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Mechanical neural networks

Rumyana Komarska
Precision Engineering and
Measurement Instruments

Technical University of Sofia
Sofia, Bulgaria
rumy_ar@abv.bg

Abstract — Neural networks are powerful tool in modern
artificial intelligence and machine learning, enabling
breakthroughs in various fields. This concept is inspired by the
structure and function of the human brain. A neural network is
a computational model composed of interconnected nodes (called
neurons or units) organized in layers. These networks are
designed to recognize patterns, learn from data, and make
predictions or decisions. Most commonly artificial neural
networks are linked to the computer science but there are
networks that are bridging the gap between mechanical/physical
systems and artificial intelligence. These mechanical/physical
neural networks are focus of this paper.

Keywords — neural network, artificial intelligence, mechanical,
layers, nodes

L INTRODUCTION

Artificial neural networks are computational models
composed of interconnected nodes (called neurons or units)
organized in layers. These networks are designed to recognize
patterns, learn from data, and make predictions or decisions.
Neural networks are divided in multiple types of neural
networks such as Recurrent neural networks (RNNs), Long
short-term memory (LSTM), Convolutional neural network
(CNN), Generative Adversarial Networks (GAN)s and more
are introduced every day. Mechanical Neural Networks
(MNNSs) are an emerging concept that draws inspiration from
biological and artificial neural networks but applies the
principles to mechanical systems. MNN are physical systems
designed to mimic the behavior of artificial neural networks
(ANNs) using mechanical components. These systems
leverage the properties of materials and structures to process
information, adapt to external stimuli, and perform tasks such
as pattern recognition, optimization, or control. Mechanical
Neural Networks (MNN5s) have exciting potential for shape-
shifting structures—systems that can dynamically change
their shape, stiffness, or configuration in response to external
stimuli or environmental conditions [1].

Common types of artificial neural network:

e Feedforward Neural Networks (FNNs)

e Convolutional Neural Networks (CNNs)

o Recurrent Neural Networks (RNNs)

e Long Short-Term Memory Networks (LSTMs)
¢ Gated Recurrent Units (GRUs)

o Generative Adversarial Networks (GANs)

e Autoencoders

o Radial Basis Function Networks (RBFNs)

e Self-Organizing Maps (SOMs)

o Graph Neural Networks (GNNs)

® Modular Neural Networks

e Memory-Augmented Neural Networks (MANNSs)
o Physics-Informed Neural Networks (PINNs)
e Extreme Learning Machines (ELMs)

o Neural Architecture Search (NAS)

o Hybrid Neural Networks

e Quantum Neural Networks (QNNs)

e Mechanical Neural Networks (MNNs)

o Optical Neural Networks

o Neuromorphic Networks

The types and applications of neural networks are growing
every day but there are several challenges and limitations that
still need to be overcome. These systems require a large
amount of labeled data for training and computational
resources for deep learning that make them expensive.
Sometimes the used neural model works well on training data
but poorly on unseen data.

1L MECHANICAL (PHYSICAL) NEURAL NETWORKS

Mechanical Neural Networks (MNNs) are a fascinating
area of research that bridges mechanics, materials science, and
artificial intelligence. MNNs have exciting potential for
shape-shifting structures—systems that can dynamically
change their shape, stiffness, or configuration in response to
external stimuli or environmental conditions. These structures
are inspired by biological systems (e.g., muscles, plants) and
can be used in applications like adaptive architecture, soft
robotics, and aerospace engineering. These kinds of networks
belong to a unique and emerging category of neural networks
that are not part of the traditional groups like feedforward,
recurrent, or convolutional networks. Instead, MNNs fall
under the broader category of physical or embodied neural
networks, which use mechanical components (e.g., springs,
masses, dampers) to mimic the behavior of artificial neural
networks (ANNSs) in a physical, rather than digital, form.
Focus of this paper is indeed mechanical structures and their
development in the last years. Mechanical neural networks are
commonly used to create shape-shifting structures that can
morph e.g. change their geometry or configuration, adapt e.g.
adjust their properties (e.g., stiffness, damping) to suit
different conditions and respond or react to external stimuli
like temperature, pressure, or force. As MNNs mimic the
behavior of artificial neural networks (ANNs) but use
mechanical elements instead of software a common working
flow is as follows:



Key Components of the Neural Networks Structure

Neurons (Nodes) — Basic units of computation in a neural
network. Each neuron receives input, processes it using an
activation function and produces an output.

Input Layers — Receive the initial data. External stimuli
(e.g., force, temperature) are applied to the structure

Hidden Layers — Intermediate layers where computation,
feature extraction occurs, or reaction is
accumulated/transferred. Mechanical elements (e.g., springs,
beams, or actuators) process the input and propagate the
response.

Output Layers — Produces the final result (e.g.,
classification, prediction). The structure changes its shape or
configuration based on the processed input.

Weights and Biases — Weights determine the strength of
connections between neurons. Biases allow the model to
adjust the output independently of the input.

Activation Function — Calculates the output of the node
based on its individual inputs and decides whether a neuron
should be activated or not. This means that it decides whether
the neuron's input to the network is important or not.

Loss Function — Measures the difference between the
predicted output and the actual target.

Optimization Algorithm — Adjusts weights and biases to
minimize the loss function.

Backpropagation - The error (loss) is calculated and
propagated backward through the network. Gradients are
computed to update weights and biases.

Training - The process of iteratively adjusting weights and
biases to minimize the loss function.

The key idea is that the mechanical connections (e.g.,
springs, hinges) act as the "weights" of the network, and the
non-linear behavior of the system (e.g., buckling, snapping)
acts as the "activation function." [1]

Often the MNNs behavior in the application rely on elastic
properties of materials (e.g., springs, beams, or flexible
structures) to achieve adaptive, learning-like behavior, so
mostly MNNs are Elastic Mechanical Neural Networks as a
subset of MNNs. These systems use elasticity to store and
process mechanical energy, enabling them to perform
computations or adapt to external stimuli. Key characteristics
of the elastic MNNs are their non-linearity - elastic elements
can exhibit non-linear behavior (e.g., buckling, snapping),
which is essential for complex computation. Their adaptability
is also valuable feature - the stiffness or geometry of elastic
elements can be adjusted to change the system's behavior.
Elastic systems are also having good energy efficiency as
elastic systems can store and release energy, making them
efficient for certain applications. Common types of MNNs,
categorized based on their design and functionality are Spring-
Mass Networks, Beam-Based Networks, Lattice Structures,
Tensegrity Networks, Origami-Based Networks, Acoustic
Elastic Networks, Hybrid Elastic (Mechanical) Networks.

A. Spring-Mass Networks

These are the simplest and most common types of elastic
MNN:Ss. They consist of masses connected by elastic springs,
where the springs act as the "weights" and the masses act as
the "neurons." In these networks, input forces or

displacements are applied to the masses. Then the springs
transmit forces between masses, and the system's response is
determined by the stiffness of the springs. The output is the
displacement or force at specific masses. They can be used for
pattern recognition, signal filtering, vibration control, etc.

Example of such MNNSs are lattices consisting of beams
with adjustable axial stiffness. The adjustable beams shown in
Fig. 1a) are electromechanical compliant mechanisms that use
voice coil actuators, flexure bearings, and strain gauge sensors
to adjust their axial stiffness via closed-loop control. The
beams are assembled within a regular triangular lattice and
join together at nodes, which are composed of rotary flexures
(Fig. la). These flexures allow the lattice to accommodate
deformations as they extend and contract along their axes. To
load the MNN, pairs of voice coil actuators connected to a set
of decoupling flexures (Fig. 1b) are placed on each of the
lattice's input nodes (Fig. 1c), which allow the actuators to
independently apply forces to the input nodes. The blue lines
drawn on top of each tunable beam. Two shape-morphing
behaviors that the simulated MNN achieved by finding a
working combination of axial stiffness values using a learning
algorithm (Fig. 1d). [2], [7]
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Fig. 1 Spring-Mass Networks.

B. Beam-Based Networks

In these systems, elastic beams (e.g., cantilevers or
bridges) are used instead of springs.

o —

Fig. 2: Beam-Based Networks

The beams can bend, buckle, or vibrate, providing non-
linear behavior that mimics activation functions in artificial
neural networks. Input forces or displacements are applied to



the beams. The beams deform, and their bending stiffness
determines how forces propagate through the network. The
output is the displacement or stress at specific points. Their
application could be in structural health monitoring, adaptive
structures, mechanical computing, etc. The MNN has two
input neurons (pos. 1) on the left, four hidden neurons in the
middle, and two output neurons on the right. On each neuron,
the position of the clamps (pos. 2) set up the weights between
the neurons of each layer (fig. 2). [8]

C. Lattice Structures

Lattice-based MNNs (fig. 3) are made up of
interconnected elastic elements arranged in a periodic or non-
periodic pattern. These structures can exhibit complex
behaviors due to their geometry and material properties.
Forces are applied to specific nodes in the lattice. The elastic
elements (e.g., beams, springs) transmit forces, and the
lattice's geometry determines the system's response. The
output is the deformation or stress distribution across the
lattice. Application could be for metamaterials with tunable
properties, energy absorption, acoustic wave control, etc.

Fig. 3. An example of a metamaterial: the geometry of the lattice
determines the emergent material property of the volume

The application to design geometries consisting of
volumes filled with lattices (Fig....) that are being modified
(pushed, pulled, stretched etc.). In this setting, our model
offers real-time structural feedback to the designer. In the
examples shown here, green lattice blocks are stiffer than
expected (0.5X compression), yellow blocks represent the
expected (1.0X) compression, and red blocks are more
compressive than average (1.5X). [3]

D. Tensegrity Networks

cables to create stable, lightweight systems. These
networks can adapt their shape and stiffness in response to
external forces. Input forces are applied to the cables or rods.

Fig. 4. Tensegrity structures combining rigid rods and elastic flexures

The elastic cables stretch or compress, and the rigid rods
maintain the structure's integrity. The output is the overall
deformation or stiffness of the structure. Application could be
in soft robotics adaptive architecture, biomechanical
modeling, etc. Such a structure is shown on fig. 4 where pos.
1 is the flexures and pos. 2 are the rigid rods. The nodal points
of the 3D-truncated tetrahedron tensegrity are numbered on
the model. [4]

E. Origami-Based Networks

Origami-inspired MNNs use folded elastic sheets to create
structures that can change shape and stiffness in response to
external forces. Input forces are applied to specific folds or
panels. The elastic properties of the material determine how
the structure deforms. The output is the final shape or stiffness
of the structure. Applications could be in deployable
structures, soft robotics, adaptive packaging, etc.
Metastructure that contains and creates different structures
based on origami-inspired systems is shown in fig. 5. [5]

Level 2 (n = 8 and

Fig.5. Adaptive hierarchical origami-based metastructures

F. Acoustic Elastic Networks

These systems use elastic elements to control and
manipulate acoustic waves, mimicking the behavior of neural
networks in the acoustic domain. Acoustic waves are applied
as input. The elastic elements (e.g., resonators, waveguides)
filter or amplify specific frequencies. The output is the
modified acoustic signal. Application could be in noise
cancellation, acoustic sensors, sound filtering, etc.

Time-of-Flight Convolutional Neural Networks for
Noninvasive Acoustic Measurements. Schematic of the
symmetric FEM model of the cylindrical container. A
wavefield snapshot at an arbitrary time shows the bulk and
guided waves (fig.6). [6]
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Fig. 6. Acoustic Elastic Networks.



G. Hybrid Elastic (Mechanical) Networks

Hybrid Mechanical Neural Networks (Hybrid MNNs)
combine mechanical components (e.g., springs, masses,
dampers) with non-mechanical elements (e.g., electronic
sensors, actuators, or smart materials) to create adaptive
systems that leverage the strengths of both physical and
computational systems. These networks leverage the strengths
of both physical and computational systems, enabling them to
process information, learn, and adapt in ways that purely
mechanical or purely electronic systems cannot. Input in these
networks are forces or stimuli (e.g., magnetic fields,
temperature changes) are applied. The elastic elements
interact with the other components (e.g. hidden layers) to
produce a response. The output is the combined effect of the
elastic and non-elastic components. Application could be for
multi-functional materials, advanced robotics, energy
harvesting, etc.

Force sensors

Flexible structure

Stepper motors
and wiring container

Fig. 7. Surface shaping mechatronic neural network

The mechanical neural network shown on fig. 7 that can
be categorized as a Hybrid or Elastic neural network as it
contains linear actuators with stepper motors that can change
the form of the surface based on the input from the force
sensors mounted on the surface. [9]

H. Feedforward structure of Mechanical Neural Networks

There are two main categories of network architectures
depending on the type of the connections between the neurons,
“feed-forward neural networks” and ‘“recurrent neural
networks”. If there is no “feedback” from the outputs of the
neurons towards the inputs throughout the network, then the
network is referred as a “feed-forward neural network”.

Otherwise, if there exists such feedback, i.e. a synaptic
connection from the outputs towards the inputs (either their
own inputs or the inputs of other neurons), then the network is
called a “recurrent neural network”. Usually, neural networks
are arranged in the form of “layer’s”. Feed-forward neural
networks fall into two categories depending on the number of

the layers, either “single layer” fig.8 or “multi-layer” fig.9.
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Fig.8. Single layer Feedforward Neural Network

On Fig. 8, a single layer feed-forward neural network
(fully connected) is shown. Including the input layer, there are
two layers in this structure. Input signals are passed on to the
output layer via the weights and the neurons in the output layer
compute the output signals.
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Fig.9. Multi-layer Feedforward Neural Network

On Fig. 9 a multi-layer feed-forward neural network with
one “hidden layer” is depicted. This is the main difference
between single layer and multi-layer FNNs, where the hidden
layers could be one or multiple. These layers enable the
network to calculate higher order statistics. Both shown FNNs
are fully connected because every neuron in each layer is
connected to every other neuron in the next forward layer. If
some of the synaptic connections were missing, the network
would be called as “partially connected”

Activation Functions: Introducing Non-Linearity into the
Network

A critical component of each neuron in a feedforward
neural network, except for the input layer, is the activation
function.5 The primary role of the activation function is to
introduce non-linearity into the output of a neuron.5 This non-
linearity is essential because without it, the entire neural
network would essentially behave as a linear regression
model, regardless of the number of layers it contains.25 By
introducing non-linearity, activation functions enable the
network to learn complex patterns and model non-linear
relationships that are prevalent in real-world data.3 Several
types of activation functions are commonly employed in
feedforward neural networks, each with its own mathematical
formula and distinct properties.

Common activation functions include:

1
T Txen



where x is the input value,
e is Euler’s number (=2.718).

Sigmoid is a mathematical function that maps any real-
valued number into a value between 0 and 1. In machine
learning, x could be a weighted sum of inputs in a neural
network neuron or a raw score in logistic regression. If the
output value is close to 1, it indicates high confidence in one
class and if the value is close to 0, it indicates high confidence
in the other class.

eX—e™
tanh(x) prampe

Tanh (hyperbolic tangent) is a type of activation function
that transforms its input into a value between -1 and 1. As the
input becomes more positive, the output approaches 1. As the
input becomes more negative, the output approaches -1. At
x=0, the output is 0, which is the center of the function. The
tanh function has several advantages that make it widely used
in neural networks:

Non-linearity: Tanh introduces non-linearity to the model,
which allows neural networks to learn complex patterns and
relationships in the data. Without non-linear activation
functions, a neural network would essentially behave as a
linear model, no matter how many layers it has.

Centered Around Zero: The output of the tanh function is
centered around 0, unlike the sigmoid function, which outputs
values between 0 and 1. This makes the tanh activation
function more useful for many types of tasks, as the mean of
the output is closer to zero, leading to more efficient training
and faster convergence.

Gradient Behavior: Tanh helps mitigate the vanishing
gradient problem (to some extent), especially when compared
to sigmoid activation. This is because the gradient of the tanh
function is generally higher than that of the sigmoid, enabling
better weight updates during backpropagation.

Rectified Linear Unit: ReLU(x)=max(0, x),
Where x is the input to the neuron.

The function returns x if x is greater than 0. If x is less than
or equal to 0, the function returns 0. Rectified Linear Unit
(ReLU) is a popular activation functions used in neural
networks, especially in deep learning models. It has become
the default choice in many architectures due to its simplicity
and efficiency. The ReLU function is a piecewise linear
function that outputs the input directly if it is positive;
otherwise, it outputs zero. In simpler terms, ReLU allows
positive values to pass through unchanged while setting all
negative values to zero. This helps the neural network
maintain the necessary complexity to learn patterns while
avoiding some of the pitfalls associated with other activation
functions.

Loss Function Calculation for Feedforward Neural
Networks (FNNs)

In Feedforward Neural Networks (FNNs), the loss
function (or cost function) measures how well the model's
predictions match the true target values. The choice of loss
function depends on the task (e.g., regression, classification).
Common loss functions for FNNs are shown in the Table 1.

TABLE 1 COMMON LOSS FUNCTIONS FOR FNNS

Loss

Task Function

Formula

Mean
Squared
Error
(MSE)

n
1
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Calculation steps for FNNs

First step is to calculate the forward propagation, where the
input passes through the layers and producing prediction y.

In this case regression function used is:
5/\ = G(Wz. ReLU(Wlx + bl) + bz,

where o is the output activation, e.g., linear for regression,
sigmoid for binary classification.

Next step is to compute loss using functions shown in table
1 to compare predictions y.

With true labels y. The following example is using MSE
regression.

n
=13 g
_n_ i — 90"

i=1

After that backpropagation (gradient calculation) could be
calculated. Compute gradients of loss w.r.t. weights /" and
biases . Chain rule trough each layer using MSE gradient for
weight W, can be applied:

5L _zi 89,
i=

When backpropagation is completed, optimization or
update of the parameters can be introduced by adjusting the
weights using gradient descent:

6L

Wnew -1 W'

= Woua

where 7 is the learning rate.

I1I. CONCLUSION

After analysis of all reviewed in this paper mechanical
neural networks and type of artificial neural networks
(ANNSs), the following conclusions can be made:



- Complexity of MNNs is mostly linked to their design
(especially compared to ANNs). Creating mechanical
systems that mimic the behavior of artificial neural
networks or biological neural system is challenging due
to the complexity of physical interactions. Once
fabricated, mechanical systems are harder to reprogram
or adapt compared to software-based ANNs.
Manufacturing complex 3D MNN structures with the
necessary precision at a micro- or nano-scale presents
considerable scalability challenges compared to ANNs
and achieving precise control over mechanical
components can be more difficult than tuning digital
parameters.

- Most common type of neural network used to create
MNNS is Feedforward neural network. Even that this is
one of the simpler type of networks (compared to the
other ANNs reviewed in this paper) combined with the
complexity of the mechanical (physical) structures that
need to be created, make it one of the preferable choices
in this case.

- Mechanical neural networks offer a unique set of
advantages. Unlike electronic computers that require
continuous power for computation, MNNs can operate
based on fundamental physical principles, potentially
leading to significantly lower energy consumption. This
inherent efficiency could be particularly advantageous in
remote or resource-constrained environments. The direct
mechanical operation also offers the potential for real-
time responsiveness to physical forces, making them
suitable for applications requiring immediate adaptation.
Furthermore, MNNs have the capability to learn and
adapt in situ, without the constant need for external
computational resources for every adjustment, allowing
for autonomous improvement over time. This ability to
develop a form of "muscle memory" could be
transformative for creating materials and structures that
become increasingly proficient at their tasks with
repeated use.

Overall, the field of mechanical neural networks is still in
its nascent stages, and many theoretical and practical hurdles
remain to be overcome before its full potential can be realized.
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Self-Diagnosing Multi-Point Thermocouple
Measurement Circuit with Decision Tree-Based
Error Correction
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Abstract — This article considers a new measurement circuit
for a multi-point thermoelectric converter (thermocouple). The
proposed circuit consists of four thermoelectrodes forming three
measuring junctions. Based on this circuit, a self-diagnostic
method for multipoint thermoelectric converters was developed.
The method utilizes the algebraic sum of thermoelectric voltages
(TEMF) in circuits formed by three thermocouple conductors.
Experimental tests were conducted using chromel-copel and
chromel-alumel thermocouples. The results showed a
temperature measurement deviation of up to 26.7% under
varying temperature gradients along the thermoelectrodes. To
address this issue, a correction model based on the decision tree
method was proposed. By processing additional data from the
multi-point thermocouple circuit using decision trees, the
temperature measurements were effectively corrected. After
correction, the average deviation was reduced to below 3.4%.

Keywords —  multipoint  thermoelectric ~ converter,
thermocouple, temperature gradient, improvement accuracy of
temperature, self-diagnosis of the thermocouple, measurement
result correction, thermocouple drift, decision tree

I. INTRODUCTION

Multipoint thermoelectric converters measure temperature
in multiple zones simultaneously. These devices find
application in hydrotreatment reactor monitoring, liquid
storage tank temperature gradient assessment, and heat
treatment furnace profiling. Three key operational challenges
exist:

e thermoelectric characteristic drift occurs during
prolonged exposure to temperature cycling;

*  measurement deviations appear in individual zones
when axial temperature gradients develop;

» field diagnostics prove difficult due to extended
service periods or inaccessible installations.

The aim of the article is experimentally evaluating a novel
measurement circuit for multipoint thermoelectric converters.
The study objectives include:

1. Comparing operational issues between conventional
and proposed measurement circuits.

2. Developing a self-diagnostic method using algebraic
summation of thermocouple TEMFs.

3. Proposing and experimentally validating an accuracy
enhancement method for multizone measurements.

This work was supported by the Ministry of Science and Higher
Education of the Russian Federation (project NeFENU-2023-0010).

Alexander L. Shestakov
Self-Validating Sensors, Systems, and Advanced
Instrumentation International Laboratory
South Ural State University
Chelyabinsk, Russia
alshestakov(@susu.ru

The article comprises seven substantive sections. (Section
II) describes the proposed measurement scheme and
corresponding equations. (Section III) presents the self-
diagnostic method for multipoint thermocouples. (Section IV)
analyzes sources of thermocouple measurement errors.
(Section V) introduces the correction model using decision
tree algorithms for thermocouple signal processing. The
experimental portion includes two key sections. (Section VI)
demonstrates the effect of temperature profiles on
measurement accuracy. (Section VII) presents the correction
results.

II. A NEW MEASUREMENT CIRCUIT OF THE MULTIPOINT
THERMOCOUPLE

The proposed measurement circuit for a multizone
thermoelectric converter (Fig. 1) consists of four
thermoelectrodes forming three measurement junctions: one
for temperature zone 1 (T1) and two for zone 2 (T2). The study
examined a converter with thermoelectrodes 1 and 3 made of
chromel, and 2 and 4 made of copel or alumel, forming type
K  (chromel-alumel) and type L (chromel-copel)
thermocouples.

