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The international student conference POSTER 2022, organized by the Faculty of Electrical Engineering, 
Czech Technical University in Prague, started as an internal meeting of doctoral students in 1995. In 
1997, the first International Student Conference POSTER was held. On May 12, 2022 we organized the 
Conference for the 26th time, after a two year break caused by the pandemic situation. As in previous 
years the conference was held in cooperation with the Faculty of Biomedical Engineering and Faculty of 
Information Technology. 

One of the main goals of the POSTER conference is to promote discussions and interactions among 
postgraduate and undergraduate students from various countries, universities and fields of study 
related to electrical engineering. Another important goal is to support independent creative work of 
students and stimulate practical application of acquired theoretical knowledge since we consider the 
students' research activity an inevitable part of the whole educational process at all universities. 

This year we introduced the following change to the conference. Students can submit either  
a two-page abstract or a four-page full paper for publication. They can also opt out of publication of 
their contributions.  

The program committee of Poster 2022 conference selected 71 papers for presentation at the 
conference from the total of 73 submitted contributions. The contributions are divided into seven 
sections: 

• Biomedical Engineering 
• Communications 
• Electronics and Instrumentation 
• History of Science 
• Informatics and Cybernetics 
• Management 
• Power Engineering 

A total of 46 contributions come from Czech Technical University in Prague, 7 from other Czech 
universities and 18 contributions are from abroad. Criteria of acceptance were based on the originality 
of scientific contribution and good English. Each paper was reviewed by at least two members of the 
respective section of the Programme Committee. A total of 16 authors opted out of the publication of 
their contributions.  

We would like to thank all students who produced outstanding research results and contributed to this 
proceeding. 

Last but not least, we would like to express our gratitude to all colleagues from the Office for Science, 
Research and International Relations and from the Computing and Information Centre who helped us 
a lot in preparation of the proceedings and organization of the conference. 

 

 

Prague May 2, 2022 

Libor Husník 
on behalf of the Organizing Committee of POSTER 2022
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Real-Time Segmentation of Neonates on
Embedded GPUs via Deep Learning
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Abstract. Preterm infants require profound medical care,
because their organ system is not fully developed, which can
cause various complications. Today, vital signs monitoring
uses adhesive sensors attached to the body or skin. Due to an
increased risk of damaging the neonatal skin, camera-based
methods gain attention since no wired sensors are required.
However, images need an advanced analysis to extract pa-
rameters such as heart and respiration rate. In image pro-
cessing, Deep Learning-based methods showed promising
results for object detection and segmentation. In this work,
two well-known segmentation architectures were trained on
neonatal data to investigate real-time segmentation of body
parts on embedded NVIDIA Jetson GPUs. After the train-
ing step, the models were optimized by fine-tuning hyperpa-
rameters to further increase accuracy and inference speed.
The first method U-Net proved to be suitable for segment-
ing nine body parts with an average F1-score of 83.5% at
35 fps on a Jetson Nano and 200 fps on a Jetson Xavier NX.
The second approach Mask R-CNN showed promising pre-
dictions, but a much slower inference speed. Finally, a real-
time body part segmentation on embedded GPUs using U-
Net was achieved.

Keywords
Neonatal Care, Deep Learning, Real-Time Segmenta-
tion, Embedded GPUs.

1. Introduction
According to the World Health Organization, 15 mil-

lion infants are born prematurely each year, which results in
more than 10 % of all births being premature. About 1 mil-
lion infants die each year due to various complications re-
lated to preterm birth [1]. In this context, respiratory distress
syndrome, cardiovascular disorders, temperature instability,
and neonatal sepsis are among the most common causes [2].
Since fluctuations in vital signs can be early signals before
such complications start to evolve, continuous monitoring is
crucial in a neonatal intensive care unit (NICU) [3]. In clin-
ical practice, vital signs such as heart and respiratory rate,

body temperature, blood pressure, and arterial blood oxy-
gen saturation are monitored from patients in incubators us-
ing adhesive electrodes and sensors attached to the neonatal
skin [7]. The attached cables not only disturb the freedom
of movement, but also complicate kangaroo care involving
skin-to-skin contact with the parents. Due to their immature
skin, these contact-based methods can further cause medical
adhesive-related skin injuries (MARSI) in preterm infants,
which can lead to severe infections [5].

Recent advances in camera-based technologies enable
non-contact vital parameter monitoring for different modali-
ties [6]. The application of such remote techniques in NICUs
not only provide the potential to reduce the number of ca-
bles attached to adhesive sensors, but can also minimize the
risk of MARSI in neonates [4]. While heart rate can be mea-
sured using an RGB camera that records subtle color changes
on the skin surface [8], respiratory activity can be observed
from torso movements regardless of the camera modality [9].
Further, infrared thermography can be utilized for monitor-
ing thermoregulatory processes [10].

Since image-based methods require advanced anal-
ysis for vital signs extraction, high-performing algorithms
are needed for robust and real-time processing. In the first
step, the patient needs to be detected in the frame. Sub-
sequently, signal containing regions need to be segmented
and tracked over time for monitoring. In this context, Deep
Learning (DL)-based techniques provide tools for real-time
image analysis and outperform traditional computer vision
techniques in accuracy and performance for segmentation
[11].

In this work, two different state-of-the-art segmentation
architectures were trained on a custom neonatal RGB dataset
and compared regarding accuracy and performance. Due
to the small size of the custom dataset, pre-trained model
weights were used for both architectures. For the training
step, NVIDIA’s Train, Adapt, and Optimize (TAO) Toolkit
was used, which provides an interface to speed up the pro-
totyping of multiple end-to-end DL pipelines. The models
should accurately categorize each image pixel as background
or one of the body parts of the neonate. To improve accuracy
and achieve real-time performance on embedded NVIDIA
Jetson GPUs, a hyperparameter optimization was conducted.
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2. Materials and Methods
2.1. Dataset Overview

The neonatal dataset used in this work can be split into
two subsets. The first subset consisted of (self-recorded)
RGB images recorded in the NICU of Saveetha Medical
College and Hospital, Chennai, India, and approved by
the institutional ethics committee of Saveetha University
(SMC/IEC/2018/03/067). The second subset consists of
RGB frames collected from open-source image collections
of newborns. For the first subset, the CMOS color camera
GS3-U3-23S6C-C (FLIR, USA) was placed above an open
incubator recording the neonate. The camera was record-
ing at a frequency of 60 Hz and a resolution of 1920× 1200
pixels. In Fig. 1, two example RGB frames from the self-
recorded dataset are illustrated.

Fig. 1: Example RGB frames of the dataset.

2.2. Data Preprocessing

Since DL-based approaches require a large amount
of data for generalization, data augmentation was applied.
Hence, further variations of the images were created dur-
ing the training using horizontal and vertical flip, random
crop, resize, and brightness. This expands and diversifies the
dataset while preventing the model from overfitting.

For ground truth labelling of the dataset, the open-source
COCO annotator tool was used [12]. Each pixel of an image
was annotated to one of the 17 following classes by drawing
polygons around the body parts (if available): (left+right)
eye, (left+right) ear, nose, mouth, head, torso, (left+right)
arm, (left+right) hand, (left+right) leg, (left+right) foot, and
background. In total, 700 RGB frames were annotated dur-
ing this work. The annotations and the corresponding images
were divided into train, validation, and test sets with split ra-
tios of 70 %, 20 %, and 10 %, respectively.

To experiment with a various number of classes, differ-
ent classification problems were observed by merging some
of the 17 classes. Firstly, left and right body parts were
combined, resulting in 11 classes. Further, 9 classes were
reached by combining the hand and foot with arm and leg,
respectively. Next, eyes, ears, nose, and mouth were merged
with the head class, resulting in 5 classes. Finally, the binary
problem (neonate vs. background) was observed.

2.3. Segmentation models

In this work, two different segmentation architectures
were trained, validated and compared for accuracy and real-
time performance on a discrete and embedded GPUs. While
the first architecture U-Net is a convolutional neural network
(CNN) explicitly designed for the fast and precise semantic
segmentation of images [13], the second architecture Mask
Region-Based-CNN (Mask R-CNN) is a method commonly
used for instance segmentation [14]. While U-Net performs
image classification at pixel level and assigns every pixel to
a class label, Mask R-CNN produces bounding boxes around
the object and segmentation masks.

To reduce the prototyping time for the DL pipelines
and use the pre-trained weights for the segmentation mod-
els, the NVIDIA TAO toolkit was used, which is an AI-
model-adaptation framework that simplifies and accelerates
the creation of AI applications. To investigate different
model pipelines for both architectures, a hyperparameter op-
timization was conducted. In Table 1, the hyperparameter
selection is presented for both architectures. Since the train-
ing process was much more time-consuming for Mask R-
CNN, the variety was reduced for this model. In the process,
three different image and model sizes (128×128, 256×256,
and 512×512) were used. Further, the number of trained
classes varied as described in Section 2.2. To measure the
influence of the batch size and number of training epochs,

Tab. 1: Hyperparameter selection.

U-Net Img
Size

Model
Size Classes Batch

Size Epochs
1 256 128 9 1 1000
2 128 128 9 1 9400
3 128 128 9 3 1000
4 512 128 9 3 1000
5 128 128 9 5 1000
6 128 128 11 1 2000

177 128 128 1 2000
8 128 128 2 1 2000
9 128 128 5 1 2000

17 128 128 9 1 2000

10 128 128 9 1 1000
11 256 256 9 1 1000
12 512 512 9 1 1000
13 512 512 11 1 1000
14 512 128 9 1 1000
15 512 256 9 1 1000
16 128 256 9 1 1000

18 128 128 9 1 1000
Mask

R-CNN
1 128 9 2 12000
2 11 1 6000
3 128 128 17 1 6000
4 128 128 11 1 6000
5 128 128 11 1 6000
6 128 128 9 1 6000

128
512 512



POSTER 2022, PRAGUE MAY 12 3

64

3 64

64

128

128

128

256

256

256 512 512 512 512

512

256

256

256

128

128

128

64

1024

10241024512

64

17

conv 3x3, ReLU
copy and crop

max pool 2x2
up-conv 2x2
conv 1x1

Fig.2. U-Net architecture modified from [13]. The name of the model is derived from the shape.

these parameters were also modified. For all U-Net mod-
els except the last one (U-Net18), a ResNet10 backbone was
used, which was also applied to both last models of Mask R-
CNN (5 and 6). The remaining models worked with a deeper
ResNet50 backbone. Data augmentation was disabled only
for U-Net17. A higher number of epochs can be observed
for Mask RCNN, as this architecture has about three times
more weights than U-Net. Thus, more epochs were required
to reach similar model convergence. The higher number of
epochs for U-Net2 can be explained by promising early re-
sults, so the training process of this particular model was
further analyzed.

Since preliminary results of the Mask R-CNN mod-
els revealed qualitative high segmentation predictions, but
a maximum inference performance of only 10 fps for Mask
R-CNN1 on the discrete desktop GPU, this architecture was
not further considered for real-time deployment on the Jet-
son GPUs. Therefore, the U-Net approach became the focus
of the further evaluation. The architecture is illustrated in
Fig. 2. It can be divided into a contracting part (left side) and
an expansive part (right side). The image is compressed into
a small dense feature map, which is then upsampled and con-
catenated with the cropped feature map from the contractive
path. This network can be trained end-to-end with very few
images [13].

3. Results
In Fig. 3, the segmentation results for two example

frames from the test set using a trained U-Net model with
9 classes are illustrated. Every pixel in the image was as-
signed to one of the trained labels, which is represented as
segmentation masks. As can be observed, covered skin was
classified as background. Although only a relatively small
dataset was used for training, the model predicted promising
segmentation results.

For a systematic evaluation of the prediction perfor-
mance, Fig. 4 provides the mean Intersection over Union

Fig. 3: Segmentation results of a trained U-Net model.

(IoU) and the inference speed for all U-Net models intro-
duced in Table 1 for the desktop GPU. The best models
should be located in the upper right corner of the figure. As
expected, a correlation between model size and mean IoU
can be observed, while at the same time, the inference speed
was limited for larger sizes. Further, models with fewer
classes were both more accurate and faster due to the sim-
pler segmentation task. The best model for binary segmen-
tation was U-Net8, which achieved a mean IoU of 95 % at
455 fps. Increasing the classes to five, the best model was

U-Net Performance for GeForce GTX960
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Fig. 4: Performance for U-Net models according to Table 1.
Model sizes (512, 256, 128) are encoded using distinct radii.
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U-Net9 with a mean IoU of 86 % at 330 fps. For 9 classes,
the best model was U-Net2 with a mean IoU of 76 % at
234 fps. The more complex models for 11 (U-Net6) and 17
(U-Net7) classes still showed real-time capabilities for small
model sizes, but were limited in accuracy. The 9-class model
U-Net13 showed higher IoUs, but was less performant due to
the bigger model size. In Table 2, the mean evaluation met-
rics for U-Net2 after 1000 training epochs (best performing
model for 9 classes) are provided. While the micro aver-
age calculated global metrics by counting total true positives,
false negatives, and false positives, the macro average com-
puted metrics for each label with their unweighted mean,
which did not take label imbalance into account (background
has a comparatively large ratio in the image). The weighted
average considered this imbalance.

Tab. 2: Mean evaluation metrics for U-Net2 after 1000 train-
ing epochs in %.

Average Precision Recall F1
Micro 97.9 97.9 97.9
Macro 81.6 85.6 83.5

Weighted 98.0 97.9 97.9

In Table 3, the mean performance for various model
sizes and GPUs can be observed. While only a limited per-
formance was achieved for model size 512× 512, real-time
capability was verified for the other model sizes on the Jet-
son Nano and Jetson Xavier NX.

Tab. 3: Performance for various U-Net model sizes in fps.

Model Size Nano Xavier NX GeForce GTX960
512× 512 3 19 32
256× 256 10 79 110
128× 128 35 200 254

4. Discussion and Conclusion
In this work, we investigated the deployment of two

DL-based segmentation architectures for neonatal image
data on embedded GPUs. A profound analysis was per-
formed for both U-Net and MaskRCNN by conducting a
hyperparameter optimization, so in total 18 U-Net and six
MaskRCNN variations were examined. Since the MaskR-
CNN approach showed only limited inference speed in pre-
liminary results, the focus was set to the U-Net architec-
ture. The best performing 9-class model was U-Net2 with
a mean IoU of 76 % at 234 fps on the desktop GPU. Fur-
ther analysis revealed F1 scores of 97.9 % for the averaged
micro and 83.5 % for the averaged macro metrics. Due to
the small model size of only 128× 128, this model showed
real-time inference on the embedded GPUs. While 35 fps
were achieved on a Jetson Nano, a performance of 200 fps
was observed using a Jetson Xavier NX. The results proved
real-time capability of segmentation models using low-cost
embedded GPU modules of NVIDIA for inference.

In future work, the annotated dataset will be increased
to further improve the generalization process of the model.
Further, the NVIDIA optimization framework TensorRT will
be used to increase the performance by combining network
layers and decrease the precision of weights.
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Abstract. The current theories about the physiological
processes of cerebrospinal fluid (CSF) cannot explain some
types of hydrocephalus. In order to understand the intracra-
nial dynamics, we developed a bioimpedance measurement
system that enables the estimation of static CSF volumes and
a highly sensitive detection of volume changes. The hard-
ware includes a current source specifically designed for in-
tracranial tolerance ranges and an I/Q demodulation stage
for quick acquisition of voltages. Within the current project,
we fixed a customized sensing catheter in previously built
carbon and silicon brain models, which were filled with a
saline solution with the same conductivity as CSF, and volt-
ages were recorded. The volumes of the ventricles were then
estimated through a mathematical equation which relates an
ellipsoidal volume with the measured resistance. Finally, we
validated the measurements with an FEM simulation. Al-
though a greater amplification of the voltages would be de-
sirable for a higher accuracy, the results show a tendential
correlation between the estimated and the real volumes.

Keywords
Bioimpedance, cerebrospinal fluid (CSF), intracranial
dynamics, volume estimation.

1. Introduction
The human brain contains around 150 mL of CSF,

which is a colorless body fluid that cushions the brain from
skull and transports several neurotransmitter metabolites. It
is produced at the choroid plexus and reabsorbed along the
central nervous system and its flow is not steady, but pul-
satile due to the effect of heart activity. The overproduc-
tion or a reduced absorption, as well as an occlusion on its
path lead to abnormal accumulations of CSF in the ventri-
cles, which is known as hydrocephalus. In general, a higher
volume entails an increased pressure, which is not found in
Normal Pressure Hydrocephalus (NPH). This phenomenon
cannot be explained by the current CSF flow theory, which
evinces the need to analyze the intracranial volume fluctua-
tions.

e3
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Iin

Iout

CSF

Grey
matter

matter
White

probe
Sensor

Electrodes

Fig. 1. Simplified model of an impedance catheter with six elec-
trodes fixed within the cavity of the brain ventricle.

Castelar et al. suggested a mathematical approach for
calculating volumes out of resistances [1]. Thus, it is possi-
ble to detect the volume, and eventually volume fluctuations,
of CSF in the brain if we identify all its elements, shown in
Fig. 1. White matter, grey matter and CSF have different
conductivities (0.15 S/m, 0.172 S/m and 2.01 S/m, respec-
tively) [2], which enables their differentiation and their elec-
trical measurement through a bioimpedance system.

Ohm’s Law defines the electrical impedance as the di-
vision between voltage and current. Therefore, if a specific
current is injected to a tissue and voltage is measured, the
resistance of the tissue can be calculated. In a four-pole
bioimpedance measurement system, current flows through
two electrodes and voltage is measured between two other
electrodes in such a way that small measurement impedances
can be detected and the effect of much bigger electrode
impedances gets minimized. Such a system was built in this
project.

2. Hardware
Commercial devices such as AFE4300 from Texas In-

struments enable bioimpedance measurements from multi-
ple electrodes. However, the inner setup of the chip and its
multiplexors prevent it from meeting the requirements of a
quick analysis of intracranial dynamics. Its temporal reso-
lution should permit the acquisition of CSF pulsatility over
80 bpm and its spatial resolution, ventricle size variations of
1 to 30 mL [3]. Besides, the device must be able to perform
a frequency analysis between 1 and 100 kHz for the study
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of beta dispersion in the brain. As to current, literature rec-
ommends not to exceed 0.88 A/m2 of current density in the
brain [2] or a maximum peak current of ±2 mA [4]. There-
fore, a sinusoidal current of ±1 mA is optimal for the injec-
tion, as it is high enough to create strong voltage signals but
not to cause damages.

One of the key components of the system was the cus-
tomized electrode catheter from the IMTEK Laboratory for
Biomedical Microsystems from the RWTH Aachen. The
sensor has platinum-iridium electrode contacts, which are
separated in pairs and then connected to the output pins
through very thin wires. The disposition of the electrodes
allows an easy identification of the amount of CSF in the
ventricle through 6 electrodes. The outer ones are employed
for injection of current and the resting 4 electrodes allow 6
combinations or measurements of the voltage.

The manufactured hardware modules emulate the
working principle of the AFE4300, as shown in Fig. 2. The
central components are a Howland Current Source and three
I/Q demodulators. The former can offer a sine current wave
of amplitudes within the medical safety limits with a con-
siderable bandwidth. The latters generate the I and Q values
which are needed to calculate the impedance from the in-
coming voltages. The transimpedance stage conditions the
output of the demodulator for the ADCs, which send the
data to a LPC1768 microcontroller from MBED. Both cur-
rent source and demodulation units take their inputs from an
external generator and the microcontroller is used to gener-
ate the control signals for all the elements.

20 mL
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S
e
n

so
r

p
ro

b
e

M
o

d
e
l 

v
e
n

tr
ic

le

E
le

ct
ro

d
e

C
u

rr
e
n

t 
S

o
u

rc
e

I/Q 
Demodulation

I/Q 
Demodulation

I/Q 
Demodulation

Amplification
stage

ADCADCADC
ADCADCADC

I Q

u
C

o
n

tr
o

ll
e
r

e3
e5

e2
e4

Iin

Iout

Transimpedance
stage

Fig. 2. Block diagram of the hardware with the measurement
setup.

2.1. Current Source

In the field of biomedical engineering, Howland cir-
cuits are commonly employed, as they can offer output cur-
rents in the desired range precisely. In particular, we imple-
mented the enhanced Howland circuit from [5], suggested
by Linninger et al. This configuration consists of 4 stages:
a substractor, a voltage-to-current converter, a filtering and
buffering stage and an amplifier. The voltage across the tis-
sue to be measured is redirected to the filtering and buffer-
ing stage and then amplified and substracted from the input
voltage signal. Thus, the circuit prevents an offset-voltage
potential across the electrodes from building up over time.

Fig. 3. Manufactured Howland Current Source.

Fig. 3 presents the designed current source, where
LM7171 amplifiers from Texas Instruments were chosen,
because they offer a higher reliability and a remarkably bet-
ter performance with respect to bandwidth. Through the am-
plification stage the feedback signal gets amplified by 10 and
then subtracted from the input. The input voltage signal is
generated by an external wave generator.

The functionality of the current source was evaluated
by connecting a 5 kΩ-potentiometer as a load impedance.
The evaluation showed that a constant amplitude of ±1 mA
is achieved between 59.1 Ω and 2.65 kΩ. From the analysis
of the phase response of the current source, it can be stated
that no phase shift between the incoming voltage and the
generated current occurs until 100 kHz. After that limit, an
average of 120 ns of shift can be observed.

2.2. I/Q Demodulation

The main element of the impedance analyzer of our
construction consists of an I/Q demodulator. The chosen
component was the AD8333 from Analog Devices, which
is a dual channel I/Q demodulator for input RF signals be-
tween DC and 50 MHz.

In Fig. 4, the different combinations from electrodes
e2, e3, e4 and e5 with the measured voltages represent the
RF inputs of the module, whereas the signal generator is
directed to the LO input. Equations 1 and 2 represent the
outputs of the module for the given inputs.

IDC =
2A |Z|
π

cos(θ) = 2K |Z| cos(θ). (1)

QDC =
2A |Z|
π

sin(θ) = 2K |Z| cos(θ). (2)
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Fig. 4. Measurement setup with inputs and outputs of the I/Q
demodulator.

Z =
1

K

√
I2
DC +Q2

DC. (3)

θ = arctan

(
Q2

DC

I2
DC

)
. (4)

In Equations 3 and 4, impedance amplitude Z and
phase θ derive from the I and Q values of the demodulator. K
stands for a configuration-specific calibration factor, which
is calculated through consecutive measurements of known
impedances.

A simplified design (see Fig. 5) was made in order to
test the functionality of the demodulator, based on the appli-
cation notes of the evaluation board of the AFE4300. The de-
signed printed circuit boards consist of an external input for
the local oscillator and the required conditioning for the local
oscillator and the input signal, as well as a transimpedance
amplification stage and filtering for converting the current
values at the outputs of the demodulator into voltage val-
ues. At this point, signals can be measured with an oscil-
loscope through a test-point. These outputs are then sent to
the two ADCs, which communicate with the microcontroller
through SPI.

Fig. 5. Simplified design of the bioimpedance analyzer, adapted
for a single pair of electrodes.

3. Results and discussion
As part of this study, we employed the FEM analysis

from [1] for validating the measurements. This FEM anal-
ysis showed interesting facts. Firstly, the different electrode
combinations give redundant information. Secondly, results
do not change significantly at different frequencies. For this
reason, a monofrequency study was performed at the stan-
dard frequency for brain-related applications: 50 kHz.

Castelar et al. also built physical carbon and silicon
models of the brain ventricles with different inner capac-
ities, which ranged from 20 to ±80 mL. Within the cur-
rent project, we fixed the sensing catheter in the brain mod-
els, which were filled with a saline solution with the same
conductivity as CSF and impedances were measured with
two methods. On the one hand, the demodulator was em-
ployed to extract the I and Q values, which were con-
verted to impedance amplitudes. On the other hand, we con-
nected an oscilloscope at the outputs of the electrodes of the
impedance catheter. With the measured voltage differences,
the impedance was easily calculated, as the injection current
was ±1 mA.

Finally, we calculated the volumes for all brain phan-
toms, carbon and silicon models of different cavities. For
that, we applied the equations for an ellipsoid ventricle
model suggested in [1]. We considered the model in Fig. 6,
were the green discs represent the radius where the measur-
ing electrodes are located and the outer red points, the in-
jection electrodes. Thus, a, b and c stand for the distances
between the different electrodes.

Fig. 6. Ellipsoidal mathematical model of the impedance mea-
surement through a six-electrode catheter (Modified
from [1]).

