactured, controlled by an Arduino. Thanks to 
this set up we were able to test, automatically, all 
outputs of the LTMs and LHCs, and in particular the 
output voltage and noise. The power supply, 
connected to the test board, powers the PDB that is 
placed on the board. A circuit mounted on this board 
allows to test the output voltage of the DC/DCs 
either with no load or with load, in order to simulate 
the load that will be connected to the PDB when it 
will be mounted on the LTDB. 
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2. THE POWER DISTRIBUTION BOARD
(PDB) 

The PDB is composed by digital and analog 
parts to power the corresponding sections of the 
LTDB. The block diagram of the power scheme is 
shown in Figure 1.  

Figure 1: Power scheme of the PDB. The board integrates 
LTM4619 DC/DC converters (U1-U7) and LHCx913 
linear voltage regulators (U8-U14) to produce the 
voltages needed by the LTDB (the number of devices has 
been established based on the budget of the output 
currents). From the two +6 V lines available on the input 
power bus, one (labelled "6 V") is used to generate the 
digital voltages and the other one "6 VA" is used to 
generate the analog voltages. Picture from [3] 

From the +6 V line taken from the Front-End Crate 
(FEC) power bus, the following voltages are created 
for the digital part of the LTDB: +1.2V, +1.5V, 
+2.5V and +3.3V. This is achieved using LTM4619
DC-DC converters. This is a DC-DC µModule
regulator operating over input voltage ranges of 4.5
V to 26.5 V and supports two outputs with voltage
ranges of 0.8 V to 5 V. It delivers 4 A continuous
current (5 A peak) for each output. The analog
voltages are generated as follows. From the +7 V(-
7 V) of the FEC power bus, the +5 V(-5 V) is
generated using the LHC4913 (LHC7913) Low-
DropOut (LDO) linear voltage regulator. The
LHC4913 is a positive Voltage Regulator that has a
fixed output voltages: 2.5 V, 3.0 V, 3.3 V, 5.0 V or
8.0 V and an input voltage ranging from 3 V to 12
V. The LHC7913, instead is a negative Voltage
Regulator with an input voltage range from -3 V to
-9 V. The LHC4913 is also used to generate +2.5 V,
starting from the +6 V of the power bus, (with an
intermediate step down at +4 V, using an LTM4916,
to avoid a large voltage drop on the LDO). The PDB

is radiation tolerant [4]-[6] and able to operate in 
presence of maximum magnetic field expected in 
the LTDB position (lower than 0.1 T) [7]. The 
radiation tolerance requirements for the PDB are 
less stringent than for the rest of the LTDB 
component since the board will have to operate only 
for the LHC Run 3 and will be replaced before the 
start of the HL-LHC. The board is manufactured as 
a ten-layer PCB of 1.6 mm thickness, reinforced 
with a fiberglass (G10) frame glued on the top side. 
When mounted on the LTDB motherboard, the total 
maximum vertical height is about 5.4 mm. One PDB 
is show in Figure 2. An automated set-up has been 
developed to test the correctness of all output 
voltages of the PDBs at full load before they were 
shipped to LTDB assembly site. The PDBs passing 
the tests above are then subjected to a highly 
accelerated stress screening (HASS) test, where the 
PDBs are placed in a chamber and undergo ten 
thermal cycles between 0 °C and 60 °C for about 12 
hours. The goal of the HASS test is to find any 
failures due to component infant mortality, cold 
solder joints, etc. After HASS testing, each PDB is 
installed on an LTDB for re-testing, where the 
voltage of all outputs is measured, control and 
monitoring signals are tested, and the power rail 
ramp-up time (from 10 % to 90 % of the rising edge) 
for the GBTx [8] is measured as well. If the PDB 
passes this re-testing, it can be used on the LTDB 
for integration testing. A picture of the PDB 
mounted on the LTDB is showed in Figure 3. A first 
preproduction batch of 50 PDBs was produced, 
followed by a production batch of 150 boards, 
which included the 128 boards needed in the 
experiment and some spares.  

Figure 2: Picture of a PDB as seen from the top and the 
bottom. All components are mounted on the top side. On 
the same side, the G10 reinforcement frame is also 
visible. Picture from [3]  
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Figure 3: Picture of the PDB mounted on the LTDB.  The 
PDB is located on the right side of the picture. Picture 
from [3] 

3. QUALITY ASSURANCE, CONTROL
AND TEST SETUP 

The LTDB quality assurance and control 
(QA/QC) involves the testing of three main 
components: the cooling interface is tested for leaks, 
the PDB are tested to meet the requirements on 
voltage and current of the outputs, and each LTDB 
with a qualified PDB installed is subjected to 
functionality testing and - integrated with the test 
stand - to performance testing as detailed below. 
Each PDB module is tested with a standalone test 
stand to verify basic functionality before it is cleared 
to be installed on an LTDB motherboard. The input 
and output voltages and current are measured to 
obtain efficiency information. All test data and 
analysis results are examined and logged into a 
database. A PDB module is accepted if it passes the 
following requirements: the output voltage is within 
±2.5 % of the nominal value; the output voltage 
ripple is within 10 mV peak-to-peak; and the 
efficiency is better than 70 % at nominal load. All 
PDBs were tested in university of Milano by an 
automated method before being shipped for further 
testing steps. All the PDBs have label with an 
unique code figure 4. In this way any action on the 
PDBs can be catalogued and we can check the 
action done on any PDB. The tests focused, 
primarily, on verifying that all controller outputs 
met specifications. The setup for these tests 
essentially consists of a board for testing a single 
PDB, which is powered by the power supplies 
described in the previous section. Each output of the 
PDB is connected to a resistive load that simulates 
the actual load after installation in the experiment. 
Through an additional electronic circuit and an 
Arduino, all output voltages are controlled both at 
no-load and load in a sequential way. 

Figure 4: Label example on a PDB. Any PDB has a 
barcode that is a unique code. 

4. TEST RESULT

An example of the data acquired on a PDB by 
automatic procedure is shown in Table 1. In the first 
column of the table 1 are show the name of the 
outputs, in the second the output voltage without 
load, and the third the output voltage 

Table 1: Example of a data taking on a PDB of each 
output both with and without load 

PCB number: 002-007 04-20 
Board number: 20ALMILPD00113 

Output No load Load 
LTM1-1V5A 1.514 V 1.508 V 
LTM1-3V3 3.354 V 3.348 V 

LTM2-2V5A1 2.549 V 2.545 V 
LTM2-2V5A2 2.544 V 2.539 V 
LTM3-1V5B 1.515 V 1.507 V 
LTM3-3V3B 3.352 V 3.348 V 

LTM4-2V5B1 2.545 V 2.545 V 
LTM4-2V5B2 2.550 V 2.531 V 
LTM5-2V5B3 2.549 V 2.539 V 
LTM5-2V5B4 2.541 V 2.535 V 

LTM6-1V2ADCA 1.219 V 1.218 V 
LTM7-1V2ADCB 1.250 V 1.245 V 
LHC1-2V5ADCA 2.578 V 2.528 V 
LHC2-2V5ADCB1 2.574 V 2.550 V 
LHC3-2V5ADCB2 2.524 V 2.519 V 

LHC4-5VA1 2.514 V 2.520 V 
LHC5-5VA2 2.534 V 2.534 V 
LHC6-5VA3 2.551 V 2.554 V 
LHC7-5VAN 2.353 V 2.352 V 
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with load. The last 4 LHCs present an output at about 
5 V. To test the output of these regulators, it was 
necessary to insert an auxiliary circuit, a voltage 
divider, to decrease the output voltage so that it could 
be read with the Arduino. This device has a limit on 
the input voltage on the analog channels equal to the 
supply voltage of the Arduino board. Since the 
voltage of the last 4 LHCs is close to this value we 
could have some reading errors and therefore it was 
decided to adopt the voltage divider solution. All 
boards mounted within the experiment were tested 
with this setup and checked, one by one, to see if the 
voltage requirements of the outputs were met. Table1 
shows an example of a PDB tested with this system 
and shows the output voltage values of individual 
components with and without resistive load. Each 
value was measured by taking the average of 100 
values. Noise tests were also added. A sample of 
boards were chosen to test the RMS noise of DCDCs 
and regulators. Figure 5 shows a histogram that 
compares the RMS distribution for the 2.5 V obtained 
from the LTM4913s (output U2, U4, U5) and LTM 
4619s (output U8, U9, U10). The signal output from 
the LHCs appears to be less noisy than that output 
from the LTMs. The measurement were done with a 
true RMS voltmeter (Rohde & Schwarz URE3 
30MHz RMS/Peak Voltmeter) with 2 MHz 
bandwidth and includes the data of 9 PDBs. 

Figure 5: Histogram of noise RMS of LTMs and LHCs 
2.5 V outputs 

The other outputs of the LTMs and LHCs were also 
tested and found to have noise compatible with those 
shown in Figure 5. Other tests were done to verify the 
noise spectrum of LTMs and LHCs. Figure 6 shows 
the noise spectrum of an LTM that outputs 2.5 V. One 
can see the peak of the first harmonic around 775 kHz 
with an amplitude of 49.88 dBµV. This frequency 
corresponds to the switching frequency of the DCDC. 
Figure 7 show the noise spectrum of an LHC with 2.5 
V outputs. The amplitude of the 775 kHz peek is 
reduced to 35.98 dBµV. These noise tests were not 
conducted as necessary for quality assurance 
purposes, but for further control about the quality of  

the components mounted on the boards. These tests 
were not performed on all components on the boards 
but on a sample. For example in Figure 5 the obtained 
experimental results on 27 LHCs and 54 LTMs are 
depicted. 

Figure 6: Noise spectrum of LTM4913 with 2.5 output 
voltage 

Figure 7: Noise spectrum of LHC4619 with 2.5 output 
voltage 

5. SUMMARY

This paper gives a brief overview of the tests 
performed for the production of the power 
distribution mezzanine of the new trigger board of the 
ATLAS liquid argon calorimeter. The board, the test 
setup and the list of tests performed are presented. 
Results of the noise performance of the board are also 
presented. All the needed boards have been 
produced, installed on the trigger board, and 
successfully commissioned 
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Abstract: 

Reliable and accurate blood pressure 

measurements using sphygmomanometers are 

indispensable in the diagnostic and treatment of 

hypertension. Unfortunately, testing of performance 

and accuracy of automated oscillometric 

sphygmomanometers is complicated, lengthy and 

expensive. Fact that the oscillometric 

sphygmomanometers are majority of the blood 

pressure measuring devices on today’s market 

makes the problem more pressing.  

EMPIR project adOSSIG built a physiology-

based advanced blood pressure simulator with a 

goal of improving blood pressure measurements. 

This paper describes results of testing of 

sphygmomanometers using this newly developed 

simulator. 

Keywords: blood pressure; sphygmomanometer, 

simulator; oscillometry; metrology 

1. INTRODUCTION

In average one in four adults in the European 

Union is diagnosed with hypertension [1], 

worldwide there are over 1 billion people affected. 

There are regions where prevalence of hypertension 

in adults is over 50 %. According to the WHO, less 

than 20 % of people with hypertension have the 

problem under control [2]. Hypertension increases 

the probability of stroke, heart attack and kidney 

diseases, causing over 20 % of all heart attacks and 

is responsible for 13 % of all non-accidental deaths. 

As it rarely shows symptoms, hence the nickname 

“silent killer”, the key to successful treatment is 

early detection. Reliable and accurate blood 

pressure (BP) measurements taken by 

sphygmomanometers (SM) play an indispensable 

role in the prevention, diagnosis and treatment of 

this condition.  

Historically non-invasive blood pressure 

measurements were usually taken by medical 

professional using mechanical mercury or aneroid 

manometer by auscultatory method. The blood 

pressure values were estimated directly by 

simultaneous reading of pressure value in the cuff 

on patient’s limb and observation of the Korotkoff 

sounds by stethoscope. Although this method is 

considered by many the “gold standard” of blood 

pressure measurements, its correct utilisation 

requires the measurements to be performed by 

trained professionals and therefore it is not 

appropriate for automated, long-term and repetitive 

or home-care measurements.  

With the development of electronics in recent 

decades, vast number of automated electronic 

devices for non-invasive blood pressure 

measurement has been introduced to the market, 

most of them based on oscillometric method.  

1.1. Oscillometric method 

Oscillometric method is based on evaluation of 

low amplitude pressure pulses, see Figure 1, in 

a cuff by means of an appropriate algorithm. 

However, the relationship between oscillometric 

pulses and systolic and diastolic blood pressure 

values is complex.  

Figure 1: Cuff pressure measurement (in blue) with 

extracted oscillometric pulses (in red). Amplitudes of the 

oscillometric signal in this case are less than 4 % of the 

cuff pressure values. 

The algorithms used to estimate BP values are 

based on empirical data, gained from clinical studies 
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by each manufacturer separately. There is no 

standard procedure or algorithm and proprietary 

internal software of automated SMs is not disclosed. 

Although commonly used, oscillometric 

sphygmomanometers are known to occasionally 

indicate inaccurate values due to algorithmic and 

software issues which is detrimental for patients 

with cardiac and circulatory problems, for which the 

accurate measurement of blood pressure is critical. 

1.2. Traceability and accuracy of blood pressure 

measurements 

The basic traceability principle applied in most 

fields of metrology is relatively simple; a measuring 

instrument or standard is compared against another 

standard of better accuracy. This creates a 

traceability chain between the top-level national 

standards and devices in the field. This approach 

works well for mechanical (aneroid or mercury 

column) sphygmomanometers where standard 

pressure calibration accompanied by several simple 

functional checks is sufficient [3]. However, when 

it comes to modern automated sphygmomanometers, 

the situation is different. Such a calibration only 

tests the ability of the pressure sensor to display the 

pressure correctly, other components of the device 

are not checked for accuracy at all, e.g.  internal 

software, which is responsible for calculating the 

blood pressure values.  

The concerns on accuracy of automated 

sphygmomanometers led to development of several 

test protocols for clinical validation of 

sphygmomanometers, e.g. [4]-[6]. In EU, clinical 

validation is also a necessary step in introducing any 

new device to market, as the Regulation (EU) 

2017/745 on medical devices requires for SM (and 

other medical devices with measuring function as 

well) to prove sufficient accuracy, precision and 

stability for their intended purpose. Clinical 

validation is performed on representative group of 

human test subjects by means of comparison of 

reference measurements (usually auscultatory or 

invasive intra-arterial measurements) and the tested 

sphygmomanometer. Test protocols define required 

demographics and health state of human test 

subjects, e.g., age limitations, distribution by gender 

and blood pressure values (normotensive, 

hypertensive and hypotensive) and requirements for 

SM to pass the validation (e.g., average error of 

measurement equal or less than ±5.0 mmHg and 

standard deviation (SD) of 8.0 mmHg or less [6]). 

Due to the required number of test subjects (at least 

85 participants and 255 measurements in [6]) and 

other requirements for clinical validation, the 

evaluations of sphygmomanometers are time 

consuming and costly.  

1.3. Blood pressure simulators 

Clinical validations are so far the only possibility 

how to evaluate in-depth the accuracy of SM. In 

recent decades, mainly to reduce costs and 

difficulties of development and testing SMs, special 

devices called patient or blood-pressure simulators 

began to appear on the market. 

These devices mimic the real-life oscillometric 

signals and allow testing in manner similar to 

standard blood pressure measurement. However, 

these simulators generate signals only similar to the 

physiological ones and they use proprietary 

algorithms to generate these signals as well. Due to 

their limitations, they are currently only 

recommended for evaluating the repeatability and 

stability of SM, investigation on influence of 

environmental conditions of SMs, but not the 

accuracy of measurement [10].  

To avoid these limitations new types of 

simulators are being designed and built – simulators 

capable of reproducing real physiological blood 

pressure signals [7],[8]. EMPIR funded project 

adOSSIG – “Developing an infrastructure for 

improved and harmonised metrological checks of 

blood-pressure measurements in Europe” aims to 

improve the reliability and accuracy of blood 

pressure measurements by developing an advanced 

oscillometric signal generator (aOSG).  

The project goal is to build and evaluate an 

oscillometric signal generator, capable of 

generating oscillometric blood pressure pulses 

indistinguishable from real physiological human 

signals. The overall aim of the adOSSIG project is 

“to develop sustainable metrological research 

capabilities to provide traceability for blood 

pressure measurement in Europe”. This includes the 

development of the aOSG itself, investigation of 

possible role of this device as an absolute blood 

pressure standard to carry out in-depth checks of the 

performance of SM, development of test procedures 

for the simulator and development of dynamic 

pressure traceability for the aOSG itself, 

accompanied by implementation of smart 

specialisation concept for blood pressure 

measurements [9].  

Figure 2: Main mechanical components of the aOSG. 

Oscillometric pulses are generated in chamber (1) by 

movement of a diaphragm connected to lever (2) and 

step-motor (3).  
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1.4. Experimental sphygmomanometer 

evaluation 

In this paper, the comparison of performance 

results of 11 commercially available 

sphygmomanometers tested by aOSG is presented.  

2. SPHYGMOMANOMETER

EVALUATION 

The aOSG has been developed and tested by 

German metrology institute PTB early in the project. 

The key component of the simulator is an extensive 

database of real-life oscillometric signals that was 

made available to the project participants by the 

Newcastle University. The database was created 

previously as part of another research and it consists 

of more than 1300 oscillometric waveforms from 

approximately 600 people, each waveform with 

paired reference auscultatory blood pressure 

measurements.  

Additional testing of the aOSG was performed 

by the University of Ljubljana [10], where 

functionality was evaluated using a clinically 

validated SM and a commercially available blood 

pressure simulator for a comparison.  

Further testing, focused on applicability of 

developed test procedures for sphygmomanometer 

testing was conducted by CMI. The testing was 

done as part of a consumer test for Czech newspaper 

Mladá fronta DNES [11] and consisted of simulated 

clinical trial using the aOSG to test 11 recently 

bought oscillometric sphygmomanometers. 

2.1. Test procedure 

85 oscillometric signals representing 85 people 

fulfilling the criteria of ISO 81060-2 were randomly 

selected from the database. None of the selected 

waveforms was recorded on person with 

cardiovascular disease (e.g., arrythmia etc.) or 

diabetes. These signals represented 42 women and 

43 men with age from 16 to 79 years, average of 52 

years. Average blood pressure of all “test subjects” 

was 139 mmHg / 83 mmHg. Values of the systolic 

blood pressure (SBP) among the subjects varied 

from 80 mmHg to 208 mmHg, while the diastolic 

blood pressure (DBP) among the subjects varied 

from 40 mmHg to 132 mmHg. 

Testing was done in two stages: In the first stage, 

each of the sphygmomanometers was tested with all 

85 oscillometric waveforms. Average error and 

standard deviation were calculated for each of the 

tested SMs. 

In the second stage, repeated measurements were 

performed with 3 oscillometric waveforms 

representing a normal blood pressure (i.e., 126 

mmHg / 84 mmHg); waveform with maximum 

average deviation from the first stage at SBP (i.e., 

simulated BP 177 mmHg / 100 mmHg) and 

similarly, waveform with maximum average 

deviation from first stage at DBP (i.e., 185 mmHg / 

132 mmHg). Ten repeated measurements were 

performed with each waveform with all tested 

devices. The goal of the second stage was to assess 

repeatability of the measurement of the tested SMs. 

In both stages sphygmomanometers were tested 

with their respective cuffs wrapped around a rigid 

cylinder simulating a limb, simulator was connected 

by means of a T-piece, see Figure 3. Calibration and 

adjustment of the aOSG was performed with each 

simulator-cuff assembly to minimise the influence 

of difference in internal volume of cuff’s bladder. 

Figure 3: Example of test setup, sphygmomanometer 

connected to the aOSG.  

2.2. Results 

The test results are summarised in Tables 1 - 4. 

Although only 4 of the tested devices met in the 

first stage criteria of ISO 81060-2, i.e., average error 

not greater than ±5.0 mmHg and standard deviation 

not greater that 8.0 mmHg, the majority of results 

are close to these requirements. The average errors 

of the tested devices may (mis)lead to conclusion 

that all the BP measurements of these SMs are 

accurate to certain degree. Certainly, there are 

signals where all tested SMs measured the 

simulated BP with very good agreement. 

On the other hand, a non-negligible part of the 

results is burdened with significant errors. It is 

worth mentioning that the measurements in the 

second stage of testing, where the selected signals 

represented BP values 177 / 100 mmHg and 

185 / 132 mmHg respectively, were burdened by 

significant underestimations of blood pressure 

values. In the case of signal representing the BP 

177 / 100 mmHg, the SBP was in average 

underestimated by 28.9 mmHg and the DBP by 9.8 

mmHg. In the case of signal representing the BP 

185 / 132 mmHg, there was an average 

underestimation of 13.9 mmHg in SBP and 28.4 

mmHg in DBP. There were also signals where the 

tested SMs calculated one of the BP values 

accurately to certain degree while the other BP 

value was calculated with a significant deviation. 

An example of this is represented by the waveform 

of BP 109 / 86 mmHg, where the average SBP error 
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was only -1.9 mmHg, while the mean DBP error 

was -19.3 mmHg.  

We can speculate, if by choosing different 

signals the results of the first stage will be 

significantly different. Nevertheless, the first stage 

of the testing proved, that independently on the 

manufacturer, there are certain oscillometric signals 

where all tested devices provide erroneous readings. 

Second stage of the measurement proved very 

good repeatability of the measurements of the tested 

devices, although with large systematic errors.  

The results partially confirm frequently claimed 

statement, that the oscillometric method tends to 

measure blood pressure close to “normal” blood 

pressure values with acceptable errors, and the 

further the systolic or diastolic blood pressure value 

is from the “normal” value, the higher is the chance, 

that the sphygmomanometer reading will be 

incorrect. 

Figure 4: Example of results of the SM testing, Hartmann. 

Veroval at DBP. 

Figure 5: Example of results of the SM testing, Hartmann 

Veroval at SBP.  

Table 1: Results of the first stage of testing. Figures in bold mean passing the criteria of ISO 81060-2 
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SD (mmHg) 7.6 7.7 7.5 8.1 7.8 7.7 7.1 10.3 7.5 8.6 7.7 7.5 

Table 2: Results of the second stage of testing, results of repeated measurement with waveform representing normal BP 

(126 mmHg / 84 mmHg) 
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-2.4 2.3 0.7 0.8 4.9 7.1 6.5 -9.6 -3.4 0.2 0.8 -0.3

SD (mmHg) 0.5 0.6 2.2 1.7 0.5 1.1 1.7 1.3 0.5 1.2 0.6 0.5 

Avg. error at 

DBP (mmHg) 
-3.0 -4.1 -1.5 -6.0 -5.0 -1.8 0.2 -2.7 0.7 2.6 -4.0 -4.9

SD (mmHg) 0.6 0.3 0.8 0.6 0.0 1.2 1.2 1.1 0.6 1.1 0.8 0.5 

Table 3: Results of the second stage of testing, results of repeated measurement with waveform with maximum average 

deviation at SBP during the first stage, (BP 177 mmHg / 100 mmHg) 
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SBP (mmHg) 
-28.0 -28.0 -30.6 -29.9 -29.5 -29.4 -19.9 -30.7 -30.2 -31.8 -28.7 -30.0

SD (mmHg) 0.0 1.4 1.7 1.1 0.7 1.0 2.4 4.1 0.9 1.1 0.9 0.4 

IMEKO TC11 & TC24 Joint Hybrid Conference 
Dubrovnik, Croatia | Oct 17 - 19, 2022

15



Avg. error at 

DBP (mmHg) 
-1.0 -11.4 -10.4 -13.2 -12.9 -10.3 -10.6 -9.9 -8.7 -5.1 -11.8 -12.4

SD (mmHg) 0.0 0.7 1.6 0.7 1.0 1.0 1.5 1.7 0.5 0.7 0.6 0.7 

Table 4: Results of the second stage of testing, results of repeated measurement with waveform with maximum average 

deviation at DBP during the first stage, (BP 185 mmHg / 132 mmHg) 

Device 
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Avg. error at 

SBP (mmHg) 
-10.7 -18.6 -10.5 -21.0 -20.0 -7.2 -6.3 -15.9 -6.8 -12.6 -18.2 -19.4

SD (mmHg) 0.6 0.7 2.2 1.1 0.4 0.7 1.0 9.3 0.7 0.5 0.7 0.7 

Avg. error at 

DBP (mmHg) 
-25.7 -30.6 -24.6 -32.0 -30.8 -24.3 -27.4 -30.5 -25.5 -25.0 -31.5 -32.4

SD (mmHg) 1.0 1.1 0.7 0.4 0.7 0.6 2.2 2.8 0.9 0.4 0.8 0.5 

3. SUMMARY

EMPIR project adOSSIG has one of the goals to 

build a physiology-based advanced blood pressure 

simulator. This paper describes the tests of 

applicability of the built device in 

a sphygmomanometer testing. 

An advanced oscillometric signal generator, 

capable of generating real-life physiological signals, 

is envisaged as reliable supplement for clinical 

validation of non-invasive oscillometric 

sphygmomanometers. The main difference to 

commercial simulator is the large embedded 

database of real-life oscillometric signals and its 

technical capability to accurately and reliable 

reproduce these signals.  

Using this device is a foundation for time- and 

financially undemanding in-depth testing of 

sphygmomanometers.  
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Abstract: 
Some of the problems that arise during the 

processing of the acquired photo are analyzed in this 

paper. The most commonly used software tools in 

image processing require binary photography, and its 

conversion into the binary form is required first. 

Conversion problems, and their proper solution, are key 

steps for further machine determination of dimensional 

accuracy. Removing smudges on binary photos and 

rotating displays for photo overlap methods are the 

problems that are solved in the work, in order to 

successfully prepare the photo with software for further 

determination of the dimensional accuracy of the 

product. The knowledge gained in this paper will help 

scientists, and facilitate their. 

Keywords: Digital photography; Image processing; 

Dimensional accuracy; Quality control 

1. INTRODUCTION 

Software processing of digital photos has a wide 

range of applications, processing within different 

software packages and using different methods, in order 

to use a quality processed photo for the desired purposes. 

Depending on the field of application, there are 

problems that researchers face and must be successfully 

solved in order for the software solution to make sense 

to be implemented in quality control systems. 

A review of the literature will show some of the 

areas in which software systems have been implemented. 

The paper [1] presents a developed system in which a 

programmed algorithm for automatic detection of errors 

in the production of MPCG (Mobile Phone Cover Glass) 

is incorporated. In the food industry, in paper [2] 

photographs acquired by hyperspectral cameras are 

processed by software and used for automatic detection 

of errors in the food packaging process. In the field of 

mechanical engineering, the digital photo obtained 

during laser welding in paper [3] was processed by 

software and an algorithm was developed to monitor the 

accuracy of the product. For the quartz bar industry, by 

developing quality control, a method for detecting 

bubbles in quartz bars and evaluating their quality based 

on machine vision was developed in paper [4]. In all the 

mentioned works, the key part is the photo processing 

and their successful solution to the photo processing 

problem. The problems of photo binarization [5] must 

be properly solved so that it makes sense to use the 

photo in the further process. In the following, some of 

the solutions that the researchers used in their works 

will be presented. In paper [6] the Sauvola method was 

applied for adaptive photo binarization, while in paper 

[7] and  [8] the Otsu method was used to solve the 

problem of binarization. Also in the paper [8] the 

problems of removing smudges and rotation of the 

display were considered. Methods for solving the 

problem of photo rotation are presented in [9] and [10]. 

As photo processing has become widely used as a 

means of reducing detection time and production effort 

in the paper [11], the study proposes an algorithm for 

photo processing that solves, among other things, the 

above-mentioned problems. 

By researching the literature, it can be established 

that the field of application of digital photography is 

wide and that a large number of problems are 

encountered during the software processing of 

photographs. Therefore, the focus of this paper on the 

problems of software processing of photographs are 

intended to determine the dimensional accuracy of the 

product with regard to the required tolerance 

measurements. 

2. PROBLEM DESCRIPTION AND 

RESEARCH GOAL 

In the introduction, through a brief review of the 

literature, it was possible to see that the use of 

photography to determine the dimensional accuracy of 

the product with regard to the required dimension of the 

product is not widely used in science and industry. The 

reasons, among other things, lie in the problems that 

arise on the implemented hardware and software 

solutions of computer and machine vision. The 

implemented solution acquires and processes digital 

photos, which depends on the accuracy of product 

dimensions. Part of the surface of the photo that is not 

occupied by the product is unusable, it is removed 

during processing, which reduces the number of pixels 

in the photo and thus the tolerance limits because there 

are fewer pixels in the product. Photographs taken in 

color or in shades of gray (grayscale) must be converted 

into black and white binary form (0 and 1), which is a 

prerequisite for further processing with the most used 

software tools. The software loads the photo as a matrix 
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with numbers, where each number in the matrix 

represents a pixel or a color of the photo. The problem 

arises when converting the photo into black and white 

binary form. Monochromatic photos have only black 

and white, which means that it is necessary to choose a 

shade of gray that will be the threshold value of black, 

and all other shades with a number greater than the 

threshold value are converted to white. Successful 

binarization solves an important prerequisite for further 

software preparation of the photo for the correct 

determination of the dimensional accuracy of the 

product. After binarization, smudges may appear on the 

photo caused by impurities, shadows, noises and other 

disturbances during photo acquisition or software 

processing. They can negatively affect the measurement 

of the properties of the parameters of the observed 

product region in the photo, which will be further used 

to determine the accuracy of the dimensions. Therefore, 

successful removal of smudges with binarization is an 

essential prerequisite for further determination of 

dimensional accuracy. With software packages, certain 

tools rotate the photo around its center, so it is necessary 

to crop the photo so that the product is exactly in the 

center. With the photo overlay method, in determining 

the dimensional accuracy of the product in the photo, it 

is important to center the product and orient it correctly 

so that the method is effective. Therefore, the mentioned 

problems of centering, cropping and rotation of the 

product in the photo are analyzed in this paper. The goal 

of this research is to gradually improve the algorithms 

for the above-mentioned problems of software photo 

processing, which will provide a quality solution and 

thus improve and facilitate the software preparation and 

processing of digital photos intended for determining 

the required dimensional accuracy of the product.  

3. DESCRIPTION OF CONDUCTED

EXPERIMENTAL RESEARCH

In this paper, the above-mentioned problems that arise 

during the software processing of the digital photograph 

will be considered on the acquired digital photograph of 

the rotor sample see Figure 1. 

Figure 1 Digital photograph of the rotor 

The diameter of the rotor is defined by the technical 

drawing, the samples of which are used during the first 

phase of preliminary research for the development of 

machine vision on the prototype machine for quality 

control, according to the project financed by the 

European fund for regional development (project code: 

KK.01.2.1.02.0062). For software processing, a digital 

photograph of the sample obtained in a laboratory 

environment using a Canon EOS 600D digital SLR 

camera, EF-S 18-55 IS II lens was used, see Figure 2. 

Figure 2 Used equipment during acquisition 

The digital photography was processed within two 

different software packages (Matlab and R studio). 

Already when opening a digital photo within the 

software package, problems arise caused by the high 

resolution of the photo, which greatly slows down the 

use of certain software tools. Since the photo was 

acquired in color, it must first be converted into a 

monochrome photo. This is followed by the binarization 

of the photo, which was done in one software package 

using Otsu's method and the Adaptthresh method, which 

uses an adaptive gray border. Another software package 

performed binarization using 11 different methods 

(Bernsen, Niblack, Sauvola, Wolf, Nick, Gatos, Su, 

Trsingh, Bataineh, Wan and ISauvola). Photo 

binarization was performed according to the default 

settings of each individual method within the software 

package. Due to the problems that arise when 

connecting tools from different libraries, the binarized 

photos obtained using the mentioned 11 methods were 

saved in JPEG format and were analyzed and processed 

in the first software package. For each binarized photo, 

the number of pixels that make up the surface of the 

rotor, as well as the number of pixels located on the 

largest horizontal part of the rotor (width) and on the 

largest vertical part of the rotor (height) were 

determined using software tools. As the rotor sample 

was acquired by equipment whose lens has a central 

projection, in Figure 1 you can see the appearance of the 

third dimension, which creates smudges on the 

binarized photos that cause problems and must be 

removed as well as other smudges caused by impurities 

on the surface, noises and other errors created upon 

acquisition. To solve the mentioned problem, the 

smudges removal tool was used within the software 

using the automatic settings of the tool. The number of 

pixels removed was then calculated. As with some 

binarization methods there are smudges that are larger 
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and cannot be removed by the automatic settings of the 

tool used, by combining different tools available in the 

used programs ('bwconncomp', 'regionprops', 

'labelmatrix', 'ismember'), used within the loop, simple 

algorithms have been developed to remove smudges, 

then the total number of removed pixels is calculated. 

After that, the total number of pixels in the surface of 

the rotor after the smudges were removed, and the width 

and height of the rotor were calculated. Since the 

number of calculated pixels of the rotor surface differs 

with the binarization methods used in the obtained 

photos, a problem arises when choosing a method that 

gives accurate results, which is also a key prerequisite in 

determining the dimensional accuracy of the rotor. In 

order to analyze the problem, the mean value of the 

number of smudges free rotor pixels from all 13 

methods used is calculated. The deviations of all 

methods are calculated in relation to the mean values. 

The width and height of the rotor are calculated with the 

mean value of the number of pixels of the rotor without 

smudges, and the results obtained with other methods 

are analyzed. With each binarization method, for the 

obtained value of the number of pixels of the rotor, a 

software algorithm is used to determine which threshold 

shade of gray color during binarization corresponds to 

the value of the obtained pixel numbers. An algorithm is 

then programmed so that every pixel with a shade of 

gray that is less than the smallest threshold shade of 

gray is converted to black, and every pixel whose shade 

of gray is greater than the highest threshold shade of 

gray is converted to white. While all other shades of 

gray remain unchanged. In this way, the layout of the 

pixels in the photo can be visually seen, and by 

calculating the size of the pixels in the processed photo, 

it can be concluded whether there are dimensional 

deviations or whether the dimensions of the product are 

within the tolerance limits. Photographs processed in 

this way can be used to determine the dimensional 

accuracy of the product using different methods. With 

the overlay method, the photo is binarized with a shade 

of gray according to the above-calculated mean value of 

the shades of all methods used, and the smudges 

removed where the photo processed in this way is 

overlapped over the reference photo and the 

dimensional accuracy of the product is determined. In 

order to solve the problem, it is necessary to position the 

product in the same position and the same orientation as 

the product in the reference photo. Therefore, it is 

necessary to find the center of gravity and the center of 

the product. The position of the edge pixels of the rotor 

at the top, bottom, left and right sides was determined 

by the algorithm of the repeating loop, and thus the 

center was calculated. In another way, the edge pixels 

were determined using a software tool that 

automatically calculates them, as well as a software tool 

for determining the center of gravity of the rotor. With 

the rotor, in case the stains are not well removed, the 

problem arises that the center of gravity of the product 

and the center of the product are not in the same place. 

When rotating the photo, it is important that the product 

is in the center and that the photo has the same width 

and height. In order to properly prepare the photo, 

cropping was done according to the required conditions. 

When rotating a photo, there is a deviation in the 

number of pixels depending on the angle of rotation. In 

terms of the number of pixels of the total area, the 

deviations are not significant, while the problem occurs 

at the edges of the product where, after rotation, large 

changes in the arrangement of pixels on the edge can be 

observed. The analysis of the problem is considered by 

rotating the photo by half a degree and by one degree. 

By analyzing and researching the above-mentioned 

problems, the goal is to find an algorithm that will 

facilitate the software processing of digital photography 

to determine the required dimensional accuracy of the 

product. 

4. RESULTS OBTAINED

Photo binarization was performed with 13 different 

methods within 2 different software packages. Software 

tools were used to calculate the number of pixels 

representing the surface of the rotor, as well as the 

number of pixels in the width and height. The results are 

shown in Table 1, where it can be seen that the 

Adaptthresh method has an area of 13625262 pixels 

which is the most, while the Gatos method has the least 

(828255 pixels). The width and height of the 

Adaptthresh, Bernsen and Niblack methods differ 

greatly compared to the other methods. 

Table 1 Features of the rotor after binarization 

Binarization 

methods 

Area 

(pixels) 

Width 

(pixels) 

Height 

(pixels) 

Otsu's 2562799 2242 2246 

Adaptthresh 13625262 4607 3455 

Bernsen 8961137 4607 3455 

Niblack 9537052 4607 3455 

Sauvola 1113171 2241 2245 

Wolf 1318170 2241 2245 

Nick 967796 2240 2244 

Gatos 828255 2241 2245 

Su 1558446 2240 2244 

Trsingh 1067834 2241 2244 

Bataineh 2660714 2242 2247 

Wan 2058419 2243 2246 

ISauvola 1108493 2241 2245 

The reason for the large deviation in the surfaces is 

the appearance of smudges, i.e. pixels that are not an 

integral part of the rotor surface. Table 2 shows for each 

method the number of pixels removed using the 

software tool Bwareaopen according to the default 

settings of the tool. Since it is impossible to remove all 

smudges with the mentioned tool, pixels that are not 

part of the rotor surface were removed by the software 

tools mentioned above. Table 2 shows the total number 

of removed pixels. 

Table 2 The number of pixels of the smudges 

Binarization 

methods 

Bwareaopen 

default 

Total number of 

the smudges 

OTSU's 21136 21136 

Adaptthresh 34382 10862125 

Bernsen 1538055 6395664 

Niblack 556805 6962227 
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Sauvola 126840 1394263 

Wolf 289595 1184584 

Nick 108742 1533448 

Gatos 28681 1672989 

Su 156732 939738 

Trsingh 100972 1421742 

Bataineh 10090 18281 

Wan 111640 772626 

ISauvola 122162 1398941 

Table 3 shows the pixel counts of the rotor surface 

for each method after the smudges have been removed. 

The Wan method has the rotor surface with the most 

pixels, while the Trsingh method has the smallest 

surface. Their difference gives a deviation of 341469 

pixels. Using the algorithm, the threshold shade of gray 

color corresponding to the calculated surfaces was 

calculated, for each method it is shown in Table 3. With 

the Wan method, the threshold shade is 162 and with 

Trsingh 57. Table 3 shows the pixel numbers 

representing the width and height of the processed rotor. 

With the Adaptthresh, Bernsen and Niblack methods, 

the width and height decreased significantly after 

removing the smudges. By calculating the mean value 

of the number of pixels of the rotor surface of all 13 

methods, a surface with a number of pixels of 2572525 

pixels is obtained, which corresponds to a shade of gray 

of 107. Then the photo is binarized according to the 

calculated mean value of the gray color shade, spots are 

removed and the width containing 2242 pixels and the 

height with 2246 pixels are calculated (Table 3).  

Table 3 Features of the processed rotor 

Binarization 

methods 

Processed 

rotor 

(pixels) 

Shades 

of gray 

Width and 

height 

OTSU's 2541663 97 2242x2246 

Adaptthresh 2763137 143 2243x2247 

Bernsen 2565473 105 2242x2246 

Niblack 2574825 108 2243x2246 

Sauvola 2507434 75 2241x2245 

Wolf 2502754 71 2241x2245 

Nick 2501244 69 2241x2245 

Gatos 2501244 69 2241x2245 

Su 2498184 66 2241x2245 

Trsingh 2489576 57 2241x2244 

Bataineh 2658815 126 2243x2247 

Wan 2831045 162 2244x2249 

ISauvola 2507434 75 2241x2245 

Mean 2572525 107 2242x2246 

In order to visually display the pixels that are within 

the limits of deviation and their position, each shade of 

gray color smaller than 57 and larger than 162 was 

converted into white color using the algorithm, while 

the other shades of gray color remained unchanged 

(Figure 3). 

Figure 3 Display of shades of gray from 57 to 162 

Another way to visually display pixels within 

deviation limits is by using the enlarged view of the left 

edge (Figure 4). The black color represents the surface 

of the rotor, while the shades of gray are the deviation 

limits. 

Figure 4 Enlarged view of the rotor with the deviation 

limits 

When rotating a photo display, it is crucial that the 

rotor is cut so that it is in the center of a digital photo 

that has the same width and height. Table 4 shows the 

coordinates of the center of the rotor, on the basis of 

which the center of the photo is determined and the 

photo is cropped to dimensions 2261x2261, which is 

arbitrarily chosen and must be more than the dimensions 

of the rotor and an odd number. The coordinates of the 

center of gravity of the rotor are shown in Table 4 and 

differ slightly from the coordinates of the center of the 

rotor. 

Table 4 Coordinates of the center of gravity and the 

center of the rotor 

X Y 

Center of gravity 2085.4 1796.2 

Rotor center 2086.5 1796.5 

With rotation, there is a problem where the pixels 

are not properly distributed along the edge of the rotor. 

Figure 5a shows an enlarged part of the rotor that has 

not been rotated, while Figure 5b shows the same 
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enlarged part of the rotor that has been rotated by 22° 

clockwise. 

a b 

Figure 5 Non-rotated and rotated part of the photo 

In order to analyze the problem that arises in digital 

photos when rotating the photo of the rotor will be 

rotated 180º clockwise and vice versa. Then the number 

of pixels in the surface of the rotor and the number of 

pixels on the outer edge of the rotor are calculated. 

Figure 6 shows the dependence of degrees of rotation on 

the number of pixels in the rotor surface, while Figure 7 

shows the dependence of degrees of rotation on the 

number of pixels on the outer edge of the rotor. 

Figure 6 Diagram of the dependence of the number of 

surface pixels on the angle of rotation 

Figure 7 Diagram of the dependence of the number of 

edge pixels on the angle of rotation 

By analyzing Figures 6 and 7, the values of the 

pixels with the highest value and with the lowest value 

are determined. The difference between the largest and 

smallest rotor surface is shown in Table 5, where the 

first row represents the difference in surface where the 

angle increased by 0.5 degrees, and the second row is 

the difference in surface with an increase in angle by 1 

degree. The results of the number of edge pixels were 

analyzed in the same way. 

Table 5 Maximum deviations of the number of surface 

and edge pixels during rotation 

Area 

difference 

Edge 

difference 

0.5 degree 234 5600 

1 degree 215 5479 

5. SUMMARY

The researched problems arising from the software 

processing of the digital photograph intended to 

determine the dimensional accuracy of the acquired 

rotor enabled valuable knowledge that will greatly help 

scientists in this type of research. When binarizing 

according to the default settings of the tool, there were 

large deviations in the results of certain methods, which 

were obvious errors. Methods such as Adaptthresh, 

Bernsen, and Niblack led to a large increase in the 

number of pixels because the selected grayscale 

threshold included a large number of background pixels 

in the surface of the object. On the other hand, the 

Sauvola, Wolf, Nick, Gatos, Su, Trsingh and ISauvola 

methods apparently excluded a large number of pixels 

from the rotor surface that belong to it. The main reason 

for poor results is improperly acquired digital 

photography because the appearance of shadows or the 

third dimension causes problems that cannot be 

completely removed by software. The default settings of 

certain methods can also be the cause. With the tool 

used to remove smudges, in addition to the automatic 

settings, the settings for the number of pixels of the 

smudges to be removed are also set. With certain 

binarization methods, the connected area of smudges are 

so large that in case of their removal, certain rotor 

surfaces will also be removed, therefore special 

algorithms were programmed to avoid the mentioned 

problem and calculate the surface of the rotor without 

smudges. Whereby a new problem arises in the case of 

serial production of a large number of samples and/or 

using different acquisition devices, the processing of the 

photo would become time-consuming and complicated 

because the mentioned algorithm would have to be 

modified and adapted to the observed photo. With 

certain methods, in addition to the removal of smudges, 

it was necessary to add pixels that are part of the rotor 

and were deleted during binarization. Therefore, in 

Table 2, the last column shows the total number of 

smudges that were removed by the Bwareaopen tool and 

the added smudges calculated by the algorithm. As there 

are large deviations in the number of pixels of the rotor 

surface of all methods, the mean value of the number of 

pixels of the rotor surface has the largest diameter of the 

rotor of 2246 pixels. This for the actual rotor diameter 

of 34.2mm tolerance limits ± 0.04mm gives a projected 

pixel size of 15.23 µm which means that the deviation 

within ± 2 pixels meets the tolerance requirements. 

Looking at Table 3, it can be concluded that the 

deviations of the other methods are greater than ±2 

pixels, which in this case would not meet the tolerance 

requirements. As the rotor has the largest dimensions of 

IMEKO TC11 & TC24 Joint Hybrid Conference 
Dubrovnik, Croatia | Oct 17 - 19, 2022

21



2246, the photo is cropped to 2261x2261 so that during 

rotation the pixels are not lost, which can move and 

increase in size due to the initial orientation and shape 

of the rotor. It is also crucial to position the center of the 

rotor in the center of the photo because with most 

software tools the rotation of the photo display is 

performed around the center, otherwise the rotor rotates 

eccentrically and gives incorrect results when 

overlapping photos. Which leads to the conclusion that 

the photo should be cropped to an odd number of pixels 

in order to be able to determine the central pixel around 

which the rotation is performed. As the shape of the 

rotor is symmetrical with slots equally spaced every 45º, 

it is sufficient to rotate the display only ±22.5º. When 

rotating the photo display, it can be concluded that the 

minimal deviations in the number of pixels are on the 

surface of the rotor. By rotating by ± 180º, the number 

of pixels on the surface of the rotor is periodically 

changed every 90º, which is also the case with the 

number of edge pixels. While rotation greater than ±10º 

results in large deviations in the number of pixels on the 

edge of the rotor, which creates major problems when 

the edge is the variable with which dimensional 

accuracy is determined. 

As in this paper, for consideration of certain 

problems of software photo processing, a photo 

acquired using a central projection lens was used and 

the processing was performed using default (automatic) 

software settings, therefore, future extended research 

will use photography acquired with better quality 

equipment, a camera with a larger-sized and higher-

resolution monochrome sensor fixed on a stationary 

tripod, an orthogonal projection lens with a shorter 

minimum focus length, and illumination under the 

sample that has parallel light radiation as well as other 

recommended features in the paper [12]. The software 

tools and their different photo processing settings 

explored in this paper will also be explored. Since the 

rotor is circularly symmetrical, it is crucial in future 

research to program a binarization algorithm that will 

have the condition that the binarized rotor must have its 

center of gravity and center on the same pixel, as well as 

the condition that the width and height must have the 

same number of pixels. On the basis of future research, 

new valuable knowledge and conclusions would be 

reached, which will facilitate the software processing of 

photographs intended for determining the dimensional 

accuracy of products and would give better results. 
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Abstract: 

Radon gas is the largest source of public 
exposure to naturally occurring radioactivity. 
Radon activity concentration maps, based on 
atmospheric measurements, as well as radon flux 
maps can help Member States to comply with the 
EU Council Directive 2013/59/Euratom and, 
particularly, with the identification of Radon 
Priority Areas. Radon can also be used, as a tracer, 
to improve Atmospheric Transport Models and to 
indirectly estimate greenhouse gas (GHG) fluxes. 
This is important for supporting successful GHG 
mitigation strategies. One approach to estimate 
GHG fluxes on local to regional scale is the so-
called Radon Tracer Method (RTM), which is based 
on the night-time correlation between atmospheric 
concentrations of radon and GHG measured at a 
given station together with information on the radon 
flux data within the station footprint. Thus, 
atmospheric monitoring networks are interested or 
are already measuring atmospheric radon activity 
concentrations using different techniques but a 
metrological chain to ensure the traceability of all 
these measurements was missing.   

Since 2020 a large consortium engaged in the 
project traceRadon [1] to develop the missing 
traceability chains to improve the respective sensor 
networks http://traceradon-empir.eu/ . This paper 
presents results in the areas:  Novel 226Ra standard 
sources with continuous controlled 222Rn emanation 
rate, radon chambers aimed to create a reference 
radon atmosphere and a reference field for radon 
flux monitoring. The achieved results are making 
new calibration services far beyond the state of art 
possible.   

Keywords: radon calibration; radon flux 
calibration; traceRadon; radiation protection; 
climate observation 

1. INTRODUCTION 

Naturally occurring radon is the cause of most of 
the population's exposure to ionizing radiation. 
Radon is at the same time a highly efficient tracer 
for understanding atmospheric processes, 
evaluating the accuracy of chemical transport 
models, and providing integrated emission 
estimates of greenhouse gases. A metrological 
system for measuring atmospheric radon activity 
concentrations as well as the radon flux from the 
soil is therefore needed for atmospheric, climate, 
and radiation research. The particular challenge lies 
in the low activity concentrations of radon in 
outdoor air from 1 Bq∙m-3 to 100 Bq∙m-3, where 
below 100 Bq∙m-3 there is currently no metrological 
traceability at all. Thus, measured values of 
different instruments operated at different locations 
cannot be compared with respect to their results and 
exchange processes cannot be followed.   

To remedy this situation, a suitable new 
metrological infrastructure was developed, 
including new radioactive sources based on 226Ra, 
new calibration procedures in radon reference 
atmospheres [2, 3], and for the first time, the 
development of an infrastructure for radon-flux 
calibrations.   

2. NEW ACTIVITY STANDARDS 

The metrology of radon (222Rn is considered here) 
with respect to the representation of the unit of 
activity concentration in Bq m-3 can be 
fundamentally divided into two different 
approaches. One way to quantify radon absolutely 
is the method of Picolo [4], in which gaseous radon 
from the decay of radium (226Ra) is frozen out at a 
cold point in vacuum. The alpha particles emitted 
by the solid radon are measured at a defined solid 
angle so that the unit of activity can be traced back 
to the base units of seconds and meters. The radon 
is then returned to the gas phase and can 
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subsequently be used to produce atmospheres of 
known activity concentration.  Other methods are 
based on liquid scintillation counting [5] or 4πγ 
method [6]. The activity concentration of an 
atmosphere produced in this way decreases 
exponentially with a half-life of 3.8 days, limiting 
the counting statistics and hence the achievable 
uncertainty in the calibration of test samples. Thus, 
this approach is not suitable for representing 
reference atmospheres with activity concentrations 
comparable to those in outdoor air (< 100 Bq∙m-3).  

Figure 1: New kind of activity sources for 222Rn 
based on the principle of emanation from electro- 
deposition, implantation or vapor layered 226Ra 
activity standard. From top to bottom: Electro-
deposited 226Ra activity standard: Deposition at 30 
V < U < 200 V; Implanted 226Ra activity standard: 
Implantation of 226Ra into W / Al after mass 
separation; PIPS 226Ra activity standard: 450 mm², 
300 µm with 150 Bq 226Ra layer. 

An alternative to this method is the use of 
preparations containing radium and such that a 
portion of the resulting daughter nuclide radon is 
continuously released into a reference volume. This 
continuously replaces the radon decaying in the 
volume, resulting in a state of equilibrium, i.e., a 
constant activity concentration, after about five to 
ten half-lives [7]. 

The use of this activity concentration for 
calibration purposes requires that the released 
activity of radon can be quantified traceable to the 
SI system. 