® chromel copel; alumel

Fig. 1. Measuring circuit of the multipoint thermocouple

This circuit measures the following thermoelectromotive
forces:

1. Epz (T, Teoq) — TEMF corresponding to temperature
T1. Thermocouple conductors 1 and 2 (Fig. 1).

2. Eu, Esx (T Teu) — TEMFs corresponding to
temperature T2. All conductors of the thermocouple are used

(Fig. 1).

3. Ei3 Ez, E — auxiliary TEMFs for diagnostic
purposes. All conductors of the thermocouple are used

(Fig. 1).



Thermodynamic analysis of thermoelectric effects shows
that the thermoelectromotive force in electrode pair 1-2 (Fig.
1) represents the algebraic summation of individual TEMFs
across each conductor branch. For homogeneous
thermoelectrodes, this is expressed by Equation 1:
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where Teoiq is the cold junction temperature.

Parameters S; and S> denote the absolute (differential)
TEMF of materials 1 and 2 in a temperature field with unit
gradient. The absolute TEMF characterizes conductor
materials similarly to electrical resistivity or thermal
conductivity [2]. It depends on temperature, composition, and
material physicochemical state.

The TEMF in a circuit with multiple conductors equals the
algebraic sum of TEMFs in sub-circuits (Fig. 2). These sub-
circuits consist of conductor 3 paired with conductors 1 and 2,
as described by Equation (2).

zone 2

Fig. 2. Calculation TEMF of the circuits in zone 1.
EL (1,1, =E(T,,T))+ Ex(T.,T) . @

The temperature in zone 1 of the thermoelectric converter
is determined by TEMF Er; [3]. Zone 2 temperature
calculations use primary TEMFs E ;4 and E»;. Supplementary
TEMFs E;;3 and E»s; compensate for temperature gradient
effects between zones 1 and 2 (Fig. 3). Combining Equations
(1) and (2) gives:

E E
E, =E14—f E, =E, —%. A3)
zone Zi zone 1.
‘E14
F13

Fig. 3. Calculation of TEMF of the circuits in zone 2.

III. MULTIPOINT THERMOCOUPLE SELF-DIAGNOSIS
METHOD

The TEMF generated in a circuit with two dissimilar
thermocouple conductors (1 and 2) equals the algebraic sum
of EMFs from sub-circuits in zone 2 formed by a third
conductor (3) with conductors 1 and 2. Fig. 4 demonstrates
this principle in a multi-point converter measurement circuit.

w

!

>

Ei12 = E13+ E32

L

Fig. 4. Using three conductors for diagnostics.

Theoretical analysis shows this algebraic sum equals the
EMF generated by the third conductor (Equation 4). Equation
5 detects partial or complete junction failure when the equality
fails. Each measured EMF permits two diagnostic equality
variations for conductor and junction assessment.

E, _(E13 +E32) =é “4)

where E», E;3, E3> — measured TEMF values for each pair of
multipoint thermocouple wires.

1,2,3 — multipoint thermocouple conductors

&— permissible deviations according to GOST R 8.585-
2001 [4].

The diagnostic procedure involves the following steps:
1. Verification of Equation (4) compliance.

2. Identification of junction integrity. If the equality
fails, this indicates partial or complete junction failure in the
measurement circuit.

3. Analysis of individual EMF contributions to
measurement junctions.

Junction integrity violations occur when equalities are
unsatisfied. The impact of measured EMFs on junction
integrity is zone-dependent:

*  zone | junction failure affects measurements: £, E,

E3 E3q;
» first Zone 2 junction failure affects measurements:
E14 Ezy, E3y;
» second Zone 2 junction failure affects measurements:
Es, Ep3, E34.
IV. PROBLEMS WITH THE OPERATION OF A MULTIPOINT
THERMOCOUPLE
Field experience with thermocouple temperature
measurements  reveals multiple factors increasing

measurement errors [4]. Temperature gradients along
thermoelectrodes significantly affect measurement accuracy
[5]. This effect stems from thermoelectric inhomogeneity in
thermocouple wires.

Fig. 5 shows the furnace exit section (points 2-3)
contributes most to the resultant TEMF. This section
experiences the maximum temperature gradient. For
homogeneous thermoelectrodes, the total TEMF follows
Equation 1 due to constant differential TEMF throughout the
wire.
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Fig. 5. Effect of temperature gradient on the resulting TEMF.

Thermocouple materials undergo progressive degradation
during operation, particularly in high-temperature zones. This
deterioration creates thermoelectric inhomogeneity along the
thermoelectrodes. When such inhomogeneous sections occur
in regions with maximum temperature gradients, the resulting
thermoelectromotive force may deviate significantly from
nominal process temperature values [6].

This effect persists even when hot and cold junction
temperatures  remain  constant for  inhomogeneous
thermocouple materials. The maximum TEMF deviation is
observed when the thermoelectric converter is not overheated
at the junction and when the junction is locally overheated
relative to the entire thermocouple structure [7].

Junction temperature remains the primary factor
determining TEMF, temperature gradients along the
electrodes also affect measurement accuracy.

V. A CORRECTION MODEL FOR MULTIPOINT THERMOCOUPLE
BASED ON THE DECISION TREE ALGORITHM

This paper presents a novel correction model for
measurement data based on a decision tree machine learning
algorithm. The decision tree approach systematically corrects
measurement inaccuracies through pattern recognition and
data-driven correction rules. This machine learning system
offers advantages over conventional correction methods,
including adaptive learning capabilities and handling of
nonlinear relationships in thermocouple measurement
systems.

To address temperature gradient issues, we developed a
machine learning-based correction model. The model uses
two primary input datasets: measured thermoelectromotive
force (TEMF) values and calculated temperature values from
measurements (Fig. 6):

lef(T T E34’E147E24’E137E23:E) (%)

where T;*, T>*- calculated temperatures before correction in
zone 1, 2;

Esy E14 E>y Ep3 Er; Ej> — measured TEMF values for
each pair of thermocouple wires.

Threshold value for

E23<216MB | «— each data group

E12<284MB

E12<262MB E24<21MB

E34<17.6 MB

[T1:456°C] [T1=454°C]

Corrected temperature

Fig. 6. The structure of the decision tree model.

A decision tree model was implemented for measurement
data correction. Decision trees represent a machine learning
method that partitions large input datasets into smaller
homogeneous groups based on specific conditions.

The decision tree algorithm is a non-parametric supervised
learning method. It can handle systematic errors, noise,
missing data and other biases [8]. The decision tree
construction process involves five steps:

1. Feature selection, the algorithm selects either TEMF
values (E12, E24 E14, E13, E23, E34) or measured temperature
(T4, T»). At each step, it picks the TEMF or temperature that
separates the measured data into more homogeneous groups
better.

2. Data separation. The measurement data divides into
subgroups according to the selected TEMF or temperature
parameter.

3. Tree nodes creation. Each subgroup generates a tree
node representing the split result.

4. Tree formation stop. Data partitioning and subgroup
construction continues until one of the stopping conditions is
met, such as reaching a certain tree depth set by the user or
data exhaustion.

5. Evaluation and prediction. The constructed tree
classifies new measurements. Each measurement processes
through the tree from root to leaf nodes, where final corrected
temperature values are determined.

VI. EXPERIMENTAL EVALUATION OF THE TEMPERATURE
GRADIENT EFFECT ON THERMOOCUPLE PRECISION

Deviation of measured data can occur when operating both
multi-point and single thermoelectric converters. Examples of
experiments in which the measured TEMF deviation occurs
are presented on Fig 7. There, the thermocouple in zone 2 is
overheated relative to zone 1 (Fig. 7a), and when the
measurement junction in zone 1 is significantly overheated
relative to the whole structure (Fig. 7b).
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Conventional and multi-zone thermoelectric transducer
were used in the experiment. During the experiment the
following EMFs were obtain ned for the multizone
transducer: Ei, for zone 1, Eis and Ex; for zone 2, auxiliary
EMFs: Ess, Ei3, E2s. The results of the experiment on the
chromel-copel thermocouples at overheating of zone 2 show
on Fig. 8a, and for the experiment at overheating of zone 1
relative to the whole structure show on Fig. 8b. The both
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experiments were carried out with the furnace heated to 500
°C.

The experiments demonstrate thermocouples TEMF
deviation. The TEMF measurement result in zone 2 deviates
from the TEMF reference value and the deviation value
reaches 26.7% when the thermoelectric converter in zone 2 is
overheated by 50 °C or more relative to zone 1, (Fig. 8a). The
measured TEMF deviates in zone 1 and the deviation reaches
22.5%, when zone 1 is overheated by 230 °C and more
degrees relative to zone 2 (Fig. 8b).

VII. EXPERIMENTAL VERIFICATION OF THE PROPOSED

CORRECTION MODEL

Several tests were conducted to validate the proposed
decision tree-based correction method. The experiments used
multizone thermoelectric converters with chromel-alumel and
chromel-copel materials. Tests examined two overheating
conditions: in zone 2 and in zone 1.

The model was trained using experimental data collected
from 52 independent trials. Each trial incorporated
temperature measurements at six distinct points, which
allowed a comprehensive dataset for algorithm development.
The dataset was partitioned into training and testing subsets,
consisting of 290 and 23 measurement points respectively,
ensuring robust model evaluation.

Zone 1: Chromel-Alumel, 500 °C
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Fig. 9. Introduction of correction of zone 1 thermoelectric converter
readings in the event of overheating in zone 2. a - Chromel-alumel
thermocouple; b - Chromel-copel thermocouple.



Estimation of performance for the proposed decision tree-
based correction method were studied at several tests for the
multipoint thermocouples. The examined thermocouples of
chromel-alumel and chromel-copel materials were
overheating in zone 2 and overheating in zone 1 correspond.
The results for the decision tree correction model are
presented on Fig. 9 and 10.

The results of the experiment with overheating in zone 2
are presented for the chromel-alumel converter at the
temperature point of 500 °C (Fig. 9a) and for the chromel-
copel converter - at the temperature point of 300 °C (Fig. 9b).
Criteria of acceptable deviations in each case are constructed
according to GOST 8.585-2001 [4]. The results of tests on
thermoelectric converters show that there is a significant
deviation of TEMF values in zone 1 due to overheating of
zone 2. After correction of the measurements, the deviations
of the obtained results do not exceed the permissible
deviations for each type of multi-zone thermoelectric
converter.
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Fig. 10. Introduction of correction of thermoelectric transducer readings in
the event of overheating of zone 1 with relation to the whole
structure. a - Chromel-alumel thermocouple; b - Chromel-copel
thermocouple.

The decision tree method was also used to correct for
overheating in zone 1 relative to the whole structure. The
chromel-alumel experiments show a temperature point of 500
°C (Fig. 10 a) and for the chromel-copper experiment - a
temperature point of 300 °C (Fig. 10 b). The results of the
thermoelectric transducers show that there is a deviation of the
TEMF values in zone 1. However, after correction of the
measurements, the data obtained do not exceed the
permissible deviations for chromel-copel and chromel-alumel
thermocouples [5].

11

Implementation of the decision tree-based correction
algorithm demonstrated significant improvement in
measurement accuracy (Fig. 11). Post-correction analysis
revealed an average temperature deviation of less than 3,4 %
across all test cases, validating the effectiveness of the
proposed methodology.

—e— Measured data
—e— Corrected data

’
=
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Temperature deviation

20

10
Test sample data

Fig. 11. Test sample for the decision tree method

VIIL

This study presents a novel measurement circuit design for
multipoint thermocouple systems. The design enables
measurement correction through acquisition of additional
data. The developed circuit incorporates two key
improvements this machine learning-based correction model
using decision tree algorithms and a new self-diagnostic
method for junction integrity verification. Theoretical analysis
confirms that the algebraic sum of EMFs in the circuit equals
the EMF generated by the third conductor. This principle
enables detection of partial or complete junction failures when
the equality is violated. The decision tree-based correction
model was experimentally validated using chromel-copel and
chromel-alumel thermocouple materials. Results demonstrate
the model's effectiveness in temperature correction for both
zone 1 and zone 2. The average measurement error decreased
significantly from 26.7% to below 3.4%. These findings
confirm the decision tree algorithm's capability for accurate
thermocouple signal processing. Future research will explore
alternative machine learning architectures, hyperparameter
optimization, and adaptive learning techniques to further
improve the correction model, with potential applications
extending to various thermocouple types and configurations.
The proposed methodology shows significant promise for
enhancing temperature measurement accuracy across
industrial and scientific applications.

CONCLUSION
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Summary This report examines the commissioned
automated workplaces for metrological verification and
diagnostics of the CA®DIP transducers at the Kozloduy
NPP Metrology Assurance Department. A short
description of the software platform is made. The
structure, hardware components, bench operating modes
and working interfaces are described.

I.INTRODUCTION

Accuracy and reliability of measurements of
controlled technological parameters are an important
factor for safe operation of nuclear facilities, protection
of personnel health and environment. Thousands of
measurements are made every second at Kozloduy NPP.
For this purpose, more than 50,000 measurement
instruments and systems, approved for use by Kozloduy
NPP metrologists, are used. The automation of activities
is the solution to the problem of the large number of
verification checks carried out during the limited period
of the outage. Today, there are more than 12 automated
workplaces in the laboratories of the department.

IILAUTOMATED WORKPLACES

The automated workplaces have a number of
advantages compared to the traditional workplaces, such
as:

o decreased probability of error occurrence
during processing of the obtained results;
lack of operator’s errors;
large scope of the performed operations;
high productivity;
options for the development of additional
interfaces and modification of the existing
interfaces;

o reliable data archiving and its visualization

on graphic displays;

e archive data analysis;

e  possibility to modify and supplement both
software and hardware without significant
costs.

The CA®IP pressure transducers used at the
automated workplaces of the Metrology Assurance
Department  for  metrological verification and
diagnostics have been developed by the equipment
manufacturer.

Kozloduy NPP EAD
Kozloduy, Bulgaria

mglazarov@npp.bg
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I1ILAUTOMATED INSPECTION BENCH

Referring to the large-scale modernisation at the
Kozloduy NPP and replacement of more than 4400
pressure transducers (sensors), the Kozloduy NPP
Metrology Assurance Department purchased two
automated benches manufactured by OO0O"Masnometp”
plant, Kharkiv, Ukraine.

Benches are modular and consist of separate elements,
the use of which depends on the assigned tasks.

The following operations can be performed using the
bench:

- verification of the absolute error and variation of the
output signal of pressure transducers;

- verification of the influence of the maximum operating
pressure on differential pressure transducers;

- inspection and diagnostics of the pressure transducers
and their components — measuring unit and electronic
module.

Fig. 1 Automated inspection bench

The automated benches for inspection and diagnostics
of Cadip pressure transducers include the following
modules:

- installation for verification of the influence of the
maximum operating pressure on differential pressure
transducers;
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- 10 bar automatic pneumatic pressure system with all
necessary components (compressor to create the
required pressure, manifold, filter, regulator, pressure
gauge, etc.);

- [ITC"Cadip” current signal transducer, a set of cables
and automated workplace software installed in advance
on PC, as well as USB/RS232 transducer;

- DK-2 electronic commutator, a set of cables and a
connecting cable with a personal computer LPC300-
KAB-USB;

- TIIIJ-2 instrument for diagnostics and operability
check of the Cadip pressure transducers, a set of cables;
- hydraulic four-way valve manifold with quick connect
couplers for transducers;

- pneumatic four-way valve manifold with quick
connect couplers for transducers;

- LR-Cal electronic pressure calibrator, model LPC300,
together with a set of connecting cables, adapter, charger
and LPC-cal software manufactured by
Druck&Temperatur Leitenberger GmbH ;

- LPC-S external standard pressure modules for LPC300
calibrator;

- LSP-1000 hydraulic device for creating pressure (up to
1000 bar);

- LPP 60-T pneumatic device for creating pressure (up
to 60 bar);

- GW Instek GDM-8245 precise digital multimeter;

- personal computer together with a power supply unit,
keyboard, mouse, Windows 10 operating system, MS
Office and any software needed for the operation of the
automated workplace programme for metrological
verification of the pressure transducers;

- printer or MFP device for printing the records from the
metrological inspection;

- standard multi-value resistors P4831 type, enabling
measurement of the output signal from the transducers
as a voltage drop.

The main characteristics of the LPC-S external
standard pressure modules for the LPC300 calibrator are
the following:

- minus 1+10 bar;
- 0+0,25 bar;

- 0+1 bar;

- 0+2,5bar;

- 0+10 bar;

- 0+25 bar;

- 0+60 bar;

- 0+250 bar;

- 0+600 bar.

The accuracy class for all LPC-S external pressure
modules is 0.025 % of the range.

Absolute error limits when measuring constant voltage
in the 0+10 V mV range for LPC300 calibrator <£1 mV
and resolution 0,1 mV.

Absolute error limits when measuring direct current in
the 020 mA range for LPC300 calibrator < 5 pA and
resolution 0.1 pA.

-~

Fig. 2 LR-Cal reference standard electronic pressure calibrator

IV. SOFTWARE FOR AUTOMATION

During the automated inspection, the specialised
automated workplaces program for metrological
inspection of pressure transducers is used.
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Fig. 3 User menu settings

The Settings menu enables entering information for:
- Operators — name, password and access level,

- Standard data — name, type, serial number, accuracy
class and calibration data;

- Connection and adjustment of the direct current (DC)
system;

- Each of the listed submenus has an option to perform
adjustments and to add or remove records.
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Fig. 4 Sensor profile



The Sensor Profile menu enables the user to enter
information for:

-Manufacturer;

-Product range;

-Measured physical quantity;

-Model.

Unit of measurement:

-Lower measurement threshold;

-Upper measurement threshold;

-Additional information.

V. PRESSURE TRANSDUCERS VERIFICATION

According to the type and range, transducers are
installed on a pneumatic or hydraulic four-way valve
manifold with quick connect couplers. The transducers
with measurement range up to 10 kgf/cm? are inspected
with an automatic pneumatic pressure system equipped
with all necessary components (compressor for creating
pressure, manifold, filter, regulator and pressure gauge);

Fig. 5 Installation of transducers

Sensors are connected to a CA®IP direct current (DC)
signal transducer that energises them with 36 V and
measures the output signal.

Fig. 6 IITC Cadip current signal transducer

We start the automated workplaces application for the
metrological verification.

We select:

e The group profile data from the available
pressure transducer parameters that were
entered into the program.

e  Standard that we will use during the inspection.
o Number of inspection points.

We enter:
1. The data for each individual transducer:

e  Factory number;
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e Technological position;
e Date of manufacture.

2. Environmental parameters:

atmospheric pressure;
air temperature;
o relative humidity.
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We start the automated calibration procedure.

The automatic pneumatic pressure system increases the
pressure to the upper threshold of the transducers range
to inspect the air tightness of the system. When leaks are
detected, the system starts to automatically set the
pressure within the limits that correspond to 0, 25, 50,
75 and 100 % of the measurement scope. The two
thresholds (0 and 100 %) are compulsory.
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The automated workplace program performs the
following:

e Using the direct current transducer,
[TC"Cadip" simultaneously measures the
output signal for all pressure transducers;

e it calculates the measurement errors for all
pressure transducers;



e it concludes on the suitability or unsuitability
of the transducer depending on whether the
maximum measurement error is within the

permissible limits;

e it displays the results of the verification, the
errors and the conclusion (visually and in

words);
e itrecords all results in a file type (.pdf);
e it creates reporting documents for
performed inspections.
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VI. METROLOGY VERIFICATION REPORT
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O0xBaT Ha H3XOJHIA CHIHATA 0-5mA

MaKCHMAaTHO J0NYCTHMa rPetka 0,25%

JIoKyMeHT 110 KOIITO € H3BBpIeHa
npoBepKaTa:
Eranon: Kambpatop

82.M0.00.MT.371 MeTozxKka 3a METPO/IOTHYHa NPOBePKa
Ha NPeo6Pa3yBaTe/IH Ha HATAraHe
LPC-300

HaesTndHKaLHOHEH HOMep: 6002.322
Knac Ha TouHoCT 0,025
J1aTa Ha KanMOpHpaKe 25.06.2024
Crofioct Ha HataraseTo, Tpecyersamy crofistocTi a | Mamepesst croffiocnt sa
kgf/cm2 MaX.CHTHAT, MA H3X.CHTHAT, MA
Ocrosna rpenma ,
Tlosmuasas i %
1 TIOHIKABAHE | 1y oparse | Tlossprapame | Tpasxon | Obparess xoz
Ha Hanaraneto

-0,0002 -0,0003 -0,0001 -0,0001 -0,0009 -0,0017 -0,031
4,0360 4,0607 1,2613 1,2690 1,2595 1,2661 -0,057
8,0437 8,0395 25137 25123 2,5098 2,5077 -0,092
12,0647 12,0303 3,7702 3,7595 3,7660 3,7543 -0,104
16,0672 16,0709 5,0210 5,0221 5,0170 5,0183 -0,079

Pe3y/TaTi OT NpOBEPKA: MaKCHMATHA OCHOBHA rPEKa = -0,104 %

3AK/THOUYEHHUE: CH e metponoriuso FOJHO/HEIOJHO u ce/ie ce ZomycKa 3a HINO/N3BaHe

M38bpLUIMA NPOBEPKAT:

EkcnepTt meTposor AAMHUTBP MACJIEHCKH
®&ur.10 Report
VI1.CONCLUSION

The implementation of automated workplaces
enabled decrease of the subjective error factor when
assessing and processing the measurement results,
reduction of the time needed for metrological
control and timely development of the reporting
documents following the activity. Conditions have
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been created for the accumulation of data from
metrological verifications.

The automated workplaces ensure the quality
performance of the metrological control activities
regardless of the reduced times for service and
maintenance of the facilities.
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Development of Air Purification Drone
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Abstract—The paper presents the elements and their
characteristics used for developing the air purification drone.
Furthermore, conclusions on the capabilities and limitations of
the air purification drone are done, as well as the primary
challenges encountered in the course of development and
testing, along with prospective solutions and improvements that
would greatly contribute to system performance in future
designs.
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I.  INTRODUCTION (HEADING 1)

Air pollution is one of the most significant environmental
and public health challenges of the 21st century. According to
the World Health Organization, nearly 99% of the world's
population breathes air that does not meet safe pollution
standards, and it causes more than 7 million premature deaths
each year [1]. Both natural sources—such as volcanic
eruptions, wildfires, and dust storms—and anthropogenic
sources—like the burning of fossil fuels, agriculture, and
industrial processes—contribute to pollution [2]. Air quality
is especially poor in urbanized and industrial areas, where
seasonal and spatial variation renders static monitoring and
filtration systems ineffective.

Conventional air cleaning technologies are typically
stationary, depending on ambient airflow to direct
contaminated air into contact with filters. Such approaches are
inadequate in dynamic environments such as construction
sites, wildfire zones, or busy urban corridors, where
contaminants are both highly localized and transient [3].
Stationary systems are also hard to deploy quickly in response
to emergencies and are of limited utility in open or semi-open
spaces.