The mathematical approach in Equation 5 for estimat-
ing the volumes defines a multiplication factor le, which de-
pends on those distances. Finally, the volume is calculated
as shown in Equation 6, so it depends on the multiplication
factor le, the distance c, the fluid conductivity σfluid and the
measured impedance Z.

le =
c

2
arctan

(
b− c

2
c
2

)
− arctan

(
a− c

2
c
2

)
. (5)

V =
2

3
le

c

σfluidZ
106. (6)
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After applying Equation 6 to all measurements, we ob-
tained the graph in Fig. 7, which represents the estimated
volume for the phantom brain in comparison with the real
volumes for silicon and carbon, through impedances calcu-
lated with the demodulator and with the oscilloscope.

Fig. 7. Results of the static volume estimation of the silicon and
carbon silicon brain models.

The results from Fig. 7 show a tendential similarity in
the volume increase of estimated and real volumes. How-
ever, the values diverge strongly. For this reason, the math-
ematical approach proves not to be accurate enough for the
estimation of volumes.

The values calculated through the oscilloscope give
very similar results for carbon silicon models and for pure
silicon models, although their conductivities are slightly dif-
ferent.

As to the volumes estimated through the impedance
values of the bioimpedance analyzer, these show a higher
similarity with the FEM results than the ones from the os-
cilloscope; despite this, they also present a higher variability
for lower volumes. Possible reasons for it might be the un-
wanted effect of the transimpedance stage at the output of
the demodulator for higher load impedances or an insuffi-
cient amplification of the voltages.

4. Conclusion
In this work, a bioimpedance measurement system was

developed to investigate the intracranial dynamics related to
NPH. The project can be divided into the construction of a
reliable current source with a high bandwidth, the develop-
ment of a fast and sensitive impedance measurement system
based on the tetrapolar measurement technique and the vali-
dation of the system on brain phantom models.

The results of the study suggest that the mathematical
approach for estimating the volumes might not be accurate
and a new model should be developed. Further possible im-
provements for the system entail a higher amplification of
the voltages at the entrance of the demodulator and an anal-
ysis of the phase response. This would not only allow the

investigation of the non-resistive behavior of the phantom
brain models but also the dispersive intracranial components.

Nevertheless, the designed hardware proves to be an
efficient substitute for the AFE4300 chip from Texas In-
strument which enables a temporally higher resolution and
a broader bandwidth for the injection of current. Thus, it
represents an advance in the understanding of intracranial
dynamics.
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Abstract. Monitoring and regulating the body tempera-
ture of premature infants is a significant factor in their care
and early detection of disease. But conventional methods
for continuous temperature measurement hinder handling of
the infants and pose infection risks. Thermal imaging, on
contrast, is a non-contact and wireless alternative. For use
in clinical practice, automatic detection and tracking of the
different body regions in the thermal recordings is necessary
due to the constant movement of the infant.

In view of the above, the aim of the present work is the au-
tomatic detection of six infant body parts using Deep Learn-
ing methods, so that an automatic and continuous extrac-
tion of temperature distribution from thermal images is pos-
sible. For this purpose, the state-of-the-art object detector
YOLOv4-tiny is used. The detector was trained and vali-
dated with a thermal dataset consisting of ten-minute cap-
tures of 19 infants. During training, the influence of different
image modalities, the fusion of them as well as different data
augmentation methods were investigated.

The results of the test set show a good performance of the
model with a mAP of 88% (mIoU of 0.67) for the YOLOv4-
tiny network, while achieving 328.7 fps. The biggest source
of error is a wrong assignment of the side for arms and legs.
During training, the data augmentation methods, the early
fusion of both image modalities together with adaptive his-
togram equalization of the thermal image showed the great-
est impact on detection accuracy.

Keywords
NICU, Deep Learning, Object Detector, Thermal Imag-
ing, Infant.

1. Introduction
The World Health Organization (WHO) estimates that

15 million babies are born prematurely each year [1]. With
approximately one million infant deaths per year, premature
births are the leading cause of death for children under the

age of five, along with pneumonia. To increase the chances
of survival, external temperature regulation is a key compo-
nent in the care of neonates and preterm infants because they
are unable to regulate their temperature due to immaturity
of the musculature. Therefore, an essential pillar of neona-
tal care is the incubator. The goal is to maintain a neutral
thermal environment that ensures minimal metabolic activ-
ity and low oxygen consumption. This range in neonates
is between 36.5 °C and 37.5 °C. Sustained body temperature
outside this range is a significant cause of morbidity as well
as mortality and impedes the growth of the baby [2, 3, 4, 5].
Therefore, for early detection of cold stress or emerging sep-
sis, it is useful to continuously monitor the central-peripheral
temperature difference [6].

Nowadays, continuous temperature measurement is
standardly done by wired thermistors attached to the skin
with strong adhesives. However, bacterial growth, skin dam-
age, and irritation can occur underneath. In addition, skin
tears are possible during removal, which impair the skin’s
barrier function. In addition to the consequences of direct
skin contact, the cables are a disturbing factor. Transport is
made more difficult and optimal positioning is not always
possible due to the large number of cables in the incubator.
In addition, it has been shown that the sight of cabling can
cause parents to feel inhibited when interacting with their
child [7, 8]. For these reasons, a wireless and contactless
alternative for temperature monitoring is desirable. This is
possible with an infrared camera that displays temperature
through thermal imaging. To extract the temperature distri-
bution of the neonate, it is necessary to define regions of the
body where the temperature is read. As the neonate moves,
the location of these points varies, so automatic detection of
the child and its body parts is desirable.

In this work, we present a framework, that enables the
extraction of the temperature distribution of neonates in real
time. For this purpose, a neural network was applied that
detect desired regions, which in this case are the different
body parts. For this purpose, an object detector was trained
and validated using an existing dataset of 19 neonates.
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2. Materials and Methods
2.1. Dataset

A dataset consisting of 19 newborns was used to train
the network. As one patient was recorded twice, there are
in total 20 individual recordings. The study was conducted
in the NICU of Saveetha Medical College & Hospital in
Chennai, India, with the infant laying in open incubators.
It was approved by the institutional ethics committee of
Saveetha University (SMC/IEC/2018/03/067). The infants
were recorded for approximately ten minutes with a thermal
imaging camera and a color camera. The frequency of the
images was 10 Hz and 60 Hz, respectively, resulting in a to-
tal of approximately 6000 and, 36000 images per baby. The
recored infants are composed of eleven males and eight fe-
males. Birth weight ranged from 1.5 kg to 3.01 kg with an
average of 2.39 kg. Half were recorded in the first week of
life, and four other babies were recorded in their first month.
The rest were distributed over a range from 38 to 81 days
after birth. In two recordings, the infants were in a side po-
sition. During one other recording, the infant was in a prone
position. In the remaining 17 recording, the infants were in
a supine position.

In addition to physical characteristics, the images differ
with respect to other features. For the infrared images, the
brightness of the background and the contrast between the
background and the baby depend on whether the incubator’s
radiant heater was turned on. When switched on, the gen-
eral temperature increased, so that the infrared images are
significantly brighter. In this case, the contrast between the
infant’s skin and background was lower, as can be seen in
Figure 1.

Fig. 1: Thermal recordings with different skin to background
contrast.

A total of 5356 images were selected from the 20
recordings and manually labeled with the six classes “head”,
“torso”, “left arm”, “right arm” and “left leg”.

2.2. Network Architecture

In this work, the YOLOv4-tiny algorithm, as proposed
by Bochkovskiy et al. was used for object detection [9]. It
is a single-stage detector, which is a reduced version of the

YOLOv4 network. The basic architecture is shown in Fig-
ure 2. The network is composed of the Backbone, the Neck
and the Head. A reduced version of the CSPDarknet533 is
used as the backbone. This generates features on the vari-
ous layers that can then be used by the network for object
recognition. The neck has additional layers that combine the
features of different backbone layers into feature maps. The
Head is the actual object detector of the network, through
which the classification and regression is performed based
on the previously created feature maps. We used the Dark-
net implementation, that is available on Github [10]

2.3. Image Fusion

For the fusion of both image modalities, the method of
early fusion is used. Here, the fusion of the images takes
place at the lowest level of abstraction. The early fusion ar-
chitecture combines the RGB and IR images into a tensor,
which is used as input for the detector network. Two differ-
ent possibilities for early fusion are considered. Either the
information of the green or blue channel of the RGB image
is replaced by the IR values, so that a three-channel input
tensor is still present. Replacing the red channel is not inves-
tigated, since it contains most of the information regarding
the distinction between skin and background or clothing.

As the two cameras captured the babies from slightly
different angles, an affine transformation is further per-
formed on the RGB images. For this purpose, eight dis-
tinctive points are manually selected on one RGB image per
baby. When selecting the points, care is taken to ensure
that the points surround the baby. The same points are then
identified on the corresponding IR images so that an affine
transformation matrix can be calculated using the OpenCV
library. Subsequently, this transformation matrix can be ap-
plied to all further RGB images of the same baby and the
manually labeled mask created for the RGB images can thus
be used for the IR images as well.

2.4. Data Preprocessing

For the IR images, the contrast-limited adaptive his-
togram equalization from OpenCV was used as a possible
preprocessing step. With histogram equalization, the gray
values of the image are transformed in such a way that the
probability of occurrence of all gray levels in the entire im-
age is as constant as possible. The adaptive method addi-
tionally calculates several histograms for different areas of
the image. These are then used for the equalization. Adap-
tive histogram equalization increases contrast and enhances
the edges of each region. Additionally, so that noise is not
amplified, the contrast-limited method truncates all pixels
whose contrast is above a threshold and distributes them uni-
formly to other histogram regions. Figure 3 shows this as an
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Fig. 2: YOLOv4-tiny network architecture.

(a) Original image. (b) Contrast limit 2. (c) Contrast limit 10.

Fig. 3: Contrast Limited Adaptive Histogram Equalization.

example for a threshold value of 2 and a threshold value of
10.

2.5. Evaluation Method

Since our dataset is relatively small, we used a five-
fold cross-validation. The 5356 RGB and IR images were
split into five folds and an additional independent test set.
An overview of the dataset split can be seen in Table 1. Each

Fold Recordings Orientation Total images
1 4, 6, 20 Supine 954
2 3, 9, 16, 19 Supine 971
3 7, 11, 12, 13 Supine, Prone 897
4 10 (5.2), 14, 15 Side, Supine 948
5 1, 5, 18 Supine 895

Test 2, 8, 17 Side, Supine 691

Tab. 1: Split of the dataset

fold always contains all the images of the assigned record-
ings, making sure, that there is no data leakage. One excep-
tion is recording 10, which is the same infant from recording
5. However, since the two recordings were taken on differ-
ent days with different clothing and backgrounds, we have
assigned them to separate folds.
We selected the widely used metrics Average Precision (AP)
and Intersection-over-Union (IoU) to evaluate our neural
network. The AP computes the average precision value de-
pending on the recall for every class separately and has a

value of 0 to 1. The IoU is a metric that divides the inter-
section are of the prediction and the ground truth by their
union area, and also has a value between 0 and 1. In addi-
tion, the mean AP (mAP) and mean Iou (mIou) is a metric
corresponding to the average over all classes.

3. Results and Discussion
In the following chapter, first, the effects of the data

preprocessing and the different fusion methods are examined
using cross-validation. Finally, the best model is evaluated
on the test set. For calculating the Average Precision, an IoU
threshold point of 0.5 was chosen.

3.1. Data Preprocessing

To evaluate the influence of histogram equalization, the
same neural network was trained three times with different
contrast limits and the results of the five folds are compared.
For this purpose, both the original images and images with
histogram equalization of contrast limit (KL) 2 and 10 were
used. The results are shown in Table 2. The YOLOv4-tiny
standard network is used as a reference.

mAP
1 2 3 4 5 m mIoU

Ref. 0.90 0.83 0.59 0.61 0.75 0.74 0.60
KL 2 0.89 0.89 0.64 0.74 0.78 0.79 0.61
KL 10 0.89 0.90 0.56 0.73 0.76 0.77 0.63

Tab. 2: Influence of adaptive histogram equalization.

The histogram equalization leads on average to an improve-
ment in all three performance metrics. For the mAP, the KL
of 2 achieves the best results, for the mIoU the KL 10. In the
following, all trainings are performed with IR images, where
histogram equalization with KL 2 is applied.
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3.2. Influence of Image Fusion

The results of the two different types of fusion are
shown in Table 3, and the results of the IR and RGB sets
used separately are also given.

mAP
1 2 3 4 5 m mIoU

IR 0.89 0.89 0.64 0.74 0.78 0.79 0.61
RGB 0.75 0.97 0.70 0.79 0.85 0.81 0.62
RGIr 0.75 0.98 0.72 0.78 0.88 0.82 0.65
RIrB 0.89 0.90 0.56 0.73 0.76 0.82 0.65

Tab. 3: Influence of modality fusion.

Replacing the blue (RGIr) or green (RIrB) channel with the
infrared information achieves comparable results. Compared
to the IR and RGB input tensors, the mAP improves slightly,
especially the mIoU.

3.3. Evaluation on Test Set

Based on the previous results, the final model uses the
fused RGB and IR images as a three-channel input tensor
with red, blue and IR information. In training, the stepwise
adjustment of the learning rate is used. The IR images un-
dergo histogram equalization with a contrast limit 2 before
fusion. The results of the evaluation of the test set are shown
in Table 4. The model achieves a mAP of 88 % and a mIoU

AP

H T LA RA LL RL mAP mIoU

0.95 0.94 0.85 0.80 0.88 0.88 0.88 0.67

Tab. 4: Final Evaluation of the YOLOv4-tiny network with
RIrB input.

of 67 %, when evaluated on the test. This corresponds to
an improvement of 6 % (mAP) and 2 % comparing to the
cross validation. The main reason for this may be the larger
amount of training data compared to cross validation train-
ing. For the head and torso, better results are obtained with
an AP of 94% and 95%, respectively, than for arms and legs
with 80% -88%, due to possible confusion between the left
and right sides. Overall, the small YOLOv4-tiny network
provides good results.

4. Conclusion
The presented approach is capable of accurately de-

tecting six different body parts of infants, allowing the ex-
traction of the temperature distribution. The accuracy of the
model was improved by combining RGB and IR images as
input for the neural network. In addition, adaptive histogram
equalization for the infrared images proved to be an impor-
tant pre-processing step. The biggest source of error was the
mix-up of left and right arm/leg. In the future, a larger data
set should be included, in which more varying positions of
the babies are present.
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Abstract. Patients with type 1 diabetes have to control their 

blood glucose level by injecting the blood glucose lowering 

hormone insulin. The determination of the required insulin 

dose is difficult due to disturbances like physical activity. 

Artificial Pancreas systems, which are based on 

mathematical models of the glucoregulatory system, aim to 

improve blood glucose control. However, there is currently 

no established glucoregulatory model explicitly considering 

exercise. The aim of this work is to give an overview of 

approaches to model the impact of physical activity on the 

blood glucose level. Twenty models were identified in 

literature. They differ in modelled effects, used inputs and 

complexity. Models are presented, compared and their 

suitability for different applications are discussed. 
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1. Introduction and Background 

Diabetes mellitus type 1 (T1D) is a metabolic disorder 

accompanied by malfunctioning blood glucose control. The 

body loses its ability to produce the hormone insulin, which 

is essential for blood glucose control. Insulin lowers the 

blood glucose level by triggering the uptake of glucose into 

liver, muscle and fat cells. The therapy for T1D comprises 

the administration of insulin with the goal of maintaining 

near physiological blood glucose levels (80-120 mg/dl).  

Injecting the correct insulin dose is essential. A too high 

dose results in hypoglycemia (< 70 mg/dl), which causes 

symptoms like dizziness or shivering and in extreme cases 

unconsciousness or even death. On the other hand, an 

insufficient amount of insulin leads to hyperglycemia (>200 

mg/dl), which increases the risk for secondary diseases like 

neuropathy or nephropathy. 

Currently, the patient acts as the controller by 

determining and injecting the insulin dose. However, the 

determination of the required insulin dose is difficult, as 

there are many impacts that have to be considered. The 

insulin dose depends on the blood glucose level, which is 

measured with a blood glucose meter or with a system for 

continuous glucose monitoring (CGM), and on consumed 

carbohydrates. Other impacts are stress or exercise. Another 

hurdle in blood glucose control is the delayed effect of 

subcutaneously injected insulin. The combination of the 

delayed effect, the presence of many disturbances and a 

narrow target window for the blood glucose level makes 

blood glucose control a particularly challenging task and 

causes the need for a foreseeing determination of the insulin 

dose. An approach to improve blood glucose control is 

(semi-)automated blood glucose control with a so-called 

called Artifical Pancreas (AP). The AP receives blood 

glucose readings from a CGM and additional information 

(e.g. about consumed carbohydrates) from the user. Based 

on an individualized mathematical model of the 

glucoregulatory system, the required insulin dose is 

determined and automatically injected via an insulin pump. 

Glucoregulatory models are typically physiology-based 

compartment models: The concentrations of glucose, insulin 

and possibly also glucagon in different parts of the body are 

described and sources and sinks of these substances are 

modelled. 

Handling physical activity in blood glucose control is 

particularly challenging due to its significant and complex 

impact. During exercise, both insulin dependent and insulin 

independent glucose uptake are increased5 and the insulin 

removal from the circulatory system is enhanced21. The 

endogenous glucose production is increased to counter the 

elevated energy demand. Due to changes in blood 

circulation, the distribution of insulin and glucose is adapted. 

Moreover, the absorption of subcutaneously injected insulin 

is accelerated.12 Besides the acute effect, exercise impacts 

the glucoregulatory system up to 22 hours8 after the end of 

the training session. The impact of exercise depends on 

several factors like exercise type, intensity, duration, inter-

individual differences and nutritional status.20 

Currently, neither available AP systems nor established 

models are able to explicitly consider exercise. The first step 

to improve blood glucose control during exercise is a 

thoroughly validated and reliable model describing the 

impact of exercise on the glucoregulatory system. Such a 

model could be used in an AP system or as a simulation 

platform for control strategy evaluation. The aim of this 

work is to give an overview of existing approaches to model 

the impact of physical activity on the blood glucose level. 

This work is limited to physiological compartment models 

and to aerobic exercise. 
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2. Methods 

To identify existing models, a literature research on 

Google Scholar was performed. Combinations of the terms 

‘Exercise’, ‘Physical Activity’, ‘Model’, ‘Modelling’, 

‘Glucoregulatory Model’, ‘Diabetes’, ‘Type 1’ and ‘Blood 

Glucose’ were used and relevant papers were identified 

based on titles and abstracts. In a second step, both a forward 

and a backward citation search was performed for each 

model identified in the Google Scholar search and also for 

each newly identified model in this step. The identified 

models were analyzed with respect to considered effects of 

physical activity, data used for model development, 

measures used to characterize performed exercise and 

relations to other models.  

3. Results and Discussion 

Twenty different approaches to model the impact of 

physical activity on the glucoregulatory system were 

identified. An overview is given in Fig. 1. The majority of 

these approaches are not entirely new models, but extensions 

for established glucoregulatory models (i.e. T1DMS26, 

Bergman3, Sorensen25, Hovorka15). However, there are also 

standalone models, like the Frank model12, or extensions that 

are compatible to various base models, like the Bock model4. 

An advantage of extensions for established models is that the 

glucoregulatory model in resting state is thoroughly 

evaluated and that there are strategies for model 

individualization.  

Exercise models are often related to others. Based on 

models without predecessors, they can be assigned to nine 

‘families’ (Schiavon22, Breton5, Derouich9, Garcia-Tirado13, 

Roy21, Lenart18, Bock4, Schunk24, Frank12). Some related 

exercise models are very similar to each other, as they only 

differ by the used model input or by the established 

glucoregulatory model they were incorporated in. For 

example, Dalla Man et al.8 integrated the exercise model 

proposed by Breton et al., which was originally designed for 

the Bergman Minimal Model, into T1DMS. Another 

example is that Balakrishnan adapted the model by Roy et 

al. by replacing the model input. In other cases, resemblance 

is smaller, as only some ideas were adopted. For example, 

Cantu Garcia et al.6,7 fused approaches described by Roy et 

al. and Lenart et al. to create new exercise extensions for the 

Bergman and the Sorensen model, respectively.  

3.1 Considered Effects 

The increase in glucose uptake is the prominent effect 

during exercise and is thus considered in all models. 

Physiologically, it is caused by two mechanisms: both the 

insulin dependent glucose uptake, which is related to the 

insulin sensitivity, and the insulin independent glucose 

uptake is enhanced.5 The majority of the models only 

considers one of these mechanisms. This is potentially 

problematic, as it could cause an over- or underestimation of 

the glucose uptake when insulin concentration during 

exercise is high, i.e. after a meal or correction insulin bolus. 

Both mechanisms are considered by Breton, Dalla Man, 

Derouich, Kartono17 and Schneider23. 

Exercise causes changes in blood distribution and thus 

also in glucose and insulin delivery. 12 This has an indirect 

effect on glucose and insulin sources and sinks and is 

considered by Frank, Schunk and the Lenart family.  Some 

members of the Roy and Lenart families moreover explicitly 

model an increased insulin removal from the circulatory 

system during exercise. The increased endogenous glucose 

production12 is considered in the Frank model and some 

members of Roy and Lenart families. Long-term exercise 

causes a depletion of hepatic glycogen reservoirs14, which 

impacts the hepatic glucose production. This is only 

modelled by Balakrishnan2, Cantu Garcia, Hernandez-

Ordonez and Roy. Hence, all other models are only eligible 

for short- or medium-term physical activity. Exercise has a 

continuing effect after the end of a training8. The majority 

of the models considers that the impact of exercise sets in 

gradually and uses the same dynamics for the cessation of 

the exercise effect after training. However, this is only a 

short-term effect. Breton and Dalla Man describe an increase 

of the insulin sensitivity that lasts for several hours. Thus, 

their models are likely more suitable to describe the behavior 

of blood glucose levels after physical activity. 

Fig. 1. Overview of approaches to model the impact of exercise on the blood glucose level. Relations between approaches are indicated by 

a black line. The background color shows model inputs (see text for explanation). White boxes indicate base models, i.e. established 

models of the glucoregulatory system in resting state, which serve as basis for exercise modelling approaches. 
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None of the models describes an impact of exercise on 

digestion, and only Frank models an accelerated absorption 

of subcutaneously injected insulin12. However, it must be 

noted that some of the base models do not consider digestion 

or subcutaneous insulin at all. Thus, many exercise 

extensions focus on the glucose-insulin metabolism itself. 

Duun-Henriksen et al.10 proposed a partial model of 

subcutaneous insulin kinetics during exercise, which could 

be additionally incorporated. The Duun-Henriksen partial 

model is not included in Fig. 1, as it does not aim to describe 

the entire glucose-insulin metabolism during exercise, but is 

limited to this particular effect. 

3.2 Model Inputs 

Several different measures are used as model inputs 

(see Fig. 1). Models can be assigned to 3 groups based on 

inputs. Firstly, there are models that only use the binary 

information whether or not exercise is performed. Secondly, 

models can consider the exercise type with the percentage 

of active muscle mass (PAMM). The motivation behind 

PAMM is that insulin sensitivity is increased in active 

muscles22. It must be noted, though, that no information on 

how to determine PAMM is provided. Thirdly, models can 

utilize information on exercise intensity. The percentage of 

maximal oxygen consumption (VO2max) is an intensity 

measure enabling a comparison of exercise effects between 

individuals21, but it cannot be determined in daily life. 

Alternatively, intensity is detected and characterized by the 

heart rate (HR), which is observable in daily life but prone 

to false positives like stress-related increases of HR. 

Exercise intensity can also be described with energy 

expenditure, i.e. energy demand or metabolic equivalents 

(MET). The precise measurement of energy expenditure is 

not feasible in everyday life, but estimations are available 

from smartwatches.11 The rate of perceived exertion (RPE) 

is not based on measurements, but uses an estimation of 

exercise intensity from the athlete.2  

The eligibility of a model input type cannot be rated 

generally, as requirements depend on the model’s purpose. 

If a model is only used to evaluate an existing control 

strategy during one type of exercise, the binary information 

that exercise is performed might be sufficient. Considering 

the impact of type and intensity on an exercise’s effect, the 

binary approach is likely not sufficient for sophisticated 

exercise simulators or for model predictive control. The 

suitability of intensity measures also depends on the model’s 

purpose. Precise but difficultly measurable inputs can be 

used for the development of simulators, while exercise-

aware AP systems need model inputs, that can be determined 

in daily life. However, intensity measures can potentially be 

estimated from each other. For example, Balakrishnan 

estimates VO2max from RPE. 

3.3 Model Complexity 

The total model complexity arises from the 

complexities of the base model and the exercise model. 