Since the mechanism that causes the release of 
radon consists of a combination of two processes, 
on the one hand the recoil of the nuclei as a result of 
alpha decay and on the other hand the diffusion 
processes, the amount of radon released usually 
correlates with environmental parameters, such as 
relative humidity and temperature, since these 
influence the effective diffusion coefficient. In 
order to investigate these dependencies, novel 
sources were developed at PTB with the 
metrological possibility of continuous 
determination of the emanation [8]. Thus, it could 
be shown that at low penetration depth of the ion-
implanted 226Ra there is no measurable dependence 
of the emanation on the ambient humidity and only 
a small dependence on the temperature [9].  The 
absolute determination of the activity of 226Ra is 
done for this type of sources by a-spectrometry 
under defined solid angle, while the released 
fraction of 222Rn is quantified by g-spectrometric 
comparison with radon-dense sources of the same 
design. Figure 1 shows three different activity 
standards in an overview. 

On this basis, several primary 222Rn activity 
standards were fabricated that are suitable for 
representing the unit activity in the activity 
concentration range < 100 Bq·m-3 in large-volume 
climate chambers. This is due to the fact that typical 
sizes of walk-in climate chambers are 10 m³ to 30 
m³.   

A completely new approach in traceability and 
thus a milestone in metrological development is 
represented by the device. Starting from the 
challenge to require high temporal resolutions and 
at the same time to generate high counting statistics 
and thus to be able to achieve low uncertainties at 
low activities, the highest possible realizable 
detection efficiency is needed. The innovative 
approach was to coat commercially available silicon 
detectors with a thin layer of 226Ra: Integrated 226Ra 
Source/Detector (IRSD). After vapor deposition, 
226Ra is located on the surface of the silicon detector, 
so that about 50% of the radon produced is released. 
Both the alpha particles of the 226Ra and those of the 
remaining radon can thus be detected 
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spectrometrically under ambient pressure with a 
counting yield of about 50%, separately from each 
other and continuously. Since the total amount of 
radon is a conservation quantity, the continuously 
recorded alpha spectra allow the amount of released 
radon to be determined. This type of measurement 
represents a mathematical inversion and requires 
special analytical procedures. Based on the Kalman 
filter for state estimation in linear dynamic systems, 
novel algorithms have been designed and 
implemented, which can be used to calculate the 
time course of the released activity of radon and the 
associated uncertainty from the continuously 
acquired measurement data. By the described 
method, even the release of one radon atom per 
second (about 2 µBq∙s-1) can be determined on 
average within few hours integration time still with 
uncertainty around 2% (k = 1). In the future, the 
IRSD will be used to calibrate radon monitors 
continuously, automatically and with feedback at 
radon chambers but even in the field and under 
changing climatic conditions. 

3. NEW REFERENCE ATMOSPHERES 
FOR CALIBRATION OF RADON 

MONITORS 

The importance of exposure to radon in the 
population and workers was noticed by the 
European Union where in the 2013 Council 
Directive 2013/59/Euratom- the Basic Safety 
Standards Directive (BSS) was published. A 
significant part of this Directive refers to the issues 
related to the radon hazard in dwellings and 
workplaces. The EU member states were required to 
establish national radon action plans addressing 
long-term risks from radon exposures in dwellings 
and workplaces. Hence, member states needed to 
establish national reference levels for indoor radon 
concentrations, which should not be higher than 300 
Bq·m-3. This created new challenges for the radon 
dosimetry and calibrations because the previous 
limit used in certain EU member states was much 
higher and was 1000 Bq∙m-3. Among others arose 
the need for harmonization of existing radon 
measurement procedures and creating of new ones, 
ensuring the traceable calibration of radon 
measurement instruments at low radon activity 
concentrations with low uncertainties. These 
aspects have been solved over the years, inter alia, 
due to research projects like MetroRADON, 
www.metroradon.eu . 

The radon is not only addressed as the largest 
natural source of public exposure to ionizing 
radiation but also as a useful tracer for 
understanding atmospheric processes and 
estimating greenhouse gas emissions [10]. That is 
why reliable measurements of low-level radon 

activity concentrations, such as those found in the 
environment (< 20 Bq∙m-3), are important both for 
organizations responsible for radiation protection 
and climate research. Despite the enormous changes 
in radon metrology that have occurred in recent 
years the activity concentrations below 100 Bq∙m-3 
have not been subject to metrological research so far. 
This evokes new challenges which are the 
development of traceable methods and robust 
technology for measurements of environmental 
low-level radon activity concentrations and radon 
fluxes. Both are important to derive information on 
greenhouse gas fluxes in the environment and 
therefore important for reduction strategy planning.  

Properly defined closed volume is necessary to 
create the reference radon atmosphere. In 
calibration laboratories two types of radon 
chambers are used. The first type is a large container, 
typically the volume of such chambers is greater 
than 10 m3. Often designed as a walk-in chamber 
with an air-lock, allowing entry and exit with the 
minimum disturbance in the radon atmosphere. The 
second type of radon chambers are small containers 
only for the equipment under test. The volumes are 
usually less than 1 m3. The large radon chambers, 
due to their large volume, allow to perform 
intercalibrations of active radon monitors or 
calibration of devices measuring potential alpha 
energy concentration defined as [11]: “The 
concentration of short-lived radon-222 or radon-
220 progeny in air in terms of the alpha energy 
emitted during complete decay from radon-222 
progeny to lead-210 or from radon-220 progeny to 
lead-208 of any mixture of short-lived radon-222 or 
radon-220 in a unit volume of air. The SI unit for 
potential alpha energy concentration is J m-3”. The 
smaller radon chambers are usually used to 
exposition of passive detectors in reference radon 
activity concentration.  Radon chambers with a 
volume of about 1 m3 represent an interesting option 
for calibration laboratories, allowing a successful 
approach for the calibration of both active and 
passive radon monitors. 

Radon chamber is not only “radon container”, 
but also a system that ensure the maintenance of 
radon concentration inside and appropriate 
environmental conditions. The most frequently 
monitored parameters are temperature, relative 
humidity, atmospheric pressure, the ambient aerosol 
concentration, size distribution of radioactive 
aerosols, the radon decay products concentration 
and fractionalization, equilibrium factor of radium-
radon gamma-ray dose or dose rate. The System for 
Test Atmospheres with Radon (STAR), also called 
“Radon Chamber”, has four inseparable parts: the 
equipment to containing the atmosphere, the 
equipment to produce the atmosphere, the reference 
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atmosphere thus created, and the equipment and 
methods to monitoring the atmosphere [12]. 
Devices used to characterise the atmosphere shall be 
traceable to a primary standard. 

Table 1 shows radon chambers features 
presented in this article. These chambers fulfil the 
requirements of a STAR. One essential part of the 
system is the reference radon monitors used to give 
the radon concentration inside. In the three cases 
exposed, the radon monitors are calibrated in the 
Bundesamt für Strahlenschutz (BfS), accredited by 
the national accreditation body for the Federal 
Republic of Germany DAkkS according to the ISO 
standard 17025, which is traceable to the national 
standards of the National Metrology Institute (PTB) 
[13]. In order to validate the two types of low-level 
222Rn emanation sources developed within the 
traceRadon project, comparisons measurements 
will be performed in low-level radon calibration 
chambers. Based on a protocol these sources are 
going to be measured also at IFIN-HH radon 
chamber. The Ionizing Radiation Metrology 
Laboratory (LMRI) has developed this facility in 
the framework of national and European joint 
research projects [14]. The chamber is cylindrical in 
shape, with a volume of 1 m3 and has accessories 
used to produce radon reference atmospheres, to 
assure the international metrological traceability 
and equivalence of radon activity measurements and 
the possibility to perform reliable radon activity 
concentration measurements. Recent testing and 
improvement of the radon chamber tightness and 
traceability capacity have been done using the 
reference instruments and standard radon gas 
sources, thus obtaining designation by the 
Romanian Nuclear Authority, National 
Commission for Nuclear Activities Control 
(CNCAN) as Calibration Laboratory for 
instruments measuring radon activity concentration 
in air, according to the ISO standard 17025. The 
laboratory is performing already calibrations of in-
field radon measurement instruments, belonging to 
various Romanian users.  

Two radon chambers are located in Central 
Laboratory for Radiological Protection, which is the 
only laboratory in Poland that has accreditation (in 
accordance to ISO/IEC 17025) in the field of 

calibration of radon activity concentration and 
potential alpha energy concentration monitors. One 
of them is the walk-in radon chamber with a volume 
of 12.3 m3. The chamber has the option to set the 
temperature and relative humidity in a wide range. 
The second one is a small cylindrical shape, tight 
container with a volume of 1 m3. This newly 
developed radon chamber is planned to be used for 
creating low-level reference radon atmospheres 
using new low-activity sources developed under the 
traceRadon project. So far, to generate the 
reference radon atmospheres, two certified dry 
flow-through radon sources by Pylon 
Electronic Development Co. have been used. 
Their activities are 137.3 kBq and 502.5 kBq. 

The radon chamber of the University of 
Cantabria (UC) is the only Spanish one for calibrate 
radon activity concentration of radon monitors and 
radon exposure of passive detectors according to 
ISO/IEC 17025 accreditation. It is a cubic shape 
stainless steel container with 3.25 mm wall 
thickness and an internal volume of 1 m3. Access to 
the chamber is provided by removing the top lid of 
the chamber, it also allows access through three 
circular holes of 80 mm diameter, commonly used 
to introduce and remove passive detectors without 
disturbing the radon inside during the process. 
Inside, radon measurement equipment can be 
inserted at different heights. To homogenize the 
internal concentration, a fan is provided which is 
always working during the exposures. The radon 
sources available to generate the reference 
atmosphere are certified sources model Pylon RN-
1025 (Pylon Electronics Inc.) and sources prepared 
from powder with high 226Ra content and 
encapsulated in PVC jar which provide a constant 
radon diffusion rate. The radon monitors with 
traceability to international standards are the 
Atmos12 (Gammadata Instruments AB) and the 
AlphaGUARD (Saphymo GmbH). These devices 
are connected to a computer located outside the 
chamber in order to know the concentration in real 
time. The radon concentration inside the chamber 
can be controlled and modified through the use of 
an open-air circuit that includes a pump that extracts 
air from inside the chamber. 

Table 1: Radon chambers features of CLOR, IFIN-HH and UC. All chambers provide services like calibration 
of active monitors, and exposure of passive detectors.  

CLOR IFIN-HH UC 
V (m3) 12 1 1 
Radon concentration range 
(Bq·m-3) 100 to 50 000 100 to 10 000 250 to 11 000 

Calibration and Measurement 
Capability (CMC) (k=2)  7% 5% 5% 
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Accreditation According to ISO 17025 Designation according to 
ISO 17025 According to ISO 17025 

Reference devices AlphaGUARD AlphaGUARD DF2000 AlphaGUARD Atmos12 
Traceability To BfS Reference Chamber 

Environ-
mental 
conditions  

Adjustable 
Temperature, Humidity, 
Ambient aerosol 
concentration 

- - 

Monitored 
Temperature, Humidity, 
Pressure, Size distribution 
of radioactive aerosols 

Temperature, Humidity, 
Pressure 

Temperature, Humidity, 
Pressure 

4. FROM SOIL TO ATMOSPHERE: 
REFERENCE FIELDS FOR RADON FLUX 

MONITORS 

The exhalation bed facility held in the Laboratory 
of Environmental Radioactivity, University of 
Cantabria (LaRUC), acts as a standard flux source of 
radon activity across a defined area per time. Thus, 
its aim is to be used to calibrate continuous radon flux 
systems, that can be used as a transfer standard for 
test validation of existing radon flux monitors by 
comparison campaign in field or on the same 
exhalation bed under laboratory conditions. The 
exhalation bed facility consists in two exhalation 
beds, one with a high radon exhalation rate and 
another with a low radon exhalation rate (see Figure 
2). The design of each exhalation bed consists in five 
stainless steel welded plates shaping a box with the 
upper part open with an effective surface of 1 m3. 
This configuration avoids the leakages through the 
plates and force radon to escape on the top surface. 
The materials chosen to constitute the exhalation 
beds were selected in base of its radioactive content 
and properties such as soil texture, structure, dry bulk 
density, porosity, etc. The soil for the high exhalation 
bed was collected from the former Spanish uranium 
mine located in Saelices el Chico (Salamanca, Spain), 
managed by the Spanish National Uranium Company 
ENUSA. In case of the low exhalation bed soil, it was 
taken from the Fos-Bucraa mine (western Sahara). 
The materials were dried, sieved and homogenized 
before putting into each container.  
During the intercomparison campaigns in the 
framework of the traceRadon project two different 
areas were tested [17]. The high radon flux field is 
within the land of a former uranium mine managed 
by the Spanish Uranium Company (ENUSA), located 
in Saelices el Chico (Salamanca, Spain). The average 
soil radium concentration in this area is (814 ± 65) 
Bq∙kg-1 (k=2). The reference radon flux value 
obtained during the intercomparison campaign was 
2364 Bq∙m-2∙h-1 with a standard deviation of 1172 
Bq∙m-2 h-1. The low radon flux field is located in Esles 
de Cayón (Cantabria, Spain), a usual soil with an 
average radium concentration of (29 ± 3) Bq∙kg-1 
(k=2). In the low area the reference value obtained 

was 50 Bq∙m-2∙h-1 with a standard deviation of 15 
Bq∙m-2∙h-1. Moreover, the is a good agreement 
between the consensus values obtained 
experimentally and the output of the model proposed 
by [18] correcting the radium concentration 
considered using the data measured in field. 

 

 
 

 
 
Figure 2: Picture of the Exhalation Beds: Brown, 

to the top: high radon flux, grey, to the bottom: low 
radon flux. 

 

5. SUMMARY AND CONCLUSION 

The activities developed and performed within the 
traceRadon project took steps forward to increase the 
metrological capabilities of low atmospheric radon 
concentrations calibration and monitoring in the 
range below 100 Bq m-3. This includes up to now: 

― the development of new primary 222Rn activity 
standards suitable for representing the unit activity in 
the range below 100 Bq m-3 in the established walk-
in radon chambers. 

― the first successful calibrations in the new 
reference atmospheres radon monitors using the new 
developed activity standards. 

― the development of laboratory exhalation beds 
tests for the calibration of radon flux monitors. 
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― intercomparison campaigns in two types of 
fields, low and high radon exhalation rates. 

The results obtained in the above-mentioned 
activities feed into the traceRadon project with 
respect to radionuclide metrology and radiation 
protection at the environmental level. Knowledge of 
such joint efforts can offer a solid background in 
providing more accurate and traceable results for 
these measurement methods, being even more 
challenging due to the outdoor environment. 
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Abstract: 
Low quality of the air is becoming a major 

concern in urban areas. High values of particulate 

matter (PM) concentrations and various pollutants 

may be very dangerous for the human health and the 

global environment. The challenge to overcome the 

problem with the air quality includes efforts to 

improve healthy air not only by reducing emissions, 

but also by modifying the urban morphology to 

reduce the exposure of the population to air 

pollution.  

The aim of this paper is to analyze the influence 

of the green zones on air quality mitigation through 

measurements, and to identify the correlation with 

the meteorological factors.  

Keywords: air pollution monitoring; PM 

concentrations measurements;   meteorological 

factors 

1. INTRODUCTION

Among the highest environmental risks for 

human health is air pollution. Major air pollutants in 

urban cities include particulate matter (PM), sulphur 

dioxide (SO2), carbon monoxide (CO), ozone (O3), 

nitrogen oxides (NOX), and volatile organic 

compound (VOCs) [1].  

Except for human health, these pollutants can be 

serious danger to monuments and artwork, 

especially the memorials located in the city centres 

[2]. Research presented in [3], [4] show an increased 

rates of death, that have been associated with an 

increased air pollutants concentration (such as O3, 

PM and SO2). According to the report presented in 

[5], air pollution is a major cause of death in many 

European countries, responsible for more than 

400000 premature deaths.  

Various methods to deal with the air pollution 

are presented in many research works. One simple 

and innovative solution that is being applied for 

some time in many countries is by implementing 

green walls, green facades and green buildings for 

air pollution mitigation. Such measurement systems 

have been applied in many countries such as: 

Switzerland, Sweden UK, USA, Spain [6]. Some of 

the benefits of implementing vertical green walls 

and green roof surfaces on facades of the buildings 

are: improving the thermal characteristics of the 

objects, reducing the noise level as well as reducing 

the energy requirements of the facilities which lead 

to an air quality improvement [7]. 

In order to overcome the urban environmental 

problems some authors have analysed the effects of 

vegetation, particularly trees, on cooling urban air, 

shading buildings and absorbing gaseous air 

contaminants [8],[9]. Researchers in [8] measured 

the influence of the tree planting and re-roofing on 

ambient temperatures and air pollution. The 

experiments derive that the ambient temperature can 

be lower by up to 3° C and the air around the 

building can be cooler by implementing trees 

combined with cool roofs. In other works 

researchers have examined that the levels of air 

pollution can be reduced when wind blows, the 

particulates (PM2.5 and PM10) stick to the leaves 

and stems of the plants [10]. 

The research presented by [11] shows that the 

green area mitigates the PM of 2.5 or less 

micrometers (PM2.5) on average by 25% and PM 

of 10 or less micrometers (PM10) on average by 37% 

compared to the neighbouring non-green areas. The 

results show a strong correlation between PM2.5 

and PM10, while the combination of low 

temperatures, high humidity and no, or low wind 

speed lead to high PM concentrations. The results 

presented in [12] show that the weather information 

parameters such as wind, temperature and humidity 

are correlated with air pollution, which allows to 

pose a machine learning air pollution model based 

on weather information and historical measurement 

data on the pollution. 

Air quality measurement system consists of 

wireless sensor nodes (WSNs). Each sensor node 

includes a power unit, sensors for different gaseous 
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pollutants measurement, a microprocessor and a 

transceiver. The air quality monitoring system is 

developed as a low - cost and energy - efficient 

replicable system, confirmed in the analysis 

presented in [13] and are associated with its 

implementation, replication and the consumption of 

the WSNs.  

The paper researches related to the estimation of 

the impact of the relative position of the 

measurement sensors and the disposition of the 

green zones will be presented. The investigations 

will provide analysis on the particular influences of 

the meteorological factors, such as wind speed and 

direction, relative humidity, and temperature on air 

quality and their impact on particulate matter 

mitigation, based on measurement data, and 

argumented prognosis which parameter has the 

highest influence on the PM concentrations. 

2. METHODS

The experimental measurement set up is located 

on a position near the Faculty of Electrical 

Engineering and Information Technologies in 

Skopje.  

2.1. Test equipment 

In order to see the influence of the green areas, 

movement of traffic and people, different position 

of the sensor nodes were chosen. Near the location 

of the sensor nodes there is a small green area (as a 

part of the building patio), one small building and a 

parking place. As depicted in Figure 1, the sensor 

node 1 is close to the pedestrian pavement, sensor 

node 2 is located near the green area and node 3 is 

positioned close to the Faculty parking place. 

Figure 1: Position of the sensor nodes at the Faculty 

building 

Position of the sensor nodes was chosen to be on 

different locations in order to see the influence of 

the environment and meteorological factors on the 

air pollution reduction.  

2.2. Measurement system description 

The originally developed measurement system 

based on wireless sensor network technology is 

composed of particulate matter and gas sensors for 

monitoring the parameters of the air quality. The 

measurement monitoring system consists of three 

sensor nodes each of them containing four sensors 

and a Wi-Fi module integrated on a single-board 

controller. Sensors integrated in each node can 

measure the following parameters: particulate 

matter 2.5 or less micrometers (PM2.5), particulate 

matter 10 or less micrometers (PM10), CO and NO2. 

Figure 2: Sensor node box including sensors, 

microprocessor, Wi-Fi module 

 SDS011 [14] is an integrated PM2.5 and PM10 

sensing unit for measurement the concentration of 

particulate matter. The principle of operation is by 

using the technique of laser scattering. This sensor 

unit can get the particle concentration between 0.3 

and 10µm. The basic characteristics of this unit are: 

accurate, reliable and quick response. Less than 10 

seconds is the response time when the scene 

changes. The resolution of the sensor unit is 

0.3μg/m3.  

A combined CO and NO2 used for these 

measurement set-up is MiCS-4514 [15]. These are 

two sensors in one SMD package with miniature 

dimensions. High sensitivity, wide detection range 

and low heater current are some of the main 

characteristics of this sensor unit. Detection of the 

polluted gases can be achieved by measuring the 

sensing resistance of both sensors: reduced sensor 

resistance in the presence of CO decreases, while 

oxygen sensor resistance in the presence of NO2 

increases.   
The integrated controller is responsible for 

processing the data, before they are transmitted to 
the network. ESP32-WROOM-32D [16] is a 
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powerful module that covers wide range of 
applications, from low – power sensor networks, to 
the most demanding tasks like voice encoding, 
music streaming. At the core of the module is the 
ESP32-D0WD chip. ESP32 combines a set of Hall 
sensors, capacitive touch sensors, SD card interface, 
high speed SPI, UART, Ethernet, I2S and I2C. The 
sleep current mode of the ESP32 chip is less than 5 
μA. This value of the sleep current mode makes the 
module suitable for battery powered and wearable 
electronics applications. ESP32 supports a data rate 
of up to 150 Mbps, and 20.5 dBm output power at 
the antenna to ensure the widest physical range.  

The task of the Wi-Fi module is to send the data 
to the closest router at the Faculty building. The data 
is then uploaded on an open platform (Internet of 
Things open platform, 2020) and can be monitored 
on-line or downloaded for additional analyses. 

Further information and technical specifications 

of the used hardware can be found in [11]. 

The sensor node box including sensors, 

microprocessor and the Wi-Fi module is shown in 

Figure 2.  

3. AIR QUALITY GUIDELINE VALUES

FOR PARTICULATE MATTER 

CONCENTRATION  

The range of the negative effects of the polluted 

air is wide, but are predominantly to the respiratory 

and cardiovascular systems. The risk categories of 

the population may vary with health problems or 

age.  

An annual average concentration of 10 µg/m3 

was chosen as the long-term guideline value for 

PM2.5, while the annual average concentration of 

20 µg/m3 was chosen as the long-term guideline 

value for PM10. The short-term guide value for 

PM2.5 was chosen to be 25 µg/m3, while the same 

value for PM10 was chosen to be 50 µg/m3. 

Besides the guideline value, three interim targets 
(IT) are defined for PM2.5 as presented in Table 1. 
These have been shown to be achievable with 
successive and sustained abatement measures. Many 
countries including Republic of North Macedonia 
may find these interim targets particularly helpful in 
gauging progress over time in the difficult process of 
steadily reducing population exposures to PM.  

Table 1: WHO air quality guidelines and interim targets for particulate matter: annual mean concentrations [17]

PM10 PM2.5 Basics for the selected level 

Interim target -1 

(IT-1) 

70 35 These levels are associated with about a 15% higher long-term 

mortality risk relative to the AQG level. 

Interim target -2 

(IT-1) 

50 25 In addition to other health benefits, these levels lower the risk of 

premature mortality by approximately 6% [2–11%] relative to the 

IT-1 level. 

Interim target -3 

(IT-1) 

30 15 In addition to other health benefits, these levels reduce the mortality 

risk by approximately 6% [2-11%] relative to the -IT-2 level. 

Air quality 

guideline 

20 10 These are the lowest levels at which total, cardiopulmonary and lung 

cancer mortality have been shown to increase with more than 95% 

confidence in response to long-term exposure to PM2.5 

4. MEASUREMENT RESULTS

The air quality measurement system has started 

with the acquisition of the measurement data in 

May 2018 at the Faculty of Electrical Engineering 

and IT in Skopje.  

This paper presents measurement periods taken 

during the summer months concentrating on the 

period June 2020-October 2020, which was the 

period when the World Health Organization (WHO) 

declared COVID pandemic. The measurement set 

for the period December 2018-February 2019 when 

the air pollution is usually higher compared to 

summer months was already presented in [11]. The 

highest PM concentrations, which reach the values 

of 306 µg/m3 for PM2.5 and 391 µg/m3 for PM10 

and occurred around midnight on 19th of January 

2019, have been measured. These values are far 

above the allowed annual average PM 

concentrations for PM2.5 and PM10.  

In this paper the measurement period is selected 

to be during the summer months and even more 

during the COVID-19 pandemic. This was the 

period when the Faculty building and the faculty 

staff were mainly working from home, the exams 

and the lessons were held online. At that period the 

traffic in the campus was drastically reduced 

compared to the years before.  

The graphs on Figure 3 and Figure 4 present 

hourly average data for PM2.5 and PM10 

concentrations respectively, including the first 

analysed period of about 9 days, starting from 28th 

of June 2020 until 6th of July 2020, and serve to 

show typical summer days, with periods of low PM 

concentrations. Even more this is the period when 

the first anti-Covid restriction rules (quarantine) 

started according to the World Health 

Organization. The values for PM2.5 and PM10 
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concentrations are in the range of the allowed 

annual average PM concentrations. 

  The analysed periods show higher average 

values of PM concentrations during the day, then 

during the night-time. 

Figure 3: Concentration of PM2.5 for 9 days, average hourly data 

Figure 4: Concentration of PM10 for 9 days, average hourly data 

The graphs on Figure 5 and Figure 6 present 

hourly average data for PM2.5 and PM10 

concentrations respectively, for the second analysed 

measurement period of about one week, starting 

from 5th of October 2020 until 13th of October 2020 

also the period during COVID-19 pandemic, but at 

this time no quarantine rules were applied. The 

values for PM2.5 and PM10 concentrations show 

slightly bigger values compared to the first 

measurement period.  

Also, it can be noticed that the concentration of 

PM2.5 is higher at the location of Node 2 (than at 

Node 1) but lower for PM10 (it is important to note 

that this sensor is locate in the building patio). The 

highest value for PM2.5 and PM10 concentration is 

noticed at node 3, which is located near the parking 

place. 

The results presented in Figure 3, Figure 4, 

Figure 5 and Figure 6 suggest that there is a 

difference between the concentration of PM 

concentration (PM2.5 and PM10) on these three 

different locations (during the whole period, 

daytime and night-time). These results indicate that 

during night-time the level of PM concentration is 

lower compared to the PM concentration during 

daytime, which was not case during the winter 

months. The highest values for PM concentration 

for winter months were reached during night-time. 

With the regression model implemented on the 

measured data from the period June 2020-October 
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2020, the considered meteorological factors 

(temperature, humidity, pressure and wind speed) 

have more influence on the location of the Node 2 

than on the other two locations. Even more, the 

influence of the meteorological factors is more 

affected on the PM2.5 concentration than on the 

concentration of PM10, and more during daytime 

than during night-time as it is presented in Table 2. 

The analysis shows a weak negative correlation 

between the wind and PM concentration, and a 

slightly stronger correlation between the real 

temperature and PM concentrations. 

Statistical tools like Mann-Whitney and 

ANOVA [18] were deployed for estimation of the 

the influence of the sensor node location and the 

other conditions that have significant influence on 

PM concentration. Some of the derived results were 

presented in [19]. 

Table 2: Meteorological factors influence on the PM 

concentration for the observed period in % 

PM10 PM2.5 
day night day night 

Node 1 5.4 3.8 8.9 7.5 

Node 2 9.0 8.1 13.9 11.5 

Node 3 6.9 6.5 10.3 9 

Figure 5: Concentration of PM2.5 for one-week, average hourly data 

Figure 6: Concentration of PM10 for one-week, average hourly data 
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5. CONCLUSION

In this paper an air quality measurement system 

for particulate matter monitoring was presented. The 

measurement results collected for a period of few 

years indicate that particular matter concentrations 

tend to be lower in the area near to the green zones. 

The WSNs system for online monitoring of the 

measurement data and data acquisition, collected 

data that can be further analysed in order to evaluate 

the influence of green areas on PM concentration are 

analysed. The results in this paper show that position 

of the sensor nodes plays an important role when the 

PM concentration is concerned. 

In the experimental results highest concentration 

of PM2.5 and PM10 at the location of the Node 3 are 

measured, as expected, because the location of this 

node is close to the parking place.  

The measured values of PM10 concentration are 

the lowest at Node 2 (which is located in the building 

patio). The average PM2.5 concentration for the 

analysed period is slightly lower at Node 1 

(compared to Node 2), but still Node 3 shows the 

highest values.  

During the Covid-19 pandemic extreme pollution 

during the night hours were not detected. Even more, 

the PM concentration was significantly lower during 

night time. 

In this research few factors have significant 

influence in the reduction of PM concentration 

during the analysed period. The green areas at the 

Faculty patio, the reduced traffic vehicles and the 

reduced mobility of the faculty staff, have high 

impact in the reduction of PM concentration. 

Further considerations include comparison of the 

measurement data at the same period (summer 

months) during COVID pandemic and the years 

before.  
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Abstract: 

Measurement devices for form and roughness 

use the measurement probe that converts the 

displacement into an electrical signal. In addition to 

the form/roughness information, the measurement 

signal can contain undesirable noise due to 

mechanical, electrical, thermal, and other influences 

that can lead to an error in the measurement result. 

Given the growing demands to reduce measurement 

uncertainty, especially in the form and roughness 

measurement, noise is a limiting factor. 

In 2019 the EMPIR project entitled Traceability 

for contact probe and stylus instrument 

measurements (18PRT01 ProbeTrace) was 

launched. This project aims to develop traceable and 

cost-effective measurement capabilities for the 

calibration of form and surface roughness standards 

with uncertainties in the range of 10 nm to 100 nm. 

To achieve targeted uncertainties, noise reduction 

software with numerical methods for random noise 

bias reduction must be developed to pre-process 

roughness and form profile data. 

The novel method that will be investigated in the 

ProbeTrace project is based on Random Noise Bias 

Removal, where only a few repeated measurements 

are needed to obtain unbiased results. Software 

based on random noise bias reduction will be 

presented in this paper, along with the results of 

applied noise reduction to roundness measurement 

data in the Croatian National Laboratory for Length 

(FSB). 

Keywords: roundness measurement; random 

noise bias reduction; Fourier reduction; random 

component exclusion 

1. INTRODUCTION 

Noise is a limiting factor in surface roughness 

and form metrology. As noise can come from 

different sources, there are different definitions. So, 

we differentiate instrument noise, measurement 

noise, static or dynamic noise, etc. Regardless of the 

source, noise has an extraneous effect that distorts 

the signal or inhibits its measurement. Hence, noise 

is one of the main challenges in surface roughness 

and form metrology. 

The first step in the noise reduction process is to 

access the instrument and environmental noise by 

performing tests in static conditions to determine 

the noise level and characteristics. When testing in 

dynamic conditions, the effect of the measurement 

process due to the movement of instrument parts 

and dynamic contact of probe and specimen should 

be recorded. 

In case of systematic noise, i.e., spindle error in 

roundness measurement, error separation 

techniques can be conducted to reduce the influence 

of systematic error on the measurement result. If 

noise is random but with dominated frequencies out 

of the region of interest of the measurement signal, 

then filtering can be used for noise reduction. If that 

is not the case, noise reduction methods like 

averaging of subtraction methods can be applied. 

2. NOISE REDUCTION IN FORM AND 

SURFACE MEASUREMENT 

Two methods can be employed to determine the 

measurement noise, one is based on the subtraction 

technique [1], and the other is based on averaging 

technique [2]. 

The subtraction technique requires two repeated 

measurements on the sample in quick succession at 

the same position. The data of one measurement is 

subtracted from the data of the other such that the 

resulting data only contains information about the 

measurement noise. The subtraction method 

combines the variances of two identical probability 

distributions that each characterize the instrument's 

noise. [2]  

Current techniques for determining the 

measurement noise are based broadly on the 

assumption that the measurement noise can be 

decreased by averaging repeated measurements. 
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Averaging techniques used in dimensional 

metrology are presented in the paper [3]. One 

technique takes data at systematically chosen 

positions to remove errors that fit a particular form. 

Another is to take a large number of measurements 

at positions at which the errors are assumed to be 

uncorrelated. If the errors are normally distributed, 

their contribution to the averaged result reduces 

with 1/√n.  

Another approach is the application of random 

noise reduction (noise bias reduction) in form and 

surface measurement recommended by Haitjema 

and Morel [4] [5] [6], which employs three steps: 

Parameter extrapolation: 

Extrapolation of roundness parameter RONq is 

described in [5]. 

Reduction of Fourier terms: 

By reducing all Fourier coefficients, unbiased 

profile can be reconstructed by following steps: 

• the Fourier transform is taken from the 

individual profiles, and the mean profile 

• calculation given in [5] is applied to obtain 

the amplitudes of the noise-reduced profile 

• inverse Fourier transform of this corrected 

spectrum is taken 

• if a noisy frequency is encountered, the 

power may be reduced to a negative 

number. In that case, the power of the 

frequency is set to zero 

Random phase exclusion: 

The Fourier terms are sorted by statistical 

importance. Starting with the most significant 

frequency, the RONq parameter is calculated and 

compared to the extrapolated RONqobject parameter. 

If the limit is not met, the next frequency is added 

to the spectrum until RONq meets RONqobject. [6] 

A detailed explanation and calculation model can be 

found in [5]. 

3. NOISE DETERMINATION IN STATIC 

CONDITIONS 

Croatian National Laboratory for Length uses 

roundness measuring instrument Mahr MMQ3 

(Figure 1) with custom-made acquisition and 

software that incorporates all the relevant data 

analysis methods; roundness error evaluation, 

incomplete profile analysis, outlier detection, drift 

monitoring, spindle error separation with the multi-

step method, Gaussian and Spline filtering in 

Fourier space and spectral analysis [7]. 

 

 
Figure 1: Roundness device at FSB 

The accuracy and measurement uncertainty of 

roundness measurements at FSB is limited by 

spindle error and noise level. The subject of this 

paper is the determination of noise levels and the 

implementation of noise reduction methods.  

To prevent errors caused by temperature 

gradient, a roundness device is placed in a shield 

that ensures temperature deviation ± 0.05 ºC during 

the measurement process. 

The device probe has been fixed to determine the 

noise level in static conditions. The signal was 

recorded without a spindle rotation for 12 seconds, 

corresponding to the measurement time, Figure 2. 

 

 
Figure 2: Noise level - static 

The standard deviation of noise level equals s = 

9 nm, and the measurement range equals R = 54 nm. 

 A special frame was made to allow spindle 

rotation with a fixed probe position, Figure 3. In that 

way, dynamic errors of spindle rotation are included 

in the measurement signal. 

 

 
Figure 3: Measurement of noise – static with spindle 

rotation 
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Figure 4: Noise level – static with spindle rotating 

Calculated standard deviation of noise level 

equals s = 10 nm and measurement range equals 

R=59 nm. 

4. RANDOM NOISE REDUCTION  

FSB, as one of the partners in the ProbeTrace 

project, has developed a software toolset for random 

noise bias reduction based on Haitjema and Morel's 

work [4] [5] [6]. The toolset was written in Python 

as class NR with functions for Fourier reduction and 

random component exclusion methods and 

functions for calculating RONt, RONq, and 

RONqobject parameters. Upload of measurement 

data can be done from txt files. 

Random noise reduction using developed 

software has been applied to measurement data 

obtained on the precise sphere. RONt of the sphere 

from the Calibration certificate equals 14 nm, with 

expanded uncertainty of 7 nm (k = 2). 

Two sets of measurements, each with 10 

repeated measurements, have been taken for 

different orientations of the sphere, as presented in 

Figure 5. In the first set, each measurement had 

3600 points, and each measurement counted 660 

points in the second set. The probe's position in 

Figures 5 a) and 5 b) also represents the initial 

position of the measurement. 

 

  
a) First orientation  b) Second orientation 

Figure 5: Sphere measurement 
 

The results of the RONt are given in Table 1, and 

roundness profiles are presented in Figures 6 and 7. 

 

 

 

 

 

Table 1: RONt values on a precise sphere  

Measurement 

No. 

RONt - First 

orientation, µm 

RONt - Second 

orientation, µm 

1 0.344 0.299 

2 0.308 0.307 

3 0.288 0.341 

4 0.335 0.299 

5 0.324 0.298 

6 0.303 0.299 

7 0.317 0.334 

8 0.333 0.303 

9 0.340 0.353 

10 0.338 0.309 

Average RONt 0.323 0.314 

 

 
a) First orientation  b) Second orientation 

Figure 6: First roundness profile 

 
a) First orientation  b) Second orientation 

Figure 7: Repeated roundness profiles 

The results of the RONt after filtering data using 

Fourier reduction and Random component 

exclusion methods are presented in Table 2, and 

roundness profiles are given in Figures 8 and 9. 

 
Table 2: RONt values on precise sphere after noise 

reduction 

Filtering method 
RONt - First 

orientation, µm 

RONt - Second 

orientation, µm 

Fourier reduction 

method 
0.211 0.217 

Random 

component 

exclusion 

0.191 0.203 
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a) First orientation  b) Second orientation 

Figure 8: Roundness profiles after Fourier reduction 

method 

 
 

a) First orientation  b) Second orientation 

Figure 9: Roundness profiles after Random component 

exclusion 

5. CONCLUSION 

This paper presents results of roundness 

measurement of the precise sphere at FSB using a 

noise reduction algorithm. Used noise reduction 

toolset employs functions for Fourier reduction and 

random component exclusion methods based on 

Haitjema and Morel's work. 

As noise is the limiting factor in roundness 

measurement, the first part of this paper deals with 

the determination of static noise. It is determined 

that the static noise with spindle rotation turned on 

is in the range of ± 0.03 µm, which mainly comes 

from electrical and mechanical sources. Additional 

noise components resulting from the contact 

between the probe and the measuring object and 

spindle rotation errors were not examined.  

In the second part of the work, two sets of 

measurements were carried out where the sphere 

was rotated by 90 degrees concerning the spindle. 

The measurements were carried out with different 

numbers of measuring points. From the 

measurement results, it is evident that the different 

orientation has no influence on the roundness results, 

so the form of the profile can be attributed to the 

systematic error of the spindle rotation of the device, 

which is recognized as the most significant 

influence on the measurement.  

Given that the deviation from the RONt of the 

sphere from the Calibration certificate equals 14 nm, 

the measured RONt of 323 nm in the first orientation 

and 314 nm in the second orientation is primarily 

the result of a spindle rotation error and electrical 

noise in the measurement signal.  

After noise reduction using the Fourier reduction 

method, the RONt value has been reduced to 211 nm 

in the first orientation and 217 nm in the second 

orientation. A similar level of noise reduction was 

found using Random component exclusion where 

the RONt value was reduced to 191 nm in the first 

orientation and 203 nm in the second orientation. 

The difference in the number of points taken in 

different orientations did not significantly affect the 

measurement results. 

Given that the reduction of RONt value is greater 

than the determined level of static noise, it can be 

concluded that the random noise component 

resulting from the spindle rotation and contact of the 

probe with the measurement object has also been 

reduced.  

Future research will be dedicated to eliminating 

the systematic error of the spindle rotation using the 

error separation technique (multistep, reversal 

method) or the randomization method proposed by 

Hatjama and Morel, which will be the continuation 

of this research. 
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Abstract: 

This paper presents a methodology for modern 

systems integration of a legacy infrastructure. 

Commissioned in 1992 this infrastructure is used for 

large/industrial flow meter calibration and R&DI in 

Hydrology and Hydraulics. A solution for linking 

legacy devices and hardware in a new distributed 

system architecture, that foster future upgrades and 

modernization of the infrastructure, is proposed.  

The presented case study aims to overcome, in 

the industry 4.0 era, the constrains and limitations 

of proprietary legacy field bus (Modbus Plus) and 

the monolithic SCADA legacy approach and to 

provide a modern system integration towards a 

distributed IIoT architecture. 

Keywords: industry 4.0; legacy systems; 

SCADA; IIoT; system integration 

1. INTRODUCTION 

In the industry 4.0 era, the demand for 

modernization of laboratory testing and calibration 

infrastructures poses new challenges. The growing 

capabilities, along with the reduction of unit costs, 

of ubiquitous computing devices—such as 

Industrial Internet of Things (IIoT) devices, sensors 

networks, etc.—, are leading to an unprecedented 

ability of machines and devices to connect, 

communicate, and generate valuable heterogeneous 

big data sets. Thus, recently, intense efforts towards 

the digital transformation in metrology and 

especially in the Digital Calibration Certificates are 

being developed [10]. Yet, legacy systems—

hardware, software and communication field 

protocols—are often found in current laboratory 

facilities. This leads to poor system integration and 

blocks laboratories from capitalizing on the 

advantages that digitalization creates. 

In the last decade, microcomputers have become 

more powerful and affordable. Nowadays, a single 

board computer (e.g., Raspberry Pi) has several 

physical interfaces, and enough computing power to 

perform message broker [11] functions—thus 

enabling the linkage of the legacy systems with 

modern industry 4.0 systems. Combined with 

industry environment open-source software (e.g., 

OpenSCADA, Node-RED), this forges a path for 

state-of-the-art and cost-effective Supervisory 

Control and Data Acquisition (SCADA) systems 

implementations and enables the extension of the 

legacy industrial devices’ life cycle. 

A legacy system upgrade case study, at LNEC’s 

laboratory infrastructure, is presented. The 

constraints experienced with legacy industrial 

devices and the strategies implemented to 

modernize this facility and enable future upgrades 

are also discussed. 

 

List of acronyms: 

 
DDE Dynamic Data Exchange (in 

communications protocol) 

 
HMI Human Machine Interface 

 
IIoT Industrial Internet of Things 

 
OS Operating System (in computers) 

 
PC Personal Computer 

 
PLC Programable Logic Controller 

 
SBC Single Board Computer 

 
SCADA Supervisory Control and Data 

Acquisition 

 
TCP/IP Internet protocol suite 

 
VB Visual Basic 
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2. INFRASTRUCTURE AND SYSTEM

DISCRIPTION 

The Unit of Hydraulic Metrology (UHM) is a 

R&DI infrastructure jointly coordinated by the 

Department of Hydraulics and Environment (DHA) 

and the Scientific Instrumentation Centre (CIC) of 

the National Laboratory for Civil Engineering 

(LNEC), with competence and capabilities to 

develop research in Hydrology and Hydraulics and 

to provide traceability to instrumentation and 

systems applied in a wide range of measurement 

quantities, namely, flow rate (mass and volumetric), 

flow speed, volume, level, and precipitation.   

The laboratory infrastructure (Figure 1) has 

several hydraulic test benches allowing to establish 

different conditions to obtain flow rate by the 

primary gravimetric measurement using two 

weighing platforms (reaching 3 ton and 30 ton) and 

the measurement of time using universal time 

counters, all traceable to the primary standards of 

IPQ (Portuguese Institute for Quality, the 

Portuguese National Metrology Institute). The main 

experimental facility as the following operational 

capabilities: 

• volumetric flow rate ≤ 0.500 m3/s;

• mass flow rate ≤ 400 kg/s;

• nominal diameter ≤ DN 400;

• maximum operating pressure ≤ 1.0 MPa;

• power ≤ 250 kW of electric power groups;

• power ≤ 75 kW for electric pumps not

coupled to drive motors.

This Unit supports the skills that allow LNEC to 

be a Designated Institute for the flow rate and flow 

speed for liquids, according to the international 

recognition awarded by the BIPM in 2021 and 

confirmed by EURAMET in 2022. The 

management of UHM is developed according to the 

LNEC Quality Management System complying 

with the requirements of the ISO/IEC 17025 

standard [1]. 

The R&DI develops methods and apply 

processes to develop traceability and metrological 

characterization related with several other types of 

measuring instruments, namely, ultrasonic 

flowmeters, turbine meters, positive displacement 

flowmeters, differential pressure flowmeters, 

rotameters, mass flowmeters, Parshall flumes, 

among others [2-5].  

This infrastructure has human resources and 

technologies capable of promoting hydraulic 

metrology services and metrological information 

management, in a variety of areas of water resources 

management (water supply, undue inflow, 

agricultural uses and wastewater treatment), and in 

different frameworks (management entities, 

industry, manufacturers, and customers). 

Figure 1: UHM infrastructure overview 

2.1. Experimental installation description 

The experimental installation was initially 

created in 1992, for: (1) flowmeters calibration; (2) 

performance evaluation of centrifugal pumps and (3) 

performance evaluation of a variety of 

hydromechanical components of importance to the 

water industry [6,7]. This infrastructure (Figure 2) 

has 5 variable speed drives (V1 to V5) with power 

ratings ranging from 5.7 kW to 250 kW, with 3 main 

pumps (P1 to P3) and several hydraulic test benches 

with water ducts nominal diameters ranging from 

80 mm to 350 mm. The water is fed from a 350 m3 

underground reservoir and is equipped with 2 main 

water tanks installed in a weighing platform (used 

for the gravimetric method). This facility can 
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deliver up to 400 L/s flow rate and a max 6 bar for 

water pressure. 

Figure 2: UHM simplified hydraulic infrastructure overview [7] 

Figure 3: Flowmeters measurement section and legacy automation and control system architecture [6] 

The laboratory facility it’s also equipped with 

more than 30 motorized valves, a plethora of 

electromechanical devices (e.g. flow diverters for 

rapid water flow deviation) and several high-quality 

measurement instruments and devices (e.g. flow, 

pressure, temperature, mass, time).  

The automation systems consist of various 

fieldbus networks and protocols used to integrate 

the set of heterogeneous equipment and devices—

required to measure, automatic control and monitor 

the safety aspects of the facility. 

The flowmeter’s measurement section is 

targeted to perform either gravimetric or reference 
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flowmeter calibration methods. The system is 

composed of a diversity of devices and field buses 

(Figure 3). The control and monitoring of this 

infrastructure—where reliability and security are 

mandatory—relies on a Programmable Logic 

Controller (PLC) interconnected with Modbus Plus 

industrial field bus. PLC1 (Figure 3) is a Modicon 

model A984-145 and implements: (1) the command 

for the 3 main pumps P1 to P3 (from the variable 

speed drives V1 to V3); (2) the command of the 

motorized valves; (3) the command for the flow 

diverters (from variable speed drive V5); and also, 

(4) a closed loop flow control system. Several high-

quality measurement instruments are networked

with standard field buses (Modbus and IEEE488)

and connected to the PC1 with the SCADA system

that implements the Human Machine Interface

(HMI).

The HMI for all devices, as well as the control 

and monitoring of this infrastructure, is done 

through a SCADA system that is installed in a local 

PC dedicated to these tasks. The SCADA software, 

which runs in a legacy Windows Operating System 

(OS), was developed in Visual Basic (VB). The 

software was tailored to the above-described 

automation systems to perform the flowmeters 

calibration processes either by the gravimetric or the 

reference flowmeter methods (Figure 4). 

Figure 4. Legacy SCADA implementation in a 

monolithic architecture 

The Modlink [8] software implements a 

synchronous communication protocol between the 

Modbus Plus and Modbus RTU (Remote Terminal 

Unit Modbus protocol over RS323) and the DDE 

logic protocol. Modlink is a proprietary software 

solution that enables protocol abstraction between 

the physical protocols (field bus) and logic 

protocols compliant with VB. The IEEE488 

communications is implemented within VB routines 

and provides the communication to the high-quality 

measurement instruments in the infrastructure. 

3. LEGACY SYSTEMS LIMITATIONS

In general, the machinery hardware in this kind 

of infrastructure has long life cycles (more than 20 

years) and can be extended if maintenance programs 

are conducted regularly. This is often true, as legacy 

industrial communication field protocols (e.g. 

Modbus) are still used in modern industrial design 

and integration solutions. 

However, the software counterpart tends to be 

obsolete if not subjected to continuous updates (e.g. 

due to the obsolescence of the native OS’s). 

Software obsolescence is normally the bottleneck 

for the modernization and upgrades of this type of 

legacy infrastructure [9], especially the SCADA 

system, which usually depends on compatibility 

with an outdated OS. 

In this case, the legacy SCADA program was 

developed in a monolithic approach, where all field 

protocols needed to integrate in this software, to 

concentrate all remote resources and operationality 

of the infrastructure in one single unit or PC. This 

was often the design and integration philosophy 

back in the days. However, one major drawback of 

this approach is the dependency on one single unit 

or software, especially when field protocols (e.g., 

RS232) does not allow multiple drop host in the 

network. Additionally, the centralized architecture 

makes the system dependent of a single point of 

failure. Also, the centralized storage architecture 

makes it vulnerable to data loss. 

One of the most restrictive features of the current 

implemented architecture, resides on legacy 

proprietary field protocols (e.g. Modbus Plus and 

Keybus), as it depends on proprietary specific 

software (e.g. Modlink) and hardware (e.g. SA85 

and Busmaster network interfaces). Additionally, 

legacy proprietary protocols tend to be deprecated 

by obsolescence, making future modernization and 

upgrades difficult and sometimes impossible.  

The logic protocol DDE was another limitation 

that was found in this architecture—a Windows-

specific protocol, deprecated after Windows XP 

SP2, preventing future upgrades of the OS used for 

the SCADA system.  

On the other hand, legacy standard protocols are 

not vendor specific and are usually adopted in a 

variety of new hardware and software, including 

open-source solutions. Therefore, future 

architecture, design and integration should consider 

standard protocols, standard field bus, and avoid 

proprietary ones. This can benefit future upgrades 

and modernization of the overall system.  

4. DISTRIBUTED SYSTEM INTEGRATION

The emergence of modern technologies and

applications, requires the automated creation, 
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processing, and updating of the calibration 

certificates [10]. In this context, to enable an 

automated calibration procedure, the system 

architecture, by design, must allow the auditability 

of the entire process. Beyond the functional 

requirements (what it should do), the system has 

also to meet some vital nonfunctional requirements: 

reliability (maintain operation in the presence of 

faults), scalability (maintain performance when 

load increases) and maintainability (having 

effective ways to manage the system and access 

system’s health) [11]. 

Figure 5: Data streaming and messaging service distributed architecture 

Towards the modernization of this legacy 

infrastructure, the innovative approach adopts a 

distributed architecture (Figure 5). As opposed to 

the current monolithic approach—where all 

communications are concentrated in one single 

master unit—, the proposed method aims to provide, 

through standard TCP/IP protocols, remote access 

to all distributed devices and subsystems resources. 

As already stated, the advantage of using standard 

protocols relies on the acceptance of vendor-free 

hardware and software fostering new upgrades. 

Embracing the widely used internet protocols also 

enables a more flexible communication integration 

toward a distributed architecture system. 

Additionally, this approach also facilitates a 

modular system integration architecture, enabling 

the progressive design of a new and modular 

SCADA system integration without 

decommissioning current legacy SCADA software. 

This approach also allows the implementation of 

redundancy in the current SCADA system, which 

was not feasible previously.  

However, aspects involving the reliability and 

security of this infrastructure must be considered, 

specifically the devices controlled directly from the 

PLC1. 

4.1. Linkage of the legacy PLC systems with 

TCP/IP networks 

In this section, the proposed solution for 

interfacing a legacy PLC in this new distributed 

architecture is described—towards industry 4.0 

systems, IIoT devices, modern information storage 

and access. 

The described PLC1 lacks any TCP/IP ports or 

connectivity. However, it has 2 communications 

ports built in (Figure 6), one for proprietary protocol 

Modbus Plus (port1) and another for standard 

protocol Modbus (port2). The first port is currently 

in service to connect to the legacy SCADA system 

(Figure 4). The second port is avaiable to link any 

peripherals that can implement the standard 

Modbus protocol (over a standard serial RS232 

interface) in a single master-slave topology. 