To overcome these drawbacks, this paper presents a
mobile air filtration system using an unmanned aerial vehicle
(UAV). The drone is fitted with a high-efficiency particulate
air (HEPA) filter and a ventilator, which enables it to actively
capture and clean airborne particles during flight. The mobile
strategy permits direct intervention in pollution hotspots and
provides responsiveness to fluctuating air quality in real time.
The project has several aims: to create and design an energy-
efficient, lightweight drone that can sustain an operational air
filtration unit; to measure its performance in relation to
conventional static filters; and to determine its potential for
use in urban, rural, and emergency environments. Recent
studies have demonstrated that the use of mobile filtering units
can decrease concentrations of PM 2.5 by as much as 20%
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978-1-6654-7799-4/25/$31.00 ©2025 IEEE

2% Dzhudzhev Bozhidar Petkov
dept. Information and Measurement
Technology
Technical University of Sofia
Sofia, Bulgaria
b.djudjev@tu-sofia.bg

3 Pandelova Antonia
dept. Information and Measurement
Technology
Technical University of Sofia
Sofia, Bulgaria
apandelova@tu-sofia.bg

within a matter of minutes in enclosed spaces [4], illustrating
the effectiveness of this method in enhancing air quality.

By combining filtration and mobility, the project proposes
a novel, scalable, and versatile solution to air-borne pollution.
It adheres to the United Nations' global sustainability
objectives, specifically SDG 3 (Good Health and Well-being)
and SDG 11 (Sustainable Cities and Communities), through
the facilitation of decentralized and fast-response air cleansing
technologies [5].

II. SYSTEM ARCHITECTURE AND CORE ELEMENTS

The portable air purification system developed for this
project revolves around a small quadcopter drone equipped
with necessary modules for airborne particulate elimination.
Every component was chosen on the basis of factors such as
weight, power consumption, modularity, and affordability, to
be appropriate for aerial use in varied environments. What
follows is a comprehensive description of each component
and its function within the system.

A. Drone Platform: GLOBAL DRONE GD95

At the center of the system is the GLOBAL DRONE
GD95, which is a light consumer-level quadcopter drone
initially designed for aerial photography. Its moderate lift and
physical design made it the perfect candidate as a filtration
drone prototype. Some of the important specifications are:

- Frame material: ABS plastic
- Motor configuration: X-shape quad layout (4
brushed DC motors)
- Maximum thrust capacity: ~320-400 g
- Max altitude: ~40 meters
- Flight duration (with payload): 15-20 minutes
- Battery type: 3.7V, 2000mAh Li-ion rechargeable
battery
Control range: ~100 meters
Although it had a limited payload capacity and lacked
GPS/autonomous navigation, the GD95 served as a stable
testbed for early experimentation, especially in indoor and
low-wind environments. Weight balancing was done with
cable ties and sticky strips, enabling rapid prototyping and
field modification.



attached alongside the fan's exhaust trajectory with adhesive
and cable ties, creating a portable active filtration system.

- Filtration efficiency: 99.97% @ =0.3 um
- Weight: ~30 g
- Resistance to airflow: Moderate
Later models are planned to feature white filters, enabling
visual observation of particulate accumulation, and modular
cartridges for simple replacement or upgrade with activated
carbon or UV-C sterilization modules.

Fig. 1. Global Drone GD95

B. Ventilation Unit: SUNON PMD2406PTVI1-AU Fan

In order to generate directed airflow through the HEPA
filter, the system employs a SUNON PMD2406PTV1-AU
axial fan, a small but powerful DC ventilator widely applied
in industrial and electronics cooling:

- Operating voltage: 24V DC (tested at 12V for power
and weight optimization)

- Current draw: ~160mA at 24V Fig. 3. HEPA Filter

- Airflow capacity: A maximum of 20 L/min (at full
voltage) D. Power System: Dual Battery Architecture

- Noise level: ~45-55 dB In order to operate power requirements separately for
Weight: ~60-70 g flight and filtration, they adopted a dual battery system.

Though the fan was nominally rated for 24V, the fan
operated acceptably at 12V provided by an auxiliary battery at
decreased—but adequate—airflow. Installed at the drone's
front, it actively drew ambient air through the filtration
apparatus without degrading flight dynamics when properly
balanced.

Main Flight Battery
- Type: Li-ion rechargeable
- Voltage: 3.7V
- Capacity: 1800mAh (~6.67 Wh)
- Discharge rate: 5-10C
- Function: Powers all motors and core drone systems
- Auxiliary Fan Battery

PMD2406PTV1-AU.GN

D@ 0C24v 5

Mnxw oL

182218C3v4

&=
. *‘UEm c*“"

Fig. 2. SUNON PMD2406PTV1-AU Fan

C. Filtration Module: Standard Black HEPA Filter

Filtration was accomplished with a typical black HEPA
(High-Efficiency Particulate Air) filter, which can trap
99.97% of particles =0.3 um in diameter [6]. The module was Energizer A23 alkaline battery

- Voltage: 12V

Fig. 4. Flight Battery
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- Capacity: 55mAh
- Runtime (with fan load): ~4—6 minutes
- Function: Operates ventilation system alone

Fig. 5. Energizer A23 alkaline battery

This isolation guaranteed that the operation of fans would
not disrupt the drone's primary flight systems, increasing
operational stability and safety [7].

E. Sensor Unit: SDS011 PM Sensor (For External Use
Only)

While not onboard mounted because of weight constraints,
the system employs the Nova SDS011 PM sensor in
experimental configurations to track PM2.5 and PM10 levels.
The sensor is interfaced with a nearby laptop over USB and
takes real-time readings of air quality, represented using a
Python-based GUI:

- Detection range: 0.3 — 10 um

- PMaccuracy: +15%

- Sampling time: 1-3 seconds

- Weight: ~100 g (too heavy for the drone's lift
capability)

Fig. 6. SDSO011 PM Sensor

The drone is flown manually close to the sensor during
experiments, and the variation in particle concentration is
measured and analyzed [8].
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F. Auxiliary Components and Mounting Solutions

In order to build and stabilize the system, the following
components were incorporated:

- Wiring and switches: Utilized for power routing and
fan control

- On/off toggle: Manual activation of the ventilator

- Cable ties and double-sided tape: Attached parts
without damaging the structure

- Protective ring: Propeller protection standard for
drones Every attachment was tested for weight,
resistance to vibration, and simplicity of mounting.
Low-cost, modular design was given priority to
ensure replicability and fieldworthiness.

III.

The success of the drone-based filtration system is not just
in the choice of effective components but also in the manner
they are assembled, integrated, and coordinated in use. In this
chapter, the physical assembly of the system, the rationale for
integration, and the procedure used in operation during testing
are described. Modularity, power segregation, and special
adaptations necessary to achieve stable and safe drone
operation while conducting real-time air purification are
highlighted.

SYSTEM ASSEMBLY AND OPERATIONAL WORKFLOW

A. Component Integration and Mounting

The assembly starts by transforming the base GLOBAL
DRONE GD?95 into a modular filtration module. Due to the
restricted payload capacity (~250 g), components were placed
strategically over the frame for a balanced center of gravity
and minimal aerodynamic disturbance.

The SUNON PMD2406PTVI1-AU ventilator was
mounted at the front using cable ties and adhesive. This
ensured maximum exposure to ambient air and a clean path
for airflow.

The HEPA filter was placed beside the exhaust outlet of
the fan with the aid of light plastic holders. The snug fit
guaranteed that air sucked in would go straight through the
filter, guaranteeing particle collection.

A 12V Energizer A23 battery and a small on/off switch
were also mounted on the top side of the frame. These
supplied power to the ventilator independent of the drone's
flight system.

Cables were routed through small clips and tied beneath
the drone’s arms, ensuring no interference with propeller
motion.

The flight battery (3.7V 2000mAh Li-ion) was kept in its
original housing.

This gave us a completely modular design in which every
component could be removed and replaced in a matter of
minutes, enabling field repairs, upgrades, or experimental
modifications.
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Fig. 7. Complete assembly of the Air filtering drone

B. Control System and Sensor Interfacing

In contrast to more sophisticated UAVs, the GD95 lacks
onboard computational capability or sensor interfacing. Due
to this, air quality sampling was carried out externally, where
the SDS011 PM sensor was positioned in a stationary position,
connected by USB to a laptop where a Python-based script
was being executed.

The Python script does the following:

- Initiates the USB serial communication with the
SDSO011 sensor
- Reads PM2.5 and PMI10 readings at 1-second
intervals
- Plots live measurements on a graph using matplotlib
- Incorporates a 3-minute measurement period to
normalize test times
This arrangement provides controlled test conditions, with
the drone flown towards the sensor in different patterns (e.g.,
linear, circular, vertical) to measure how efficiently the filter
system lowers particulate concentrations over time [9].

Using this configuration allowed for:

- Measurement of pollution concentration changes
during drone proximity
- A repeatable methodology across multiple test
scenarios
- Comparisons of the performance between tests
with/without ventilator on
Python was selected over Arduino due to the USB
interface of the sensor, the requirement for graphical output of
data, and the reality that Arduino integration would have
introduced complexity and weight without benefit [10].

C. Experimental Protocol

In order to examine the filtration system, seven
experimental trials were crafted. All of them involved
introducing controlled pollution (e.g., through the use of
incense smoke) and measuring the changes in air quality as the
drone was activated.

Each test adhered to the following general protocol:

- Sensor setup and baseline measurement of air
quality (usually PM2.5 and PM10 under clean room
conditions).
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- Introduction of pollutions (e.g., lighting a small
incense stick close to the sensor).

- Deployment of drones after delay or immediate
approach, as per the test version.

- Real-time plotting of PM concentration for a steady
period (3 minutes).

- Data logging and averaging across five trials for
each experiment to reduce noise.

The drone was operated manually with its 2.4 GHz remote
control at all times, and the ventilator was turned on with the
physical switch. In a few instances, the ventilator was kept off
in order to examine the effect of airflow created by drone
motion alone.

D. Observed Workflow Limitations

During testing, several limitations emerged:

- The short flight time of the drone (~10 minutes)
under payload rendered long-duration testing
impossible.

- The ventilator auxiliary battery life (~4—6 minutes)
placed time constraints and necessitated quick setup
and performance.

External environmental factors such as airflow turbulence
or slight sensor misplacement could lead to data variability.
Because the sensor was stationary, tests did not represent
onboard sensing—a compromise required by the low payload
tolerance of the drone. In spite of these constraints, all
configurations unequivocally proved the system's potential to
decrease local PM concentrations in quantifiable manners.
Controlled test flights affirmed up to 20-30% decrease in
PM2.5 concentration within 2-3 minutes of arborial drone
activity, based on the type of experiment [11].

IV. CONCLUSIONS

While the drone-based air purification system showed
evident functionality in controlled testing, it is necessary to
acknowledge its present limitations and points of
optimization. These involve weight, energy, filter design, and
reliability of operation concerns—all of which affect the
system's feasibility in real-world use.

A. Payload and Power Constraints

One of the main limitations of the present platform is the
low payload capacity of the GLOBAL DRONE GD95. The
plastic frame, along with coreless motors, sustains a maximum
added payload of approximately 200250 g prior to the onset
of flight instability. Consequently, the system is not able to
carry more massive or additional modules, such as onboard
sensors, cameras, or higher capacity batteries.

Likewise, power segregation between flight and filtration
systems causes coordination issues. The 2000mAh lithium-
ion battery enables flight for about 10 minutes under load,
whereas the 12V Energizer A23 battery for the ventilator only
lasts 4-6 minutes. In a more integrated design, a central power
management system—or a higher capacity lithium-polymer
(Li-Po) battery—could drive both the motors and the
ventilator, if voltage regulators are implemented to align load
demands [12].

B. B) Ventilator and Filter Efficiency

The chosen SUNON PMD2406PTVI1-AU fan, while
small, operates below its optimum capacity since it is powered
by a 12V battery as opposed to its rated 24V. This diminishes



airflow and filtration capacity, restricting how fast
contaminated air can be purified throughout drone flybys.

Also, the HEPA filter utilized in the system is a standard
and black filter, which makes it hard to judge visually
contamination. It would be better if this was replaced with a
white or translucent filter so that operators can more easily
monitor pollution accumulation. The filter is also secured in
position with tape, which makes replacement in the field
troublesome. A clip-in cartridge system would enable
maintenance to be quicker and minimize operator error on
assembly [13].

C. Sensor and Control System Constraints

The SDSO11 sensor was operated offboard because of
weight constraints and USB-only connectivity. Although this
allowed testing to proceed successfully, it constrains the drone
from being able to fly autonomously or change its flight path
according to real-time air quality feedback.

A more long-term solution would be the incorporation of
lighter, serial-output PM sensors (e.g., PMS7003) directly on
the drone, along with a microcontroller like an ESP32 or
Arduino Nano, which would enable wireless communication
and rudimentary onboard data logging or decision-making.

This would also pave the way for using feedback-
controlled autonomous routing, where the drone can target
areas of pollution hotspots based on GPS or real-time AQI
feedback.

D. Structural and Mechanical Enhancements

The GD95 frame is not set up for modular attachments, so
adhesives, tape, and cable ties were used. Though useful, they
are less than ideal for long-term durability or reuse of
components. A future iteration of the drone might use:

- 3D-printed filter and fan mounts
- Shock-absorbing landing gear
- Carbon-fiber propellers or reinforced arms for better
lift and less vibration
These upgrades would enhance the mechanical robustness
and reproducibility of test results, particularly for outdoor or
field use.

E. Possible Real-World Applications and Scalability
Despite these limitations, the system holds significant
promise for real-world deployment in areas with:

- Limited infrastructure (e.g., disaster zones, remote
rural areas)
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- Rapid temporal change in the level of pollution (e.g.,
urban rush hour, wildfire areas)

Small but urgent requirements (e.g., spot filtration in
schools, hospitals, refugee camps) To realize these use cases,
the system needs to be more miniaturized, independent, and
self-managing, with increased flight duration and increased
filtration capability. Future versions should also look into the
deployment of drone swarms, where several units operate in
parallel, either manually synchronized or as part of a swarm-
based routing algorithm. The platform also holds promise
outside of civilian uses, such as in military, industrial, and
humanitarian situations, where air quality intervention is
required nimbly and without extensive infrastructure.
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Abstract—The system of parameter identification of simplified
digital models of objects with distributed parameters for digital
adaptive controllers is proposed. The methods of realization of
models and regulators with controllable tuning parameters are used
for distributed software control. Formulas linking the optimal
settings of the regulators to the settings of the object models and the
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I.  INTRODUCTION (HEADING 1)

Identification, approximation, interpolation, extrapolation,
modeling in digital control systems of the central control
system — a set of methods for constructing mathematical
models of a dynamic system based on observational data.
value

Problem Statement. For distributed software control it is
necessary to use methods of implementation of substitution
models of objects with distributed parameters and regulators
with controlled tuning parameters. Therefore, a system of
parameter identification of simplified digital models of
objects with distributed parameters for digital adaptive
controllers is needed.

Il.  ANALYSIS OF RECENT STUDIES

Many thermal, mechanical, and transportation facilities with
distributed parameters (DPFs) can be described by linear
systems of partial differential equations and lagged partial
differential equations (PDEs) [1 - 8].

For example, by heat conduction equations, Fourier mass-
conduction equations or Thompson cable equation, which

979-8-3503-3810-2/23/$31.00 ©2025 IEEE

can characterize the signal propagation speed in railroad track
circuits, long electric RC - circuits, thermal and mechanical
systems (e.g., trains [9]). For a multidimensional analog
model of the object with distributed parameters (ODP), it has
the following form [1-7]:
Ze e O

TS ISRCS = 0(x D), (@)

X 6y2 Oxz

D

o))

where 0<t<tmax, -®0<x,y,z<tw, x,y, z — coordinates for the
node points of the mesh RC-model of the object, and for the
one-dimensional model

RCZ = ¢(x,t) 0tstnes, -0XSH0. ()

Il.  MAINPART

In [9], the problem of developing fast noise-protected
control loops (CLs) for moving objects taking into account
distributed mass and the presence of wave-like processes in
the propagation of signals and forces along the length of the
train is substantiated. The following statement is formulated.

If the controlled ODP contains irrational links in the
transfer function, then the controller having proportional, half
differential, half integral, half inertial and other irrational links
in its structure can optimize the transient process in the closed
CHP unit.

The variant of the ODP numerical difference model
corresponding to equation (9) has the following form [8]:
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number of modeling tact.

, m-number of the model node, n-
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The heat and mass transfer equations (1), (2) describe the so-
called damped links (or half delayed, half inertial, half
integral, etc.). The transfer functions of the models of such
links may contain operators of the following form [3, 4, 5, 9]:

W, (x,5)= Koexp(-xvs),
W, (6.5)=Ko(3), W, (x8)=Ko(WRCs) ;
W) =Ko (1+335) " o) =Ko (14xv5) "

W, Cos)=Ko5, Wi () = —2
X,5)= S, X,5)= ;
o 0 o (1+VRCs)
__Ko
VV()(X»S)_ (1+X\/—S)! (4)
where s — Laplace operator, x — dimensionless relative
coordinate (for one-dimensional problem) of the node point
of the grid RC-model of the object.
In [9] there is a comparison between two object models: an
object with transfer function Woa(X,s), consisting of a series-
connected semi-exponential link with transfer function

W, (x,5)= kgexp(-xV/s) (4) and aperiodic link W(,(x,s)=b]—1
05+
[3], [4]

kope™ Vs
bos+1

Woi1(x,s) =Wy (x,s) Wy (x,s) =
®)
and object with transfer function Woo(x,s), cconsisting of
series-connected links with a pure lag [2] W,(x,s) =
ky(x)e ~T*)s and a similar aperiodic link of the form

koe—r(x,s)s
Wozo(x,8) = Wy (x, )Wy (x,s) = Tl
oSs+1
ko ko
= -, 6
[bos+1][E&s 1)l [Tis+1]! ©)

The equality condition [9] of transfer functions Woi(x,s)=
Woz(x,s) is satisfied if
t(x,s)= % @)

The original expression (7) according to [5] is defined by the
formula

r(x,t)=% (8)
Thus, the link with irrational transfer function (semi-
exponential link) can be replaced by a link with equivalent
delay.
The lag value z(x,2) B (8) in (8) is a variable function of time
t and spatial coordinate x ODP
To determine the value of the equivalent delay, the
corresponding (6) differential equation of the object is
considered in [9]

s b WD (50 +V7 (x0= Kopolt-t(x)]  (9)

from which the lag value t(x, t) € (0, t) is determined by the
inequality

0 < r=r(vn)=—, (10)
The magnitude of the equivalent lag z(x) is determined in [9]
from equation (9) at time r=—

%.
Table 1 shows the values of the equivalent lag z(x) of the
t=7(x) object determined from formula (10) by the formula
1
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£ = o) [rCx 0] =) (1)

Table 1. The values of the equivalent delay z(x) of the
object determined on the x coordinate by the formula (21)
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In general, the ODP models in [9] are represented by an
example of two kinds of mechanical conveyors (Fig.1):

- with length 1(v2) varying with velocity v2 according to the
law (8) depending on coordinate x and delay time t(x,t)
(upper conveyor belt);

- with constant length corresponding to constant equivalent
delay t(x) (lower conveyor). Linear velocities of both
conveyor belts are the same and equal to v1.
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Fig. 1. Mechanical ODP models in the form of conveyors
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The time dependences of the upper conveyor length change
correspond to (8). Thus, the variable lag time of ODP is
modeled by decreasing the length of the upper conveyor. At
the same time, the angular velocities of rotation of both
conveyors are the same. At the time defined by (11), the
variable lag of the upper conveyor is equal to the constant
equivalent lag z(x) of the lower one. Thus, the movable
objects (MO) model described by partial derivative equations
was replaced in [9] by an ordinary differential equation with
an equivalent constant (for a given relative coordinate x)
delay 7(x). This allowed, on the one hand, to simplify the
mathematical models of ODPs (to replace the grid model of
ODPs of high dimensionality with a model with equivalent
delay), and, on the other hand, to apply to the synthesis of
adapative regulators for ODP models with equivalent delay
t(x) . the known [9-12] analytical synthesis methods
developed for objects with constant delay time to the
synthesis of adapative regulators for ODP models with
equivalent delay z(x).

In [9] the stability of control loops (CL) is considered with
similar facilities. In the dynamics of a closed control loop CL
with a transfer function of the form

4 (g =s),

@)= Resd (4, )a-q) =5 (12)
containing a regulator having in its structure proportional,
differential, integral, inertial and other links with operators s,
and an ODP having in its structure proportional, semi-
differential, semi integral, semi inertial and other irrational
links with operators g = /s (4).

Parameters of such e change in time, for example,
temperature and properties of cured rubber-technical product
[7], train length, distribution of train mass along its length [9],
etc. Moving objects (MO) of high-speed rail transportation
are complex objects functioning under the influence of



disturbances of variable intensity. Therefore, control loops
(CL) with such objects should be characterized by simplicity
of realization and high dynamic characteristics.
Determination of forces arising in distributed MOs at
transient modes of motion is important for designing effective
control loops. Transient modes include starting and braking
of trains, movement through longitudinal profile fractures,
movement during traction force changes, etc. In these modes,
due to the necessity of MO speed growth [9,12], it is
necessary to take into account the forces arising between the
cars, restrictions on their maximum (modulo) values [9-12],
and on the speed of transient processes. Manual control is
unacceptable here because of  the limited
psychophysiological reactions of the drivers, as it takes less
than 10 ms to evaluate the situations and make a decision to
develop new controls. In [9] the method of synthesis of
adaptive proportional-half-integral PI controller is proposed
and the method of synthesis of digital noise-protected
adaptive proportional-half-integral analog PI controller is
used [9-13] for a closed control loop containing an adaptive
filter with time constant varying to the optimal ratio useful
signal / interference and ODP.

Ha Fig. 2 the scheme of the proposed system of index
identification of parameters (Kj, Ti, i) of the equivalent
substitution model is presented ODP.
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Fig.2 Proposed system of index identification of pafamaﬂers
(Kj, Ti, i) of the equivalent substitution model ODP

If in a closed control loop the object model is described by a
transfer function Kj, Ti, i

S :41-;.

1

(Tis+l) (13)

then the expression for the optimal value of the maximum
degree of stability is found in [13]

|
" T(i+1) (1 4)

and allow to obtain expressions for optimal settings of a
continuous PID controller with transfer function
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Discrete transfer function of PID controller (15) at °~ 1
with independent settings in the form of Z-transformation has

the form:
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and its corresponding difference equation is of the following
form:

KT K,

u[nT]=uf(n-DT]+(K, +T+7)e[nT]—

2
(K, +

Kayern—nT1+ Keepn—
7 el -DT]+="el(n-2)T]. (20)

IV, RESULTS AND THEIR DISCUSSION

A system for identifying parameters of simplified ODP
numerical models for digital adaptive controllers is proposed.

The difference model of the ODP (train), reflecting the
real processes in the train, is justified, since the delay inside
the train, which must be taken into account, depends not only
on the point (coordinate) defining the process of formation
and transmission of control signals, but also on time. In
addition, the model takes into account the propagation of the
oscillation wave to both ends of the train, which can be
reflected by the sequential connection of elastic elements
instead of rigid ones..