T1DMS and the Sorensen model are highly complex, 

consisting of up to 21 differential equations, several 

additional equations and 50 model parameters. In 

comparison, the Bergman minimal model is relatively 

simple. There is also variety among the exercise models. An 

example for a simple exercise model is the Schiavon model, 

that only uses the binary information that exercise is 

performed. Just one parameter, i.e. the insulin sensitivity, is 

increased by a constant factor during exercise and decreases 

linearly after the training. On the other hand, models of the 

Breton and Lenart families are relatively complex. Breton 

family models introduce several differential equations to 

model dynamics of both insulin dependent and independent 

glucose uptake during and after exercise. Lenart family 

models utilize both information on exercise type and 

intensity to model many different effects of physical 

activity. The standalone models by Frank and Schunk can 

also be considered as complex. 

Like model inputs, model complexities cannot be 

assessed universally. Exercise simulators, which could be 

used for control strategy evaluations, might benefit from a 

high complexity, which potentially enables a more accurate 

and versatile description of exercise. The accompanying 

effort for model parametrization is no exclusion criteria in 

this case, as the creation of in silico patients does not have 

to be automated. On the other hand, highly complex models 

are likely unsuitable for individualizable control algorithms, 

as the parameter identification would be troublesome. 

3.4 Data used for Model Development 

While some models are based on clinical data of 

patients with T1D4,5, others were developed using data of 

healthy subjects. The latter is generally feasible, but 

attention must be paid to assumptions in the development 

process. For example, Lenart et al. determined the increase 

in glucose uptake from data of healthy subjects. As they did 

not consider the likely reduction in insulin concentration, 

they potentially underestimated the glucose uptake increase. 

3.5 Performed Evaluations 

Authors often provide a brief evaluation of their 

proposed exercise model, showing high model accuracy. 

However, the methods of the performed evaluations are not 

always ideal. For example, submodels are only evaluated 

individually21, or only one exercise type and intensity is 

investigated12. Some models were not evaluated with 

clinical data at all.1,8,9 Thus, there is only limited information 

on model accuracy. To the best of authors knowledge, the 

models were never compared to each other.  

4. Conclusion and Outlook 

Several approaches to model the impact of exercise on 

the blood glucose level in T1D are proposed in literature. 

Models vary in considered effects, inputs and complexity. 

Depending on the purpose, different models are more 

suitable than others. An evaluation and comparison with 
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clinical data should be performed to gain more information 

on model accuracy and to identify the best model for each 

purpose. 
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Abstract. With the growing availability of virtual real-
ity (VR) technology, its applications in research are also in-
creasing. Although VR technology has been employed in re-
search for many years, its influence on the participants’ cog-
nitive performance and perception still poses questions. This
together with technical restrictions could limit the applica-
tions for VR technology in classical research. This paper
states some considerations that should be taken into account
when translating classical research paradigms into a VR en-
vironment using an example paradigm to investigate the au-
ditory attention switch in a virtual classroom.
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Auditory Selective Attention, Virtual Reality, Head-
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1. Introduction
Although virtual reality (VR) is not a new technology

and has been employed in research for many years, the rapid
improvement and development in the last years has produced
affordable high-quality consumer-grade hardware and soft-
ware that makes VR accessible for most researchers. This
leads to more and more interdisciplinary projects that want
to utilize VR technology for their research.

1.1. Virtual Reality in Research

When designing an experiment in virtual reality, there
are some basic questions related to the used software and
hardware that need to be answered, such as which auditory
and visual reproduction should be used. As in classical ex-
periments, loudspeaker- or headphone-based systems can be
used. Regarding the visual reproduction, head-mounted de-
vices (HMDs) and CAVE systems are available.

Even after answering these fundamental questions of
software and hardware, there are other considerations that
researchers are still trying to answer. One of these topics are

ethical considerations. A difference to classical experiments
is that a possible side effect of being in a virtual environment
can be simulator sickness caused by audiovisual mismatch
or movements. Next to this well known risk, also other eth-
ical consideration have to be transformed. Although there
are ongoing discussions regarding this topic, there is still no
empirical evidence on the influence of VR (see, e.g., Slater
et al. [1] for a review).

An overview on the development and use of VR tech-
nology for cognitive research and training over the last 30
years has been given by Rizzo and Koenig [2] posing the
question, whether VR is ready to be used in broad research
applications. They come to the conclusion that VR will be
a great benefit for future research, but also still poses some
obstacles. All in all, one main question to ask is what benefit
VR can bring to a paradigm such as the one described in this
study and how an experiment can be adapted for VR.

1.2. Auditory Selective Attention

Auditory selective attention (ASA), also known as the
cocktail party effect, is a phenomenon that is being used in
everyday life without noticing it. It describes the ability to
focus one’s attention on a specific sound source and sup-
press all other distracting sound sources [3]. While using
auditory selective attention, adults are able to ignore most
sound sources, meaningful information such as the partici-
pant’s name can be processed. However, this cognitive abil-
ity develops over time and can only be found in children
above roughly the age of 8-11 years [4].

Classical methods investigating ASA use simple
acoustic reproductions such as playing the same stimulus
to both ears. Also a first version of the paradigm presented
in this paper has been developed using such a simple
reproduction with adults being the target group and a
slightly different task [5]. In order to increase the realism of
the paradigm, Oberem et al. extended this paradigm towards
using a realistic binaural reproduction which allows for spa-
tial localization of sound sources via headphones [6]. Loh
et al. then adapted this paradigm into a child-suited version
[7]. As a first step towards investigating the audiovisual
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influence on auditory selective attention, the child-suited
paradigm was translated into VR and validated through a
listening test [8]. Therefore, a virtual classroom was created
and the participants were placed in the center of a circle
of chairs. All instructions that were previously displayed
on a computer display in the laboratory, were transferred
and displayed on the virtual blackboard. Although, directly
transferring the paradigm into VR without changing the
general setting is important for a first proof of concept, the
opportunities of VR were not exploited in this setting.

Fig. 1. Avatar positioned in front of the participant in the virtual
classroom blocking the view.

In a next step towards a close-to-real life scenario that
makes use of the virtual environment, the insertion of avatars
as visual representations of the sound sources was consid-
ered. An example of an avatar positioned in front of the par-
ticipant is shown in Figure 1. As is illustrated, the avatar
blocks the view on the blackboard preventing the partici-
pants from seeing all the necessary information. In the pre-
vious versions, the target sound source that needed to be at-
tended was indicated using a 2D visual representation of a
figure that could be placed at one of four possible positions:
front, back, left, right. The image for the frontal position is
also depicted in Figure 1, underlining that the back position
is blocked by the avatar. For this reason, the structure of the
paradigm had to be adapted for using a new method to guide
the participants’ attention. Therefore, this study investigates
the applicability of different auditory cueing methods.

2. Method
Keeping in mind that the benefit of virtual reality is

bringing the real world into controlled laboratory conditions,
the new cueing method should also resemble a realistic sce-
nario. When thinking of a classroom setting, one way to
draw attention to a specific position is making noise, e.g.
by snapping fingers, which was investigated in the described
study.

2.1. Participants

A pre-study on the practicability of the new cue
was conducted with 12 adults (age: 18–26 years, mean =

22.8 years, SD = 2.56 years, 3 female). All participants
confirmed good German language skills and had normal
hearing abilities (within 25 dB[HL] - pure tone audiometry),
normal or corrected to normal vision (20/30 Snellen chart)
and normal color vision according to Ishihara color charts.
None of the volunteers had prior experience with listening
tests on auditory selective attention. They all gave informed
consent before the experiment.

2.2. Reproduction

The experiment was conducted in an acoustically
treated hearing booth to ensure a quiet environment. For
auditory reproduction, a dynamic binaural sound reproduc-
tion using headphones was chosen using a generic head-
related transfer function and an individual headphone equal-
ization. The Unity plugin for the auralization framework Vir-
tual Acoustics, developed at the Institute for Hearing Tech-
nology and Acoustics [9], was used. For the visual repro-
duction, the virtual classroom model was presented on an
HTC Vive Pro Eye HMD using the Unity game engine. The
participants were placed in the middle of a circle of chairs
and all instructions were shown on the blackboard in front of
them. The participants interacted with the VR environment
using the HTC Vive controllers. Models of the controllers
were displayed in the virtual world. On the models, images
of a paw and a wing were placed representing the required
buttons for the experiment.

2.3. Stimuli

The stimulus material consisted of eight animal names
in German language which belonged to one of two cate-
gories: flying (”bee”, ”duck”, ”owl”, ”dove”) and non-flying
(”snake”, ”rat”, ”seal”, ”cat”). The stimuli were recorded
with a female adult and a male child. For the new cues,
direction words in German language spoken by a different
female adult (”front”, ”back”, ”left”, ”right”) and the sound
of snapping fingers were used. This resulted in three options
for the cue: direction words positioned in front of the partic-
ipant, direction words or snapping fingers positioned at the
respective target position (see Figure 3).

2.4. Task

The participants’ task was to classify an auditory
target stimulus that could be played at one of four
positions: front, back, left, right. An overview on the
trial structure is given in Figure 1.2. At the beginning of
each trial, the target position is indicated by an auditory
cue. Afterwards, the target and a distractor stimulus
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Fig.2. Structure of one trial within the experiment: The auditory cue is followed by the target and distractor stimulus being played
simultaneously. After the participants respond with a button click, a feedback is displayed.

played simultaneously, whereby the target stimulus was
presented at the cued position and the distracting stimulus
was placed at one of the three remaining positions. The
participant was asked to indicate whether the target stimulus
said a flying or non-flying animal name using the HTC
Vive controllers. After each trial, a visual feedback was
presented on the blackboard, which indicated whether the
answer was correct or not. After 500 ms the next trial started.

Fig. 3. Auditory cue types: direction word frontal vs. direction
words spatial vs. snapping fingers [10].

2.5. Experimental Setup

There were four independent variables (IVs) in total
in this experiment. In order to investigate the auditory
attention switch, the transition of the target position was
investigated. This variable describes whether the target
position stayed the same across two trials (repetition) or
was changes (switch), which requires a refocusing of the
participants’ attention. As a second IV the congruency of
target and distractor stimuli was evaluated. If both stimuli
belonged to the same group, e.g. both played a flying
animal name, the stimuli were congruent and if both stimuli
belonged to different groups, the stimuli were incongruent.
The third IV was the combination of target and distractor
position (TD-PC), which could be front-back, next-to
(e.g. front-left) and left-right. The first three IVs were
randomly manipulated each trial, while the type of cue was
changed every three blocks and balanced across participants.

2.6. Results

For every trial, error rates (ERs) and reaction times
(RTs) were measured and analyzed. The results were eval-
uated using an ANOVA. Maulchy’s test was used to investi-
gate whether the assumption of spericity was violated. If it
was significant, Greenhouse-Geisser estimates were applied
to correct the degrees of freedom. A subset of the results
indicating differences for the different cue types (direction
word frontal vs. direction words spatial vs. snapping fin-
gers) is shown in Figure 4, where the percentage of errors is
presented in blue and the reaction times are depicted in red.

Reaction Time

The ANOVA reaveald a significant main effect on
the TD-PC F (1.322, 14.543) = 13.532, p = .001, η2 =
.552. Bonferroni-adjusted post-hoc tests indicate signifi-
cantly lower RTs for left-right over next-to (p=.002) and
front-back (p=.005) conditions (1513 ms vs. 1680 ms vs.
1815 ms). The difference between next-to and front-back
conditions showed no significant effect. The main effect on
cue type was significant (F (2, 22) = 3.3731, p = .04, η2 =
.253) indicating longer RTs for the direction words coming
from the same position (1741 ms) than coming from dif-
ferent positions (1593 ms) and the snapping fingers (1673
ms), where the Bonferroni-adjusted post-hoc tests showed
a significant difference between the spatialized and non-
spatialized direction words (see also Figure 4, red). No other
main effects were found regarding the reaction time.

Error Rate

The ANOVA revealed a significant main effect on con-
gruency (F (1, 11) = 51.931, p < .001, η2 = .825) indicat-
ing significantly lower ERs for congruent than incongruent
(5.7% vs. 26.6%) trials. Also the main effect on TD-PC was
significant (F (1.182, 13.002) = 32.415, p < .001, η2 =
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.747) with lowest ERs in left-right trials followed by next-
to and front-back trials (9.0 % vs. 14.4 % vs. 25.1 %).
Bonferroni-adjusted post-hoc tests indicate significant dif-
ferences between all levels of the variable with all p < .001
except next-to and front-back, where p = .004. No other
main effects were significant.

Fig. 4. Results of the different cue types regarding reaction
times (in ms, red) and error rates (in %, blue). Sig-
nificance levels are represented by asterisks as follows:
∗ = p < .05, ∗∗ = p < .01, ∗ ∗ ∗ = p < .001.

3. Conclusion
The main goal of this study was to investigate the appli-

cability of more close-to-real life auditory cues in a paradigm
on the auditory attention switch. Therefore, three different
auditory cues were selected and examined in a pilot study.
The observed main effects and general tendencies are in ac-
cordance with previous studies using the VR paradigm [8].
Therefore, all of the proposed cueing methods were suc-
cessfully integrated in the paradigm. However, there was a
small effect of cue type in terms of reaction times indicating
longer RTs for the direction words from the frontal direc-
tion. This is expected since the spatialized direction words
provide an enhanced cueing due to the semantic and local-
ized information, whereas the other cues only provide one
of the both. In terms of realism, the snapping fingers should
be preferred since this is an everyday sound. Using this new
cueing method, the proposed paradigm can be further de-
veloped in order to create a closer-to-real life scenario, e.g.
inserting avatars.
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Abstract. Electrical Impedance Tomography is used to
reconstruct distributions of conductivity inside the human
body. The high time resolution of EIT allows for monitoring
of breathing activity. On the other hand, it has a low spa-
tial resolution, because of the ill-posedness of the problem.
Reconstruction algorithms thus need to balance the trade off
between regularization and resolution. GREIT is a linear
reconstruction algorithm that balances the trade off. In this
work, we take a neural network proposed by Hamilton et al.
and modify it for compatibility with GREIT. We first added
the input to the output in order to speed up training. Then,
we checked whether other activation functions would be ben-
eficial for the performance and at last added Drop-Out lay-
ers to the network. We found that adding Drop-Out to the
layers increased the performance on real world data.

Keywords
Electrical Impedance Tomography (EIT), neural net-
works, image reconstruction

1. Introduction
Electrical Impedance Tomography (EIT) is a measure-

ment technique that is non-invasive and allows to monitor
changes of impedance inside the human body. To gain such
reconstructions of impedance changes, alternating currents
are injected into the body, while the resulting potential dis-
tributions are measured from a set of electrodes placed on
the body surface. With the help of the measured potentials,
the impedance changes can be calculated [1]. EIT can be
used for continuous monitoring of the lung [2], because it
offers a relatively high time resolution. The spatial resolu-
tion of the EIT, on the other hand, is low. This is due to the
fact that EIT problem is ill-posed. It means that an exact
analytical reconstruction is impossible. To circumvent this
problem, regularization techniques must be applied. How-
ever, these cause blurring of the solution and, thus result in
the aforementioned low spatial resolution of the EIT. A com-
monly used computationally efficient algorithm with reason-
ably good quality is the GREIT algorithm [3]. Due to its
linear reconstruction, it is very robust to measurement noise.

input GREIT neural network output

32 x 32

Fig. 1.
The structure of the whole algorithm chain.

Still, it produces reconstruction artefacts near the medium
boundary.
To counter this problem and improve the overall reconstruc-
tion of GREIT, a neural network is employed in this work.
Nowadays, neural networks gain increasing interest in the
EIT domain. Hamilton et al. used the D-Bar method in com-
bination with a neural network to reconstruct EIT images
[4]. The network is used to improve upon the reconstructions
produced by the D-Bar algorithm. In this work, we want to
adapt this neural network by Hamilton et al. in such a way,
that it is suited to properly work on GREIT reconstructions.

2. Methods
At first, the generation of training data is explained.

Then the neural network and its assembly is discussed. At
the end, the modification introduced to the neural network
are presented.

2.1. Creation of training data

The method used by Hamilton et al. utilizes of the
D-Bar algorithm and a neural network. We, on the other
hand, want tofine tune the neural network such, that it works
well on GREIT reconstructions. In order to calculate an im-
age from voltage measurements, the GREIT algorithm is ap-
plied first. After that, the image is fed to an adapted version
of the neural network by Hamilton et al. The whole process
can be seen in Figure 1. The input for GREIT is a volt-
age vector of the dimension <208. The output of the GREIT
algorithm is an image of conductivity changes with the di-
mension <32×32, which is the input to the neural network.
The output of the neural network has the same dimension as
its input.
In order to train a neural network, there have to be enough
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Fig. 2.
This shows the structure of the neural network. Every
layer is visualized with a box. The orange arrows show,
the flow of feature maps through the neural network

training samples, so that the neural network can approximate
the desired transformation from GREIT reconstructions to
an improved version of it. EIT has the disadvantage of the
lack of training data. Even now, there is no modality that is
able to collect the impedance distribution inside the human
body with satisfactory resolution.
In order to get training data and, thus, support training of the
neural network, a FEM-simulation was used. In our case, we
worked with the EIDORS framework for Matlab [5]. One
complete training sample is made of a GREIT reconstruc-
tion, which is the input to the neural network, and a ground
truth impedance distribution, which is the desired output of
the neural network. In order to create this training sam-
ple, a FEM model has to be specified with the ground truth
impedance distribution and, after that, the forward problem
has to be simulated. This results in the voltage distribution of
the measurements. To get the neural networks input, GREIT
is applied to convert these voltages to 32× 32 images of the
impedance distribution inside the human body.
We used two models in order to avoid the inverse crime [6].
The forward model for calculating the voltages has around
2.3 million mesh elements, while the coarse backward model
only has around 100.000 mesh elements.
We used ellipses as basic shapes to introduce to the medium.
The ellipses were placed random across the medium. The
orientation of the ellipses was sampled uniformly from 0 to
2π. Both radii of each ellipses were also sampled at random
from 0.05 to 0.7. The conductivity was altered from 10 times
the background conductivity to 1/10th of the it. The number
of ellipses inserted into the medium was uniformly sampled
from 1 to 3, while we reassured that the ellipses did not inter-
sect. In order to make the network more robust to noise and
perform better in laboratory settings, white Gaussian noise

was added to the voltages. This resulted in an SNR of 25
dB.

2.2. Assembly of the neural network

In order to enhance the GREIT reconstruction, the neu-
ral network by Hamilton et al. was used and adapted for the
usage with GREIT. The structure of the neural network used
by Hamilton et al. can be seen in Figure 2 [4]. x denotes
the input of the neural network, while y denotes its output.
Every convolution, which is abbreviated “Conv”, has a fil-
ter kernel of size 5 × 5. “ReLu” is short for Rectified Lin-
ear Unit and is the activation function of the corresponding
layer. “Concat” is short for concatenation. The numbers on
each level describe the size of the layer outputs that are pro-
duced in the corresponding level. After each level the size
of the feature maps double, because the max-pooling layer
reduces the size of the dimension of the outputs by a factor
of 1/2 for each dimension.
The network was trained with the help of the mean squared
error loss, which is defined as

MSE =
1

2N

∑
N

(y − g)2. (1)

y is the output of the neural network, g the ground truth sam-
ple and N the batch size. In order to regularize the neural
network weight decay is used. This is done by penalizing
large weights through adding a squared loss term. Thus, the
overall loss can be described as

Loss =
1

2N

∑
N

(y − g)2 +
1

2
λ
∑
i

ω2
i (2)
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We use the neural network by Hamilton et al. as a basis and
modify it in order to make it perform better for improving
GREIT reconstructions. We add the input of the neural net-
work to its output, in order to speed up the training of the
neural network. The network needs to learn only the dif-
ference between the GREIT reconstruction and the ground
truth. This is based on the assumption that ground truth and
GREIT reconstruction are similar to each other. We argue
that this hold true, as GREIT tries to solve the EIT problem.

2.3. Choosing an activation function

First we evaluate the activation function of the neural
network. We introduce the ReLu function and then motivate
other activation functions which are derived from ReLu [7].
The ReLu activation function is described as

ReLu(x) :=

{
x if x ≥ 0

0 if x<0
(3)

But this has one disadvantage. If the output of a layer is
below 0, the weights do not get updated. If this happens
often, it can result in poor performance. Thus, Maas at al.
introduced a slightly different version of ReLu, the Leaky
ReLu function [8]. It is defined as follows:

LReLu(x) :=

{
x if x ≥ 0

0.001x if x<0
(4)

However, the underlying problem might need an individually
tailored activation function. To do this, He et al. introduced
an activation function where the parameter for the slope in
the negative domain is trainable [9]. It can be stated as

PReLu(x) :=

{
x if x ≥ 0

αx if x<0
(5)

α is a trainable parameter. This allows the network to train a
problem specific activation function.
We compare LReLu and PReLu activation functions for their
feasibility inside the neural network. Thus, all ReLu func-
tions are first replaced by LReLu and, after that, swapped
with PReLu. The evaluations are done qualitatively on real
world data.

2.4. Further regularization through Drop-Out

Drop-Out is a technique that allows the network to be
further regulated, it was introduced by Srivastava et al. [10].
When Drop-Out is applied to a layer, each neuron has a
chance of p to be deactivated. The motivation behind Drop-
Out is, that each neuron has to function with various subsets
of the network. Thus, the generalization ability of the neural
network is increased. During inference, a mean over several
passes of the neural network is calculated, in order to get one
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Fig. 3.
Verification of the proposed architecture. On the top, a
random ellipse is shown; on the lower left, the GREIT
reconstruction can be observed; and in the bottom right
the reconstruction of the neural network is shown.

reconstructed image. Otherwise, the neural network would
saturate, as the network was never utilized as a whole during
training.

3. Results
In this section, the results are presented. First the ba-

sic implementation of the neural network is validated. Af-
ter that, the three activation functions are compared. Then
Drop-Out is introduced to the network and the results are
given. The results presented in Fig. 4 and Fig. 5 were per-
formed on real world data obtained by Hentze et al, [11].

3.1. Verification of the neural network

First the network is validated. We introduced a con-
nection from the input of the network to its output. Thus the
network learns the difference between both. We introduced a
random ellipse to the medium and compared our reconstruc-
tion pipeline with the standard GREIT approach in Figure
3. Our approach almost perfectly reconstructs the ellipse in-
serted into the medium. GREIT on the other hand introduces
blurring to the output. In real world settings, however, there
are still problems with the reconstructions. Thus, the need
of further modification of the neural network arises.

3.2. Switching the activation function

We compared three different activation functions
namely ReLu, LReLu and PReLu. The results can be seen in
Figure 4. While all the activation functions are able to better
distinguish the lungs, LReLu and PReLu introduce artefacts
on the bottom of the medium. Thus, we use ReLu as activa-
tion function and do not change it. One can observe that the
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Fig. 4.
Comparison of the different activation functions and the
GREIT algorithm on real world pig data. On the top
left, the GREIT algorithm is presented; on the right, the
network with the ReLu activation function is presented.
While, on the bottom, the LReLu nd PReLu activation
functions are shown.

network saturates, thus we need further regularization of the
neural network.

3.3. The performance of Drop-Out

In this section we compare the results of the network
with and without Drop-Out. The results are given in Figure
5. It can be seen that Drop-Out is increases the performance
of the reconstruction pipeline. Without Drop-Out, the net-
work saturates and the two lung halves are linked together.
With Drop-Out, these effects do not occur. It is also noted
that the network is able to reconstruct shapes which are not
ellipses. This can be seen in the left half in “ReLu with drop-
out”.

4. Discussion
We proposed a modified reconstruction pipeline, with

a modified version of the one proposed by Hamilton et al. in
order to fit the network for GREIT reconstructions. At first
we sped up training by adding the input of the network to its
output. Changing the activation function did not yield satis-
fying results and, thus, the ReLu activation function from the
original network by Hamilton et al. was still used. We found
out that introducing Drop-Out to the network increases its
performance for real world data, as the network does not sat-
urate.
We did not cover the process of generating valid training data
in detail. This, however, is crucial as the data available is
simulated and thus lacks specific features of real world data.
Finding those features and introducing them to the FEM sim-
ulation might benefit the performance of the neural network.
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Fig. 5.
Performance of the network with and without Drop-Out.
On the top, the GREIT reconstruction is shown.
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Abstract.

In this contribution the development of a toolchain for a stu-
dent’s scientific research platform is presented. The appli-
cation of functional electrical stimulation (FES) to the lower
limbs is used to make the subject play two drum pedals in
a desired rhythm. For this purpose an interactive graph-
ical user interface (GUI) is created for composing drum
beats and setting the speed. Furthermore, an automatic cal-
ibration process is established using trigger-feedback of the
drum pads to detect the individual required impulse intensity
for kicking both the bass and snare drum, respectively.