To link the PLC1 to a TCP/IP network, a single 

board computer (SBC) is used (Raspberry Pi model 

4 with 2 GB of RAM). This SBC has several 

physical interfaces (Ethernet, USB, GPIO) and 

enough computing power to provide a continuous 

sensor data stream. The SBC serves as a gateway 

between PLC1 and the TCP/IP network, providing 

PLC1 field sensor data over the TCP/IP network. 

Figure 6: Message broker architecture 

The gateway is implemented with Node-RED 

open-source software instance, installed in the SBC. 

Node-RED is a web browser-based visual 

programming tool compliant with several protocols 

including Modbus and TCP/IP. Since Node-RED is 

a web-based program, it provides access to PLC1 

with standard internet protocol, enabling a more 

flexible communication and configuration of this 

device, that was not feasible previously. 

Additionally, the Node-RED acts as the master 

in the Modbus communication with the PLC1 and 

provides a data stream (flow), through TCP/IP, to 

the message broker [12, 13] in a publish/subscribe 
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model—implemented in Apache Kafka messaging 

service running in UHM’s private cloud. 

5. CONCLUSION AND FUTURE WORK

A solution to modernize a legacy infrastructure 

in a distributed system integration was presented. 

With cost-effective hardware and open-source 

software, it is possible to make a gateway between 

a legacy PLC and streaming messaging system-

based standard internet protocols, overcoming the 

imposed limitation of proprietary legacy field bus 

protocols and communications.  

The implemented message service architecture 

enables to access the PLC1 registers (and therefore 

the field sensor data and devices) over the standard 

TCP/IP network, allowing the implementation of a 

new and more flexible web-based SCADA system.  

By integrating the Apache Kafka software, the 

proposed method provides a distributed system 

architecture, capable of integrating new services 

and devices, and also distributed data storage. 

Additionally, being a widely accepted open-source 

solution, with high volume performance, clustering 

and reliability, this architecture fosters future 

upgrades and interoperability of this infrastructure 

without special hardware. 

One key aspect of the proposed method is the 

scalability of the system with cost-effective and 

available modern digital technologies. The 

publish/subscribe model simplifies the introduction 

and implementation of new digital ecosystems and 

tools, towards the industry 4.0 era, e.g. in 

implementing the Digital Calibration Certificates, 

optimization of the infrastructure maintenance 

procedures, cloud computing architectures, etc. 

Additionally, the proposed method applied to other 

infrastructure legacy devices allows the seamless 

integrations of the diverse heterogenous field 

protocols in a single and unified messaging service. 

Future work addresses the limitations of the 

legacy Keybus field bus and associated Busmater 

network interface, for remote actuation and 

monitoring of the 36 motorized valves on the 

infrastructure. The main goal is to integrate the 

motorized valve’s communications in the 

publish/subscribe model architecture. This allows 

the implement the remote actuation through internet 

protocols and enables to manage the time-of-service 

of each individual valve. This last aspect is 

especially important for maintenance optimization 

implementation, given the importance and intensive 

use of these devices in the infrastructure. However, 

given the number of motorized valves in question, 

it is not cost-effective to use one SBC for each valve, 

and thus other solutions (e.g. using microcontrollers) 

should be explored. 
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Abstract: 
The main metrological ambiguity in transducers’ 

calibration protocols establishment is whether the 
unit is going to be regarded as an integrated device 
in a measurement system, or it will be examined as 
a standalone instrument. This dilemma is related to 
the quantity selection on which the procedure 
development is based and later the measurement 
uncertainty modelling is performed.  Another issue 
is the appropriate selection of measurement points 
which are going to embrace the full range of input 
signals transformation. The discussion is 
experimentally verified with a real case study 
considering trans-conductance amplifier calibration 
by using high current energy comparator.  

Keywords: trans-conductance amplifier, 
measurement uncertainty, reference standard.  

1. INTRODUCTION 

A calibration procedure is periodic examination 
of an instrument or a measurement system, 
conducted by comparison between its actual 
measurement performance and a known reference 
value [1]. In the domain of instruments for electrical 
quantities, plenty international standards [2-5], 
recommendations [6], and guides [7-8] exist, which 
are usually adopted as a framework for calibration 
protocols establishment. The directions presented in 
these documents impose that examination of any 
Unit Under Test (UUT) would embrace its most 
critical operating conditions. Additionally, 
measurement points are provided [7-8], for the 
whole measuring range of the UUT to be covered in 
the calibration.  

The framework presented in the internationally 
recognized standards and guides is usually adopted 
in the quality systems of calibration laboratories, 
and is used as a base for routine examination 
schemes performance [9-11]. On the other hand, 
when more complex measurement instruments and 
systems are subjected for calibration, development 
of original calibration protocols is required. Such 

unique procedures are developed for examination of 
specific types of electrical transducers [12-13].  

The main metrological ambiguity in the 
establishment of a calibration protocol for different 
types of electrical transducers is related to the fact 
that they cannot be operated independently, outside 
of a measurement system. If the examination is 
conducted by measurement of both the input and 
output signals, then the transducer is calibrated as a 
standalone unit and the results are applicable for 
further broader usage. If only its output is compared 
to a known reference, then the results obtained are 
valid for the whole measurement system in which 
the concrete transducer belongs. The measurement 
method selection would later affect the 
measurement uncertainty evaluation procedure, in 
terms of dominant influential factors determination 
and in overall budget distribution modelling.  

In the contribution, an original calibration 
protocol for examination of a trans-conductance 
amplifier, as a specific electrical transducer, will be 
presented. Two scenarios, regarding the UUT both 
as a standalone instrument and as a part of a 
measurement system will be realized and the 
outcomes will be discussed. For the two calibration 
schemes an analysis of the uncertainty propagation 
will be conducted. The development of the 
calibration protocol and its experimental 
verification are conducted in an accredited 
calibration laboratory according to international 
standard МКС EN ISO/IEC 17025:2018 [14].  

2. MEASURING EQUIPMENT  

The specified calibration protocol is designed 
and validated in the Laboratory for Electrical 
Measurements (LEM) at the Faculty of Electrical 
Engineering and Information Technologies 
(FEEIT), Ss. Cyril and Methodius University in 
Skopje (UKIM). The laboratory has on disposal 
several reference standards (RS), which are 
periodically calibrated [15-16], and maintains 
international traceability to the BIPM [17] intrinsic 
primary international standards.  
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As already stated, the UUT is a high current 
trans-conductance amplifier, FLUKE 52120A [18]. 
The device is intended for both DC and AC input 
voltage and current signals transformation into DC 
and AC output currents. The input signals are 
limited to 2 V and 200 mA. The current output of 
FLUKE 52120A [18] is realized via 3 ranges of 2 A, 
20 A and 120 A and both low current (up to 20 A) 
and high current (up to 120 A) output terminals.  

For the purposes of calibration procedure 
establishment, two reference standards of LEM are 
deployed. The secondary standard, FLUKE 5500A 
multifunctional calibrator [19] is used for providing 
the low voltage and current input signals. It is DC 
and low-frequency AC, voltage and current source, 
primarily intended for calibration of multimeters, 
with resolution of up to 6 ½ digits. Its best 1 year 
specification, related to the reproduction of different 
electrical signals, is illustrated in Table 1.  
Table 1: FLUKE 5500A best 1 year specification 

Electrical quantity Best 1 year specification 
DC voltage (DCV) ±0.005 % of setting 
AC voltage (ACV) ±0.03 % of setting 
DC current (DCI) ±0.01 % of setting 
AC current (ACI) ±0.06 % of setting 

For measurement of the amplifier’s output 
currents, the primary RS of LEM, in domain of 
electrical power and energy, ZERA COM3003 [20], 
is used. Even though it is constructed for high 
accuracy power and energy measurements, in the 
concrete procedure, ZERA COM3003 is regarded 
as a high current indicator, i.e. only the current input 
terminals of a single phase are used.  Its best 1 year 
specification in domain of DC and AC currents 
measurement is presented in Table 2.  
Table 2: ZERA COM3003 best 1 year specifications 

Electrical quantity Best 1 year specification 
DC current (DCI) ±0.035 % of setting 
AC current (ACI) ±0.005 % of setting 

The main advantage of the two reference 
standards configuration is the simplicity of the 
calibration procedure scheme, illustrated in Figure 
1. Any additional instrumentation would result in
increased complexity of the electrical circuitry,
introducing the risk of creating additional errors due
to extra connections and further signal
transformation.

On the other hand, the concrete measurement 
configuration results in a single deficiency, even 
before any measurement data is analyzed. Namely, 
according to [20], the frequency bandwidth for both 
current and voltage measurements is limited to 

3.5 kHz, regarding both fundamental and harmonic 
components. The frequency limitation in 
measurement with the primary RS is not compliant 
to the frequency range of the UUT [18] and the 
signal source [19], which results in non-coverage of 
the full transformation range of FLUKE 52120 A.  

FLUKE 5500AU I
output

FLUKE 
52120A

U/I
input

I1

U1

I2

U2 U3

I3

ZERA COM3003

120 A/ 20 A/ 2 A 
output

Figure 1: Connection of UUT and the two RS 

3. MEASUREMENT POINTS SELECTION
AND UNCERTAINTY BUDGET 

EVALUATION 

The first thing which should be determined 
before the protocol is established, is whether the 
amplifier is going to be regarded as a standalone 
unit or it is going to be examined as part of a larger 
measurement system. The first method (M1) results 
in performance check of the UUT’s output current 
or transformation coefficient. In such a scenario, the 
reported measurement uncertainty is supposed to 
encompass all influential factors that affect both the 
measurement of the output current and the 
generation of the input signals. If the second method 
(M2) is adopted, then the calibration results 
correspond to the performance of the measurement 
system, in which the UUT is incorporated. The 
quantity regarded is the output current and the 
overall uncertainty will comprise only the 
components related to its measurement. The signal 
source performance, as well as the UUT’s 
specifications, are combined together to represent 
the accuracy limits of the measurement system.  

The measurement points, in which the 
examination is about to take place, are chosen in a 
way that all measurement ranges and combinations 
of input signal transformation are covered. For the 
appropriate selection of the measurement points, 
remarks presented in EURAMENT cg-15 [7] are 
implemented. When the input signals are either DC 
currents (DCI) or DC voltages (DCV), the 
examination is conducted in 4 measurement points 
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for every DCI output range. The measurement 
points correspond to 10 %, 50 %, 90 % and -90 % 
of the UUT’s output (or input) range. When AC 
currents (ACI) or AC voltages (ACV) are regarded 
as input signals, recordings in 6 measurement points 
are made. The measurement points correspond to 
10 % and 90 % of every output current range, and 
are chosen for 3 different frequencies of the input 
signals: 50 Hz, 1000 Hz and 3000 Hz.  

 In every measurement point, n=5 current output 
readings are recorded. The most relevant data, 
obtained as a calibration result, is the arithmetic 
mean, IO,M, of single readings, IO,i:  

𝐼𝐼𝑂𝑂,𝑀𝑀 =
1
𝑛𝑛
�𝐼𝐼𝑂𝑂,𝑖𝑖

𝑛𝑛

𝑖𝑖=1

 . (1) 

If the analysis is conducted by assuming the 
output current as a measured quantity, then the 
measurement error is presented as:  

∆𝐼𝐼𝑂𝑂 = 𝐾𝐾𝑛𝑛𝑋𝑋𝐼𝐼 − 𝐼𝐼𝑂𝑂,𝑀𝑀 , (2) 

where Kn is the nominal transformation coefficient 
of the trans-conductance amplifier and XI is the 
input signal generated from FLUKE 5500A [19]. 
The nominal transformation coefficient is the value 
of the trans-conductance, in case of voltage input/ 
current output configuration, or the current gain, for 
low current input/ high current output configuration.  
 On the other hand, if the transformation 
coefficient’s actual value, KM, is subject of analysis, 
the calibration result and the subsequent error equal: 

𝐾𝐾𝑀𝑀 =
𝐼𝐼𝑂𝑂,𝑀𝑀

𝑋𝑋𝐼𝐼
 , (3) 

∆𝐾𝐾 = 𝐾𝐾𝑛𝑛 − 𝐾𝐾𝑀𝑀 , (4) 

where IO,M, XI and Kn possess the same meaning as 
described above.  

The uncertainty components are divided into two 
categories, i.e. components related to the measured 
output current, and components related to the 
generated input signals. The first uncertainty 
component, related to the measured output current, 
is a result of the scattering of the single readings 
around the mean value, (1). This component is 
referred to as Type A uncertainty [21]. It is 
calculated as standard deviation of the mean value, 
IO,M, from the n measurements conducted:   

𝑢𝑢𝐴𝐴 = �
1

𝑛𝑛(𝑛𝑛 − 1)��𝐼𝐼𝑂𝑂,𝑖𝑖 − 𝐼𝐼𝑂𝑂,𝑀𝑀�
2

𝑛𝑛

𝑖𝑖=1

 , (5) 

assuming Gaussian distribution for presentation of 
the measured data propagation. The second 
uncertainty component is related to the reference 

standard’s [20] finite resolution, r, and it is 
calculated by adopting uniform distribution [21-22]:  

𝑢𝑢𝑅𝑅 =
𝑟𝑟

2 ∙ √3
 . (6) 

 The following 3 uncertainty components, 
emerge from the RS’s [20] specification. They are 
result of the declared accuracy limits of the RS, its 
long-term stability and temperature influence on its 
performance. For the data presented in [20], a 
uniform distribution is adopted, and single 
uncertainty components are calculated as follows:  

𝑢𝑢𝐴𝐴𝐴𝐴 =
𝑈𝑈𝐴𝐴𝐴𝐴,%

𝑘𝑘
∙
𝐼𝐼𝑂𝑂,𝑀𝑀

100
 , (7) 

𝑢𝑢𝑆𝑆𝑆𝑆 =
𝑈𝑈𝑆𝑆𝑆𝑆,%

𝑘𝑘
∙
𝐼𝐼𝑂𝑂,𝑀𝑀

100
∙ 𝑦𝑦 , (8) 

𝑢𝑢𝑆𝑆 =
𝑈𝑈𝑆𝑆,%

𝑘𝑘
∙
𝐼𝐼𝑂𝑂,𝑀𝑀

100
∙ ∆𝑡𝑡 , (9) 

where UAC,%, UST,% and UT,% are the accuracy limits, 
long term stability and temperature drift of ZERA 
COM3003 [20], expressed as expanded percentage 
values. In equations (7)-(9), k is the coverage factor, 
which for uniform distribution equals √3 [21-22], y 
is the time that has passed since the last calibration 
of the RS, and Δt are temperature variations during 
the measurements. In the moment of measurements 
less than 1 year has passed since the last calibration 
of the RS [20], therefore y=1 in the following 
modelling. As the calibrations in LEM are 
conducted in a temperature controlled environment, 
i.e. t=23±1 ˚C, Δt is taken as 1˚C (K) for every 
measurement point.  

The last uncertainty component related to output 
current measurement arises from the level up 
calibration of the RS. In calibration certificates, the 
uncertainty is commonly presented as an expanded 
value, UCL,%. The standard value then equals: 

𝑢𝑢𝐴𝐴𝐶𝐶 =
𝑈𝑈𝐴𝐴𝐶𝐶,%

𝑘𝑘
∙
𝐼𝐼𝑂𝑂,𝑀𝑀

100
 , (10) 

where k=1.96, as the UCL,% is presented with a 
coverage probability of 95 %, assuming Gaussian 
distribution.   

The overall uncertainty prescribed to the 
measured output current is calculated as standard 
combined uncertainty from 6 mutually uncorrelated 
components: 

𝑢𝑢𝑂𝑂 = �𝑢𝑢𝐴𝐴2 + 𝑢𝑢𝑅𝑅2 + 𝑢𝑢𝐴𝐴𝐴𝐴2 + 𝑢𝑢𝑆𝑆𝑆𝑆2 + 𝑢𝑢𝑆𝑆2 + 𝑢𝑢𝐴𝐴𝐶𝐶2  , (11) 

and if the calibration is conducted by taking the 
UUT as integrated device in a measurement system 
(M2), the overall uncertainty equals:  

𝑈𝑈𝐴𝐴 = 2 ∙ 𝑢𝑢𝑂𝑂  , (12) 

IMEKO TC11 & TC24 Joint Hybrid Conference 
Dubrovnik, Croatia | Oct 17 - 19, 2022

48



assuming Gaussian distribution and confidence 
interval of approximately 95.4 % [21].  
 If the amplifier is regarded as a standalone 
instrument, the uncertainty budget is further 
expanded with components related to the input 
signal generation. The overall input signal related 
uncertainty is calculated as:  

𝑢𝑢𝐼𝐼 = �𝑢𝑢𝑅𝑅𝑆𝑆,𝐼𝐼
2 + 𝑢𝑢𝐴𝐴𝐶𝐶,𝐼𝐼

2  , (13) 

where uRS,I is the component arising from the signal 
source’s specifications [19] and uCL,I is component 
corresponding to its level up calibration. The first 
uncertainty component, uRS,I, is calculated as: 

𝑢𝑢𝑅𝑅𝑆𝑆,𝐼𝐼 =
1
𝑘𝑘
�
𝑈𝑈𝐺𝐺𝐺𝐺,% ∙ 𝑋𝑋𝐼𝐼

100
+ 𝑈𝑈𝐴𝐴𝐴𝐴� , (14) 

where UGV,% is part of the specification, expressed 
as a percentage of the generated value, and UAD is a 
fixed additional component. In equation (14) XI is 
the input signal in FLUKE 52120A, while the 
coverage factor k equals 2, because in the 
specifications [19] data is presented by adopting 
Gaussian distribution and coverage probability of 
95.4 %. The second uncertainty component related 
to the input signals generation is calculated as 
described in equation (10), but instead of the mean 
measured output current, IO,M, the generated signal 
intensity, XI, is supposed to be included.  
 If the output current is regarded as the measured 
quantity, then the overall uncertainty is calculated 
by assuming the input and output related 
components as mutually uncorrelated: 

𝑈𝑈𝐴𝐴 = 𝑘𝑘��
𝜕𝜕(∆𝐼𝐼𝑂𝑂)
𝜕𝜕𝐼𝐼𝑂𝑂,𝑀𝑀

∙ 𝑢𝑢𝑂𝑂�
2

+ �
𝜕𝜕(∆𝐼𝐼𝑂𝑂)
𝜕𝜕𝑋𝑋𝐼𝐼

∙ 𝑢𝑢𝐼𝐼�
2

 , (15) 

where the sensitivity coefficients ∂(ΔIO)/∂IO,M and  
∂(ΔIO)/∂XI are calculated from equation (2). On the 
other hand, if the transformation coefficient is 
regarded as a measurand [21], the overall 
uncertainty equals: 

𝑈𝑈𝐴𝐴 = 𝑘𝑘��
𝜕𝜕𝐾𝐾𝑀𝑀
𝜕𝜕𝐼𝐼𝑂𝑂,𝑀𝑀

∙ 𝑢𝑢𝑂𝑂�
2

+ �
𝜕𝜕𝐾𝐾𝑀𝑀
𝜕𝜕𝑋𝑋𝐼𝐼

∙ 𝑢𝑢𝐼𝐼�
2

 , (16) 

and the sensitivity coefficients, ∂KM/∂IO,M and 
∂KM/∂XI, are calculated from (3) and (4). In both 
cases the overall uncertainty is presented in 
expanded form, assuming Gaussian distribution. 
The coverage factor, k, equals 2, which corresponds 
to a coverage probability of 95.4 % [21-22].  

4. CALIBRATION RESULTS DISCUSSION

In the following discussion, the results from the
examination of FLUKE 52120A trans-conductance 
amplifier, assuming both calibration methods, will 

be presented. Several aspects of the calibration 
procedures will be analyzed and the main accent 
will be stressed on the uncertainty propagation.  

Calibration results, in the measurement point 
that corresponds to 90 % of the 20 A output range, 
are illustrated in Figure 2. Measurement errors, 
alongside the calculated expanded uncertainty, are 
provided, considering the amplifier as a standalone 
unit, i.e. M1 calibration method is implemented. 
Each of the measurement points presented, refer to 
a different input signal transformation. At the 
bottom of Figure 2, the input signals intensities (and 
frequency in case of AC signals) are presented.  

A first conclusion that can be derived from 
Figure 2 is that smaller errors are recorded in AC 
signals transformation measurement points. This 
phenomenon is related with the performance of 
ZERA COM3003 [20], taking into account that this 
reference standard is primary intended for high 
accuracy AC power and energy measurements.  

As long as measurement uncertainty is regarded, 
it can be seen that the lowest value is recorded in 
case of ACV-ACI transformation. This is the result 
of the low output current related uncertainty [20], as 
well as approximately same order of magnitude 
accuracy of FLUKE 5500A in domain of the AC 
voltages generation, [19]. When the transformation 
of DC signals is regarded, a slight increase in the 
overall uncertainty is recorded, which is dominantly 
a result of current output measurement performance. 
The highest uncertainty is recorded in case of AC 
current amplification, and it is dominated by the 
accuracy specifications of FLUKE 5500A [19]. 

Figure 2: Calibration results for 18 A output current, 
assuming the UUT as a standalone instrument and 
regarding every type of input/output signals conversion 

The uncertainty propagation in case of different 
frequencies of the input AC signals, assuming 
calculation according to M1 calibration protocol 
and 10 A output current, is illustrated in Figure 3. 
Errors are little dependent on the input signals 
frequencies, which is also the case with the 
uncertainty intensity, if ACV input signals are 
regarded. In domain of ACI-ACI transformation, 
the uncertainty increases with the rise of the input 
signal’s frequency. These variations are due to the 
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dominant influence of the signal source 
specification in the overall budget modelling, which 
is strongly frequency dependent [19].  

 
Figure 3: Calibration results for 10 A output current, 
assuming the UUT as a standalone instrument, and 
regarding different frequencies of the input signals 

In Figure 4 the comparison between the 2 
calibration methods, in domain of DC signals 
transformation, is presented. The measurement 
point which is chosen for illustration corresponds to 
100 A current output of the 120 A range.  

 
Figure 4: Calibration results for 100 A output current 
readings, regarding transformation of DC input signals 

It can be concluded that the overall uncertainty 
is approximately equal, nevertheless the calibration 
method adopted. This implies that, in case of DC 
signals transformation, the output current 
measurement uncertainty prevails over the input 
signal generation related components. In case of 
DCV-DCI conversion, the overall uncertainty 
calculated according to M1 is approximately 1 % 
higher than the value obtained if the amplifier is 
regarded as a part of a measurement system. The 
uncertainty accompanied to the input signals 
generation is approximately 15 % of the uncertainty 
accompanied to the output current measurement. 
Similar data is recorded from the measurement 
points that correspond to DCI-DCI conversion 
regime. The overall uncertainty calculated 
according to the first calibration method is 
approximately 6 % higher than the results obtained 
if M2 protocol is implemented. When the UUT is 
examined as a DCI amplifier, the uI value is 
approximately 35 % of uO value.  

Considering the AC signals transformation, 
different disposition of the dominant uncertainty 
components is recorded. An example of ACV-ACI 
and ACI-ACI transformation is illustrated in Figure 
5, for both M1 and M2 protocols implemented. The 
input signals with frequency of 1 kHz correspond to 
90 % of the 2 A output range.  

 
Figure 5: Calibration results for 1.8 A output current 
readings, regarding transformation of AC input signals 

The prevalence of the input signals’ related 
influential factors in the overall uncertainty budget, 
is presented in Figure 5. If the UUT is regarded as a 
standalone instrument, in domain of ACV-ACI 
conversion examination, the overall uncertainty is 
approximately 2.75 times higher than the value 
obtained if the M2 protocol is implemented. The 
input voltage related uncertainty is 2.56 times 
higher than the value accompanied to the measured 
output current. If ACI amplification is regarded, 
then the differences in the uncertainty intensities are 
even bigger. ACI-ACI conversion regime results in 
between 8.5 and 17 times bigger uncertainty if M1 
method is implemented in relation to the M2 method. 
The uncertainty intensity propagation depends 
primary on the input current’s frequency.     

5. SUMMARY 

In the manuscript, an original protocol for trans-
conductance amplifier calibration is presented, 
developed in an accredited calibration laboratory. 
Two perspectives are analysed, in the first the 
amplifier is regarded as a standalone unit, while in 
the second its performance is monitored as part of a 
measurement system. The results from the first 
measurement procedure are appropriate for further 
broader usage, while the second protocol results in 
measurement data that depict the actual condition of 
the concrete measurement system only.  

The main advantage of the presented calibration 
scheme is its simplicity, the input signals are 
generated from a high accuracy signal source, while 
the output currents are measured directly, without 
further signal transformation. This approach leads 
to uncertainty budget modelling, whose 
components are directly accompanied to both input 
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and output signals. If DC signals are regarded, there 
is no significant difference in the overall uncertainty 
intensity between the two considered calibration 
models. This is due to the fact that the dominant 
influential factors are related to accuracy of the 
reference standard intended for output current 
measurement. On the other hand, when AC current 
is the measured quantity, there is significant 
difference between the overall uncertainty 
propagation in the two regarded scenarios. The 
signal source’s specification is dominant in the 
shaping of the overall budget in the case when the 
UUT is regarded as standalone instrument, and it 
also results in frequency dependence of the 
uncertainty propagation.  

The presented calibration scheme possess certain 
shortcomings as well. DC current measurement 
errors are larger than the deviations recorded in case 
of AC signals transformation regime. This is due to 
the fact that the energy comparator, intended for 
output current measurement, is primary intended for 
AC signals power and energy monitoring. Another 
deficiency in the output current measurement is 
related to RS’s frequency confinement at 3.5 kHz. 
Further improvement of the calibration model, may 
include additional instrumentation for output 
current monitoring, for example current shunt and 
high resolution digital voltmeter. This approach 
may result in error decrease and frequency 
bandwidth expansion. However it may have adverse 
effects of additional drift existence due to extra 
measuring devices’ connections influence.  

6. REFERENCES
[1] FLUKE Cooperation, Calibration-Philosophy in

Practice, Second Edition, 1994.
[2] European Committee for Electrotechnical

Standardization, Electricity metering equipment
(a.c.) - Part 1: General requirements, tests and test
conditions – Metering equipment (class indexes A,
B and C), EN 504701:2006+A1:2018.

[3] European Committee for Electrotechnical
Standardization, “Electricity metering equipment
(a.c.) – Part 2: Particular requirements –
electromechanical meters for active energy (class
indexes A and B), EN 504702:2006+A1:2018.

[4] European Committee for Electrotechnical
Standardization, Electricity metering equipment
(a.c.) - Part 3: Particular requirements - Static meters
for active energy (class indexes A, B and C), EN
50470-3:2006+A1:2018.

[5] International Electrotechnical Committee,
Electricity metering equipment - Particular
requirements - Part 23: Static meters for reactive
energy (classes 2 and 3), IEC 62053-2:2020.

[6] International Organization of Legal Metrology,
Active electrical energy meters. Part 1: Metrological

and technical requirements and Part 2: Metrological 
controls and performance tests, OIML R 46-2 & 
1:2012. 

[7] EURAMET cg-15, “Guidelines on the Calibration
of Digital Multimeters”, Ver. 3 02/2015.

[8] EURAMET cg-7, “Guidelines of Measuring
Devices for Electrical Quantities, Calibration of
Oscilloscopes”, Ver.1.0, 06/2011.

[9] LEM-FEIT, RU 7.2.01 Working Instruction on
Calibration of Multimeters, 2019.

[10] LEM-FEIT, RU 7.2.03 Working Instruction on
Calibration of Calibrators, 2019.

[11] LEM-FEIT, RU 7.2.04 Working Instruction on
Expression of Uncertainty – General Procedure,
2019.

[12] Delle Femine, Antonio, Daniele Gallo, Carmine
Landi, and Mario Luiso. "Advanced instrument for
field calibration of electrical energy meters." IEEE
Transactions on Instrumentation and Measurement
58, no. 3 pp.618-625, 2008.
DOI: 10.1109/TIM.2008.2005079

[13] Naumovic-Vukovic, Dragana, Slobodan Skundric,
Dragan Kovacevic, and Srdjan Milosavljevic.
"Calibration of high accuracy class standard current
transformers." In XIX IMEKO World Congress
Fundamental and Applied Metrology. Lisbon. 2009.
ISBN 978-963-88410-0-1

[14] International Organization for Standardization
(ISO), “General requirements for the competence of
testing and calibration laboratories” ISO/IEC
17025:2017.

[15] Demerdziev, K., Cundeva-Blajer, M., Dimchev, V.,
Srbinovska, M., Kokolanski, Z., “Improvement of
the FEIT Laboratory of Electrical Measurements
Best CMC through Internationally Traceable
Calibrations and Inter-Laboratory Comparisons”, In
XIV International Conference ETAI, Struga, 2018.

[16] Demerdziev, K., Cundeva-Blajer, M., Dimchev, V.,
Srbinovska, M., Kokolanski, Z., ”Defining an
uncertainty budget in electrical power and energy
reference standards calibration” In IEEE
EUROCON, 2019: 18th International Conference
on Smart Technologies, Novi Sad, 2019.
DOI: 10.1109/EUROCON.2019.8861600

[17] www.bipm.org (last access 07.07.2022).
[18] FLUKE Calibration, 52120A Trans-conductance

amplifier Users Manual,, 2012.
[19] FLUKE Calibration, 5500A Multi-Product

Calibrator Operator Manual, 1994.
[20] ZERA GmbH, COM3003 Three phase Comparator

Operation manual, 2012.
[21] Evaluation of measurement data — Guide to the

expression of uncertainty in measurement (GUM),
JCGM 100 with member organizations (BIPM, IEC,
IFCC, ILAC, ISO, IUPAC, IUPAP and OIML),
2008.

[22] Osmanovik P., Stankovik, K., and Vujisik, M,
“Measurement Uncertainty”, Akademska Misao,
Belgrade, 2009.

IMEKO TC11 & TC24 Joint Hybrid Conference 
Dubrovnik, Croatia | Oct 17 - 19, 2022

51

http://www.bipm.org/


IMEKO TC11 & TC24 Joint Hybrid Conference 
October 17-19, 2022, Dubrovnik, Croatia 

PERFORMANCE EVALUATION OF LED LAMP UNDER PULSE 
CURRENT MODE OPERATION 

P V S Chandra1, N Bharathidasan1, C R Jeevandoss 1/Presenter 

1 Central Electronics Centre; IIT Madras, Chennai 600036, India, jeevandoss@iitm.ac.in 

Abstract: 

There are measurement challenges in measuring 
the lumens output of LED lamps under pulse current 
mode operation to evaluate the performance of LED 
lamps. This paper describes and validates 
integrating sphere measurements for lumens flux of 
LED lamp under pulse current mode operation. It 
also evaluates the performance of LED lamp 
dimming operation using pulse current mode 
operation 
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1. INTRODUCTION

The technological development over the years in 
the Solid State Lightings (SSL) has made the Light 
Emitting Diode (LED) lamps to replace other lamps 
such as incandescent, florescent and compact 
florescent lamps (CFL) in the lighting applications 
due to its better efficiency and life. The LED lamps 
are based on semiconductor technology with P-N 
junction. Like any semiconductor device LED 
lamps performance depends on electrical and 
thermal parameters.  The LEDs are current operated 
device and hence its light output is largely 
dependent on the current flows through the LED [1]. 
The P-N junction temperature of the LED also 
influence the light output significantly. The increase 
in junction temperature causes significant reduction 
in light output. The integrated sphere systems are 
used for measuring the total luminous flux and 
integrated optical measurements of SSL lamps. In 
integrated sphere system, the spectroradiometer 
detector is used for measuring photometric 
quantities such as total luminous flux, colour 
correlation temperature (CCT), chromaticity, etc. 
The total luminous         flux (ΦV) is obtained by 
 Φ𝑉𝑉 = 𝐾𝐾𝑚𝑚 ∫ Φ𝑒𝑒(𝜆𝜆830𝑛𝑛𝑚𝑚

360𝑛𝑛𝑚𝑚 ).𝑉𝑉(𝜆𝜆).𝑑𝑑𝜆𝜆     (1) 
 where Km = 683 lm/w, Φ𝑒𝑒(𝜆𝜆) is spectral radiant 
power and 𝑉𝑉(𝜆𝜆) is spectral response function of the 
human eye [2]. In most of the home lighting 
application, a constant rated current is sent through 
the LEDs using power drivers. In applications 

where the dimming of light is required, the reduced 
constant current is sent through the LEDs and in 
automotive lighting applications dimming is 
achieved using pulse width modulation (PWM) of 
rated current [3]. At higher operating power, the 
LEDs exhibits excellent optical properties but also 
increases the junction temperature which degrades 
the optical performance [4]. The combined accurate 
measurements of junction temperature, electrical 
and the photometric parameters are essential for 
optimal design of LED derivers and to evaluate the 
performance of the LED lamps. The photometric, 
electrical and thermal characteristic of LED lamps 
are highly depends on one another.  

An integrating sphere is used to spatially 
integrate the light and produce diffuse radiation to 
average the radiation emitted into the sphere, 
resulting in equal radiance at any point on the sphere 
wall. The distribution of radiance inside an 
integrating sphere would depend on the distribution 
of incident flux, the geometrical details of the actual 
sphere design, and the reflectance distribution 
function for the sphere coating in the integrating 
sphere. The integrating sphere is most often used in 
the steady state condition, i.e operating the LED 
lamps in constant direct current. The performance 
and application assumes that the light levels within 
the sphere have been constant for a long enough 
time so that all transient response has disappeared. 
If rapidly varying light signals, such as short pulses 
or those modulated at high (radio) frequencies, are 
introduced into an integrating sphere, the output 
signal may be noticeably distorted by the “pulse 
stretching” caused by the multiple diffuse 
reflections [5]. Hence there is a need for validating 
the integrating sphere measurement for the pulse 
current operation of LED lamps. The LEDs are 
getting heated up mainly by operating drive current 
during the operation. This heat comes from the 
recombination of electrons and holes in the 
semiconductor lattice. Ideally, the recombination 
results in a photon that exits the LED and 
contributes to the overall illumination. 
Unfortunately, much of the time that desired 
outcome does not occur. For example, sometimes 
the recombination results in a photon, but it fails to 
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escape from the crystal due to internal reflection and 
is reabsorbed, generating a tiny amount of heat; and 
at other times a phonon (a quantum of energy 
analogous to a photon) results from the 
recombination leading to a vibration of the crystal 
lattice and yet more heat [6]. As the lumens flux and 
chromaticity (colour) of LED lamps are highly 
sensitivity to P-N junction temperature of the LED 
and just a few tens of degrees is enough to change 
the output spectrum, altering the chromaticity and 
hence the accurate real time measurement of 
junction temperature is essential for analysing the 
performance of LED lamps. Different methods are 
attempted to measure the junction temperature 
accurately. The forward LED voltage is measured at 
very low LED current to estimate the junction 
temperature [7]. Operating the LED at very low 
current during the measurement lead to flickering 
and in-situ temperature sensor are fabricated in the 
LED package to measure the junction temperature 
accurately without causing any flickering during 
normal LED operation [8]. In this work, we have 
measured the junction temperature of the LED 
without altering the operating conditions of the LED. 

The research are done over the years to measure 
and evaluate the performance of different lighting 
systems. The measurement method using 
Integrating sphere and spectroradiometer is used to 
compare and analyze the performance of LED and 
CFL lamp technologies [9]. The thermal, optical 
and electrical characteristic of LED lamp under DC 
and pulse current are studied to evaluate the 
performance degradation of high brightness LEDs 
[10].  The simultaneous study of thermal and optical 
behaviors of LED are studied using integrating 
sphere and with attached temperature controlled 
holder [11], [12].  In this paper, thermal, optical and 
electrical parameters are measured to evaluate the 
performance of LED lamp under DC and pulse 
current operation. 

2. MEASUREMENT  CHARACTERISTICS

2.1.  Integrating Chamber For Pulse Luminous 
Flux   Measurement 

The total luminous flux of LED is directly 
proportional to the LED forward current under 
constant temperature and can be expressed as 
𝛷𝛷𝑉𝑉 = 𝑘𝑘𝑘𝑘     (2) 

where 𝛷𝛷𝑉𝑉  is the total luminous flux, k is the 
constant and I is the DC current through the LED. 

 If the pulse forward current with duty cycle (D) 
is send through the LED then the average current can 
be written as  

𝑘𝑘𝑎𝑎𝑎𝑎 = 1
𝑇𝑇 ∫ 𝑘𝑘𝑝𝑝 𝑑𝑑𝑑𝑑𝐷𝐷𝑇𝑇

0 = 𝑘𝑘𝑝𝑝𝐷𝐷    (3) 

where 𝑘𝑘𝑝𝑝is the peak value of the LED current and 1
𝑇𝑇

is the frequency of the pulse waveform. 
Average total luminous flux can be written as 

𝛷𝛷𝑉𝑉𝑎𝑎𝑎𝑎 = 1
𝑇𝑇 ∫ 𝛷𝛷𝑉𝑉𝑝𝑝 𝑑𝑑𝑑𝑑𝐷𝐷𝑇𝑇

0 = 𝛷𝛷𝑉𝑉𝑝𝑝𝐷𝐷     (4) 

where 𝛷𝛷𝑉𝑉𝑝𝑝 is the peak total luminous flux of the 
LED. 

Normally, the total luminous flux of the LED is 
measured with integrating chamber at the continuous 
current mode i.e 100% duty cycle. Here we validated 
the total luminous flux measurement of the LED at 
different duty cycle. 

2.2. Junction Temperature Measurement 
The junction temperature of LED is measured by 

placing the white LED in the environmental 
chamber at different temperature steps. The LED is 
energized with the constant current (normal 
operating current) pulse for the short duration of few 
milliseconds. The resulting forward voltage is 
measured for each temperature steps. The 
relationship between environmental chamber 
temperature and the forward voltage of LED is 
obtained during this calibration measurement. The 
junction temperature of the LED is obtained by 
measuring the forward voltage of LED during 
normal operation. 

2.3. Pulse Power Measurement 

The average power 𝑃𝑃𝑎𝑎𝑎𝑎 can be measuring the pulse 
current and the forward voltage and it is expressed 
as      
𝑃𝑃𝑎𝑎𝑎𝑎 = 1

𝑇𝑇 ∫ 𝑘𝑘𝑝𝑝𝑥𝑥𝑉𝑉𝑓𝑓 𝑑𝑑𝑑𝑑𝐷𝐷𝑇𝑇
0 = 𝑘𝑘𝑝𝑝𝑉𝑉𝑓𝑓𝐷𝐷        (5)  

where 𝑘𝑘𝑝𝑝 is the peak LED current and 𝑉𝑉𝑓𝑓 is the LED 
forward voltage 

3. EXPERIMENTAL VALIDATION

In order to validate the pulse luminous flux 
measurement a prototype measurement system is 
fabricated as detailed below 

3.1. Control system for pulse operation 

The electrical measurement and control setup for 
pulse operation of LED is indicated in the schematic 
diagram shown in Figure1. The luminous flux 
generated by the LED is directly proportional to the 
LED forward under constant temperature. In the 
pulse current operation, the LED peak forward 
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current is kept constant and the average LED 
forward current is altered by varying the duty cycle 
of LED forward current. The average total luminous 
flux is directly proportional to the average LED 
forward current. Here, the waveform generator is 
used to generate the different duty cycle of a pulse 
waveform. The operational amplifier OA1 act as the 
buffer. The operational amplifier OA2 with the 
MOSFET IRF44 configuration act as the current 
controller. The amplitude of the pulse waveform set 
the peak LED forward current and it will be equal 
to 𝑉𝑉

𝑅𝑅𝑆𝑆
. The data acquisition system (DAQ) will 

capture the LED current and voltage data and 
connected to PC through USB cable. The 
illustration of the LED operation under pulse 
current mode is shown in Figure 2. 

Figure 2: Illustration of LED luminous flux under pulse 
current with 25% duty cycle 

3.2.  Integrating Sphere Measurement 

The LED is placed inside the Labsphere 2m 
integrating sphere and operated under pulse current 
mode as well as continuous current mode operation. 
The Labsphere spectral light measurement system 
(spectroradiometer) CDS 2100 is used for 
measuring the total luminous flux and spectral 
characteristic for the validation. The spectral light 
measurement system with the integrating sphere 
was calibrated with the NIST traceable reference 

tungsten lamp. The integrating sphere used for the 
measurement is shown in Figure 3. The waveform 
generator Tektronix AFG1022 and DAQ Agilent 
34970A is used for electrical measurement. The 
circuit shown in Fig.1 is fabricated and used for the 
experimentation. 

Figure 3: Labsphere 2m integrating sphere used for the 
measurement 

3.3. Experimentation 
The experiment is conducted with connecting 
eighteen high power white LEDs in series for 
continuous and pulse current mode operation. The 
total luminous flus (lumens) measured for the 
continuous operation and pulse mode operation of 
LEDs is tabulated in Table 1.  
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Figure 1: Block diagram of measurement setup for pulse operation of LED 
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Table 1: Validation of pulse current mode 
Continuous Current 

mode 
Pulse Current mode 

(IP=1500mA) Error 
in % Current Lumens Average 

Current 
Lumens 

250mA 2.31E+03 250mA 2.46E+03 -6.41
500mA 3.90E+03 500mA 4.10E+03 -5.13
750mA 6.14E+03 750mA 5.83E+03 5.16 
1000mA 7.78E+03 1000mA 7.51E+03 3,36 
1250mA 9.21E+03 1250mA 9.04E+03 1.81 

The lumen output of the LED under pulse current is 
compared with the calibrated lumen output of LED 
under normal (continuous current) operation. The 
error in % is calculated using the equation (6). 
𝑒𝑒% = 𝛷𝛷𝑉𝑉−𝛷𝛷𝑉𝑉𝑉𝑉𝑉𝑉

𝛷𝛷𝑉𝑉
𝑥𝑥100  (7) 

  It was found that the increase error at lower duty 
cycle under pulse mode operation is due to 
difference in the operating temperature of LED. 
Further experiment planned with operating the LED 
with constant junction temperature and will be 
reported in the extended version of this paper. 

Figure 4: Lumens versus forward current 

The Figure 4 shows the linear variation of lumen 
output for the pulse current mode operation of LED 
and hence the brightness control of LED will have 
linear relationship with the duty cycle of the pulse 
current. 

Figure 5: Spectral characteristic under pulse current 

The Figure 5 shows the spectral characteristic of the 
high bright LED under pulse current operation. The 
variation in spectral characteristic of high bright 
LED under influence of junction temperature is 
being studied and will be reported in the extended 
version of the paper. 

4. CONCLUSION

The lumen output of high power LED is analysed 
under different duty cycle of the pulse current and 
the measurement indicate the linear variation of 
lumen output with the duty cycle. The lumen output 
with the pulse current operation is compared with 
the standard calibrated continuous current operation 
of the LED and found with the maximum error of 
6.5%. 
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Abstract: 
The purpose of the paper is to represent a method 

for taximeter verification. Taximeters, as special 
measurement instruments, are subject to 
metrological control in order to protect the rights of 
taxi customers. The methodology applied for the 
theoretical study of the proposed method is derived 
from Measurement System Analysis, Root Cause 
Analysis, and similar taximeter verification 
methods applied in other European countries. The 
presented method is innovative for Bulgaria and 
about to be introduces for the need of metrological 
control. 

Keywords: taximeter, taxi, distance reporting 
device, sources of uncertainty 

1. INTRODUCTION 

A taxi is a car equipped with a taximeter that 
provides paid transportation service to the general 
public. In this way the distance reporting device 
becomes subject to subsequent metrological control 
or verification [1]. 

The paper [2] classifies different methods for 
conducting metrological verifications of the 
taximeters. Three methods were comparatively 
analyzed and evaluated according to 5 criteria. The 
basis for the comparison was how the method 
measures distance. The kinematic method, or taxi 
on a road section, is ranked last among the three due 
to various implementation difficulties and practical 
limitations. The static method, involving the use of 
a roller test bench and specifically measuring 
distance by the revolutions of one of the rollers of 
the test bench, is ranked first among the three due to 
its feasibility compared to the other two evaluated 
methods. 

The different methods represent the reference 
distance in different ways. The direct method, or the 
kinematic one, compares the distance reported by 
the taximeter by travelling a reference distance by 
the taxi on a road section. The indirect, or static, 
method represents the reference distance by 
counting the revolutions either of a car wheel, or a 
roller of a test bench. 

 

2. THEORETICAL FORMULATION OF 
THE METHOD 

The method with the use of a roller test bench is 
accomplished indirectly by setting and reading the 
revolutions of one of the rollers with a known 
diameter of the test bench.  

 
Figure 1: Scheme for distance measurement 
using a roller test bench and counting the 
revolutions of a roller 

 
The method implies to compare the distance set 

and calculated by the roller test bench and the 
taximeter based on the number of revolutions of the 
circumferences of the two objects – the roller of the 
test bench and the car wheel (Fig. 1). The functional 
relationship between these two can be expressed 
mathematically: 

S = p.n = P.N, or  (1) 

S = π.d.n = π.D.N, (2) 
Where, 
S – distance, 
p – circumference of the roller of the test bench, 
P – circumference of the car wheel, 
d – known diameter of the roller of the test bench, 
n – number of revolutions of the roller of the test 

bench, 
D – diameter of the car wheel, and 
N – number of revolutions of the car wheel. 
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3. UNCERTAINTY SOURCES OF THE
METHOD 

As the method is theoretically formulated and its 
elements are defined, it is necessary to analyse the 
potential sources of error/uncertainty for the method 
itself. The method, altogether with the roller test 
bench, the taxi, the operator and the environment, 
comply a measurement system [3]. The system has 
to be analysed and its sources of uncertainty have to 
be identified and quantified [4] [5] [6]. An analysis 
based on the approach established by Measurement 
System Analysis is performed for all five elements 
of the system [3]. 

The result for the element “method” of the 
measurement system is presented on a root-cause 
analysis diagram. 

Figure 2: Root-cause analysis of the sources of 
error of the method [3] 

4. MEASUREMENT MODEL

Although the method allows two types of drive 
modes, in the case of the particular technical 
solution analysed the emphasis is on a roller test 
bench driven by its own motor. In this case the 
distance simulated by the roller test bench to be 
compared to the reported distance by the taximeter 
can be expressed theoretically according to eq. (1). 

As the roller test bench is driven by its own 
motor, the circumference of the roller of the test 
bench, the number of the revolutions of the roller of 
the test bench and the circumference of the car 
wheel are the known (measurable) elements of the 
method. It is necessary to define how they correlate 
to the number of revolutions of the car wheel:  

𝑁𝑁 =  
𝑝𝑝𝑝𝑝
𝑃𝑃 (3) 

The differentiation of the formula (3) allows us 
to define the systematic component of the 
measurement error of the output quantity as follows: 

𝑁𝑁′ =  
(𝑝𝑝𝑝𝑝)′𝑃𝑃 − (𝑝𝑝𝑝𝑝)𝑃𝑃′

𝑃𝑃2
(4) 

𝑁𝑁′ =
(𝑝𝑝′𝑝𝑝 + 𝑝𝑝𝑝𝑝′)𝑃𝑃 − 𝑝𝑝𝑝𝑝𝑃𝑃′

𝑃𝑃2
(5) 

The variation in the number of revolutions of the 
car wheel is defined by the relations of the 
circumference of the roller of the test bench, the 
number of the revolutions of the roller of the test 
bench and the circumference of the car wheel as 
given in (6). 

∆𝑁𝑁 =  ∆𝑝𝑝𝑝𝑝+𝑝𝑝∆𝑝𝑝
𝑃𝑃

− 𝑝𝑝𝑝𝑝∆𝑃𝑃
𝑃𝑃2

, (6) 
Where, 
∆p, ∆n and ∆P – errors/deviations of the input 

values. 

5. DETERMINATION OF THE
SYSTEMATIC COMPONENT OF THE 

MEASUREMENT ERROR OF THE 
METHOD 

The circumference of the roller, p, is calculated 
based on technical research data that the diameter of 
the roller is 210 mm, or the circumference is equal 
to 659.7 mm.  

∆p includes two independent errors – the roll 
diameter measurement error and the elastic 
deformation error from the perimeter-changing load 
G. As a result:

∆𝑝𝑝 =  �∆𝑝𝑝𝑚𝑚2 +  ∆𝑝𝑝𝑑𝑑2, (7) 

Where: 
∆𝑝𝑝𝑚𝑚 =  ∆𝑑𝑑𝑚𝑚.𝜋𝜋 , ∆𝑑𝑑𝑚𝑚 = 0.015 𝑚𝑚𝑚𝑚 − maximum 

permissible error (MPE) of the measurement of the 
diameter of the roller [7], and 

∆𝑝𝑝𝑑𝑑 = 0.1 % . 𝑝𝑝  – maximum variation in the 
circumference of the roller due to natural elastic 
deformations [8]. 

Finally: 

∆𝑝𝑝 =  �0.052 +  0.65972 = 0.66 𝑚𝑚𝑚𝑚 (8) 

The widely spread basic method for taximeter 
verification uses measured road section that is 1 000 
m long. The same reference distance is used for the 
determining of the systematic component of the 
measurement error of the method. The roller of the 
test bench will make n or 1 515.8 revolutions per 1 
000 m. 

Therefore, there are 6 evenly spaced points on the 
circumference of the roller to count its revolutions. 
The discretion of the revolution counting of the 
roller is ∆n and equals 1/6 of its circumference. 

For the needs of this research, an analysis of the 
most common tyre sizes in taxis has been done. The 
mode of the research data is the size 195/65 R 15. 
The diameter is calculated according to a formula [9] 
and in this case it is 634.5 mm. Thus, the 
circumference P of the car wheel as a mode is 
1 993.3 mm. 

The deviation ∆P occurs as ∆Pd because of the 
error due to the elastic deformations caused by the 
load G changing the perimeter. The maximum 
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variation in the circumference of the car tyre due to 
natural elastic deformations, calculated as the 
methodology in [8] is: 

∆𝑃𝑃𝑑𝑑  ≅ 0.22 % .𝑃𝑃 = 4.4 𝑚𝑚𝑚𝑚 (9) 

Then, the systematic component of the 
measurement error of the method is as follows: 

∆𝑁𝑁 =  
∆𝑝𝑝𝑝𝑝 + 𝑝𝑝∆𝑝𝑝

𝑃𝑃
−
𝑝𝑝𝑝𝑝∆𝑃𝑃
𝑃𝑃2

 (10) 

∆𝑁𝑁 =  
0.66 × 1 515.8 + 659.7 × 1 6⁄

1 993.3

−
659.7 × 1 515.8 × 4.4

1993.32
 

(11) 

 
The result of the calculation is a variation of -0.55 

revolutions of the car wheel. 
Thus, the maximum variation of the measured 

distance, which can be part of the error of the 
method, is 1 096.3 mm (or almost 1.1 m for a 
reference distance of 1 000 m). 