The conditions under which the MO model containing an
aperiodic link and a link with an irrational transfer function
can be replaced by a model with an equivalent transfer
coefficient Kj and a constant (for given indices i and j) delay
7i=z(X) using the index identification model are proved. This
will allow, on the one hand, to simplify the mathematical
models of MO (to replace the discrete grid model of high
dimensionality by a single equation), and on the other hand,
to apply to the synthesis of regulators for ODP the known
analytical methods developed for objects with constant lag
time.

The methods of model realization and regulators with
controllable tuning parameters are used to control distributed
MOs. Formulas linking the optimal settings of regulators with
the settings of object models and adaptive filter are given.

The studies have shown that the proposed identification
system determined the parameters of the simplified model
with high accuracy ODP: Kj=Ko0=0.8, Ti=Ti=4.
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Device for Rapid Testing of Lithium-Ion Batteries
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Abstract— A device is presented for rapid testing,
evaluation, and grouping-based qualification of “good” and
“weak” cells of various types of lithium-ion batteries. The types
of essential qualification tests required for identifying “weak”
cells are listed. For the purpose of testing the device, rapid
qualification tests were conducted to measure the internal
resistance R;, and assess the functionality (State of Health, SOH)
of prismatic LFP cells. The graphical (visual) identification of
“weak” cells is carried out using the LabVIEW graphical
program and the U3 test board for data acquisition by LabJack.
In addition to rapid qualification testing, the device can visually
determine the remaining capacity, operating range, and state of
charge (SOC) of the cell or lithium-ion battery pack by
graphically plotting the charge/discharge curve.

Keywords— Internal Resistance (Rin), State of Health (SOH),
State of Life (SOL), State of Charge (SOC), Open Circuit Voltage
(ocy)

I.  INTRODUCTION (HEADING 1)

The lithium-ion battery packs assembled in electric
vehicles (EVs) have a long service life — more than § years.
However, the time is approaching when the parameters of
many of these batteries will no longer meet the operational
requirements of EVs and will need to be replaced with new
ones. The worn-out battery packs are subject to recycling or
disposal.

From an economic standpoint, it is reasonable to reuse
some of the functioning cells from old, worn-out battery packs
for other applications — for example, for assembling packs to
power small electric vehicles or for energy storage in
autonomous photovoltaic systems (renewable energy
installations).

To do this, rapid qualification tests of the worn-out cells
must be conducted in order to determine their suitability for a
specific application. A single worn-out lithium-ion battery
pack from an EV with a high-voltage architecture (400V—
1000V) contains hundreds of cells [7], many of which are still
suitable for other uses.

Economically, it makes sense to group and qualify these
cells by similar characteristics for defined applications, and
only the ones that are unfit for reuse should be disposed of.
Therefore, it is necessary to develop a specialized device for
rapid identification of the “functioning” cells through
qualification testing, using graphical programs such as
LabVIEW and LabJack.
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II.  TYPES OF BASIC QUALIFICATION TESTS

A. Load Testing

This test is performed to verify whether the cell can deliver
the required power when needed. The load typically
represents expected usage conditions under which the cell
may operate. It may be a constant or a pulsed load at higher
current or power values. Low-power testing is usually done
with resistive loads. For testing very high-power outputs with
variable loads, other techniques may be used [2].

A cell may demonstrate a higher capacity during
intermittent discharging compared to continuous discharging.
This is because the cell can recover during idle periods
between heavy bursts of current demand. Therefore, testing a
battery’s capacity using constant high-current discharge may
not accurately reflect the capacity achievable under the actual
application profile. These profiles may involve simple pulsed
loads or more complex high-power load patterns.

B. Functionality Testing

This test checks whether the cell continues to perform as
required after being used in its designated application.

There are no simple direct measurements—such as placing
a voltmeter across the terminals—that can reliably determine
battery condition. A voltmeter reading may give some
indication of the state of charge (albeit with a large margin of
error), but it cannot determine how well the battery will
deliver current when demanded.

The relaxation rate of the cell can quickly provide insight
into its state of functionality (SOH).

C. Internal Resistance (Rin) Determination

A “weak” cell always has higher internal resistance and
lower capacity. To identify such a cell within a battery pack,
the actual internal resistance must be measured. However, this
cannot be done using a simple ohmmeter, since the current
generated by the cell itself interferes with the measurement.

For large cells, an electrical method [1] is used to
determine Rin. First, the Open Circuit Voltage (OCV) of the
cell is measured. Then, a load is connected across the cell,
causing a current to flow. This current results in a voltage drop
due to the internal resistance (IR drop). The cell’s voltage is
then measured again while the current is flowing.

The internal resistance is calculated using Ohm’s Law,
based on the difference between the two voltage
measurements and the measured current.



D. Open Circuit Voltage (OCV)

The open-circuit voltage of a cell is not a reliable indicator
of its ability to deliver current. As the cell ages, its internal
resistance increases, which reduces its ability to accept and
retain charge. However, the OCV may still appear normal
despite the reduced capacity.

Comparing the actual internal resistance to that of a new
cell reveals any degradation in functionality.

E. Additional Qualification Tests

In addition to the above, other tests are needed, such as:
Determining the state of charge (SOC), Cell balancing and
other tests required for assembling the viable cells into packs
for specific applications [3,4].

These are key characteristics that must be monitored and
managed by the Battery Management System (BMS) and are
not the subject of the current study.

I1I.

The main objective of this work is to develop and study a
device for rapid testing, evaluation, and group-based
qualification of “functioning” cells from various types of
worn-out lithium-ion battery packs. The device should
perform qualification tests to measure internal resistance
(Rin), load response, and functionality of prismatic LFP cells,
in order to visually identify “weak” cells through the use of
the graphical programming environment LabVIEW and the
U3 data acquisition board from LabJack [5,6].

OBIJECTIVE OF THE WORK

In addition to the aforementioned qualification tests, the
device should also be capable of determining the remaining
capacity and the operating range (SOC) of the cell by
graphically plotting the charge/discharge curve.

IV. DEVELOPMENT OF A CONCEPTUAL DIAGRAM FOR A
LiTHIUM-ION BATTERY TESTING DEVICE

A "weak" cell always has higher internal resistance and
lower capacity. To identify a weak cell with elevated internal
resistance, the actual internal resistance of the cells within the
battery pack must be measured. Internal resistance can be
determined using a pulse current test [1].

This method involves performing a series of internal
resistance measurements on lithium-ion cells. During the test,
a pulse current of 1.5C is applied, where C is the nominal
capacity of the cell, for a duration of 2 seconds. A 2-second
pulse is long enough to allow the cell voltage to relax and
stabilize, yet short enough to have a negligible impact on the
state of charge (SOC).

The downside of the method is that it is labor-intensive,
slow, and the analog pulses are displayed on an oscilloscope
with significant external noise [1].

These disadvantages are avoided in the proposed device
by digitizing the measured quantities and pulses using the
graphical programs LabVIEW and LabJack [5].
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Fig. 1. Block Diagram of a Device for Graphical Measurement of
Battery-Cell Internal Resistance

Description of the Elements:

Switch Manually controls the connection and
disconnection of the tested cell to the load circuit.

Resistor (Shunt Element) — Used to measure the voltage
drop and determine the current.

Digital Meter DC 100V/200A Displays the
instantaneous values of voltage and current during the test.

U3 Board — Test board from LabJack, used for control and
data acquisition.

Timer Relay — Defines the duration of the current pulse at
1.5C (e.g., 150 A for 2 seconds).

Hall Sensor — Measures the current waveform passing
through the load resistor Rc.

Rc (Load Resistor) — Dissipates the energy of the current
pulse and allows measurement of voltage and current.

Figure 1 shows the block diagram of the device, where the
lithium cell is modeled as a voltage source with a small series
resistance. A current pulse of 1.5C is converted to a much
lower current level passing through a small Shunt Resistor.
The voltage across the Shunt Resistor and the voltage of the
cell are measured using the graphical programs LabVIEW and
LabJack via the U3 data acquisition hardware, and displayed
on the PC monitor. Using LabVIEW, equations (1) and (2) are
applied to determine the internal resistance Rin:



Vcurrent/Rc

1 .
o0 = ratio = - (1)
Rin = 2% 1 = 1504 ©)

I ’

According to this scheme, a fully charged cell is connected
to the load resistor Rc and the internal resistance measuring
device, as shown in the diagram in Figure 1. For example, for
prismatic LFP (LiFePOs) cells with a capacity of 100 Ah,
pressing a switch activates a relay timer, causing a current
pulse of 150 A to flow through the load resistor Rc and the
tested cell for 2 seconds.

A Hall sensor sends the voltage of the current pulse to the
LabJack U3 testing board within the LabVIEW graphical
program, while the cell voltage at open-circuit voltage (OCV)
is also input there. The digital voltage signals from the U3
board are sent to the PC, where the internal resistance Rin is
calculated using the LabVIEW program according to the
algorithm based on formulas (1) and (2).

The internal resistance Rin can be displayed on the PC
monitor or on a digital indicator. The measurements use a
graphical user interface (GUI) based on LabVIEW and the
LabJack U3 testing board. The voltage and current pulse
waveforms can be graphically displayed on the computer
monitor for evaluating the state of health (SOH) and state of
life (SOL) of the cell and for identifying the “functioning”
cells.

Fig. 2. Photo of the lithium-ion battery cell testing device

The device can operate independently or be integrated as
a subsystem into a battery testing stand in laboratory
conditions. The device for measuring internal resistance,
determining functionality (SOH), and state of life (SOL) of the
cell can be applied to all types and sizes of lithium-ion cells.

V. DEVELOPING AND TESTING OF THE LITHIUM-ION
BATTERY TESTING DEVICE

Figure 2 shows a photo of the device for testing and
evaluating the internal resistance (impedance) Rin of two
LiFePO4 / 100Ah cells. The determination of Rin uses
equations (1) and (2) and the schematic in Figure 1. For

comparative analysis of the two cells, the internal resistance
Rin can be displayed graphically or directly in milliohms
(m€Q) on the PC monitor.

Figure 3 presents the output data used to calculate the
internal resistance Rin. It shows the voltage response of two
LFP cells under the application of short load pulses with a
current of 1.5C. On the Y-axis the voltage is plotted, while on
the X-axis the measurement time is shown. Although the
graph displays voltage versus time, these pulses are what
make it possible to characterize the internal resistance values
of the cells. The method for determining Rin is based on
measuring the instantaneous voltage drop (AUcell) at a known
current (I) and calculating the internal resistance using Ohm’s
law through formula (2)

Figure 3 graphically shows the internal resistance pulses
of the two tested prismatic LiFePO4 cells. The first cell (red
line) has a higher internal resistance—65 mQ—as well as
more uneven and slower relaxation to a stable state (load test).
It also has a higher open-circuit voltage (OCV), therefore it is
a “weak” cell.
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Fig. 3. Internal resistance pulses of two LiFePO4 cells

The second cell (black line) has an internal resistance of
45 mQ, which is closer to the previously recorded internal
resistance of a new cell—39 mQ—and it immediately
transitions to a stable state after loading. Therefore, this cell is
still “fit” to perform its functions.

Probably, the cells with higher internal resistance were not
well balanced during operation, have reduced capacity, and
may self-discharge.

Using this method, “weak™ and “fit” cells from a worn
lithium-ion battery pack can be quickly identified. After
further qualification tests, the cells are grouped by similar



characteristics for specific applications, for example,
photovoltaic systems or light vehicles with low-voltage
architecture [7].

Figure 4 shows the discharge curve of a lithium-ion battery
pack of the LFP type with a low-voltage architecture. It
consists of 32 prismatic cells with the electrochemical formula
LiFePO4, a nominal open-circuit voltage (OCV) of 96V, and
a capacity of 100 Ah.

The fully charged LFP battery pack is subjected to
continuous discharge with a current [=0.25CI \approx
0.25CI=0.25C depending on the state of charge (SOC), where
CCC is the capacity of the battery pack — in this case
approximately [=20A1 = 20AI=20A.
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Fig. 4. Discharge curve of a LiFePO4 battery pack
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The visualization allows determining the working voltage
range of the battery’s open-circuit voltage (OCV), which is
necessary for subsequent functional tests. The small slope of
the working range is visible, and it should be between 10%
and 90% SOC for this LiFePO4 battery pack.

VI. CONCLUSIONS

A device has been developed to perform rapid
qualification tests for determining the internal resistance
(Rin), load testing, and functionality of lithium-ion cells with
the purpose of graphically (visually) identifying “weak” and
“good” cells.

The types of main qualification tests that can be conducted
with the device are presented, which are necessary to
determine the “weak” and “good” cells in lithium-ion battery
packs.

The device can also be used for visual determination of the
remaining capacity and the working range of the state of
charge (SOC), both for individual cells and for packs of
different types of lithium-ion batteries intended for specific
applications, by graphically plotting the charge/discharge
curve.
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AUTOMATED WORKPLACE FOR
METROLOGICAL VERIFICATION OF
RESISTANCE THERMOMETERS
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Abstract - The verification of resistance thermometers
(RTDs) is a process that requires considerable time and short-
term temperature stability during measurements at specific
temperature points. In most laboratories, the verification
process is not automated, which necessitates the presence of a
specialist during the procedure as well as for the subsequent
calculation of measurement error. This article presents a new
automated workplace for the metrological verification of
RTDs. The workplace enables the entire verification process,
within a range from minus 20 °C to 650 °C, to be controlled by
a computer after setting the verification parameters.

The automated workplace can reduce the risk of human
error and deliver real-time data for analysis and reporting. It
also offers a solution to the challenge posed by the large
number of RTDs.

Keywords - Verification/Metrology/ Automated Measurement
and Automated workplace / Software for Process Automation.

l. INTRODUCTION

Accuracy and stability are key characteristics of any
measurement process, especially in temperature control. At
Kozloduy Nuclear Power Plant (NPP), hundreds of
resistance thermometers (RTDs) are used due to their high
precision and stability across a wide temperature range. The
operating principle of RTDs is based on the change in
electrical resistance of the sensing element depending on the
variation in the measured temperature. Some types of RTDs
used at Kozloduy NPP are shown in fig. 1.

In the “Temperature Measurements” laboratory at
Kozloduy NPP, metrological verification is performed on
RTDs - platinum, copper, and nickel types.

To improve efficiency, a computer-controlled data
acquisition workplace has been developed that automates
the verification process fig. 2. This report presents the
automated workplace and the results of its application in
verifying RTDs within a temperature range from minus
20 °C to 650 °C.

Fig. 1 Different types of RTDs
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Il. DESCRIPTION OF THE AUTOMATED

WORKPLACE

The automated workplace for verifying RTDs in the
laboratory uses a comparative method - it compares the
temperature measured by a reference thermometer with the
temperature measured by the resistance thermometer under
verification.

I m;‘:&\;n ‘

Fig. 2. Automated workplace for the metrological verification of RTDs
The automated workplace includes:

e A digital multimeter with > 4.5 digits for resistance
measurement;

A Dewar vessel or zero thermostat with stability of
+0.01 °C;

Liquid thermostats with an operating range from
minus 30 °C to 250 °C and stability from +0.025 °C
to +£0.05 °C;

Furnaces with an operating range from 30 °C to
650 °C and stability from +0.03 °C to +0.25 °C;

A reference thermometer;

A personal computer running LabVIEW;

A scanner for channel switching.

The workplace can be used with temperature baths and
furnaces that have a computer interface. To cover the
temperature range from minus 20°C to 650°C, four
furnaces and baths are used in the laboratory. The reference
temperature is determined using a digital reference
thermometer with a range corresponding to that of the
thermometer under verification.
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The block diagram of the workplace is shown in fig. 3.
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RS232-USB
, PC
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calibrator
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Digital thermometer

F150 4 3
Multimeter calibrator CED 7000

[

RS232-USB

Fig. 3 Block scheme

Compared to non-automated verification, the system
offers several advantages, listed below:

e Elimination of human influence in the verification

process (the operator only sets the initial
verification  parameters, after  which  the
measurement system takes full control of the
process);

e Automatic storage of measurement results in a
database;

Automated processing of results and generation of
a report upon completion of the verification.

A Verification programme

The front panel, as shown in fig. 4, allows the user to
configure the standards used, select the type of
communication, enter the serial number of the reference
digital thermometer, the serial number and scanning channel
of each thermometer under verification, choose the
temperatures to be measured, and define the acceptable
temperature limits.

For a given measurement temperature, the program
groups up to three thermometers and the reference
thermometer into a single measurement block. If more than
three thermometers require measurement at the same
temperature, the program will create multiple measurement
blocks to accommodate the additional RTDs.

VERIFICATION PROGRAMME AND PROCEDURE
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Fig. 4. Front panel of the LabVIEW virtual instrument
B. Verification Proccedure
To determine the reference temperature in the

comparative furnace, a reference digital thermometer is
used, providing high measurement accuracy. A digital
multimeter (DMM) is employed to measure the electrical
resistance of the RTD under verification.

Each reference value is calculated as the average of ten
consecutive measurements. For each current direction, the
DMM readings are also averaged over ten samples to
minimize the influence of noise and instability.

The obtained resistance is converted into temperature
using a specialized software calculator based on standard
conversion tables (e.g., BIC EN 60751 for platinum RTDs).

If the measured values fall outside the predefined
acceptable limits, the system continues measuring until
stability is achieved. Once an acceptable value is reached,
the temperature is stored, and the furnace automatically
adjusts to the next temperature point in the verification
program.

IV. SOFTWARE FOR THE AUTOMATION OF RESISTANCE
THERMOMETER VERIFICATION PROCESS

The software for automating the RTDs verification
process is implemented in the LabVIEW environment and
provides the following functionalities:

Configuration of communication and measurement
parameters;

Initialization of system components;

Calculation of errors and generation of reports;
Archiving of reports and raw data.

The permissible measurement errors are defined
according to international standards and are presented in
Table 1.

TABLE I. TOLERANCE CLASSES

Type Tolerance| Temperature range, Tolerance values,
RTD class oC oC
A -100 + 450 £(0,15+0,002 - |t])
Platinum B -196 + 660 £(0,3+0,005 | t])
C -196 + 660 £(0,6+0,01-|t])
A -50+120 £(0,15+0,002- | t])
Copper B -50 + 200 £(0,3+0,005 | t])
C -180 + 200 £(0,6+0,01-|t])
Nickel C -60 + 180 £(0,6+0,01-[t])

The designation of the material of the sensitive
element, the temperature coefficients and the standards for
platinum resistance thermometers are given in Table 2.

The temperature coefficient o defines as:
_ Rioo —Ro
R,.100

Usually written as o = 3,851x10-3 C-1, where Ry is the
resistance at t = 0 °C and Ry at t = 100 °C.

TABLE II. TYPE DESIGNATIONS, TEMPERATURE COEFFICIENTS
AND TOLERANCE CLASSES OF RTDs AND SENSING ELEMENTS

. Temperature
Type Material of the coefficient, Standard
IPRTs sensitive element
a, °C-1
BJIC EN 60751,

) Pt 0,00385 DIN 43760,
Platinum GOST 6651
1 0,00391 GOST 6651
Copper M 0,00428 GOST 6651
Nickel H 0,00617 GOST 6651
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The LabVIEW application allows the configuration of
various communication parameters for all peripheral
programmable devices (system multimeter, scanner, and
furnace controller). Devices can be connected via COM




ports or GPIB interface. Upon software startup, these
parameters are preset to default values, but the operator
must adapt them according to their specific hardware
configuration.

The software provides the operator with a choice
between two types of temperature probes: thermocouples or
RTD thermometers. Depending on this selection, the
program automatically sets the appropriate measurement
type (voltage or resistance) and the measurement range of
the system multimeter.

The operator defines:

The number of measurements for each sensor;
The total number of cycles for the entire process;
The directory for storing the results.

After configuration, pressing the START button
initiates the verification process. The LabVIEW application
automatically sets the temperatures, performs the
measurements, and records the results without requiring
further operator presence.

V. RESULTS

The measurement data generated by the workplace are
automatically recorded using a developed LABVIEW
virtual tool for connection to a Microsoft Access database.

Fig. 5 presents a user screen of the database containing
administrative and measurement data from a metrological
check of resistance temperature transducers (RTDs).

Fig. 5. RTDs database user screen

After the completion of the measurements, the
LabVIEW application automatically generates a report that
includes:

e Configuration parameters of the measurement;
Recorded values for each temperature point;
Calculated errors compared to the permissible;
values according to the accuracy class;

Date, time, and storage directory.

Conclusion regarding compliance or non-compliance
of the transducer with the requirements

The report can be archived and used for preparing
documentation and future reference.

VI. CONCLUSION

This paper presents an automated workplace for
metrological verification of RTDs in a Laboratory for
metrology. The workplace is developed in Lab VIEW
environment. This automated workplace provides full
control of the process and report generation with only initial
assistance of laboratory staff. Results show that using this
automated system time-consuming verification process for
thermometers can be done without full-time presence of
laboratory staff.

The implementation of the automated workplace ensured
limitation of the subjective factor for making mistakes in
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the evaluation and processing of the measurement results
thermometers. The system archives measurement data,
which allows for additional processing for the purpose of
analyzing the measurement data.

This is especially important when working with a large
number of RTDs, where manual verification would be
laborious, time-consuming and prone to inaccuracies. The
system ensures high accuracy, efficiency and safety, as
measurements are performed in real time and the results are
stored in a file for subsequent processing.
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Abstract: Three-channel system for the automatic and
continuous measurement of silicate content in water was
installed at the water treatment plant of Kozloduy NPP. The
goal was to provide an early warning of depleted anion filter and
to prevent silicon dioxide (SiO:) from entering the circuit in the
Turbine halls of Units 5 and 6. This report details the operation
and results of this system.

The main objectives are safe operation of the equipment and
significant reduction in manual sampling from once every hour
to approximately once per shift (every eight hours).

Keywords: Silicates, anion filter, silicon dioxide

I. INTRODUCTION

Danube water is an extremely important resource for the
operation of Kozloduy NPP, as it is converted into chemically
demineralised water through the Water Treatment Plant
(WTP) and is used as a coolant in the main equipment of the
nuclear plant. During normal operation, the production rate is
100-200 m*/h, and the maximum capacity is 400 m*/h. The
chemical treatment of such quantities of water is a complex
multi-step process involving passing the water through
various filters and dosing of reagents.

On Fig. 1 we will examine a simplified diagram of the WTP
and the positioning of the analysers.

Fig. 1 WTP”diagram

One of the important processes is the early capture of
dissolved silicon dioxide (SiO2) in water and limiting its
supply to the circuit. Silicates in contact with heat
engineering equipment are deposited on the walls and can
lead to blockages in the primary circuit or imbalance in the
turbine of the secondary circuit.
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The first single-channel analyser measures silicates every 10
minutes and takes a sample after the ion exchange filters. Its
range is from 0 to 250 ppb, with silicates between 5 ppb and
10 ppb during normal operation. As the anion resin is
depleted, they begin to increase and another filter must be put
into operation. Such a process can be observed in Fig. 2,
where silicates increase smoothly every 10 minutes from 10,
12,18, 22, 32, 48, 76 and at 102 ppb the filter is stopped for
regeneration. Regenerated filter is put into operation and the
measured silicates are again below the normal level of 10

ppb.