Keywords
FES, GUI, Toolchain

1. Introduction

Fig. 1. Application principle of FES [1].

Functional electrical stimulation (FES) is commonly
used for rehabilitation purposes such as mobilizing para-
plegic subjects [2] as illustrated in Fig. 1. The MedIT in-
stitute conducted a system identification of the lower limb
and evaluated different control approaches regarding the an-
kle angle [3]. The long-term goal is to combine FES (active)

and exoskeletons (passive) [4] for hybrid actuation. How-
ever, in order to demonstrate the working principle of FES
in teaching and for integration in student’s projects a sim-
pler alternative to exoskeletons was desired as these are dif-
ficult to transport and expensive. As a result the idea arose
to build a reduced drumkit consisting only of two drum ped-
als and pads for the base and snare drum, respectively. The
advantage of this setup is that only the back of the lower
limbs (Musculus triceps surae) need to be actuated as inte-
grated springs of the pedals relocate the foot after kicking.
Rhythmically stimulation of the subject then finally lead to
FES induced drumming. In order to set drum patterns and
the speed a graphical user interface (GUI) was needed and
an automatic process of calibration for a suitable impulse in-
tensitiy was desired as every subject reacts slightly different
to muscle stimulation.

2. FES

Fig. 2. Typical shape of bi-phasic impulses for electrical stimu-
lation. Modified according to [5]

Functional electrical stimulation (FES) can be classi-
fied as a motoric neuroprosthesis and is based on controlled
excitation of nerve tissue in order to partly re-establish lost
body functions as muscle contraction due to a stroke or
spinal cord injury (SCI) [6]. Paralyzed muscles can not be
healed but the damaged connection of neurons can be by-
passed such that the otherwise healthy body parts can be
moved. Therefore the intactness of the lower motor neu-
ron and its connection to the muscle tissue is crucial for
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the application. FES can be applied with both implanted
and surface electrodes [6] and the latter option is used here.
The principle works by applying an impulse train charac-
terized by its pulsewidth , current amplitude and frequency
through two electrodes around the muscle belly as illustrated
in Fig. 3. The resulting field runs through the tissue and the
membrane voltage of neuron’s axons is firstly depolarized
in proximity of the negative cathode as the extracellular po-
tential is stronger lowered than the intracellular one due to
the shielding membrane while the opposite effect (hyperpo-
larization) takes place at the positive anode [7]. The result
is the development of an action potential which triggers the
activation chain including subsequent synapses and muscle
cells. After firing one action potential the axon is not able to
be excited during a following refractory time of 2 to 4ms [6]
due to inactivated ion-channels. In the case of applying FES
not only motor but also sensory nerves are stimulated and the
action potential runs in both directions as the ion channels
towards the Central nervous system (CNS) have not been in-
activated [1]. The action potential along the afferent motor
nerve towards the body however can be neglected because of
the uni-directional transmission at the synapse.

Functional electrical stimulation is mostly current-
controlled to ensure a stable stimulation even for a change
in electrode-skin impedance [7]. Commonly used values are
numbered to up to 500 µs and 150 mA for pulsewidth and
stimulation current amplitude, respectively when applied on
paralyzed subjects. Regarding the frequency different rec-
ommendations can be found for the lowest value which re-
sults in a smooth contraction: 20 Hz [8] [9], 25 Hz [7] or 30
Hz [10]. The impulses are biphasic and rectangular shaped
as shown in Fig. 2 in order to discharge the tissue immedi-
ately [6].

The artificial muscle activation comes with different
characteristics as the physiological one [7]. Due to the usage
of surface electrodes the selectivity of muscle activation is
lower and limited as the electric field firstly affects superfi-
cial located muscles with rising impulse intensity as shown
in Fig. 3. Consequently, an increase in impulse intensity in-
creases the area of affection and can lead to undesired muscle
contractions sideways. Furthermore, the frequency of natu-
ral impulses is not constant in comparison to the case of FES.
For body disabled subjects it is also important to regard that
disuse of muscles can lead to muscle atrophy and the trans-
formation of slow muscle fibers into fast fatiguable ones.
The process of recruiting motor units using FES is inverse in
comparison to the natural one. Impulses with low intensity
first activate superficially located neurons with a wide diam-
eter which are linked to muscle fibers of type FF (fast fa-
tiguable). With increasing impulse intensity also axons with
smaller diameter connected to muscle fibers of type FR (fa-
tigue resistant) and S (slow), respectively and axons which
are more distant from the electrode are activated. Further-
more, a constant impulse intensity activates the same motor
units synchronously and repeatedly whereas the physiologi-
cal mechanism activates the muscle fibers asynchronously in

order to share the load. These differences result in a much
higher rate of fatigue when applying FES on muscles. Mus-
cle force can be varied both by the amount of recruited motor
units (recruitment modulation) and by the individual force
every single unit develops (frequency modulation) [6] while
the former is used here.

Fig. 3. Muscle fibers of type S, FR and FF are also referred to
as type 1, 2a and 2b [7]

3. Method

Fig. 4. Overview of the system.

3.1. Hardware

The used stimulator is the Hasomed RehaMove3 (cur-
rent controlled) which is capable of running 4 channels syn-
chronously with a pulsewidth of 10 to 65520 µs. The current
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amplitude can be varied from 0 to 130 mA and the frequency
by 10 to 500 Hz. Regarding the drum equipment, two single
pedals of the DW 5002 series are used in combination with
trigger pads (Alesis) and the Alesis DM10 Drum module.
The setup is shown in Fig. 4.

3.2. Software

A paced Simulink model (see Fig.6) is used in order
to run the application in nearly real-time. The MATLAB
App-Designer is used to create a graphical user interface (see
Fig. 5) in which the user can set up the mode, the drum beat
composition and the speed. The call-back-functions of the
GUI directly set up the parameters for the Simulink model.
In case of chosing calibration mode the model automatically
creates a stair-function of increasing current amplitude while
frequency and pulse width are kept constant as shown in
Fig. 7. A block of the audio processing toolbox (“Audio-
device-reader”) samples the output of the trigger pad at the
microphone input of the computer and this is compared to a
threshold which indicates a sufficient hit of the pad. In the
case of the trial shown in Fig. 7 the current amplitude is set
to 45 mA after 10 s. The calibration is stopped and the last
used current amplitude is stored for the playing-mode.

Fig. 5. Matlab GUI for composing the drum beat and setting for
mode for playing or calibration

In the composition mode the user can decide which
eighth notes are to be played in a certain speed by switching
those on and off for each leg as shown in Fig. 5 and corre-
sponding signal outcome in Fig. 8. The switches are linked
to the Simulink model such that a corresponding time-shifted
rectangular impulse is feed to an add-block in case the note
is activated. The resulting signal is fed into the s-function as
the input for the pulsewidth for channel 1 and 2. This block
passes the time-varying parameters to the embedded c-code
which determines the shape of the stimulation pulses and the
information is sent to the stimulator via USB. Common set-
tings for the impulses are displayed in table 1.

Fig. 6. Structure of the Simulink model. Due to a variety of
individual blocks the model is partitioned by subsystems.

0 2 4 6 8 10

 

0

100

200

300

P
u

ls
e

w
id

th
 [

µ
s
]

Calibration by Trigger-Feedback

0 2 4 6 8 10

 

0

50

C
u

rr
e

n
t 

[m
A

]  

0 2 4 6 8 10

Time [s]

0

0.2

0.4

V
o

lt
a

g
e

 [
m

V
]  

Trigger-Feedback

Fig. 7. Calibration process of step function for current till
trigger-feedback exceeds a threshold

4. Discussion
In this work a test-bench and a toolchain for the demon-

stration of functional electrical stimulation was proposed.
The demonstrator is capable of adjusting the composition
of drum beats and speed in a user friendly way during us-
age. Furthermore, it automatically detects a suitable value
of current amplitude for the subject. In the future we would
also like to detect the time interval between releasing the
pulsewidth in Simulink until the drum head is hit in order to
synchronize the drum pattern to a song. Moreover, this setup
could also enable paraplegic subjects to play drums again
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Fig. 8. Plots of a drum pattern composed as rectangles of con-
stant pulsewidth for the left and right leg, zero otherwise.

Pulsewidth [µs] Current Amplitude [mA] Frequency [Hz]
250 25-50 30

Tab. 1. Common settings of the FES impulses.

given an additional trigger that can be used by the mouth
(e.g. biting a tube leading to a pressure sensor). Using ma-
chine learning to extract bass and snare notes automatically
in combination with this toolchain could enable a subject to
play any arbitrary song immediately.
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Abstract. Hemolysis is a fundamental parameter to assess 

the hemocompatibility of left ventricular assist devices 

(LVADs). LVAD-induced hemolysis is typically investigated 

using a blood test loop and following the procedure 

described by the ASTM F1841 standard. However, validated 

hemolysis assay techniques require repetitive blood 

sampling from the loop. Therefore, the blood volume 

steadily reduces over time and the overall number of 

hemolysis evaluations is limited. The restricted blood 

sampling thus prevents a more detailed assessment of the 

course of hemolysis over time. Furthermore, these methods 

are time-consuming, resource-demanding, and prone to 

additional preanalytic errors. Hence, a resistivity-based 

method for real-time hemolysis determination in whole 

blood without the need for blood sampling is employed. The 

measurement setup consists of a blood-perfused resistance 

chamber with two electrodes connected to an LCR-meter. 

The method is evaluated by a standard hemolysis experiment 

according to the ASTM F1841. To additionally investigate 

sudden hemolysis variations, blood is replaced once by fresh 

blood. The overall trend of resistivity after application of a 

linear temperature correction correlates to some extent with 

the pfHb reference and the K+ ion concentration. However, 

the performance and reliability need to be assessed in 

further studies, and thrombosis formation must be avoided. 

Keywords 

Hemolysis, LVAD, Whole Blood, resistivity, LCR-

meter, Blood Test Loop, ASTM F1841. 

1. Introduction 

Hemolysis describes the destruction of red blood cells 

(RBCs) and the release of their intracellular content into the 

blood plasma [1]. Severe hemolysis occurs in 5 % - 18 % of 

LVAD-supported patients and can significantly reduce 

mortality as well as the clinical outcome [2]. Therefore, 

pump-induced hemolysis is one of the most important 

parameters to assess the hemocompatibility of left 

ventricular assist devices (LVADs) [3]. The ASTM F1841 

standard [4] describes the experimental setup and procedure 

to assess pump-induced hemolysis. For this, blood is 

circulated for six hours inside a blood test loop under worst-

case clinical pressure and flow conditions. Once per hour, 

about 1 ml of blood is drawn and discarded, followed by the 

withdrawal of a few milliliters of blood. The blood samples 

are subsequently centrifuged and the resulting plasma is 

assessed for hemolysis by evaluation of the plasma-free 

hemoglobin (pfHb) concentration. For this, validated assay 

techniques according to DIN EN ISO 10993 [5] can be 

applied. However, the required sample collection 

continuously reduces the blood volume inside the blood test 

loop and, therefore, influences the rate of hemolysis over 

time. This problem becomes particularly serious in 

miniaturized mock loops with small blood volume to allow 

the usage of human donor blood. Such loops are for example 

proposed by Zayat et al. [6] and Woelke et al. [7]. 

Furthermore, the ASTM standard advises minimizing the 

volume reduction of the blood test loop, which leads to the 

suggested sampling intervals of one hour. Moreover, 

centrifugation and preprocessing of blood samples are time-

consuming, resource-demanding, and prone to additional 

preanalytic errors [8]. Therefore, a method for direct and 

simple assessment of hemolysis in whole blood, which 

allows for higher assessment rates of hemolysis, and thus, 

better analysis of hemolysis progression over time, is 

desirable. 

In recent years, several groups have pursued the goal of 

measuring hemolysis in full blood without the necessity for 

sample collection for various applications. Stefano et al. [9] 

proposed an optical technique to indirectly determine 

hemolysis in real-time inside the dialysis fluid of a dialysis 

machine. Zhou et al. [8] realized a complex optofluidic 

sensor composed of nanofilters on an optical waveguide to 

measure point-of-care hemolysis in blood gas analyzers. 

Neudel et al. [10] utilized a near-infrared reflectance 

spectroscopy (NIRS) sensor integrated into a small TO-5 

package to determine pump-induced hemolysis. Recently, 

Van Buren et al. [11] proposed a simple method to determine 

hemolysis by measuring the resistivity between two 

electrodes connected to a blood perfused chamber. 

However, this method has not yet been applied to evaluate 

pump-induced hemolysis. Due to the simplicity and high 

achievable measurement rates, it appears to be well suited 

for this purpose. Therefore, in this study, a comparable 

resistivity-based measurement principle is established and 

applied to investigate LVAD-induced hemolysis close to the 

ASTM standard. The resistivity-based method is compared 

to a classical photometric assessment method. 
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The idea of measuring the blood resistance to assess 

hemolysis is based on the release of intracellular K+ ions 

into the plasma when RBCs are damaged [1]. K+ ions are 

the dominant ions inside RBCs, and the intracellular K+ 

concentration is much higher than the extracellular K+ 

concentration in the blood plasma (143.7 vs. 5.7 mg-equ/L 

H2O) [12]. Therefore, the blood resistance is expected to 

decrease with increasing pump-induced hemolysis. 

2. Material and Methods 

2.1 Resistivity-based Measurement Setup 

The setup for the resistivity-based hemolysis measurement 

consists of a self-developed resistivity chamber (c. f. Fig. 1) 

connected to an LCR-meter (E4980, Agilent Technologies 

Inc., Santa Clara, United States). The LCR-meter 

continuously measures the blood resistance between the 

electrodes with a sample rate of 1 Hz and an excitation 

frequency of 40 kHz. The LCR-meter is connected to Matlab 

for data recording. The blood-perfused resistivity chamber 

consists of a PVC core element, which is connected to PVC 

tube fittings (AF0802.016.016, TH Connect GmbH & Co. 

KG, Pegnitz, Germany), and two steel electrodes (Steel 

1.4571). Rubber band sealings assure tightness at the 

interfaces between all elements. The inner blood flow path 

of the chamber is a tradeoff between simple manufacturing 

and a low-turbulent flow profile. The blood contact area of 

the electrodes equals 4.562 cm² and the electrodes are 1 cm 

apart from each other. Hence, the blood resistivity 𝜌b is 

determined by the measured blood resistance 𝑅b, the 

electrode contact area A, and the distance between the 

electrodes d according to: 

𝜌b = 𝑅b ⋅
𝐴

𝑑
=  𝑅b ⋅ 4.562 𝑐𝑚 (1) 

 

     

Fig. 1. Self-developed, blood-carrying PVC resistivity chamber 
with two steel electrodes utilized for resistivity-based 

hemolysis determination. 

2.2 Blood Test Loop 

The resistivity-based measurement setup is integrated into a 

standard blood test loop for LVADs according to the ASTM 

F1841 as shown in Fig. 2. The loop contains a blood bag 

(Capiox flexible venous reservoir 400 ml, Terumo 

Corporation, Shibuya, Japan) to allow for a total initial 

filling volume of 450 ml porcine slaughterhouse blood. The 

Sputnik LVAD [13] is used in this study to generate pump-

induced hemolysis. The LVAD is controlled with a servo 

controller for sensorless EC motors (ESCON 50/4, Maxon 

Motor AG, Sachseln, Switzerland). According to Visser 

[14], blood resistance depends on its flow velocity. 

Therefore, the pump flow is regulated to 5 L/min by a PI 

controller implemented on a dSpace MicroLabBox 

(dSPACE GmbH, Paderborn, Germany). The dSPACE box 

is also used for synchronous data recording of the sensors 

listed below. The pump flow is measured by a clamp-on 

flow sensor (HT-110, Transonic Systems Inc., Ithaca, 

United States) and the head pressure is measured by two 

pressure transducers (Xtrans DPT-9300, Codan 

Medizinische Geräte GmbH & Co KG, Lensahn, Germany). 

Flow and pressure are both recorded with a sampling rate of 

1000 Hz. Furthermore, an NTC temperature sensor 

belonging to the utilized blood bag determines the blood 

temperature with a sample rate of 1 Hz. A tube clamp 

(Hoffmann 30x16mm, Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany) generates a pressure head of about 100 

mmHg. An SV2 Sous Vide thermostat (Allpax GmbH & Co. 

KG, Papenburg, Germany) initially heats and then maintains 

the blood temperature close to a physiological level of 37 

°C. Blood is sampled at a dedicated Luer-Lock sample port. 

Furthermore, another identical blood bag, which is also 

maintained at 37 °C, is used as a static reference. 

 

Fig. 2. The experimental setup consists of a static reference blood 

bag and the blood test loop according to the ASTM F1841 
with an additional resistivity chamber. 

2.3 Blood Handling and Analysis 

Porcine slaughterhouse blood with 5000 international units 

heparin per liter (B. Braun, Melsungen, Germany) is first 

diluted with Ringer-Lactate solution (B. Braun, Melsungen,  

Germany) to achieve a hematocrit level of 30 ± 2 %. The 
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Ringer-Lactate solution was chosen as it closely corresponds 

to the ion concentration of human blood. Before filling the 

blood into the loop and the reference bag, both were rinsed 

with 0.9 % NaCl solution for 10 min and subsequently 

evacuated. Blood is then carefully poured into the loop and 

the reference blood bag with a 50 ml syringe. Subsequently, 

both water baths are filled with preheated water, and further 

heated by the thermostats. For the first few minutes, the 

blood is mixed at a low pump flow level. At time = 0, a pump 

flow of 5 L/min and a pressure head of 100 mmHg are set. 

The blood is then circulated for 375 min under these clinical 

worst-case conditions. To also assess sudden hemolysis 

changes, 150 ml blood is withdrawn from the test loop and 

150 ml fresh blood from the static reference bag is added 

between 245 and 250 min. Blood samples from the loop are 

drawn at -5, 60, 120, 180, 240, 255, 315, and 375 min for 

analysis with the photometric reference method. The 

reference bag is sampled at -5, 240, and 375 min only. 

During each sampling instant, 1 ml of blood is discarded and 

4 ml of blood is further analyzed. 500 µl whole blood is 

directly analyzed with a blood gas analyzer (ABL800, 

Radiometer GmbH, Krefeld, Germany). The remaining 

blood is centrifuged for 15 min at 2000 rcf and 5 min at 

13000 rcf. The resulting plasma is assessed for pfHb with 

the cyan hemoglobin method using a dedicated reagent 

(Bioanalytic GmbH, Umkirch, Germany) according to the 

manufactures manual. The resulting solution is analyzed 

with a PV4 UV/VIS spectrophotometer (Avantor, 

Pennsylvania, United States) using the 2 wavelength method 

according to Taperon (540/690 nm). Furthermore, the 

plasma is analyzed for K+, Na+, Ca2+, and, Cl- concentrations 

with the blood gas analyzer. 

3. Results 

Fig. 3 illustrates the resistivity signal 𝜌b and the blood 

temperature 𝑇b throughout the experiment. Both signals are 

filtered with a zero-phase low-pass filter with a cutoff 

frequency of 0.1 Hz. 

 

Fig. 3. Measured blood resistivity ρb and blood temperature 𝑇b 
inside the blood test loop over 380 min. There exists a 
strong correlation between temperature and resistivity. 

 

The correlation coefficient (r) between 𝜌b and 𝑇b (r = -0.81) 

indicates a linear dependency between both signals. 

However, according to Mohapatra et al. [15], the 

dependency between blood temperature and blood 

resistivity for equal hematocrit levels should be even more 

linear (r > 0.99). Therefore, also non-temperature related 

resistivity changes (perhaps due to hemolysis) are assumed, 

and a simple linear correction method is proposed to 

determine a temperature corrected resistivity 𝜌
b,corr

: 

𝜌
b,corr

= 𝜌
b

(𝑇b) − 𝑘opt ⋅ (𝑇
b

− �̅�b) (2) 

  𝑘opt = min
−10<𝑘<0

{(𝜌
b

(𝑇b) − �̅�
b

(𝑇b)) − 𝑘 ⋅ (𝑇
b

− �̅�b)} (3) 

where �̅�
b

(𝑇b) and �̅�b are the average of the respective 

signals between 0 and 375 min. Fig. 4 depicts the results of 

𝜌
b,corr

 throughout the experiment. The signal 𝜌
b,corr

 does 

not show the large temperature-related peak at 245 min 

anymore. 

  

Fig. 4. Resistivity, pfHb, K+, pump flow, and pressure head over 

380 min. At 245 min, 150 ml blood is substituted by fresh 

blood from the reference bag. 

PfHb continuously increases from 0.05 g/dL to 0.41 g/dL 

during the first 240 min. Substituting 150 ml blood between 

245 and 250 min reduces the pfHb sampled at 255 min by 

27 %. Subsequently, pfHb continues to increase until 0.55 

g/dL. During 380 min, K+ concentration changes by about 

50 %, whereas other electrolyte concentrations exhibit much 

smaller relative variations (c. f. Table 1). Also, the absolute 

changes of K+ are most prominent. Furthermore, a strong 

linear dependence between the increase in pfHb and K+ 

concentration is evident (r = 0.992). 

 

Concentration change K+ Na+ Ca2+ Cl- 

Absolute [mmol/l]  2.7 -2.0 -0.14 -1.0 

Relative [%] 49.1 -1.5 -11.3 - 0.97 

Tab. 1.  Absolute and relative ion concentration changes between 
-5 min and 375 min. K+ concentrations change the most. 

The course of the temperature-corrected blood resistivity 

𝜌
b,corr

 reveals a certain negative correlation with the change 

in pfHb (r = -0.206) and with the change of K+ ions (r = -

0.159) within the first 315 min. However, after about 300 
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min the resistivity tends to increase. Therefore, regarding the 

whole 380 min interval, no correlation is observed. 

The pump flow and the head pressure signals, depicted in 

Fig. 4, are both filtered with a moving average filter with a 

window length of 1 s. The pump flow remains close to 5 

L/min throughout the experiment, whereas the head pressure 

tends to slightly increase from 102 mmHg to 110 mmHg. 

4. Conclusion 

The strong linear correlation between K+ and pfHb 

concentration supports the hypothesis that K+  release is 

directly related to hemolysis. Furthermore, the removal of 

150 ml blood from the test loop does not influence the K+ 

concentration and is, therefore, not visible in the resistivity 

signal. However, the injection of 150 ml fresh blood rapidly 

reduces the pfHb/K+ concentration and increases the 

resistivity. Overall, the resistivity-based method exhibits a 

certain correlation with the photometric standard method 

(pfHb) regarding the evaluation of pump-induced hemolysis 

during the first 315 min. Therefore, resistivity measurements 

might be suitable for real-time hemolysis determination. The 

increase of head pressure and resistivity after 300 min is 

most likely caused by thrombus formation, which was 

observed when emptying the loop. The corresponding 

increase in head pressure is not assumed to directly cause the 

resistance increase as the head pressure is constant between 

120 and 240 min, whereas the resistivity continuously 

declines. As thrombus formation counteracts hemolysis-

induced resistance decrease, it might account for the rather 

poor linear dependence of pfHb/K+ and resistivity over the 

whole 375 min. Therefore, further experiments without 

thrombos formation are required to assess the performance 

and reliability of this method. 

The pump-induced hemolysis of the Sputnik LVAD has 

already been described by Romonova et al. [16]. However, 

pfHb in our study is by a factor of 10 higher. This indicates 

that the resistivity chamber or other test loop components 

might also induce hemolysis, and a more hemocompatible 

design of the chamber and test loop should be considered. 

Therefore, another identical loop without a resistivity 

chamber should be utilized in parallel in future studies. 

Overall, this investigation supports the finding of [11] that 

resistivity measures allow for real-time hemolysis 

determination in whole blood. The utilized resistivity-based 

method does not require sample collection and achieves 

sample rates of 1 Hz, which renders it well suited to assess 

pump-induced hemolysis. In the future, the resistivity-based 

setup might be miniaturized and integrated into a pump graft 

to also detect hemolysis or thrombus formation in patients. 
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Abstract. The application of virtual acoustic environ-
ments (VAE) for testing and fitting of hearing aids (HAs)
is a promising approach to overcome the performance dis-
crepancy of these devices in acoustically challenging situ-
ations compared to the laboratory setting. Creating VAEs
is accomplished by loudspeaker-based spatial sound repro-
duction methods, which either aim at a physically correct
(authentic) or perceptually correct (plausible) reproduction.
However, each method exhibits reproduction errors that may
introduce a bias, likely influencing the validity of results.