Practically, ∆P is formed under the influence of 
two independent errors – the error ∆𝑃𝑃𝑚𝑚 from the 
change in the diameter of the tire as a result of wear 
and the error ∆Pd. As a result: 

∆𝑃𝑃 =  �∆𝑃𝑃𝑚𝑚2 +  ∆𝑃𝑃𝑑𝑑2 = �(2.𝜋𝜋. 𝑥𝑥)2 +  ∆𝑃𝑃𝑑𝑑2 (12) 

Where: 

𝑥𝑥 𝑖𝑖𝑖𝑖 car tyre thread wear; and 

∆𝑃𝑃𝑑𝑑 = 0.22 % .𝑃𝑃 (13) 
Dependencies (10), (11) and (12) demonstrate the 

significant influence of ∆P, and respectively – the 
wear-out of the car tyre, on the accuracy of 
verification. After substituting dependency (12) in 
dependency (10) one can determine the numerical 
value of the allowable wear-out xm of the tyre for any 
specific size. If x > xm, and considering the need to 
assure the required accuracy of verification, it is 
necessary to correct the input data used in the 
calculation. 

6. UNCERTAINTY OF THE METHOD 

A transition from error approach towards 
uncertainty evaluation can be made [10]. The first 
step is to calculate the standard uncertainty for the 
three sources. The uniform distribution of the input 
quantities is assumed: 

𝑢𝑢𝐵𝐵(𝑝𝑝) =
∆𝑝𝑝/2
√3

=
1

12 𝑟𝑟𝑝𝑝𝑚𝑚

√3
= 0.048 𝑚𝑚𝑖𝑖𝑝𝑝−1 (14) 

 

𝑢𝑢𝐵𝐵(𝑝𝑝) =
∆𝑝𝑝

𝐾𝐾(𝑝𝑝).√3
= 0.35 𝑚𝑚𝑚𝑚 (15) 

 

𝑢𝑢𝐵𝐵(𝑃𝑃) =
∆𝑃𝑃

𝐾𝐾(𝑝𝑝).√3
= 2.31 𝑚𝑚𝑚𝑚 (16) 

Where coefficient K(p)=1.1 for confidence level 
p=0.95 [11]. 

The next step towards calculating the uncertainty 
of the method is to calculate the sensitivity 
coefficients of the three sources of uncertainty 
defined – the variations in the circumferences of the 
roller and the car wheel, and the variation in the 
revolutions of the roller [11] [12]. 
 

|𝐶𝐶𝑝𝑝| = �
𝜕𝜕𝑁𝑁
𝜕𝜕𝑝𝑝

� =
𝑝𝑝
𝑃𝑃

=  
659.7 𝑚𝑚𝑚𝑚

1993.3 𝑚𝑚𝑚𝑚
= 0.331 (17) 

 

�𝐶𝐶𝑝𝑝� = �
𝜕𝜕𝑁𝑁
𝜕𝜕𝑝𝑝
� =  

𝑝𝑝
𝑃𝑃

=
1515.8 𝑟𝑟𝑝𝑝𝑚𝑚
1993.3 𝑚𝑚𝑚𝑚

= 0.76 𝑚𝑚𝑚𝑚−1.𝑚𝑚𝑖𝑖𝑝𝑝−1 
(18) 

 

|𝐶𝐶𝑃𝑃| = �
𝜕𝜕𝑁𝑁
𝜕𝜕𝑃𝑃

� =  �
−𝑝𝑝𝑝𝑝
𝑃𝑃2

� =
1515.8 × 659.7

1993.32
= 0.252 𝑚𝑚𝑚𝑚−1.𝑚𝑚𝑖𝑖𝑝𝑝−1 

(19) 

 

The combined standard uncertainty 𝑢𝑢𝑐𝑐  of the 
measurement method is: 

𝑢𝑢𝑐𝑐(𝑁𝑁) =  �𝐶𝐶𝑝𝑝2𝑢𝑢𝐵𝐵2(𝑝𝑝) + 𝐶𝐶𝑝𝑝2𝑢𝑢𝐵𝐵2(𝑝𝑝) + 𝐶𝐶𝑃𝑃2𝑢𝑢𝐵𝐵2(𝑃𝑃) = 

=√0.33120.0482 + 0.7620.352 + 0.25222.312 
(20) 

 

𝑢𝑢𝑐𝑐(𝑁𝑁) =  0,64 𝑚𝑚𝑖𝑖𝑝𝑝−1 (21) 

In this specific case, if the perimeter of the tyre 
of the verified car is p = 1 993.3 mm, then the 
combined standard uncertainty will be 1 275.7 mm 
(1.28 m) for a reference distance of 1 000 m. 

7. SUMMARY 

• The measurement equation of the static method 
with the roller test bench for conducting 
metrological verifications of the taximeters is 
defined. 

• The systematic component of the measurement 
error of the method is determined. Presented is 
dependency for maximum wear-out of the car 
tyre for the needs of the metrological 
verification. 

• Uncertainty of the measurement method is 
determined. 
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Abstract: 
The spreading of photovoltaic (PV) systems as 

solar panels can be seen around the entire world. The 
product authorisation and validation process in the 
case of standard size roof solar panels is a well-
established practice, however there are an endless 
variety of non-standard size PV panels. The 
validation of such units is not always a standard and 
straightforward procedure, as it is not always clear 
whether a PV panel is an electrical device or a 
building material. This paper discusses a possible 
methodology of the validation of non-standard size 
PV elements according to the IEC 61215 standard [1]. 

Keywords: Photovoltaic; 61215; solar-panel.  

1. INTRODUCTION 

The IEC 61215 standard [1] is generally – but not 
exclusively – used for the validation of standard-size 
solar panels (~1.6 x 1 m). There are 19 different 
Module Quality Tests (MQT) defined in this standard. 
They describe in detail the tests to be conducted, 
defining their logical sequence. These tests are used 
for standard size solar panels installed on buildings 
(typically on roofs or facades). Today solar units can 
be found in sizes and shapes different from these 
panels, with validation being the problematic point. 
This article discusses the various options of adapting 
the tests required by the IEC 61215 standard [1], via 
a type of solar panel that can be integrated into roof 
tiles, so that non-standard PV panels can also be 
validated. 

2. WHERE THERE IS NO NEED FOR 

CHANGES 

The 19 MQT chapters of the IEC 61215 standard 
[1] include some where the specified tests can be used 
for any non-standard PV panel without any need for 
changes. These MQTs are the following: 

• MQT 01 Visual Inspection 
• MQT 10 UV preconditioning 
• MQT 13 Damp heat test 
• MQT 14 Robustness of termination 

The tests listed above are not covered in this study. 

The other MQTs (2-9; 11; 15-19) include 
recurring elements, as a result, this study focuses on 
tasks and not MTQs. All of these recurring elements 
can be associated with the performance measurement 
of PV panels.  

This paper explores the potential of using a solar 
simulator and indoor conditions as a substitute for 
natural light and outdoor conditions. 

3. WHERE THERE IS A NEED FOR 

CHANGES 

The most important task during a test is to 
measure the output power of a given PV panel under 
various conditions. This includes introduction of: 
 

• solar simulator AAA (IEC 60904-9) [3] 
• pyranometer or reference cell 
• dummy load. 

 
The additional tools needed are the same as the 

ones used for testing standard PV panels. 
During the test, the standard solar panels must be 

inspected under natural conditions, using natural 
sunlight (e.g., MQT 08). The relevant part of the 
standard specifies acceptable environmental 
conditions, such as wind speed, solar radiance, etc. 
Taking into account the environmental effects, i.e., 
the weather, can significantly increase the time 
needed to carry out the test. This affects the schedule 
and makes it difficult to perform a given validation. 
It is recommended to use indoor testing instead of an 
outdoor test utilizing a climatic chamber with solar 
simulation, so that changing and incidental 
environmental conditions will not hinder the testing 
process. Tests are currently underway, and this article 
does not yet provide concrete results, but only 
describes the theoretical setup and preliminary 
simulations. 

Climatic chambers are suitable for maintaining 
temperature and humidity at a constant level or 
changing them according to a pre-defined algorithm. 
When using solar simulation, the intensity of 
irradiation and its distribution on the surface of the 
solar panel being tested can easily be measured at any 
moment. The (surface) temperature of the solar panel 
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does not change either, as there is no air movement. 
Under these conditions, environmental effects can be 
eliminated, and the repeatability of the tests is 
definitely improved. 

3.1. Climatic chamber 

The climatic chamber is not sized primarily 
according to the size of the products to be tested in it 
but that of the irradiation unit, i.e., the solar simulator. 
When positioning the solar simulator, it is important 
that the panels must be exposed to vertical irradiation; 
as a result, it must be placed on top of the climatic 
chamber. Since the solar simulator needs cooling 
during operation (see Chapter 3.2), it cannot be 
placed inside the climatic chamber. To make the 
climatic chamber suitable for solar simulation tests, 
an opening must be designed on top of it, with a 
useful size of approx. 500 x 595 mm (W x L) and 
proper sealing. After the sealing has been removed, 
the solar simulation panel can be installed (Figure 1). 
The solar simulator can be inserted into the opening 
and the solar radiation test of the solar panels can be 
conducted at controlled temperature and humidity 
levels. 

Figure 1: Opening on top of the climatic chamber – open 

When designing the opening, care must be taken 
to provide proper sealing and closure for occasions 
when the solar simulator is not in use (Figure 2). 

Figure 2: Opening on top of the climatic chamber – with 
sealing 

In both cases, this solution must be designed in a 
way that it will not have any impact on the basic 
operating parameters of the climatic chamber during 
operation.  

3.2. Solar simulator 

MQT 2 / 6 / 7 / 9 
The solar simulator is used for measuring the 

output power of solar panels (Figure 3) and 
determining the maximum power point of a given 
solar panel. 

Figure 3: [2] Trevor Barcelo, Solar panel I-V curve 
showing maximum power 

In Fig. 3 Pmp is the maximum power point, Vmp 
is the panel voltage at maximum power, Voc is the 
panel’s open circuit voltage and Imp is the current at 
Pmp point. 

The next figure shows the operating principle of 
the solar simulation test (Figure 4). 
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Figure 4: Operating principle of the solar simulation test 

In Fig.4 A is the High precision current meter and 
V is the High precision voltmeter. The Electronic 

load is for example, Siglent SDL1020X E (150V/30A, 
200W DC Load, 1 mV, 1 mA). 

The selection of the LEDs used for the solar 
simulator and their arrangement on the surface of the 
solar simulator are of critical importance. This study 
does not deal with their design and selection aspects 
or parameters; however, a possible layout is shown in 
Figure 5.  

Figure 5: Solar simulator – a possible arrangement of 
LEDs [units in cm] (15.05.2022 University of Pannonia, 
Faculty of Engineering, Department of Process 
Engineering) 

It is essential to know the area where the direction 
of radiation can be considered as vertical. The precise 
calibration of this and its adjustment relative to the 
solar panel being tested may require ad-hoc design 
efforts. 

A possible design of the solar simulator can be 
seen in the following image (Figure 6). The solar 
simulator presented in the photo is suitable for 
insertion into the opening on top of the climate 
chamber. 

Figure 6: Solar simulator design (University of Pannonia, 
Faculty of Engineering, Department of Process 
Engineering) 

The sunlight simulator is currently being tested 
and optimised. Mainly under industrial conditions, 
during the mass production of individual solar cells, 
in the form of a so-called "flash-test" solution. 

4. SUMMARY

Besides the power measurement of photovoltaic 
systems, the IEC 61215 standard [1] deals also with 
the testing of other parameters, such as electrical 
insulation, the mechanical resistance of connectors or 
hail impact. Such tests can also be product-specific; 
however, the methods used for testing standard 
panels can be efficiently applied with smaller or 
bigger modifications. 

The greatest difference in testing standard and 
non-standard panels lies in determining their 
electrical output. We intend to reduce this difference 
through tests carried out in a climatic chamber, using 
dummy load and solar simulation. Experiments with 
a 500 x 595 mm sunlight simulator integrated into the 
climate chamber are encouraging. Based on the 
simulations and preliminary measurements, a solar 
simulator of this size seems to be sufficient to 
illuminate the solar cell integrated in the selected roof 
tile. The solar simulator is expected to be connected 
to the climate chamber at the end of 2022. Solar 
validation tests will start in early 2023. The first 
results of the analysis of the differences between the 
results of the outdoor tests as described in IEC 61215 
and the proposed indoor tests (with the solar 
simulator integrated in the climate chamber) are 
expected in summer 2023. 
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The methods discussed in this study are in an 
experimental phase. The expected completion date of 
the project is the first quarter of 2024. 
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Abstract: 
The purpose of this paper is to outline the 

advantages of integrating quality management 
systems with innovation management systems. The 
paper presents the chronology of ISO standards for 
management systems, the evolution from quality 
management systems based on ISO 9001 to 
innovation management systems based on ISO 
56002. The discussion evolves into a summary of 
the lessons learned from the implementation of such 
systems. The conclusions highlight a number of 
opportunities for improvement and suggestions for 
practical implementation of innovation 
management systems in universities. 

Keywords: quality management systems; ISO 
9001; innovation management systems; ISO 56002; 
university management systems. 

1. INTRODUCTION

Different forms of quality control have existed 
since the dawn of humankind. Inevitably they have 
been intertwined with what we call today metrology. 
The science of quality management has been around 
for about a century and it encompasses quality 
planning, quality assurance and quality 
improvement as well as the more traditional quality 
control. 

The factor which practically makes the 
difference in quality management systems is the rate 
of improvement- be it incremental or continual. Any 
innovation may be considered to be an improvement, 
but not every improvement is innovative. 

This paper presents a chronological overview of 
ISO 9000 and ISO 56000 based management 
systems in order to better understand the 
significance of such management systems and the 
perceived benefits from their implementation. 

2. QUALITY MANAGEMENT SYSTEMS
AND THE ISO 9000 SERIES OF 

STANDARDS 

Quality management systems in organizations 
help their top management team steer the 
organization in the desired strategic direction. They 
formally express the ways that internal processes 
work, interact with each other and with external 

processes, the communication between functions 
using documented information, and other typical 
managerial activities. 

2.1. The requirements standard – ISO 9001 
The latest edition of the standard ISO 9001 

Quality Management Systems – Requirements is 
published in 2015 and was confirmed in 2021 [2]. 
The first edition was published back in 1987, and 
was followed by revisions in 1994, 2000 and 2008.  

If an organization aims to demonstrate its 
effectiveness and to improve its customer 
satisfaction, this standard presents a coherent and 
proven set of requirements leading it on the path to 
success. 

The current structure of this standard follows the 
high level structure presented in Annex SL of the 
ISO Directives. This document was first published 
in 2012 and then revised in 2021. The requirements 
of ISO 9001:2015 are specified after the initial 
sections of the standard, titled: Foreword, 
Introduction, Scope, Normative references, and 
Terms and definitions. The core of the standard for 
quality management systems follows the Plan-Do-
Check-Act (PDCA) cycle, also part of clause 0.3.2, 
by defining requirements for: 

- Context of the organization;
- Leadership;
- Planning;
- Support;
- Operations;
- Performance evaluation;
- Improvement.
Clause 10 Improvement is further subdivided

into: general (10.1), nonconformity and corrective 
action (10.2), and continual improvement (10.3).  

All of these elements can serve as cornerstones 
for building an innovation management system. 

2.2. Fundamentals and vocabulary for quality 
management systems – ISO 9000 

This standard is valid for the whole ISO 9000 
series of standards [1]. In addition to specifying the 
terminology and definitions related to quality 
management systems, ISO 9000 outlines the seven 
quality management principles. For many 
organizations these principles serve as bases on 
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which the top management develops the quality 
policy. 

ISO 9000:2015 is the fourth edition of this 
standard which is preceded by earlier revisions in 
2005 and 2000. The first vocabulary for quality was 
published as ISO 8402:1986 and later revised to 
become ISO 8402:1994 Quality management and 
quality assurance — Vocabulary. 

ISO 9000 has 13 categories of terms including 
the definitions for quality management, 
improvement, innovation, and many others. 

2.3. The ‘how to’ standard – ISO 9002 
ISO/TS 9002:2016 has identical structure to the 

one of ISO 9001:2015. Its main feature is that this 
standard provides more specific guidelines for the 
application of ISO 9001:2015. This standard has 
been reviewed and confirmed in 2020 [3]. Previous 
ISO standards had the same number but with a 
different structure and meaning: 

- ISO 9002:1987 Quality systems — Model 
for quality assurance in production and 
installation, and 

- ISO 9002:1994 Quality systems — Model 
for quality assurance in production, 
installation and servicing. 

2.4. Better than average – ISO 9004 
The fourth edition of this standard is titled ISO 

9004:2018 Quality management — Quality of an 
organization — Guidance to achieve sustained 
success [4]. The chronology of this standard of the 
ISO 9000 series is as follows: 

- ISO 9004-1:1994 Quality management and 
quality system elements — Part 1: 
Guidelines; 

- ISO 9004:2000 Quality management 
systems — Guidelines for performance 
improvements; 

- ISO 9004:2009 Managing for the sustained 
success of an organization — A quality 
management approach. 

The progress of thought provoked by the 
changes in the environment in which organizations 
operate is evident- from quality elements, through 
performance improvements to the latest approach of 
sustained success. 

A measure for success can be the maturity model 
and the self-assessment tool presented in Annex A 
of ISO 9004:2018. 

The guidance for achieving sustained success in 
respect to innovation is described in Clause 11.4. 
The respective maturity levels, ranging from 1 
(lowest) to 5 (highest) provide qualitative indicators 
for innovation: 

- Maturity Level 1 – limited innovation and no 
planning of the innovation process; 

- Maturity Level 2 – innovations take into 
considerations the needs, expectations and 
requirements of relevant interested parties; 

- Maturity Level 3 – innovations are planned 
in line with identified changes in the 
organization’s context, resources, and risks; 

- Maturity Level 4 – innovations are 
prioritized, the innovation processes involve 
external interested parties, innovations are 
assessed for their effectiveness and 
efficiency, also in relation to organizational 
improvement; 

- Maturity Level 5 – anticipating changes in 
context and preventing risks. 

3. INNOVATION MANAGEMENT 
SYSTEMS AND THE ISO 56000 SERIES 

OF STANDARDS 

The need for a specific standard for innovation 
management systems became evident at the turn of 
the 21st century. In 2008 the European Committee 
for Standardization (CEN) created a specific 
technical committee on innovation management- 
CEN/TC 389 which published the first set of 
international standards on innovation management 
– the 16555 series. 

This initiative was continued by the International 
Organization for Standardization (ISO) which 
established a similar technical committee- ISO/TC 
279 “Innovation management”. Until July 2022, 
ISO has published six standards for innovation 
management, part of the ISO 56000 series: 

- ISO 56000:2020 Innovation management — 
Fundamentals and vocabulary [6]; 

- ISO 56002:2019 Innovation management — 
Innovation management system — 
Guidance [7]; 

- ISO 56003:2019 Innovation management — 
Tools and methods for innovation 
partnership — Guidance; 

- ISO/TR 56004:2019 Innovation 
Management Assessment — Guidance [8]; 

- ISO 56005:2020 Innovation management — 
Tools and methods for intellectual property 
management — Guidance [9]; 

- ISO 56006:2021 Innovation management — 
Tools and methods for strategic intelligence 
management — Guidance. 

Four additional standards are at different stages 
of development: 

- ISO/AWI 56000 Innovation management — 
Fundamentals and vocabulary (an update of 
the standard ISO 56000:2020); 

- ISO/AWI 56001 Innovation management — 
Innovation management system — 
Requirements; 
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- ISO/DIS 56007 Innovation management —
Tools and methods for idea management —
Guidance;

- ISO/CD 56008 Innovation management —
tools and methods for innovation operation
measurements — Guidance;

- ISO/DTS 56010 Innovation management -
Illustrative examples of ISO 56000.

The similarity of the concepts behind ISO 9000 
and ISO 56000, and ISO/TS 9002 and ISO 56002 is 
noticeable. Yet, the approach applied for developing 
innovation management standards is substantially 
different.  

Instead of publishing the standard with 
requirements for innovation management systems- 
ISO 56001 first, and then giving guidance on their 
implementation, ISO/TC 279 has chosen a more 
customer-friendly approach. This “innovation” 
allows the potential developers, implementers and 
auditors of innovation management systems to 
establish their systems based on the guidance and 
supporting standards. Only when sufficient practice 
in maintaining such systems is in place, the 
requirements standard will be used to audit and 
possibly certify for conformance to ISO 56001. 

4. LESSONS LEARNED FROM THE
IMPLEMENTATION OF 

MANAGEMENT SYSTEMS 

The implementation of management systems in 
higher educational organizations began by adapting 
ISO 9001 requirements to the actual educational 
environment. Naturally, the pre-existing 
management systems and the international and 
national regulatory documents served as bases for 
the additional requirements. 

The University of Ruse is one of the pioneers in 
implementing an ISO 9001 based quality 
management system. The desire to have a less 
general and a more specific quality management 
system has been boosted by the publication of: 

- International Workshop Agreements IWA
2:2003 and later IWA 2:2007 Quality
management systems — Guidelines for the
application of ISO 9001:2000 in education;

- ISO 21001:2018 Educational organizations
— Management systems for educational
organizations — Requirements with
guidance for use [5].

The latter standard has been discussed in detail 
by the Quality Assurance Committee of the 
university and the relevant documented procedures 
have been revised as necessary.  

In 2021 a decision was made that ISO will revise 
this standard. As of July 2022, ISO/TC 232 
“Education and learning services” has initiated a 
ballot of the Committee Draft (CD) of ISO 21001. 

If the ballot is successful, the standard will then 
move to the next stages- Draft International 
Standard (DIS), Final Draft International Standard 
(FDIS), and published international standard. 

The Technology Transfer and Intellectual 
Property Centre (TTIPC) at the University of Ruse 
“Angel Kanhev” is integrating elements of 
innovation management systems. This 
improvement to the existing quality management 
systems integrates the requirements of ISO 
9001:2015 and of ISO 21001:2018 with the 
guidance of ISO 56002:2019. 

The process has started in 2020 with the election 
of the current manager of the TTIPC. The 
implementation of the ISO 56000 series of 
standards encompasses the following elements: 

- Updated innovation vision, mission, strategy,
policy, and objectives;

- Streamlined innovation management
process that encompass the identification of
opportunities, creation and validation of
concepts, developing and deploying
solutions;

- Developing and publishing a yearly
innovation portfolio which contains all
existing and newly registered intellectual
property rights (IPR)- patents, utility models,
trademarks, designs, etc.;

- Creating and continuously updating a
database of IPR, including a calendar of the
dates of validity;

- Performing assessments of the performance
of the innovation management system, etc.

Some of the activities arising from the integrated 
quality, educational and innovation management 
system are: 

- Management of intellectual property;
- Management of strategic intelligence;
- Active membership and participation in

conferences, seminars, webinars and
workshops;

- Organizing seminars to obtain buy-in from
internal and external interested parties;

- Participation in promotional events such as
the Innovative Youth Expo, etc.

Any organization shall learn its lessons both 
from best practices, and from failures. Some of the 
lessons learned so far are: 

- The value added from innovation processes
shall be the main principle when prioritizing 
innovation initiatives; 

- The timeliness and customization of
innovations enable successful technology
transfer and generate higher return on
investment;
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- Engaging meetings with successful 
inventors and researchers extend the pool of 
potential new inventors; 

- Innovative spirit and innovation culture are 
a must. The documented management 
system can support innovation processes, 
but the performance of the system is strongly 
impacted by the people implementing it; 

- Innovation teams and partnerships generate 
better overall outcomes and outputs. 

5. SUMMARY 

In conclusion, experience with the integrated 
management system of the university shows that the 
best results and performance of the management 
system are achieved when: 

- carefully considering the current context and 
emerging trends and technologies, as well as 
the requirements of relevant interested 
parties; 

- successfully managing the competence, 
awareness and involvement of key 
representatives of top management, 
researchers, professors, laboratory 
technicians and administrative staff; 

- actively engaging in professional 
organizations, projects and trainings; 

- timely aligning the organization’s strategic 
direction with international and national 
regulatory documents and frameworks; 

- embracing change and creating the future. 
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Abstract: 
In this paper, the possibilities and important 

factors that can influence the prediction of the life 
time (life cycle) of a measuring instrument used in 
the field of legal metrology, which is found in 
everyday work and in different working conditions, 
are considered. Based on the measurement history 
and a large number of measurement results data, 
significant factors (history of measurements, 
different provider of services, measurement 
uncertainty and environmental conditions) that can 
influence the judgment of the life cycle of the 
measuring instrument were analysed. The presented 
results indicate the further research for development 
of a more efficient, faster and better system meant 
for consumer protection from inaccurate 
measurements. 

Keywords: legal metrology, conformity 
assessment, life cycle, digitalization, verification 

1. INTRODUCTION 

Legal metrology represents one of the three basic 
metrology areas, especially dedicated to consumer 
protection. The task of legal metrology is to ensure 
measurement results with the necessary accuracy 
and reliability wherever there is a public interest or 
a need for consumer protection. In order to have 
developed legal metrology, it is necessary to 
develop appropriate methods, measurement 
standards and ensure metrological traceability in a 
prescribed manner. In accordance with the stated 
needs, it is obvious that all categories of metrology 
are interdependent, and that without the 
simultaneous development of scientific, legal and 
industrial metrology, the international metrology 
system would not be functional. Legal metrology 
implies the application of legal requirements to 
measurements and measuring instruments. 
Measuring instruments used in the field of legal 
metrology are those measuring instruments that 
provide measurement results that serve as a basis for 

economic transactions, for the protection of human 
and animal health, environmental protection, these 
are measuring instruments whose measurement 
results can be the subject of court and administrative 
proceedings.  

Legal metrology with its recognized 
competences represents a greater part of the 
activities of each country legislature in relation to 
other categories of metrology, and the coordination 
and management of the same is always the subject 
of state authorities. Measurement data, which are 
the basis for the analysis of this paper, were 
provided by the Institute of Metrology of Bosnia 
and Herzegovina (IMBiH), which is responsible for 
metrology system in Bosnia and Herzegovina, 
covering legal, industrial and scientific metrology.   

In order to adequately analyse some specific 
measuring instrument, and for a valid conformity 
assessment to be made for the same, it is necessary 
to carry out measurements by competent 
laboratories. In addition to the analysis related to the 
subsequent verifications of the measuring 
instrument, this paper analyses the measurement 
results obtained on the measuring instrument in 
laboratory conditions (at different temperatures in 
accordance with the manufacturer's declaration), 
and the subsequent comparison of the results related 
to similar types of measuring instrument that are 
used in real life conditions. 

There are certain standards that indicate ways of 
life cycle management, as well as analysis of 
modelling processes of essential steps in 
determining the life cycle [1], from the clients 
requests to the manufacturing of a product. 
However this analysis is based on the results of 
measuring instrument that have a certain history of 
use. On hand of these information obtained in the 
use of the measuring instrument, new information 
have been obtained indicating the need for further 
research in development of algorithms for data 
digitalization and transformation for accurate 
prediction of life cycle of a measuring instrument. 
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In addition to the measurement verification 
procedure that has been conducted, the 
measurement calibration procedure was also 
approached on the same test object, in order to 
determine the contribution of measurement 
uncertainty of the measurement error and analysis 
of the impact on the permissible measurement error, 
as well as the final impact on the consumer 
protection. 

On the basis of the overall analysis, a 
prerequisite for the algorithm was determined, 
which will be used for both, prediction of the life 
cycle of a measuring instrument and for traceable 
diagnostics in the future operation of the measuring 
instrument. 

2. METHODOLOGY

The two most well-known processes that we 
encounter in the field of metrology, in addition to 
testing, are calibration and verification of measuring 
instruments. Although very similar in performance, 
these two processes differ from each other. 
Calibration is usually carried out in order to provide 
a quantitative report on the correctness of the 
measurement result of a measuring instrument, and 
is mostly used in the field of industrial metrology to 
achieve metrological traceability. 

According to the International Vocabulary of 
Metrology (VIM) [2], calibration represents 
operation on measuring instrument or measuring 
system, that under specified conditions, in a first 
step, establishes a relation between the quantity 
values with measurement uncertainties provided by 
measurement standards and corresponding 
indications with associated measurement 
uncertainties and, in a second step, uses this 
information to establish a relation for obtaining a 
measurement result from an indication. 

Confidence in the results is achieved through 
ensuring the traceability and determining the 
uncertainty of the measurement results. 
Laboratories that carry out calibrations must have a 
certificate of competence from an independent third 
party, which is mostly proven by accreditation, i.e. 
by confirmed implementation of the ISO/IEC 17025 
standard [3]. On the other hand, verification is a 
procedure used to check the compliance of 
measuring instruments in accordance with the 
relevant legal regulations. In accordance with the 
international dictionary (VIML) [4] of legal 
metrology, verification is conformity assessment 
procedure (other than type evaluation) which results 
in the affixing of a verification mark and/or issuing 
of a verification certificate. Verification represents 
the provision of objective evidence that a certain 
item meets certain requirements prescribed 
according to law on metrology or by-laws on 

metrological characteristics of measurement 
instruments under verification. The requirement 
that must be met by the laboratories that carry out 
verifications in Bosnia and Herzegovina is the 
implementation of the ISO/IEC 17020 standard [5], 
which has to be confirmed by an independent third 
party.  

2.1. Verification of measuring instrument and 
stability of use in laboratory conditions 

The subject of the analysis of this paper in 
monitored laboratory conditions was a precise non-
automatic weighing instruments of the accuracy 
class II, with a maximum weighing capacity of 6200 
g, a minimum weighing capacity of 0.5 g, 
verification scale interval (e) of 0,1 g, and actual 
scale interval of 0.01 g (up to 1500 g), 0.02 g (3000 
g) and 0.05 g (up to 6200 g). The verification
procedure was carried out in laboratory conditions 
at different temperatures (18°C, 20°C, 25°C) and in 
different time periods (September 2021 - February 
2022) in accordance with the international 
recommendation of international organization of 
legal metrology OIML R76 [6]. At each of the 
temperatures, at least 3 verifications were 
performed in different time periods and always at 
the same test loads (10 loads) from the minimum to 
the maximum capacity (and vice versa) in order to 
test the linearity of the subjected non-automatic 
weighing instrument. The verification has been 
performed with weights of F1 accuracy class. 

2.2. Verification of measuring instruments in 
working conditions 

In order to get a clearer overview of the life cycle 
of a measuring instrument, an analysis of the 
stability of measuring instrument with similar 
metrological characteristics of the same type was 
carried out (compering to the non-automatic 
weighing instrument, described in 3.1). The analysis 
has been done on measuring instrument which has 
daily use in real working conditions and which is 
operated by personnel who do not necessarily have 
the skills of an experienced metrologist. The non-
automatic weighing instrument that was taken into 
analysis was the subject of regular subsequent 
verifications over the years. 

The subjected non-automatic weighing 
instrument is the same family type as the one 
analysed in laboratory conditions, from the same 
manufacturer with a maximum weighing capacity of 
6200 g, a minimum capacity of 5 g, verification 
scale interval of 0.1 g and actual scale interval of 
0.01 g. The non-automatic weighing instrument was 
verified in the period 2012-2018 and at 
temperatures ranging from 22-25°C. 
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2.3. Contribution of measurement uncertainty 
to measurement results in relation to mpe 

In accordance with the requirements of the 
ISO/IEC 17025 standard, which refers to general 
requirements for testing and calibration laboratories, 
based on calibration measurement data, obtained in 
accordance with EURAMET guide cg.18 [7] it is 
possible to make a decision of the conformity of the 
measuring instrument with the relevant legal 
requirements in accordance with the limits of mpe 
specified in OIML recommendation R76. 

The non-automatic weighing instrument, 
subjected for the analysis in point 3.1. of this paper, 
was regularly calibrated in laboratory conditions in 
the period from 2013 till nowadays.  

3. RESULTS AND DICUSSION 

3.1. Linearity tests in monitored laboratory 
conditions 

As stated earlier in the text, the linearity test was 
performed at 10 points (different loads), where the 
maximum permissible error (mpe) in the weighing 
range up to 500 g is 0.05 g (0.5e), up to 2000 g is 
0.1 g (1e) and everything above up to the maximum 
capacity of 6200 g is 0.15 g (1.5e). In accordance 
with the prescribed mpe, it is possible to conclude 
that all measurements at a temperature of ~18°C 
(when testing linearity by continuous loading) are 
within the prescribed mpe limits and that they are 
very stable (although they deviate from each other 
in different time periods). The largest deviation in 
relation to the prescribed mpe (-0.06 g), as well as 
the largest mutual deviation, is found at the point of 
maximum capacity (6200 g) regardless of the 
measurement period, which constitutes for 40% of 
the mpe (Figure 1).

 
Figure 1. Linearity Ascending at 18°C

As well as at a temperature of ~18°C, the 
measuring instrument proved to be stable at 
temperatures of ~20°C. All load points were within 
the limits of the prescribed mpe, while the largest 

deviation is again at the point of maximum 
weighing capacity of 6200 g and constitutes 40% of 
the mpe (Figure 2). 

 
Figure 2. Linearity Ascending at 20°C

The behaviour of the subjected measuring 
instrument is the same at a temperature of ~25°C as 
in the previous two cases, and as expected, with a 
linear increase of the load, the measurement error also 
increases and at the maximum capacity is the largest. 

However, the deviations at this temperature 
comparing to the mpe are the smallest and constitutes 
to approximately 1/3 of the prescribed mpe.  

All measurements at all test points, at different 
temperatures and time periods showed that the 
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subjected non-automatic weighing instrument is very 
stable and with very small deviations in relation to the 
nominal values (approximately 2/3 less than the 
prescribed mpe). 

Comparable results are also obtained by 
measuring when the non-automatic weighing 
instrument is tested in descending path (unloading the 
test standards from the maximum to the minimal 
capacity) with a very small or negligible influence of 
hysteresis. 

3.2. Linearity tests in working conditions 
Analysing the results shown in figure 3.  it is 

possible to conclude that the measurements ware very 

stable until 2016, with very small deviations from the 
nominal value, while in 2018, there is a visible 
deviation in points (load) close to the maximum load 
of the non-automatic weighing instrument. The 
reason that can be taken into account is the fact, that 
measurements in 2018 were made by another 
metrology laboratory (different personal), using other 
equipment (traceability) that possibly did not have the 
same characteristics as the laboratory that performed 
previous verifications, which, based on the 
measurement results, is an important factor in 
predicting the life cycle of the measuring device. 

Figure 3. Linearity - working conditions

With a more detailed analysis, it is necessary to 
determine whether there will be visible changes in 
other laboratories (nominated laboratories which 

are part of BiH metrology system) as well, to 
determine the parameter that is the reason for the 
obvious changes and isolating the one.  

Figure 4. Conformity from calibration results 

3.3. Linearity tests based on calibration results 
All calibrations have been performed by IMBiH, 

beside the year 2013 when the calibration has been  
done by private accredited laboratory. Based on the 
measurement results, an error was determined, and 
based on the mpe, a conformity assessment was 
made (Figure 4). 

From the Figure 4., it can be concluded that the 
non-automatic weighing instrument was within the 
legally prescribed limits, except for 2016, when the 
it has showed a significantly larger error compared 
to previous years. In 2016, the non-automatic 

weighing instrument was outside the limits of the 
mpe at the point of load of 100 grams and at the 
point of maximum capacity.  

If the contribution of the expanded measurement 
uncertainty U(E) (with  coverage factor k=2 and 
coverage probability =95%) is also taken into 
account (values given in Table 1.), then it can be 
concluded that the scale deviates approximately 60% 
above the mpe in the maximum capacity, which 
clearly indicates that the non-automatic weighing 
instrument had to be subject to service (internal 
calibration of the scale) and recalibration. This was 
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the case with the subjected non-automatic weighing 
instrument, because, after the internal calibration 

has been done, the results were again within the 
limits of the mpe over the following years.  

Table 1: Calibration history (linearity test) of non-automatic weighing instrument from 2013-2022 
Load 
in g 

Measurement error  (E) and extended measurement uncertainty U (E) in g 
2013 2014 2015 2016 2017 2019 2021 2022 

0,5  E=0.00 
U(E)=0.015 

E=0.00  
U(E)=0.012 

E=0.010 
U(E)=0.012 

E=-0.010 
U(E)=0.022 

E=0.000  
U(E)=0.0082 

E=-0.010 
U(E)=0.0150 

E=0.000  
U(E)=0.0310 

100  E=0.00 
U(E)=0.015 

E=0.00  
U(E)=0.012 

E=0.050 
U(E)=0.012 

E=-0.010 
U(E)=0.022 

E=0.000  
U(E)=0.0082 

E=-0.020 
U(E)=0.0150 

E=-0.010 
U(E)=0.0310 

500  E=0.01 
U(E)=0.015 

E=0.00  
U(E)=0.012 

E=-0.020 
U(E)=0.012 

E=-0.020 
U(E)=0.022 

E=-0.010 
U(E)=0.0087 

E=-0.030 
U(E)=0.0150 

E=0.000  
U(E)=0.0320 

1000 E=-0.01 
U(E)= 
0.079 

       

1500   E=-0.02 
U(E)=0.015 

E=-0.01 
U(E)=0.012 

E=0.000 
U(E)=0.012 

E=-0.040 
U(E)=0.023 

E=-0.020 
U(E)=0.0120 

E=-0.060 
U(E)=0.0170 

E=-0.010 
U(E)=0.0320 

2000 E=-0.02 
U(E)= 
0.078 

       

3000  E=-0.02 
U(E)=0.017 

E=0.00 
U(E)=0.017 

E=0.048 
U(E)=0.017 

E=-0.022 
U(E)=0.030 

E=-0.022 
U(E)=0.0240 

E=-0.022 
U(E)=0.0250 

E=-0.002 
U(E)=0.0310 

4000 E=0.00 
U(E)= 
0.081 

       

5000  E=0.00 
U(E)=0.042 

E=0.00 
U(E)=0.042 

E=0.001 
U(E)=0.042 

E=0.002 
U(E)=0.038 

E=0.002 
U(E)=0.0340 

E=0.002 
U(E)=0.0350 

E=0.004 
U(E)=0.0480 

6000 E=0.00 
U(E)= 
0.084 

       

6200  E=0.00 
U(E)=0.042 

E=0.00 
U(E)=0.042 

E=0.202 
U(E)=0.042 

E=0.002 
U(E)=0.058 

E=0.002 
U(E)=0.0550 

E=0.002 
U(E)=0.0560 

E=0.054 
U(E)=0.0690 

 

Although the contribution of measurement 
uncertainty is not required in the conformity 
assessment in the field of legal metrology, the 
measurement errors obtained by the calibration 
procedure increased by the expanded measurement 
uncertainty, indicate that the difference in errors can 
significantly influence the decision-making about 
the conformity of the measuring instrument 
compared to cases when measurement uncertainty 
is not taken into consideration. Measuring 
instruments that meet the prescribed limits of mpe 
in the verification process will not necessarily meet 
the mpe if the expanded measurement uncertainty is 
added to them, as can be seen from the Figure 4.  

3.4. Further analysis 
The consumers’ health protection is crucial 

reason for introduction of new concepts, such as 
digitalization process in legal metrology, which 
simultaneously increases the amount of data 
exchange. This is possible by establishing a 
database with the history of measurements of 
specific measuring instrument (subject of legal 
control) and adequate process of those measurement 
data.  

In order to make an adequate assessment of a life 
cycle of a measuring instrument, in addition to the 
analyses carried out on the measurements, it is 
necessary to keep up with the current developments 
in the field of digitalization. This process will 

enable easier flow of information and analysis of a 
large amount of data. For the past few years, 
developed European metrology institutes have been 
working on the digitalization of calibration 
certificates, which could be further processed 
through digital transformation to the end users and 
directly integrated into the actual process in which 
this important metrology data are intended to (the 
same could be applied to verification).  

This process takes place through three concepts 
from digitization through digitalization to the final 
digital transformation. To make this complete 
process clearer, it is necessary to know what these 
separate concepts of digital technology represent. 

The first phase of the transformation is called 
digitization, which in its simplest sense is the 
conversion of analog data into digital data (an 
example of data digitization). 

The second phase is digitalization and represents 
"the process of using digital technology and the 
impact it has" (for example digitalization of the 
process) [8]. The third, at the same time the final 
stage, represents digital transformation, which is the 
broadest of the three terms and encompasses the 
work of an entire institution. There are different 
explanations of what exactly digital transformation 
represents, however, the German metrology 
institute (PTB) described this process in the field of 
metrological services as digital upgrading of the  
quality infrastructure and of legal metrology, 
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among other things by developing reference 
architectures, validated  statistical procedures for 
predictive maintenance, an  infrastructure for 
digital calibration certificates and, last but not least, 
by setting up a "metrology cloud" in the form of a 
digital quality infrastructure for the harmonization 
and development of conformity assessment and 
market surveillance [9]. 

This process of digital transformation reflects 
the need for strengthening the protection of the end 
consumer, respectively, legal metrology. Through 
EC funds, within the framework of the European 
metrology organization EURAMET, certain 
research projects were launched that would 
contribute to the development of this field [10]. 

The analysis in this paper indicates which factors 
are important for a more detailed analysis and 
prediction of the measuring instrument life cycle, 
and further research would lead in the direction of 
mathematical modelling and conversion of these 
factors into numerical variables and analysis of their 
mutual correlation which is closely related to 
digitalization and data processing.  

Important factors that could influence the 
determination of the life cycle of the measuring 
instrument (among them also those ascertained 
through the analysis in this work) are: 

- The year since the instrument has been
in use,

- Reference to the normative
document/standard, used for the
approval of a measuring instrument,

- Verification performed regularly or not
- Potential measurement uncertainty,
- Environmental conditions data during

measurement
- Data on service of measuring instrument

(breakdown)
- Feedback from users of the measuring

instrument
- Information on the laboratory which

performed measurements (the same/or
there were changes)

- The period of recalibration of the
equipment of a laboratory that
performed the measurements

- Information on traceability of the
measuring equipment of the laboratory
who has performed measurements
(National metrology institute/
designated institutes or accredited
laboratory)

- Information on manufacturer of the
measuring instrument under test.

By determining the mutual correlation and 
determining the parameters that obviously affect the 

changes in the measurement results, the prediction 
of the life cycle of the measuring instrument will be 
solved, as well as the determination of the time 
periods of subsequent verifications. 

In 2012, IMBiH esatblished a database of all 
measuring instruments (not only non-automatic 
weighing instruments) to enhance the measurement 
system and to solve the way of predicting the life 
cycle of a measuring instrument. This data base 
consist of measuring instruments that are in use in 
Bosnia and Herzegovina, i.e. a database of verified 
measuring instruments, which have been verified by 
competent nominated laboratories that are 
accredited to perform verifications in the subject 
metrology field. Currently, the database consists of 
reports from nominated laboratories, which are in 
different formats; from scanned copies with manual 
entries, but also electronic reports such as excel 
tables or word documents. These reports generally 
have to be re-entered in order to make a detailed 
analysis by type of measuring instrument and to 
provide a quality conformity assessment and to 
predict the lifetime of the measuring instrument on 
the basis of a large amount of data. In addition to all 
of the above mentioned, IMBiH initiated 
digitalization activities that would take place in 
three steps in accordance with global developments 
in this field. The first step, which is already taking 
place, is that all the test reports on the verification 
of the measuring instruments, which are carried out 
by the nominated laboratories, are converted into 
pdf (digitization) so that a measurement history can 
be made for all the measuring instruments in use. 
Additionally, from 2021, an online program was 
launched, through which all nominated laboratories 
can enter their data on verified measuring 
instruments, either directly for each separated 
subject of verification or by uploading an excel table 
with information on reviewed measuring 
instruments. However, the measurement results are 
not entered, but the data base of measuring 
instruments that are in use and that have met the 
conformity assessment is established. 

The second step, which will be implemented in 
the next phase, would refer to the creation of unique 
forms that the nominated laboratories would fill in 
with the measurement results and send to the unique 
server of the IMBiH, with a unique database 
(digitalization) of all measuring instruments. The 
final third step would be a digital transformation, 
where through certain algorithms and machine 
reading, comparisons and analyses of measuring 
results will be conducted, consequentially 
predicting the future course of the measuring 
instrument behaviour and its life cycle. 
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4. SUMMARY 

The non-automatic weighing instrument on 
which the measurements were made in laboratory 
conditions has been in regular use since 2013 and 
already has a certain history of measurements 
(calibration) behind it. Based on this history it was 
possible to analyse the stability of the measurement 
results. Moreover, based on verification results 
carried out in the period September 2021-February 
2022, it was possible to determine the significance 
of the changes influenced by the environmental 
conditions. Regardless of whether the verifications 
are performed in laboratory conditions or in 
working conditions, the subject of this test showed 
satisfactory results in accordance with the 
prescribed mpe limits. 

Depending on the amount of data that should 
made up by the database with all the measuring 
instruments which are in use in Bosnia and 
Herzegovina, it is possible to get a clear overview 
for the other measuring instruments in use, 
regardless of the accuracy class and the field of 
application. The overview imposes possible 
changes in the verification period of measuring 
instruments, but also the reliability and stability of 
all measuring instruments in use and the prediction 
of their life cycle.  

The analysis showed that the contribution of 
measurement uncertainty (if available), if added to 
the obtained error, would significantly affect the 
assessment of the conformity of the measuring 
instrument, which would greatly contribute to the 
possibility of predicting the life cycle of the 
measuring instrument. Another important influence 
that could be taken into account is the fact that the 
measuring instruments are inspected during their 
working life by different laboratories, which, 
although having confirmed competences, may 
deviate from each other in the performance of the 
measurement procedure itself, but also in the 
equipment they use (reproducibility). 

The analysis in the paper labels important factors 
for a more detailed analysis and prediction of the 
measuring instrument life cycle. These factors 
include potential numerical and categorical 
variables, together with possible mutual 
correlations. Categorical variables can be encoded 
to numerical in order to apply mathematical 
modelling for the prediction of a measuring 
instrument life cycle. 
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Abstract: 
The guard banding approach is tested to meet the 

legal requirements for NAWIs. Different guard 
band multipliers were tried to compare the customer 
and manufacturer risks when initial and subsequent 
verification or service inspection were done. The 
results show that the producer’s risk is always 
greater than the customer’s risk, no matter if the 
metrological control is for initial and subsequent 
verification or service inspection. 

Keywords: NAWI, guard band, legal metrology 

1. INTRODUCTION 

Non-Automatic Weighing Instruments (NAWIs) 
must accomplish that the error of reading in any 
instrument must be less than the corresponding 
maximum permitted error (MPE), as stated in the 
recommendation OIML R 76-1 [1]. The controls for 
conformity consist of type approval or initial and 
subsequent verifications or service inspections. For 
NAWIs, the mpe for the type approval and initial 
verification is the same, and they are half the ones 
for the service inspections [1]. On the other hand, 
for any randomly chosen NAWI, there is a risk that 
concerns both the manufacturer and the end user, it 
is the so-called global risk [2, 3], and it has to do 
with a wrong decision. The bad decision could be to 
accept a non-conforming instrument (risk to the 
consumer) or to reject a compliant device (risk to 
the manufacturer). Medina [4] reports that the risk 
of the manufacturer for NAWIs could be as high as 
40 %. This work studies different values for a guard 
band multiplier to address the reduction of that 
levels of risk for manufacturers without 
compromising the low risk for customers that OIML 
R 76-1 demands [1]. 

2. NAWIS MPE 

Following Medina's work [4], it was assumed 
that the manufacturing of the NAWI already has its 

type of approval conformity control. Also, two 
different scenarios were analysed: the NAWI passes 
the initial verification or passes the service 
inspection [4]. 

According to OIML R 76-1, the MPE only could 
take the values 0.5 e, 1 e or 1.5 e for the initial 
verification, and the double of those values for 
service inspection, where e is the verification scale 
interval. Here will be assumed, without loss of 
generality, that e is equal to the resolution of the 
NAWI. The tolerance limits (TL) used will always 
be the MPE in each case. Otherwise, the acceptance 
limits (AL) will be defined by the guard band 
strategy selected. 

And additional assumption is that the 
measurement error on every load on the NAWIs is 
(or is well approximated by) a normal PDF 
(probability density function). 

3. METHODOLOGY 

The same three cases explored by Medina [4] 
were analysed here. The different cases depend 
upon the existence of prior information on the 
instrument.  The first case assumes no previous data 
is available on the NAWI. Only the probability of 
non-conformity was computed in this case. 

The second case considers the use of previous 
knowledge: requirements of the type approval were 
fulfilled. This previous knowledge is used in the 
form of the standard deviation of the probability 
density function. 

The third case implies the consistent production 
of NAWI with type approval. Here, we no longer 
talk about conformity and the risk term arises. This 
case allows computing the risk for both the 
consumer and the manufacturer. For this case, 
results were obtained using CASoft software, 
jointly developed by LNE, NPL and RISE [5].  
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3.1. Probability of conformity 
Sections 7.4 and 7.2 in [2] gives the formulae for 

the calculation of the probability of conformity, 
from which the probability of non- conformity is:  

1 − 𝑝𝑝𝑐𝑐 = 1 −Φ�𝑇𝑇𝑈𝑈−𝑦𝑦
𝑢𝑢
� + Φ�𝑇𝑇𝐿𝐿−𝑦𝑦

𝑢𝑢
� . (1) 

Where TU is the upper tolerance limit, TL is the lower 
tolerance limit, and Φ(y) is the standard normal 
distribution function. Also, y and u will be the mean 
and the uncertainty defined below. 

When no previous data are available, y = ym, with 
ym as the mean of the measurement results, and u = 
um, with um the measurement uncertainty. 

When the prior information of the NAWI 
follows a normal PDF with mean y0, and standard 
uncertainty u0, then y and u are given by:  

𝑦𝑦 =
𝑦𝑦𝑚𝑚
𝑢𝑢𝑚𝑚2

+𝑦𝑦0
𝑢𝑢0
2

1
𝑢𝑢𝑚𝑚2

+ 1
𝑢𝑢0
2

, and 𝑢𝑢 = �
1

1
𝑢𝑢𝑚𝑚2

+ 1
𝑢𝑢0
2
. (2) 

For both cases, ym ∈ [– MPE, MPE], for the 
corresponding metrological control. 

3.2. Acceptance intervals and consumer’s and 
manufacturer’s risks 

Even when Annex A.5 in [2] brings the formulae 
for the risks (consumer and manufacturer) 
calculations, they will not be reproduced here, for 
the sake of space. Those equations will be solved 
inside the CASoft package [5]. 

In all cases, the acceptance limits will vary 
according to the cases defined on Section 3, 
following that [AL, AU] ⊆ [– MPE, MPE], but 
changed by the guard band multiplier used. 

3.3. Uncertainty determination 
The contributions to the measurement 

uncertainty computations were the indicated in [4], 
and based in [1]. Table 1 shows their final 
relationship with e. 
Table 1: Multipliers of the scale interval, e and its 
contributions with the measurement uncertainty. 

Initial verification 
MPE 0.5 e 1 e 1.5 e 

um 0.41 e 0.59 e 0.81 e 
u0 0.61 e 1.03 e 1.48 e 

Service inspection 
MPE 1 e 2 e 3 e 

um 0.59 e 1.04 e 1.51 e 
u0 0.75 e 1.34 e 1.96 e 

4. RESULTS AND DISCUSSION

The ratios of the measurement results, ym and y0, 
against their corresponding MPE were used as 
independent variable when computing the 

probability of non-conformity, with or without 
guard band. 