“ 4 8
B o2 RCH 5 S 2ol VLIRS

Fig. 2 Trend screen with points loaded from the database.

The second dual-channel analyser measures silicates after
mixed-action filters and demineralised water tanks. Its range
is 0 to 15 ppb and the channel measurement result is available
in 20 minutes. This measurement is primarily preventive
because silicates are filtered out by ion exchange filters.
According to an internal instruction the norm for silicates at
the outlet of the WTP is up to 15 ppb, however, the daily
values are 0+3 ppb.

On Fig. 1 we can see the location of the sampling points.
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Il. MEASUREMENT

A. Technical characteristics and description
- Power supply voltage: 100+240 VAC (£10%);
50/60Hz;
- Operating power: max 35 VA;
- Ambient temperature: -10 ++50 °C;
- Humidity: - 10 + 90 % non-condensing;
- Display: backlit LCD, 75 mm x 45 mm;
- Current output: 4 +~ 20mA,;
- Measurement method: colorimetric,
molybdeseilicate;
- Measurement range: 1 = 5000 ppb
- Reproducibility: +1 ppb, or £5 %, whichever is
greater;

Requirements to the sample:

- Sample flow rate: - min. 10 I/h;

- Pressure: 0.15 + 2 bar (2 — 28 PSI);
- Temperature: up to 50°C (122°F).

One cycle of the Ami Silica system lasts 10
minutes, with the following reagents being dosed
at different stages:

Reagent 1 — Ammonium molybdate

4M003.:H2M00O4.4H20.6HsN*:

16 g sodium hydroxide pellets + 56 g
ammonium molybdate tetrahydrate;
Reagent 2 — “Sulphuric acid — H2SO4’:
200ml Sulphuric acid of 25% concentration
Reagent 3 — ‘Oxalic acid NO.C-CO-H’:
40g Oxalic acid dihydrate;

Reagent 4 — ,, Ammonium iron sulphate
(NHa4)2Fe(S04)2.6H20: 80ml Sulphuric acid
25%+13g - Ammonium iron sulphate
hexahydrate.

Description:

Swan AMI Silica is a comprehensive system for automatic,
continuous measurement of silicate content in water in
power plants and desalination facilities.

Silicates are determined by photometric analysis of
molybdenum blue at 810 nm.

Silicates and orthophosphates react at low pH with
ammonium molybdate, resulting in yellow silicomolybdic
acid or phosphomolyhdic acid, respectively.
Phosphomolybdic acid is broken down by oxalic acid before
silicomolybdic acid is reduced with ferroammonium sulphate
to a complex molybdenum blue compound.

The necessary reagents are added in three steps to the sample
in the photometer, where they enable accurate measurement
of the silicate content in the sample after the chemical
reactions have been completed.
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Fig. 3 shows the general appearance, dimensions and
components of the analyser.
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Fig. 3 Swan AMI Silica Analyser

B. Measurement with Swan AMI Silica Analyser

Fig. 4 Legend to Fig. 3
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[O]. Immediately afterwards, the 6-way valve is turned to
position 2 and reagent 2 from vessel [Ki/ is pumped into the
photometer and mixed with reagent 1 and the sample by the
magnetic stirrer [G]. This procedure is repeated with the 6-
way valve in position 3 and reagent 3 [fL] and the 6-way valve
in position 4 and reagent 4 [M]. After completion of the
measurement, the e_Iectrom%gnetlc valve opens and the
measuring chamber is flushed. The level of reagents in the
vessels is controlled by reagent level detectors [N].
The quantities of reagents are determined precisely by a
specific number of rotations of the peristaltic pump. Once the
preset amount of reagent has been sucked out of the vessel,
the 6-way valve is turned to position 5, where a sample from
the photometer is sucked into line [P]. Together with the
sample from the line, the reagents are pumped into the
photometer. The sample is measured as follows:

» The sample flows through the overflow chamber in
the photometer.
Measurement cycle begins:
The sample inlet is closed by activating the
electromagnetic valve [C].
The zero point is measured.
The 6-way valve is in position 1:
reagent 1 is sucked out of the vessel [J].
The 6-way valve is in position 2:
reagent 2 is sucked out of the vessel [K].
The 6-way valve is in position 5: sample is sucked
into the line and the entire amount of reagent is
pumped into the photometer.
The reagents are mixed with a magnetic stirrer and
the first reaction begins.

VVVVVY VYV

Y

After 150 sec.
The 6-way valve is in position 3:
reagent 3 is sucked out of the vessel [L].
The 6-way valve is in position 5:
sample is sucked into the line and the entire amount
of reagent is pumped into the photometer.
The reagents are mixed with a magnetic stirrer and
the second reaction begins.

YV VYVVY

After 90 sec.
The 6-way valve is in position 4:
reagent 4 is sucked out of the vessel [M].
The 6-way valve is in position 5:
sample is sucked into the line and the entire amount
of reagent is pumped into the photometer.
The reagents are mixed with a magnetic stirrer and
the third reaction begins.

YV VYVVV

After 90 sec.:
The sample is measured.
The sample inlet is opened by
deactivating the electromagnetic valve.
The measuring cell of the photometer is
flushed
The 6-way valve is in position 5:
The reagent inlet tube is flushed with a
sample.
The peristaltic pump rotates for a certain
period of time until the reagent inlet tube
is filled with a sample.

YV VYV VY VYV

The measurement cycle takes 10 minutes.
The diagram below shows the measurement
process on the time axis.
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3 |— 90 sec
Y
4 }—— 80 sec
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12 3 4 5 s7sg1o111F13m
7 R min T 7 B min

Fig. 4 Measurement cycle

The analysers undergo an internal metrological inspection
once a year. To do this, the sample flow is stopped and item
4.1 is selected from the menu. “Manual measurement” is
selected from the menu, and a pre-prepared solution with a
concentration of 100 ppb is poured into the overflow
chamber. The calibration procedure is similar, with the flow
being stopped, the standard being poured in and item 3.1.1.
Calibration is selected.

I1l. CONCLUSION

The implementation of the AMI Silica automated silicate
measurement system at Kozloduy NPP has significantly
improved the reliability and efficiency of control of silicon
dioxide content in the water. The system provides early
warning of ion exchange filter depletion and allows timely
intervention, which prevents silicates from entering the Unit
circuits and minimises the risk of deposits and process
disruptions. Significant reduction in the need for manual
sampling has been achieved, work of the personnel has been
optimised and the overall chemical safety of the process has
been improved.
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Abstract — The article considers the application of
colorimetry in medicine, its basic principles, methods and
development prospects. Modern technologies for analyzing
biological samples based on changes in the optical properties of
substances are described, which allow for quick and accurate
determination of the concentration of biomarkers.
Considerable attention is paid to the development of a new
colorimeter, in particular its technical characteristics, data
processing algorithms and potential areas of application. The
advantages of using colorimetric methods in diagnostics,
quality control of medicines and monitoring of patients are
discussed. The prospects for improving colorimetry through
digital technologies and artificial intelligence are also
considered.

Keywords - colorimetry, electronic colorimeter, color range,
medical object, digital electronic converter, ICG technology,
fluorescence imaging.

I. INTRODUCTION

Colorimetry, the quantitative study of color perception,
has become a key tool in medical research, allowing for the
accurate measurement and analysis of colors in a variety of
biological contexts. Colorimetry is the science and
technology of quantifying and describing colors using
precise mathematical and physical principles. In medicine, it
is a powerful tool for the objective analysis of colors in
organisms and tissues. The value of colorimetry lies in its
ability to provide reproducible and accurate data on color
phenomena that are often associated with important
biological processes such as photosynthesis, pigmentation,
and light signaling. As an interdisciplinary field, colorimetry
combines physics (the behavior of light), chemistry
(molecular interactions), and biology (the functional and
ecological role of color). The advent of modern instruments
in the 20th century, such as spectrophotometers and
tristimulus colorimeters, revolutionized the field. These
instruments  enabled  precise,  reproducible  color
measurements and expanded the scope of applications to
include molecular biology, environmental monitoring, and
clinical diagnostics. Recent advances in computer imaging,
hyperspectral techniques, and portable colorimetric devices
have further expanded its capabilities, making colorimetry
an integral component of modern biological research.
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This paper discusses the possibilities of using the
electronic colorimetry method in medicine for the diagnosis
of diseases. Electronic colorimetry is widely used in medical
diagnostics for the analysis of biological fluids, such as
blood, urine, and others [1-5]. . The method measures the
intensity of light absorbed by a solution to determine the
concentration of certain biomolecules, facilitating real-time
diagnosis and monitoring in medical procedures. It is used
to detect various compounds in liquids, which can help in
the diagnosis of various diseases. Some of the analytical
methods in medical practice that use electronic colorimetry
include:

- measuring blood efficiency: it
parameter for controlling diabetes levels;

- cholesterol measurement; high cholesterol levels can be
associated with cardiovascular disease.

- urine protein level test: Elevated urine protein levels
can detect kidney problems.

- determination of blood iron levels: high or low iron
levels can reveal the presence of anemia or other diseases.

- analysis of the content of drugs in the blood: this is
important for monitoring drug therapy and side effects.

- determination of hemoglobin concentration or
identification of pathogenic microorganisms.

is an important

Colorimetry also plays a vital role in monitoring
physiological conditions during surgery and therapy. By
providing real-time data on tissue and organ function, it
ensures patient safety and improves surgical outcomes.
Tissue color is influenced by the levels of oxygenated
(bright red) and deoxygenated (dark red) hemoglobin.

By analyzing the reflection of light at specific
wavelengths, colorimetric systems quantify the oxygenation
status of tissues, offering a direct measurement of perfusion.

The aim of the study [5] was to investigate the potential
impact of filters on the intrinsically sensitive retinal cells of
people with low vision (ipRGC). The authors also analyzed
colorimetric changes in the light transmitted by these filters,
emphasizing differences depending on the manufacturer.

It is noted in [2] that intracellular levels of biothiols are
associated with various diseases, including cancer, and
biothiols are considered to be tumor biomarkers. Due to the
similarity of the molecular structure of biothiols, the
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development of simple, rapid, efficient, and sensitive
colorimetric sensors has great prospects for clinical cancer
diagnostics.

Since 2020, ICG (indocianin green) technology has been
widely used in oncology, which significantly increases the
accuracy of minimally invasive surgical operations.

Indocyanine green (ICG) is a fluorescent dye used in
surgery to assess blood flow and tissue perfusion. Its
colorimetric properties allow visualization of perfusion in
real time using imaging systems. In this work, we propose
to use for ICG diagnostics a developed electronic
colorimeter calibrated in this color range, which monitors
the appearance and shades of green substance in human
organs, the reflection of which is observed during the
examination. Taking into account the interest of the world
community in colorimetry, the task of developing electronic
colorimeters for specific purposes in medical practice arises.

II. THEORETICAL FOUNDATIONS OF COLORIMETRIC
ANALYSIS

Colorimetric analysis is based on measuring the amount
of light absorbed by a colored solution. If the substance is
colored, its concentration in the solution can be determined
directly; if the substance is colorless, it is converted to a
colored compound by adding an appropriate reagent. The
dependence of the amount of light absorbed by a solution on
the thickness of the solution layer and its concentration is
expressed by the Lambert-Beer law (1)

I~C-k=IgJJ—°, 1)
where | - layer thickness, cm,
C - concentration, mol/l,
Jo and J — respectively, the intensity of the light flux

before and after its passage through the solution,
k — some constant, which may correspond to the molar
absorption coefficient & .

For a colored solution, the characteristic values are the
optical density (IgJ./J - the logarithm of the ratio of the
initial intensity of the luminous flux to its intensity after
passing through the solution) and extinction (e - the optical
density of a molar solution at a layer thickness of 1 cm) in
this case, k is equal to e. The numerical value of e ranges
from 500 for lightly colored solutions to 100000 - 2000000
for strongly colored solutions. Colorimetric analysis is
carried out in monochromatic light, which is most fully
absorbed by the solution, so it is recommended to use a light
filter with a maximum absorption in the region
complementary to the color of the analyzed solution [6].

Currently, colorimetry is actively researching the
perceived differences between colors and their relationship
with tristimulus coordinates. The goal of these studies is to
develop a formula that allows calculating the degree of
visible differences between colors based on their
coordinates. Similar formulas have already been proposed
and, judging by the results, demonstrate satisfactory
accuracy. However, until their final refinement, they remain
the main tool for practical application.

The most successful formula of this type is probably that
proposed by Schradinger, which is expressed as follows (2):

— 2
A= Ig[ﬂjz+4[arccosp@+7 h9, +’B\/@ (2)

hy hyhy

36

where A is the magnitude of the apparent difference
between two colors;

1.0:.bp and ry,9,,b, — elementary stimuli corresponding
to colors;
. h, — denote the lightness (brightness) of the compared
colors, expressed in heterochromic units; p, v, p — lightness
coefficients, i.e. in other next mathematical expression:

hp =t +7092 + ;.

However, a simplified formula (3) has been proposed in
which the unit color vectors are chosen as follows: white,
red (x), corresponding to the color of the extreme spectral
red, and yellow (y), corresponding approximately to the
spectral radiation with a wavelength of 569 nm:

X _X

2 2 2

folT T ] o
h b b by

where hy,h,- remain the same as before (heterochromic

lightness), and the coefficient K is determined
experimentally.

Formula (3) may be less accurate than formula (2), but
both require detailed experimental verification, which is
currently being carried out. The main practical value of
formulas (2) and (3) is that they allow quantitative
evaluation of color deviations corresponding to the
subjective perception of the difference by eye. This is
especially important for industries where color plays a key
role and it is necessary that visually perceived deviations do
not exceed the permissible level.

In cases where color is an indirect indicator, the
objective difference, rather than the subjective one, becomes
a priority. Therefore, in such measurements, the degree of
deviation from the norm can, in essence, be expressed by the
vector of the difference between two given colors.

However, in this case it is necessary to agree in advance
what angles are formed by the vectors representing the
standard colors and used as coordinate axes. The most
convenient option is to take them as mutually perpendicular.
By determining the coordinates of the remaining colors
relative to these three, it is possible to calculate the degree
of difference between any two colors using the formula (4)
for distance in a rectangular coordinate system:

L2=x2+y2+22.

(4)

As is known from analytical geometry, in the case of
using oblique coordinates, the distance formula includes
coordinate angles.

This method of calculating deviations causes certain
difficulties, even if the subjective assessment of differences
does not play a decisive role. Since color measurement is
carried out subjectively in most cases (with the exception of
the developed device with photocells), the accuracy of
measurements is determined rather by the magnitude of
perceived, rather than objective optical differences.

Consequently, if too narrow tolerances for color
deviations are set, according to formula (4), they may go
beyond the limits of measurement accuracy for some colors,
while for others they will be excessively rough from the
point of view of visual perception.

The study presents noninvasive methods for solving a
practical problem of metrological control of colorimetric
devices using dispersion analysis of measurement results.
The analysis is carried out using the example of an



electronic colorimeter containing a digital sensor for
measuring the permeability of optical media. The diagram
of the developed digital sensor for measuring the
permeability of optical media is presented and the principle
of its operation is given.

In works [7-8], experimental data were obtained on three
channels for measuring the permeability of a control liquid
containing biological objects.. A statistical analysis of the
series of observation results was carried out, which allowed
us to establish the levels of unbiased estimates of variances
for the three measurement channels. Graphs of voltage
changes along the three measurement channels, namely, the
red, green, and blue photodiode channels, were constructed.
Changes in the voltage across the channels are associated
with changes in the composition of the control fluid
containing a certain amount of biological objects. Graphical
representations of the laws of distribution of voltage
measurement errors across the measuring channels were
obtained. The selection of a larger variance from many was
made by applying the Cochran criterion, which is used to
check the homogeneity of the variances of three or more
samples. One of the conditions for using this criterion is that
it requires the same number of experiments in each sample.

By comparing the results of the control with the results
of the test samples, researchers can identify and correct any
sources of error that may have affected the results of the
experiment. Colorimetric enzyme assay is a method widely
used in biochemical research to quantify enzyme activity.
By measuring the change in color of a substrate or product
in response to enzyme activity, researchers can determine
the concentration of the enzyme in a sample.

Given the global interest in colorimetry, the task of
ensuring high accuracy of the results obtained with the help
of appropriate measuring instruments arises. This task can
be solved by implementing dispersion analysis methods.
The feasibility of this assumption is based on the results
presented in a number of papers [7 —8].

An electronic colorimeter plays an important role in
medical research, providing accurate measurement of color
parameters of biological samples. Unlike subjective
evaluation methods, such as visual comparison, an
electronic colorimeter eliminates the influence of the human
factor, increasing the accuracy and reproducibility of
measurements.

This device is especially important in diagnostics, where
minimal color deviations can indicate pathological changes.
For example, when analyzing blood or urine, color
parameters allow you to identify hidden diseases at early
stages. In addition, in dermatology, a colorimeter helps to
evaluate skin pigmentation, monitor the dynamics of
treatment and select cosmetics.

Development of an electronic colorimeter for medicine
requires high sensitivity of sensors and software algorithms
that take into account the characteristics of biomaterials.
Modern technologies make it possible to create a device that
will provide objective color control, improving the quality
of diagnostics and increasing the effectiveness of treatment.
Therefore, research aimed at developing an electronic
colorimeter is relevant.

IIl. STATEMENT OF THE RESEARCH PROBLEM

The purpose of the study is to analyze the necessity of
using the electronic colorimetry method for the diagnosis
and treatment of diseases in oncology, dermatology,
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ophthalmology, etc. It is also proposed to use electronic
colorimeters developed by the authors for these purposes.

IV. DEVELOPMENT OF ADIGITAL ELECTRONIC
COLORIMETER FOR RAPID CONTROL OF
BIOLOGICAL OBJECTS IN MEDICINE

The control and measurement of biological objects in
medicine by the colorimetric method can be carried out in
different optical ranges (depending on the specifics of use).
In this paper, we consider an electronic colorimeter
operating in the ultraviolet range.

Ultraviolet radiation covers the range from 10 nm to 400
nm. It plays a special role in the life of people and plants. In
small doses, this radiation is beneficial to biological objects
used in medicine. In high doses, it causes undoubted harm,
but even in this mode, it is possible to obtain practical
benefits, such as disinfection.The method is used to detect
biological fluids (blood, urine, semen, saliva). Both medical
and forensic applications use this radiation, for example, to
identify and record fingerprints, since handprints also
contain various fluorescent substances that are the product
of human activity. Detecting biological fluids that glow
under ultraviolet light is one of the main challenges faced by
forensic scientists. Since reflection occurs during irradiation
and the color changes, this makes it possible to analyze the
reflected signal. The utility model relates to sensors for
measuring the reflection from biological materials and
obtaining reliable information about this material. the
method of controlling biological substances is an electronic
colorimeter, the main part of which is a digital sensor.

The authors know the design of a digital sensor for
measuring color [1], The digital sensor contains a lens with
an aperture, a light-dividing prism, three light filters, three
photoresistors, the light flux passing through the lens with
the aperture is focused on the light-dividing prism, and
through red, green, and blue light filters is transmitted to
photoresistors sensitive to the visible spectrum of radiation;
it has a normalizing amplifier, microcontroller, interface,
computer, and analog multiplexer.

The disadvantages include the fact that the design
consists of discrete elements, it takes up more space than
microprocessor technology, requires a certain selection of
elements, and requires devices for communication with a
computer, and they are “wired.” All of this dramatically
reduces the convenience and reliability of operation.

The closest is a UV dermoscopy device for detecting
skin cancer [2], which is mobile and includes an emitter,
electronic circuitry, batteries, and a magnifying glass.

The disadvantages include the following: the analysis is
carried out optically, i.e. by a specialist. This, in turn,
imposes requirements on his qualifications. The result is a
subjective conclusion.

The device is based on the task of creating a mobile
automatic control of biological samples, with the ability to
connect to a computer network, which can work without the
presence of an operator to perform analysis. The operator is
only required to approach the sample under test.

This is achieved by the fact that the digital sensor for
rapid monitoring of biological objective lens, which
contains a housing, with an emitter located inside, a control
circuit and a power supply, according to the utility model,
has a hinge between the handle for holding and the location
of the measuring unit, the measuring unit has a place for
attaching the stop, the measuring unit consists of three or



four separate emitters for different wavelengths on one side
of the magnifying glass, optical receivers are placed in the
same plane at the other end of the magnifying glass, a
microprocessor with a built-in Wi-Fi modem and low power
consumption is added to the electronic circuit.

Figure 1 shows the design of a portable device for
detection and rapid analysis of biological objects. The body
of the device contains two compartments connected by a
swivel hinge 1, the first compartment, inside which is
located the electronic control of the device 2, containing a
microprocessor 3, with a built-in  Wi-Fi radio
communication module 4,on the outer side of this
compartment, which is made in the form of a cylinder, there
are two control buttons: power button 5 and start
measurement button 6, as well as a beeper 7 and power
supply 8.The second compartment contains radiation
sources 9 (in three or four different ranges to cover the
entire ultraviolet spectrum), receivers of this radiation 10 in
the appropriate quantity, and a small lens 11 for visual
inspection. The communication interface 12 from the
microprocessor to the radiation sources and the reception of
the reflected signal passes through both compartments. The
directions of radiation movement to the analyzed object 13
and the signal reflected from it 14, the object itself is
marked 15. In addition, devices that can operate as a
recorder are indicated: a smartphone 16 or a computer 17.
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Fig. 1 Block diagram of the developed electronic colorimeter

The device works as follows: the handle - the device
holder is set to a convenient working position. A bracket is
installed that determines the determined distance to the
object under study and the device is raised to the stop in this
object. The "on" button is pressed, power is supplied to the
electronic control circuit, and when the system is ready for
operation - a sound signal sounds. The second button is
pressed, the object is irradiated for a short time, and the
reflected signal is received by the radiation receivers. When
the analysis is completed, the device automatically turns off
the irradiation and a sound signal is given. Next, the read
information is processed in the microprocessor, depending
on the algorithm, or immediately transmits the results of the
study to the recording device (smartphone, personal
computer, router), or is recorded in the internal memory of
the processor. Later, in a stationary place it is transmitted to
the recording devices.

38

The use of this design will make it possible to easily find
and obtain information about the presence and condition of
biological substances, almost automatically (except that the
device must be brought to the object). In addition, the task
of entering this data into databases will be facilitated. The
algorithm of primary information processing can be easily
replaced - by simple reprogramming of the processor.

IV CONCLUSIONS

1) An analytical review of the use of the colorimetric
method in medicine has shown that:

- colorimetric Monitoring helps surgeons assess the
blood supply to flaps or grafts, ensuring their viability.