In this work, crosstalk cancellation (CTC), higher-order Am-
bisonics (HOA) and vector base amplitude panning (VBAP)
were compared across two different spherical loudspeaker
setups to evaluate their influence on a delay-and-sum and a
minimum variance distortionless response beamformer.

Keywords
spatial audio, ctc, hoa, vbap, virtual acoustic environ-
ment, hearing aid, beamforming

1. Introduction
Gain prescription rules for HAs are typically based on

measures of hearing loss, such as the pure tone audiogram
and uncomfortable loudness levels [1]. While these two
measures may represent the most prominent characteristics,
it is arguable that they do not cover all aspects of hearing
loss. Increasing the ecological validity of clinical evalua-
tions of hearing impairments may not only improve gain pre-
scription rules, but also signal processing strategies of HAs
in general.

One option to assess hearing loss and HAs in life-
like scenarios is the creation of VAEs reproduced by spatial
sound reproduction methods. On one hand, this approach
allows to objectively assess the complex mixture of sounds
that arrives at the listener’s ears and at the HAs by using re-
search HAs and an artificial head, as depicted in Figure 1.
On the other hand, HA algorithms can be evaluated subjec-
tively in a more ecologically valid acoustic environment by
conducting listening experiments.

Fig. 1. A research hearing aid with wired access to the two mi-
crophone signals mounted behind the right ear of an ar-
tificial head.

Spatial sound reproduction methods, however, exhibit
reproduction errors that may affect the signal processing of
HAs. Previous research has demonstrated the impact of vir-
tual sound sources reproduced by mixed-order Ambisonics
on beamforming performance [2]. This work follows the ap-
proach by Oreinos and Buchholz, but aims to compare CTC,
VBAP, and HOA based on the spatial reproduction accuracy
of virtual sound sources and the beamforming performance
of a delay-and-sum (DS) and a minimum variance distortion-
less response (MVDR) beamformer across two loudspeaker
setups. Additionally, only free-field conditions are consid-
ered for the reproduction environment as well as the virtual
sound sources.

2. Materials and Methods
2.1. Spatial Sound Reproduction

Crosstalk Cancellation. The simplest method for spatial
sound reproduction is the usage of headphones to play back
a binaural stimulus, which includes the directional infor-
mation of the sound source. Such a stimulus can be ei-
ther recorded using an artificial head or synthesized with
head-related transfer functions (HRTFs) that describe the lis-
tener’s effect on incoming sound waves, usually measured
at the ear canal entrance. In a similar manner, hearing aid-
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Fig. 2. Visualization of the sampling layout of both loudspeaker setups. In both setups the frontal direction is the positive x-axis and
the optimal listener position is the coordinate system’s origin, representing the center of the array.

related transfer functions (HARTFs) describe these effects at
the positions of the hearing aid microphones.

When using two loudspeakers instead of headphones
for reproduction, it is obvious that the left ear signal played
back by the left loudspeaker also reaches the right ear. This
crosstalk can be reduced by the use of CTC filters, calculated
according to Masiero [3].

Vector Base Amplitude Panning. VBAP is an extension
of stereo panning to recreate virtual sound sources from any
direction of incidence [4]. Instead of being limited to di-
rections on the connection line between two loudspeakers,
the source signal is panned to any position within a trian-
gle spanned by three loudspeakers. Appropriate loudspeaker
triangles are determined using Delaunay triangulation [4].

Higher-Order Ambisonics. The foundation of HOA is
the Kirchhoff-Helmholtz integral [5], which states that the
sound field inside a source and object-free volume can be
exactly reproduced by a continuous source distribution on
its boundary. This leads to an encoding step, which can be
thought of as the calculation of the continuous source distri-
bution and a decoding step that involves spatial sampling of
the distribution. Using spherical harmonic functions then re-
sults in a matrix operation, where the loudspeaker positions
determine the decoder matrix. The amount of spatial detail
accurately reproduced by HOA depends on the number of
loudspeakers and the frequency of the signal.

2.2. Beamforming

Especially at cocktail parties, the application of a
beamformer helps to steer the sound pick-up sensitivity of a
HA to a direction of interest, for example, a talker the listener
wants to focus on. The following two algorithms are exam-

ples for monaural and binaural beamforming approaches, re-
spectively.

Delay-and-Sum Beamformer. The DS beamformer uti-
lizes the delay between the times of arrival at the frontal and
rear HA microphones to perform signal cancellation from
less relevant directions of incidence. Different beam pat-
terns can be designed by varying the processing delays and
weights for the rear microphone signal [6]. However, these
considerations do not include the head of a listener, such that
the DS beam pattern of a worn HA strongly differs from the
theoretical one.

Minimum Variance Distortionless Response Beam-
former. The MVDR beamformer is a binaural beamformer
which uses the HA microphone signals of both sides. Each
signal is processed by a steering filter, which is calculated
from a noise coherence matrix and a steering vector [7], re-
sulting in steering filters that include the effects of the lis-
tener’s head. The beam pattern is more directional compared
to the DS beamformer but produces prominent sidelobes to-
wards higher frequencies.

2.3. Simulation

The reproduction methods were simulated using two
different loudspeaker setups shown in Figure 2. The mean
radii of the setups are 2.3m and 1.4m for the 12-channel
and the 68-channel loudspeaker setup, respectively. A four-
loudspeaker CTC was designed for the elevated loudspeak-
ers of the 12-channel setup, and for four similarly positioned
loudspeakers in the 68-channel setup. For VBAP and HOA,
all loudspeakers were used simultaneously. Their spatial re-
production accuracy is evaluated based on the spectral dif-
ferences SD(f) [8] between a reference HARTF and a vir-
tual HARTF (vHARTF), which condenses each reproduc-
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tion method into an HRTF-like filter for each virtual sound
source. Estimated interaural time differences (ITDs) are
compared between reference and virtual HRTFs. The beam-
forming performance is assessed using the directivity in-
dex DI (f) [9] for both beamforming algorithms. The simu-
lation was carried out for a virtual sound source at 2.5m dis-
tance for directions evaluated on a grid resolution of 5◦ x 5◦

in azimuth and elevation, resulting in 2522 directions.

3. Results and Discussion
Due to similar results for the left and right ear, only the

left-ear results are presented below.

3.1. Spectral Differences

The SDs provide a measure of deviation between the
vHARTF and HARTF across all virtual source directions.
Thus, they reflect the direction-dependent reproduction er-
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Fig. 3. Spectral Differences of VBAP, HOA, and CTC for both
setups. Solid and dashed lines indicate the frontal and
rear microphone HARTF, respectively. Blue and orange
lines correspond to the 12-channel and 68-channel setup,
respectively.

rors of each method. Figure 3 depicts the results for all three
reproduction methods in both setups.

For binaural reproduction using CTC filters, the SDs
indicate no spatial dependency of the reproduction at the
frontal HA microphones, for which the CTC filters were de-
signed. In contrast, the rear HA microphones show high di-
rectional errors, which particularly increase for frequencies

above 500Hz. Possible reasons for this behavior are the filter
mismatch and a positional offset with respect to the nominal
sweet spot. However, perfect reconstruction of the binaural
signal at the rear microphone would result in SDs between
frontal and rear HARTF. Though multi-user, referring to the
frontal and rear microphone pairs, CTC is possible in theory,
it tends to be less stable [3].

The SDs for VBAP and HOA are very similar except
for the lower directional deviations of VBAP at frequencies
below ≈1 kHz for the 12-channel setup and ≈2 kHz for the
68-channel setup. This similarity also holds for the devia-
tions at the frontal and rear microphones, which indicates a
larger sweet spot for VBAP and HOA compared to CTC.

3.2. Interaural Time Difference

The ITD represents a binaural cue and is particularly
helpful to localize sound sources for frequencies up to 1 kHz
to 1.5 kHz. ITD errors may lead to lateral shifts of the per-
ceived sound and may influence HA processing when direc-
tion of arrival estimation is applied. Figure 4 depicts the ITD
errors introduced by the reproduction methods.
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Fig. 4. Errors in ITD. The color-shaded areas indicate error dis-
tributions, while the bars depict the extrema and the me-
dian. The gray background indicates the range of just
noticeable differences.

The small ITD errors for CTC match the expectation,
because the goal of CTC is the accurate reproduction at the
sweet spot and the difference in ITD between the frontal
and rear microphone is small, because of their close spatial
arrangement. Due to the similar selection of reproduction
loudspeakers there seems to be no difference between the 12-
channel and the 68-channel loudspeaker setup. In contrast,
there seems to be a strong setup effect for VBAP and HOA.
For VBAP, a possible explanation is the angular distance be-
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tween the loudspeakers which results in an interplay of three
different ITDs. This leads to a more diffuse pressure sum-
mation compared to the according ITDs in the 68-channel
setup with a denser sampling layout.

The gray background indicates the region of just no-
ticeable ITD differences. For non-zero errors inside this re-
gion, the perceived source direction may be influenced. To
quantify this error, perceptual tests such as localization ex-
periments are necessary.

3.3. Directivity Index

The DI relates the gain of the steering direction to
the spherical mean of the directivity evaluated for each fre-
quency [9]. Here, the steering direction was fixed to the
frontal direction. Figure 5 shows the DI s of using the
vHARTFs and the reference HARTFs.
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Fig. 5. DI s of VBAP, HOA, and CTC for both setups. Upper
and lower parts of each panel relate to the left and right
axes, respectively

For CTC, the DI s strongly differ from the reference.
Considering the high SDs and low ITD errors, this result
can be attributed to magnitude errors at the rear microphone.

As observed for the SDs, a similar behavior can be ob-
served between VBAP and HOA regarding the DI . Again,
VBAP seems to provide a higher usable frequency range in
comparison to HOA. Using the 68-channel setup with VBAP
leads to smaller broadband errors, indicating that this system
could be a good choice for testing HA beamforming algo-
rithms.

4. Conclusions
The presented results show that there is an influence of

the spatial sound reproduction system (method and setup) on
HA processing. Even though CTC provides the lowest ITD
errors, it does not appear to be suitable for multi-microphone
HAs. HOA and especially VBAP provide better results in
terms of SD and DI , thus being more promising for practical
HA evaluation procedures.

Although the presented performance metrics were eval-
uated globally for a high number of directions of incidence,
conclusions regarding the application in specific spatial re-
gions, for example, the horizontal plane, require a tailored
analysis.

Future work could include the comparison of reproduc-
tion errors due to the reproduction room and, positional in-
accuracies, as well as listening tests for additional perceptual
evaluation.
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Abstract. Due to Big Data, traditional Machine Learn-
ing techniques are now often integrated in the clinical work-
flow. Despite more capable, Deep Learning methods are
not equally accepted given their unsatiated need for great
amounts of training data and transversal use in different ar-
eas with few adaptations. A novel data-efficient convolu-
tional neural network architecture was specifically designed
to learn the best sensor fusion strategy at every abstraction
level for different obtrusive and unobtrusive cardiac modal-
ities – electrocardiography, blood pressure, photoplethys-
mography and ballistocardiography. Moreover, hyperpa-
rameters were fully optimized through a Bayesian approach
and multiple networks were trained for beat classification
in different cardiac modalities. Regardless the combination,
networks learned fast and efficiently, and their performance
surpasses previous architectures complying with standards
for medical device integration.

Keywords
Multimodal cardiac signals, sensor fusion, deep learn-
ing, convolutional neural network.

1. Introduction
1.1. Context

In 2017 McKinsey reported Healthcare to be the 3rd

industry which suffered the most core business practice
changes due to Big Data thanks to patient record digitaliza-
tion and extensive use of continuous monitoring devices [1].
Artificial Intelligence (AI) has since been a center of atten-
tion in the sector for extracting information from such data
flood. Machine Learning (ML), in particular, managed to
consolidate its place in low-risk clinical tasks which does not
directly pertain to the patient, from operating room schedul-
ing to gene sequencing. Despite quality research in higher-
risk applications with a more direct impact on patients, like
diagnostics through signal processing or quantitative imag-
ing, seldom do traditional ML algorithms perform well and
pass clinical requirements [2].

Algorithms from its subdomain, Deep Learning (DL),
however, show higher potential for such tasks given their
highly nonlinear pattern recognition ability. Yet, this poten-
tial remains mostly untapped, as very few DL systems are
integrated in the clinical domain. For one, the (ethical, logis-
tical, etc.) complexity of data acquisition and lack of shar-
ing initiatives between big corporations and research centers
contribute to the current lack of sufficient data for training
these demanding algorithms [2]. For another, AI research
focuses more on image than signal processing. Therefore,
algorithms for the latter tend to be highly influenced by the
former instead of tailor-developed, often being sub-optimal
and data-inefficient.

In the realm of biosignal processing, sensor fusion is
becoming increasingly popular. The simultaneous use of
data from different sensors provides a multimodal under-
standing of the signal source, being a suitable target for
AI-based processing. This is of extreme interest to lever-
age unobtrusive modalities, since their typical noisy data is
compensated by the decrease in uncertainty of sensor fusion.
Some of these modalities for cardiac signals include capac-
itively coupled electrocardiography, which, just as electro-
cardiography (ECG), pertain to the electrical activity of the
heart, but measured with plate capacitors instead of contact-
electrodes; photoplethysmography (PPG), which tracks arte-
rial blood pressure, differing from traditional blood pressure
(BP) by leveraging the transmittance properties of the blood
cells instead of invasively measuring pressure; ballistocar-
diography (BCG), which records slight body movements on
a head-to-feet axis as a result of the cardiac cycle’s turbu-
lence.

This work endeavored to deliver a data-efficient sensor
fusion convolutional neural network (CNN) architecture that
is specific to cardiac signal processing for beat detection and
compatible with different modality combinations.

1.2. State of the Art Review

The authors of [3] introduce important principles for
fusing sensors targeting the same organ: integrity - the dif-
ferent modalities must be correlated to some extent - and
diversity - signals stemming from different angles and dis-
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tances yield multi-scale features. Exploring features from
individual modalities pertains to the latter, as exploring ways
to fuse them pertains to the former. They try to imple-
ment these ideas with a stacked-input architecture. 12-lead
ECG multimodal signals are concatenated into a 2D image
and processed as such, but using sub-2D convolutional fil-
ters (whose weights are shared among rows), for the sake
of integrity, and lead asymmetrical pooling layers (different,
manually-defined pooling lengths for each lead), for diver-
sity. Although integrity and diversity are relevant concepts
for other cardiac modalities as well, the use of a 2D archi-
tecture is not necessarily adequate. Sub-2D and even 2D
filters are reasonable when input signals are highly corre-
lated, which does not occur with all modalities used in this
work, contrary to the aforementioned case. Therefore, in this
project’s case, branched architectures are more adequate as
they train filters and, therefore, feature extraction indepen-
dently for each modality.

In [4], a CNN with a single convolutional layer per-
forms early-fusion by summing the outputted feature maps
and feeding the result into an FCN without hidden-layers.
Despite the score (average between sensitivity and positive
predictive value) of 94% in ECG and BP data, it was found
that the BP branch played a merely complementary role to
the ECG one. A deeper, late-fusion architecture, in [5], was
able to extract more useful information with more variable
modality combinations, using 4 convolutional layers whose
final feature maps concatenate into the input of a 3-layer
FCN, as seen in Fig. 1. It obtained a score of 95% and a
detection error of 43 ms on a combination of ECG and BP
combination of the Fantasia dataset (Fant). This hints at the
existence of useful fusion information also in higher levels
of abstraction, e.g. in modalities which might not seem as
useful earlier on due to lack of correlation with others.

Input, n =101N

CNN,  n =10, n =20 F K

Max Pooling,  n =2 P

CNN,  n =20, n =15 F K

CNN,  n =25, n =10 F K
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Fig. 1. Late-fusion precursor architecture. While n stands for
”number of”, the subscript N stands for nodes, F for fil-
ters, K for kernel samples and P for pooling kernel sam-
ples. Adapted from [5].

The CentralNet adaptation, described in [6] allows ben-
efiting from both early- and late-fusion through which fusion
CNN for M -modalities, comprised of M + 1 branches. The
(M + 1)-th branch (fusion branch), receives learnable lin-
ear combinations of the feature maps of the remaining M
branches at every layer. This framework consistently yielded
state of the art performance in fusion tasks with different
combinations of video, image, audio and text data.

2. Methods
2.1. Architecture

Holistically addressing the problem of fusion in the
context of cardiac sensor fusion, arbitrary modality com-
binations with different degrees of cross-correlation should
be admitted (as discussed in Section 1.2), without cumber-
some structural adaptations. Thus, a branched architecture
was chosen, promoting integrity by independently explor-
ing higher abstraction levels of each modality. To this ex-
tent, and given its successful application in variable modality
combinations, the late-fusion architecture depicted in Fig. 1
was deemed as precursor. To simultaneously reap the bene-
fits of early-fusion and comply with diversity, a CentralNet-
inspired adaptation was applied. This ensemble, therefore,
attempts to integrate these concepts into degrees of freedom
of the learning process, allowing the network to learn the
best strategy for fusion, whether it favors correlation of low-
level features and/or higher-level abstractions, and to balance
the usage of integrity and diversity for improved results.

The main structural changes to the precursor model are
seen in Fig. 2.1 and described as follows:

1. Inclusion of an (M+1)-th fusion branch (denoted with
subscript 0), whose feature maps H are the result of a
linear combination of all the branches’ m feature maps
from the corresponding layer i, including themselves

H [0,i] = α[0,i]H [0,i] +

M∑
m=1

α[m,i]H [m,i]. (1)

Learnable coefficients α were uniformly initialized.
This architecture is also extended to the FCN, which
was separated into (M + 1) replicas placed after each
CNN branch;

2. Each branch, except the fusion branch, receives an input
251-sample snippet (instead of 101), simultaneously.
This provides a viewing window capable of accommo-
dating relevant asynchronous modality-specific wave-
forms. It was postulated that, thus, incorporating the
entire BP pulse could both elevate activations in the re-
spective branch and potentiate lower-level correlation
with the ECG’s T-wave;

3. Insertion of 2-sample pooling layers with stride 2 be-
tween each consecutive convolutional layer in order to
deepen abstraction;

4. Application of batch normalization to every layer (ex-
cept the output), increasing training speed and in-
put distribution invariance, which theoretically eases
beat identification despite varying waveforms due to
physiological or experimental condition/configuration
changes. Mathematically, feature maps are changed ac-
cording to

H [m,i+1] = J [m,i]

(
H ′[m,i] − µ[m,i]

σ[m,i]

)
−β[m,i], (2)
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Fig.2. Structure of the (M + 1) repeating branches the proposed architecture. Vertical lines represent 1D inputs and feature maps.

where H ′ represents feature maps after ReLU, µ[m,i]

and σ[m,i] are the average and standard deviation ma-
trices with respect to elements of H ′[m,i] (feature maps
of a single batch). J [m,i] and β[m,i] are learnable cor-
rections to the distribution. The latter term exempts the
use of bias in convolutional layers.

2.2. Materials

In order to debug, optimize and test the CNN, several
datasets with different modality combinations were used to
make it as versatile as possible for the context of cardiac sen-
sor fusion and establish comparison standards with previous
ones. From Fant, recordings of 10 healthy subjects (young
and elderly) with 120-minute ECG and PPG data sampled at
250 Hz. From the MIT-BIH Polysomnography (MITPoly)
dataset, overnight recordings from 5 subjects were used,
with ECG, BP and BCG data sampled at 250 Hz. Beat clas-
sification annotations were always available in the form of
non-zero integers synchronous to beat occurrences.

2.3. Optimization & Training

For the sake of data balancing and efficient use of
it, all recordings were divided into non-zero-labeled snip-
pets, centered on beat annotations, and the same number
of zero-labeled snippets, produced by shifting the former
by a random integer greater than 5. Similarly, training for
every dataset was conducted through leave-one-subject-out
cross validation with an early stopping approach in which
score provides an 85% contribution to the stoppage met-
ric and temporal detection error 15% (converging to infinity
as it approaches 30 ms). To calculate the score, an adap-
tive peak detection post-processing was applied to the fu-
sion branch’s output resulting in classification predictions in
the form of Kroenecker’s deltas used to count the number
of true/false positives/negatives based on the proximity to
ground truth annotations. As loss function, the summation
of each branch’s cross-entropy was performed, to favor high

independent performance, and added both L1 regularization
to coefficients α, promoting sparsity, and L2 to remaining
weights, allowing the network to learn faster.

To avoid overpopulating the search-space for hyperpa-
rameter optimization, categorical choices for the optimizer
(Adam or SGD) and weight initialization (Gaussian or Uni-
form) were performed separate to Bayesian optimization
through grid-search. After choosing Adam and Gaussian,
a tree Parzen estimator was ran for 100 iterations to choose
the number of epochs, batch size, dropout probability, L1
and L2 regularization coefficients and learning rate based on
score and cross-validation variance. Only MITPoly record-
ings were used since, despite them containing more modali-
ties and the most waveform variability among subjects, vari-
ance was marginal. With this fully characterized architec-
ture, 2 networks were trained for Fant and MITPoly.

3. Results & Discussion
Testing for MITPoly resulted in a score of above 99%

and error of less than 10 ms. For Fant, scores higher than
98% were achieved as well as errors below 8 ms. These
results denote extremely high performances which surpass
previous architectures and seem to fare consistently in the
face of different modality combinations, as intended. Com-
paring with its precursor, score was improved by more than
3% and error by more than 35 ms for the same database.

Not only does this result equivariance hint at a solidly
theoretical-substantiated design, but closer analysis of the
prediction signal, as seen in Fig. 3, also evidences a reason-
able balance between confidence in prediction (with an av-
erage probability difference between peaks and baseline of
0.6) and skepticism induced by the amount of regularization
integrated (probability peaks average 0.8). The latter poses
some importance in preventing overfitting given the relative
simplicity of 1D signals. Interestingly, by progressively re-
ducing the amount of data used for training, as seen in Fig. 4,
it was verified that sub-60% scores were only achieved when
less than around 150 beats were made available. Error on
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Fig. 3. Predictive output of network to respective ECG signal.

the other hand, seemed to remain low for much longer. This
points to the confirmation of data efficiency efforts.

Fig. 4. Score and error values after progressive reduction of the
training set.

To fully seize the potential of this hybrid sensor fusion
structure, it is important to stretch the levels of abstraction
along the branches in order to have more and sparser pos-
sibilities for fusion. Analysis of the receptive field of the
CNN, shown in Tab. 1, reports some success. For one, there
is a reasonable distribution of information, the first two lay-
ers take information from small portions of the snippet (such
as the P-wave), intermediate ones are influenced by com-
binations of these smaller consecutive portions and the last
ones receive information from most of the snippet. For an-
other, this is achieved mostly by pooling operations. For
better sparsity the filter structure should be changed to play
a bigger role in this process.

Layers

FtD 1 1 2 2 4 4 8 8
FL 1 20 21 49 51 87 91 163
FC 0.5 10 10.5 24.5 25.5 43.5 45.5 81.5

Tab. 1. Receptive field (onto input snippet). FtD - distance be-
tween features; FL - field length; FC - field center.

4. Conclusion
The theoretically-substantiated design of this CNN al-

lowed it to consistently surpass previous models. Architec-
turally, it presents an elegant solution to the sensor fusion
paradigm by integrating the balance between early- and late-
fusion into the learning process, reaping benefits from both.

As a consequence, it performs convincingly despite the in-
putted modality combination and leverages the principles of
integrity and diversity of multimodal monitoring of the heart,
respecting the ANSI/AAMI EC38 and EC57 standards for
accuracy. Although not having been tested in further classi-
fication tasks, this architecture and training framework show
great potential for different cardiac signal processing pur-
poses given its adaptability.
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Abstract. 

Pneumotachograph flow sensors are commonly used in 

respiratory care for tidal volume measurements. CoroQuant 

is the pneumotachograph flow sensor designed at our faculty 

together with the CoroVent emergency lung ventilator in 

Covid-19 pandemic. During design of the computer model, 

the real sensor was manufactured using 3D print as the best 

rapid prototyping method currently available. For 

manufacturing of the CoroQuant flow sensors for use in the 

hospitals the injection molding method was chosen. During 

tests of the CoroQuant flow sensor it was found that 

accuracy of tidal volume measurement can be affected by 

bad design or wrong set of ventilation mixture parameters. 

When CoroQuant flow sensor was placed near elbow 

connector, measured tidal volumes were inaccurate by 

approximately 50 ml. The elbow connector caused wrong 

shape of velocity profile inside the sensor. For eliminating 

the Coanda effect a CoroQuant sensor was redesigned. 