The results of risks for the manufacturer and the 
consumer computed with CASoft are shown in 
figures 1 to 13. Only the graphs when AL = TL are 
shown in this version of the full paper. 

The worst-case / best-case scenario graph will be 
shown for every guard band strategy used. 

Figure 1: Global risk after initial verification. y0 = –0.5, 
MPE = 0.5e. 

Figure 2: Global risk after initial verification. y0 = 0, 
MPE = 0.5e. 

Figure 3: Global risk after initial verification. y0 = 0.5, 
MPE = 0.5e. 

 Note that as with the no conformity graphs 
shown in [4], the results are symmetrical, which 
implies that the sum of risk for the manufacturer and 
the consumer (the global risk) is the same on the 
extreme values of y0. Of course, the cloud of 
simulation points will be on the opposite side of SL. 
Then, for the rest of MPE values, only one the 
extreme value of y0 will be illustrated besides the 
central value of y0 = 0. 
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Figure 4: Global risk after initial verification. y0 = – 1.0, 
MPE = 1e. 

 
Figure 5: Global risk after initial verification. y0 = 0, 
MPE = 1e. 

 
Figure 6: Global risk after initial verification. y0 = – 1.5, 
MPE = 1.5e. 

 
Figure 7: Global risk after initial verification. y0 = 0, 
MPE = 1.5e. 

 
Figure 8: Global risk after service inspection. y0 = – 1.0, 
MPE = 1e. 

 
Figure 9: Global risk after service inspection. y0 = 0, 
MPE = 1e. 

 
Figure 10: Global risk after service inspection. y0 = – 2.0, 
MPE = 2e. 

 
Figure 11: Global risk after service inspection. y0 = 0, 
MPE = 2e. 

 
Figure 12: Global risk after service inspection. y0 = – 3.0, 
MPE = 3e. 

 
Figure 13: Global risk after service inspection. y0 = 0, 
MPE = 3e. 
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Table 2 resumes the maximum and minimum 
risks computed for both metrological controls. For 
all values on Table 2, the producer’s risk is always 
greater than for the customer, and this agree with the 
findings of Medina [4]. 

For initial verification, the greater value for the 
global risk belongs to the greatest value of MPE. On 
the other hand, for verification or subsequent 
inspection the greater value for the global risk 
belongs to the smallest value of MPE. 

Table 2: Global risk extreme values for initial and 
subsequent verification and service inspection. 

Initial and subsequent verification 
MPE 0.5 e 1 e 1.5 e 

Consumer's 
risk (max) 

0.053 5 0.039 6 0.013 2 

Producer's 
risk (max) 

0.108 1 0.077 5 0.172 3 

Consumer's 
risk (min) 

0.030 0 0.014 9 0.000 0 

Producer's 
risk (min) 

0.101 2 0.054 6 0.075 1 

Service inspection 
MPE 1 e 2 e 3 e 

Consumer's 
risk (max) 

0.073 7 0.064 8 0.063 0 

Producer's 
risk (max) 

0.157 0 0.140 6 0.137 1 

Consumer's 
risk (min) 

0.054 7 0.041 7 0.039 1 

Producer's 
risk (min) 

0.167 6 0.144 4 0.139 1 

5. SUMMARY

Guard band multipliers could be used to compare 
the customer and manufacturer risks when initial 
and subsequent verification and service inspection 
(metrological controls) are used. The results shown 
that the producer’s risk is always greater than the 
customer’s risk, no matter if the metrological 
control is for initial or subsequent verification or 
service inspection. Additionally, the biggest global 
risk, expressed as the sum of the producer’s risk and 
the customer’s risk, not always rest in the same 
extreme condition for the two metrological controls. 

The final version of the paper shows the effect 
that a multiplier guard band has on the former 
results. 
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Abstract: 
The guard banding approach is tested to meet the 

NLGI grade of lubricating grease specifications. 
Different guard band formulae were tried to 
compare the customer and manufacturer risks 
during production release testing. The results show 
that the called risk management approach for guard 
banding offers the best results for the trade-off 
between the producer risk without compromising 
the targeted level of consumer risk for the particular 
case of symmetrical but high-preferred 
specifications limits. 

Keywords: cone penetration test, guard band, 
manufacturer’s risk, customer’s risk 

1. INTRODUCTION 

The most frequent measurement of lubricating 
grease consistency is the cone penetration test (CPT) 
[1][2]. CPT could be understood as a hardness 
measurement of the grease. The National 
Lubricating Grease Institute (NLGI) defined a 
classification of lubricating greases as regards its 
consistency (Table 1), measured through the depth 
to which a standard metal cone penetrates the grease 
sample at 25 ºC. The CPT is reported in tenths of a 
millimetre (hereafter CPT units), and the metal cone 
has standardized dimensional characteristics, mass 
and shape [2]. 
Table 1: Lubricating grease consistency NLGI grades [1]. 

NLGI 
grade 

Penetration range 
/ CPT units 

Food similar 
consistency 

6 85 – 115 Cheddar cheese 
5 130 – 160 Fudge 
4 175 – 205 Frozen yoghurt 
3 220 – 250 Butter 
2 265 – 295 Peanut butter 
1 310 – 340 Tomato paste 
0 355 – 385 Mustard 

00 400 – 430 Yoghurt 
000 445 – 475 Ketchup 
 

Also, before testing the consistency of the grease, 
the sample receipts 'work' in a particular device to 
avoid the presence of air bubbles and lumps of 
undispersed material during the manufacturing 
process [3]. 

On the other hand, when assessing a product's 
conformity regarding the specification limits (SL), 
the ideal situation is to accept all parts whose true 
value (TV) lies within SL and reject all the elements 
that have their TV outside SL. However, it is not 
possible to satisfy both conditions. The best 
estimate of a TV has an associated measurement 
uncertainty; hence, false-accepted (accepted parts 
whose TV lies outside of SL) and false-rejected 
(rejected parts whose TV lies inside of SL) will be 
present [4]. 

Several strategies have been reported regarding 
the test acceptance limits [4][5][6][7], which 
originate from the guard band approach (see Fig.1). 
These strategies seek to minimize the false-accepted 
risk (consumer's risk), to make equal the consumer's 
risk with the false-rejected risk (manufacturer's risk) 
or minimize the total risk. 

 
Figure 1: Relation between specifications and acceptance 
limits with a guard band. 

This work shows the results of testing several 
strategies for the definition of AL to the results of 
CPT on lubricating grease NLGI grade 2. The inputs 
for the analysis include the results of the 
penetrometer calibration and a gage repeatability 
and reproducibility (GR&R) analysis [9]. Those 
data allowed estimating the measurement 
uncertainty associated with the CPT. 

IMEKO TC11 & TC24 Joint Hybrid Conference 
Dubrovnik, Croatia | Oct 17 - 19, 2022

82

mailto:le.hernandezbalandran@ugto.mx
mailto:mg.torneronavarro@ugto.mx


2. METHODOLOGY

Two cases were analysed depending on the 
knowledge of the prior information on the 
lubricating grease manufacturing process. The first 
case assumes no previous data is available on the 
CPT results. Only the probability of non-conformity 
was computed in this case. 

The second case considers the use of previous 
knowledge in the form of the standard deviation of 
the CPT results. This second case allows computing 
the risk for both the consumer and the manufacturer. 
For this case, results were obtained using CASoft 
software, jointly developed by LNE, NPL and RISE 
[8]. CASoft was developed in Matlab® and uses the 
Monte Carlo method to evaluate the complex 
integrals described in [4]. 

2.1. Measurement uncertainty for the CPT 
CPT measurement uncertainty was computed 

through a GR&R analysis, and the calibration of the 
penetrometer regards its mass and dimensional 
characteristics. 

GR&R analysis 
The design and analysis of the GR&R were 

made following the guidelines in [9]. Two 
laboratory technicians measure twice seventeen 
samples of lubricating grease each. Samples were 
supplied to the technicians in a random order to 
avoid memorisation of the results. 

In [9], it is indicated that the results to review are 
the repeatability percentage, that is, how much the 
same technician gives the same results on both tests 
of the same sample, and the reproducibility 
percentage, how much different technicians provide 
the same result of the same sample. Another 
evaluation result is the part-to-part variation, which 
must be high if the measurement systems contribute 
with a low proportion to the total variation (part-to-
part + measurement system variations). Finally, the 
called number of distinct categories indicates the 
measurement system’s discrimination power among 
the product’s variability. This parameter must be 
greater than five [9]. 

The ASTM standard [2] indicates that the value 
for repeatability is 7 CPT units, and for 
reproducibility is 23 CPT units for worked samples 
method. However, these are not reference values; 
they are maximum limit values that are statistically 
defined at the 95 % probability level [10]. 

Uncertainty contributors 
The main contributor in a CPT measurement is 

always determined by the skill of the operator [1]. 
The contributors to the uncertainty budget 
considered here were the results of GR&R and the 
results from the calibration certificate of the 
penetrometer. 

The standard uncertainty of the CPT 
measurements will be considered unchanged 
throughout this work once the maximum values of 
the GR&R are considered. 

2.2. Probability of conformity 
The equations for the calculation of the 

probability of conformity are available in [4], from 
which the probability of non-conformity could be 
calculated as:  

1 − 𝑝𝑝𝑐𝑐 = 1 −Φ�𝑇𝑇𝑈𝑈−𝑦𝑦
𝑢𝑢
� + Φ�𝑇𝑇𝐿𝐿−𝑦𝑦

𝑢𝑢
� . (1) 

Where TU is the upper tolerance limit, TL is the lower 
tolerance limit, and Φ(y) is the standard normal 
distribution function. Also, y and u will be the CPT 
measurements' mean and uncertainty. They will be 
defined next. 

When no previous data are available, y = ym, with 
ym as the mean of the CPT measurement results, and 
u = um, with um as the corresponding measurement
uncertainty.

When the prior information of the CPT 
measurement follows a normal PDF with mean y0 
and standard uncertainty u0, according to [4], y and 
u are given by:

𝑦𝑦 =
𝑦𝑦𝑚𝑚
𝑢𝑢𝑚𝑚2

+𝑦𝑦0
𝑢𝑢0
2

1
𝑢𝑢𝑚𝑚2

+ 1
𝑢𝑢0
2

, and 𝑢𝑢 = �
1

1
𝑢𝑢𝑚𝑚2

+ 1
𝑢𝑢0
2
. (2) 

For both cases, ym ∈ [LSL, USL], with LSL = 265 
CPT units is the lower specification limit for the 
lubricating grease NLGI grade 2. Whereas USL = 
295 CPT units is the upper specification limit for the 
lubricating grease NLGI grade 2. 

2.3. Acceptance intervals and consumer's and 
manufacturer's risks 

The equations for the risks of consumers and 
producers are published in [4]. They will not be 
reproduced here for the sake of space. Those 
equations will be solved inside the CASoft package 
[8]. 

In all cases, the acceptance limits will vary 
according to the cases defined in Section 2, 
following that [AL, AU] ⊆ [LSL, USL], but changed 
by the guard band strategy equation used. 

2.4. Guard banding strategies 
Four guard banding strategies were studied. The 

four strategies correspond to the following 
equations. 

Root Sum Square 1 (RSS-1) 
This guard band strategy is applied when the 

producer states coverage probability for their SL. 
The equation for this guard band is [6]:  

𝐴𝐴𝐴𝐴 = �1 − 1
𝑇𝑇𝑇𝑇𝑇𝑇2

� 𝑆𝑆𝐴𝐴 . (3) 
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Where TUR is the Test Uncertainty Ratio. 

Root Sum Square 2 (RSS-2) 
This is another equation to use when the 

manufacturer states confidence level to SL.  

𝐴𝐴𝐴𝐴 = 𝑆𝑆𝐴𝐴�1 − 1
𝑇𝑇𝑇𝑇𝑇𝑇2

 . (4) 

NCSL RP-10 
The recommended practice [11] includes the 

following equation:  

𝐴𝐴𝐴𝐴 = �1.25− 1
𝑇𝑇𝑇𝑇𝑇𝑇

� 𝑆𝑆𝐴𝐴 . (5) 

ANSI Z540.3 
This other standard [12] requires that a process 

assures a false-accept risk (consumer's risk) lower 
or equal to 2 %. This can be achieved by setting the 
AL according to the following equation [6]: 

𝐴𝐴𝐴𝐴 = 𝑆𝑆𝐴𝐴 − 𝑈𝑈�1.04− 𝑒𝑒[0.38 ln(𝑇𝑇𝑇𝑇𝑇𝑇)−0.54]� . (6) 

Where U is the expanded uncertainty (k = 2). 

3. RESULTS AND DISCUSSION 

The probabilities of non-conformity and risks 
have been evaluated when the different guard 
banding strategies are shown in Section 2.4.  

3.1. Measurement uncertainties results 
Table 2 shows valuable results from the GR&R 

analysis. The measurement system is satisfactory, 
and the most significant contribution variation 
comes from the samples (parts) used in the study. 
Table 2: Sources of variation results from the GR&R. 

Source Contribution Verdict 
Repeatability 0.00 % Very good 
Reproducibility 0.57 % Very good 
Total GR&R 0.57 % Very good 
Part-to-Part 99.43 % Very good 
Number of 
distinct categories 

18 Very good 

 
It is important to note that the laboratory 

technicians who participated in the GR&R analysis 
and the measurement process for this work have 
more than 15 years of experience, making CPT 
every working day all working shifts long. 

On the other hand, the calibration of the 
penetrometer gives a standard uncertainty equal to 
0.32 CPT units, whereas the standard deviation of 
the GR&R analysis gives 1.38 CPT units. As 
repeatability variation includes the calibration 
uncertainty, the combined standard uncertainty 
remains as 1.38 CPT units, which results in 2.8 CPT 
units expanded measurement uncertainty, with k = 
2.  

3.2. Non-conformity without prior information 
Regarding the probability of non-conforming of 

a lubricating grease NLGI grade 2, Figure 2 shows 
the results for the range TUR = [4, 12] when no 
guard band approach is used. 

 
Figure 2: Non-conformity probability for different TUR 
values. No guard band strategy. 

 
Figure 3: Non-conformity probability for different TUR 
values. RSS-1 guard band strategy. 

 
Figure 4: Non-conformity probability for different TUR 
values. RSS-2 guard band strategy. 

For both RSS strategies, the outputs are pretty 
much the same. Barely the AL are lower, from a 
couple of tenths of a millimetre to less than 0.3 CPT 
units. So, these guard banding strategies are like no 
guard banding. 
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As in the rest, the expectation is the same in these 
figures: the probability of non-conformity increases 
when the CPT measurement is close to the SL. 

Figure 5: Non-conformity probability for different TUR 
values. NCSL RP-10 guard band strategy. 

Figure 6: Non-conformity probability for different TUR 
values. Managed risk strategy. 

Even when for NCSL RP-10, the response for 
TUR 4:1 is the same as without any guard band. For 
higher TUR values, the AL expands to even 35. This 
diminishes the producer's risk but increases the 
consumer's risk. 

 For the Managed risk approach, for TUR 4:1, AL 
is barely slight than for no guard band, and it keeps 
this way practically for all TUR values, in such a 
way that when TUR = 12 AL, it has barely increased 
1.15 tenths of a millimetre. 

3.3. Global risks 
The results of risks for the manufacturer and the 

consumer computed with CASoft are shown in 
Figures 7 to 10. Only a worst-case scenario graph 
for every used guard band strategy will be shown. 

Note that as with the no conformity graphs, the 
results are symmetrical, which implies that the sum 
of risk for the manufacturer and the consumer (the 
global risk) is the same. Of course, the cloud of 
simulation points will be on the opposite side of SL. 

Figure 7: Global risk for RSS-1 guard band strategy. TUR 
12:1, CPT = 265 CPT units. 

Figure 8: Global risk for RSS-2 guard band strategy. TUR 
12:1, CPT = 295 CPT units. 

Figure 9: Global risk for NCSL RP-10 guard band 
strategy. TUR 12:1, CPT = 265 CPT units. 

Figure 10: Global risk for Managed Risk guard band 
strategy. TUR 12:1, CPT = 265 CPT units. 

Table 3 summarises the maximum risks 
computed for every strategy studied in its worst-
case scenario. The greater value for the global risk 
belongs to the NCSL RP-10 strategy, which, even 
when it has a very good false-rejected, also has a 
high false-accepted risk. The RSS strategies offer 
almost the same global risk, with a light advantage 
for the consumer. 
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Table 3: Global risks for the guard band strategies. 
Guard band Consumer's 

risk 
Producer's 

risk 
RSS-1 0.1241 0.1461 
RSS-2 0.1294 0.1404 
NCSL RP-10 0.4134 0.0062 
Managed risk 0.2007 0.0816 

4. SUMMARY 

Several strategies for guard banding choice had 
been available for a while. If the metrological 
conditions are considered, all of them could be 
useful. The trade-off between the risk for the 
consumer and the risk for the manufacturer must be 
considered. Regarding this work, the next step will 
be to consider the economic issue. Since bigger 
values of CPT favour the manufacturer's economy 
when putting at risk the consistency that the 
consumer is taken for granted. 
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Abstract: 

This paper describes a comparative overview of 

different methods of surface plates flatness 

calibration in the accredited Calibration Laboratory 

MAGAT Tech. A parallel analysis of methods, 

together with calculation of the measurement 

uncertainty, will be presented in detail in this paper. 

The conclusion of the paper refers to the authors 

position for the application of the most suitable 

calibration method of surface plates used in industry, 

taking into account the measurement uncertainty of 

calibration and the statement of conformity, in 

accordance with the level of risk and the 

requirements of the customer. 

Keywords: calibration, flatness, surface plates, 

conformity, level of risk 

1. INTRODUCTION 

The research shows there is a lot of professional 

literature that deals with the methods of surface 

plates flatness calibration, e.g. [1], [2] and that is a 

fully known and researched area. Measurement 

uncertainty calculation of surface plates calibration 

has been also processed by some papers, e.g. [3] and 

[4].  The main reason for writing this paper is to 

introduce the most suitable method of surface plates 

flatness calibration, commonly used in industry, 

when giving the statement of conformity. 

Comparing the different methods and their 

measurement uncertainty, the question arises 

whether the calibration method depends on 

reporting the statement of conformity with 

specification, taking into account the level of risk. 

2. METHODS OF CALIBRATION 

MAGAT Tech, Calibration Laboratory 

(hereinafter the Laboratory) is accredited laboratory 

according to ISO/IEC 17025:2017 [5], by 

Accreditation Body of Serbia (ATS), the signature 

of ILAC MRA agreement.  

Most commonly known methods of surface 

plates flatness calibration refer to calibration by a 

laser interferometry, autocollimator and electronic 

level. 

The methods used by MAGAT Tech accredited 

Calibration Laboratory are methods of calibration 

by an optical measuring device and by an electronic 

level. The methods of calibration by a laser 

interferometry and by an autocollimator are also 

used in the Laboratory, but not in routine 

calibrations for industry, due to high accuracy of 

methods and inefficiences for the stated needs.  

2.1 Calibration by an optical measuring device 

Calibration by an optical measuring device (for 

measuring of straightness) is used at surface plates 

dimensions over 1000 mm up to 1600 mm: see 

Figure 1. Calibration is performed at the Laboratory 

and on site. 

 
Figure 1: Calibration by optical measuring device (for 

straightness) 

The optical measuring device, model IS-36, works 

on principle shown in Figure 2. The measurement 

probe of the device is brought into the appropriate 

measurement point marked on a surface plate 

(measurement grid). Then it is optically positioned 

via the cross-line mark and a height deviation is read 

by means of the micrometer screw [8]. The overall 

flatness of a surface plate is calculated manually or 

with licenced flatness measurement software [9]. 
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Figure 2: The working principle of optical measuring de 

vice IS-36 

According to [11], influence of all impact 

parameters to measurement uncertainty are given by 

equation (1). 

y = f (x1, x2 , x3 ,..., xn ). (1) 

The uncertainty budget for calibration by the 

optical measuring device is given in Table 1,  

where: 

ls – Contribution of standard (measurement 

equipment), 

ΔTdut – Influence of temperature deviation on 

surface plate,  

Δtamb - Influence of temperature deviation from  

20°C on measurement equipment,  

δlres – Influence of resolution of measurement 

equipment, 

δlfok - Influence of optical device of measurement 

equipment. 

Table 1: The uncertainty budget for calibration by the optical measuring device (ex. for the height deviation оf 2 µm) 

Quantity 

Xi 

Standard uncertainty 

u(xi) 

Probability 

distribution 

Sensitivity 

coefficient 

ci 

Uncertainty 

Contribution 

ui(y) 

ls 0.75 µm Normal 1 0.75 µm 

ΔTdut 0.12 K Rectangular 11.2·10-6 µmK-1 1.34·10-6 µm 

Δtamb 0.29 K Rectangular 23·10-6 µmK-1 6.67·10-6 µm 

δlres 0.29 µm Rectangular 1 0.29 µm 

δlfok 0.06 µm Rectangular 1 0.06 µm 

lx uc 0.81 µm 

2.2 Calibration by an electronic level 

Calibration by an electronic level is used at 

surface plates dimensions over 630 mm: see Figure 

2. Calibration is performed at the Laboratory and on

site.

Calibration by the electronic level, model DL-S3, 

works on principle of shifting the electronic level 

along the measurement directions of the 

measurement grid, so called 'spider web' and 

reading the slope of the marked surface plate 

segment. The overall flatness of a surface plate is 

calculated by licenced flatness measurement 

software [9]. 

The uncertainty budget for calibration by the 

electronic level is given in Table 2,  

where: 

ls – Contribution of standard (measurement 

equipment), 

ΔTdut – Influence of temperature deviation on 

surface plate, 

Δtamb - Influence of temperature deviation from 

20°C on measurement equipment,  

δlres – Influence of resolution of measurement 

equipment, 

δlpos - Influence of positioning of measuring device. 

Here, the positioning of the electronic level on 

the corresponding measurement point, has a big 

influence on the measurement uncertainty. 

Figure 2: Calibration by the electronic level
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Table 2: The uncertainty budget for calibration by the electronic level (ex. for 150 mm segment and slope 13 µm/m) 

Quantity 

Xi 

Standard uncertainty 

u(xi) 

Probability 

distribution 

Sensitivity 

coefficient 

ci 

Uncertainty 

Contribution 

ui(y) 

ls 0.75 µm Normal 1 0.75 µm 

ΔTdut 0.12 K Rectangular 11.2·10-6 µmK-1 1.34·10-6 µm 

Δtamb 0.29 K Rectangular 23·10-6 µmK-1 6.67·10-6 µm 

δlres 0.09 µm Rectangular 1 0.09 µm 

Δlpos 0.17 µm Rectangular 1 0.17 µm 

lx uc 0.77 µm 

Calibration for surface plates dimensions up to 

630 mm is not possible by an optical measuring 

device. The optical measuring device used in the 

Laboratory cannot be set physically on a surface 

plate of these dimensions. At the other hand the 

electronic level, due to the dimension of base 150 

mm, does not have a sufficient number of 

measurement points for calibration. The Laboratory 

has developed the method of calibration surface 

plates dimensions up to 630 mm by the electronic 

level put on sine bar, which achieves the base length 

of 100 mm. 

The uncertainty budget for this calibration is the 

same, see Table 2. 

3. TYPES OF SURFACE PLATES

The requirements of surface plates are described 

in standards, for example DIN 876, part 1 for hard 

rock surface plates and part 2 for cost iron surface 

plates. The most commonly surface plates used in 

industry are of class 0, 1 or 2.  

The flatness tolerances according the DIN 876-1 

are given in Table 4: see [6]. 

Table 4: Values for tolerances according to DIN 876-1:[6] 

Length 

l 

(mm) 

Flatness tolerances for accuracy 

grade 

(µm) 

0 1 2 

160 5 12 24 

250 5 13 25 

400 6 14 28 

630 7 17 33 

1000 8 20 40 

1600 11 26 52 

2000 12 30 60 

2500 14 35 70 

4. STATEMENT OF CONFORMITY AND

LEVEL OF RISK 

MAGAT Tech Calibration Laboratory provides 

the statement of conformity, on customer 

requirement, according to tolerances given in 

standards for surface plates, DIN 876-1 and DIN 

876-2.

The decision rule used by the Laboratory, when 

providing the statement of conformity, is based on 

the ILAC-G8:09 guideline, see [10]. Two decision 

rules are used: Simple acceptance rule: see p. 9 of 

[10] and Non-binary Statement with Guard Band:

see p.10 of [10].

When using Simple rule, no measurement 

uncertainty is taking into account. The risk of 

accepted item to be outside of the tolerance limit is 

up to 50%. The risk of false reject is also up to 50% 

[10]. 

When using Non-binary rule, specification limits 

are reduced by the guard band. As the guard band is 

equal to the expanded measurement uncertainty of 

calibration U (k=2), acceptance interval depends on 

the measurement uncertainty of calibration. The 

expanded measurement uncertainty of calibration 

shall not be larger than 1/3 of tolerance limits. In 

this case, the risk of accepted item to be outside of 

the tolerance limit is less than 2.5%. The risk of 

false reject is also less than 2.5%. When the 

measured result is close to the tolerance 

(Conditional Pass/Conditional Fail), the risk of false 

accept and false reject is up to 50% [10]. 

5. THE CHOICE OF METHOD AND

DECISION RULE 

The choice of appropriate method of calibration 

first of all depends of length of calibrated surface 

plate (shown in section 2 of this paper). Considering 

that calibration could be performed on site, the 

choice of appropriate method also depends of 

position of a surface plate at the place of use. For 

example, a surface plate can be placed in corner of 

the room or near the column. In that case, using the 

optical measuring device is almost impossible. The 

other problem refers to levelling a surface plate. If a 

surface plate is not levelled, an electronic level 

could be out of the measuring range. All previously 

said affects the choice of appropriate method. That 

is why the Laboratory should have more than one 

method of calibration, in order to provide all 

customer requirements.  

For example, the granite surface plate, grade 0, 

length 1600 mm, in MAGAT Tech Laboratory, 
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could be calibrated by two different methods: by the 

optical measuring device IS-36 and by the 

electronic level DL-S3. The expanded measurement 

uncertainties of both methods are almost the same 

and at the same time less than 1/3 of tolerance limits 

of specifications given in corresponding standards 

(shown in section 3 of this paper, Table 4). The 

results and expanded measurement uncertainties for 

both methods are given in Table 5. 

Table 5: Example of a result of a measurement (1600 mm 

surface plate) 

Method of 

calibration 
Flatness 

Measurement 

uncertainty 

U (k=2) 

Optical measuring 

device 
9.5 μm 1.7 µm 

Electronic level 9.6 μm 1.5 µm 

In this example, the results obtained by both 

methods are practically the same and the difference 

of measurement uncertainty is very small. 

Measurement uncertainty is less than 1/3 of 

tolerance limits of specifications. So, the both 

methods could be used and choice does not depend 

on defined decision rule. As the measured value is 

in tolerance with both methods, using Simple 

decision rule, the statement of conformity is 

reported as Pass. When using Non-binary decision 

rule, the measurement results for both methods are 

outside the acceptance limit, but inside of tolerance 

limit. In this case, the statement of conformity is 

reported as Conditional Pass. See graphical 

presentation in figure 3. The level of risk, in both 

cases, are the same, up to 50%, see Table 6.  

Figure 3: Graphical presentation of decision rules for 

1600 mm surface plate 

Another example, for granite surface plate grade 

0, length 630 mm, is given in Table 7. The method 

is chosen according to length of surface plate 

(electronic level and sine bar). Method with optical 

measuring device could not be used in such case, 

due to the size of surface plate (see 2.1). Also, the 

method with electronic level (base 150 mm) could 

not be used in this case, due to the insufficient 

measurement points. So, for surface plates up to 630 

mm, the comparison of methods is not applicable. 

The expanded measurement uncertainty of chosen 

method is also less than 1/3 of tolerance limits (7 

µm) and the obtained flatness is in acceptance 

interval. 

Table 7: Example of a result of a measurement (630 mm 

surface plate) 

Method of 

calibration 
Flatness 

Measurement 

uncertainty 

U (k=2) 

Electronic level 3.5 µm 1.5 µm 

In such case, this method is the only one applicable 

and also does not depend on defined decision rule, 

due to the appropriate measurement uncertainty. 

When using the Simple rule, the statement of 

conformity is reported as Pass, with level of risk up 

to 50 %. When using the Non-binary rule, the 

statement of conformity is reported also as Pass, but 

with level of risk up to 2.5 %. See graphical 

presentation given in figure 4. 

Figure 4: Graphical presentation of decision rules for 630 

mm surface plate 
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Table 6: Statement of conformity (the 1st example) 

Surface 

plate 

Method of 

calibration 
Flatness 

Acceptance 

limit 
Statement of conformity 

Length: 

1600 mm 

Accuracy 

grade: 0 

Flatness 

tolerance: 

11 µm 

optical 

measuring 

device 

9.5 μm 9.3 µm 

Simple rule 

(50% risk) 
PASS 

Non-binary rule with 

Guard Band (50% risk) 

CONDITIONAL 

PASS 

electronic 

level (base 

150 mm) 

9.6 μm 9.5 µm 

Simple rule 

(50% risk) 
PASS 

Non-binary rule with 

Guard Band (50% risk) 

CONDITIONAL 

PASS 

Table 8: Statement of conformity (the 2nd example) 

Surface plate 
Method of 

calibration 
Flatness 

Acceptance 

limit 
Statement of conformity 

Length: 630 mm 

Accuracy grade: 0 

Flatness 

tolerance:7 µm 

electronic 

level (base 

100 mm) 

3.5 μm 5.3 µm 

Simple rule 

(50% risk) 
PASS 

Non-binary rule 

with Guard Band 

(2.5% risk) 

PASS 

In the example given in Table 6., the both 

statements are given with the level of risk of 50%. 

In the example given in Table 8., the both 

statements are the same, but the different level of 

risk (50% and 2.5%).  

Problem arises when the customer requests the 

statement of conformity and does not understand the 

decision rule (such as Conditional pass) and the 

level of risk the Laboratory provides. In that case, 

the Laboratory shall educate the customer in such a 

way to give the customer the best solution for him 

and at the same time to preserve its impartiality. 

Simple acceptance rule should be used, when the 

statement of conformity is given with the same level 

of risk, e.g 50% (see Table 6). When the statement 

of conformity is the same, e.g PASS, but with 

different level of risk (see Table 8), Non-binary 

decision rule should be used because of the smaller 

level of risk, if the measurement uncertinty of the 

calibration method alows it. 

6. SUMMARY

For the surface plates used in industry (grade 0, 

1 or 2), efficient calibration methods refer to the two 

different methods: by an optical device and an 

electronic level (with different length of base). First 

of all, the choice among them depends on the size 

of calibrated surface plate.  For surface plates up to 

630 mm, there are some limitations and only one 

method, from methods shown and explained in this 

paper, could be used. For surface plates higher than 

630 mm, both methods explained in this paper, 

could be used. If the customer requests statement of 

conformity with specification, the choice between 

methods depends on the measurement uncertainty 

of calibration in regard to the requested decision 

rule. The expanded measurement uncertainty of 

calibration must be less than 1/3 of tolerance limits, 

for using Non-binary decision rule. It is shown in 

this paper that MAGAT Tech calibration laboratory 

has the measurement uncertainty of all methods less 

than 1/3 of flatness tolerances for all surface plates 

grades and dimensions.  

Precisely because of this, accredited calibration 

laboratories have difficult task to provide 

measurement methods with small expanded 

maesurement uncertainty.  

The measurement uncertainty of calibration and 

requested decision rule is not the only parameter 

that defines the calibration method for surface plates 

flatness calibration. It depends also on the length of 

surface plate, conditions for on-site manipulations 

and efficiency of calibration. 

Some methods, with autocollimator and laser 

interferometer, with small measurement 

uncertainty, are not efficient for calibration on-site, 

in industry and that is way these methods were not 

discussed in this paper.  

When comparing the optical measuring device 

method with the electronic level method, in case 

studies given in this paper, it is concluded that due 

to almost the same and corresponding measurement 

uncertainty, decision rules have no influence on the 
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choice of methods, when giving a statement of 

conformity. 

The advantages of the optical device are an 

easier calibration process and a reduction of the 

uncertainty parameter due to positioning of 

measuring instrument. However, due to its 

dimensions, it is difficult to transport to the site, as 

well as on-site manipulation, if the position of the 

surface plate is not free for the movement of the 

operator. 

The advantages of electronic level are easy 

transportation and manipulation on-site. With 

appropriate base it could be used for all surface 

plates lengths. The disadvantage of this method 

refers to levelling of a surface plate.   

As far as decision rules are concerned, due to 

corresponding measurement uncertainty of 

calibration, both methods could be used for both 

decision rules described in this paper. 

In regard to everything previously processed, the 

authors opinion is that, despite all limitations due to 

problems with levelling of surface plate, the best 

solution is using the method of calibration by an 

electronic level, for all dimensions and grades of 

surface plates used in industry.   

7. REFERENCES

[1] J.C. Moody, “How to Calibrate Surface Plates in

the Plant”, reprint from The Tool Engineer,

October 1955.

[2] D.J. Whitehouse, Handbook of Surface Metrology,

988 p., Institute of Physics, Publishing, 1994.

ISBN: 0-7503-0039-6.

[3] A. Gusel, B. Acko, V. Mudronja, “Measurement

Uncertainty in Calibration of Measurement Surface

Plates Flatness”, Strojniski vestnik-Journal of

Mechanical Engineering 55(2009)5, 286-292,

UDC 621.7.08:531.7

[4] H.Haitjema, “Uncertainty propagation in Surface

Plate measurements”, ISMQC, 1992, Tampere,

Finland, Copyright IMEKO, ISBN 951-721-856-7

[5] ISO/IEC 17025:2017 General requirements for the

competence of testing and calibration laboratories

[6] DIN 876-1 Surface plates; natural hard rock surface

plates; requirements and testing, Edition 1984-08.

[7] DIN 876-2 Surface plates; cast iron surface plates;

requirements and testing, Edition 1984-08.

[8] M. Aleksic, M. Bjelic, MGT-RU25: Flatness

calibration of surface plates, internal document,

v.3/1, 25. November 2021.

[9] NIGATA Seiki, FL-E, Ver. 2.1.2

[10] ILAC-G8:09/2019 Guidelines of Decision Rules

and Statements of Conformity

[11] Guide to the expression of uncertainty in

measurement. ISO Guide, First Edition,

Switzerland, 1995.

IMEKO TC11 & TC24 Joint Hybrid Conference 
Dubrovnik, Croatia | Oct 17 - 19, 2022

92



IMEKO TC11 & TC24 Joint Hybrid Conference 

October 17-19, 2022, Dubrovnik, Croatia 

UNCERTAINTY ANALYSIS OF AVERAGE FLOW DURATION CURVES 

USED IN HYDRPOWER PLANTS FEASABILITY STUDIES 
C. Simões1/Presenter, A. S. Ribeiro2, M. C. Almeida3, D. Covas4 

1 National Laboratory for Civil Engineering, Lisbon, Portugal, csimoes@lnec.pt 
2 National Laboratory for Civil Engineering, Lisbon, Portugal, asribeiro@lnec.pt 

3 National Laboratory for Civil Engineering, Lisbon, Portugal, mcalmeida@lnec.pt 
4 CERIS, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais 1, 1049-001, Lisboa, Portugal, 

didia.covas@tecnico.ulisboa.pt 

Abstract: 

This study applies a Monte Carlo method (MCM) 

to estimate the uncertainty related to the 

determination of the annual flow duration curve 

determined at a river weir, considering the dynamic 

behaviour of processes and the intrinsic uncertainty 

contributions to the raw data. The computation of 

the curve uses a time series of average daily flow 

data collected at a hydrometric station at an 

upstream river section. This curve was used for a 

hydropower plant feasibility study. 

Results show how model uncertainty can be 

estimated from the measurement uncertainty of raw 

data and mathematical formulation applied. 

Keywords: Uncertainty; time series; 

mathematical models; Monte Carlo method; data. 

1. INTRODUCTION

The growing awareness of the impact of climate 

change and the importance of the United Nations’ 

sustainable development goals [1] emphasizes the 

need for reliable measurements of quantities to 

support urban and water resources management [2]. 

The increasing concern of the water supply and 

wastewater management utilities with the quality of 

the measurement of quantities is leading to a 

growing need for specific knowledge and skills in 

Metrology. Measurement quality depends on 

multiple aspects that can significantly affect the 
quality and accuracy of the quantity to be measured, 

namely the acquisition and processing of data and 

the transformation into valuable information for 

decision-making. 

The knowledge regarding measurement data 

reliability and associated uncertainty is essential for 

managing water supply and wastewater networks 

[3, 4]. The development of good measurement 

practices, including the evaluation of uncertainty, is 

needed to improve the quality of data and increase 
confidence in results. 

The measurement uncertainty is an informative 

indicator for understanding the factors affecting 

measurements and their impact on models’ results.  

With time series, data are based either on 

individual readings or processed values (e.g., 

average values), implying that the respective 

uncertainty can be only the instrumental uncertainty 

or its combination with the uncertainty resulting 

from the processing adopted. Propagation of the 

measurement uncertainty allows evaluating the 

uncertainty of the model parameters, thus providing 

traceability to the mathematical models themselves 

and to their predictions.  

Measurement uncertainty is composed of 

components depending on its origin: instrumental 

uncertainty, calibration uncertainty, data acquisition 

and processing uncertainty, and method uncertainty 

[5]. For the present study, traceability information 

was incomplete, thus requiring an estimate of the 

accuracy based on previous knowledge and the 

typical magnitude of the measurement uncertainty 

for the type of instrumentation used. 

This study is based on previous work [6], a 

hydropower plant feasibility study using an annual 

flow duration curve where the evaluation of 

measurement uncertainty was not calculated. 

However, this is needed to enrich the analysis of the 

physical problem and attain more accurate and 

reliable results. The computation of the curve uses a 

time series of average daily flow data collected at a 

hydrometric station at an upstream river section. 

The method presented in this paper contemplates 

the definition of a process to calculate the 

measurement uncertainties associated with the 

annual flow duration curve.  

In this study, the uncertainty of the mathematical 

model used to calculate the flow duration curve, 

relating input and output quantities, accounts for 

measurement and model formulation uncertainties 

and applies a Monte Carlo method. To propagate the 

uncertainties, this method requires probability 

distribution functions for the uncertainties of the 

input quantities.  
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2. MATERIALS AND METHODS

2.1. Study case and data 

Flow data used are from a hydropower plant 

feasibility study for installing an Archimedes screw 

turbine in an existing weir in the Tâmega river, in the 

North of Portugal [6]. The primary objective of the 

present study is to incorporate the evaluation of 

measurement uncertainties in the determination of 

the annual flow duration curve, based on average 

daily flows, used as the basis for the referred 

feasibility study. 

A data series of average daily flow rates was 

used, comprising six complete hydrological years, 

namely 1994/95, 1995/96 and between 2005/06 and 

2008/09 (see Figure 1).  

Figure 1: Average daily flow rate series for six hydrological years. 

The hydrological year from October 1995 to September 1996 presents abnormally higher flow rate values 

when compared with the other years, so these data were not included in the study [6]. The final measurement 

series has 1826 values (n=1826) of average daily flows. Figure 2 shows the experimental data series utilised 

in the study, Fori,n. 

Figure 2: Average daily flow rate series excluding the hydrological year of 1995/96. 

2.2. Mathematical model 

This study is divided into two parts. The first part 

is related to the correction of the average daily flow 

rate series; the second part corresponds to the 

determination of the respective flow duration curve. 

Since the hydrometric station with collected flow 

rate data is not at the weir section, it is necessary to 

correct the series using the relationship between the 

drained basin areas. This correction is carried out 

using the Myer formula, applied to the whole 

sample, n: 

𝐹ori,n1

𝐹ori,n2
= (

𝐴1

𝐴2
)
0.7

(1) 
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in which Fori,n,1 (m
3/s) and A1 (km2) are the average 

daily flow rate and the drained area associated with 

station 1, respectively, and Fori,n,2 (m
3/s) and A2 (km2) 

are the average daily flow rate and the drained area 

associated with station 2, respectively. Applying 

equation (1), the series of corrected average daily 

flows rates, Fcorr,n (m
3/s), is given by equation (2): 

𝐹corr,n = 𝐹ori,n1 (
𝐴1

𝐴2
)
0.7
. (2) 

In the second part of the study, to determine the 

series of average daily flow rates, an ecological flow 

rate, Fec (m
3/s), is set as 5% of the average daily flow 

rates (see equation 4) of the corrected average daily 

flow rate, Fcorr,av, calculated with equation 3. 

𝐹corr,av =
∑ 𝐹corr,n
𝑛
𝑖=1

𝑛
(3) 

Thus, the ecological flow rate, Fec, is given by: 

𝐹ec = 0.05𝐹corr,av  (4)

The final series of average daily flow rates, Fd,n 

(m3/s) to use in the feasibility study corresponds to 

the difference between the corrected average daily 

flow rates, Fcorr,n (m
3/s), and the ecological flow rate, 

Fec (m3/s). This series is determined by applying 

equation (5). 

𝐹d,n = 𝐹corr,n − 𝐹ec. (5) 

2.3. Evaluation of measurement uncertainties in 

the estimation of average flow rates 

The common method used for the evaluation of 

measurement uncertainty is presented in [7], known 

as the GUM (Guide to the Expression of 

Uncertainty in Measurement), first published by 

ISO, IEC, and other organizations in 1993. It states 

that for a functional relation f of the type: 

𝑦 = 𝑓(𝑥1, ⋯ , 𝑥𝑛) (6) 

being y the output quantity calculated from n input 

quantities, xi, using the development of the function 

as a 1st order Taylor series, a formulation for the 

measurement standard uncertainty of the output 

quantity, u(y), given by the Law of Propagation of 

Uncertainties: 

𝑢2(𝑦) = ∑(
𝜕𝑓

𝜕𝑥𝑖
)
2𝑛

𝑖=1

𝑢2(𝑥𝑖) + 2∑ ∑ (
𝜕𝑓

𝜕𝑥𝑖
)(

𝜕𝑓

𝜕𝑥𝑗
)

𝑛

𝑗=𝑖+1

𝑢(𝑥𝑖 , 𝑥𝑗)

𝑛−1

𝑖=1

. (7) 

Supplement 1 of GUM [8] introduced the use of 

Monte Carlo methods to non-linear and more 

complex functional relations, which was considered 

more adequate in the current circumstances of the 

mathematical models studied.  

The Monte Carlo method is implemented using 

Rstudio© tools, by making numerical simulation, 

using the software intrinsic function (rnorm) to 

generate a set of gaussian pseudo-random data 

series (typically of 106 random numbers in each one) 

and validated built-in statistical tools to have as a 

result the expanded measurement uncertainty 

interval.  

The steps for implementing the numerical 

simulation using a Monte Carlo method (using 

Rstudio© tools), for the first part, are:  

1. The estimates for each input quantity (A1, A2,

Fori,n1) and their measurement uncertainties are

found by propagating the probability distribution

functions using numerical simulation, generating

data series from 104 runs. This option implies a long

time for processing; the resulting output limits of the

expanded uncertainty have enough accuracy to

define the intervals. For each input quantity

mentioned before, present in equation (2).

Publication [8] states that the number of

observations in the model needs to be defined,

recommending 106 observations because this value

can provide a 95% confidence interval for the

sample considered. However, a lower number can

be used if the accuracy of percentiles is tested. The

measurement uncertainty for each quantity is

estimated from previous knowledge applied to the

type of instrumentation used. The estimated values

[9], as well as the estimated uncertainty, are

presented in Table 1. The uncertainties of the

measuring instrument and calibration were not

considered in this evaluation due to the lack of

existing information.

Table 1: Input quantities and output quantity estimates 

and measurement uncertainty related to the evaluation of 

the data series. 

Quantity Estimate 
Standard 

Uncertainty 

Probability 

Distributions 

Functions 

Fcorr,n 

/(m3/s) 
Data series 0.1 Gaussian 

A1 

/(km2) 
989.43 0.01 Gaussian 

A2 

/(km2) 
1070.46 0.01 Gaussian 

2. The calculation of the corrected average daily

flow series, Fcorr,n, is carried out by using equation

(2). Because of the non-linear nature of the

mathematical function, the calculation of the

corrected average daily flow rate series is based on

the propagation of probability distribution functions

using numerical simulation, as already mentioned.

3. Each parameter of the vector series, Fcorr,n, is

ordered using the function sort;

4. The 0.025 and 0.975 percentiles of the ordered
series are evaluated, allowing to obtain the (centred)

limits of the expanded measurement uncertainty.

Figure 3 shows the experimental data series

considered, Fori,n, and the corrected series, Fcorr,n.
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Figure 3: Average daily flow rate data series (excluding the year 1995/96): original data (Fori,n) and corrected data (Fcorr,n). 

Subsequently, equation (3) is applied to calculate 

the average daily flow rate, Fcorr,av of 6.35 m3/s with 

expanded measurement uncertainty, U95(Fcorr,av), of 

0.19 m3/s. Note that the expanded uncertainty is 

given by the 0.025 and 0.975 percentiles of the 

numerical output series. 

The estimated relative uncertainty (with 95% 

confidence level) [7] of standard uncertainty u(Fcorr,n) 

of the input estimate Fcorr,n is obtained and is 

represented in Figure 4. 

Figure 4: Relative uncertainty of the corrected average daily flow rate series. 

In the second part of this study, the series of 

average daily flow rates is determined. The 

ecological flow rate, Fec (m
3/s), is calculated using 

the corrected average daily flow rate value and 

applying equation (4) as 𝐹ec  = 0.318 m3/s. Using

this value, the series of average daily flow rates is 

determined and used to obtain the annual flow 

duration curve of average daily flows. As mentioned 

in the first part of the study, there is no information 

about the uncertainty of the ecological flow rate.  

The ecological flow rate estimate results directly 

from the application of equation (4). The 
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propagation of probability distribution functions is 

carried out using the Monte Carlo method numerical 

simulation, generating data series of 104 runs to 

calculate the measurement uncertainty, and using 

the constant value for the ecological flow using the 

software RStudio©. 

The ecological flow is subtracted from the 

corrected average daily flow rates series, to have the 

average daily flow rates series. 

This series is sorted, using the sort function, of 

the Rstudio© software. Then the following parameter 

and curve are determined: 

− the 0.025 and 0.975 percentiles to determine the

limits (centred) of the expanded measurement

uncertainty (see Figure 5 and detail in Figure 6);

and

− the annual flow duration curve (see Figure 5).

The average flow rate, Fav (m3/s), to be

considered as the average flow rate for the 

hydroelectric power station design is 6.04 m3/s and 

the expanded measurement uncertainty, U95(Fav) is 

0.01 m3/s. 

Figure 5: Annual flow duration curve based on average daily flow rates and expanded measurement uncertainty. 

Figure 6: Detail (for the 10 days of the sample) of the annual flow duration curve based on average daily rates and 

expanded measurement uncertainty. 
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3. CONCLUSIONS AND FURTHER WORK 

Observation of time-varying phenomena under 

conditions of a cyclic or permanent nature is 

common in many branches of science and is known 

in Hydrology [3].  

In this context, the primary objective of this 

study was to show how to calculate model 

uncertainties by considering measurement 

uncertainties and model formulation in a simplified 

way. This study aimed at the evaluation of the 

uncertainty associated with the estimate of the 

annual flow duration curve of average daily flow 

rates to be used in hydropower feasibility studies. 

The approach used is feasible and sound, 

allowing for the calculation of the flow duration 

curve and associated uncertainty. In summary, for 

the data available, the results are: 

− the average daily flow rate of the series, Fcorr,av, 

of 6.35 m3/s with an expanded uncertainty (95% 

confidence) of 0.19 m3/s; 

− the ecological flow rate, Fec, was estimated from 

a set percentage of the mean flow rate and 

deduced from the series of corrected average 

daily flow rates, to get the annual flow duration 

curve of average daily flow rate; 

− the average flow rate, Fav, from the annual flow 

duration curve, is 6.04 m3/s with an expanded 

uncertainty (95% confidence) of 0.01 m3/s. 

Further work is necessary to validate the method 

developed by using daily flow rate series together 

with precipitation series and investigate whether 

these results are improved. Additionally, it is worth 

investigating the application in more complex 

models, using software available in the market, and 

evaluating the impact of uncertainty in these cases. 
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Abstract: 
Harmonic distortion of electrical waveforms 

results in a need for instrumentation performance 
evaluation in non-sinusoidal conditions. This is 
especially challenging in case of power and/or 
energy measuring devices, because of their place in 
the regulated trade of electrical energy. The 
measurement uncertainty evaluation procedure 
commences with determination of influence factors, 
which are correlated to harmonic components’ 
magnitude and phase shift recording. For overall 
uncertainty budget modelling, a GUM based 
approach is implemented. The model validation and 
the uncertainty propagation, due to alteration of 
different signals’ parameters, is illustrated via real 
time measurements, conducted with high accuracy 
class measuring equipment.  

Keywords: high order harmonics, measurement 
uncertainty, reference standard.  

1. INTRODUCTION

The performance of power and electricity meters, 
in case of harmonically distorted signals, has been 
regarded in many scientific contributions [1-6]. 
Measurement errors have been analyzed in relation 
to different input influence quantities, such as:  
• the distortion magnitude [1, 2],
• the share of single harmonics in signals and

their phase shifts [3],
• the load balance [1],
• the disturbances duration [4], etc.
Analysis have been conducted by using both test
waveforms proposed in standards [7-10], as well as
randomly distorted voltages and currents [1, 3].

In [1], evaluation of measurement uncertainty, in 
active electricity meter examination procedure, is 
presented. The uncertainty budget comprises of 2 
components, related to the statistical scattering of 
single readings and reference standard’s 
performance. By adoption of such uncertainty 
budget modelling methodology, insufficient data 
about the single harmonics’ influence on the 
measurements is provided. In [6], the overall 

uncertainty related to the measured harmonic power 
is calculated as combined uncertainty [11], of 3 
components, related to the voltage, current and 
phase shift of the same harmonic order. The 
concrete perspective details no information about 
the influence factors that affect the recording of the 
fore mentioned quantities.   

In the following contribution, an original model 
for uncertainty propagation in active power/energy 
measurements is presented. In the model, influence 
factors, that affect the measurement of different 
harmonic parameters, are analytically determined. 
Its experimental verification is conducted in an 
accredited calibration laboratory, according to 
standard MКС EN ISO/IEC 17025:2018 [12], by 
using high accuracy class measurement equipment.  

2. BASIC HARMONIC RELATIONS

The share of a single harmonic, in voltage or 
current signals, is usually expressed in relation to 
the fundamental component, in relative form [13]: 

𝑥𝑥ℎ =
𝑋𝑋ℎ
𝑋𝑋1

∙ 100 , (1) 

where Xh and X1 are the RMS values of the hth order 
harmonic and fundamental voltage or current 
respectfully. The phase shift of a high order 
harmonic, θxh, is usually presented in relation to the 
initial phase shift of the voltage or current 
fundamental, at positive zero crossing. The phase 
shift between the hth order voltage and current 
harmonics, φh, is then calculated as follows [14]:  

𝜑𝜑ℎ = ℎ𝜑𝜑1 + (𝜃𝜃𝑖𝑖ℎ − 𝜃𝜃𝑣𝑣ℎ) , (2) 

where φ1 is the phase shift between fundamentals 
and θih and θvh are the initial phase shifts of current 
and voltage harmonics of order h.  