- conducting Perfusion Assessment helps detect vascular
occlusion or ensure proper organ function after
transplantation.

- treatment of burns and trauma: Monitoring tissue
viability helps determine the extent of injury and guides
debridement or reconstructive interventions.

2) A digital electronic colorimeter has been developed
for express control in medicine. The developed device
provides:

- non-invasive and continuous: real-time measurement
reduces the need for invasive procedures and provides
continuous feedback at critical moments.

- increased accuracy: quantitative perfusion data
minimizes the risk of postoperative complications and
improves recovery outcomes.
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Abstract — Low-speed automatic weighing in motion
instrument (LS WIM instruments) is a measuring instrument, that
determines the vehicle mass, axle loads or the axle-group loads of a
road vehicle while the vehicle is crossing over the load receptor of
the weighing instrument. Different technical equipment
(measurement standards and auxiliary devices) is used for carrying
out metrological control of LS WIM instruments. Reference
vehicles are used for carrying out in field testing as well. This paper
presents the verification procedure, compliant with the requirements
of the International recommendation OIML R 134:2006 and the
Ordinance on measuring instruments subject to metrological control
in order to prove compliance with the requirements for them during
initial and subsequent verifications carried out by the Bulgarian
Institute of Metrology (BIM).

Keywords — weighing in motion instrument, testing, technical
equipment, reference vehicles, metrological control.

I INTRODUCTION

In accordance with the Law on measurements, for ensuring
accuracy and reliability of measurements, legal metrological control
is carried out on measuring instruments responding to reasons of
public interest, public health, safety and order, protection of the
environment and the consumer, of levying taxes and duties and of
fair trading.

The requirements to technical and metrological characteristics,
testing and methods for control of LS WIM instruments are laid
down in Section Il of the Ordinance on measuring instruments
subject to metrological control.

I SCOPE AND FIELD OF APPLICATION

SL WIM instruments are used in Bulgaria by the Customs
Agency for control of the vehicles” mass and axle loads when
crossing the country's borders, and determining the fees to be paid
and fines for their overloading.

This procedure applies to SL WIM instruments:

- which are installed in a controlled weighing area;

- which are used for determining and indicating the vehicle
mass, the single-axle loads, and if applicable the axle-
group loads of a road vehicle in motion.

This procedure does not apply to SL WIM instruments that:

- determine individual axle loads by multiplying a single
wheel load of an axle by two; or

- are installed on-board vehicles to measure axle load.

Measured quantities:

The quantities measured in verification of SL WIM instruments
are total mass (m), axle loads/axle-group loads (m) and speed (v).

Measurement units of the International system of units, SI, are
used for the measured quantities:

- for mass — kilogram (kg) and ton (t);

- for speed of the reference vehicles — kilometer per hour
(km/h)

Accuracy classes:
For determination the vehicle mass, SL WIM instruments may
be of the following accuracy classes: 0,2, 0,5 and 1.
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For determination of the axle-loads and group-axle loads SL
WIM instruments may be of the following accuracy classes: A, B,
CandD.

SL WIM instruments may have different accuracy classes for
single-axle loads and axle-group loads. The relation between the
accuracy classes for single-axle load and axle-group load, and the
accuracy classes for vehicle mass is shown in Table 1.

TABLE 1 RELATION BETWEEN THE ACCURACY CLASSES FOR SINGLE AXLE-
LOAD/AXLE-GROUP LOAD AND THE ACCURACY CLASSES FOR VEHICLE MASS

Accuracy class for single- Accuracy class for vehicle mass
axle load alr(lgdaxle-group 02 05 1

A X X

B X X X

C X X

D X

Maximum permissible errors (MPE):

The MPE for the vehicle mass determined by in-motion
weighing, shall be one of the following values, whichever is greater:

- the value calculated according to Table 2, rounded to the
nearest scale interval;

- 1d x the number of axles in the totalization in the case of initial
verification or 2 d x the number of axles in the totalization in the
case of subsequent verification.

TABLE 2 RELATION BETWEEN THE ACCURACY CLASSESS AND MPE OF THE
VEHICLE MASS

Accuracy Percentage of conventional value
class for of the vehicle mass
vehicle Initial verification Subsequent verification
mass
0,2 +0,10% +0,20%
0,5 +0,25% + 0,50 %
1 +0,50 % +1,00%

The maximum difference between the indicated single-axle load
for in-motion tests and the conventional true value of the static
reference single-axle load shall not exceed one of the following
values, whichever is the greater:

- the value from Table 3 rounded to the nearest scale interval;

- 1d in the case of initial verification, 2 d in the case of
subsequent verification.
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TABLE 3 RELATION BETWEEN ACCURACY CLASSES AND MPE OF THE STATIC
REFERENCE SINGLE-AXLE LOAD

Accuracy class | percentage of conventional true value of the
for S|Ir(1)galg-axle static reference single-axle load
Initial verification | Subsequent verification
A +0,25% + 0,50 %
B +0,50 % +1,00%
C +0,75% +1,50 %
D +1,00 % +2,00 %

Forall reference vehicles, except for the two-axle rigid reference
vehicle, the maximum difference between the recorded value of the
single-axle load or axle-group load during weighing in-motion and
the corrected average value of the single-axle load or the corrected
average value of axle-group load shall not exceed the greater of the
following values:

1. the value from Table 4 rounded to the nearest scale interval;
2.1d x n in the case of initial verification, 2 d x n in the case of
subsequent verification, where n is the number of the axles in a
group, and n = 1 for one axle.
TABLE 4 RELATION BETWEEN THE ACCURACY CLASSES AND MPE OF THE
SINGLE-AXLE LOAD OF OTHER VEHICLES
Accuracy class for | Percentage of corrected average value of
single-axle load |the single-axle load or the value of the axle-
and axle-group group load

load Initial verification | Subsequent verification
A +0,50 % +1,00 %
B +1,00% +2,00%
C +1,50 % + 3,00 %
D +2,00% +4,00 %

111 VERIFICATION METHODS

The method for carrying out the verification is comparative.

Verification is carried out according to the procedure described
in OIML R 134:2006:

- weighing of the total mass of the reference vehicles, VMrer;

- determination of static reference single-axle load for the
two-axle rigid reference vehicle;

In-motion tests:

- weighing of the total mass of the reference vehicles;

- weighing in-motion with the two-axle rigid reference
vehicle;

- weighing in-motion with all other types of reference
vehicles.

Control instrument:

Control instruments are used for determination of the total mass
of the reference vehicles and the static reference single-axle loads.
They shall ensure that the true mass value of the reference vehicles
is measured with an error smaller or equal to 1/3 of the smallest MPE
for weighing in-motion.

Reference weights:
The reference weights used in the verification of SL WIM

instruments in static mode or of separate control non-automatic
instrument shall comply with the metrological requirements of
OIML R 111 for the respective accuracy class, they shall be
calibrated and their uncertainty shall be not bigger than 1/3 of the
applicable MPE of the instruments under test.

Reference vehicles:

Two-axle rigid vehicle

The two-axle rigid vehicle is a reference vehicle used in
determination of the conventional true value of the static reference
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single-axle loads and as one of the reference vehicles for weighing
in-motion.

Other reference vehicles:

Besides the two-axle rigid vehicle, at least two other reference
vehicles from the listed below shall be used in the verification:

- one three/four-axle rigid;

- one four-or more axle articulated;

- one twof/three-axle rigid vehicle and a two/three-axle
draw-bar trailer.

Auxiliary measuring instruments:
- thermometer with a temperature range from minus 15 °C
to 50 °C, resolution 1 °C and expanded uncertainty + 1 °C;
- measurement standard for linear speed with following
characteristics:
- accuracy < 1 km/h;
- maximum speed >30 km/h;
- minimum speed < 1 km/h;
- resolution < 0,1 km/h.
- steel measurement tape with a range no less than 20 m,
division 1 mm and expanded uncertainty U =+ 2 mm.

IV METROLOGICAL EXAMINATION

Verification of the control instrument.

The condition of the control instrument for determining the full
mass of the reference vehicles (VMrer) is established and checked
whether it meets the requirements of BDS EN 1SO 45501 for MPE
for the relevant accuracy class of the scale used.

The total mass, VMret, of the reference vehicles is determined.

Verification of the SL WIM instrument in static mode.

Before starting the verification, SL WIM instrument shall be
loaded close to the Max.

The instrument under test shall be set to zero before each
measurement and the zero shall not be corrected unless a significant
malfunction has occurred. After each measurement, the scale shall
be left for a sufficient time to recover before the next measurement..

Test loads from zero to Max are applied then unloaded back to
zero. When the size of the load receptor does not allow uploading to
Max, the decreased load shall be noted and it cannot be smaller than
50 %. Five different loads shall be chosen. The chosen loads shall
include 50 % of Max and Min, and loads close to ones in which MPE
is changed.

If it is impossible to eccentrically load the scale on each bearer,
it is divided into two segments and loaded with the maximum
possible safe placement of the standards on them.

Repeatability error is defined at load equal to 50 % of max.

Determination of the static reference single-axle load for two-
axle reference rigid vehicle.

For verified instruments which will be used for applications
requiring measurements of single-axle loads, the actual value of the
static reference single-loads is determined for two-axle rigid vehicle
including at least two different axle loads, using the following
method:

Each axle of the static two-axle reference vehicle is weighed by
the control instrument and the indicated single-axle load is recorded.
After the two axles are weighed, the vehicle mass (VM) is calculated
by summing the recorded two values, and the sum is recorded. This
operation is repeated five times with the vehicle and, if applicable,
it is carried out in reverse direction as well.

For each of the above-mentioned weighing operations, the
vehicle shall be motionless and the axle-wheels entirely positioned
on the load receptor, the engine is off, the gear lever is in neutral and
the brakes are released. If it is necessary, wheel chocks are used to
prevent the vehicle from moving.

The average static reference single-axle load for each axle of the
two-axle reference rigid vehicle is calculated by formula (1):




n
Ale, = 28 ®
n

where:

i —number in order of the single load;

n — number of weighing of each static axle;

Axlei — recorded load for this axle.

Both average single-axle loads are added by formula (2) in order
to define the average value of the vehicle static mass.

VM =>"" Axle "

As an alternative, recorded values for the wvehicle mass
calculated after each vehicle weighing as described above can be
used for calculating the average value of the static mass of the two-
axle reference rigid vehicle by formula (3):

VM
10 3

Corrected average single-axle loads are calculated by formula

4):

VM =

ref

Vv
CorrAxle, = Axle, x
VM

where VMref is the actual value of each reference vehicle mass
determined by weighing of the total mass.

Traceability of the actual value of the single-axle loads of the
static two-axle reference rigid vehicle is ensured by the fact that the
sum of the two corrected average static reference single-axle loads
is equal to the actual value of the reference vehicle mass determined
by weighing the total mass with the control instrument calculated by
formula (5):

VM, = Ziz_1CorrAxIei ®)

The static reference single-axle loads are determined in such a
way that the axle-loads cover as far as possible the instrument’s
measurement range. At least two different axle loads are applied up
to the maximum permissible axle load of the two-axle reference
rigid vehicle.

*)

In-motion tests:

All weighing operations shall start with the reference vehicle,
positioned before the entrance platform, at a distance sufficient for
the vehicle to travel at a constant speed before arriving at the
platform.

The tests are performed using the two-axle reference rigid
vehicle plus at least two other reference vehicles.

The vehicle speed shall be kept as constant as possible during
each driving test.

For each vehicle, except for the two-axle loaded reference
vehicle, five trial runs are performed (as three of them are in the
center, and one on the left and right sides of the load receptor) and,
if applicable, three trial runs (center, left, right) in reverse direction,
with speeds within the approved range of the instrument.

For the two-axle loaded reference vehicle, the trial runs
mentioned above are performed for each of the speed shown below:

- between Vmin and Vmid;

- between Vmid and Vimax.

Weighing of the total mass of the reference vehicles:

Indicated or printed readings of the instrument under test shall
be recorded and the errors shall be calculated according to the
vehicle mass reference values.

No error shall exceed the maximum permissible error for the
specified accuracy class shown in Table 2.

Testing in-motion with the two-axle reference rigid vehicle:
The two single-axle loads of a two-axle reference rigid vehicle
as indicated or printed by the instrument under test shall be recorded.
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The difference between each recorded single-axle load and its
relevant static reference single-axle load is calculated.

Each calculated difference shall not exceed the applicable
maximum permissible errors for the specified accuracy class.

Testing in-motion with all other types of reference vehicles:

Measurements are carried out and the single-axle loads or axle-
group loads as indicated by the instrument under test are recorded.
For each reference vehicle (except for the two-axle rigid vehicle ant
its load condition), the average single-axle loads and, if applicable,
the average axle-group loads during the tests are recorded after
calculated by formulae (6) and (7):

> " Axle,

n

Axle, =
(6)
where:

i is the number in order of the axle loads;

n - number of weighing of each static axle;

Axlei - recorded load for this axle.

>, Group,

oo )
The indicated or printed values of the instrument under test are
used for vehicle mass, and the average reference mass of the vehicle
is calculated by formula (8).

Zf VM,
n

Group,

VM =
@)

As an alternative, the average single-axle loads and axle-group
loads can be added for determining the average mass of the vehicle,
calculated by formula (9):

VM =>"" Axle,+Y’ Group,

where:

g — number of the vehicle single axes;

g — number of the vehicle group axles (it can be zero).

The corrected average single-axle load is calculated and, if
necessary, the corrected average axle-group load/-s are calculated
by formulae (10) and (11):

(9)

ref

— — V
CorrAxle; = Axle, x

(10)
and

VM ref
CorrGroup, = Group; x
VM

(11)

where VMret — conventional true value of each vehicle reference
mass determined by weighing the total mass.

Traceability to be ensured, the sum of the corrected average
single-axle and axle-group loads of the reference vehicle shall be
equal to the conventional true value of the vehicle reference mass
calculated by formula (12):

q

9
VM, = >_CorrAxle, + Y _CorrGroup,

c-1 i-1

(12)
where:

g — number of the vehicle single axes;

g — number of the vehicle group axles (it can be zero).

The deviation between each single-axle load and corresponding
corrected average single-axle load and, if applicable, the deviation
between each axle-group load and corresponding (if there are more
than one axle-groups) corrected average axle-group load is
calculated by formula (13):



DevAxle = Axle, - CorrAxle,

DevGroup = Group, - CorrGroup, 1)

No deviation shall exceed the applicable maximum permissible
error for the specified accuracy class.

Processing of the verification results

All calculated results during the verification are entered into the
relevant annexes of the verification report. After comparing the final
result with the requirements in the regulatory documents, the
conclusions as to whether the relevant test has been successfully
passed are made and noted as "passed" or "failed". If any
measurement result is unacceptable, the verification shall be
terminated.

V VERIFICATION OF THE PROCEDURE

Verification of the procedure refers to proving the suitability of
the test method described in the verification procedure of LS WIM
instruments, as well as its application by different personnel at
different locations under different environmental conditions.

The method chosen for verification of the procedure is
comparative by using reference vehicles and weights traceable to
DG NCM - Sofia.

Obijective of verification of the procedure:

To demonstrate that the verification procedure for SL WIM
instruments is suitable and reliable for the specific purpose.

On the basis of the measurement results, analysis is to be done
to demonstrate that the test method is applicable when implemented
by different people under different conditions.

Main requirements to the procedure and the obtained test results
are:

- comparability of results within the permissible error limits;

- repeatability — the verification procedure is applied by the same
operator under the same conditions;

- reproducibility — the methodology is applied by different
operators under different conditions and at different times;

- accuracy — comparison of the average value of multiple
measurements with the reference mass of the vehicle;

- sensitivity and speed — verification at different speeds of
passage and at different reference masses;

- stability — checking the sensitivity of the procedure to small
changes in conditions.

Test conditions:

The measurements were carried out by employees of DG MMI
in two stages in the period July 2024 and April 2025:

SL WIM instruments, located at the country's borders and used
by the Customs Agency, were randomly selected. The results of the
comparative measurements are the basis of the verification of the
procedure

The technical equipment and reference vehicles used during the
verification of the procedure have proven traceability and are
property of BIM.

The employees who participated in the tests have been trained
in applying the verification procedure.

Results:

The tests of the individual LS WIM instruments were conducted
with the reference vehicles specified in the verification procedure
within three working days, with 90 tests for each instrument. After
the measurements were completed, an analysis of the data obtained
was done by the two teams of employees, which showed the stability
and comparability of the results.

42

IV CONCLUSION:

As a result of the experimental tests carried out, the following
conclusions can be drawn regarding the presence of:

- comparability of results within the permissible error limits for
the most test loads;

- good repeatability, smaller than 0,3 %);

- accuracy — comparison of the average value from multiple
measurements with the vehicle reference mass;

- sensitivity and speed — verification at different speeds of
passage and at different reference masses;

- stability — checking the sensitivity of the procedure to small
changes in conditions.

Through the applied comparative approach, the presented test
results and generally accepted criteria give grounds to declare that
the developed verification procedure for LS WIM instruments has
been verified.

The general conclusion is that the test method described in the
verification procedure is reliable and suitable for control purposes.

REFERENCES
[1] Law on measurements, publ. SG, No. 46/7.05.2002;
[2] Law on technical requirements to products, publ. SG, No.

86/1.10.1999;

[3] Ordinance on the essential requirements and conformity
assessment of non-automatic weighing instruments, in force from
20.04.2016, publ. SG, No. 87/31.10.2017;

[4] Ordinance on measuring instruments
metrological control, publ. SG, No. 103/06.12.2024;

[5] International Recommendation OIML R 76:2006 ,,Non-
automatic weighing instruments*;

[6] International Recommendation OIML R 111:2004
,»Weights of classes Ei, Ez, F1, F2, M1, M1-2, M2, M2-3 and Ms*;

[7]1 International Recommendation OIML R 134:2006, part 1
and 2 ,,Automatic instruments for weighing road vehicles in motion
and measuring axle loads «;

[8] BIC EN ISO/IEC 45 501:2015 ,,Metrological aspects of
non-automatic weighing instruments®;

subject to

[9] Verification procedure for non-automatic weighing
instruments, Version 3, No. MII-2/2022 r., in force from
20.04.2022.



Methodology for the Verification of Roller Brake
Testers for Road Vehicles

Petko Sinapov
Bulgarian Institute of Metrology (BIM)
Sofia, Bulgaria
p_sinapov@tu-sofia.bg

Abstract— This paper presents a verification methodology
for roller brake testers used in periodic roadworthiness tests of
motor vehicles and their trailers. The methodology is intended
for use by accredited laboratories during initial and subsequent
verifications and verification after each repair of roller brake
testers. The main purpose of the methodology is to determine
whether a roller brake tester complies with the requirements
laid down in legislation and whether the maximum permissible
error of measurements is in accordance with the applicable
requirements. The scope of the methodology includes visual
inspection of the overall technical condition of the roller brake
tester, verification of the diameter and peripheral speed of the
rollers, with particular focus given to the verification of the
brake force measuring systems, the axle load measuring system,
and the air pressure measuring system. The methodology
includes specific test procedures and requirements for the
measurement standards (etalons) used. The proposed
methodology ensures an objective metrological assessment and
contributes to maintaining the reliability and traceability of the
measurement results.

Keywords— roller brake tester, methodology, verification

I. INTRODUCTION

The purpose of roller brake testers is to determine the
braking efficiency of road vehicles. Roller brake testers have
a crucial role in assessing the roadworthiness of road vehicle
braking systems, allowing for quick and objective diagnosis
of potential deficiencies. To ensure accuracy and reliability,
the measuring system is subject to initial and subsequent
verifications [1-3]. In addition to their use in technical
inspections, roller brake testers are also applied in research
and development activities for laboratory testing of new brake
system designs or vehicle tires.

The basic and validated method for verifying the
measurement systems of roller brake testers is the static
method, which uses force-generating devices (or,
respectively, pressure-generating devices) and measurement
standards (etalons) to verify accuracy. Reference [4] presents
examples of test devices used in verification (calibration)
procedures.

In recent years, however, leading -certification and
inspection bodies have started using dynamic verification
methods to improve inspection efficiency and the accuracy of
results. These methods approximately simulate the operating
conditions of a moving vehicle, allowing assessment of the
measurement system under conditions close to real ones. A
detailed example of the proposed dynamic verification
method is presented in reference [5].

Despite the growing interest in dynamic methods, the
static method continues to be widely used and recognized as
the basic approach for the verification of roller brake testers.
This is due to its relative simplicity, which allows easy and
quick execution of the verification, as well as its high
reliability and accuracy of the results. For this reason, the
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present paper proposes a methodology that can be used in
static testing methods.

I1. OPERATING PRINCIPLE OF THE MEASURING SYSTEM

A roller brake tester is a measuring machine consisting of
two pairs of powered rollers. The rollers drive the wheels of
the vehicle by means of friction, with the aim of measuring the
braking force exerted by the vehicle during the test . Sample
computational models of the mechanical part can be found in
[6-9]. Modern brake testers are equipped with force
transducers, pressure transducers, angular velocity sensors,
and electronic systems for data acquisition and processing, as
well as software for visualizing the results.

Fig. 1 shows the main components of the roller brake
tester. It consists of the following components:

* Mechanical component (1): Includes the housing, rollers,
drive elements, sensors, and other mechanical parts,

» Control panel (2): Contains most of the electronics
required for the operation of the brake tester. It houses the
main controller PCB and, if necessary, additional PCBs,

» Computer system (3): Responsible for control,
processing, storage, and transmission of data,

* Analog display (4).

Left
section

Right
= section

Fig. 1 Hlustration of the main components of the roller
brake tester

The basic software usually includes several firmware
components necessary for the proper functioning of the
system. The controller embedded in the control panel contains
one or more microprocessors that interact with each other.
Computer 3 requires additional software for control and
visualization. The software often includes various modules.
For more efficient operation, the individual modules are
connected to each other through appropriate interfaces. Such
systems can be found in [6-8].



Some of the more important measured quantities of roller
brake testers are:

* Total braking force at the moment of wheel lock-up on a
given axle:

F=F +F )

where:

F. — measured value of the braking force of the left
wheel,

Fr — measured value of the braking force of the right
wheel.

* Braking force imbalance on the axle:
F, — F;[100
R= F ~ Fl % )

~ The larger braking force

* Braking efficiency - depending on the type of braking
system, it can be calculated using one of the two formulas
below.

- For vehicles with hydraulic brake systems:

2F 100 %  (3)

- Testweightof thevehiclein N

where Z F; isthe sum of the braking forces of all wheels.

- For vehicles with pneumatic brake systems:

S (FR, + FR,; + FyR o+ R, ) 100 % W
Permissible totalweightin N

where F1, F2, F3, ... Fn are the measured braking forces for
axle 1, 2, 3,4 ... n, respectively.
The correction coefficient R, is calculated for each axle

using the corresponding measured pressure according to the
following formula:

‘p,—0.4

W p —04 ©)

where:

Pm — Minimum design brake actuator pressure (in bar) of
laden vehicle on axle i (for extrapolation purposes),

p;, — is the measured pressure in the brake chambers
(cylinders) at which the braking force of the corresponding
axle i was measured.