Accuracy of new design is not affected by other parts of 

breathing circuit anymore. Except for the configuration of 

the breathing circuit, the change of temperature and 

humidity can also change the accuracy of tidal volume 

measurement. When temperature of humidified gas 

increases from 23 °C to 35 °C the inaccuracy of the volume 

measurement reaches as much as 15 %. So, there are 

the correction factors which encounter conversion between 

measured tidal volumes of gases with different temperature 

and humidity. Because the measurement of the flow and tidal 

volume is less precise than the measurement of pressure, the 

international standard about safety and performance of 

critical care ventilators requires quite loose accuracy. It 

means that manufacturers can make a pneumotachograph 

with sufficient accuracy which can hide the inaccuracies 

caused by small temperature and humidity changes. 

 

Keywords 
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1. Introduction 

Flow measurement of ventilation mixture in 

respiratory care is essential for calculating tidal volumes. 

One of the simplest flow sensors are a pneumotachographs 

with a resistive element inside, which generates a pressure 

drop measured by a pressure sensor. Except for the 

resistance, there is also a turbulent flow which creates an 

under pressure behind the obstructive element that increases 

the pressure difference and thus increases the sensitivity of 

the sensor. Pressure difference is measured by two pitot 

tubes placed in an obstructive element and facing to the 

opposite directions. Simple principle and design bring 

a long-time stability and a low price. On the other hand, 

these sensors have a low accuracy at low flow rates, and they 

typically have a high dead space volume. An example of 

such a sensor is the D-Lite flow sensor (GE Healthcare, 

Chicago, Illinois, USA) supplied and used with Datex-

Ohmeda and GE respiratory care products. Another example 

is the CoroQuant sensor that we designed at our faculty 

together with the CoroVent emergency lung ventilator in 

Covid-19 pandemic. At those times there was a lack of 

suitable flow sensors on a market [1] [2]. The most 

important characteristics of a pneumotachograph flow 

sensor is its pressure-flow curve. It describes how big is the 

pressure difference depending on the measured flow rate. At 

the same time, the flow rate range covered by the sensor can 

be determined from this curve. For measuring of pressure 

flow curve, a custom-made calibration track consisting of 

a throttle valve, calibrated flow meter and a differential 

pressure sensor was used.  

During development and the first tests of CoroQuant, 

it was observed that the volume derived from the pressure 

drop developed on the sensor was strongly dependent on the 

configuration of the patient’s circuit. Due to this finding, the 

experiment focused on this problem was done. The 

CoroQuant flow sensor was designed according to 

requirements listed in international standards regulating the 

design and accuracy of flow sensors [3] [4]. 

Except for the configuration of the patient’s circuit, 

there are other factors that can affect the accuracy of the tidal 
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volume measurement. Changes of temperature or humidity 

of the ventilation mixture can change accuracy of tidal 

volumes measured by pneumotachograph. For proper 

measurement of tidal volumes, the knowledge whether 

ventilation mixture is close to ATPD (ambient temperature, 

standard pressure, dry) or BTPS (body temperature, standard 

pressure, saturated) is important [5]. 

The aim of the study is to test effects and risks during 

design and use of pneumotachograph flow sensors, which 

can lead to inaccurate measurement of tidal volumes.  

2. Methods 
The CoroQuant flow sensor was developed for the 

needs of the CoroVent lung ventilator. When design of the 

CoroQuant stared, first the CAD (Computer Aided Design) 

model was created. This model was then manufactured using 

3D print method FDM (Fused Deposition Modelling) as the 

best rapid prototyping method currently available. After 

prototype was tested, the CoroQuant was manufactured 

using injection molding which is cheap method allowing to 

produce large number of sensors during a short time. 

 

 
Fig.1: CAD model of the CoroQuant flow sensor, designed 

in COMSOL Multiphysics  

  

Laboratory experiments with CoroQuant sensors made 

by injection molding were divided into two parts. In the first 

part, the pressure-flow curves of the flow sensors were 

measured. Also, the effect of the breathing circuit 

configuration on pressure difference developing on the flow 

sensor CoroQuant was tested. In the second part, the effect 

of the gas temperature and humidity on the tidal volume 

measurement was tested. 

At first, the pressure-flow curves of the CoroQuant 

with and without an elbow connector and the pressure-flow 

curve of a D-Lite were measured. Configurations of the parts 

of the breathing circuit near the flow sensor are shown on 

Fig.2.  During the experiments when the lung ventilator 

CoroVent was used, ventilation parameters were set on the 

constant values (TV: 400 ml, RR: 15, I:E: 1:2). Experiments 

were done by using a rigid glass container with nominal 

volume of 50 liters with isothermal 

compliance 52,9 ± 0,2 ml/cmH2O. 

 

 
Fig.2 Configurations of breathing circuit used for 

measurements. 

Configuration with the elbow connection placed near 

the flow sensor was also simulated in a COMSOL 

Multiphysics software for testing the change of the velocity 

profile behind the elbow connector. 

Except for the configuration of the patient’s circuit, the 

effect of the temperature and humidity on measured tidal 

volumes by flow sensors was tested. A medical humidifier 

Fisher-Paykel MR730 placed between the flow sensors and 

the ventilator was connected for the possibility of change the 

temperature and humidity of a ventilation mixture. First, dry 

gas was heated up during ventilation. Then, a tidal volume 

was measured when temperature and humidity of the gas 

changed. 

3. Results 

In the first part, pressure-flow curves of flow sensors  

were measured.  

 

Fig.3: Pressure-flow characteristics of a D-Lite and 

a CoroQuant flow sensor 

The D-Lite flow sensor has a steeper pressure-flow 

curve than CoroQuant. Pressure difference developed on the 

D-Lite sensor is bigger than pressure difference on the 

CoroQuant sensor at the same flow rate. 

Changes of measured tidal volumes in different 

configurations listed above are shown on Fig.4. 
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Fig.4: Tidal volumes measured in several connections by 

CoroQuant flow sensor. 

When the elbow connector was close to the CoroQuant 

flow sensor, measured expired volumes dropped. In 

configuration when the HME filter was between the elbow 

connector and the flow sensor, measured tidal volumes were 

similar.  

For verification of the effect of the breathing circuit 

configuration, a pressure-flow curve of the CoroQuant with 

the elbow connector was measured. This curve is shown 

together with the curve of the CoroQuant without elbow 

connection in Fig.5. 

  
Fig.5: Pressure-flow curve of the CoroQuant flow sensor 

with and without the elbow connector. 

When the elbow connector was placed next to the flow 

sensor, the pressure-flow curve dropped. The flow through 

the sensor with elbow connector must be higher to achieve 

the same pressure difference as from the flow sensor 

connected to a straight tube. 

The simulation of the effect of the elbow connector was 

done in COMSOL Multiphysics software. The results of the 

simulation are presented in the Fig.6. For this case, the flow 

inlet is on the lower end, flow outlet on the right side, flow 

rate is 60 l/min. 

 
Fig.6: Change of the velocity profile at the elbow 

connection and its propagation to the CoroQuant flow 

sensor. 

The results of the simulations confirmed that a stream 

of high velocity sticked to the distal wall right after the 

elbow connector. Thus, the accuracy of the flow sensor is 

lower in this situation due to lower pressure difference 

developed on the sensor. 

Following this, the CoroQuant flow sensor was 

redesigned. A new sensor is slightly longer and a resistive 

element inside was moved to the middle of a sensor body. 

  
Fig.7: New design of a CoroQuant flow sensor 

(down) in comparison with the original design (up). 

In the next experiment, effect of the temperature and 

humidity on measured tidal volumes was tested. The results 

are presented in Fig.8. While the change in temperature of a 

completely dry air, increasing from 23 °C to 35 °C affected 

measured tidal volume only slightly, the fully humidified air 

at the different temperatures caused the inaccuracy of the 

volume measurement reaching as much as 15 %.  

 
Fig.8: Measured tidal volumes of a ventilation 

mixture with increasing temperature and humidity while 

constant volume was given by ventilator. 
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4. Discussion 
There were several findings due to the optimalisation 

of the flow sensor CoroQuant. The pressure-flow curve of 

the D-Lite is steeper than pressure flow curve of the 

CoroQuant. It means that the CoroQuant can measure higher 

flow rates but has a lower accuracy in low flow rates. During 

next tests of the CoroQuant flow sensor, it was observed that 

the accuracy of the flow sensor was strongly dependent on 

the configuration of a breathing circuit. When an elbow 

connector was placed near the flow sensor a measured tidal 

volume dropped. This phenomenon observed could be 

caused by a Coanda effect. That means a laminar, symmetric 

stream with parabolic profile of velocities bends at the elbow 

connector and sticks to the distal wall. The maximum 

velocity is not at the center of the tube any longer, rather it 

is close to the wall. Because the pitot tubes are situated in 

the center of the tube, the measured pressure difference is 

lower in comparison with the symmetric velocity profile. 

Therefore, in this flow direction (expiruim), the sensor reads 

significantly lower tidal volumes. For eliminating the 

Coanda effect a CoroQuant sensor was redesigned. New 

design is not affected by different breathing circuit 

configuration anymore, but it has increased length of 

a sensor body, thus the dead space of the sensor is also 

increased.  

In the next test a ventilation mixture was heated and 

humified. Results of this test are shown in Fig.7. The 

conversion between ATPD and BTPS is commonly done by 

measuring device itself following ventilation mode that is 

set, but it is important to know this phenomenon to prevent 

possible bad scenarios during a lung ventilation due to the 

inaccurate tidal volume measurement. In addition to the 

temperature and humidity of the air, the ambient pressure 

also affects the precision of flow and volume measurement. 

There are correcting factors that can be calculated, which 

encounter conversion between ATPD and BTPS. The 

correction factors, covering common situations in real life, 

are around 12 %.  

Because the measurement of the flow and volume is 

less precise than the measurement of pressure, the 

international standard ISO 80601-2-12:2011 about safety 

and performance of critical care ventilators requires the 

accuracy of measured volumes up to 4 mL + 15 % of real 

delivered value [3]. This quite loose accuracy allows 

manufacturers to make a design of pneumotachograph with 

sufficient accuracy which can hide the inaccuracies caused 

by small temperature and humidity changes. 

5. Conclusion 

First version of the CoroQuant flow sensor designed 

for the CoroVent lung ventilator had accuracy dependent on 

the configuration of the of the breathing circuit. After 

laboratory tests the CoroQuant flow sensor was redesigned. 

Possible inaccuracy of volume measurement by ICU 

ventilators may be 15 % of real delivered value + 4 mL.   

 

 

 

Temperature, humidity and ambient pressure also affect the 

reading of the pneumotachograph sensors. This large, 

allowed imprecision of tidal volume measurement may 

interfere with intentions of the clinicians who are often 

looking for a very precise tidal volume limit. 
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Abstract. Current modern pulse oximeters allow non-

invasive monitoring of dysfunctional forms of hemoglobin. 

The concentrations of Methemoglobin (MetHb) and 

Carboxyhemoglobin (COHb) indicate the state of the 

organism, but the accuracy of the measurement of these 

parameters may be reduced during hypoxia. The aim of the 

study was to determine the effect of the decrease of 

peripheral oxygen saturation (SpO2) on measured 

concentrations of MetHb and COHb during short-time 

breathing experiments with simulated avalanche snow 

accompanied by a rapid onset of hypoxemia. Thirteen 

volunteers (age 22.4 ± 1.3 years, weight 78.1 ± 10.1 kg) 

underwent a breathing experiment into perlite as a 

surrogate of avalanche snow. Rapid onset of hypoxemia 

and hypercapnia occurred while MetHb, COHb, and SpO2 

were measured continuously by a monitor of oxygenation 

Masimo Root (Masimo Corporation, Irwine, CA). On 

average, the measured MetHb concentration decreased to 

50 % at the end of the breathing trial (lowest SpO2 values) 

compared to the stabilization phase. COHb concentrations 

were even three times lower than in the stabilization phase. 

Although the measured decrease in both parameters was 

significant, the authors speculate that it is caused by the 

decreased accuracy of detection system of pulse oximeter. 

SpO2 concentrations should also be considered when 

determining MetHb and COHb concentrations using pulse 

oximeter. 

Keywords 
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1. Introduction 

The recent improvement of pulse oximeters also 

enables the monitoring of other forms of hemoglobin, such 

as Methemoglobin (MetHb) and Carboxyhemoglobin 

(COHb). The principle of determining the concentrations of 

both forms of hemoglobin is based on spectroscopy as well 

as the determination of the concentration of 

oxyhemoglobin and deoxyhemoglobin [1]. This non-

invasive diagnostic method for medical assessment of the 

concentration of COHb and MetHb in the blood is essential 

for the rapid decision of the patient's condition who may 

have been poisoned by carbon monoxide [2] or exposed to 

exogenous oxidants and their metabolites [3]. According to 

the operator’s manual for a monitor of oxygenation 

Radical-7, which enables continuous monitoring of MetHb 

and COHb using a finger sensor, the measuring range of 

Methemoglobin is 1–15 % with the Accuracy Root Mean 

Square (ARMS) of 1 % and Carboxyhemoglobin 1–40 % 

with ARMS of 3 %. However, the accuracy of COHb and 

MetHb measurements may be affected by low perfusion, 

motion artifacts, low SpO2 and COHb concentrations may 

also be affected by high MetHb concentrations [4]. 

Previous studies on volunteers for COHb and MetHb 

concentrations demonstrated acceptable accuracy of the 

Masimo Pulse oximeter during normoxia [1,5].  In the 

study of Zaouter et al. [1], the accuracy and precision of the 

Rad-57 was evaluated by comparing it with venous 

sampling on nine healthy subjects who were subjected to 

carbon monoxide such that it raised the COHb to 10–14 %. 

The COHb and MetHb were measured with a blood gas-

analyzer and simultaneously with the Rad-57 as the COHb 

increased from 1.4 to 14 %. Based on the results, the Rad-

57 seems to be a good substitute for a first screening test of 

COHb when the laboratory CO-Oximeter reads <15 %. In 

the other study [5], ten volunteers breathed 500 ppm carbon 

monoxide until their carboxyhemoglobin levels reached 15 

%, and 10 volunteers received intravenous sodium nitrite to 

induce methemoglobin. All were instrumented with arterial 

cannulas and Masimo Rad-57. Arterial blood was analyzed 

by laboratory CO-oximeters. The Rad-57 measured 

carboxyhemoglobin with an uncertainty of 2 % within the 

range of 0–15 %, and it measured methemoglobin with an 

uncertainty of 0.5 % within the range of 0–12 %. But in 

clinical practice, dysfunctional forms of hemoglobin 

(MetHb, COHb) are present in addition to hypoxemia, 

rather than instead. The reliability of the Rainbow system 

(Masimo Corporation, Irwine, CA) in measuring COHb 

under dynamic conditions has been questioned [6], and its 

decreased accuracy during hypoxia has been observed [7]. 

In the study of Feiner et al., the authors found that the 
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readings became significantly and meaningfully inaccurate 

when SaO2 was <95 %, frequently overestimating true 

MetHb by 10–40 % [8]. In the study of Kulcket et al., 

nineteen volunteers were fitted with Pulse-spectrometer V-

Spec (V-Spec™ Monitoring System, Senspec, Germany) 

finger probe using hundreds of wavelengths. A radial 

arterial catheter was placed for blood sampling during 10 

% COHb or MetHb combined with hypoxemia with SaO2 

of 100% to 80%. The authors concluded that the 

technology accurately detects these dysfunctional 

hemoglobins during hypoxemia and that the future releases 

of this device could have an improved SpO2 algorithm that 

would be more robust with methemoglobinemia [9]. Based 

on current information in the literature, it is not clear 

whether or how the reduced SpO2 during hypoxia will 

affect MetHb and COHb measured concentrations using a 

Masimo pulse oximeter. 

The aim of the study was to determine the influence 

of the decrease of SpO2 on concentrations of MetHb and 

COHb during short-time breathing experiments with 

simulated avalanche snow accompanied by a rapid onset of 

hypoxemia. 

2. Methods 

The prospective interventional study was conducted 

in the Snow research laboratory at the Faculty of 

Biomedical Engineering as a part of the project registered 

in ClinicalTrials.gov database prior to its implementation 

(NCT04835545). The study was approved by the 

Institutional Review Board of FBME CTU (Act No. 

C4/2021). Thirteen healthy and fit volunteers, classified as 

“ASA I” according to the American Society of 

Anesthesiologists, participated in the study. 

Before starting the breathing experiment, sensors of a 

life function monitor were attached to the body of a 

subject. The MetHb, COHb, SpO2, and perfusion index 

were measured by a monitor of oxygenation Masimo Root 

(Masimo Corporation, Irwine, CA). The volunteers were 

placed in the prone position in front of a custom-made 

apparatus for simulation of breathing into snow. The 

apparatus consisted of an inverted cone filled with perlite 

as a material mimicking snow [10]. After reaching stable 

parameters during stabilization phase (approximately two 

minutes), the subject was connected to the apparatus with 

the cone filled with the tested material with a two-liter air 

pocket and the breathing trial was initiated. After four 

minutes, the breathing trial ended by disconnecting the 

mouthpiece from the breathing circuit while the breathing 

parameters were still measured. This final stabilization 

phase lasted until steady readouts were reached.  

The measured SpO2, MetHb, and COHb trends were 

calculated and displayed as an average value in intervals 

two seconds long. The values are expressed as mean ± 

standard deviation and presented in graphs. The statistical 

significance of the concentrations difference of MetHb and 

COHb between the stabilization phase (at the time of two 

minutes) and the end of the breathing trial (at the time of 

six minutes) was tested using the paired T-test 

(STATISTICA 7.1, StatSoft, Tulsa, OK, USA) after the 

data normality was confirmed by Shapiro-Wilk data 

normality test. P < 0.05 was considered as statistically 

significant. 

3. Results 

Eleven of thirteen volunteers were included in the 

final analysis. One volunteer has been excluded due to the 

termination of the experiment before reaching the endpoint 

of the study (4 minutes) and the second one due to the 

uncomplete data record. The breathing trial started after a 

two-minute stabilization phase. As depicted in Fig. 1, SpO2 

values were decreasing during the entire breathing trial. 

The average decrease to 70 % SpO2 was recorded at the 

end of the breathing trial. The average measured perfusion 

index throughout the experiments was 3.8 ± 

0.8 %.

 

Fig. 1. The average course of measured SpO2 as a function of 

time. Vertical dashed lines indicate transitions between 
the experimental phases. 

The average value of MetHb in the stabilization phase 

was 1.1 %. From the beginning of the breathing trial, the 

concentrations decreased to an average of 0.6 % at the end 

of the breathing trial. The values measured at the end of the 

breathing trial (at the time of six minutes) were 

significantly lower than during the initial stabilization 

phase. During the final stabilization phase, the measured 

MetHb concentrations returned to the initial 

baseline.

 

Fig. 2. The average course of measured MetHb as a function of 

time. Vertical dashed lines indicate transitions between 

the experimental phases. 
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The measured average COHb concentration during 

the stabilization was 3.2 % in average. During the 

breathing trial, the measured concentrations decreased to 

the lowest average concentration of 1 %. The values 

measured at the end of the breathing trial (six minutes) 

were significantly lower than during the initial stabilization 

phase. During the final stabilization phase, the measured 

concentrations increased but did not reach the original 

values. 

 

Fig. 3. The average course of measured COHb as a function of 
time. Vertical dashed lines indicate transitions between 

the experimental phases. 

4. Discussion 

The main finding of the study is that short-time 

episodes of hypoxemia followed by decreased measured 

SpO2, induced by the breathing experiments in simulated 

avalanche snow, caused significant decrease of measured 

Methemoglobin and Carboxyhemoglobin by using non-

invasive pulse oximeter.  

The concentrations of SpO2 decreased during the 

breathing trial to 70 % on average from the initial values of 

96–98 % typically. During the final stabilization phase the 

SpO2 values came back to the initial concentrations. Same 

decreasing trend was observed for MetHb during the 

breathing trial with the lowest average measured 

concentrations of 0.6 % which is half of the initial value. 

The measured COHb values decreased, with a slight delay, 

more than three times during the breathing trial compared 

to the concentrations during the initial stabilization but 

during the final stabilization the concentrations only 

increased to two thirds of the initial values. 

Based on the results, it seems that both the measured 

forms of hemoglobin (MetHb, COHb) decrease with 

similar course as SpO2. The authors of the study O’Malley 

et al. [6] concluded that the use of a non-invasive pulse 

oximeter (Masimo Corporation, Irvine, CA) had an 

unacceptably high number of false positive readings and 

may have too high a percentage of false negative readings 

to be useful as a screening tool for COHb in the emergency 

department. MetHb readings were most accurate when 

SaO2 was >95 %, with an increasing tendency to 

overestimate the true MetHb level as SaO2 decreased below 

95 % based on the study Feiner et al. [8]. Pulse 

spectrometer V-Spec (V-Spec™ Monitoring System, 

Senspec, Germany), involving the spectral analysis of 

hundreds of wavelengths of light, demonstrated a high 

level of accuracy for measuring hypoxemia, COHb, and 

MetHb up to 11%, which did not degrade strongly during 

hypoxemia [9]. More wavelengths seem to improve the 

capabilities of the detection algorithm. Based on these 

findings and no information on the clinically justifiable 

cause of the real decrease in MetHb and COHb during 

hypoxia, we believe that more reliable algorithms are 

needed for these non-invasive monitoring methods. This 

statement is farther supported by the rapid increase of 

MetHb and COHb to initial values during the final 

stabilization phase.  

The measured average perfusion index during the 

experiments was sufficient as the typical logarithmic 

measuring range is 0.02–20 %. At the same time, no high 

concentrations of MetHb were recorded, which could affect 

the measured concentrations of COHb [4]. 

The study has several limitations. First, the 

experiments have been performed on a relatively small 

number of volunteers. Nevertheless, the described effects 

are so apparent that even with a small number of 

volunteers, they are statistically significant. Next, SpO2, 

MetHb and COHb values were not measured invasively 

from arterial blood using laboratory CO-oximeters, so it is 

not possible to confirm or refute whether the decrease in in 

both forms of hemoglobin during the breathing trial was 

caused by a real decrease in the blood or by an unreliable 

detection algorithm when SpO2 values decrease. Finally, no 

clinically high concentrations of MetHb or COHb were 

evaluated during the study so it is not possible to predict if 

the decrease would be in the same manner during induced 

hypoxia as for lower values of MetHb and COHb. 

5. Conclusion 

The non-invasively measured values of 

Methemoglobin and Carboxyhemoglobin significantly 

decreased as the SpO2 decreased during the breathing trial. 

The low measured concentrations of MetHb and COHb 

may not reflect the true clinical condition of the subject 

with present profound hypoxia. As we do not see any 

clinical reason for decrease in MetHb and COHb during the 

experiment, more reliable algorithms are needed for these 

non-invasive monitoring methods. 
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Abstract. Ensuring optimal cerebral perfusion pressure 

(CPPopt) is one of the most important tasks in 

neurointensive care. We can determine the range of CPPopt 

using the well-known parameter of pressure reactivity index 

(PRx). The choice of the critical value and the length of the 

window for calculating PRx can significantly influence the 

resulting CPPopt values. We have selected two window 

lengths for calculating PRx (60 s and 300 s) and two critical 

values of PRx (0.2 and 0.3). The aim of this study was to 

determine the effect of the parameters for calculating PRx 

on the range of CPPopt values. As a result, a window length 

of 300 s for calculation of PRx showed values that indicated 

better cerebral autoregulation than a window length of 60 s. 

Keywords 

Cerebral autoregulation, optimal cerebral perfusion 

pressure, PRx coefficient. 

1. Introduction 

Cerebral autoregulation protects the brain from 

changes in cerebral perfusion pressure by adjusting vascular 

resistance to ensure a stable cerebral blood flow. According 

to standard recommendations, the aim is to maintain cerebral 

perfusion pressure (CPP) above 70 mmHg. However, it can 

change rapidly depending on intracranial pressure (ICP), 

mean arterial pressure (MAP), and interindividual 

variability. [1,2] Continuous monitoring of the pressure 

reactivity (PRx) index makes it possible to determine the 

optimal cerebral perfusion pressure (CPPopt) value. The 

PRx index represents a measure of the correlation between 

intracranial pressure and mean arterial pressure. [3,4]. The 

choice of the window length for calculating the PRx 

coefficient is crucial for the value of the optimal cerebral 

perfusion pressure. Different studies report different sizes of 

this window. 

Lang et al. [5] compared two different window choices 

(10-second window and 60-second window). Based on this 

comparison, it was found that a better indicator of cerebral 

autoregulation was the PRx index with a 10-second 

calculation window, which takes into account rapid changes 

in mean arterial pressure. Aries et al. [3] used a 5-minute 

PRx calculation window to determine the CPPopt value. 