The RMS of the harmonically distorted 
waveform equals [15]: 

𝑋𝑋 = �� 𝑋𝑋ℎ2
𝑛𝑛

ℎ=1
 , (3) 
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where n is the maximal harmonic order regarded for 
practical evaluation. For distortion quantification, 
the parameter named Total Harmonic Distortion 
(THD) is used [1, 2, 13, 15] and, if equation (1) is 
regarded, it may be expressed as follows: 

𝑇𝑇𝑇𝑇𝑇𝑇 = �
∑ 𝑋𝑋ℎ2𝑛𝑛
ℎ=2
𝑋𝑋12

∙ 100 = �� 𝑥𝑥ℎ2
𝑛𝑛

ℎ=2
 . (4) 

From equations (3) and (4), fundamental voltage 
or current may be evaluated as follows:  

𝑋𝑋1 =
𝑋𝑋

�1 + �𝑇𝑇𝑇𝑇𝑇𝑇100 �
2

 . 
(5) 

Finally, single phase active power equals: 

𝑃𝑃 = � 𝑉𝑉ℎ𝐼𝐼ℎ cos𝜑𝜑ℎ
𝑛𝑛

ℎ=1
 , (6) 

where Vh and Ih are the RMS values of the hth order 
voltage and current harmonics. These quantities are 
obtained, if the percentage share, equation (1), and 
the RMS of the signals, equation (3), are known. 

3. MEASUREMENT PROCEDURE

The experimental part of the work is carried out 
in an accredited calibration laboratory [12], called 
Laboratory for Electrical Measurements (LEM). 
The laboratory is part of the Faculty of Electrical 
Engineering and Information Technologies 
(FEEIT), at Ss. Cyril and Methodius University in 
Skopje (UKIM). In its possession there are 2 
reference standards in domain of electrical power 
and energy instruments calibration. The three phase 
power and energy comparator, ZERA COM3003 
[16] is the primary reference standard (RS) of LEM.
For the purposes of this work, it will be used as
measuring device, on which the uncertainty
evaluation model will be validated. The laboratory’s 
secondary (working) standard, CALMET C300 [14],
will be used as a source of harmonically distorted
waveforms. CALMET C300 is software controlled
and it is operated by using a hardware unit that is
connected via RS232/USB interface. The
connection scheme for three phase active power
measurements is illustrated in Figure 1.

In the measurement procedure, ZERA 
COM3003 [16] will be used for harmonic 
components’ share and initial phase shifts recording. 
Alongside harmonics’ parameters, the RMS of the 
voltage and current signals, as well as the phase 
shifts between fundamental components, will be 
also measured directly. The active power will later 
be calculated in analytical way, using equations (1)–
(6). The reason for choosing such measuring 
principle is related to the uncertainty evaluation 

procedure [17]. Namely, the model is supposed to 
unite all influence factors that affect measurement 
of both harmonic components’ share and phase 
shifts and fundamental components. The overall 
uncertainty accompanied to the calculated power, is 
going to be presented as combined uncertainty, 
assuming the principles presented in [11].  

Figure 1: Connection of the LEM’s reference standards 
in three phase active power measurement configuration 

4. UNCERTAINTY BUDGET MODELLING

In the following chapter the uncertainty
propagation model will be presented. The analysis 
commences with determination of influence factors 
that affect the recording of single harmonic 
components’ share, in voltage and current signals.    

4.1. Uncertainty accompanied to xh recording 
The overall uncertainty related to the recording 

of single harmonic’s share in voltage, or current, 
signals is calculated as standard combined 
uncertainty [11] of 4 mutually uncorrelated 
components:  

𝑢𝑢𝐶𝐶,𝑥𝑥ℎ = �𝑢𝑢𝐴𝐴,𝑥𝑥ℎ
2 + 𝑢𝑢𝑅𝑅,𝑥𝑥ℎ

2 + 𝑢𝑢𝑆𝑆𝑆𝑆,𝑥𝑥ℎ
2 + 𝑢𝑢𝐶𝐶𝐶𝐶,𝑥𝑥ℎ

2  , (7) 

where uA,xh is uncertainty calculated according to 
Type A evaluation principle [11], uR,xh is a 
component related to instrument’s finite resolution, 
uSP,xh is an uncertainty that derives from its 
specifications and uCL,xh is a component related to its 
level up calibration. Type A uncertainty is evaluated 
as standard deviation of the mean harmonic share 
recorded, if N measurements are made:  

𝑢𝑢𝐴𝐴,𝑥𝑥ℎ = �
1

𝑁𝑁(𝑁𝑁 − 1)� �𝑥𝑥ℎ,𝑗𝑗 − 𝑥𝑥ℎ,𝑀𝑀�
2𝑁𝑁

𝑗𝑗=1
 ,  (8) 

where xh,j and xh,M are single reading and mean value 
of the harmonic component’s share respectively. 
The uncertainty component related to the 
instrument’s finite resolution equals: 

𝑢𝑢𝑅𝑅,𝑥𝑥ℎ =
𝑟𝑟

2𝑘𝑘
=

𝑟𝑟
2 ∙ √3

 ,  (9) 
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where r is the resolution in domain of xh 
measurement. This component is obtained 
assuming rectangular distribution, therefore the 
coverage factor, k, equals √3, [11]. The 
specification related uncertainty is calculated as:  

𝑢𝑢𝑆𝑆𝑆𝑆,𝑥𝑥ℎ = ��
𝜕𝜕𝑥𝑥ℎ
𝜕𝜕𝑋𝑋1

𝑢𝑢𝑆𝑆𝑆𝑆,𝑋𝑋1�+ �
𝜕𝜕𝑥𝑥ℎ
𝜕𝜕𝑋𝑋ℎ

𝑢𝑢𝑆𝑆𝑆𝑆,𝑋𝑋ℎ�� ,  (10) 

where uSP,X1 and uSP,Xh are specification related 
components accompanied to fundamental and hth 
order harmonic recording, respectively. These 2 
uncertainties are treated as mutually correlated, due 
to the fact that single harmonic’s share depends on 
the fundamental’s value. They are calculated in a 
manner dictated by the instrument’s datasheet 
provided. The sensitivity coefficients, ∂xh/∂X1 and 
∂xh/∂Xh, are calculated by using equation (1).  

When the measurements are conducted with 
LEM’s primary RS [16], the specification related 
uncertainties, uSP,X1 and uSP,Xh, comprise of 3 
mutually uncorrelated components. They refer to 
the accuracy class of the RS, uAC, its long term 
stability, uST, and temperature influence on its 
measuring performance, uT:  

𝑢𝑢𝑆𝑆𝑆𝑆,𝑋𝑋ℎ = �𝑢𝑢𝐴𝐴𝐶𝐶,ℎ
2 + 𝑢𝑢𝑆𝑆𝑆𝑆,ℎ

2 + 𝑢𝑢𝑆𝑆,ℎ
2  .  (11) 

The single components in equation (11) equal:  

𝑢𝑢𝐴𝐴𝐶𝐶,ℎ =
𝑈𝑈𝐴𝐴𝐶𝐶,%

𝑘𝑘
∙
𝑋𝑋ℎ

100
∙ ℎ ,  (12) 

𝑢𝑢𝑆𝑆𝑆𝑆,ℎ =
𝑈𝑈𝑆𝑆𝑆𝑆,%

𝑘𝑘
∙
𝑋𝑋ℎ

100
∙ 𝑦𝑦 ∙ ℎ ,  (13) 

𝑢𝑢𝑆𝑆,ℎ =
𝑈𝑈𝑆𝑆,%

𝑘𝑘
∙
𝑋𝑋ℎ

100
∙ ∆𝑡𝑡 ∙ ℎ ,  (14) 

where UAC,%, UST,% and UT,% are specification related 
values, presented in a relative expanded form, k is 
the coverage factor, which for rectangular 
distribution equals √3, and h is the order of the 
harmonic component. In equation (13), y is the 
number of years that have passed since the last 
calibration of the RS, and Δt is data related to the 
temperature fluctuations in the measurement site. 
Equations (11)-(14) refer to uSP,Xh calculation, in 
order for uSP,X1 value to be obtained, Xh is replaced 
with X1 and h is taken as unity.  

For uCL,xh component evaluation, the approach 
presented in equation (10) may also be implemented. 
The specification related uncertainties, uSP,X1 and 
uSP,Xh, should be replaced with level up calibration 
components uCL,X1 and uCL,Xh, respectively. These 2 
components are determined according to equation 
(12), if the RS’s accuracy limits, UAC,%, are replaced 
with data obtained from a calibration certificate, 
UCL,%., for either voltage, or current measurements.  

4.2. Uncertainty of THD calculation 
From the harmonic components’ share related 

uncertainties, uC,xh, the uncertainty accompanied to 
the calculated total harmonic distortion may be 
derived:  

𝑢𝑢𝑆𝑆𝑇𝑇𝑇𝑇 = �� �
𝜕𝜕𝑇𝑇𝑇𝑇𝑇𝑇
𝜕𝜕𝑥𝑥ℎ

𝑢𝑢𝐶𝐶,𝑥𝑥ℎ�
2𝑛𝑛

ℎ=2
 . (15) 

The number of influence quantities present in 
equation (15) equals the number of high order 
harmonics regarded, n-1. Sensitivity coefficients 
∂THD/∂xh are calculated from equation (4). If the 
substitutions are made, equation (15) becomes: 

𝑢𝑢𝑆𝑆𝑇𝑇𝑇𝑇 =
1

𝑇𝑇𝑇𝑇𝑇𝑇
�� �𝑥𝑥ℎ ∙ 𝑢𝑢𝐶𝐶,𝑥𝑥ℎ�

2𝑛𝑛

ℎ=2
 . (16) 

4.3.  Uncertainty in X1 and Xh calculation 
If both RMS value, X, and THD of either voltage, 

or current, signal are known, the waveform’s 
fundamental component, X1, is calculated by using 
equation (5). As X and THD are recorded 
independently, the uncertainty prescribed to X1 will 
be calculated as combined uncertainty, from 2 
mutually uncorrelated components:  

𝑢𝑢𝐶𝐶,𝑋𝑋1 = ��
𝜕𝜕𝑋𝑋1
𝜕𝜕𝑋𝑋

𝑢𝑢𝐶𝐶,𝑋𝑋�
2

+ �
𝜕𝜕𝑋𝑋1
𝜕𝜕𝑇𝑇𝑇𝑇𝑇𝑇

𝑢𝑢𝑆𝑆𝑇𝑇𝑇𝑇�
2

 , (17) 

where the partial derivatives, ∂X1/∂X and ∂X1/∂THD, 
are determined from equation (5). The uncertainty 
related to signals’ THD is obtained using equation 
(16). The signal’s RMS related uncertainty, uC,X, 
comprises of 4 mutually uncorrelated components:  

𝑢𝑢𝐶𝐶,𝑋𝑋 = �𝑢𝑢𝐴𝐴,𝑋𝑋
2 + 𝑢𝑢𝑅𝑅,𝑋𝑋

2 + 𝑢𝑢𝑆𝑆𝑆𝑆,𝑋𝑋
2 + 𝑢𝑢𝐶𝐶𝐶𝐶,𝑋𝑋

2  , (18) 

and they are result of the same influence factors as 
the uncertainties correlated to xh measurement, 
presented in equation (7). The Type A uncertainty 
and the resolution based component are calculated 
according to equations (8) and (9), respectively. For 
the purpose of uA,X computation, single recordings 
and mean value of the signals’ RMS, Xj and XM, are 
included in equation (8). In order for uSP,X, and uCL,X 
values to be obtained, equations (11)-(14) are used. 
The harmonic component’s RMS, Xh, in equations 
(12)-(14) is substituted with X and h is taken as unity.  
 Finally, the uncertainty of the single harmonic’s 
RMS value, is calculated as: 

𝑢𝑢𝐶𝐶,𝑋𝑋ℎ = ��
𝜕𝜕𝑋𝑋ℎ
𝜕𝜕𝑋𝑋1

𝑢𝑢𝐶𝐶,𝑋𝑋1�+ �
𝜕𝜕𝑋𝑋ℎ
𝜕𝜕𝑥𝑥ℎ

𝑢𝑢𝐶𝐶,𝑥𝑥ℎ�� ,  (19) 

assuming X1 and xh as mutually correlated, as 
described before. The sensitivity coefficients 
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∂Xh/∂X1 and ∂Xh/∂xh are determined from equation 
(1), while uC,X1 and uC,xh are calculated according to 
equations (17) and (7), respectively.  

4.4. Uncertainty of phase shifts measurements 
The phase shift related uncertainty is calculated 

in an unique way, no matter if the analysis is 
conducted on high order harmonics’ angles, θvh and 
θih, or on the phase shift between fundamentals, φ1. 
The overall uncertainty prescribed to either voltage, 
or current, harmonic phase shift is calculated as 
standard combined uncertainty of 4 mutually 
uncorrelated components:  

𝑢𝑢𝜃𝜃ℎ = �𝑢𝑢𝐴𝐴,𝜃𝜃ℎ
2 + 𝑢𝑢𝑅𝑅,𝜃𝜃ℎ

2 + 𝑢𝑢𝑆𝑆𝑆𝑆,𝜃𝜃ℎ
2 + 𝑢𝑢𝐶𝐶𝐶𝐶,𝜃𝜃ℎ

2  , (20) 

where the single components possess the same 
meaning as the ones determined in xh and X 
measurement, equations (7) and (18) respectively. 
For the concrete evaluation, single phase shifts, θvh,j, 
θih,j and φ1,j, the mean values obtained from N 
measurements, θvh,M, θih,M and φ1,M, and the 
corresponding resolution of the instrument, are 
substituted in equations (8) and (9). The 
specification and level up calibration related 
uncertainties are calculated from corresponding 
documents. If the data is presented in absolute form, 
which is the case for ZERA COM3003 [16], uSP,θh 
and uCL,θh are equal to: 

𝑢𝑢𝑆𝑆𝑆𝑆,𝜃𝜃ℎ�𝑢𝑢𝐶𝐶𝐶𝐶,𝜃𝜃ℎ� =
𝑈𝑈𝑆𝑆𝑆𝑆,𝛼𝛼�𝑈𝑈𝐶𝐶𝐶𝐶,𝛼𝛼�

𝑘𝑘
∙ ℎ, (21) 

where URS,α and UCL,α are specification and 
calibration certificate related uncertainties 
presented as expanded values in ˚ or rad, k is the 
coverage factor that is dependent on the adopted 
distribution and h is the harmonic order. In case of 
φ1 related uncertainty computation, h equals 1.  

From the uncertainties prescribed to the phase 
shifts that are measured directly, the uncertainty 
accompanied to the calculated phase shift between 
the hth order harmonics, φh, may be determined:  
𝑢𝑢𝐶𝐶,𝜑𝜑ℎ =

= ��
𝜕𝜕𝜑𝜑ℎ
𝜕𝜕𝜃𝜃𝑣𝑣ℎ

𝑢𝑢𝜃𝜃𝑣𝑣ℎ�
2

+ �
𝜕𝜕𝜑𝜑ℎ
𝜕𝜕𝜃𝜃𝑖𝑖ℎ

𝑢𝑢𝜃𝜃𝑖𝑖ℎ�
2

+ �
𝜕𝜕𝜑𝜑ℎ
𝜕𝜕𝜑𝜑1

𝑢𝑢𝜑𝜑1�
2

 , 
(22) 

where the partial derivatives are calculated from 
equation (2). The value obtained from equation (22) 
is further used for determination of the uncertainty 
related to the power factor of the hth order harmonics: 

𝑢𝑢𝑆𝑆𝑃𝑃,ℎ = �
cos�𝜑𝜑ℎ + 𝑘𝑘 ∙ 𝑢𝑢𝐶𝐶,𝜑𝜑ℎ� − cos𝜑𝜑ℎ

𝑘𝑘
� , (23) 

where the coverage factor, k, corresponds to the 
adopted distribution. According to Central Limit 
Theorem, the overall distribution tends to become 

Gaussian (Normal), if multiple influence factors are 
regarded, no matter the distribution adopted for their 
determination [11]. If that conclusion is adopted and 
a coverage interval of 95.4 % is regarded, then k=2. 

4.5. Uncertainty of active power calculation 
Finally, from the previous analysis, the overall 

uncertainty accompanied to the measured active 
power may be computed. The uncertainty related to 
the active power of the hth order harmonics equal: 
𝑢𝑢𝑆𝑆ℎ =

= ��
𝜕𝜕𝑃𝑃ℎ
𝜕𝜕𝑉𝑉ℎ

𝑢𝑢𝑉𝑉ℎ�
2

+ �
𝜕𝜕𝑃𝑃ℎ
𝜕𝜕𝐼𝐼ℎ

𝑢𝑢𝐼𝐼ℎ�
2

+ �
𝜕𝜕𝑃𝑃ℎ

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜑𝜑ℎ
𝑢𝑢𝑆𝑆𝑃𝑃,ℎ�

2

 , 
(24) 

where uVh and uIh are calculated according to 
equation (19) and the partial derivatives are 
computed by using equation (6). In case of 
fundamental active power uncertainty calculation, 
uP1, single uncertainty components related to the 
voltage and current signals, uV1 and uI1, are 
calculated as presented in equation (17).  

The active power of harmonically distorted 
voltages and currents is computed by superposition 
of components at different frequencies, equation (6). 
Assuming the uncertainty components associated 
with active powers at different frequencies as fully 
correlated, the expanded uncertainty of the distorted 
voltage and current signals’ active power equals:  

𝑈𝑈𝐶𝐶,𝑆𝑆 = 𝑘𝑘� |𝑢𝑢𝑆𝑆ℎ|
𝑛𝑛

ℎ=1
= 2� |𝑢𝑢𝑆𝑆ℎ|

𝑛𝑛

ℎ=1
 (25) 

adopting Gaussian distribution and confidence 
interval of approximately 95.4 %.   

5. CASE STUDY

In the practical evaluation, several aspects are 
going to be discussed. First, the uncertainty 
propagation of single harmonic’s share and phase 
shift recording will be presented and the dominant 
influence factors are going to be determined. Next, 
an analysis of the uncertainty intensity in active 
power measurement will be performed, regarding 2 
different approaches. For the concrete performance, 
voltage and current signals with 230 V and 5 A 
RMS values and random harmonic distortion [3] are 
generated from CALMET C300 [14]. The single 
harmonics’ share and phase shifts in relation to 
fundamentals are illustrated in Table 1.  
Table 1: Test signals harmonics’ share and phase shift 

h vh, % θvh, ˚ ih, % θih, ˚ 
3 8.2 65 34.9 119 
5 4.4 247 15.1 194 
7 1.15 174 8.5 48 
9 0.78 12 2.45 7 

11 0.12 325 0.87 204 
THD, % 9.41 39.05 
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In Table 2, the single influence factors’ values, 
in measurement of current harmonics share, ih, are 
presented. The data corresponds to measurement 
point in which the phase shift between fundamentals 
equals 0˚. As can be seen from Table 2, components 
related to RS’s resolution, specification and level up 
calibration possess the same order of magnitude 
value, in case of high harmonic distortion of the 
signal. For lower ih, i.e. in case of the 9th and 11th 
order harmonics recording, the overall uncertainty 
intensity is dominantly related to the standard’s 
resolution. Dominant resolution related components 
are recorded in vh measurements as well, due to the 
fact that the THD of voltage signal is significantly 
lower than the THD of the measured current.  As the 
resolution is small, it equals 0.01 %, for both vh and 
ih measurements, the scattering of the measurement 
data is rarely recorded. That implies that Type A 
uncertainty is usually neglected.  
Table 2: Uncertainty budget in ih measurement, for φ1=0˚ 

h uA,ih, % uR,ih, % uSP,ih, %  uCL,ih, % 
3 0 0.0029 0.0045 0.0085 
5 0.002 0.0029 0.0029 0.0055 
7 0 0.0029 0.0022 0.0042 
9 0 0.0029 0.0008 0.0015 

11 0 0.0029 0.0003 0.0006 
 
Uncertainty propagation in case of θvh recording 

is presented in Table 3. The data corresponds to a 
measurement point in which φ1 equals 60˚. The 
resolution in both θvh and θih measurements is 
constant and it equals 0.01˚, resulting in constant 
uR,θh component. The reference standard’s 
specification and calibration related uncertainties 
dominantly shape the overall budget and possess 
almost equal values. This is due to the fact that the 
calibration of ZERA COM3003 [16] was performed 
with a RS, that possess similar measurement 
characteristics as the concrete unit. Statistical 
scattering of measurement data is not recorded for 
lower harmonics, however from the 7th order 
harmonic onwards, significant Type A component 
is present, which possess the same order of 
magnitude value as the resolution related 
uncertainty. The discussion is valid for θih 
uncertainty propagation analysis as well, in any 
measurement point regarding different φ1 value.  
Table 3: Uncertainty budget in θvh recording, for φ1=60˚ 

h uA,θvh, 
% 

uR,θvh,  
% 

uSP,θvh, 
%  

uCL,θvh, 
% 

3 0 0.0029 0.0087 0.0087 
5 0 0.0029 0.014 0.015 
7 0.0024 0.0029 0.02 0.019 
9 0.0024 0.0029 0.026 0.028 

11 0.035 0.0029 0.032 0.032 

The expanded uncertainty, correlated to active 
power measurements, for different φ1 in the interval 
between -60 ˚ and 60 ˚, is illustrated in Figure 2. It 
is presented in a percentage form, in relation to the 
measured active power, P. Two approaches are 
regarded. Rectangular points resemble the 
uncertainty intensity in different measurement 
points, obtained if the active power is recorded 
directly with the RS [16]. Combined uncertainty is 
calculated according to equation (18), if related data 
in domain of active power measurement is included. 
The expanded uncertainty is obtained, by adopting 
Gaussian distribution and coverage probability of 
95.4 % [11]. As can be seen from Figure 2, the 
overall uncertainty, calculated according to the 
direct measurement principle, possess constant 
value, for every φ1. The same value is obtained in 
case of sine wave signals measurement [17], 
eventual variations may appear due to statistical 
scattering of single recordings. The overall 
uncertainty is not dependant on the degree of 
harmonic distortion, or the presence of harmonics at 
different frequencies in the signals.  

The triangular points in Figure 2 correspond to 
uncertainty in active power measurements, if the 
analysis is conducted according to the presented 
mathematical model. Indirect measurement of 
active power results in higher overall uncertainty in 
comparison to the values obtained by 
implementation of the direct method. The intensity 
of UC,P is strongly dependant on the influence 
factors that affect the measurement of both 
fundamental and harmonic phase shifts. This is 
especially significant in the measurement points 
that correspond to a low active power share in the 
system. When φ1=±60˚, the overall uncertainty is 
approximately 3 times bigger than the value related 
to the measured active power in a direct manner. 
The concrete approach, although quite complex and 
time consuming, provide detailed and realistic 
measurement performance illustration.  

 
Figure 2: Uncertainty propagation in direct and indirect 
active power measurement with ZERA COM3003 

6. SUMMARY 

In the contribution, mathematical model for 
uncertainty propagation in active power 
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measurements, in non-sinusoidal conditions, is 
presented and it is experimentally verified by using 
high accuracy class measuring equipment. The 
model is realized starting from harmonic 
components’ magnitudes and phase shifts recording, 
rather than direct measurement of active power. 
This approach is chosen in order for all influence 
factors that affect measurement of both fundamental 
and harmonic parameters to be determined 
analytically. The overall uncertainty prescribed to 
the measured active power is further calculated as 
standard combined uncertainty of single 
components related to different signals’ parameters.  

The uncertainty accompanied to harmonics’ 
magnitudes and phase shifts recording is 
dominantly result of the instrument’s specification 
and level up calibration. In case of low harmonic 
distortion, which is more typical for voltage signals, 
the resolution related uncertainty dominantly shape 
the overall budget. If significant fluctuations in 
measurement results exist, an additional Type A 
component should also be taken into account.  

For mathematical model verification, the 
calculated overall uncertainty is compared to a 
corresponding value obtained by direct power 
measurement. It is concluded that the overall 
uncertainty in direct power recording does not 
provide sufficient information about the individual 
signals’ parameters influence on the measured 
quantity. This is especially significant for lower 
active power share in the system, when the phase 
shift related uncertainty dominantly impact the 
active power measurements.  
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Abstract: 
This paper presents the metrological evaluation 

of a proposed virtual power quality (PQ) 
disturbance generator. The calibration and 
measurement uncertainty estimation procedures for 
the RMS voltage and frequency of the generator are 
explained in detail and the obtained results are 
presented and discussed. The results show that the 
measurement uncertainty of the PQ disturbance 
generator for all reference points is satisfactory, 
making it suitable for generation of PQ signals for 
research purposes, especially in the development, 
testing and improvement of PQ event classifiers. 

Keywords: power quality; measurement 
uncertainty; calibration; signal generator; virtual 
instrumentation 

1. INTRODUCTION 

Due to intensive use of non-linear loads, 
problems defined under power quality (PQ) arise in 
modern electrical grids. In Europe, the voltage 
characteristics of the public power distribution 
system for normal operation are defined with the 
European standard on power quality: EN  50160 [1]. 
To address these problems, real-time monitoring 
and PQ disturbance classification systems are 
needed at numerous locations in the power grid. 
Fault detection based on data analytics with 
advanced metering infrastructure are essential for 
the security of power systems [2]. Systems for 
power quality monitoring are already implemented 
in some power grids. They are mostly based on 
measurement devices which only save raw voltage 
signals [3]-[5]. Other monitoring systems perform 
real-time processing and provide PQ indicators [6]-
[7]. However, industrial grade instrumentation 
specifically designed for PQ monitoring is 
relatively expensive, hence the focus in recent years 
on development of virtual instrumentation-based 
PQ monitoring systems [8]-[9], as well as 
algorithms for fast and accurate detection and 
classification of PQ disturbances, such as the ones 
presented in [10]-[11]. Using such algorithms 
combined with virtual instrumentation can provide 

more flexible, cost-effective and decentralized 
solutions. However, the development of these 
algorithms requires a large amount of curated PQ 
disturbance data, which can be hard to obtain. There 
is a lack of publicly accessible good quality datasets 
of this kind [12]. Although there are commercially 
available PQ disturbance generators on the market 
which can be used to obtain this kind of data, they 
are too expensive for research purposes. 
Consequently, virtual instrumentation-based 
generators of PQ disturbances have been developed 
[13]-[14], which can be used to obtain PQ data for 
research purposes. 

This paper will focus on the metrological 
evaluation of the virtual PQ disturbance generator 
proposed in [14], in order to determine its usability 
in research purposes, especially for testing, 
optimization and improvement of PQ disturbance 
classifiers.  

2. VIRTUAL POWER QUALITY 
DISTURBANCE GENERATOR 

The main purpose of the designed virtual power 
quality disturbance generator, which is the subject 
of the metrological evaluation presented in this 
paper, is to generate and reproduce reference 
voltage signals and simulate standard voltage 
quality disturbances in accordance with the 
European standard EN50160 [1].  

The generator mainly consists of two functional 
segments: a software application running on a 
personal computer and hardware components. The 
software application is developed in the LabVIEW 
graphical programming environment. The software 
realization of the virtual PQ generator, its 
functionalities, capabilities and modes of operation 
are fully presented in [14]. The hardware 
components of the generator include a data 
acquisition (DAQ) device and a power quality 
signal amplifier. The DAQ device is used for 
hardware reproduction of the voltage waveforms 
generated by the software application. The data 
acquisition device used is a NI USB-6218 
multifunction acquisition device. The PQ signal 
amplifier is used to amplify the output voltage 
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signal from the DAQ device to a nominal voltage 
level of 230 V. A detailed description of the design, 
functionality and characteristics of the PQ signal 
amplifier is given in [15]. 

A schematic representation of the PQ 
disturbance generator and its consisting hardware 
and software components is given in Figure 1. 

Figure 1: A schematic representation of the virtual PQ 
disturbance generator and its components 

3. CALIBRATION AND MEASUREMENT
UNCERTAINTY ESTIMATION 

In order to perform a metrological assessment of 
the realized PQ generator, a calibration and 
measurement uncertainty estimation was carried out. 
The calibration and measurement uncertainty 
calculation procedures, as well as the measurement 
uncertainty budget are presented in the following 
section. 

The measurement uncertainty estimation is 
performed according to the recommendations in the 
Guide to the Expression of Uncertainty in 
Measurement [16], defined by the International 
Organization for Standardization – ISO. The 
procedure is divided into two segments: estimation 
of RMS voltage uncertainty and estimation of 
frequency uncertainty. Another approach to 
estimating the measurement uncertainty would be 
by using the Monte Carlo Method [17]. 
Nevertheless, the authors believe that this method 
would yield similar results, and hence opted for the 
GUM approach. 

3.1. Voltage Uncertainty 
The measurement setup for RMS voltage 

calibration of the PQ disturbance generator consists 
of NI USB-6218 DAQ device used to generate the 
input voltage signals for the amplifier and a 6⅟₂-
digit digital multimeter Fluke 8846A for 
measurement of the amplifier output RMS voltage 
values. The experimental system including the PQ 
disturbance generator, NI USB-6218 DAQ device 
and the Fluke 8846A reference multimeter is shown 
in Figure 2. The components of the measurement 
uncertainty budget for the RMS voltage of the 
generator are presented in Table 1. The PQ 

amplifier was calibrated using a FLUKE 5500A 
calibrator prior to the measurements, therefore its 
drift is not included in the uncertainty budget. 

Figure 2: Experimental system used for calibration of 
the virtual PQ disturbance generator 

For calibration of the RMS voltage, six 
measurement points for the output of the PQ 
amplifier are taken: 230 V, 253 V, 207 V, 110 V, 
121 V and 99 V. The warm-up time for the 
instruments is 1 h. The amplifier is set to the ±5 V 
input voltage range. Its amplification at this range is 
A = 79.554. The output of the DAQ device is set to 
a constant RMS value corresponding to the 
aforementioned measurement points (2.891 V, 
3.18 V, 2.602 V, 1.383 V, 1.521 V and 1.244 V 
respectfully). The frequency of the generated 
voltage signal is 50 Hz and the signal is generated 
at a sampling rate of 25 kS/s. For each measurement 
point, 10 measurements are taken at five-minute 
time intervals between two successive 
measurements. The average measured voltage RMS 
values, as well as the calculated standard deviations 
for each measurement point are presented in Table 
2. 

The calculation of the standard measurement 
uncertainty of the output RMS voltage of the PQ 
disturbance generator includes Type A uncertainty 
(standard deviation of the mean) and Type B 
uncertainty (DAQ device accuracy, DAQ device 
resolution, multimeter uncertainty and multimeter 
resolution). The standard deviation of the mean is 
calculated according to statistical methods applied 
on the measurement results, using the equation: 

𝑢𝑢𝐴𝐴 = � 1

𝑛𝑛(𝑛𝑛−1)
∑ �𝑉𝑉𝑖𝑖 − 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎�

2𝑛𝑛
𝑖𝑖=1  . (1) 

Type B measurement uncertainties are 
calculated according to data and accuracies 
provided by the specifications of the applied 
instruments: digital multimeter Fluke 8846A [18]  
and DAQ device NI USB-6218 [19]. 

According to instrument specifications, the 
multimeter absolute uncertainty for the AC voltage 
range of 1000 V and frequency range from 
10 Hz – 20 kHz is defined as ∆VDMM = ± (0.06 % of 
measurement + 0.03 % of range). The multimeter 
resolution for the same range is ∆VDMM-res = 10 mV, 
therefore the corresponding DMM Type B 
uncertainty uB-DDM is calculated by: 
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Table 1: Measurement uncertainty budget – RMS voltage 

Source Type Notation Sensitivity 
coefficients 

Probability 
distribution Divisor Degrees of 

freedom 
Standard deviation 

(repeatability) A uA 1 Normal 1 9 

DMM accuracy B uB1 1 Uniform 1/√3 ∞ 
DMM resolution B uB2 1 Uniform 1/√3 ∞ 
DAQ accuracy B uB3 79.554 Uniform 1/√3 ∞ 
DAQ resolution B uB4 79.554 Uniform 1/√3 ∞ 

Table 2: Measurement results and calculated standard deviation (ST. DEV) – RMS voltage values 

 230 V 
VRMS [V] 

253 V 
VRMS [V] 

207 V 
VRMS [V] 

110 V 
VRMS [V] 

121 V 
VRMS [V] 

99 V 
VRMS [V] 

Vavg [V] (n = 10) 229.4747 252.8879 207.4483 110.3206 121.4759 99.3593 
ST. DEV 0.0698 0.0519 0.0417 0.0077 0.0437 0.0091 

ST. DEV / √n 0.0221 0.0164 0.0132 0.0024 0.0138 0.0029 
 

𝑢𝑢𝐵𝐵−𝐷𝐷𝐷𝐷𝐷𝐷
2 = 𝑢𝑢𝐵𝐵1

2 + 𝑢𝑢𝐵𝐵2
2  . (2) 

𝑢𝑢𝐵𝐵−𝐷𝐷𝐷𝐷𝐷𝐷
2 = �Δ𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷

√3
�

2
+ �1

2

𝑉𝑉𝐷𝐷𝐷𝐷𝐷𝐷−𝑟𝑟𝑟𝑟𝑟𝑟

√3
�

2
 . (3) 

The output voltage signal of the PQ generator 
Vout is obtained by amplifying the voltage signal 
generated by the DAQ device VDAQ and is calculated 
using equation (4). The amplifier’s amplification A, 
for the ±5 V amplifier range is A = 79.554. 

𝑉𝑉𝑜𝑜𝑢𝑢𝑜𝑜 = 𝐴𝐴 ∙ 𝑉𝑉𝐷𝐷𝐴𝐴𝐷𝐷 . (4) 

The sensitivity coefficients for the Type B 
uncertainties of the DAQ device, c3 and c4, can be 
calculated using the following equation: 
𝜕𝜕𝑉𝑉𝑜𝑜𝑢𝑢𝑜𝑜
𝜕𝜕𝑉𝑉𝐷𝐷𝐴𝐴𝐷𝐷

= 𝐴𝐴 = 𝑐𝑐3 = 𝑐𝑐4 . (5) 

Hence, the sensitivity coefficients c3 and c4 are 
equal to the amplifier’s amplification. The nominal 
value of the PQ amplifier’s amplification is A = 80, 
meaning that at the DAQ device’s standardized 
output level of 5V, the output RMS voltage from the 
amplifier would be equal to 400 V, which is 
necessary PQ applications. 

The absolute accuracy (which includes 
uncertainty due to drift) of the NI USB-6218 DAQ 
device VDAQ is calculated using the method provided 
in the instrument specification, and the DAQ device 
resolution VDAQ-res is calculated according to the 
DAC resolution of the device, n = 16 bits and its 
output voltage range Vr = ±10 V = 20 V, as follows: 

𝑉𝑉𝐷𝐷𝐴𝐴𝐷𝐷−𝑟𝑟𝑟𝑟𝑟𝑟 =
𝑉𝑉𝑟𝑟

2𝑛𝑛−1
 . (6) 

The corresponding DAQ device Type B 
uncertainty uB-DAQ is calculated by using the 
following equation: 

𝑢𝑢𝐵𝐵−𝐷𝐷𝐴𝐴𝐷𝐷
2 = 𝑐𝑐3

2𝑢𝑢𝐵𝐵3
2 + 𝑐𝑐4

2𝑢𝑢𝐵𝐵4
2  . (7) 

𝑢𝑢𝐵𝐵−𝐷𝐷𝐴𝐴𝐷𝐷
2 = 𝐴𝐴2 �Δ𝑉𝑉𝐷𝐷𝐴𝐴𝐷𝐷

√3
�

2
+ 𝐴𝐴2 �1

2

𝑉𝑉𝐷𝐷𝐴𝐴𝐷𝐷−𝑟𝑟𝑟𝑟𝑟𝑟

√3
�

2
 . (8) 

The combined voltage measurement uncertainty 
u_C-V is calculated using the previously calculated 
individual Type A and Type B uncertainties, as 
follows: 

𝑢𝑢𝑐𝑐−𝑉𝑉 = �𝑢𝑢𝐴𝐴2 + 𝑢𝑢𝐵𝐵−𝐷𝐷𝐷𝐷𝐷𝐷
2 + 𝑢𝑢𝐵𝐵−𝐷𝐷𝐴𝐴𝐷𝐷

2  . (9) 

The number of overall effective degrees of 
freedom veff for the combined uncertainty is 
calculated using the Welch-Satterthwaite equation: 

𝑎𝑎𝑟𝑟𝑒𝑒𝑒𝑒 =
𝑢𝑢𝑐𝑐

4(𝑦𝑦)

� 𝑐𝑐𝑖𝑖
4𝑢𝑢𝑖𝑖

4(𝑥𝑥𝑖𝑖)
𝑎𝑎𝑖𝑖

𝑁𝑁

𝑖𝑖=1

 . 
(10) 

The number of effective degrees of freedom for 
the combined uncertainty of all six measurement 
points is a large number and can be considered as 
infinity (veff = ∞). 

The expanded measurement uncertainty of the 
PQ disturbance generator output RMS voltage uexp‑V 
is calculated for a confidence interval of 95 %. The 
coverage factor that corresponds to this confidence 
interval and effective degrees of freedom veff = ∞, 
adjusted according to the Student’s t-distribution 
table is k = 1.96. 

𝑢𝑢𝑟𝑟𝑥𝑥𝑒𝑒−𝑉𝑉 = 𝑘𝑘 ∙ 𝑢𝑢𝑐𝑐−𝑉𝑉 = 1.96 ∙ 𝑢𝑢𝑐𝑐−𝑉𝑉  . (11) 

The standard uncertainty for each of the 
uncertainty components, as well as the combined 
and expanded uncertainty for each of the 
measurement points are presented in Table 3. The 
expanded uncertainty is presented graphically in 
Figure 3. 

The largest contributing component of the 
voltage RMS measurement uncertainty of the PQ 
disturbance generator is the Type B uncertainty of 
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Table 3: Standard, combined and expanded measurement uncertainty calculations – RMS voltage 

Source Standard uncertainty [V] 
230 V 253 V 207 V 110 V 121 V 99 V 

uA 2.206·10-2 1.640·10-2 1.318·10-2 2.423·10-3 1.382·10-2 2.868·10-3 
uB-DMM 2.527·10-1 2.608·10-1 2.451·10-1 2.114·10-1 2.153·10-1 2.076·10-1 
uB-DAQ 9.134·10-1 9.210·10-1 9.064·10-1 8.845·10-1 8.863·10-1 8.828·10-1 

Combined uncertainty 
uC-V 9.479·10-1 9.574·10-1 9.390·10-1 9.094·10-1 9.122·10-1 9.069·10-1 

Effective degrees of 
freedom veff 

∞ ∞ ∞ ∞ ∞ ∞ 

Coverage factor k 1.96 1.96 1.96 1.96 1.96 1.96 
Expanded 

uncertainty uexp-V 1.858 1.876 1.840 1.782 1.788 1.777 

the DAQ device, uB-DAQ, due to the large sensitivity 
coefficient which is equal to the PQ signal 
amplifier's amplification. This component of the 
measurement uncertainty can be significantly 
reduced by using the PQ signal amplifier at its 
±10 V range, thereby reducing its amplification as 
well as the Type B uncertainty of the DAQ device. 

Figure 3: Graphical representation of the expanded 
uncertainty of the PQ generator – RMS voltage 

3.2. Frequency Uncertainty 
The measurement setup for frequency 

calibration of the PQ disturbance generator is the 
same as the setup used for calibration of the voltage 
RMS and consists of the NI USB-6218 DAQ device 

used to generate the input voltage signals for the 
amplifier and a 6⅟₂-digit digital multimeter Fluke 
8846A for measurement of the amplifier output 
frequency values. The components of the 
measurement uncertainty budget for the generator 
frequency are presented in Table 4. 

For calibration of the frequency, two 
measurement points are taken: 50 Hz and 60 Hz. 
The amplifier is once again set to the ±5 V input 
voltage range. The output of the DAQ device is set 
to a constant RMS value: 2.891 V, corresponding to 
230 V at the output of the amplifier. The signal is 
generated at a sampling rate of 25 kS/s. For each 
measurement point, 10 measurements are taken at 
five-minute time intervals between two successive 
measurements. The average measured frequency 
values and the calculated standard deviations for 
each measurement point are presented in Table 5. 

Similar to the measurement uncertainty of the 
output RMS voltage, the calculation of the standard 
measurement uncertainty of the frequency of the 
output voltage of the PQ disturbance generator 
includes Type A and Type B (DAQ device accuracy 
and resolution, multimeter uncertainty and 
resolution) uncertainty. 

The standard deviation of the mean is calculated 
according to statistical methods applied on the 
measurement results, using the equation: 

𝑢𝑢𝐴𝐴 = � 1

𝑛𝑛(𝑛𝑛−1)
∑ �𝑒𝑒𝑖𝑖 − 𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎�

2
𝑛𝑛
𝑖𝑖=1 . (12) 

Type B measurement uncertainties are 
calculated according to data and accuracies 
provided by the specifications of the applied 
instruments. According to instrument specifications, 
the multimeter absolute uncertainty for the 
frequency range of 40 Hz – 300 kHz and RMS 
voltage range from 100 mV – 1000 V is defined as 
∆fDMM = ± (0.01 % of measurement). The 
multimeter resolution for the same range is 
fDMM-res = 0.0001 Hz, therefore the corresponding 
DMM Type B uncertainty uB-DMM is calculated as:
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Table 4: Measurement uncertainty budget – frequency 

Source Type Notation Sensitivity 
coefficients 

Probability 
distribution Divisor Degrees of 

freedom 
Standard deviation 

(repeatability) A uA 1 Normal 1 9 

DMM accuracy B uB1 1 Uniform 1/√3 ∞ 
DMM resolution B uB2 1 Uniform 1/√3 ∞ 

DAQ accuracy B uB3 2500 at 50 Hz 
3600 at 60 Hz Uniform 1/√3 ∞ 

DAQ resolution B uB4 2500 at 50 Hz 
3600 at 60 Hz Uniform 1/√3 ∞ 

Table 5: Measurement results and calculated standard 
deviations (ST. DEV) – PQ generator frequency values 

 50 Hz 
f [Hz] 

60 Hz 
f [Hz] 

favg [Hz] 49.9992 59.9989 
ST. DEV 0.185·10-3 0.237·10-3 

ST. DEV / √n 0.586·10-4 0.748·10-4 
 

𝑢𝑢𝐵𝐵−𝐷𝐷𝐷𝐷𝐷𝐷
2 = 𝑢𝑢𝐵𝐵1

2 + 𝑢𝑢𝐵𝐵2
2   . (13) 

𝑢𝑢𝐵𝐵−𝐷𝐷𝐷𝐷𝐷𝐷
2 = �Δ𝑒𝑒𝐷𝐷𝐷𝐷𝐷𝐷

√3
�

2
+ �1

2

𝑒𝑒𝐷𝐷𝐷𝐷𝐷𝐷−𝑟𝑟𝑟𝑟𝑟𝑟
√3

�
2

  . (14) 

Type B measurement uncertainties of the DAQ 
device arise as a result of the timing accuracy and 
timing resolution of the device. According to the 
device specification, the timing accuracy is defined 
as ∆TDAQ = (50 ppm of sample rate). The sampling 
rate Sr = 25 kS/s. The timing resolution of the DAQ 
device is TDAQ-res = 50 ns. Because the timing 
accuracy and resolution are defined as units of time, 
the sensitivity coefficients for their respective 
uncertainties, c3 and c4 need to be determined. 
Equation (15) shows the dependence between the 
frequency of the generated signal f and its period Tsig: 

𝑒𝑒 = 1
𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠

 . (15) 

The sensitivity coefficients for the Type B 
uncertainties of the DAQ device, c3 and c4, can be 
calculated using the following equation: 
𝜕𝜕𝑒𝑒

𝜕𝜕𝜕𝜕
=

1

𝜕𝜕𝑟𝑟𝑖𝑖𝑎𝑎
2 = 𝑒𝑒2 = 𝑐𝑐3 = 𝑐𝑐4 . (16) 

Hence, the sensitivity coefficients c3 and c4 are 
equal to the square of the generated signal’s 
frequency. 

The DAQ device Type B uncertainty uB-DAQ is 
calculated as follows: 

𝑢𝑢𝐵𝐵−𝐷𝐷𝐴𝐴𝐷𝐷
2 = 𝑐𝑐3

2𝑢𝑢𝐵𝐵3
2 + 𝑐𝑐4

2𝑢𝑢𝐵𝐵4
2  . (17) 

𝑢𝑢𝐵𝐵−𝐷𝐷𝐴𝐴𝐷𝐷
2 = 𝑒𝑒4 �Δ𝜕𝜕𝐷𝐷𝐴𝐴𝐷𝐷

√3
�

2
+ 𝑒𝑒4 �1

2

𝜕𝜕𝐷𝐷𝐴𝐴𝐷𝐷−𝑟𝑟𝑟𝑟𝑟𝑟

√3
�

2
 . (18) 

The combined frequency measurement 
uncertainty uc-f is calculated using the previously 
calculated individual Type A and Type B 
uncertainties, according to the following equation: 

𝑢𝑢𝑐𝑐−𝑒𝑒 = �𝑢𝑢𝐴𝐴2 + 𝑢𝑢𝐵𝐵−𝐷𝐷𝐷𝐷𝐷𝐷
2 + 𝑢𝑢𝐵𝐵−𝐷𝐷𝐴𝐴𝐷𝐷

2   . (19) 

The number of overall effective degrees of 
freedom veff for the combined uncertainty is 
calculated using the Welch-Satterthwaite equation 
(10). The number of effective degrees of freedom 
for the combined uncertainty of both measurement 
points is a large number and can be considered as 
infinity (veff = ∞).  

The expanded measurement uncertainty of the 
frequency of the PQ disturbance generator output 
voltage uexp-f is calculated for a confidence interval 
of 95 %. The coverage factor that corresponds to 
this confidence interval and effective degrees of 
freedom veff = ∞, adjusted according to the Student’s 
t-distribution table is k = 1.96. 

𝑢𝑢𝑟𝑟𝑥𝑥𝑒𝑒−𝑒𝑒 = 𝑘𝑘𝑢𝑢𝑐𝑐−𝑒𝑒 = 1.96 ∙ 𝑢𝑢𝑐𝑐−𝑒𝑒  . (20) 

The standard uncertainty for each of the 
uncertainty components, as well as the combined 
and expanded uncertainty for each of the 
measurement points are presented numerically in 
Table 6. The expanded uncertainty is presented 
graphically in Figure 4. 

The relative measurement uncertainty of the 
frequency of the PQ disturbance generator for both 
measurement points is less than 0.5 %. The largest 
contributing component to the combined 
measurement uncertainty of the frequency is also 
the Type B uncertainty of the DAQ device uB-DAQ. 
This component can only be reduced by using a 
DAQ device with better timing accuracy and 
resolution.  

When evaluating the frequency uncertainty of a 
PQ generator, higher order harmonics should be 
taken into account, however, within the scope of this 
paper, the authors limited the analysis only to the 
fundamental frequency. 
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Figure 4: Graphical representation of the expanded 
uncertainty of the PQ generator – frequency  

Table 6: Standard, combined and expanded measurement 
uncertainty calculations – frequency 

Source 
Standard Uncertainty 

[Hz] 
50 Hz 60 Hz 

uA 5.859·10-5 7.483·10-5 
uB-DMM 2.887·10-3 3.464·10-3 
uB-DAQ 7.217·10-2 1.039·10-1 

Combined 
uncertainty uc-f 

7.223·10-2 1.040·10-1 

Effective degrees 
of freedom veff 

∞ ∞ 

Coverage factor k 1.96 1.96 
Expanded 

uncertainty uexp-f 
1.416·10-1 2.038·10-1 

Considering the metrological characteristics of 
the designed PQ generator obtained with its 
calibration, the system can be used as a PQ event 
simulator for research purposes and for testing and 
optimization of PQ event classifiers. However, in 
order to use this PQ generator as a reference 
instrument in testing PQ analyzers for example, its 
voltage and frequency measurement uncertainties 
need to be improved as per the recommendations 
stated in the preceding text. 

4. SUMMARY

The obtained results have shown that the relative 
measurement uncertainty of the PQ generator for all 
reference points is satisfactory. Hence it can be used 
as a simulator of PQ signals for research purposes, 
for instance for testing, optimization and 
improvement of PQ classifiers. However, the 
accuracy of the generator is not high enough to be 
used for testing of professional PQ monitoring 
instruments. The paper provides guidelines on how 
the measurement uncertainty can be improved. 
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Abstract: 

The aim of this study was to estimate uncertainty 

arising from the sampling of food for 

microbiological analysis. A balanced experimental 
design using the duplicate method was a method of 

choice for empirical estimation of uncertainty. 

Duplicate test portions were drawn from both test 
samples and analyzed in duplicate. This approach 

allowed the estimation of overall measurement 

uncertainty and its components; analytical 

uncertainty and sampling uncertainty. Classical 
ANOVA and Robust ANOVA were used for the 

calculation. Based on 12 sampling targets of minced 

meat, uncertainty from sampling was estimated as 
0.10-0.11 log10 cfu/g for microbiological parameter 

aerobic colony count, while analytical uncertainty 

was 0.04 log10 cfu/g. Estimated uncertainties 
proved to be fit-for-purpose. Results showed that 

uncertainty from sampling is the major contributor 

to overall measurement uncertainty.   

Keywords: measurement uncertainty; sampling; 
sampling uncertainty, food microbiology 

1. INTRODUCTION 

Due to International Standard ISO 17025 [1] 
measurement uncertainty had become a “hot” topic 

among testing and calibrating laboratories. The new 

2017 revision of the Standard introduced an even 

“hotter” topic –the uncertainty from sampling. In 
the last decade, the number of scientific and/or 

professional papers on this subject had been very 

scarce so there is not much data for comparison.  
Sources of uncertainty in food microbiology 

include errors and variations in sampling, weighing, 

volumes of diluent, sample preparation, delays 
during analysis, microbiological culture media, 

incubation conditions, competitive microflora, and 

intrinsic distribution of colonies [2]. It is generally 

accepted that in conditions where these sources of 
variability are minimized, repeatability of 

enumerated microbiological data may only be 

precise to about 0.5 log10 units [3]. 
Measurement uncertainty is a result of combined 

analytical and sampling uncertainty. In food 

microbiology, three major components of analytical 
uncertainty had been recognized: technical 

uncertainty, matrix uncertainty, and distributional 

uncertainty [4]. Technical uncertainty arises from 

operational variability and is a characteristic of an 

analytical method. Matrix uncertainty however 
refers only to the effects of microbial distribution 

within a certain matrix and is a characteristic of that 

specific matrix. Distributional uncertainty arises 
from intrinsic variability associated with the 

distribution of microorganisms in the sample and its 

dilutions. Even without the contribution from 

sampling, uncertainty in food microbiology is 
expected to be high [5]. 