Analyses and experimental studies using some of the
above-mentioned formulas can be found in [9].

I1l. METHODOLOGY FOR THE VERIFICATION OF ROLLER BRAKE
TESTERS

The verification is carried out in a sequence of three stages,
as described in the flowchart in Figure 2.

Administrative assessment

{

Technical verification

{

Metrological verification

Fig. 2 Sequence of verification

A. Administrative assessment

During the administrative assessment, the following
checks are carried out:

* compliance with the approved type,
+ completeness of the tester,

« presence of markings, labels, and control signs, including
the manufacturer's serial number of the tester,

« version and name of the firmware and software installed
on the tester under verification.

B. Technical verification

For this verification, it is necessary that the technical
equipment with measuring functions be traceable. The
following activities are carried out:

e Visual inspection — a check of the overall technical
condition of the tester [1,2],

¢ Inspection of all safety facilities— the automatic start
function, the automatic stop function, the operation of
the automatic slip cut-off system, the emergency stop
system, and the safety system of the pit are all tested
[1.2],

o Verification of roller diameter — during the roller
diameter verification, three measurements of the
perimeter are taken for each roller: one in the middle
and two at 10 cm from each end, respectively [3]. For
the measurement, a circumference tape (pi tape) with a
measuring range for diameters of at least 150 mm to
300 mm is used, with a vernier scale division of 0.1
mm and an accuracy class of I,

o Verification of the peripheral speed of the rollers —
during this verification, the rotational speed n of each
roller is determined using the following formula:

min’! (6)

where:
m — number of rotations of the rollers;
tm — time for m rotations, in seconds (s).
The peripheral speed of the rollers is calculated using
the following formula [10]:

v=012znr km/h (7

where:

n— rotational speed (in min™') of the rollers,



r —radius of the rollers (in m).

The radius r is determined based on the minimum
measured diameter in the respective section.

C. Metrological Verification

1) Verification of the accuracy of brake force and axle
load measurement systems

Verifications are carried out using loading devices (Fig. 3
and Fig. 4) and a calibrated force measurement system (Fig.
5) with an expanded uncertainty (coverage factor k=2) not
greater than one-third of the absolute value of the maximum
permissible error (MPE), in accordance with the requirements
for the system under verification. The one-third criterion
complies with the recommendations in [11].

The calibration methods for these measurement systems
can be found in [12]. Similar measuring systems can be seen
in [13].

Loading device—____

~~
S~o
~.

One section of the roller
brake tester

Fig. 3 Loading device for verification of the brake force
measurement system.

~~.
~~

-
-
P
-

—— Loading
‘\gevice
N,

Hydraulic
/" cylinder

One section of the rolle
brake tester

Fig. 4 Loading device for verification of the axle load
measurement system

During the accuracy verification of both systems, tests are
conducted at no fewer than three points evenly distributed
across the measurement range. Three series of measurements
are performed with increasing load. The measured force
values are compared to the corresponding reference values,
and the errors are determined.
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PC

Force

transducer DAQ

Fig. 5 A measurement system used to determine the
reference force values

The formula below is used to determine the absolute error
[13]:

AF =F,

ij

-F

ref

®)

where:
F.; — measured value at a given test point, recorded by
the indicating device of the brake force measurement system,
or respectively, by the axle load measurement system,

F.; — reference value recorded by the corresponding

measurement standard (etalon).

The following formula is used to determine the relative
error in percent:

F.-F
5. =1 —"1100%

ref

(€)]

2) Determination of the difference between the
measurements of the left and right sections of the brake force
measurement system

The difference between the measurements for the same
test force applied to the left and right sections of the brake
force measurement stand is determined by the formula:

F...—F

max

—max___min 100%

max

Ag = (10)

where:

Frax — the maximum value from the three measurements
(of the left or right section) at the same reference force;

F..i» — the minimum value from the three measurements
at the same reference force, recorded by the other section.

3) Verification of the accuracy of the pressure
measurement system of pneumatic brake systems

The verification is performed using a pressure generating
device [10], equipped with a calibrated reference pressure
measuring instrument (Fig. 6), whose expanded uncertainty
(coverage factor k=2) does not exceed one-third of the
absolute value of the MPE, in accordance with the
requirements of the system under verification.



Fig. 6 Pneumatic Service Kit [15]

During the accuracy verification of the pressure
measurement system, tests are conducted at no fewer than
three points evenly distributed across the measurement range.
Three series of measurements are performed with increasing
pressure. The measured pressure values are compared to the
corresponding reference values, and the errors are determined.

The formula used to determine the absolute error is:

AP =D j — Pres (11)

where:

p;; — measured value at a given test point, recorded by
the indicating device of the pressure measurement system;

p.; — reference value recorded by the corresponding
measurement standard.

The formula for determining the relative error in percent
is:

pi,' - pref
5, =—+—"-100% (12)

pref

IV. CONCLUSION

The developed methodology aims to ensure reliability,
repeatability, and accuracy in testing roller brake testers. By
conducting a series of tests, it is verified whether the testers
comply with the requirements of the Ordinance on Measuring
Instruments Subject to Legal Metrological Control.

To assess the effectiveness and suitability of the stand for
operation, clearly defined acceptance criteria for the test
results are applied, which are:

e For each measurement, the diameters must not be less
than 98% of the diameter specified in the type approval
certificate. If the manufacturer has defined a smaller
allowable wear limit for the rollers than the one stated

above, it must be taken into account,

The peripheral speed of the rollers must be in the range
from 2 km/h to 6 km/h.

The measurement errors of the stand must not exceed
the maximum permissible errors requirements.

The difference in brake force measurements between
the left and right sections must not exceed 2.5% for the
same test force applied to both sections of the stand.

If all acceptance criteria are met, the verification is
considered successful. If at least one acceptance criterion is
not met, the verification is suspended until the
nonconformities are resolved.
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The presented methodology contributes to maintaining
high standards in the testing procedures of roller brake testers
under legal metrological control. The stand's ability to provide
accurate and traceable measurements of vehicle braking
efficiency will increase confidence in the results obtained,
which are extremely important because they indicate the
vehicle's ability to brake safely. The roadworthiness of the
braking system is a mandatory part of periodic technical
inspections. Measuring accurate, highly reliable results when
determining the braking efficiency of road vehicles will
contribute to the performance of high-quality periodic
inspections to check the roadworthiness of road vehicles,
which leads to the prevention of accidents and increased road
safety. Future work should focus on developing verification
methodologies based on dynamic testing methods, enabling
more realistic simulation of operating conditions and further
enhancing measurement reliability.
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Abstract — According to the requirements of ISO 17025, all
equipment used in calibration must be traceable; that is, it must
be calibrated. In order to reproduce certain climatic conditions
of the environment in the operating range of temperature and
relative humidity values, specialized equipment is used, namely:
climatic chambers (CC). The study reviewed and analyzed the
main requirements of the calibration guideline (CG) "DKD-R
5-7: Calibration of Climatic Chambers" and provided an
example of its application to ensure the measurement
uniformity during calibration processes of CC.

Keywords — calibration, calibration methodology, climatic
chambers, temperature equipment

I. INTRODUCTION

According to the guidelines of the international standard
ISO/IEC 17025:2017 “General requirements for the
competence of testing and calibration laboratories” [1], all
measuring instruments (MI) used in accredited laboratories
and affecting the measurement result must be calibrated.
Therefore, the analysis of the requirements of the international
regulatory framework regarding the CC calibration process is
an urgent task for the metrological scientific community.

During the calibration of the CC, deviations of the values
of air temperature (AT) and relative humidity (RH) at certain
points or parts of the CC, which are indicated by the CC, from
the actual values of these climatic characteristics are
determined. Also, the tasks of the calibration procedure
include determining the parameters that can have an indirect
effect on the object of study (heterogeneity, stability, etc.).
Calibration results contain important information for CC
operators, as they provide an opportunity to take into account
the properties of a particular device during the implementation
of the measurement process, and determine the measurement
result.

For the calibration of test and laboratory equipment used
for reproducing and maintaining temperature and/or humidity,
it is proposed to use the calibration guideline (CG) “DKD-R
5-7: Calibration of Climatic Chambers” [2], which is
recommended by EURAMET Calibration Guide No. 20 [3]
from the regional metrological organization "EURAMET”.

Purpose. To present a standardized methodology for
calibrating test and laboratory equipment (for reproducing and
maintaining temperature and/or humidity) to the metrological
community. Additionally, this methodology aims to analyze
its special requirements for calibrating this equipment to
ensure customers receive high-quality and sufficient
information on the metrological characteristics of their
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equipment based on calibration results, including data on
heterogeneity, instability, etc., for its further use. This also
aims to ensure the uniformity of measurements within the
country by applying a standardized methodology, or
methodologies developed on its basis, instead of numerous
different methodologies independently developed by various
calibration laboratories.

II. MATERIALS AND METHODS

The proposed guideline [2] establishes the necessary
requirements for the calibration process and for determining
the measurement error when calibrating CC. This
methodology is used for calibrating CC for AT and RH or only
for AT. It also considers the calibration of individual
measurement points in CC.

A. Main terms

A CC is a technical tool that allows to implement
selectively set values of AT and/or RT in a closed volume
within the operating range. [2]

The measurement location (ML) is a spatial position in
which the sensor is located in a useful volume (UV) for
calibration. Thus, ML is a small volume, which is determined
by the size of the sensor elements and the accuracy of their
positioning.

The reference measuring location (RML) is a position in
the UV, for which the deviation between AT and RH and the
specified values is indicated. In most cases, the geometric
center of the UV is chosen as the RML. [2]

The useful volume (UV) of the CC is the partial volume of
the CC covered by the measurement sites of the sensors used
for calibration. Depending on the location of the measurement
sites, the UV may differ significantly from the total volume of
the CC. The CC calibration is valid only for this UV. The
necessary requirements for the ML position according to [2]
must be fulfilled (Fig. 1).

Fig.1. Schematic arrangement of measurement sensors in the UV of the CC



B. Special requirements for climatic
chamber

To apply this method, it is necessary to assess whether the
equipment belongs to CC, since the equipment manufacturer's
designation may be different.

CG “DKD-R 5-7” applies to CC that have a UV with a
certain size ratio (less than 5). These CC can be fixed or
mobile, but their thermal insulation walls must be separate
elements, not integrated into buildings or vehicles.

In order for a CC to be calibrated according to CG “DKD-
R 5-77, it must meet the following criteria:

e Built-in temperature/humidity sensors and control
systems of the calibrated quantities as CC components
must be present.

e Technical specifications and documentation from the
manufacturer for the categories of sensors must be
present (there must be information about the location
of sensors, sensor and insulation characteristics, type
of temperature stabilization, etc.).

e Ensuring the alignment of atmospheric pressure with
the environment.

e Calibration should be done at least three temperature
or humidity points within the required range.
Calibration at one point is possible, but its results are
valid only for that specific point (the information is
indicated in the calibration certificate).

e [fthe dissipation loss occurs in the UV of the CC (e.g.,
heat input through loading or heat dissipation occurs),
this factor should be taken into account in the overall
measurement uncertainty.

CG “DKD-R 5-7” classifies CC into two types according
to maximum operating and calibration ranges: CC with active
air circulation in UV and without active circulation. Both
types of CC must have a heating and/or cooling function.

For CC with forced air circulation, additional requirements
apply:

e Temperature range: The maximum range is -90 °C to
350 °C.

e Chamber volume: The UV should not exceed 2000
liters.

e Due to the lack of air circulation, the temperature
stabilization in the CC is slower. Therefore,
measurements can only be started when the
temperature at all measurement points has stabilized.
This means that there should be no systematic
temperature fluctuations for a minimum of 30 minutes.

e To calibrate the UV, measurements must be made at at
least nine points, as required by the standard IEC
60068-3-5 [4].

e During calibration, it is necessary to assess how the
load affects the uniformity of temperature inside the
CC. To do this, measurements are carried out in two
modes: 1) Empty chamber: Calibration is done without
loading. 2) Loaded CC: Calibration repeats with
typical load.

e The load must be at least 40% of the UV (unless
otherwise specified by the customer) and must
simulate conditions that can lead to the greatest
temperature unevenness. All details about the load
used must be indicated in the calibration certificate.

e RH calibration is not allowed.

e Heat-generating or absorbing load are not allowed.
Active loading with heat dissipation or heat generating
is not allowed. [2]

If these specific requirements are met, this Guideline can
be used to calibrate this equipment.

C. Requirements for calibration methods

Calibration of a CC is the process of determining how
much the readings of its temperature and humidity sensors
differ from the actual values inside the workspace. This helps
not only to understand the accuracy of the CC, but also to
evaluate other important characteristics such as uniformity
(how much AT and RH are the same throughout the volume)
and stability (how much the readings remain constant over
time).

Thus, the objectives of calibration are as follows:

e Calibration  consists of  comparing  the
temperature/humidity readings of the CC with
measurements obtained with reference instruments
placed in its working volume. In this way, deviations
or necessary corrections are determined.

e When calibrating a CC, measurement uncertainty
(MU) must be determined, both for the procedure
itself and for the conditions of its use. This includes
calculating the temperature and/or humidity
uncertainty that occurs during calibration, as well as
the uncertainty that may occur during typical use of
the CC.

e  Calibration may also include checking that the CC
meets certain user requirements, set tolerances, or
specifications if required by the customer.

e  Calibration can only be done at one or a few specific
points and not over the entire volume of the CC as
required by the customer. In this case, however, some
uncertainty factors will not be taken into account, and
the calibration result will be valid only for these points
and not for the entire CC.

According to this methodology [2], the calibration of a
climatic chamber can be carried out by three different methods
(the measurements relating always to AT and RH):

Method A: Calibration in the UV of the unloaded CC.

This method is used to calibrate an empty CC and covers
measurements over its entire working volume:

e The deviation between the readings of the CC devices
and the reference measurements at the control points is
determined.

e The spatial heterogeneity (temperature/humidity
difference at different points) and temporal instability
(variations in readings over time) of an empty volume
are measured.



The effect of radiation on the measurement of AT is
evaluated.

At the customer's request, the impact of loading can be
further determined by comparing empty and loaded
measurements.

Method B: Calibration in the UV of the loaded chamber.

This method involves load-based calibration, which can
simulate typical usage or be at least 40% of the UV. The basic
steps are similar to Method A, but all measurements are made
with loading:

e The deviation of the CC readings from the reference

values in the loaded state is determined.

The spatial heterogeneity and temporal instability of
the loaded volume are measured.

The effect of radiation is determined.

The impact of the load itself is estimated by comparing
the loaded and empty UV. [2]

Method C: Calibration of individual points of the CC that
do not cover UV.

This method focuses on calibrating not the entire volume,
but only specific, individually selected points:

e Determination of the deviation between CC readings

and reference measurements at selected points.
Estimation of temporal instability at these points.

Determination of the impact of radiation at the desired
points.

At the request of the client, the impact of loading on
these specific points can be determined by comparing
the loaded and empty UV. [2]

D. Calibration procedures

After selecting the calibration method, the calibration
procedure begins with the placement of sensors at the
measurement points. Calibration of the useful volume using
Method A or B is usually carried out by measuring at several
locations within the useful volume. The number and spatial
arrangement of these locations are set by analogy with the
IEC 60068-3-5 [4] standard for chambers with a useful
volume of up to 2000 L (Fig. 1). For larger useful volumes,
the measurement points must cover a cubic lattice with a
maximum lattice constant of 1 m (i.e., the largest distance
between adjacent measurement points is 1 m). Other positions
are also possible at the customer's request, but the entire useful
volume must be covered by the measurement points, and the
distance between adjacent measurement points must not
exceed 1 m.

The calibration certificate must contain a diagram with the
location of the measurement points. The results are valid only
for the part of the volume that was covered by these points.
The total error specified in the certificate is calculated on the
basis of the maximum values of the individual errors, and is
valid for the total UV.

Calibration at individual points (Method C) is possible
only at the request of the customer. In this case, the result is
valid only for these specific locations, and this must be
indicated in the certificate of calibration.
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Two thermometers are used to measure the local spatial
inhomogeneity at each point. They are placed side by side, at
a distance of 2 to 5 cm (or at a distance equal to the length of
the active sensor). Of these two thermometers, one is used to
obtain the main result to be recorded in the certificate, and the
other is only used to calculate the heterogeneity. Data from the
last thermometer are not included directly in the final
calibration result. Each measuring point location must be
displayed as a diagram in the certificate.

Spatial heterogeneity is defined as the maximum
temperature/humidity difference between measuring points. It
is investigated only when calibrating the entire UV (Methods
A and B). In Method C, only local heterogeneity is measured
to account for in the total error.

Temporal instability is determined by recording
temperature/humidity fluctuations within 30 minutes after
stabilization. For CC without air circulation, measurements
begin 30 minutes after steady-state is reached.

To determine temporal instability, it is necessary to record
at least 30 measurements over 30 minutes at approximately
equal intervals. These measurements are taken at the center of
the UV (or at the reference point) for each calibrated AT or
RH. It is important to note that the instability study is
mandatory for all calibration methods.

The effect of radiation on measurements can be estimated
in methods described in section 7.4 [2]. However, if the AT in
the CC is in the range of 0 °C to 50 °C, this effect can be
omitted. In this case, an additional uncertainty of 0.3 K is
added to the total measurement error to take into account the
possible effects of radiation. If the difference between the AT
in the CC and the temperature of the environment is more than
30 K, the effect of radiation is mandatory for determination.

The impact of loading is evaluated at the customer's
request. With Method B, the calibration result is valid for the
loaded state. With Methods A and C, the result is for the
unloaded chamber and the impact of the load is taken into
account as an additional error. The test load must be at least
40% of the UV and be described in the calibration certificate.

When calibrating for RH in a circulating CC, you can use
one of two methods.

Indirect method: you need to measure absolute humidity,
dew point (Td) or freezing point (Tf) in the center of the UV.
Then, using temperature distribution data, calculate the
distribution of RH over the entire volume.

Direct method: you need to measure the RH directly at
each point, similar to how it is done for temperature.

It is also imperative to determine the temporal stability of
the RH at the reference point of the measurement.

E. Determining uncertainty contributions

The MU specified in the certificate includes several
components. It is formed from uncertainties associated with
measurements by reference instruments, indicators of the CC,
as well as from the unevenness of parameters in time and
space (i.e. temporal and spatial distributions).

Spatial heterogeneity (67Tinhom; Ofinhom) 1S the maximum
deviation of AT or RH at points near the walls or at the corners
of the chamber relative to the reference measurement site.
According to the IEC 60068-3-5 [4], this value is taken into



account as half the width of a rectangular distributed

contribution with a zero mean value [2]:
|6Tinhom| < MaxlTref - Til

hi

)
2

Standard uncertainties (SU) for these factors are
determined by the formulas:

u(dTmhom) =

|6hinhom| < Maxlhref -

xMaxlTref T;| 3)

u(dhmhom) (€]

Spatial heterogeneity is a mandatory parameter that is
taken into account in all calibration methods (from A to C), as
well as for all temperature and humidity levels. In methods A
and B (total volume calibration), this value is valid for each
point inside the CC. In method C (calibration of individual
points), it only applies to specific measuring points.

XMax|href hll

Temporal instability (0T inswb; Ofinstab.) 18 an indicator that
characterizes fluctuations in AT or RH. It is determined by a
change in these parameters for at least 30 minutes after stable
conditions have been established in the CC.

The maximum difference between any measured value
over that 30-minute period and the average value over the
same time is treated as half the width of the rectangularly
distributed contribution with a zero expected value [2]:

|6Tinstab| =< MaxlT - Til (5)
|6hinstab| = Maxl}_l - hil (6)
SUs for these factors are determined by the formulas:
U(6Tinstap) = X MaxlT T;| (7
u(Shmstab) - X Maxlh i| (8)

A prerequisite for all calibration methods (A, B, C) and for
all calibration values of temperature and humidity is the
determination of temporal instability. This indicator must be
indicated in the calibration certificate.

Radiation effect 0T udiaion. TO calculate the uncertainty
caused by the radiation effect, it is necessary to estimate the
maximum effect of radiation on the uncertainty of the AT
measurement. For this purpose, 10% of the determined is
considered to be the half-width of the rectangularly distributed
contribution with a zero expected value [2]:

|6Tradiation| <01x MaxlTref - Twalll (9)
0,1
u(aTradiation) = 73 X MaxlTref = Twaul (10)

Loading effect 6T ad; Ohioaa. The contribution of the load
to the total MU is calculated as 20% of the temperature
difference measured at the control point between the loaded
and empty chamber. This value is considered as half the width
of the rectangularly distributed contribution with a zero
expected value [2]:

|5Tload| <02x MaxlTref - Tref,loadl (11)

|5hload| <02x Maxlhref - href,loadl (12)
SUs for these factors are determined by the formulas:

u(aTload) - X MaxlTref Tref,loadl (13)
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u(dhload)

Resolution of indicators 0T,es; Ohres. The resolution of the
indicators enters as rectangularly distributed uncertainty
contribution. The smallest resolution is 0,5 digit. This is the
half-width of a rectangularly distributed contribution with the
expectation 0. [2]

X Maxlhref href,loadl (14)

Measurement error of standard measuring devices 0Ty,
Ohgq. This contribution is obtained from the partial budget for
the standard measuring devices used. [2]

The resolution of the indicators (67 es; dhyes ) 1s taken into
account as a rectangularly distributed contribution of
uncertainty. Normally, the minimum resolution is 0.5 of the
smallest digit, which is half the width of this distribution.

Measurement error of reference MI (67swa; Ohsw). This
contribution comes from the errors present in the reference MI
themselves used for calibration. Their uncertainty is taken into
account based on their own uncertainty budget:

Tsta = Tina,sta + ATsta + 6Tsea (15)

with 6Tseq = 6Tcq; + 6Taripe + 0Tressta + 6Thear +... (16)
hsta = hina,sta + Dhsea + 6hseq (17)

with Shgtq = 6hegq + Shgripe + GNressta +... (18)

F. Requirements for calibration results

The calibration certificate must indicate the deviation of
the measured values from the specified ones or, alternatively,
the correction of the readings. These reference values
generally refer to the center of the UV of the CC.

The components of the complete calibration result must
contain the following elements:

e Correction or deviation of readings: This result is
indicated for AT and RH. For Methods A and B, which
cover the entire volume, it refers to the reference point
in the center. For Method C, which -calibrates
individual locations, it is provided for each of these

points.

Uncertainty of readings: Indicated for both AT and
RH.

The certificate must also contain information about the
characteristics of the CC such as uniformity, stability,
exposure to radiation, wall temperature and other
relevant data.

Conformity for AT at customer's request only.

Conformity for RH at customer's request only.