This window length is the default setting in the ICM+ 

software, special clinical research software for neurocritical 

care. Sanchéz-Porras et al. [6] used a 20-minute PRx 

calculation window and found that slow changes in mean 

arterial pressure and intracranial pressure may contain 

important autoregulation information. 

Another important parameter for calculation CPPopt is 

a critical value of PRx. If the PRx value is higher than 0.3, 

this indicates poor cerebral autoregulation. [4] 

Several studies state different values for the critical 

limit of the PRx coefficient [6,7] and different calculation 

window lengths, so the aim of our research is to compare the 

effect of these settings on the range of optimal cerebral 

perfusion pressure. 

2. Methods 

This study was conducted as a retrospective analysis of 

data records of four patients with traumatic brain injury 

admitted to Neurointensive Care Unit at the Department of 

Anaesthesiology, Perioperative and Intensive Medicine, 

Masaryk Hospital in Usti nad Labem, Czech Republic. 

Signal acquisition and preprocessing were managed in the 

ICM+ software version 8.6 (Cambridge Enterprise Ltd., 

Cambridge, UK), and some additional calculations were 

performed in Matlab R2019a (MathWorks, Natick, 

Massachusetts, USA). We analysed primary signals, such as 

MAP and ICP. The signals after sampling were averaged for 

further analysis with 10-seconds moving window. Cerebral 

perfusion pressure was calculated as the difference between 

MAP and ICP. The second calculated signal was the PRx 

index, which shows a correlation between MAP and ICP.  

The CPPopt values were calculated twice for each 

patient using the predefined function "OptimalValue" in 

ICM+ software. The first calculation used PRx coefficient 

values with a window length of 300 seconds and a shift of 

60 seconds. The second calculation used PRx coefficient 

values with a window length of 60 seconds and a shift of 60 

seconds. Also, we determined the upper and lower bounds 

of the optimal cerebral perfusion pressure band depending 

on the critical value of the PRx index of 0.3 and 0.2.  
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We specified median upper and lower limits for all 

calculation options to estimate the amount of time the patient 

spent in the optimal cerebral perfusion pressure range. Then, 

we used histograms to determine when cerebral perfusion 

pressure was below the median lower limit and when it was 

above the median upper limit. Thus, we calculated the 

percentage of time when the patient's cerebral perfusion 

pressure was outside the CPPopt band. Finally, we 

subtracted this value from the 100% value to obtain the 

percentage of time within the CPPopt band. 

3. Results and Discussion 

The table below (Tab. 1) shows the effect of the PRx 

index calculation window and the critical PRx value on 

CPPopt parameters (median CPPot and TICR) for one 

patient. TICR is the amount of time a patient spent in critical 

region (when PRx is higher than the set critical value). 

 

Critical PRx value (-) 0.3 0.2 

Calculation window length of 300 s., shift of 60 s. 

Median and CPPopt range 

(mmHg) 

73.81 

[55.15–96.88] 

73.81 

[56.64–94.3] 

TICR1 (hours) 18.29 25.93 

Calculation window length of 60 s., shift of 60 s. 

Median and CPPopt range 

(mmHg) 

78.06 

[59.18–92.46] 

78.06 

[61.56–89.51] 

TICR1 (hours) 47.85 55.59 

Tab. 1.  The effect of PRx index calculation window and the 
critical PRx value on CPPopt parameters for one patient. 
1TICR – time in critical region (when PRx is higher than 

set critical value) 

The table above shows that values of median CPPopt 

are not changing depending on critical PRx value, but the 

value of TICR significantly changes. In the case of the 

patient in question, the difference between the TICR with a 

window length of 300 s and a window length of 60 s was 

almost 30 hours, while in other patients, the difference was 

smaller (5-10 hours). It does not seem like a big difference 

compared to the total recording time (5 hours outside 

CPPopt vs 144 hours, 3.5% of the total time), but 5 hours 

with impaired brain autoregulation could be crucial for the 

patient’s outcome. 

4. Conclusion 

The main finding of the study is that the choice of 

parameters used in clinical practice to calculate PRx can 

significantly affect the calculated CPPopt and may influence 

clinical decisions about patient care. We studied the effect 

of PRx calculation settings upon the CPPopt range. Analysis 

of time spent in the CPPopt range showed that in 3 out of 4 

cases, a window length of 300 seconds for calculating the 

PRx index produced values indicating better functioning 

cerebral autoregulation than a window length of 60 seconds. 

A PRx calculation window of 300 seconds takes into 

account more signal samples compared to a window of 60 

seconds. Related to this is the CPPopt value, which depends 

on the PRx value, i.e. the CPPopt value based on a window 

length of 300 seconds for the PRx calculation was lower than 

the value based on a window length of 60 seconds in 3 out 

of 4 cases. CPPopt range varied in all 4 analyzed data sets. 

It was confirmed that if the critical PRx value is set to 0.2, 

then the CPPopt range is narrowed and, thus, the time spent 

in it. 
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Abstract. Soundscape research demands a holistic ap-
proach for the analysis of environments, yet any research
method, e.g. soundwalk or lab-based listening test, has its
advantages and limitations. The Virtual Reality (VR) and
augmented reality (AR) technology provides an alternative
method for soundscape research, which may remain as much
context as possible while enabling controlled conditions. In
this paper, virtual scenes for the use of virtual sound sources
are discussed. This scenes are used for further soundscape
research by comparing a real sound walk to different levels
of virtual soundwalks. The results are made publicly avail-
able.

Keywords
virtual reality, soundscape, soundscape recording, au-
ralization

1. Introduction
A soundscape is an acoustic environment; soundscape

research is the evaluation of peoples’ response in certain
soundscapes. One traditional way is to bring the partici-
pants into a real soundscape, let them experience the envi-
ronment, and afterwards fill out a questionnaire. With stan-
dardized surveys different soundscapes can be compared and
improved.

Virtual reality (VR) and augmented reality (AR) have
become more popular and stable during the last years. The
applications span a very wide range including human fac-
tors, cognitive science, training and rehabilitation, engineer-
ing and product design, cultural heritage, and entertainment
[1]. VR and AR have also become an important tool in re-
search areas, such as psychology and neurobiology, due to
their flexibility and predictability for creating environmental
stimuli and conditions [2]. In this way it can also be used in
soundscape research. Traditional soundscape research meth-
ods, such as soundwalks have their limitations. One prob-
lem is unexpected events during the soundwalk. In this way
virtual soundwalks are more controllable and reproducible
compared to the traditional way.

In this paper the focus is on developing the recorded,
VR and AR environments for the research. The methods and

the results for creating the virtual and acoustic environments
are presented. Further details has already been published in
[3].

2. Virtual scenarios
In this the following subsections, the reference scene is

defined including the visual and audible main features. Fur-
thermore the AR/VR reproduction methods are defined and
described.

2.1. Scenario site

For the different virtual environments a real refer-
ence area was chosen. This area is a small park behind
the Institute for Hearing Technology and Acoustics (IHTA)
of RWTH Aachen University (Kopernikusstraße 5, 52074
Aachen, Germany). This park has a bunch of daily life sound
sources, such as birds, walking people and traffic noise es-
pecially from the Seffenter Weg and the Mies-van-der-Rohe-
Straße. A map on this park can be seen in Figure 1, inhere the
participant is marked red and all sound sources are marked
as well.

Fig. 1.
Map of the scene where the experiment is conducted.
The orange dot is marking the place where the partici-
pant is sitting. The arrow is marking the default view
direction of the participant.[3]

In this park a real sound walk takes place and accord-
ingly the virtual scenes are created.
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2.2. Original recorded scenario

The scene was recorded in November 2020 with an In-
sta360 Pro 2, which supports 3D 360° special video record-
ing. The video was recorded with a resolution of 3200 x
2400 for each of the six eyes. With the help of the Insta360
Pro STITCHER Software, the single videos can be rendered
to full 3D 360° Videos. The highest possible resolution is
12k, whereas we choose a resolution of 4k to maintain a sta-
ble playback and a good resolution. After that, the videos
are post-processed in Adobe After Effects to blur the faces
of people presented for de-identification. The audio was cap-
tured by a Zoom H3-VR 1st order Ambisonics microphone.
Figure 2 shows the recording setting.

Fig. 2.
Recording Setting in the park, with an Insta360 Pro 2 and
a Zoom H3-VR 1st order Ambisonics microphone. [3]

From the measurement, two different settings were se-
lected. First, a scene as shown in Figure 3. Notice that this
picture is an equi-rectangular 360° picture. In this scene,
background sources as wind in leaves, background noise
from the traffic nearby, bird sounds and a person crossing
the way are audible and visible. The final video has a length
of 5.5 minutes.

Fig. 3.
360° Picture of the recorded scene. [3]

This recording is used as a reference and a rolebook for
the other scenes. All the sound sources are annotated by the
authors, through investigating the video as well as the audio.
A list was created and used as a script for the virtual scenes.
The detailed timeline of all sound sources can be found in
the additional materials https://git.rwth-aachen.
de/ita/ihta-soundscape-environment.

2.3. AR scenario

The AR scenario is a mixture of the recorded scene in-
cluding the video and the Ambisonics recording and an ad-
ditional source. In our case, one walking man after 30 min-
utes is added visually and acoustically, based on the recorded
video from section 2.2. As a base video an other recording
over 5.5 minutes without people were used. An image of this
scene is shown in Figure 4. For audio, the real Ambisonics
recording from this scene was used and the auralised sound
of the walking person was added to the recording. The au-
ralisation was done as described in Section 2.4.

Fig. 4.
360° Picture of the VR scene at low resolution. [3]

2.4. VR scenario at high resolution

The VR scenes were created based on the recording,
where the left building in Figure 5 was taken from [4], the
other buildings were created in SketchUp and imported to
Unity 3D. The environment is rebuilt in a high resolution to
be as close as possible to the real scene. We use Unity 3D to
render one scene, as it is shown in Figure 5. Furthermore, we
use Unreal to render another scene with higher resolution, as
it is shown in Figure 6. All virtual buildings and objects have
the same dimension as the real ones.

Fig. 5.
360° Picture of the VR scene at medium resolution in
Unity 3D. [3]

The auralization is made by using “Virtual Acoustics”
(VA) from Institute for Hearing Technology and Acoustics
(IHTA), RWTH Aachen University [5], in which an outdoor
geometrical acoustics model is used [6]. This model includes
diffraction and reflection up to a certain order as well as
doppler shifts and moving sound sources. Different options
are available, the first option is the real-time approach, where
all sound paths are pre-calculated before yet the final aural-
ization takes place in real-time. In our case, all positions
and orientations of the sources are known before, for the lis-
tener the position is also fixed. This gives us the option to
simulate everything beforehand and get an Ambisonics file,

https://git.rwth-aachen.de/ita/ihta-soundscape-environment
https://git.rwth-aachen.de/ita/ihta-soundscape-environment
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where all sounds are included. We choose the second option
to reduce the computational time during the experiment and
to increase the order of the reflection and diffraction for the
final auralization.

For the auralization, just dry recordings are used, such
as birds, steps on gravel and wind noise. The car sound was
synthesized.

Fig. 6.
360° Picture of the VR scene at high resolution in Unreal
Engine. [3]

2.5. VR scenario with simplified visual cues

Fig. 7.
360° Picture of the VR scene at low resolution. [3]

For the simplified scene, the virtual medium resolution
scene from Figure 5 was simplified in terms of geometry and
texture to a grey color as shown in Figure 7. The auralisation
is the same as in the other VR scenes described in section
2.4.

2.6. Audio scenario with no visual cues

Finally, a scene without visual cues is presented. The
scene is simply black and the sound is simulated as described
in section 2.4.

2.7. Demonstration and Data presentation

For demonstration purposes, all scenes are rendered
as a 360° 3D Video and 360° Video (for better us-
age). All created videos are available for open access un-
der the link https://git.rwth-aachen.de/ita/
ihta-soundscape-environment.

3. Reproduction and listening experi-
ment

The reason for this scenes is the comparison of the dif-
ferent reproduction methods including the real soundwalk.
In this way, the subjective evaluation of the soundscapes is
compared. An experiment was designed and it was already
conducted, but this is beyond the scope of this paper and
therefore only described briefly. For the reproduction of the
different scenes, a Head-mounted display (HMD) was used
as well as Sennheiser HD 650 for Binaural mix-down from
Ambisonics format. The participants experienced each sce-
nario for 2 minutes and then they answered questions about
it. The questionnaire was included in VR based on [7], as it
is shown in Figure 8.

Fig. 8.
360° Picture of the VR scene at low resolution. [7]

4. Summary
In this paper, five virtual audio-visual scenes according

to a real environment were designed, with a range of degrees
of authenticity, using different VR/AR methods. This work
was done to compare the different methods and to set them
in relation with the real soundwalk, regarding participants’
subjective evaluations of the soundscape. The workflow and
its documentation are described and published as a set of
video demonstrations https://git.rwth-aachen.
de/ita/ihta-soundscape-environment.
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Abstract.

This paper reports on the optical properties of the erbium-
doped fiber amplifier. I have studied transmission spectra
of Erbium doped fibers and compare differences in gain
of the amplifier between all optical pumping methods at
wavelengths of 980 nm and 1480 nm for 3, 10 m, and 50 m
long Erbium doped fibers. Results show, that the maximal
reached gain was 26.1 dB with pumping on combination of
wavelengths of 980 nm and 1480 nm from both sides with
19 dBm pumping power to 50 m long fiber amplifier.

Keywords
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1. Optical Amplifiers
An optical amplifier is a component used in the long-

distance communication link that has the ability to amplify
the optical signal without converting it to another physic
domain. It exists three main types of optical amplifiers.
A semiconductor amplifier, a Ramman amplifier, and an
optical fiber amplifier.

Apart from semiconductor amplifier which is supplied
by electrical power signal a Ramman and fiber amplifier
use the optical signal as a power supply. The optical fiber
amplifier uses an element (dopant) for transferring energy
from supply to an optical input signal.

One of the dopant elements can be Erbium, then the
amplifier is called EDFA (Erbium Doped Fiber Amplifier).
The EDFA uses an optical pump signal to excite atoms of
an Erbium while electrons of the dopant step up on higher
energetic levels. Interaction between the optical input signal
and excited atoms cause stimulated emission, which emits a
photon with the same wavelength as the optical input signal
[1].

Erbium doped fiber amplifier has a spectrum for
amplification around 1530 nm and for pumping uses optical
sources operating at wavelengths at 980 nm and 1480 nm.
Those wavelengths correspond with a step between energy
levels of Erbium. Each wavelength of pump lasers signal

means different pumping techniques, which supply the
optical fiber amplifier.For a wavelength of 1480 nm, it is
called direct pumping technique, for 980 nm it is indirect
pumping. Each technique affects the gain of the optical
amplifier [2] [3].

2. Optical Pumping Methods
A pumping signal can be brought to the amplifier in

three possible ways. From the input side, from the output
side, and from both sides. Each pumping method is affected
by noise caused by the spontaneous emission of excited
electrons. Every method has also a different effect on the
output optical signal.

Fig. 1 shows the schematic for an optical fiber
amplifier. A laser for forward pumping is connected via
WDM (Wavelength Division Multiplexor) to the amplifier
from the input side, for a backward pumping method the
pump is connected from the output side. For both-sided
pumping, both lasers are used.

Fig. 1. Schematic picture of the set up of optical fiber amplifier.

The pumping configuration determines where the
amplification occurs. That means differences in gain. But,
the pump signal also affects negatively to the optical output
signal with ASE (Amplified Spontaneous Emission) noise,
which is for every pumping method different [4].

3. Results
The most important parameter of the EDFA is the gain

and gain it depends on inserted pumping power, the length
of the fiber, and the erbium dotation of the fiber. But it also
depends on a pumping configuration.

The examined parameter is the gain of the doped
optical fiber amplifier. The gain itself depends on inserted
pumping power, depends on the length of the fiber, and the



2 Marek ZIKMUND ERBIUM DOPPED OPTICAL FIBERS

density of dotation of the fiber. But, also depends on a
pumping configuration.

The research was focused on an amplification for
different pumping power levels and also the different
wavelengths of the applying pumping laser. It was compared
differences between amplification on 50 m, 10 m, and 3 m
long Erbium doped fibers, type I4(980/125)HC from Safibra.

Spectral characteristics were measured by using
spectral analyzer Yokogawa AQ6370D and results are shown
in Fig. 2. Energy levels of Erbium affect the transmission
of the fiber on specific wavelengths as absorption of energy
and that leads to attenuation of a wide spectra input signal
on specific wavelengths.

Fig. 2. Transmission spectra of a) 3 m, b) 10 m, c) 50 m long Erbium doped
fibers.

The measured data shows (Fig. 2), that the width, and
deepness of transmission lows depend are changing with the
length of the doped fiber. The short fiber has thin absorption
belts and with longer fibers are absorption belts noticeably
wider and deeper. Those transmission bends are located on
wavelengths of 980 nm and around 1530 nm.

The experiments, which studied the differences
between used methods of pumping, came to the best results
with pumping from both sides with a combination of lasers
on wavelengths 980 and 1480 nm. Those two pump lasers
brought in optical pumping power at the level of 19 dBm.
This configuration reaches 26.1 dB of gain. The data shows,
that the least efficient configuration is forward pumping,
which brings only 21 dB gain for the same length (50 m)
of the fiber with the same pumping power.

The experiments also show that direct pumping with
pump laser on the wavelength of 1480 nm is a more
efficient pump technique, than pumping on a wavelength of
980 nm. The maximal gain on a level of 24.5 (with backward
pumping with 19 dBm pumping power) was reached with the
direct pumping technique. The indirect pumping technique
of the optical amplifier can reach only 23.4 dB of gain with
the same pumping configuration and power. The maximal
gain of 26.1 dB was measured on the longest 50 m Erbium
doped fiber with both-sided pumping method.

4. Conclusion
The paper reports on the optical properties of the

EDFA and the differences between forward, backward, and
both-sided pumping methods. This paper also reports on
differences between pumping on a wavelength of 1480 nm
and 980 nm and also compared properties for three lengths
(3, 10, and 50 m) of the EDFA. The maximal reached the
gain was 26.1 dB, with both-sided pumping on a 19 dBm
pumping power level to the 50 m long Erbium doped fiber
amplifier.
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Abstract. Recently, the CGAA Cylindrical Gate-all-Around 

MOSFET is considered a promising device structure and a vital 

component for vertical CMOS technology. However, device 

optimization is still under study. In this work, the electric field, 

the electron scattering current density, the total current density, 

the concentration of electrons and holes, the occupation of the 

trap, the electric displacement field, and the conservative 

convection velocity electrons are obtained using the numerical 

finite element method by solving the Poisson equation in the 

cylindrical coordinate system. 

 

Keywords 

Gate-All-Around MOSFET, Short channel effects, 

nanotransistor, charges distribution. 

1. Introduction 

Short channel effects (SCE) are one of the major 

research themes in microelectronics, however, the 

continuity of miniaturization at the lower technological 

nodes of transistors leads to geometric designs more 

compatible with scaling. Geometric Gate-All-Around 

(GAA) FET Nanowire (NWs) design is a durable solution 

for the next generation of CMOS technology beyond 

FinFET [1], the superiority of the GAA device comes from 

its high electrostatic channel control scale dimensions.  

The electrical characteristics of the GAA structure has 

been investigated mainly the effect of physical and 

geometrical parameters such as channel length (Lg), 

channel thickness (tSi), oxide thickness (tOX) and  gate work 

function (ΦM), which are found to be sensitive to the main 

device performances like the threshold voltage (Vth),and 

the On-Off ration (ION/IOF) [2, 3].  

The effect of the gate dielectric in the case of silicon 

tunnel FETS has been studied by simulation. In this case, it 

was considered that Si3N4 of ɛ = 7.5, ɛ = 21 and ɛ = 29 

similar to high K dielectrics such as HfO2 and ZrO2 are 

compared to ɛ = 3.9 correspond to SiO2 [4].  

The body potential has been simulated and studied, 

the center and surface potential models have been studied 

and a comparison is made between the two potential 

behaviors for a CGAA MOSFET [5, 6].  

In addition, in the rest of our work, the distribution of 

charges in the body of the CGAA structure was studied and 

the comparison is made with them. 

2. Device Structure and Parameters 
The schematic diagram of the Cylindrical GAA 

(CGAA) MOSFET structures used for simulation is shown 

in Fig. 1. The radial directions are assumed to be along 

radius and lateral direction along z-axis of the cylinder. The 

details of device physical parameters used in the structure 

are shown in Table 1. 

 

Fig. 1. Schematic structure of Cylindrical Gate-All-Around 

(CGAA) MOSFETS. 

3. Results 

 

Fig. 2. Electric field, z component (V/m) 

.  
Fig. 3. Electron diffusion current density, z component (A/m2) 
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Fig. 4. Total Center current density norm, z nodal value (A/m2) 

 
Fig. 5. Total surface current density norm, z nodal value (A/m2) 

 
Fig. 6. Carrier Concentrations Reverse Biashole z 

 
Fig. 7. Electric displacement field, z component (C/m2) 

 

Fig. 8. Electric displacement field, z component (C/m2) 

 
Fig. 9. Electron conservative convective velocity, z component (m/s) 

 

 

Fig. 10. Band diagram z 

4. Conclusions 

In this paper, we investigated the behavior and 

distribution of charges as a function of gate voltages in the 

body of Cylindrical Gate-All-Around (CGAA) MOSFETS, 

using the numerical finite element method by solving the 

Poisson equation in the cylindrical coordinates system. The 

results show an excellent precision behavior and a good 

agreement with that obtained in the literature.  
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Abstract. This article helps to get familiar with crystal 

defects and their electrical properties. In a theoretical part, 

there is a description of qubits and their working principle, 

the basics of quantum computers, the relationship between 

QPU and CPU, quantum dots, and their realization by 

different materials. The structure and energy levels of the 

nitrogen substitution atom in diamond and of the Nitrogen-

Vacancy (NV) complex are analyzed. In the practical part, 

the base of software Synopsys QuantumATK that was used 

for this work is described. This program was used to create 

a pure diamond cluster with 250 C atoms, then to implement 

nitrogen, and, in the next step, to create NV defect in a 

diamond and in the last processed optimization of bond 

distances between atoms. The whole process was aimed to 

analyze quantum dots that could serve for qubits in quantum 

computers. DFT-PBE-SGGA method was chosen for this 

and tries were processed around this method. Obtained 

results from software QuantumATK were compared with 

other previous related works and the conclusion was 

mentioned at the end. 

Keywords 

NV defect in a diamond, carbon, quantum dot, 

quantum computing, QuantumATK. 

1. Introduction 

Quantum dots have a 1-10 nm nanoscale range and 

they are semiconductor crystals. Their energy levels can be 

controlled exactly since they have very small sizes as 

singular atoms. It can conduct or resist electricity depending 

on temperature and the purity of the semiconductor, due to 

they are made up of semiconductor crystals. The atoms have 

their own structure and therefore they can emit specific light, 

due to their structure. Quantum dots are not working with 

this rule. QDs can emit light but not depending on their 

elements or structure, depending on their sizes. The bigger 

QDs emit a bigger wavelength. The colors are depending on 

the wavelength. Largest crystal clusters emit red light, and 

the shortest emit blue, with all the others appearing in 

between. There are different bandgaps between different 

sizes of quantum dots [1]. The term quantum dot was 

discovered in 1986. They were first synthesized in a glass 

matrix by Alexey Ekimov in 1981 and in colloidal 

suspension by Louis Brus in 1983. They were first theorized 

by Alexander Efros in 1982 [2]. Complemented by the key 

advantages of optical imaging (high sensitivity, high 

resolution, multiplexing, and in particular low cost), 

Quantum dots feature a combination of small size, versatile 

surface chemistry, and outstanding optical properties for 

real-time monitoring of otherwise “invisible” nano-carriers, 

while at the same time minimizing alterations in nano-carrier 

properties to authentically capture their behavior in 

biological systems. Quantum dots symbolize a versatile 

platform for the design and engineering of Nanoparticle-

based drug delivery vehicles [3].  

        In Fig.1., the combinations show about the quantum 

dots size and their applications. In the top graphics, some 

quantum applications are shown and they are categorized by 

quantum dots which sizes could be beneficial for those 

applications. There are 4 basic quantum dot formation 

methods: color center, shallow dopants, gate-patterned 

quantum dots based on silicon-on-insulator accumulation 

mode, and GaAs depletion mode, from left to right on the 

bottom graphics, respectively [4]. 

 

Fig. 1. Quantum dots size and their applications [4]. 

2. Working Principle 

In the modern world, the power of Quantum 

Computers is known and recognized by almost everyone. In 

this computers, bits or byte do not have a task to transmit 

information, but qubits do. Qubits work on the principle of 

superposition and have much faster transmission power than 

normal bits. Qubits based on the principle of superposition 

can be generated from the quantum dots. 