Sampling as an initial step in any analysis 

inevitably introduces some level of uncertainty that 
contributes to overall measurement uncertainty. In 

food microbiology, uncertainty from sampling is 

expected to be (very) high as it describes variability 
between and within the samples due to the 

heterogeneous distribution of analyte [6]. The 

heterogeneous distribution of microorganisms in 

foods has long been recognized, as well as the fact 
that their distribution in food matrices does not 

conform to the normal distribution [7]. In general, 

the distribution of microorganisms in most 
suspensions follows the Poisson distribution. 

However, in solid and multi-component food 

matrices the distribution of microorganisms is 

complex due to the presence of clumps and chains 
of microorganisms. The log-normal distribution 

most adequately describes the heterogeneity of 

microorganisms in food matrices [6]. 
According to Ramsey et al. [8], estimates of 

sampling uncertainty for chemical contaminants in 

foodstuffs are often larger than estimates of 
analytical uncertainty. Jarvis et al. [9] previously 

reported that estimated sampling uncertainty 

contributed two-thirds to the total measurement 

uncertainty of aerobic mesophilic count on prawns. 
The authors concluded that sampling uncertainty is 

likely to exceed analytical uncertainty in other foods 

as well. They also emphasized that ignoring 
sampling uncertainty leads to underestimates of 

total measurement uncertainty and may adversely 

affect the assessment for compliance of food with 
legislative and commercial microbiological criteria 

[9]. 
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Main intention of this paper is to share 

experience on the estimation of uncertainty from 
sampling from the perspective of a small-to-

moderate sample throughput laboratory that 

performs its sampling. 

2. MATERIALS AND METHODS

The same sampling procedure according to 

ISO/TS 17728:2015 [10] was performed on 12 

sampling targets of minced meat (retail lots). 
Sampling targets were chosen within the main 

criteria of fitness-for-purpose and to represent usual 

routine samples of our laboratory.  
The samples were transported chilled to the 

laboratory where they were analyzed for aerobic 

colony count, according to the experimental design 

described below.  

2.1. Experimental design 

Uncertainty from sampling was estimated by a 

balanced design using the duplicate method as 
described in Eurachem Guide [11]. The duplicate 

method is based upon a single sampler duplicating 

a small proportion of the primary samples, selected 
at random to represent the typical composition of 

such targets. The duplicated samples were taken by 

repeating the same sampling protocol by a single 

person (sampler), with permitted variations that 
reflect the ambiguity in the sampling protocol and 

the effect of small-scale heterogeneity of the analyte 

of interest on the implementation of that protocol. 
Both of the duplicated samples were subjected to 

physical preparation resulting in two separate test 

samples. Duplicate test portions were drawn from 
both of the test samples and analyzed in duplicate. 

This system of duplicated sampling and analysis on 

both samples is known as a ‘balanced design’ (see 

Figure 1).  

2.2. Method 

Aerobic colony count (ACC) was enumerated 

according to ISO 4833-1:2012 [12], by pour plate 
technique using Plate Count Agar (Oxoid, UK). The 

plates were incubated at 30±1 °C for 72±3 hours. 

Analysis was conducted in repeatability conditions. 

Colonies were counted and calculated according to 
ISO 4833-1:2012. Results were expressed as 

colony-forming units per gram (cfu/g), which were 

then normalized by log10 transformation. Logarithm 
values were used in further statistical analysis. 

2.3. Statistical procedures 

Before further calculations results were 

examined for outliers using Grubb’s test and tested 
for normality with Shapiro-Wilk and Kolmogorov-

Smirnov tests using Analyse-it® for Excel (Analyse-

it Software Ltd, Leeds, UK, v6.01.1.)  

Standard uncertainty (𝑢) for a single target was 

estimated using equation (1). 

𝑢 = 𝑠𝑚𝑒𝑎𝑠 = √𝑠sampling
2 + 𝑠analytical

2   (1) 

Standard uncertainty (𝑢 = 𝑠𝑡𝑜𝑡𝑎𝑙 ) for multiple 

targets was estimated using equation (2). 

𝑢 = √𝑠btw−targets
2 +𝑠sampling

2 + 𝑠analytical
2  (2) 

Analysis of variance was performed by both 

classical ANOVA and robust ANOVA, using 
RANOVA3 software of the Analytical Methods 

Committee (AMC) of the Royal Society of 

Chemistry was used, available on their website 
(https://www.rsc.org). RANOVA3 software 

calculated total standard uncertainty for multiple 

targets, the variance between targets, sampling 

uncertainty, and analytical uncertainty.   

Figure 1: Balanced experimental design for estimation of uncertainty from sampling using the duplicate method [11] 
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3. RESULTS  

Aerobic colony counts of all samples taken in 
duplicate during sampling (sample 1 and sample 2) 

and analyzed in duplicate (A1 and A2) are shown in 

Table 1.  

Table 1: Results of aerobic colony counts, as log10 cfu/g, 

for 12 sampling targets 

Sampling 

target 

Sample 1 Sample 2 

A1 A2 A1 A2 

1 4.28 4.29 4.32 4.30 

2 4.33 4.35 4.32 4.29 

3 4.89 4.81 4.74 4.72 

4 5.20 5.10 5.19 5.18 

5 5.13 5.18 5.13 5.17 

6 5.07 5.06 5.08 5.10 

7 4.86 4.86 4.46 4.61 

8 4.72 4.65 4.78 4.85 

9 5.02 5.08 5.40 5.38 

10 5.25 5.24 5.09 5.15 

11 5.89 5.80 5.91 5.97 

12 5.92 5.93 5.73 5.73 

 

Normality tests showed that data conform to the 
normal distribution (normality was not rejected by 

statistical tests). Grubb’s test recognized one value as 

further than the rest but not a significant outlier, so no 

outliers were detected. 
Based on obtained results in Table 1 total standard 

uncertainty, which includes variance between targets, 

sampling, and analytical variance was calculated 
using RANOVA3 software (Figure 2 and Figure 3). 

There was no significant difference between 

variances calculated by classical and robust ANOVA. 
Uncertainty from sampling was estimated as 0.11 

log10 cfu/g by classical ANOVA and 0.10 log10 cfu/g 

by robust ANOVA, which corresponds to relative 

uncertainty of 25.3% and 23% respectively 
(conversion of the decimal logarithm to natural 

logarithm). Analytical uncertainty was estimated as 

0.04 log10 cfu/g (relative uncertainty 9.2%). 

 
Figure 2: Contributions to total variance calculated by 

Classical ANOVA 

 
 

 
Figure 3: Contributions to total variance calculated by 

Robust ANOVA  

 

Results also showed that the contribution from 

sampling to total measurement variance is 86-88% 
(Table 2). According to both classical and robust 

ANOVA, the variance between targets is the greatest 

contribution to the total variance, while sampling is 
the major contributor to the variance of measurement; 

see Table 2, Figure 2 and Figure 3. 

 
 

 

 
 

Table 2. Sampling, analytical and total measurement standards deviations and variances, as log10 cfu/g 

Classical ANOVA Sampling Analytical Total measurement 

Standard deviation (SD) 0.11 0.04 0.12 

Variance 0.013 0.002 0.014 

% of total measurement variance 88.9 11.1 - 

 

Robust ANOVA Sampling Analytical Total measurement 

Standard deviation (SD) 0.10 0.04 0.10 

Variance 0.009 0.001 0.011 

% of total measurement variance 86.6 13.4 - 
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4. DISCUSSION

The aim of this study was to estimate the 
uncertainty arising from sampling. At first, we 

obtained a broad range of results (from 103 cfu/g to 

109 cfu/g) since the microbiological quality of target 
samples varied a lot. Such data did not conform to 

the normal distribution and also included a certain 

number of outliers (unpublished data). A need to 

restrict the number of results and data values for 
aerobic colony counts around the median value was 

recognized. At that point, we decided to repeat the 

study on more sampling targets to collect samples 
of the approximately same microbiological quality. 

The biggest challenge of this study was to obtain 

results that are statistically valid and can be 

correctly evaluated so that valid conclusions are 
made. The same statistical problems with results in 

food microbiology were described by Hedges and 

Jarvis [13] as well as Jarvis et al.[3]. Hedges and 
Jarvis [13] stated that in most cases microbiological 

data are approximately lognormal due to over-

dispersion and other theoretical distributions (such 
as the negative binomial) may give better fits but 

their use may introduce problems of calculation.  

A great challenge was also the choice and 

interpretation of statistical methods for the analysis 
of data. Standard ANOVA is usually a statistical 

standard in the analysis of microbiological data. 

However, Hedges and Jarvis [13] showed that 
standard analysis of variance is often sub-optimal 

for analysis of microbial data and that robust 

methods that reduce the impact of outlier values are 
more appropriate when testing statistical 

significance. Jarvis et al. [3] stated that the choice 

of statistical methods by which the data are analyzed 

is also one of the major influences on the estimation 
of uncertainty. The standard ANOVA requires data 

that conform well to normal distribution. If that is 

not the case, the statistically generated results can 
be misleading. One should keep in mind that the 

removal of outliers can generate more reliable data, 

but at the same time can result in the loss of values 

that may be true estimates of the analyte [3].  
In our study, the total standard deviation 

(uncertainty) for multiple targets was estimated at 

around 0.5 log10 cfu/g (see Figure 2 and Figure 3), 
with the greatest contribution from between-targets 

uncertainty. Uncertainty in food microbiology is 

regarded as very high, usually expected within the 
range ±0.5 log10 units. Jarvis et al. [3] reported 

reproducibility uncertainty as high as 0.77 log10 

cfu/g. According to Corry et al. [14], estimates of 

repeatability and reproducibility uncertainty for 
ACC ranged from 0.11 to 0.60 log10 cfu/g.  

Analytical uncertainty was the smallest 

contributor to overall uncertainty, estimated as 0.04 

log10 cfu/g (relative uncertainty 9.2%) by both 

classical and robust ANOVA (see Figure 2 and 
Figure 3). This estimate is lower than other 

published data ([15]; [3]; [16]), due to repeatability 

conditions that were applied with the particular 
purpose of minimizing the analytical uncertainty. 

Previous work of Ljevaković-Musladin [16] 

showed that analytical uncertainty for ACC was at 

0.08-0.09 log10 cfu/g (expressed as intralaboratory 
reproducibility standard deviation). In comparison, 

Augustin and Carlier reported that the standard 

deviation associated with the analytical method for 
ACC was on average 0.111 log10 cfu/g [15].  

One of the components which can largely 

contribute to analytical uncertainty is matrix 

uncertainty. Although also caused by the 
heterogeneity of the sample, matrix uncertainty is 

regarded as different than the sampling uncertainty. 

In their ISO Trials on measurement uncertainty, Ah-
Soon and Cornu [17] reported estimated matrix 

uncertainties for certain heterogeneous foods. 

Matrix uncertainty for homogenous foods and those 
foods which can be well homogenized is estimated 

at 0.1 log10 cfu/g. Minced meat is considered as a 

food that can be well homogenized in a laboratory. 

Our sampling uncertainty estimate at 0.10-0.11 
log10 cfu/g resembled matrix uncertainty of minced 

meat. According to Augustin and Carlier matrix 

uncertainty needs to be included in the overall 
assessment of uncertainty [15].  

In food microbiology uncertainty from sampling 

arises from the heterogeneity of the target sample, 
effects of sampling strategy, the physical state of the 

target sample, temperature effects, transportation, 

and storage of samples. Heterogeneity is the most 

important contributor to sampling variability [6].  
To our knowledge, there is currently only one 

study on the contribution of sampling uncertainty to 

total measurement uncertainty in food microbiology, 
so there is not much data for comparison. According 

to a study by Jarvis et al. [9] sampling variances 

accounted for at least 50%, and in most cases for 

>85% of the overall reproducibility variance. The
results of our study are in full agreement with the

respective findings since our sampling uncertainty

contributed to 86%-88% of the total measurement
variance (see Table 2).

In their respective study, Jarvis et al. [9] also 

reported standard reproducibility deviation, which 
includes the contribution from sampling, ranged 

from 0.11 to 0.59 log10 cfu/g for ACC in different 

foods (0.5 log10 cfu/g in minced meat). Our estimate 

of sampling uncertainty at 0.10-0.11 log10 cfu/g was 
considered in agreement with the lower value of the 

range in those findings. According to Corry et al. 

[18], it is possible to determine microbial colony 
counts on diverse food matrices with a higher 
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analytical precision (lower uncertainty) by aseptic 

compositing of samples or by increasing the 
quantity of sample examined.  

5. SUMMARY

Estimation of uncertainty from sampling is a 
demanding task, which requires substantial time, 

resources, and statistical knowledge. A major 

challenge in this task was obtaining results that 

comply with normal distribution so they can be 
statistically analyzed to make valid conclusions.  

Our study showed that uncertainty from 

sampling is indeed the major contributor to the 
overall uncertainty of measurement but to a lesser 

degree than expected. For our routine sampling 

tasks, this uncertainty was deemed as “fit-for-

purpose”. However, further monitoring is highly 
recommended to prove the level of uncertainty was 

well estimated.  
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Abstract: 
The Monte Carlo method was applied to PT schemes 

to investigate their efficiency. Probabilities that the 
computed z values are over 3 while the true value is less 
than 2 and that the computed z values are less than 2 
while the true values are over 3 are computed for a series 
of situations: number of participants from 5 to 30, various 
ratios of repeatability over reproducibility and number of 
test results per participant, introduction or not of outliers 
with k from 3 to 10. For each situation, the probabilities 
of detecting true outliers and to trigger false alerts are 
discussed. 

Keywords: Laboratory proficiency testing, Monte 
Carlo methods, efficiency of assessment. 

1. INTRODUCTION

Proficiency tests (PT) are widely used to assess the 
performance of laboratories. Participating to such 
programs is required by ISO 17025 [1], which is the 
standard of reference for accreditation of laboratories. 
Reference standards for interlaboratory comparisons 
(ILC), ISO 5725-2 [2], ISO 13528 [3] and ISO 17043 
[4], define limits for computing the alerts, corresponding 
to theoretical risks of 5% and 0,3%.  

Note: [2] deals with ILC to assess test methods. [3] deals with 
ILC for PT of labs. [4] is the reference for accreditation of PT 
providers. Limits in [2] are intended to assure the reliability of 
the assessment. Limits in [3] and [4] are for proficiency 
checking of participants. [2] is referred here because it is the 
“historical one” and it is still widely used by PT providers, even 
if [3] is obviously better adapted to proficiency testing of labs. 

These risks are of α-type (risk to trigger a warning 
that should not). Another risk actually occurs, usually 
called β-type (risk not to trigger a warning when it 
should). However, even if this question is of main 
importance, this β-type risk is quite hard to compute, and 
for this reason, is almost always just ignored, including 
in the reference standards [2] and [3]. Everybody knows 
that an enough number of participants is necessary to 
ensure the efficiency of the PT, but there is no clear 
consensus of what should be “an enough number”. On 
the other hand, test methods for which there are very few 
potential participants to a PT are quite numerous. There 
is then no opportunity for them to get the advantages of a 
participation to a PT. This paper proposes to overcome 
the difficulty of computing the β-risk by using the Monte-
Carlo method and to provide a beginning of answer to the 
question: does it make sense or not to organise PTs with 
5 or 8 or 12 participants, especially when the number of 
potential participants is quite low? 

To do so, the following issues are dealt with: 
1. How α-type and β-type risks can be computed and

what hypotheses to do it were taken into account in the 
present study; 

2. What are the principles of the Monte-Carlo
method, in which conditions it can be used and how it 
was implemented in the present study; 

3. What is the impact of the use of robust statistics
that are usually used to avoid the deleterious impact of 
outlying results on the so-called assigned values; 

4. What is the impact of the number of test results by
each participant, with regard to interlaboratory and 
repeatability standard deviations. 

2. DESIGN OF EXPERIMENTS

2.1. Calculation of α-type and β-type risks  
Computing α-type and β-type risks requests to define 

underlying alternate hypotheses usually designated as H0 
and H1. α is the probability to reject the H0 hypothesis 
while it is actually true and β is the probability to reject 
the H1 hypothesis while it is actually true, as shown in 
Table 1. 

Table 1: α and β-risks with regard to H0 and H1 hypotheses 

H0 is true H1 is true 

H0 is accepted 
Right decision 

(p=1-α) 
Wrong decision 

(p=β)  

H1 is accepted 
Wrong decision 

(p=α) 
Right decision 

(p=1-β) 

The issue of α-type and β-type risks have been 
extensively discussed for a very long time because they 
address many practical decision problems, notably the 
assessment of conformity of products to specifications, 
see for example ISO 2859-1. In all cases: 

1. α and β-risks decrease when the available number
of test results increases; 

2. For a given number of test results, α-risk increases
when β-risk decreases, and vice-versa. 

In the context of PT organisation, the H0 hypothesis 
can be quite obviously defined as “The results of the 
participant belong to the general population of expected 
results”. In the same way, H1 can be defined as “The 
results of the participant belong to a [5] other than the one 
of the expected results”. 

It is needed then to define how conclusions about H0 
and H1 shall be carried out. The decision rules described 
in the reference standards [2] and [3], i.e. the calculations 
of z-scores obviously apply to H0. On the contrary, the 
distribution of H1 is not known (other populations of 
results than the expected one can practically be very 

IMEKO TC11 & TC24 Joint Hybrid Conference 
Dubrovnik, Croatia | Oct 17 - 19, 2022

117



different ones, including gross errors, different types of 
deviations to the method, etc. …). One way to solve this 
problem is to construct “power curves” in function of 
parameters of the problem, and especially the number of 
results and the distance to H0. This principle was used to 
build up the design of experiments for this study.  

In details: 
1. We considered that the α-risk occurs when |zcalc|>3

and |ztrue|<2 (as recommended in [2] and [3]), and that the 
β-risk occurs when |zcalc|<2 and |ztrue|>3; 

2. We computed these α and β-risks on populations of
test results without any true outlier, i.e. to a whole 
Gaussian population of expected results. This implicitly 
includes 5% of corresponding z-scores outside the [-
2;+2] interval and 0,3% outside the [-3;+3] interval; 

3. We also computed the α and β-risks on populations
of test results including one true outlier with various z 
values from 3,5 to 10. These computations of α and β-
risks were carried out separately for the main population 
and for the outlier, enabling to check the impact of the 
outlier on both categories of participant results. 

It should be kept in mind that the computed β-risks 
fully depend on the definition of H1 (see here upper) and 
that other ways to define H1 would also make sense, 
leading to other meaningful values of β. 

To deal with the upper, we have built up a design of 
experiments pursuing the following goals: 

2.2. Impact of the number of participants 
[1] recommends that at least 12 participants are

present and [2] recommends not to use robust statistics 
when the number of participants is less than 18. On the 
other hand, our computations showed that α and β-risks 
do not significantly change when the number of 
participants goes over 30. We then did not investigate 
higher values and decided to compute the α and β-risks 
for a number of participants varying from 5 to 30. This 
enabled us to investigate areas that are not recommended 
by the standards. 

2.3. Principles of the Monte-Carlo method  
The Monte-Carlo methods are a large category of 

algorithms that use random numerical realisations of a 
given model. They are often used to solve mathematical 
or physical problems, difficult or impossible to solve by 
other methods. For a survey of the history and 
applications of the Monte-Carlo methods, see for 
example [6]. 

In our problem, using the Monte-Carlo methods 
enables us to create series of “true values” of test results 
that cannot be known in real life. In practice, we always 
know whether H0 and H1 are accepted or not (i.e. whether 
an alert was sent to the participant), but we can never 
know whether H0 and H1 are actually true or not. Using 
Monte-Carlo methods enables us to control at the same 
time for each series of random results whether H0 and H1 
are accepted or not and whether H0 and H1 are true or not. 
Having this whole information is necessary to compute 
both α and β-risks. 

However, using Monte-Carlo methods requests to use 
a model that reasonably fits the situations encountered in 
the real world. In this study, we used the model of 
ISO 5725-1 [7] widely used to cope with problems of 
precision of test results: 

𝑦 = 𝑚 + 𝐵 + 𝑒 . (1) 

where “m” is the general mean value, “B” is the bias 
of the lab and/or the method, and “e” is the random error. 

In this model, we used m=0, a Gaussian distribution 
with 0 as mean value and 1 as standard deviation for B 
and another Gaussian distribution with 0 as mean value 
and a varying sr as standard deviation for “e” (see at 2.5 
how sr was chosen). 

Using the Monte-Carlo methods also requests to use 
random inputs. Moreover, when correlations between 
them apply in real life, these correlations must be 
incorporated in the inputs of the computations. That can 
be a bit difficult to do properly. In our case, we can 
reasonably rule it out, assuming that there is no 
correlation between the results of the different 
participants and between the results of a same participant. 
As a matter of fact [3] requests PT providers to care about 
it (no collusion between participants), because it is a 
condition to ensure the validity of the statistical treatment. 

To assure the validity of the conclusions, the random 
series need to numerous enough, depending on many 
factors. In our study, we computed series of 500000 to 
4000000 z-scores for each situation (i.e. for each 
combination of number of participants, number of test 
results per participant and sr/sL ratio) in 40 groups of each. 
This grouping enabled us to check how repeatable were 
the computed α and β within the 40 groups and compute 
a related interval of confidence (IC). This IC always 
happened to be less than ±2% (with enlarging coefficient 
k=2) and in all cases significantly lower than of the 
computed α and β. 

2.4. Impact of the type of statistics used to compute 
the so-called assigned values 

Results with gross errors often occur during the 
organisation of PT. They are usually caused by typing 
errors, by misunderstanding of instructions for 
participation or by using wrong units. In most cases, 
gross errors are due to necessary deviations to routine 
procedures of the labs when they participate to a PT. 
Typically, typing errors usually never occur in real life 
because data transfer is nowadays never performed 
manually, contrarily to the cases of participations to PT. 

However, gross errors are a big problem for the 
statistical data processing, because they strongly impact 
the estimation of statistical parameters. In particular, they 
strongly increase the computed standard deviations. 
Hence they strongly increase the β-risk. On the other 
hand, just ignoring the suspicious results might lead to 
underestimate the standard deviations of reference, 
increasing then the α-risk. 

To face this problem, [2] and [3] recommend to detect 
outliers and/or use so-called robust statistics. These 
robust statistics generally consist in replacing outlying 
results by softened virtual ones, using algorithms 
specifically designed for that. Full information about this 
can be found in particular [3] Annex C and [8]. These 
robust methods tend to produce mean values and standard 
deviations resisting to a certain proportion of outliers 
(called breaking point) but also to decrease the speed of 
convergence of the estimates towards their central values. 
[3] Annex D provides a comparison of the breaking
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points and speeds of convergence of the different 
algorithms it proposes. 

Because of the decrease of their speed of convergence 
[3] and [9] recommend not to use robust statistics for a
low number of participants. However, [10] and [11] went 
quite deeper in studying the issue and both showed that 
using robust statistics considerably improve the 
estimation of central value and scatter of the distribution 
in presence of outliers and consequently improve the 
assessment of the performance of PT with low number of 
participants. They both compared the different robust 
methods usually used but they could not make a 
definitive conclusion that would be valid for all types and 
proportions of outlying results. 

On our own, as PT provider, our line of action has 
always been to use robust statistics, even for low number 
of participants, preferring running the risk of a day-to-
day slightly lower efficiency of assessment than a risk of 
completely misleading one, even sporadically. 

For the sake of this study (which is not to compare the 
efficiency of the different available robust methods), we 
chose to compute α and β-risks without robust statistics 
and with the so-called A algorithm described in [2] and 
[3], which is the most widely used by PT providers. This 
enables to check the impact of using robust statistics or 
not without increasing to much the number of necessary 
calculations. 

In order to check the impact of outliers, we produced 
series of test results without outliers and with one outlier 
which true z-score varies from z=3,5 to z=10. It follows 
that the proportion of outliers depends on the number of 
participants p, from 20% for p=5 to 3,3% for p=30. This 
option does not necessarily represent faithfully what 
happens in practice (see [10] and [11] for that), but 1. it 
does not request any modelling of outlying and 2. it 
provides information about the impact of outliers easier 
to handle. 

2.5. Impact of the number of repetitions by each 
participant, with regard to interlaboratory and 
repeatability standard deviations  

In almost all cases, PT providers use z-scores or 
equivalents to assess the performance of the participants. 
According to [3] and [4], z-scores can be computed 
according to the equation (2): 

𝑧 =
𝑥 − 𝑋

𝜎
 (2) 

where 𝑥  is the result of the participant “i”, 
𝑋  is the central value 
and 𝜎  is the standard deviation assigned for the PT. 

The performance is regarded as satisfactory when 𝑧 ∈
[−2; +2] and not satisfactory when  𝑧 ∉ ] − 3; +3[. 

These limits implicitly refer to the idea that the 
probabilities for these events to occur are respectively 95% 
and 0,3%. Consequently, the theoretical α-risk is 0,3%. 
In other words, the probability to decide that the results 
are unsatisfactory while in fact they do belong to the main 
population is 0,3%. 

In fact, this would be true if σpt had exactly 
represented σBL, standard deviation of the biases of all the 
participating laboratories, what is never true. In most 
cases, σpt is computed as s (or s* when a robust algorithm 

is used), defined in [2] and [3] as the standard deviation 
of the results of all participants. Then, in practice, σpt can 
be computed with the equation (3): 

𝜎 = 𝜎 + 𝜎 +
𝜎

𝑁
+

𝜎

𝑁
(3) 

where σBL is the standard deviation of the biases of the 
participating laboratories, 

σiL is the standard deviation due to internal scatter of the 
laboratory results other than repeatability (differences between 
operators, machines of the lab, variations of environmental 
conditions within the lab along the time), 

σr is the repeatability standard deviation,  
Nr is the number of test results per lab,  
σH is the standard deviation representing the homogeneity 

of samples 
and Ns is the number of samples provided to each lab. 

In other words, the test results that a given lab sends 
to the PT provider are not only governed by their bias, 
but also by which combination of equipment – operator 
– testing conditions that are used to perform the tests for
PT, by the repeatability of tests and by chance with regard
to inhomogeneities of samples.

In any cases, σpt is then always greater than σBL, what 
leads to α-risk lower than the expected 0,3%, but also and 
consequently to increased β-risk. 

In some cases, for example when σr >> σBL and only 
one test result is sent by each lab, the PT can become 
completely inefficient (see 3.3 here after). 

In practice: 
1. σiL usually cannot be computed, because each lab

provides results obtained by only one operator, one test 
equipment set, performed in a short period of time. 
Consequently, when each lab provides several test results, 
their standard deviation is sr and does not include any 
contribution of σiL; 

2. In most cases, labs are requested to perform a few
tests on a same sample or one test on each of a few 
samples. In these conditions, σr and σH cannot be 
computed separately. 

Consequently, in most cases only two standard 
deviations are governing the assessment: 

1. An interlaboratory standard deviation that we call
σL in our study, and that includes σBL, σiL and, when only 
one sample is provided, σH; 

2. A repeatability standard deviation that we call σr in
our study, and that includes σr and σH when several 
samples are provided and one test per sample is 
performed. 

When only one test result from only one sample is 
provided per each participant (what happens in fact quite 
often), σpt is then the reproducibility standard deviation 
σR. 

By the way, we see here that PT providers could 
strongly improve their scheme and use ANOVA to 
separate all these standard deviations, but this goes far 
beyond the scope of this study and is not dealt with here. 

To come back to our study, we computed α and β-
risks for σr/σL from 0,1 to 3 (corresponding to σr/σR from 
0,1 to 0,95 that encompass the ratios actually encountered 
in practice) and for Nr (number of test results per lab) 
from 1 to up to 48. This so high number of repetitions is 
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in practice never encountered. However, including it in 
our scheme made possible to investigate whether there 
could be of some benefit in some cases. 

3. RESULTS AND DISCUSSIONS

3.1. Pertinence of a ratio relating repeatability, 
interlaboratory standard deviation and number 
of test results per participant 

To deal with the issue exposed at chapter 2.5, we 
defined a parameter λ defined as follows: 

𝜆 =
𝜎

𝜎 × 𝑁
(4) 

where σr, is repeatability, 
σL is interlaboratory standard deviation, 
and Nr is the number of test results per lab. 

This parameter reflects the idea that each participant’s 
test results are distributed on a Gaussian distribution with 
its bias as mean value and 𝜎 𝑁⁄  as standard deviation. 

We found out that this parameter is valid to describe 
the full effect described in chapter 2.5, see Figure 1 here 
after. 

Figure 1: α and β-risks for participants without outlier in 
function of λ and number of participants (from left to right, 

p = 5 – 6 – 8 – 10 – 13 – 16 – 20 – 25 – 30) 

The figure clearly shows that, for each number of 
participants, the sr/sL curves are in extension of each other, 
so that a merge of these curves make sense, as shown in 
Figure 2 here after. 

Figure 2: α and β-risks for participants without outlier in 
function of the number of participants  

3.2. Impact of the use of robust statistics 
[2] and [3] recommend not to use robust statistics

when the number of participants is low. However, this 
recommendation was made with consideration to the loss 
of efficiency when doing so. However, [10] and [11] did 

not confirm that robust statistics should not be used with 
little number of participants.  

In fact, our computations confirmed that: 
1. The α-risk is slightly increased when using robust

statistics, what is consistent with the related loss of 
efficiency; 

2. The β-risk is significantly reduced when using
robust statistics, what is consistent with the better 
robustness of the assigned values. 

In details, three cases were considered: 
1. Comparison of risks for participants when no

outlier is present; 
2. Comparison of risks for not outlying participants

when one outlier is present; 
3. Comparison of risks β for a outlier (by definition,

in that case, the α-risk does not exist). 

In the first case, illustrated in Figure 3, we observed 
that α-risk slightly increases while the β-risk slightly 
decreases. However, both evolutions are not significant 
compared to the impact of the other factors (λ and Np). 

Figure 3: Comparison of α and β-risks obtained with 
Algorithm A and without robust statistics (m and s), for 

participants without any outlier in function of λ  

In the second case, illustrated in Figure 4, we 
observed that α-risk slightly increases while the β-risk 
significant decreases when the λ factor is adverse (i.e. 
when λ>1). In particular, we can see that even with 30 
participants and λ>1, statistics not robust completely fail 
to detect participants with z>3. 

Figure 4: Comparison of α and β-risks obtained with 
Algorithm A and with statistics not robust (m and s), for main 
participants when an outlier with z=10 is present, in function 

of λ  

In the third case, illustrated in Figure 5, we observed 
that AlgoA is significantly more efficient to detect 
outliers when PT conditions are adverse (i.e. when λ>1 
and/or when Np<13). 
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Figure 5: β-risks obtained with Algorithm A and with not 
robust statistics, for an outlier with z=10, in function of λ  

3.3. Impact of λ ratio 
Figure 2 clearly shows that both α and β-risks 

decrease with λ until a certain value of λ that we 
evaluated to be 0,17, whatever the number of participants. 

This also occurs for other cases (i.e. when an outlier 
is present) as shown in Table 2. 

Table 2: Lower λ limits under which α and β-risks decrease 
anymore according to the number of participants (α and β in %, 
computed with Algo A) 

No outlier 

Main 
participant 

with one 
outlier 

Outlier 

Np λ α β α β α β 

5 0,17 0,5 80 0,55 90 - 22

6 0,17 0,45 65 0,53 80 - 2

8 0,17 0,30 40 0,44 65 - 0

10 0,17 0,2 23 0,38 59 - 0

13 0,17 0,12 12 0,32 50 - 0

16 0,17 0,10 10 0,25 45 - 0

20 0,17 0,05 5 0,22 40 - 0

25 0,17 0,03 3 0,18 38 - 0

30 0,17 0,01 1 0,16 34 - 0 

PT providers do not control σr and σL, which depend 
on the test method, but they control Nr (the number of test 
results per lab). Hence, they control λ (increasing Nr 
decreases λ, see Equation 4). They should use their 
historical data or literature to determine, sr/sR for each test 
method proposed for PT and use Table 3 to determine the 
minimum Nr values to optimize the PT programs. 
However, practical reasons may limit Nr (costs or 
impossibilities of production or transportation of the 
samples, or for laboratories to perform the tests). 

Table 3: Optimal number of repetitions for PTs, according to 
the sr/sL and sr/sR ratios. 

sr/sL sr/sR Nr 

≤0,17 ≤0,17 1 

0,3 0,29 3 

0,42 0,39 6 

0,59 0,51 12 

1 0,71 35 

3 0,95 310 

As a conclusion, when Nr is chosen equal or superior 
than the value of Table 3, the best α and β-risks of Table 
2 can be reached, according to the number of participants. 

Further experiments are requested to understand the 
undergrounds of this λ=0,17 constant. In particular, it 
should be studied how it varies with the definitions of H0 
and H1 (see 2.1). 

3.4. Discussion about α-risks 
Theoretical α-risk with our definition of H0 is 

0,0027/0,95 = 0,28% (probability that |zcalc|>3 while 
|ztrue|<2). This risk is reduced by the impact of the 
repeatability, especially when the λ value is high (see 
2.5). When the PT conditions are bad (i.e. λ>1 and/or 
Np<13) the use of robust algorithms tend to increase α-
risk while the use of mean value and standard deviation 
tend to decrease α-risk.  

On the other hand, the comparison of Figure 3 and 
Figure 4 shows that the presence of outliers tends to 
decrease α-risk. Indeed, in those cases the σpt standard 
deviation is significantly over estimated, what decreases 
the z-scores of all participants including those of the 
opposite side of the distribution of results. 

In any cases, even in very bad PT conditions (i.e. λ=3 
and/or Np=5) α-risk always remains very low (less than 
0,7%), see Figure 3. 

3.5. Discussion about β-risks 
Whatever the situation (with or without presence of 

an outlier), β is mainly governed by 1. the λ ratio and 2. 
the number of participants. 

Without any outlier, using λ≤0,3 and Np≥13,  is 
needed to get a β-risk less than 20%, see Figure 3. 

When an outlier whose z=10 is present: 
1. The β-risk for the main population is very close to

0 in almost all cases for which λ≤0,9, whatever Np, see 
Figure 4; 

2. The β-risk for the outlier is under control as soon
as λ≤0,3, whatever the number of participants, see Figure 
5 

Figure 6 and Figure 7 show the β-risks respectively 
for the main participants and to the outlier in function of 
the outlier’s z-score. 

Figure 6: β-risks obtained with Algorithm A and λ=0,17 for 
the main participants when an outlier is present, in function of 

the outlier’s z-score. 

It is reminded that 0,3% of the participants of the 
main population get z-scores z<-3 or z>+3. However, the 
H0 hypothesis considers them as outliers, so that the H1 
hypothesis can be checked, i.e. a β-risk can be computed. 
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Figure 7: β-risks obtained with Algorithm A and λ=0,17 for an 
outlier in function of its z-score. 

These figures show that 6 participants are enough to 
detect a strongly outlying participant (whose z-score is 
10), while 30 participants are not enough to detect a 
slightly outlying participant (whose z-score is 3,5). 

3.6. General conclusions 
This study enabled to show that: 
1. The ratio 𝜆 = 𝜎 (𝜎 × 𝑁 )⁄  is of main importance

to control the efficiency of a PT scheme, even more than 
the number of participants. The PT providers should then 
care Nr, number of test results per participant that they 
request; 

2. Robust algorithms improve the efficiency of the PT
program (i.e. β-risk) at a slight expense on α-risk. This 
comes from a significantly better estimation of the 
standard deviation of reference when an outlier is present 
among the participants; 

3. Even in adverse conditions, the α-risk is always
very low (less than 0,7%); 

4. A number of 6 participants is large enough to detect
a strongly outlying participant provided that good PT 
conditions (i.e. low value of λ) are present. 

Reference standards [2] and [3] recommend not to 
organise an ILC with less than 12 participants. This 
makes sense for [2], which goal is to determine the 
performance of a test method. It makes less sense for [3], 
which goal is to check the performance of a lab. 
Obviously, when no PT is organised, the β-risk is 100%, 
as any lab having a problem cannot at all realise it! 
Consequently, for test methods that are performed by a 
little number of labs, it is probably better to organise PT 
with 6 participants than nothing. In those cases, the PT 
provider should specially care the Nr it requests, to ensure 
a proper λ value and consequently an efficiency as good 
as possible. 

4. SUMMARY

A minimal number of participants is requested by 
reference standards to organise a PT program, in order to 
ensure a minimal efficiency of it. However, these 
recommendations mainly care the so-called α-risk to 
trigger an alert where it should not, rather than the so 
called β-risk not to trigger an alert where it should. 

This paper shows: 
1. How an alternative hypothesis for computing the β-

risk can be defined; 
2. How the Monte-Carlo method can be used to

overcome the difficulties of calculation of β-risk; 

3. How a ratio 𝜆 = 𝜎 (𝜎 × 𝑁 )⁄  mainly governs the
efficiency of the PT, even more than the number of 
participants; 

4. That a limit value 0,17 exists for λ, ensuring a max
efficiency of the PT for each number of participants; 

5. Confirm that using the so-called robust statistical
methods as described in the reference standards should 
always be used, even for low numbers of participants; 

6. Confirm that in all cases, the α-risk remains always
low, even with a very low number of participants; 

7. Provide numerical values of β-risks for main
participants as well as for outliers, in function of the λ 
ratio, number of participants and the z-score of the 
outlying participant; 

8. Provide guidance to improve the β-risk of PT
programs, whatever the number of participants; 

9. Confirm that a PT with a low number of
participants is (almost) always better than nothing. 
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Abstract: 
This paper presents the evaluation of two 

intercomparisons on pressure measurement, six 

years apart using the same artefact. These 

intercomparisons aimed to provide local 

laboratories access to proficiency testing for their 

compliance with the ISO/IEC 17025 requirements. 

Improved awareness and commitment to quality of 

the participants and the enhanced competence of the 

pilot laboratory are a few of the enumerated factors 

instigating the increase in the number of participants 

as well as those obtaining satisfactory results. The 

PT schemes offered aim to sustain and continuously 

develop this service to support further progress in 

the calibration and measurement capabilities of 

local laboratories. 

Keywords: Measurement; Intercomparison; 

Interlaboratory, Proficiency Testing; Pressure 

1. INTRODUCTION 

The National Metrology Laboratory (NML) of 

the Industrial Technology Development Institute 

(ITDI) under the Department of Science and 

Technology (DOST) conducted interlaboratory 

comparisons in the field of hydraulic pressure 

measurement among the local calibration 

laboratories in the Philippines. The provision of 

interlaboratory comparison, otherwise known as 

proficiency testing (PT), is a program to strengthen 

the NML relationship with the said laboratories in 

establishing scientific metrology in the country.  

This PT program aims to: (a) determine the 

technical capabilities and performance of the 

laboratories; (b) assess the reliability of their 

measurement results and validate their calibration 

measurement capabilities; (c) disseminate a 

harmonized and validated calibration procedure; (d) 

demonstrate metrological equivalence to the NML 

and most importantly, (e) provide access to 

interlaboratory comparisons for their compliance to 

ISO/IEC 17025 [3] requirements. The Pressure 

Standards Section (PSS) of the NML acted as the 

program coordinator and reference laboratory, 

which is accredited under the terms of ISO/IEC 

17025:2005 (2017 at present). The PSS is 

responsible for providing the artefact, the reference 

value and its measurement uncertainty, the 

monitoring of the program as a whole, and 

preparation of written reports for the two 

intercomparisons being compared, one was 

conducted in 2010 while the other is in 2016. 

2. COMPARISON PROCESS 

The two intercomparisons followed an almost 

similar process, differences are, however, 

emphasized in this paper specifically the 

contributing factors that affected the results of the 

two schemes. It is herein referred the first PT 

scheme as 2010 and the second PT scheme as 2016 

throughout the discussion.  

The interlaboratory comparison program is 

designed as a cycle where the NML as a reference 

or pilot laboratory calibrates the artefact at the 

beginning, middle, and end of the program.  

One main difference between 2010 and 2016 is 

the conduct of a preparatory workshop before the 

start of the PT program. This workshop proved to 

be essential in getting to know each lab’s 

capabilities, what standards they have and what 

procedure they follow in the calibration of pressure 

gauges. Also, in this workshop, an agreement 

between the participants and the NML was reached, 

fulfilling the objective to disseminate a harmonized 

and validated calibration procedure and the 

identification of limitations of the participants and 

the PT program in general. 

2.1 Participants 

Participants in the two PTs are local calibration 

laboratories with NML as the reference lab. In 2010, 

the five (5) participants were all private laboratories 

in Metro Manila while in 2016, the 16 participants 

were composed of private and government 

laboratories including some DOST regional 

metrology laboratories.  
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2.2 Artefact 

 The artefact used in 2010 and 2016 is a Bourdon-

tube type pressure gauge. It is noted that in 2010, 

two artefacts of different ranges were measured by 

the participants but in this paper, comparisons will 

be based on only one artefact used on both PTs and 

the description is as follows: 

Figure 1: The artefact 

Table 1: Technical Specification of the Artefact 

Manufacturer Ashcroft 

Serial Number /  Identification S2-W-006 

Capacity 25 000 kPa 

Graduation 100 kPa 

Accuracy 0.25 % 

Medium Liquid 

 The artefact was subjected to initial and 

subsequent characterization before the PTs and 

maintained a regular interval of calibration and 

intermediate checks when not used as an artefact. 

2.3 Calibration method 

 The participants were asked to calibrate the 

artefact through direct comparison to their standard. 

In 2010, each participant used the typical calibration 

procedure in their laboratory, this means their 

laboratory-developed method. Meanwhile, in 2016, 

after the earlier mentioned preparatory workshop, it 

was agreed among the participants to follow an 

international guideline, the DKD-R 6-1 Calibration 

of Pressure Gauges [4] which not only guided the 

calibration procedure but the computation of 

measurement uncertainty as well. The said 

guideline is used by the NML.  

2.4 Measurement Scheme 

The measurement scheme is chosen in order to 

monitor the metrological quality of the artefact 

throughout the whole PT process.  

In 2010, the artefact was calibrated before and 

after a trip to a participant. It is hand-carried to and 

from each participating lab by its representative. In 

2016 however, since there were more participants 

and some are outside Metro Manila, the artefact was 

calibrated by the NML before and after a group of 

participants, usually 2 to 3 labs, strategically chosen 

based on location so the sending back and forth to 

the NML of the artefact are made in the most 

efficient manner.  

2.5 Report of the Participants 

 In 2010, the participants were only asked to 

submit the filled-out NML-provided measurement 

datasheet and the calibration certificate they usually 

issue to their customers. Other information such as 

uncertainty budget was only known when required 

by the NML. This practice was changed in 2016 

wherein the participants should submit documents 

such as the measurement datasheets, a copy of the 

calibration certificate of their standard proving valid 

traceability, their usual calibration report, and the 

uncertainty budget. The transparency of the 

participants’ data to NML led to an improved 

evaluation process of measurement results.  

2.6. Reference Values 

In both PTs, the reference values used in 

evaluating the normalized error (En) for each 

participant were based on the values nearest the 

participant’s reported results, which is either before 

or after the calibration of the reference laboratory. 

In 2016, this result was given to participants in an 

Interim Report, showing only the specific 

participant’s results compared to NML’s results. 

This interim report was very useful for participants 

having to prove their competence to technical peers 

during their assessment while the intercomparison 

is not yet completed. It should be noted however 

that in the final report, the reference values reflected 

are the weighted average of all the measurement 

results of the NML. 

3. MEASUREMENT RESULTS

The measurement results of participating 

laboratories are evaluated using the earlier 

mentioned normalized error or the En ratio [5], 

calculated using the equation:  

𝐸𝑛 =
𝑥𝑙𝑎𝑏 − 𝑥𝑟𝑒𝑓

√(𝑈𝑙𝑎𝑏
2 + 𝑈𝑟𝑒𝑓

2 ) (1) 

𝑥𝑙𝑎𝑏: Measured value of the participating laboratory
𝑥𝑟𝑒𝑓: Reference value

𝑈𝑙𝑎𝑏: Expanded Uncertainty (k = 2)of participant  
𝑈𝑟𝑒𝑓: Expanded Uncertainty (k = 2)of reference value 
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The reference value in this equation is the 

deviation of the artefact reading from the NML’s 

applied pressure at the nominal calibration points. 

Similarly, the measured value of the participating 

laboratory is the deviation of their reported value to 

the nominal calibration points. This ensures the 

uniformity of values to be compared. Moreover, the 

expanded uncertainties were reported with a 

coverage factor of k = 2 indicating a confidence 

level of approximately 95%. 

Figure 2 shows the performance of participants 

in the two PTs. More participants joined in 2016 

with 88% (14 out of 16) satisfactory performance 

compared to the 40% (2 out of 5) in 2010. Two 

participants joined both the PTs and one participant 

performed better in 2016 while the other still failed. 

Figure 2: Performance percentages 

In 2010, four out of the five participants were 

able to calibrate the artefact in its full capacity while 

one participant did not submit a result in the last two 

highest points. Meanwhile, in 2016, all the 

participating laboratories were able to calibrate the 

artefact as a whole. 

Tables 2 and 3 show the En value of the 

participants in 2010 and 2016 respectively.  

Table 2: Summary of 2010 participants’ En values 

relative to the nominal pressure value 

4. DISCUSSION OF RESULTS

The satisfactory performance of laboratories is 

determined when |𝐸𝑛|  ≤ 1   in all the prescribed 

calibration points.  In 2010, only 95% of the total 

calibration points with |𝐸𝑛|  ≤ 1 was required to be 

considered as a satisfactory performance of a 

laboratory but this was later on corrected to 100% 

of the calibration points in 2016. Some participants 

interpreted that the 95% confidence level in the 

uncertainty budget estimate may also be applied in 

the inter-laboratory comparison, thus, assuming that 

they don’t need to perform well in all the 

measurement points since there is a 5% margin of 

error. The NML had to explain the rationalization 

that the 5% margin of error cannot be tolerated in 

the measurement procedure since the basic 

requirement of the PT was to calibrate the artefact 

as a whole and any doubt in their procedure must 

well be accounted for in their uncertainty budget 

and not on their measurement value. Also, the 95% 

satisfactory performance will not be possible in the 

calibration points prescribed since any one point is 

already 10% of the artefact’s ten calibration points.  

For illustration purposes, Figures 3 and 4 show 

the participant’s deviation from the reference value 

with its corresponding uncertainties in the minimum 

and maximum calibration points, respectively. The 

2010 participants are represented by the blue 

markers and labelled alphabetically (LAB A to LAB 

E) while participants in 2016 are of green markers

and are labelled with numbers (LAB1 to LAB16).

Comparing the participants’ performance in the two

PTs, all the participants performed satisfactorily in

the minimum calibration point in 2010 as opposed

to those in 2016 with 1 participant whose value is

already lying beyond the limit if not with its

uncertainty. Differences in the computed

uncertainty values depended mainly on the standard

they used, mostly a digital pressure gauge, only a

few used a pressure calibrator and a deadweight

tester. Moreover, in 2010, while the NML

prescribed a guideline for measurement uncertainty

calculations, most participating laboratories

estimated the expanded uncertainties using their

laboratory procedure and technique with the notion

that declaring a low uncertainty means better

performance. Contrastingly, in 2016, all the

participating laboratories followed the agreed

guideline on procedure and uncertainty estimates,

with the lower limit as the accuracy of the artefact.

This ensured that measurement uncertainties were

neither over nor under-estimated.
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Table 3: Summary of 2016 participants’ En values relative to the nominal pressure value 

Figure 3: Participant’s deviation from the reference value and its corresponding uncertainties at 2 500 kPa 

Figure 4: Participant’s deviation from the reference value and its corresponding uncertainties at 25 000 kPa
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5. EVALUATION OF COMPARISONS 

Comparing the two PTs as a whole, defined 

factors affecting the performance of participating 

laboratories are summarized in Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5: Defined factors affecting lab performance 
 

The earlier mentioned preparatory workshop not 

done in 2010 but is conducted in 2016 proved to be 

one key factor that led to the increased satisfactory 

performance of participants.  In 2016, four 

laboratories was not able to attend this workshop, 

however 2 laboratories asked for details after the 

event and strictly followed the agreed procedure, 1 

lab with satisfactory result but did not follow the 

agreed limit of uncertainty and 1 that did not 

perform satisfactorily. In both PTs, the main 

objective of the participation of laboratories is 

mostly to fulfill the ISO/IEC 17025 requirement for 

PT participation. The urgency of this requirement 

however was not fully realized by the 2010 

participants since the accreditation to ISO/IEC 

17025 was fairly new in the country during that time. 

Moreover, most 2010 participants have 

inexperienced or untrained personnel and are 

unfamiliar with the calibration method used by the 

NML. Contrastingly, in 2016, most laboratories 

have trained personnel and have proven 

competencies in scopes other than the pressure field. 

Knowledge on the estimation of uncertainty budget 

also significantly improved through training and as 

seen by their submitted results. An improved 

selection of standard and upgraded facilities by the 

laboratories was also more evident in the latter PT. 

 It is most probable that the 2010 PT was 

considered as a test run by the participating 

laboratories, with 2 labs participating satisfactorily 

on both, 1 lab that improved on 2016, 1 that still 

unsatisfactorily performed, and 1 that did not 

continue to be a calibration laboratory, this is also 

the participant that did not complete the 

measurement due to inappropriate standard. The 

2016 participants on the other hand are mostly 

maintaining their ISO/IEC 17025 accreditation 

already or are in the process of acquiring their 

accreditation in the pressure scope, supported by 

this intercomparison. In both PTs, all the 

laboratories with unsatisfactory performance were 

recommended to review their calibration method 

and uncertainty budget analysis, investigate sources 

of error leading to the unsatisfactory results, and 

initiate necessary corrective actions. 

The NML on the other hand as the reference 

laboratory continuously improves as a PT provider 

learning from experience, from the handling of the 

artefact to the analysis of data that is most 

appropriate to all participants. Consequently, the 

NML extended its PT offering regularly, with 

different pressure ranges and other fields of 

measurement, also the conduct of concluding 

workshop is planned succeeding PTs.  Furthermore, 

coordination with the local accreditation body as the 

channel to know the demands for PT in the country 

for NML’s plan on PT provision and in return, the 

laboratories are made aware of the NML PT 

offerings. Availability of artefact is still the biggest 

limitation of the PT provision but is hoped to be 

resolved to cope-up with ongoing demands on PT.  

At present, the laboratories’ commitment to 

quality, supported by courses and training which are 

not only technical but also in the quality 

management systems are added contributors to the 

laboratories’ handling of intercomparison 

prominent to satisfactory performance. The 

participants have become more aware of good 

laboratory practices and are encouraged to 

continuously improve through a refresher and new 

Metrology awareness courses. 