Conditions of measurement. [2]

III. EXPERIMENTAL PART

As an experimental work, the calibration of the Binder
FD56 CC (see Fig. 2) was carried out at the Calibration
Laboratory PrJSC “MHP”. This was done in accordance with
the requirements of the standardized methodology discussed
in this paper [2], specifically Method A (unloaded chamber),
using a multi-channel calibration complex based on a
precision thermometer "milliK". This thermometer provides
metrological traceability to recognized national standards (see
Fig. 3).



Fig.2. Location of temperature measurement sensors in the climatic chamber's
useful volume

Fig.3. Calibration complex based on the "millik" precision thermometer

The measurement results, presented according to the
requirements of the standardized methodology discussed in
this paper [2], are presented in Tables 1-3.
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TABLE 1. TEMPERATURE MEASUREMENT RESULTS
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130 131,3 130 1,3 5,3

TABLE 2. SPATIAL TEMPERATURE DISTRIBUTION

Controller
adjustment - 105 130
temperature
in °C
Location in the Temperature - standard thermometer in °C
useful volume:
Tk 1 105,70 130,70
Tk 2 104,69 129,80
Tk 3 106,03 130,95
Tk 4 106,08 131,34
Tk 5 105,77 130,65
Tk 6 104,55 129,21
Tk 7 106,77 131,74
Tk 8 110,06 136,00
Tk 9
reference location 106,14 131,43
Measurement
uncertainty (U) 0,79 0,61
in °C

TABLE 3. RESULTS FOR THE CHARACTERIZATION

OF THE CC VOLUME
Controller Radiation
adjustment - Inhomogeneity Instability effect
temperature in °C in °C in°C
in °C
105 391 0,47 0,10
130 4,58 0,18 0,12

IV. CONCLUSIONS

The following important conclusions can be drawn from
the research conducted and the results obtained:

The use of a standardized calibration method [2]
allows comparing calibration results obtained by
different calibration laboratories, thereby ensuring the
uniformity of measurements.

We've considered the features of the standardized
method [2] for calibrating CC and the requirements
that test and laboratory equipment for reproducing and
maintaining temperature and/or humidity must meet to
be calibrated according to this method.

Performing calibration and presenting the results
according to the method discussed in this article
provides the customer with the most complete
information about the characteristics of their
equipment's useful volume, such as instability,
heterogeneity, load effect, etc.

The possibility of applying this calibration method to
equipment that formally meets its requirements but
cannot be fully investigated due to design features
requires further study. This is particularly relevant



when the UV of the equipment chamber is small, and
the size of the thermometer's measuring sensors
prevents their placement in the minimum required
number according to the methodology.
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METROLOGYCAL ASSURANCE IN IONIZING RADIATION
MEASUREMENTS AT KOZLODUY NPP EAD - ACCEPTANCE AND

DEVELOPMENT
Temenuzhka Stoyanova Neli lvanova Alexander Mladenov
Metrological Metrological Metrological
Assurance Assurance Assurance

Kozloduy NPP EAD
Kozloduy, Bulgaria
temenushka@abv.bg

Summary: The main objective of metrological as-
surance in measurement of ionizing radiation (IR) at Ko-
zloduy NPP EAD is to ensure unity, accuracy and qual-
ity of measurements in accordance with the Bulgarian
and international standards and traceability to interna-
tionally recognized primary standards.

Measurements in the field of radiation protection,
control of radioactive discharges into the environment
and technological control are extremely important.

The report is based on the years of experience gained
by the lonizing Radiation Measurement Laboratory at
the Metrological Assurance Department of Kozloduy
NPP EAD. It presents the main tasks of the Metrological
assurance in measuring of ionizing radiation and the as-
sociated activities.

Key words: Metrological assurance, legal metrol-
ogy, company metrology, calibration, verification

I. INTRODUCTION

Measurement of ionizing radiation (IR) is carried out
in many areas of the production and monitoring activi-
ties performed at Kozloduy NPP EAD but the measure-
ments are particularly important in the field of radiation
protection, control of radioactive discharges into the en-
vironment and technological control.

Ensuring unity, accuracy and quality of the ionizing
radiation measurement in accordance with the Bulgarian
and international standards, and traceability to interna-
tionally recognized primary standards, is the main ob-
jective of the Metrological Assurance Department (MA)
at the Quality Division of Kozloduy NPP EAD. It is an
important prerequisite for compliance with:

o technical specifications;
o radiation protection regulations;

o dose exposure limits of personnel working in an
ionising radiation environment;

o regulatory requirements for radioactive dis-
charges to the environment;

e ALARA principle;
e Measurements Act.

I1.TYPES OF IR MEASUREMENTS

IR measurements are carried out in many areas of
production and monitoring activities at Kozloduy NPP
EAD. The purpose is to provide for:

Kozloduy NPP EAD
Kozloduy, Bulgaria
NSlvanova2@npp.bg
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o radiation protection of personnel through individ-
ual dosimetry control, control of the radiation
background in work premises, control of surface
contamination;

¢ environmental protection through control of radi-
onuclide composition and radionuclide content in
waste water and air;

o control of technological measurements by moni-
toring the quantities of radioactive substances
generated in the course of the electricity genera-
tion and minimizing the potential for spread of
contamination.

The technological measurements of ionizing radia-
tion are carried out in order to control the quantities of
radioactive substances generated in the course of elec-
tricity generation and to limit the potential for their
spread. Thus, there is a close connection amongst the
three types of measurements for ionizing radiation
measurement at NPP. Therefore, it is more convenient
to classify the measurements according to the type of the
radiation measured and the measurement method used:

e activity measurement - gamma spectrometry for
measuring the total alfa-/beta- activity;

o dosimetry measurements - individual and opera-
tional dosimetry control

I1l. MA STRUCTURE IN MEASURING IR

Metrological assurance is divided in two main areas:
Legal metrology and company (industry) metrology.

e Legal metrology - it's task is to apply the legal
requirements to measurements ensuring the accu-
racy and reliability of the measurements related
to public safety, environmental protection, state
and municipal takings and commercial payments,
and carrying out metrological control (MC) of
measuring instruments (MI) - Art. 5 of Measure-
ments Act (MA). Metrological monitoring is car-
ried out by the Bulgarian Institute of Metrology
or individuals authorized by State Agency for
Metrological and Technical Surveillance pursu-
ant to the Measurements Act and the related reg-
ulations.

e Company metrology - it's task is to ensure the
quality of the measurements in a given production
in accordance with the design documentation,
specific technical requirements, safety require-
ments and other normative documents and stand-
ards related to the specific production process. It
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is carried out by means of MA of the entire meas-
uring process depending on the measurement spe-
cifics and is regulated by internal documents -
quality procedures, methodologies, standards,
etc.

Organisation and control of the metrological assur-
ance of the ionizing radiation measuring instruments and
systems at Kozloduy NPP EAD is conducted by the lon-
izing Radiation Measurement Laboratory at the Metro-
logical Assurance Department. The laboratory performs
company metrological verifications and calibration of
measuring instruments. In the cases under Art. 5 of the
Measurements Act, the inspections are carried out by
Directorate General Measures and Measuring Instru-
ments (DG MMI) - Lovech, the Measurement of loniz-
ing Radiation Laboratory and Energotest Control Ltd.

IV. MA ACTIVITIES IN MEASURING IR

The main activity of the lonizing Radiation Meas-
urement Laboratory for the purposes of metrological as-
surance of ionizing radiation measuring instruments is:

o verification of the measuring instruments pursu-
ant to Art.5 of the Measurements Act (only re-
questing and presenting measuring instruments
for verification)

e company verification of measuring instruments
(specialized receiving inspection, initial and peri-
odic);

o calibration of measuring instruments;
e measurement quality control.

The technical procedures for caring out these activi-
ties are the same, but the objectives are different. When
comparing the four types of activities, the following
concussions can be drawn:

e The verification of the measuring instruments le-
gally makes it possible, by relatively simple
means, to achieve effective control of a large
number of measuring instruments without requir-
ing any special knowledge of the measurement
from the user. Only the maximum permissible er-
ror in the operation of the measuring instrument
is of interest;

e The verification ensures correct measurements
with given measuring instruments for its intended
use for a certain period of time. Therefore, verifi-
cation can be considered a serious measure to en-
sure the necessary quality of the measurements in
both legal and industrial metrology.

o The verification in the legal field is carried out ac-
cording to methodologies approved by the Bul-
garian Institute of Metrology, which are valid for
the whole country. The company verifications are
conducted under approved methodologies ac-
cording to the specific application of the ionizing
radiation measuring instruments at Kozloduy
NPP EAD.

e The conclusion from the verification in the legal
field is qualitative: the measuring instrument

complies /does not comply with the approved
type. This means that the measuring instruments
do or do not comply with the regulatory require-
ments related to its purpose.

The company verification can also provide a quanti-
tative assessment certifying whether a particulate meas-
uring instrument fulfils its purpose, whether it is appli-
cable for carrying out a given measurement.

Calibration is an important procedure in the indus-
trial metrology measurement activities. Thorough
knowledge about the specifics of the measurement, its
implementation and results processing and evaluation is
required to carry out the calibration. The measuring in-
struments to be calibrated are not typical in most cases,
but are selected in a way they can be used for a specific
purpose. Compared to the verification, the calibration
provides for qualitative assessment showing to what ex-
tend a certain objective is achievable with a given meas-
uring instruments when applying a specific measuring
method.

Measurement quality control aims to control the en-
tire measurement process. It is performed using the blind
sampling method and has a particularly important role
in metrological assurance of activity measurements.

V.ORGANISATION AND PERFORMANCE OF
METROLOGICAL CONTROL OF MEASURING
INSTRUMENTS

The lonising Radiation Measurement Laboratory
complies with the requirements of B/IC EN ISO/IEC
17025:2018 - General requirements for the competence,
of testing and calibration laboratories to evidence its
competence and ability to obtain valid results.

In compliance with this document, the Laboratory
plans and performs activities considering the risks and
possibilities. This increases efficiency, improves the ac-
curacy of results and prevents negative impact. The la-
boratory is responsible for defining the risks and possi-
bilities to be considered.

The activities and documents meeting the require-
ments of BJIC EN ISO/IEC 17025:2018 include:

e measurement processes

e measuring instruments and systems
e ensuring measurement traceability
e measurement methods

e measurement conditions

Metrological verification and calibration are carried
out in compliance with approved methodologies.

The laboratory organises and carries out periodic
metrological control and calibration of measuring in-
struments used for radiation monitoring to ensure the re-
liability and comparability of the measurement results
and to enhance their reliability,

A specialized receiving inspection and initial check
is carried out upon commissioning of the newly pur-
chased equipment to ensure compliance with the tech-
nical and regulatory requirements.



V1. [ONISING RADIATION MEASUREMENT
LABORATORY STANDARD BASE

A. Standard noble gas monitor

The standard noble gas monitor, type RNG- 07 (Fig.
1) is used to calibrate radioactive discharge systems. The
monitor measuring range for 3¥Xe is 8,11.102 up to
6,61.107 Bg/m?® and for %Kr is 1,69.10° up to 1,38.108
Bg/m?, uncertainty 3 %. In 2023, traceability to an inter-
national standard in the Czech metrology institute (CMI)
is provided.

Fig. 1 RNG - 07

B. Dosimetry value standards

The laboratory maintains three gamma irradiance
standards reproducing values of air kerma and air kerma
rate. Two of them, type IM6/M and IM1/P (Fig. 2), are
located in the laboratory located at Units 5 and 6 and the
third one, type CMS-NRD-WBM (Complex Measuring
System - Neutron Radiation Dosimetry - Wide-Beam
Modification) is located in the laboratory located at
Units 1-4. Gamma irradiation lines are used to check and
calibrate electronic personal dosimeters, thermolumi-
nescent dosimeters, radiation monitoring system detec-
tor units and portable dosimeters for operational control.

Fig. 2 IM6/M and IM1/P

The calibration of these lines is performed with a do-
simeter, type UNIDOS 1001 (Fig. 3), an air kerma unit
power standard to ensure traceability of the results to a
national standard. The dosimeter has an operating range
from 0,2 uSv/h to 3,5 kSv/h in a set with 3 ionization
chambers, type TW23361, 30 cm?, TW23002, 1000 cm?,
TW23003, 10 000 cm?,

T

Fig. 3 UNIDOS 1001

C. Certified reference materials

Certified reference materials (CRMs) are standard
samples whose geometry, activity and nuclide composi-
tion depend on their specific application, and, therefore,
the variety among them is relatively large. The type and
number of the necessary CRMs is stipulated in the cali-
bration and verification methodologies and quality as-
surance procedures for measurements with radiometers
for defining the total alpha/beta in samples.

Due to the decay properties of the radioactive sub-
stances, CRMs have a limited shelf-life, requires after
the expiry date of the CRM specified in the certificate,
the CRMs to be:

e scrapped and replaced with new ones;

o recertified by an institution entitled to carry out
this activity and extend their shelf-life.

Selecting one of the two options depends on the de-
sign of the source, the radionuclide it contains and the
accuracy to be achieved using it.

D. Particle activity and surface emission rate stand-
ards

Particle activity and surface emission rate standards
are large-area alpha/beta-radioactive sources on a solid
substrate of different sizes and nuclides. These sources
are used for metrological control and calibration of port-
able and stationary radiometers for alpha/beta surface
contamination, as well as radiometers for determining
total alpha/beta in samples, along with CRM.

The storage and handling of standards is carried out
in accordance with the requirements of the Regulation
on radiation protection.



The traceability of the standards is achieved through
continuous quality control and calibration.

The maintenance of activity and particle surface
emission rate standards requires regular surface contam-
ination and leak tests.

The lonizing Radiation Measurement Laboratory
has implemented a quality control system for the stand-
ards used. To verify the operability of the radioactive
sources from the standard sets, they are periodically
tested for surface contamination and leak in the labora-
tory. A radiometric alpha/beta counting system, type
iSolo, is used for measurements (Fig. 4).

Fig. 4 iSolo

Table 1 presents the metrological characteristics of
the iSolo radiometric alpha/beta counting system

TABLE 1 ISOLO METROLOGICAL CHARACTERISTICS

Attribute Specified values | Dimension
Measuring range 11000000 cts
o:3.0+96
Energy range B:0.125 2.2 MeV
a:<0.1
Background B < 16 cpm
Efficiency of registra- | >33 (**Am) 0
. %
tion > 25 (%0Sr/?0Y)

The laboratory has a gamma spectrometry system
HPGe, manufacturer ORTEC, MCA - DSPec (Fig. 5),
used to implement activities to evaluate the leak tight-
ness of ionizing radiation sources and to carry out qual-
ity control through external laboratory control of Ko-
zloduy NPP EAD organisational units.
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Fig. 5 HPGe

Table 2 presents the metrological characteristics of
the HPGe gamma spectrometer.

TABLE 2 METROLOGICAL CHARACTERISTICS OF HPGE

Attribute Specified values DIER
sion
Eii?lutlon at: 122 0,82
keV
1332.5 KeV 1,85
Peak/Compton ra-
56:1 -
tio ®Co
Relative efficiency
25% %
GOCO

The radioactive sources which fail the leak tests are
not allowed for further use and are discarded. They are
handed over in compliance with the Regulation on the
Terms and Procedure for Handing Over Radioactive
Waste to the State Enterprise Radioactive Waste for
treatment as radioactive waste.

E. Standard wide-area windowless radiometer

An output standard is used (a radiometric system
with a wide-area gas flow proportional detector, type
LAPC-096 (Fig. 6)) for the inter-calibration checks of
the radioactive sources and the calibration of the radio-
active sources working standards.



Fig. 6 LAPC-096

The LAPC-096 was declared a starting standard fol-
lowing verification of its characteristics and conducting
calibration in the D.I. Mendeleev All-Russian Institute
of Metrology (VNIIM), St. Petersburg in 2015. Due to
the strained relations and military situation in Russia, no
subsequent calibration was carried out to ensure tracea-
bility in VNIIM.

In 2023, in cooperation with the Scientific Research
Centre at Sofia University St. Kliment Ohridski, and, in
particular, K. Mitev, at the Department of Atomic Phys-
ics, Faculty of Physics, a study was carried out and a
numerical Monte Carlo model was developed to evalu-
ate the efficiency of a LAPC type flow proportional
counter. This enabled the team of K. Mitev to continue
the study of the characteristics and calibration of P9 al-
pha sources with the standard radiometer LAPC-096 the
following year. Since 2024, following specialised train-
ing, the lonising Radiation Measurement Laboratory re-
liably uses the LAPC-096 standard for the surface emis-
sion rate with traceability to an international standard of
the National Metrology Institute of Germany (PTB) for
the calibration of wide-area radioactive sources, types
P9 and CO.

VII. DEVELOPMENT OF THE IONIZING RADIATION
MEASUREMENT LABORATORY

In recent years, as part of the modernisation of radi-
ation monitoring systems and equipment, many new
measuring instruments have been delivered, mainly for
operational radiation monitoring of the radiation situa-
tion in the controlled and supervised areas. These are
new in terms of a model and manufacturer, as well as
increasing the number of models available. This defines
the activities and development of the lonizing Radiation
Measurement Laboratory in the following areas:

A. Ensuring and maintaining appropriate working
conditions

In order to ensure the necessary conditions for ob-
taining reliable and accurate results during verification
and calibration, a complete renovation of the laborato-
ry's workspaces was carried out. An air conditioning
system was installed providing for the temperature and
humidity required for measurements.

A fully state-of-the-art video surveillance system
was installed in the room housing the two gamma
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irradiation lines to ensure better conditions and radiation
protection measures for personnel.

B. Development and maintenance of the standard base

The Laboratory maintains an extensive standard base
and works on the improvement of the hierarchical
schemes to ensure the quality execution of metrological
control activities in accordance with the needs of the Ko-
zloduy NPP organisational units. Delivery of a new
high-precision UNIDOS-type dosimeter and installation
of a new standard gamma irradiation line is expected to
improve the quality of verifications and calibration of
electronic personal dosimeters, thermoluminescent do-
simeters, detector units from radiation monitoring sys-
tems, and portable dosimeters for operational monitor-
ing.

For the purposes of metrological assurance of the
newly purchased measuring instruments at Kozloduy
NPP EAD, the lonizing Radiation Measurement Labor-
atory continuously expands and updates the standard
base with different in area, geometry, and nuclide com-
position. radioactive sources.

A traceability of all standard measuring instruments
and standard radioactive sources used at Kozloduy NPP
is provided to the primary standards in Germany, the
Czech Republic, Russia, USA, etc., as well as to the na-
tional standards in Bulgaria, via certification and recer-
tification, if needed.

The maintenance of the standard base is related to:
o Calibration of standards to ensure traceability to
higher-level standards;

e Procurement of new standards;

e Participation in interlaboratory comparisons;

e Software support of measurements;

e Continuous control of standards’ Characteristics.

The standards used by the lonizing Radiation Meas-
urement Laboratory have valid calibration certificates,
approved registration records, and traceability schemes,
in accordance with the quality procedures of the Metro-
logical Assurance Department.

C. Implementation of new methods and methodologies
for the calibration and verification of measuring in-
struments

The expansion of the range of verified and calibrated
measuring instruments leads to the development of the
standard base, as well as to the development and ap-
proval of new methodologies necessary for the activity,
in accordance with the requirements of Bulgarian and
international standards.

In 2023, under a contract concluded with the Scien-
tific Research Centre at Sofia University St. Kliment
Ohridski, Tatiana Boshkova carried out authorial
maintenance and update of methodologies for the cali-
bration and verification of gamma spectrometry systems
with HPGe detectors.



In connection with the expansion of the lonizing Ra-
diation Measurement Laboratory's activities to include
the calibration of standard gamma irradiation lines and
standard wide-area alpha/beta sources, an update was
carried out in accordance with the international stand-
ards and best practices in the methodologies thereto.

¢ Methodology for calibration of standard gamma
irradiation lines;

e Methodology for calibration of standard wide-
area alpha and beta sources of ionizing radiation;

Due to the wide variety of portable radiometer types,
procedures for their calibration are to be jointly devel-
oped with K. Mitev. To facilitate the work of the labora-
tory specialists, training on the topic is also planned.

D. Demonstration of the laboratory's competence

The laboratory's specialists participate annually in
international interlaboratory comparisons in various ar-
eas of ionizing radiation measurements, such as:

e International interlaboratory comparison
‘Ringversuch Fortluft” for measuring the gamma-
emitting nuclides when monitoring gaseous radi-
oactive emissions in the environment, conducted
by the German Federal Office for Radiation Pro-
tection (Round robin test for the determination of
gamma emitters in water RV1)

e International interlaboratory comparison for de-
fining the gamma emitters in water RV1, con-
ducted by the German Federal Office for Radia-
tion Protection (Round robin test for the determi-
nation of gamma emitters in water RV1)

o International interlaboratory comparison (profi-
ciency test) for the measurement of anthropo-
genic radionuclides in water, soil, and surface
contamination on a simulated filter, organized by
the International Atomic Energy Agency (IAEA,
Awustria) — Proficiency Test (PT) on determination
of anthropogenic and natural radionuclides in wa-
ter, soil and simulated contaminated surface sam-
ples — provided by the IAEA Terrestrial Environ-
mental Radiochemistry Laboratory (TERC)

Achieving good results is an important factor for
demonstrating the laboratory's competence. Through its
participations, the Laboratory confirms its competence
in calibration and in providing for valid measurement
results. The laboratory personnel possess the necessary
competence to carry out the laboratory activities.

E. Personnel Training and Qualification

The Laboratory pays special attention to maintaining
and enhancing the personnel qualifications in order to
professionally implement the activities in view of the in-
creasing requirements for the activities performed. This
is achieved through:

e On-the-job training;

e Participation in specialised training courses, in-
cluding English language courses;
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o Participation in practical workshops, conferences
and symposiums;

o Professional qualification in ‘Metrology and Met-
rological Assurance’ under a contract with Tech-
nical University of Sofia and Sofia University ‘St.
Kliment Ohridski’

VI111.CONCLUSION

The lonizing Radiation Measurement Labora-
tory at Kozloduy NPP EAD is responsible for the met-
rological assurance of a large number of measurements
and measuring instruments used in industrial and legal
metrology. The metrological assurance principles and
methods applied by the laboratory comply with the cur-
rent international and national trends for metrological
assurance development.

The metrology assurance of measuring instru-
ments (MI) at the NPP is carried out in accordance with
the following documentation regulated by the legal and
regulatory framework:

e Measurements Act;

o Safe Use of Nuclear Energy Act;

e Regulation on measuring instruments subject to
metrological control;

e Regulation on Radiation Protection;

e Regulation No.9 for the technical operation of
power plants and grids

The lonizing Radiation Measurement Labora-
tory at Kozloduy NPP EAD focuses its efforts on the
metrological assurance of technological measurements:
development of programmes to ensure the quality of in-
dividual measurements, calibration of measuring instru-
ments, improvement and expansion of the standard base,
enhancement of the quality of metrological verifica-
tions, preparation of measurement methodologies, re-
ceiving inspection, personnel qualification enhance-
ment, etc.
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