6. SUMMARY AND CONCLUSION 

The intercomparisons, 2010 and 2016 are two 

independent PTs and are generally considered 

successful in terms of results, coordination, and the 

experience gained by the participants and the 

reference laboratory. Measurement results revealed 

the calibration and measurement capabilities of each 

participating laboratory. Based on the requirements 

of ISO/IEC 17043:2010 [5], the performances are 

mostly satisfactory, in terms of the En values, 

especially in the 2016 PT. This also indicates that 

the measurement practices of these participants 

greatly improved and are aligned and complying 

with an internationally validated method. The PT 

schemes offered by the NML will be of continuous 

improvement to support further progress of the local 

calibration laboratories in the Philippines.  
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Abstract: 

Personal Dosimetry Laboratory of the Public 
Health Institute of Republic of Srpska (PHIRS) is 
estimating doses to approximately 1500 
occupationally exposed workers to ionizing radiation 
on annual basis which represents 1/3 of 
occupationally exposed workers of Bosnia and 
Herzegovina. It is well known fact that the impact of 
ionizing radiation to human body and the risk of 
severe adverts effects are correlated with the 
magnitude of exposure. Therefore, delivering precise 
and accurate measurement result is essential in 
control of occupational exposure. Inter-comparison 
exercise plays an important role in testing 
laboratories to demonstrate technical competence. 
Participation in globally acknowledged and 
recognized EURADOS inter-comparison exercise for 
whole body dosemeters in photon fields is being 
conducted in 2 – years cycle by the laboratory. This 
paper is focused on the analysis of the EURADOS 
inter-comparison results. From 2014 to 2020, in total 
4 inter-comparison exercises have been conducted, 
each requesting circa 30 dosemeters to be labelled 
and dispatched for irradiations. Entire number of the 
dosemeters is divided into groups for irradiations to 
a reference values with different irradiation qualities, 
dose ranges, angle of incidence and one group is kept 
to monitor the background. Statistical analysis of 
measured quantity Hp(10) has been reported with 
response values (arithmetic mean, median, minimum, 
maximum and coefficient of variation). All response 
values are inside the trumpet curve defined in ISO 
14146, ranging in mean response from 0.85 to 0.92. 
In addition, results are compared to 𝑬𝑬𝒏𝒏   value and 
estimated uncertainty budget. This demonstrates that 
measured results are in compliance with 
recommendations on accuracy for radiation 
protection purposes. 

Keywords: Personal dosimetry; inter-comparison; 
quality control; occupational exposure; ionizing 
radiation 

1. INTRODUCTION

Radiation protection of occupationally exposed 
workers to ionizing radiation is the main purpose of 

personal dosimetry. Biological effects due to such 
exposure depend on dose received and therefore it is 
crucial to establish appropriate monitoring and 
dosimetry service competent to make evident 
compliance of individual doses to exposed workers 
with legal limits. 

In order to be approved as dosimetry service and 
therefore having a license to assess the doses of 
occupationally exposed workers to ionizing radiation 
in Bosnia and Herzegovina, one of the regulatory 
requirements is participation in inter-comparisons at 
least once in three years [1]. Main objective for this 
is to evaluate performance of dosimetry system but 
also to assess precision and accuracy of delivered 
results. 

PHIRS Dosimetry Laboratory is measuring doses 
to approximately 1500 occupationally exposed 
workers to ionizing radiation.  

European Radiation Dosimetry Group 
(EURADOS) within working group 2 
‘Harmonization of individual monitoring’ is 
organizing international inter-comparisons for 
individual monitoring services for whole body 
dosemeters in photon fields in 2-years cycle [2]. This 
is suitable for PHIRS Dosimetry Laboratory to fulfill 
regulatory requirement and verify quality of the 
service. 

Since 2014 PHIRS is regularly taking part at 
EURADOS inter-comparisons and uses inter-
comparison analysis results to compare with internal 
and international quality standards.  

2. MATERIAL AND METHODS

Once inter-comparisons are announced by 
EURADOS, the laboratory is receiving the 
information on number of required dosemeters 
needed to be dispatched, but also the information on 
dose range, energy range and angle of incidence that 
will be used to enable participants to decide if inter-
comparisons are suitable for their dosimetry systems. 
This scope differs to some extent from cycle to cycle 
and for the PHIRS participations is presented in the 
Table 1. 

As it can be seen from the Table 1, the number of 
required dosemeters is always larger than irradiated 
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because one group need to be kept to monitor the 
background, hence not irradiated. 

Dosemeters were labelled according to 
beforehand given instructions by coordinator and 
dispatched for irradiations. 

 
Table 1. Irradiation plans for Hp(10) 

Inter-
coparison 

cycle 

Dosemters 
required/irradiated 

Radiation 
categories 

2014 30/20 S-Cs, S-Co, W-80 
(0º,60º), W-150, RQR7 

2016 30/22 
S-Cs, S-Co, N-

40(0º,60º), N-150 
(0º,45º) S-Cs+90Sr 

2018 34/22 
S-Cs, S-Co, W-110,  N-
60(0º,60º), N-150 (60º) 

S-Cs+N-150 

2020 30/20 
S-Cs, S-Co, W-60 

(0º,60º), N-150 (60º) S-
Cs+W 

  

2.1. Irradiation plan  
Irradiations were carried out by selected 

metrology laboratories, at all times accredited 
according to EN ISO/IEC 17025 standard and in line 
with the irradiation plan developed by EURADOS 
organizing group [3]. 

Photon irradiation qualities were chosen from the 
ISO 4037 [4] including S-Co, S-Cs, N-quality series 
and since 2016 mixed irradiations fields were 
introduced.  
 In addition, special attention was taken to develop 
irradiation plan. Irradiation plan regarding the dose 
range was set up to include low, small, medium and 
high doses. 

After completed irradiations by the metrology 
labs, TLDs were sent back by coordinator to all 
participating laboratories including PHIRS for the 
measurement process and reporting of the results. 

2.2. Dosimetry system 
PHIRS is using semiautomatic RADOS RE-2000 

thermoluminescent (TL) reader with compatible two 
element thermoluminiscent detectors (TLD) placed 
into dosemeter case. Detector type is LiF: Mg, Ti also 
known as MTS-N, 4.5 mm in diameter and thickness 
of 0.90 mm. In appropriate position - position 1, 
covered with aluminum filter, personal dose 
equivalent Hp(10) is being measured and reported. 
The second detector, in position 4 is measuring 
Hp(0.07) which is not subject of obligatory reporting, 
however it is giving valuable information. 

Once laboratory receive dosemeters, additional 
precaution to a routine measurement needs to be 
performed. At this phase, an average value obtained 

from the reading of the background TLD group is 
used to correct values of irradiated dosemeters.  

2.3. Basic statistics 
Statistical analysis of measured quantity Hp(10) is 

presented with response value (R) that was calculated 
for each dosemeter by equation (1) 

𝑅𝑅 =
𝐻𝐻𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝐻𝐻𝑝𝑝,𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟
 (1) 

where 𝐻𝐻𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  is the Hp(10) value measured 
and reported by participant (PHIRS) and 
𝐻𝐻𝑝𝑝,𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟  is reference dose given by the 
irradiation laboratory received from the coordinator. 

To investigate reproducibility of the system, the 
coefficient of variation (CV) was calculated for all 
irradiation categories. Furthermore, central value of 
distribution of response values was given with 
arithmetic mean and median. Extremes are also noted 
for all irradiation categories with minimum and 
maximum values. Finally, the total performance over 
the whole range was given. 

2.4. Acceptance criteria 
As mentioned earlier, response value R has been 

calculated for each irradiated and measured TLD. 
These values were compared with criteria defined in 
ISO 14146 [5,6] commonly known as “trumpet 
curve”. The trumpet curve is defined by equation (2) 
1
𝐹𝐹

(1 −
2𝐻𝐻0

𝐻𝐻0 + 𝐻𝐻𝐶𝐶
) ≤ 𝑅𝑅 ≤ 𝐹𝐹(1 +

𝐻𝐻0
2𝐻𝐻0 + 𝐻𝐻𝐶𝐶

) (2) 

 
where F=1.5, 𝐻𝐻𝐶𝐶 is the conventional true value and 
𝐻𝐻0  is the lower limit of dose range for which the 
system has been approved and it is assumed to be 
0.085. 
 The ISO standard 14146 allows a maximum of 
1/10 of irradiated dosemeters to exceed this criterion.  

2.5. Internal quality checking 
 To measure how closely reported value agrees 
with reference value, laboratory made additional 
analysis by calculating 𝐸𝐸𝑝𝑝 score taking into account 
uncertainty for reference value and reported value 
using equation (3): 

𝐸𝐸𝑝𝑝 =
(𝜒𝜒 − 𝑋𝑋)

�𝑈𝑈𝜒𝜒2 + 𝑈𝑈𝑋𝑋2
 (3) 

where 𝜒𝜒  is reported result by laboratory, 𝑈𝑈𝜒𝜒  
expanded uncertainty of reported result, 𝑋𝑋 reference 
value and 𝑈𝑈𝑋𝑋  expanded uncertainty of reference 
value. 
 The results of 𝐸𝐸𝑝𝑝 score were interpreted as: 
|𝐸𝐸𝑝𝑝| ≤ 1 satisfactory and 
|𝐸𝐸𝑝𝑝| ≥ 1 questionable. 
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3. RESULTS AND DISCUSSIONS

Summary of the results with mentioned statistics 
for inter-comparisons conducted in 2014, 2016, 2018 
and 2020 respectively are presented in Tables 2-5.  

Different radiation qualities mentioned in Table 1. 
stand for different origins of irradiations and numbers 
associated with the series is giving information about 
energy [4]. Where necessary, information of incident 
angle is presented. Series N and W describe X-ray 
irradiations, S-Cs and S-Co gamma irradiations and 
mixed fields used either beta and gamma or X-rays 
and gamma irradiations. For every irradiation 
category the number of dosemeters and consequently 
number of values used for statistics is stated. 

Table 2. PHIRS inter-comparison statistics in 2014 for Hp(10) 
quantity 

Radiation No of Mean Median Max Min CV 

quality values R R R R R 

RQR/0° 2 1.07 1.07 1.09 1.04 3% 
W-80/0° 2 1.03 1.03 1.03 1.02 1% 

W-80/60° 2 1.12 1.12 1.14 1.10 3% 
W-150/0° 2 0.91 0.91 0.92 0.89 2% 
S-Cs/0° 6 0.86 0.87 0.90 0.82 4% 
S-Co/0° 6 0.82 0.81 0.90 0.75 7% 

Total 20 0.92 0.89 1.14 0.75 13% 

Table 3. PHIRS inter-comparison statistics in 2016 for Hp(10) 
quantity 

Radiation No of Mean Median Max Min CV 

quality values R R R R R 

N-40/0° 2 1.11 1.11 1.13 1.09 2% 

N-40/60° 2 1.15 1.15 1.22 1.09 8% 

N-150/0° 2 0.79 0.79 0.81 0.80 3% 

N-150/45° 2 0.82 0.82 0.83 0.80 2% 

S-Cs 6 0.80 0.80 0.82 0.77 3% 

S-Co 6 0.77 0.77 0.81 0.75 3% 
S-Cs/Sr-

90/0° 2 0.83 0.83 0.83 0.82 1% 

Total 22 0.85 0.82 1.22 0.75 15% 

Table 4. PHIRS inter-comparison statistics in 2018 for Hp(10) 
quantity 

Radiation No of Mean Median Max Min CV 
quality values R R R R R 

N-60/0° 2 1.11 1.11 1.13 1.08 3% 
N-60/60° 2 1.17 1.17 1.17 1.17 0% 
W-110/0° 2 0.94 0.94 0.96 0.91 4% 
N-
150/60° 2 0.97 0.97 1.00 0.93 5% 

S-Cs/0° 6 0.80 0.81 0.83 0.77 3% 
S-Co/0° 6 0.78 0.77 0.88 0.70 9% 
N-
150/Cs-
137 

2 0.80 0.80 0.82 0.77 4% 

Total 22 0.88 0.83 1.17 0.70 16% 

Table 5. PHIRS inter-comparison statistics in 2020 for Hp(10) 
quantity 

Radiation No of Mean Median Max Min CV 
quality values R R R R R 

W-60/0° 2 0.99 0.99 1.02 0.95 5% 
W-60/60° 2 1.07 1.07 1.09 1.05 2% 
N-150/60° 2 0.90 0.90 0.92 0.88 3% 
S-Cs/0° 6 0.83 0.83 0.86 0.81 2% 
S-Co/0° 6 0.86 0.80 1.05 0.73 16% 
S-Cs/W-
80/0° 2 0.93 0.93 0.95 0.91 3% 

Total 20 0.90 0.87 1.09 0.73 12% 

It can be noted over the years of participating that 
the system shows good stability as CV varies 
between 0% and 8% for different radiation qualities 
and angles and in total range from 12% to 18%. It is, 
however, interesting to observe that in 2020 CV for 
S-Co has been significantly increased.

When receiving inter-comparisons dosemeters
and dosemeters from field in general, one cannot 
distinguish if it is irradiated with small, medium or 
high dose. During the measuring process the reader 
provided an error that channel count limit is being 
exceeded. After completed measurement of the first 
detector, the system automatically stopped the 
reading process as one of the quality control 
measures. At this point, it was clear that the 
dosemeter had a high dose so the assumption was that 
saturation took place in the reader. 

Immediate action by the responsible personnel 
was to check for type testing of the system and dose 
responses of high doses in the analysis from the 
previous inter-comparisons. The in-house type 
testing was conducted up to 50 mSv dose because of 
limitations in local SSDL, and assumed dose that was 
measured from the first detector was around 170 mSv. 
Consequently, as there were no in-house type test 
results for this dose range, mean response of S-Co 
high doses for Hp(10) from previous inter-
comparisons was checked and calculated to be 0.80. 
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Therefore, the measured dose was corrected by factor 
of 20%. 

The estimation of the value was good, but it 
reflected inadequately on statistics and gave 
impression that linearity of the system is affected. If 
reported value for high doses was measured value 
without corrections, all results within tested dose 
range would show adequate linear response. 

3.1.  Trumpet curve 
Figure 1. illustrates PHIRS response values as a 

function of reference doses for four consecutive 
participations. Although requirement is that 90% of 
irradiated TLD must be within the trumpet curve, it 
is noticeable that in period of 2014-2020 fraction of 
outliers is 0%. 
 

 
Figure 1. Results of PHIRS dosemeters results for period 2014-
2020.   

 Analysis shows that mean response ranges 
between 0.85 and 0.92 among all irradiation 
categories. This is very well in compliance with 
recommended uncertainty [7] for personal dosimetry 
systems. Yet, a systematic under exposure in gamma 
fields is observed. Further testing showed that 
underestimation in gamma fields is due to 
characteristic of TL material called fading which 
represents gradual loss of the signal over time. The 
time between sending and measuring TLDs for the 
inter-comparisons is approximately 6 months 
whereas maximum time between sending and 
receiving TLDs in laboratory routine is four months. 

3.2. 𝑬𝑬𝒏𝒏 scores 
All values were checked for the 𝐸𝐸𝑝𝑝  scores. 

Figures 3-6 are presenting 𝐸𝐸𝑝𝑝  values for examined 
radiation qualities over averaged dose ranges and 
signs L, S, M and H stand for low, small, medium and 
high doses respectively for different years of 
participation in IC. It was identified that only S-Co 
category in the range of small doses and in a single 
year exceeded 𝐸𝐸𝑝𝑝 score. Average 𝐸𝐸𝑝𝑝 value for S-Co 
in range of small doses was 1.39.  
 

 
Figure 3. En scores grouped by the radiation quality and dose 
values for the inter-comparisons in 2014. 

 
Figure 4. En scores grouped by the radiation quality and dose 
values for the inter-comparisons in 2016. 

 
Figure 5. En scores grouped by the radiation quality and dose 
values for the inter-comparisons in 2018. 

 
Figure 6. En scores grouped by the radiation quality and dose 
values for the inter-comparisons in 2020. 

This was not expected, therefore, this value was 
compared with uncertainty budget of the laboratory. 
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PHIRS uncertainty budget is taking into account the 
dose levels based on test results performed on 
laboratory’s own dosimetry system. For smaller 
doses, the uncertainty is greater and expanded 
uncertainty of reported result in range of small doses 
was 35.5%. Average dose response in range of the 
questionable result is 0.71 which is 29% offset of the 
reference value. This shows that questionable result 
was within the uncertainty limits and therefore 
considered as valid. 

4. SUMMARY

Measured doses of workers occupationally 
exposed to ionizing radiation conducted by PHIRS 
are accurate, precise and reliable over wide dose 
range and in accordance with the general 
recommendations of the ICRP on the accuracy of the 
dosimetry system for the purpose of radiation 
protection. This can be confirmed by consistent inter-
comparisons participation and extensive result 
analysis.  
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Abstract: 
Decisions in conformity assessment, especially in 

the testing, inspection and certification (TIC) sector 

are predominantly based on the measurement data. 

The digital transformation has started to impact the 

TIC sector. The quality of the data in big data 

analytics, is not always sufficiently addressed, 

especially in sectors with traditionally empirical 

approaches, as TIC. This contribution conducts a 

survey of possibilities for application of data science 

in the TIC decision making processes, based on 

conclusions with complementary usage of 

experimental “measurements” and the “data science”, 

with a case study in estimation of the instruments re-

calibration interval with data fusion approach. 

Keywords: data science, testing-inspection-

certification, re-calibration interval, data fusion 

1. INTRODUCTION INTO CLASSES OF 

DATA SCIENCE PROBLEMS IN TIC 

Many decisions in conformity assessment, 

especially in testing, inspection and certification 

(TIC) are based on measurement data. Measurements 

are vital in environmental protection, healthcare, 

industry, trade, energy sector etc. The digital 

transformation has started to create significant impact 

on the TIC sector. Data is becoming more important 

in all sectors, as huge amount of data is produced, 

stored, processed, and utilized for increasing number 

of applications. Big data analytics, artificial 

intelligence, machine learning, internet of things etc. 

are based on data, but the quality of the data is an 

issue not always properly addressed, especially in 

sectors with traditions based on empirical approaches, 

like the TIC. Poor data will produce poor models, 

incorrect results and finally wrong decisions. Data 

science is an interdisciplinary field that uses scientific 

methods, processes, algorithms and systems to extract 

knowledge and insights from noisy, structured 

and unstructured data, and apply knowledge from 

data across a broad range of applications [1, 2]. The 

revival of measurement and data science is caused by 

the revolution of sensory devices and the emerging 

data transmission, storage and processing capabilities 

available and variously deployed. Due to the huge 

amount of recorded information and the theoretical 

results of measurement and data science, numerous 

newly developed products are invented, and smart 

services and support are enabled. This contribution 

conducts a survey of the possibilities for application 

of the latest data science achievements in the TIC 

decision making processes, based on conclusions 

with complementary usage of “measurements” as 

completely experimental and the “data science” as 

methodology oriented towards modelling and 

simulation, combined with high complementarity and 

synergy, i.e. the data fusion approach. The 

contemporary scientific methodologies require 

experimental verification, whenever possible, for 

sustaining the theory validity. Experimental proof 

comprises a measure either quantitative or non-

quantitative, often called ‘qualitative’, of the 

observable quantities derived by means of 

measurement. The degree of consistency of different 

measurement results, gained by various independent 

experimenters or by the same experimenter at 

different times, is a measure of results reliability 

representing the observed quantity, considering that 

experimental knowledge is generally imperfect to 

some degree and the combination of observations are 

standard and essential practices, [3]. 

Several classes of data science problems for which 

techniques might be developed and evaluated across 

different domains in the TIC sector, are [1]: 

 Detection -finding data of interest in given dataset.  

 Anomaly detection - identification of system 

states that force additional pattern classes in a model. 

Outlier detection is associated with identifying 

potentially erroneous data items forcing changes in 

prediction models “influential observations”.  

 Cleaning - elimination of errors, omissions, and 

inconsistencies in data or across datasets.  

 Alignment - relating different instances of the 

same object [4], e.g., a word with the corresponding 

visual object, or time stamps associated with two 

different time series. Data alignment is frequently 

used for entity resolution, identifying common 

entities among different data sources. 

 Data fusion - different representations integration 

of the same real-world object, encoded in a well-

defined knowledge base of entity types [5].  
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 Identification and classification - attempt to 

determine, for each item of interest, the type or class 

to which the item belongs [6].  

 Regression - finding functional relationships 

between variables.  

 Prediction - estimation of a variable or multiple 

variables of interest at future times.  

 Structured prediction - tasks where the outputs are 

structured objects, rather than numeric values. A 

desirable technique to classify a variable in terms of 

a more complicated structure than producing discrete 

or real-number values. 

 Knowledge base construction - construction of a 

database with a predefined schema, based on any 

number of diverse inputs.  

 Density estimation - production of a probability 

density (distribution function), beside a label/value.  

 Joint inference - joint optimization of predictors 

for different sub-problems using constraints that 

enforce global consistency used for detection and 

cleaning for more accurate results.  

Data science involves ranking, clustering, and 

transcription (“structured prediction”), as in [7]. 

Additional classes of problems rely on algorithms and 

techniques that apply to raw data at an earlier “pre-

processing” stage. Different data processing may be 

employed if evaluation methodology is essential, [1].  

2. STATISTICAL PARADIGMS 

The adoption of the Guide to the Expression of 

Uncertainty in Measurement (GUM), [8] has led to an 

increasing need to include uncertainty statements in 

measurement results. The laboratory accreditation 

based on standards such as ISO 17025, [9] has 

accelerated the process. Recognizing that uncertainty 

statements are required for effective decision making, 

different laboratories, from national metrology 

institutes to commercial test laboratories, put 

considerable effort into analysis of measurement 

uncertainty using the GUM methods, [8, 10]. The 

methods for uncertainty assessment conducted in the 

TIC applications include the frequentist, Bayesian, 

and fiducial statistical paradigms, [11]. 

The first statistical paradigm, in which uncertainty 

can be probabilistically evaluated, is frequentist 

(based on statistical theory, referred as “classical” or 

“conventional”). Due to the nature of uncertainty in 

TIC, these methods must be adapted to obtain 

frequentist uncertainty intervals under realistic 

conditions. In most practical TIC settings, uncertainty 

intervals must consider both the uncertainty in 

quantities estimated using data and the uncertainty in 

quantities based on expert knowledge, i.e. data fusion. 

To obtain an uncertainty interval, the measurands that 

are not observed must typically be treated as random 

variables with probability distributions for their 

values, whereas measurands whose values can be 

estimated using statistical data are treated as unknown 

constants. The traditional frequentist procedures must 

be modified to attain the specified confidence level 

after averaging over the potential quantities values 

assessed by expert judgment [11].  

The second paradigm is called the Bayesian 

approach, [11], named after the fundamental theorem, 

which was proved by the Reverend Thomas Bayes in 

the mid-1700s. The analyst’s knowledge about the 

measurands is modeled as a set of random variables 

following a probability distribution in the joint 

parameter space. The theorem allows the probability 

distributions to be updated based on the observed data 

and the inter-relationships of the parameters defined 

by the function or equivalent statistical models. Then, 

one obtains a probability distribution describing one’s 

knowledge of measurand given the observed data. 

The third statistical paradigm is the fiducial 

approach, developed by R. A. Fisher in the 1930s [11]. 

The probability distribution, (fiducial distribution) for 

measurand conditional on the data, is obtained from 

the interrelationship of measurand and the input value 

described by the function and the distributional 

assumptions on the data used to estimate. 

3. DATA FUSION, DECISION-MAKING, 

AND RISK ANALYSIS IN TIC 

The ultimate idea underlying data fusion is to 

obtain greater quality information for a specific 

purpose by exploiting the synergy of data gathered 

from different sources. Data fusion is the process of 

combining data or information to estimate or predict 

entity states, [12]. Applied in many decision-making 

domains, as TIC, it encompasses classification and 

pattern recognition used to support decisions. In TIC 

it is crucial not only to fuse data obtained from 

multiple sensors, but also to assess threats and risk. 

Data fusion increases robustness and reliability and 

reduces the vulnerability of the system supporting the 

decision, allowing decision-making even in absence 

of malfunction of some sources of information. It 

provides a better and larger coverage of space and 

time, reduces ambiguity, as better information 

provides better discrimination between available 

hypotheses. Data fusion is based on experimental data 

output by sensing devices and on information 

obtained by other means (e.g. the user as a data source 

for a priori knowledge, experience, and model 

application). Fusion requires all data to have the same 

representation (e.g., numeric values in the same units, 

relative values). If data are heterogeneous, data 

alignment or data registration is imposed [12]. 

Measurements, as sensor output, form a signal more 

or less affected by noise whose reliability has to be 

verified (e.g. sensor malfunction, express corruption 

of sensors’ measured quantity, e.g. jamming). Data 
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filtering and data validation are two important tasks 

in a data fusion. Data fusion involves addressing: data 

from sources with different quality levels (e.g. 

different accuracy), non-independent data, too much 

information, leading to computational problems, and 

need to change the context of the observation (e.g. 

from time to frequency domain) or to extract features 

or attributes [12], as issues of data-processing type.  

As an illustration for application of data science in 

the TIC sector, one of the most relevant TIC decision-

making and risk-introducing issues will be further 

demonstrated - determination of the re-calibration 

period of the TIC measurement equipment. 

4. APPLICATION OF DATA FUSION FOR 

DETERMINING THE TIC INSTRUMENT 

RE-CALIBRATION PERIOD  

Determining re-calibration intervals is a problem 

of TIC sector entities using calibrated instruments in 

their activities. Most of the test equipment in today's 

inventories are multiparameter items or consist of 

individual single-parameter items. An item is stated 

to be out-of-tolerance if a single instrument parameter 

or item in a set, is found out of specifications. This is 

costly and introduces risks [13, 14]. Most of the 

published methods are of statistical nature and can 

correctly be applied only to large inventories of 

instruments, [15]. Due to the various performance of 

individual instruments and their different operation 

conditions, individual product reliability is difficult to 

predict. Longer calibration intervals have a higher 

consequence cost associated with a given standard, as 

more calibrations have been performed before it is re-

calibrated and found to be in- or out-of-tolerance. 

Consequence costs may include a reverse traceability 

analysis to identify the items that have been calibrated 

by the standard, an investigation of the impact on 

their performance given the magnitude of the 

standard’s out-of-tolerance, customer notification, 

suspension of accreditation, product recall and 

intangible factors like the TIC entity’s reputation. 

Here the emphasis is on determining the recalibration 

period of measuring instruments used by the TIC 

entities. The methodology for determining the 

recalibration interval will be validated in a case study 

on experimental calibration and check data of an 

electrical measuring instrument, by fusion of data 

from diverse sources (both experimental and a priori 

knowledge, experience, model application). Most of 

the standards according to which the TIC entities are 

accredited/certified require to have available, suitable 

and adequate facilities and equipment to permit all 

TIC activities to be carried out in a competent and 

safe manner, with the responsibility lying solely on 

the TIC entity. One of the most significant decisions 

regarding the calibration is “When and how often to 

do it?” Many factors influence the time interval 

between calibrations and should be taken into account 

by the TIC entity. The most important factors are: 

uncertainty of measurement required or declared by 

the laboratory, risk of a measuring instrument 

exceeding the limits of the maximum permissible 

error when in use, cost of necessary correction 

measures when it is found that the instrument was not 

appropriate over a long period of time, type of 

instrument, tendency to wear and drift, 

manufacturer’s recommendation, extent and severity 

of use, environmental conditions (climatic 

conditions, vibration, ionizing radiation, etc.), trend 

data obtained from previous calibration records, 

recorded history of maintenance and servicing, 

frequency of cross-checking against other reference 

standards/measuring devices, frequency and quality 

of intermediate checks in meantime, transportation 

arrangements and risk, and degree to which the 

personnel are trained [15]. The ILAC-G24 specifies 

the following methods, [15]: automatic adjustment or 

“staircase” (calendar-time), control chart (calendar-

time), “in-use” time, “in service” checking, or “black-

box” testing, and other statistical approaches. The 

statistical methods, i.e. by deploying data science, of 

an individual instrument or instrument type are of 

interest, especially combined with adequate software 

tools. According to Agilent Technologies®, prior to 

the introduction of a new product, [17] the 

responsible personnel set the initial recommended 

calibration interval. The reliable data is from at least 

three areas: data from similar products, data for the 

individual components used in the instrument, data on 

any subassemblies leveraged from existing mature 

products. The typical operating conditions and the 

results of the environmental testing performed on 

product prototypes are also considered [18]. Several 

methods for determining the calibration intervals are 

published, [13], [14]. Some models are based on the 

assumption that the calibration condition of the 

instrument can be traced by monitoring the drift of an 

observable parameter, [13]. The calibration intervals 

can be presented according to analysis by parameter 

variables data, analysis by parameter attributes data, 

instrument attributes data and by class instrument 

attributes data. Other method, such as an extension by 

providing a maximum likelihood estimation for the 

analysis of data characterized by unknown failure 

times, are given in [13], where the estimation method 

is using the exponential reliability function. An 

approach with a review of the instrument’s calibration 

history are presented in [14], calibration record 

indicates a history of remaining in tolerance, as it 

might be expected that the instrument might have a 

higher likelihood of remaining in tolerance, as a result 

an algorithm that has been developed calculates 

calibration intervals based on the condition received 

at calibration along with a historical weighting. A 
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method from variables data are presented for 

determining calibration intervals for parameters 

whose value demonstrate time-drift with constant 

statistical variance. The method utilizes variables data 

in the analysis of the time-dependence of deviations 

between as-left and as-found values from calibration. 

The deviations are from the difference between a 

parameter's as-found value at a given calibration and 

as-left value prior to calibration [14].  

4.1. A model for determination of a re-calibration 

interval 

Table 1: Values of parameters as multipliers 

Parameter  Value  

X “In Tolerance”  1 

“Out of Tolerance”  0.8 

< 1x the tolerance band 

“Out of Tolerance”  0.6 

> 1x the tolerance band,< 2x the tolerance band 

“Out of Tolerance”   0.4 

> 2x the tolerance band,< 4x the tolerance band 

“Out of Tolerance”   0.3 

> 4x the tolerance band,< 4x the tolerance band 

Y=ΣYi Y1 number of in-service checks between 

calibrations  

 

1 time 0.1 

< 5 times 0.3 

< 10 times 0.4 

> 10 times 0.5 

Y2 measured value  
 

no difference (<3%) 0.5 

difference < 20% 0.4 

difference > 20% 0.1 

Z=ΣZi Z1 Frequency of usage 
 

dayly 0.1 

montly 0.5 

yearly 0.7 

Z2 Habit of usage 
 

used with caution in laboratory conditions  0.3 

used with caution in tendency to wear and 

drift 

0.2 

use without special attention in terms of 

events 

0.1 

U=ΣUi U1 Cost of calibration  
 

Small 0 

Medium 0.3 

Large 0.5 

U2 Cost of necessary correction 

measurement 

 

< 0.5 x cost of calibration 0.5 

< 1 x cost of calibration 0.1 

> 1 x cost of calibration 0 

V The operator is trained to handle the 

instrument and knows the measured items 

1 

The operator is trained to handle the 

instrument, but imperfectly acquainted 

with the measured items 

0.5 

W Service performed between previous and 

last calibration 

0.5 

No service performed between previous 

and last calibration 

1 

Based on the previous discussions and survey, the 

following innovative data fusion model for 

determination of the re-calibration period is proposed 

W]   MS+V  OFH + U  CO + Z CFU 

+ Y IC + X  C + X  C +X  C +X  [C  ECI = NI 4321





  (1) 

where: 

NI - New Interval  

ECI - Established Calibration Interval  

C1 - Most recent calibration (0.2, modification of the 

simplified method) 

C2 - Most Previous Calibration (0.1, modification of 

the simplified method) 

C3 - Previous Calibration (0.08, modification of the 

simplified method) 

C4 - Predicted Value of Next Calibration (0.06, newly 

introduced parameter) 

IC - In-service check between calibrations (0.1, newly 

introduced parameter) 

CFU - Condition and Frequency of Use (0.2, newly 

introduced parameter) 

CO - Costs (0.1, newly introduced parameter) 

OFH -  Operator factor and habit (0.08, newly 

introduced parameter) 

MS - Maintain and service (0.08, newly introduced 

parameter) 

ECI can be specified depending on the experience 

with the stability of similar instruments, experience 

and recommendations. It will be the longest possible 

re-calibration period, leading to a conclusion that the 

method is more rigorous in comparison to the 

“simplified method”. The parameters as multipliers 

are given in Table 1. 

4.2. Method validation 

For proper application of the proposed model, a 

data base containing the historical data of previous 

calibrations must be created by the TIC entity. This is 

recommended to be applied after at least two 

performed calibrations. As case study for validation 

of the proposed method, a real data base with the 

calibration history of a digital multimeter used during 

process of inspections in a TIC body is adopted. The 

calibration values fluctuation should be observed in 

as many as possible measurement points, especially 

in points where changes are detected. Reasonable 

value for X is the smallest value that is obtained from 

all points. The expected value of the next calibration 

can be derived with a sophisticated algorithm, but for 

some TIC entities it is a complicated methodology. 

The proposed algorithm, using the least squares 

method, is a readily available and simplified tool. The 

in-service checks with another instrument must be 

performed in points where uncertainty of calibration 

is available for the both instruments. Quality 

management determines the extent of factors and 

habits of the staff, while the instrument operator 

specifies the frequency and conditions of use. 

Depending on the available history data and tracking 

behaviour of the instrument, the coefficients proposed 
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in the algorithm can be modified and customized for 

each instrument or group of instruments. 

As a case study implementing the proposed 

algorithm, the calibration periods of a METREL 

Eutotest XE MI 3102 tester is calculated. According 

to Metrel®, [17] regular 6-months or 1-year 

calibration of all measurement functions of the 

instrument is recommended. In Tables 2 and 3 the 

calibration history for the instrument in a single point 

of the current and voltage measurement ranges are 

given, respectively. Reference calibration value for 

the current is 10 A, while the voltage is 400 V. The 

measurement uncertainty is divided by a coverage 

factor as the calibration is performed in different 

laboratories at factor of coverage k=1.65 (for 

rectangular distribution at probability of 95%) and 

k=2 (for normal distribution at probability of 95%). 

Table 2: The calibration history in a single point of current 

measurement range of METREL Eurotest XE MI 3102  

t [month] I [A] 
Uncertainty 

[mA] 

0.00 9.98 0.020 

15.00 10.00 4.121 

36.80 10.01 14.545 

52.60 9.98 14.545 

72.90 10.00 0.015 

Table 3: The calibration history in a single point of voltage 

measurement range of METREL Eurotest XE MI 3102 

t  

[month] 

U  

[V] 

Uncertainy 

[V] 

0.00 399.00 0.42 

21.80 401.00 0.36 

37.66 401.00 0.36 

58.02 400.00 0.50 

 

The trend line for both areas is calculated without 

the inclusion of the last calibration value, which is 

used for verification of the model and it is: 

 1=R² 

399 +t 0.1448 t0.0024- = U 2 
               (2) 

 

𝐼 = −7 ∙ 10−7𝑡3 + 10−5𝑡2 + 0.0013𝑡 + 9.98 

𝑅2 = 1              (3) 

 

In Figures 1 and 2 the values of the function 

modeled including the last calibration, are shown. So 

the expected values are 9.85 A for current measuring 

range and 399.32 V for the voltage measurement 

range, and are in tolerance.  

In the Table 4 the experimental results of in-

service check measurements with two instruments, 

are displayed. The results are in limits of errors. 

 
Figure 1: The calibration history and expected value in a 

single point of current measurement range  

 
Figure 2: The calibration history and expected value in a 

single point of voltage measurement range 

Table 4: Experimental values of the last in-service check 

with other instrument  

Instument I [A] U [V] 

Metrel MI 3102 3.7 224 

Metrel MI 833 3.7 223 

 

Other values for the parameters in the algorithm 

are as follows:  

 

ECI = 24 months  

 

17.76 =  0.74  24  1]  0.08 + 1  0.08

 + 0  0.1 + 0.3  0.2 + 0.8  0.1+ 1  0.06 

+ 1  0.08 + 1  0.1 + 1  [0.2  24   W] MS +

 V OFH +  U CO +  ZCFU +  Y IC

 + X  C + X  C + X C + X [C  ECI = NI 4321











          (4) 

 

I = 410-08t4 - 510-06t3 + 0.0002t2 + 

+610-06t + 9.98

R² = 1
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Table 5 .: Multipliers used in the case study  
Parameter  Value  

X “In Tolerance”  1 

Y=ΣYi Y1 number of check between calibration 
 

< 5 times 0.3 

Y2 measured value  
 

no difference (3%) 0.5 

Z=ΣZi Z1 Frequency of usage 
 

dayly 0.1 

Z2 Habit of usage 
 

Used with caution in tendency to wear 

and drift 

0.2 

U=ΣUi U1 Coft of calibration  
 

Small 0 

U2 Cost of necessary correction 

measurement 

 

> 1 x cost of calibration 0 

V The operator is trained to handle the 

instrument and knows the measured 

items 

1 

W No service performed between previous 

and last calibration 

1 

The last calibration is not used in the prediction of the 

next value and is used as a validation point of the 

algorithm. The real calibration period (between the 

last two calibrations) is 20 months, while the 

predicted re-calibration period by the proposed 

algorithm is 18 months. The values obtained with the 

last calibration validate the method, and shorter value 

of the re-calibration interval is obtained which is on 

the safe side, which can be accepted as applicable. 

 

8. Conclusion 

The presented algorithm for predicting the period 

of re-calibration based on data fusion concept is 

simple, containing a lot of data on factors influencing 

the stability of the instrument derived from diverse 

sources. It is easily applicable in every day routine of 

various TIC entities. This algorithm can reduce the 

management risk of the occurrence of errors. The 

experimental values applied in the case study validate 

and confirm the effectiveness of the proposed 

algorithm. Another advantage of this universal model 

is that it allows the variation of the coefficients and 

enables specialization for a group of instruments. The 

data fusion approach is highly adaptable for various 

decision making applications in the TIC sector. 
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Abstract: 
The plastic recycling industry necessitates fast 

and reliable methods to recognize the different 
polymer types to improve the recycling capacity. In 
this contribution, the coupling of a miniaturized 
Near-Infrared (NIR) spectroscopy technique with a 
robust data analysis is presented. Comparison of 
multiple machine learning techniques, such as 
Support-Vector Machines (SVM), Fine Tree, 
Bagged Tree, and Ensemble Learning, and 
chemometric approaches, such as Principal 
Component Analysis (PCA) and Partial Least 
Squares – Discriminant Analysis (PLS -DA), were 
combined to provide a broad overview and a 
rational means for selecting the approach in 
analysing NIR data for plastic waste sorting. 

Keywords: Plastic waste sorting; Near-Infrared 
Spectroscopy (NIRS); Circular Economy; Machine 
Learning; Chemometrics 

1. INTRODUCTION

In the perspective of whole-system economic 
sustainability, the enormous volume of urban plastic 
waste and the constant increase in human plastic 
consumption require a high level of waste 
valorization. Global plastic production reached 367 
million tons in 2021, with Europe accounting for 
16% of the total [1]. 9% of plastic is recycled, 12% 
were incinerated, and 79% ended up in landfills or 
the natural environment [2]. In this scenario, a key 
role can be played by the recycling process. 
Recycling is a technique for plastic product end-of-
life waste management [3]. Basically, two types of 
recycling processes can be distinguished: 
mechanical and chemical process [4][5]. In both, 
sorting is the most critical stage in the recycling 
process, and this is true regardless of how effective 
the recycling program is [5][6]. The use of 
automated sorting equipment makes the process 
more efficient [7]. Usually, these devices rely on 

vibrational spectroscopic techniques [8][9][10][11] 
and camera systems for the polymer identification 
of clear and coloured products [12][13]. Other 
techniques are based on UV spectroscopy [14][15], 
X-ray [16], and hyperspectral imaging [17]. Over
the years, this strategy has increased the purity of
the output plastic, achieving a high percentage of
recyclates in the production of secondary materials.
However, these systems reach their limits with
mixed plastics that require additional sorting
elsewhere and can affect the quality of the recyclate
if not appropriately allocated. A positive cost-
benefit analysis is only possible if the separated
polymer fractions have a high purity grade and
satisfy the market demand for high-quality
recyclates. Therefore, post-consumer recycling
consists of many essential steps: collection, sorting,
cleaning, size reduction and separation, and/or
compatibilization to reduce polymer contamination
[3]. In this scenario, the prospect of combining a
well-established polymer identification technology
with a small, portable, low-cost, real-time
spectrometer for local and intermittent semi-
automatic sorting is highly desirable, accompanied
by robust data analysis [20]. In recent years,
chemometric analysis of non-destructive
spectroscopic data has been widely investigated as
an automated method for improving plastic sorting
systems. This improvement has been driven by the
need to reduce the environmental impact [21].
Recently, machine learning has attracted
considerable attention in plastic waste recognition
using spectroscopic techniques [22][23][24]. In this
study, we compared machine learning and
chemometric techniques for classifying plastic
waste data from a portable Near-Infrared (NIR)
spectrometer. Comparisons were made between
chemometric approaches, Principal Component
Analysis (PCA) and Partial Least Squares –
Discriminant Analysis (PLS-DA), and machine
learning techniques, Support-Vector Machines
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(SVM), Fine Tree, Bagged Tree, and Ensemble 
Learning. A comparison was also made in terms of 
preprocessing: traditional techniques, such as 
Standard Normal Variate (SNV) and Savitzky-
Golay derivatives were examined in contrast to 
feature reduction techniques, such as multiple 
Gaussian Curve Fit based on Radial Basis Functions 
(RBF). The predictive performances of the tested 
models were compared in terms of classification 
parameters, such as Non-Error Rate (NER) and 
Sensitivity (Sn) with the analysis of confusion 
matrices, providing a comprehensive overview and 
a rational means of selecting the approach for the 
analysis of NIR data for plastic waste sorting. 

2. MATERIALS AND METHODS

2.1. Samples Collection 
The first batch of plastic samples were collected 

in the Selection Division of the Montello SpA 
recovery and recycling plant (Bergamo, Italy), 
which accepts post-consumer plastic in the form of 
municipal waste for recycling. Subsequently, the 
dataset was expanded to include new samples from 
municipal waste collected before ending up in 
landfills. A total of 325 samples from a variety of 
polymer classes were used in this study. 
Specifically, the products studied were: 75 samples 
of poly(ethylene terephthalate) (PET), 100 samples 
of polyethylene (PE), 75 samples of polypropylene 
(PP), and 75 samples of poly(styrene) (PS). The 
assortment included bottles, containers, and 
packaging of various sizes, shapes, and colours. 

2.2. NIR Analysis 
Plastic samples were analyzed using the 

MicroNIR On-site (Viavi Solutions Inc., CA, 
United States) in reflectance mode without 
pretreatment of the samples. The instrument is a 
palm-sized, portable spectrometer weighing 
approximately 250 g and measuring less than 200 
mm in length and 50 mm in diameter. Control 
settings for spectral data acquisition were set to 10 
milliseconds integration time and 50 scans, 
resulting in a short measurement time of 0.25 
seconds. A point-and-shoot technique was used to 
perform 5 replicates for each sample to reduce the 
effects caused by sample non-uniformity. A total of 
1625 spectra were acquired, and acquisition was 
performed using MicroNIRTM Pro v3.0 software 
(Viavi Solutions Inc., CA, United States). 

2.3. Spectral Pretreatment and chemometrics 
Preprocessing of NIR spectral data has become 

an essential aspect of chemometric modelling. The 
goal of preprocessing is to eliminate physical events 
from the spectra to improve subsequent multivariate 
regression, classification model, or exploratory 
analysis [25]. In this study, the spectra were 

retrieved in a single matrix of 1625 x 125 (samples 
x wavenumbers) and several preprocessing methods 
were applied. The best results were obtained using 
the Savitzky-Golay second derivative method with 
seven data points and a second order polynomial 
followed by a standard normal variate (SNV). In 
addition, normalization was performed by mean 
centering. Different chemometric methods were 
used for the correct evaluation of the data of all 
analyzed samples. The first phase was an 
exploratory analysis by PCA to investigate the data 
structure. PCA was performed on 1625 NIR spectra 
from all polymer classes. Then, PLS-DA was 
applied as a supervised pattern recognition tool to 
separate the different commodities. Prior to using 
PLS-DA, data were split into a training set and a test 
set using a MATLAB proprietary function. The 
process was repeated 500 times, generating a 
different training and test set each time (75% of the 
samples belonged to the training set and 25% to the 
test set). All chemometric analyses were performed 
with MATLAB 2021b (The MathWorks, Inc, 
Natick, MA, USA) using the PLS-Toolbox 
(Eigenvector Research, Inc. Manson, Washington, 
USA). 

2.4. Machine Learning 
Various machine learning algorithms were 

applied for classification purposes. Support Vector 
Machine (SVM), Fine Tree, Ensemble Learning, 
and Bagged Tree In addition, a likelihood-based 
aggregation procedure (here called Combo) was 
used to integrate the data into a single predictor, and 
the same procedure was applied with a Monte Carlo 
Method (MCM) to make a perturbation on raw data, 
to improve the generalization performance. The 
chosen hyperparameters are the following: for Fine 
Tree Gini's diversity index (gdi) was used as split 
criterion with 100 maximum number of splits; SVM 
was performed with a linear kernel function with 
kernel scale equal to 3. Lastly, Ensemble Learning 
was performed with the Bagged Tree method with 
30 cycles of learning. To test the reliability of the 
system, 200 random extractions were performed for 
splitting the training and testing set. Again, 75% of 
the samples were used for training and the rest for 
testing. Machine learning methods were performed 
on the raw data after applying the variable reduction 
technique based on multiple Gaussian Curve Fit 
with Radial Basis Functions (RBF) and combining 
raw and pre-processed data. All calculations were 
performed using MATLAB and Statistics Toolbox 
release 2021b (The MathWorks, Inc, Natick, MA, 
USA). Automation of the procedure was 
implemented using MATLAB functions created in-
house.  
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3. RESULTS AND DISCUSSION

3.1. Principal Component Analysis 
The PCA calculation was performed after the 

preprocessing described above for the entire 
spectral range. For data structure analysis, PCA is a 
useful chemometric method. The goal of PCA is to 
extract the information stored in many variables into 
a smaller number of variables, called Principal 
Components [26]. Figure 1 shows the score plot of 
the first two components (73.88 of the total 
explained variability), in which a clear separation 
between the polymer classes can be seen. Along 
PC1 PET is distinguished from the other 
commodities. PET samples show very negative 
score values, while the other samples show positive 
score values. On the other hand, along PC2, PS is 
clearly separated from the other plastics.  

Figure 1: Results of PCA performed with spectral data of 
different commodities. The score plot of PC1 vs PC2 is 
presented. 

A clear separation between PP and PE can be 
noticed in the score plot of PC1 vs PC3 in Figure 2. 
PC3 accounts for 15.83% of the total information 
and explains the difference of PP from the other 
class of polymers.  

Figure 2: Results of PCA performed with spectral data of 
different commodities. The score plot of PC1 vs PC3 is 
presented. 

3.2. Partial Least Squares Discriminant 
Analysis 

Following the exploratory PCA analysis, a 
supervised classification technique was used to 
distinguish the different plastic groups. In PLS-DA, 
a classification objective is added to the well-known 
PLS regression technique. The response variable is 
categorical and reflects the class to which the 
statistical units belong. PLS-DA returns the 
prediction as a vector with values between 0 and 1 
and a length equal to the number of classes in the 
predictor variables [27][28]. Each time PLS-DA 
was performed, the parameters such as NER and 
sensitivity were calculated in fitting, in cross-
validation (CV), and for the test set. The cross-
validation procedure was based on venetian blind 
approach with 5 groups. CV was also used to 
determine the optimal number of Latent Variables 
(LVs) for each PLS-DA model. Figure 3 shows all 
sensitivities for each class, calculated for training 
set, CV and for test set. The values are close to 1, 
indicating a very high classification performance. 
Moreover, the results are very balanced between 
training, CV, and test set; therefore, overfitting is 
completely avoided, and the model can be 
considered reliable and stable.  
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Figure 3: PLS-DA Model. Class sensitivities (Sn) 
calculated for training set, in cross-validation and for test 
set. 

Table 1 shows NER defined as mean of class 
sensitivity [29], calculated for the training set, 
cross-validation set and test set. Overall, 99% of the 
samples were correctly classified for each of the 500 
iterations. 
Table 1: PLS-DA Model. Non-Error Rate calculated for 
training set, in CV and for test set. 

NER 
Training 0.99 
CV 0.99 
Test 0.99 

3.3. Machine Learning 
Due to the complexity and the large number of 

results, for the machine learning analysis the 
classification parameters are presented only for the 
test set. Figure 4 shows the NER of the classes for 
each computed model and for each treatment of the 
data. It is noticeable that the models run on raw data 
have the worst performances. The NER ranges from 
0.74 (Fine Tree) to 0.9 (SVM), indicating a high 
variability in the results. For raw data only SVM can 
be considered as a satisfactory model for pattern 
recognition. Lower variability in the results is 
observed for pretreated data and for a mixture of 
pretreated and raw data, where the NER ranges from 
0.96 to 0.99 and from 0.96 to 0.98, respectively. 
Thus, there is no difference in the results between 
preprocessed data and the combination of raw and 
pretreated data. These results confirm that feature 
reduction based on the Gaussian curve with RBF 
gives high performances for pattern recognition in 
machine learning analysis. 

Figure 4: Machine Learning. Comparison of the Non-
Error Rate (NER) calculated from the confusion matrices 
for each model. Results are presented for raw data, 
pretreated data, and the combination of raw and 
pretreated data. 

In conclusion, model performance is comparable 
between machine learning and multivariate analysis 
methods. After random extraction of training and 
test data repeated 500 and 200 times for 
chemometrics and machine learning, respectively, 
the NER calculated for the test set is above 0.95 for 
both methods. However, the use of chemometrics 
reduces the computational time, compared to the 
computationally intensive machine learning 
algorithms. 

4. SUMMARY

This contribution included a side-by-side 
comparison between conventional chemometric 
methods and machine learning algorithms for the 
classification of a dataset obtained from the study of 
plastic waste with a portable Near-Infrared (NIR) 
spectrometer. Multivariate methods such as 
Principal Component Analysis (PCA) and Partial 
Least Squares - Discriminant Analysis (PLS - DA) 
were investigated, as well as machine learning 
methods such as Support Vector Machines (SVM), 
Fine Tree, Bagged Tree and Ensemble Learning. 
Results were also compared in terms of data 
processing: signal preprocessing tools, SNV and 
Savitky-Golay derivatives were compared with 
feature reduction approaches such as Multiple 
Gaussian Curve Fit based on Radial Basis Functions 
(RBF). In addition, the machine learning algorithms 
were run on raw data, preprocessed data, and the 
combination of the two approaches. The results 
from PLS-DA showed very high performance for 
pattern recognition; in fact, the NER for the training 
set, in CV, and for the test set are all equal to 0.99. 
In contrast, for machine learning, the NER for raw 
data ranges from 0.74 for Fine Tree to 0.90 for 
SVM, indicating high variability in the results. The 
results for the preprocessed data show lower 
variability with NER value ranging from 0.96 to 
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0.99, which is also true for the combination of raw 
data and preprocessed data. This confirms that RBF-
based variable reduction is the most crucial point to 
improve classification performances. We can 
conclude that the multivariate and machine learning 
approaches produce comparable results in terms of 
model performance. The NER estimated for the test 
set is above 0.95 for both chemometrics and 
machine learning after randomly extracting the 
training and test data and repeating them 500 and 
200 times, respectively. On the other hand, 
chemometrics is characterised by a lower 
computation time compared to machine learning 
algorithms and it can therefore be considered more 
advantageous. 
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