        The semiconductor quantum dot is also called an 
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‘artificial atom’, which is made inside a semiconductor that 

can catch a few or even a single electron and these dots are 

three-dimensional potentials. GaAs and Si are used for QDs 

mostly. Si is more useful than GaAs for the spin qubits. 

Since it can reduce the magnetic noise and it is weak 

hyperfine interaction. Si/SiGe heterostructure or CMOS 

channel is a good opportunity for silicon quantum dot [5]. 

        Due to transfer of information the position changing of 

qubits is the most essential factor in the Quantum 

Computers. A more appropriate variant is a solid-state 

solution that can be connected more easily with CMOS 

technology. In the solid, quantum objects are restored 

automatically and even in a faulty situation, the position of 

objects can be maintained by qubits. 𝐶 
12  diamond crystal 

can be used in this method and defect of the inside may be 

appropriate for a realizing of qubit [6][7][8]. 

        At room temperature, the defect center can manage 

their spin states. The creation of Nitrogen-Vacancy or NV 

defect center consists of the neighbor vacancy with nitrogen 

atom which can be one 𝑁 
14  or half of 𝑁 

15   [6][9]. 

        Comparing of NV centers with other defects, it is 

possible to say the coherence time is longer in NV centers 

than other defects. Triplet state can be realized by negatively 

charged defect and we can see this state in both excited and 

ground state. Three situations are existed for quantum 

number, “m”: m = 0, -1, +1 Fig.2. Transition rates are 

stronger for m = 1 and m = -1 than for m = 0. With 98% 

probability, the spin polarization is achieved after some 

small excitation cycles. Conversion of m = 0 ( qubit |0〉) to 

m = -1 ( qubit |1〉) is realized by π-pulse [6][10]. 

 

Fig. 2. Energy level scheme of the NV centers [11]. 

 

3. Theoretical Model 
        Due to create NV defect center inside of diamond 

cluster, firstly, one carbon (C) atom is moved out and 

changed by one nitrogen (N) atom. Secondly, one more C 

atom which should be neighbor with N atom is removed. In 

the center of diamond cluster, defect which consists of 

nitrogen and vacancy is observed Fig.3. 

        Generalized gradient approximation is used for the 

calculation of self-consistent spin-polarized to check the 

effect of a single N-V defect on the electronics diamond 

structure under the full-potential linearized by the 

augmented plane wave method. In a small region around the 

atom, the relativistic contact contribution is determined by 

averaging electron spin under the LAPW method [13]. 

 

Fig. 3. NV center in diamond cluster with 64 carbon atoms [12]. 

 

        It is also possible to see the implementing of N atom to 

inside of pure diamond by using method of GGA-DFT-

FLAPW. This method shows 28% enlargement in bond 

distances between C-C atoms. It is observed an impurity 

state of 1.89 eV below the conduction band for spin-up, 1.07 

eV below the conduction band for spin-down in energy 

levels of nitrogen [14]. 

4. Practical Simulation 

4.1 Quantum Atomistic ToolKit  
        The calculation has been processed by QuantumATK 

software which produced by Synopsys. QuantumATK 

gives the chance to simulate the atomistic nanostructures 

different quantum approaches: 

- Semi-Empirical Tight Binding 

- Classical Potentials 

- Density Functional Theory 

- Non-Equilibrium Green’s Functions. 

4.2 NV Center Energy States Computation 
        In this work, diamond cluster consists of 250 Carbon 

atoms, step-by-step one C atom replaced by N atom and then 

one neighbor C atom with nitrogen moved out to create 

vacancy. The number of C atom which is removed for 

vacancy is 62 (C1), and numbers of neighbor C atoms with 

vacancy are 185, 161, 181 which are C5, C6, C7, 

respectively Fig.4. 

 

 

Fig. 4. NV center in a diamond and neighbor atoms of vacancy with 
their atomic numbers (C5-185, C6-161, C7-181). 

161 
C6 

181 
C7 

185 
C5 
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        Calibration starts with setting up the LCAO calculator. 

Polarization is chosen for spin and SGGA is chosen for 

exchange-correlation under the DFT-PBE method. For 

Pseudopotential, PseudoDojo has selected what this method 

supports GGA and its cutoff value is 30-125 Ha, accuracy is 

high and efficiency is medium [15]. This work’s density 

mesh cutoff is equal to 75 Hartree, occupation is Fermi-

Dirac. GGA-1/2 is selected for this work as well since, in 

local and semi-local exchange-correlation, this method is a 

semi-experimental way to correct the self-interaction error 

[16]. For the boundary conditions Dirichlet method is used. 

After the computation, the MES of diamond and N and total 

density of states results are shown in Fig.5. 

 

        a)            b) 

 

 
c) 

 
Fig. 5. (a) Molecular energy spectrum for diamond, (b) Molecular energy 

spectrum for Nitrogen and (c) total Density of States (black is for spin up, 

red is for spin down). 
  

4.3 The Structure Optimization  
        Nitrogen and carbon atoms have different sizes, 

implementing one N atom instead of carbon and one 

removed C atom can cause bond size variation and general 

different shape size of diamond cluster. Therefore, we need 

to optimize the atom positions to keep same boundary size 

of cluster like before by changing bond size of nearest atoms 

of NV center.  

        Optimization method starts with disabling GGA -1/2, 

then all sides of cluster are chosen and constraint is fixed for 

boundary condition from Constraints Editor in 

QuantumATK. Results are shown in Fig. 6 and Tab.1.  

 

 
Fig. 6. (a) Changing of distance between atoms near to NV center after 

optimization. 
 

 

 

Atomic pair 
(number of position) 

Distance Å Distance Å 

 Before optimization After optimization 

N – C(181)  2.52 2.72 

N – C(161) 2.52 2.72 

N – C(185)  2.52 2.72 

N – C(62) 1.54447 1.48645 

N – C(66) 1.54447 1.48646 

N – C(86) 1.54447 1.48645 

C(181) – C(81) 1.54447 1.47463 

C(181) – C(57) 1.54447 1.46331 

C(181) – C(58) 1.54447 1.47464 

C(66) – C(191) 1.54447 1.52959 

C(66) – C(166) 1.54447 1.55216 

C(66) – C(190) 1.54447 1.55216 

Tab. 1.  Interatomic distances before and after the geometry 
optimization. 

5. Summary and Conclusion 

        In this paper, creation of NV defect center in a diamond 

cluster was presented. The plot result of MES and DOS of 

the cluster which consists of 250 C atoms did not have a 

result what is expected. Under the method of DFT-PBE-

SGGA calculation of NV defect, an increase of band-gap 

was being observed. When it is compared with another 

work, which is in literature [12], it is obvious to see no 

enough similarity between spin up and down results. Fermi 

level was not in right places. Probability, in this paper SGGA 

was used, but in other papers mostly GGA section was 

preferred. On other hand, the reason might be that the defects 
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lead to cause a local shift of the Fermi level according to the 

literature [6].  

        After optimization, due to changing place of atoms, 

there is a force to change of distance between them. When 

having a look at distance values between N–C (181, 161, 

185), it is possible to see an almost 8% increase of values 

after optimization (Table 1). This result corresponds with the 

published data in the literature [17]. 

        In conclusion, the defect that I made and the method 

used is not ideal, but it could be used as the starting point for 

a more sophisticated quantum simulation of qubits based on 

the NV centers in diamond. 
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Abstract. Gas sensing properties of a nanocrystalline 

diamond with a hydrogen-terminated surface (H-terminated 

NCD) and a molybdenum disulphide (MoS2) are 

investigated as conductivity sensors with built-in interdigital 

metal electrode structures. The H-terminated NCD was 

prepared by plasma-enhanced chemical vapour deposition 

(PECVD), and the MoS2 by a carbide-free one-zone 

sulfurization method. The sensor's responses were measured 

for oxidizing (NO2) and reducing (NH3) gases by the same 

equipment and setup. The parameters of the tested sensors 

are compared and critically evaluated. Advantageously, the 

MoS2/H-terminated NCD heterostructure enhances the gas 

sensing response at room temperature compared to the 

H-terminated NCD and MoS2 layers. 

Keywords 

Gas sensor, nanocrystalline diamond (NCD), transition 

metal dichalcogenide (TMD), (MoS2) 

1. Introduction 

At present, a great emphasis is placed on air quality, 

either on toxic substances or substances that reduce the 

quality of life [1]. The growing number of harmful 

substances released into the air, especially from industry, 

reduces our life quality. So, gas sensors are an almost 

integral part of everyday life. For this reason, high demands 

are placed on the development of new types of sensors. With 

new materials and processing, smaller, more accurate, and 

cheaper sensors with a lower production cost are being 

developed. Currently, great attention is focused on 

Wide-BandGap semiconductors (NCD) or 2D materials 

(MoS2) [1, 2].  

At present, the most used material for gas monitoring 

is metal oxide (MOX), especially SnO2 [1, 3]. MOX is used 

for low price and flexibility production. On the other hand, 

these sensors need a very high operating temperature, and 

the dimensions cannot be reduced too much. New materials 

have significant potential due to possible miniaturization or 

modification [1]. H-terminated NCD [4, 5] and MoS2 [6, 7] 

materials were tested in oxidizing and reducing gases in this 

contribution. 

2. Experimental 

The fabrication and measurement of three types of 

active materials for conductivity gas sensors are described 

in this chapter. The gas responses of these sensors are 

measured for oxidizing and reducing gases using an 

experimental computer-controlled system. 

2.1 H-terminated NCD based gas sensors 

The first fabricated gas sensor is NCD with 

H-termination. The NCD layer was grown by microwave 

PECVD technology on the interdigital structure Micrux 

ED-IDE1-Au with 90 pairs of 10/10/0.2 μm electrodes 

(10 μm width and 10 μm gap between electrodes with 

thickness of 0.2 μm). The diameter of IDT is 3.5 mm. These 

IDT elements show good adhesion of gold electrodes to 

glass substrates, which are thermally stable during the 

growth of the diamond layer at temperatures around 550°C. 

The preparation of the H-terminated NCD layer includes 

three parts: the preparation of the adhesive NCD layer with 

thickness 110 nm, preparation of the final 300 nm NCD 

layer, and functionalization of the layer by hydrogen 

termination [8]. A photograph of a sensor with the 

H-terminated NCD active layer deposited on the Micrux 

substrate is shown in Fig. 1. 

 

Fig. 1. Photographs of a sensor with the H-terminated NCD 

active layer deposited on the Micrux substrate 
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2.2 MoS2 based gas sensors 

The second type of active layer is MoS2. The MoS2 

layer was synthesized by a carbide-free one-zone 

sulfurization method on the Si/SiO2 wafer. The interdigital 

structure (2 × 2 mm2) with 50 pairs of 10/10/0.5 μm 

electrodes (10 μm width and 10 μm gap between electrodes 

with thickness of 0.5 μm) was applied on the top layer. The 

preparation of the MoS2 layer includes three parts: the 

preparation of the insulation SiO2 layer by thermal 

oxidation, preparation of the 4 nm Mo layer by 

DC magnetron sputtering, and sulfurization of the prepared 

Mo layer by annealing the sensor in sulfur vapours [6]. 

A photograph of a sensor with the MoS2 active layer is 

shown in Fig. 2. 

 

Fig. 2. Photographs of a sensor with the MoS2 active layer with 

wire bonding for better manipulation and measurement   

2.3 MoS2/NCD heterostructure gas sensors 

The third type of active layer is MoS2/H-terminated 

NCD heterostructure. The NCD layer was grown by 

microwave PECVD technology on a Si wafer. The MoS2 

layer was synthesized by a carbide-free one-zone 

sulfurization method on the H-terminated NCD layer. The 

interdigital structure (2 × 2 mm) with 50 pairs of 

10/10/0.5 μm electrodes (10 μm width and 10 μm gap 

between electrodes with thickness of 0.5 μm) was applied on 

the top. The preparation of the heterostructure includes five 

parts: the preparation of the NCD layer, functionalization of 

the NCD layer by H-termination, preparation of 4 nm 

Mo layer, sulfurization of prepared Mo layer, and recovery 

of the termination [6]. A photograph of a sensor with 

MoS2/NCD heterostructure is shown in Fig. 3. 

 

Fig. 3. Photographs of a sensor with MoS2/NCD heterostructure 
with wire bonding for better manipulation and 

measurement   

3. Results and discussion 

Electric properties and response of tested gas sensors 

are summarized in Tab. 1. Both materials of fabricated 

sensors have different types of conductivity [2]. The MoS2 

is the n-type semiconductor (surplus negative charge 

carriers) [2, 7], and the H-terminated NCD layer creates 

subsurface 2D hole gas with p-type conductivity (surplus 

positive charge carriers) [2, 4, 8]. The opposite types of 

conductivity lead to opposite electronic responses for 

reducing and oxidizing gases. Sensor's electrical responses 

are calculated from enduring value (R0) and value with 

active gas (R). The conductivity sensors change the 

resistance of the active layers in the presence of the tested 

gas. Tab. 1. includes measured data for two sensors from 

each group of materials (H-terminated NCD, MoS2 and 

MoS2/NCD heterostructure).  
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NCD 

No. 1 
125°C 

216 39 −41 0.258 −0.160 

No. 1 
22°C 

220 0 0 0 0 

No. 2 
125°C 

111 13 −11 0.092 −0.058 

No. 2 
22°C 

115 0 0 0 0 

MoS2 

No. 1 
22°C 

19.6 −0.7 1.8 −0.018 0.016 

No. 2 
22°C 

24.2 −1.2 1.4 −0.029 0.027 

MoS2 

/ 

NCD 

No. 1 
22°C 

49.5 17.8 15.7 0.201 0.175 

No. 2 
22°C 

52.4 15.7 10.2 0.188 0.157 

Tab. 1. Comparison of the response of the fabricated conductive 

gas sensors, partially adopted from [8, 9] 

The H-terminated NCD sensors were measured at high 

(125°C) and room (22°C) temperatures. The total power 

consumption for the first measurement is 120 W·s for 

125°C, due to the time to reach the temperature. Other 

sensors were measured at room temperature. For this 

condition, the only power consumption is for measuring by 

a source meter. 

The identically prepared both H-terminated NCD 

sensors revealed different responses, most probably due to 

inhomogeneities in the diamond crystals and traps localized 

at the diamond sub-surface. These inhomogeneities are 

commonly caused by slight differences in nucleation, 

deposition, and the structure of a thin layer. It is almost 

impossible to fabricate identical diamond samples. The 

responses of NCD sensors at low temperatures were almost 

immeasurable. So, they are not suitable for gas sensing 

applications at low temperatures. 
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The same technological process created the MoS2 

sensors, and both sensors exhibit similar responses to gases, 

but the response is low at room temperatures due to the low 

chemisorption of a gas molecule on the MoS2 surface. We 

can also conclude that these sensors are not suitable for gas 

sensing applications at low temperatures. 

The newly developed heterostructure combinates both 

materials (MoS2 and H-terminated NCD). This 

heterostructure significantly improved the response of the 

active layer at low temperatures. The resistance change was 

about ten times better than the MoS2. Both sensors exhibit 

similar responses to gases. Nevertheless, the heterostructure 

abolishes the selectivity to the reducing and oxidizing gas. 

The layer reacts to increasing resistance for both gases with 

different response sizes. 

4. Summary 

The measurements reveal that the H-terminated NCD 

and MoS2 exhibit a low response to exposed gas at room 

temperature (about 22°C). The MoS2/H-terminated NCD 

heterostructure enhances the gas response characteristic, and 

the reproducibility was sufficient, as proven by testing two 

sensors. Nevertheless, the heterostructure abolishes the 

selectivity to the reducing and oxidizing gas. We have 

demonstrated that combining two layers, heterostructure and 

pure MoS2, is possible at one sensor. This sensor can select 

the type of gas on the MoS2 via mark of change in the 

resistance and the gas concentration by size resistance 

change of heterostructure. These sensors still had a slightly 

worse response to the exposed gas due to the smaller active 

material area compared to commercial sensors. However, it 

represents a promising alternative gas sensing solution due 

to miniaturization and low energy consumption. These gas 

sensors are suitable for portable, energy harvesting or low 

power applications. 
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Influence of selected regularization on Acoustic 

holography reconstruction 

 

Abstract 

Near-field acoustic holography (NAH) is a robust sound source identification technique 

that lets reconstruct and extract all the information from a sound field radiated by a source. The 

aim of this paper is to compare the influence of various methods of regularization on 

reconstruction of sound plane using SONAH (statically optimized nearfield acoustic holography). 

Any inaccuracies will impact the measurement and dominate the reconstruction. The presence 

of evanescent waves  exponentially generated as they go back towards the source.  To overcome 

such challenges in forward and inverse reconstruction, method of regularization is being used to 

stabilize the reconstruction. Regularization methods like Morozov’s discrepancy principle, K-

space filter along with Tukey window , Tikhonov and manually chosen regularization parameters 

are used. The graphical representations are computed and compared using MATLAB. 
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Abstract. This study covers Hardware-in-the-loop testing of 

electronic control units used to control of power inverters. 

The study deals with the development of permanent magnet 

synchronous motor numerical model. Model is be 

implemented on FPGA card which enables real-time 

calculation. Model configuration is able accurately simulate 

behavior of real motor. Non-linear effects like saturation in 

magnetic circuit is covered as well. Parameters of 

synchronous machine are obtained from the simulation 

using finite element method model and measurement on real 

motor.  

Keywords 

Hardware-in-the-loop testing, FPGA card, permanent 

magnet synchronous motor, PMSM model, non-linear 

effects, Finite element method 

1. Introduction 

Around the world, the segment of electric vehicles has 

been growing significantly past years. Governments are 

promoting electric vehicles as a key technology to reduce 

fossil fuel consumption in transport sector. European 

governments are supporting zero emission electric cars since 

transport sector is responsible for around one quarter of 

Europe's greenhouse gas emission. Electric cars are usually 

equipped with energy recuperation while breaking which 

brings another benefit to overall energy consumption. As a 

consequence of governmets aid leading European car 

manufactures are intensively developing electric cars, which 

are the only technical alternative on the market to cars with 

internal combustion engine. 

Almost all electric vehicles are equipped with 

alternating current motors, which are the most suitable in 

terms of energy efficiency and traction control. In terms of 

traction system, variable frequency motor drives are always 

required. Electric motor require variable frequency control 

to start, control velocity, and brake. Permanent magnet 

synchronous motors (PMSM) are widely applied in tractions 

systems of electrical vehicles as well for other traction 

utilization due to high power and torque density. 

PMSM machines can be divided into two main types 

by the location of permanent magnets, namely interior 

permanent magnet (IPM) and surface permanent magnet 

(SPM) synchronous motors. IPM machines are capable to 

produce both electromagnetic and reluctance torque, which 

makes them suitable for electric traction where wide speed 

range operation is required. Designers are making lot of 

effort to minimize the size of permanent magnet 

synchronous machines while keeping the required torque 

production capabilities. This effort pushes capacity of 

machine's magnetic paths to limit and saturation or cross 

saturation effects may appear [1]. 

To control variable frequency motor drives an 

electronic control unit (ECU) is used. Software used in 

commercial ECUs capable to control electric motor drives is 

very complex. Nevertheless, car manufacturers have to 

ensure software reliability and safety. Therefore, many tests 

during the development of hardware and software need to be 

performed. Hardware-in-the-loop (HiL) plays a key role in 

testing ECU's software. 

2. Hardware-in-the-loop systems 

Hardware-in-the-loop (HiL) systems are used for 

development and testing of complex real-time embedded 

systems where real environment is hardly feasible, for 

example testing of airbag control unit during crash tests. In 

our case we are testing motor ECU connected to 800V 

inverter, such a high voltage can be very dangerous for 

people. HiL testing with low voltage part only is suitable 

solution to overcome this issue. Moreover, HiL systems 

provide possibility to run tests beyond the range of defined 

parameters so none of the physical part of real system is 

broken. HiL testing of ECU is critical part of development 

stage before official release, which ensures that all 

requirements are fulfilled and systems operates correctly.  

The HiL system consists of electrical emulation of 

sensors and actuators, which acts as an interface between the 

unit under the test (UUT). The value of electrically emulated 

sensor or actuator is controlled by the real-time simulation 
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and is read by the unit under the test. As a result unit under 

the test outputs control signals according to control 

algorithm, which leads to the changes of variable values of 

the sensors and actuators in the real-time simulation. In other 

worlds, connection of unit under the test and HiL creates a 

loop and both parts are affected by behavior of second part 

[2]. 

2.1 PMSM simulation in HiL system 

Normal real-time simulation running on a PC is not 

suitable for such a complex and extensive simulation. In this 

case special field-programmable gate array (FPGA) cards 

are used. FPGA is programmable integrated circuit, which 

uses hardware description language (HDL). FPGA contains 

of programmable logic blocks, which can be interconnected 

together according to co configuration. Most FPGA cards 

include as well memory blocks to store for example look-up 

tables. FPGA cards are used for complex real-time 

simulation such as simulation of electric machine. FPGA 

model development of PMSM machine can be found in [2].  

In our case ECU is responsible to drive gate signals of 

the power module inverter which supply the current to the 

PMSM. ECU is connected in real car to the BUS system 

which cares about the communication between different 

ECUs in the car. This communication channel have to be 

stimulated as well for the correct behavior of tested ECU. 

Sensors and resolver output is simulated on the HiL side 

according to the PMSM and inverter simulation behavior. 

Interconnection schematic of tested ECU and HiL system is 

visualized in fig. 1 below. 

 

Fig. 1. Schematic of HiL and ECU connection.  

3. Numerical model of PMSM 

Classical dq models of PMSM are based on linear 

approximation of linkage fluxes so phenomenon like 

magnetization effect, saturation of magnetic core and flux 

harmonic is not captured. This kind of model could be 

appropriate for a preliminary control tuning, however in 

simulation in HiL systems requires precise simulation so 

torque ripples must be taken into account.  

Air gap flux density in reality is not perfectly 

sinusoidal. Flux density in air gap is influenced by 

saturation, special distribution of permanent magnets and 

stator winding as well as motor geometry like stator slots 

distribution and its shape. Therefore, air gap flux density 

always contain higher harmonics. Consequently, flux 

linkage in dq axes varies with the rotor position θ.  

Hence, the classical dq model is no longer suitable for 

HiL simulation, an extended model based on linkage fluxes 

must be taken into account to overcome the shortcomings 

mentioned above. Following chapter covers basis approach 

of the extended model of PMSM. 

3.1 Extended model of PMSM 

This chapter is based on the article [3] published in 

IEEE. The model delivered in this study in the starting point 

for building up extended PMSM model running real-time on 

FPGA card. Most accurate models of electrical machines, 

which are capable to calculate precisely torque and 

dynamics, can be delivered by finite element model (FEM). 

However, this approach requires high computation power 

and an abundance of time. Therefore, FEM is not suitable 

for real-time calculation used by HiL systems. In order to 

model the torque ripple precisely a linkage fluxbased model 

from FEM calculation can be applied. Using FEM 

simulation lookup tables of linkage fluxes are derived and 

applied in the model. Once the linkage fluxes as a function 

of, 𝑖𝑑, 𝑖𝑞  and 𝜃 are calculated, a lookup table is made for 

each flux component [3]. 

In fig. 1 is shown general block diagram of the 

proposed model. PSMS voltage model and PMSM torque 

model are defined in fig 3 and fig 4 as well as in following 

text. 

 

Fig. 2. General block diagram of the proposed model [3]. 

Linkage fluxes are obtained by FEM simulation at 

different working points varying 𝑖𝑑 and 𝑖𝑞  current values. 

Another defect, such as non-uniform separation angle 

between stator teeth or a difference in the number of turns of 

a phase with respect the others, causes unbalance fluxes 

which are also taken into account. Thus zero sequence 

components of fluxes may appear, in this regard variable 

constants are taken into account in model (marked purple in 

fig. 4). 

Torque of the PMSM motor transformed to dq axes can 

be described as follows (1). 

𝑇 =  𝑇1 + 𝑇2 + 𝑇3 

𝑇1 =  
3

2

(
𝑑𝛹𝑑

𝑑𝑡
𝑖𝑑 +

𝑑𝛹𝑞

𝑑𝑡
𝑖𝑞 +

𝑑𝛹0

𝑑𝑡
𝑖0)

𝜔𝑚

 

𝑇2 =  
3

2
𝑝(𝛹𝑑𝑖𝑞 − 𝛹𝑞𝑖𝑑) 

(1) 
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𝑇3 =  −
𝑑𝑊𝑚

𝑑𝜃
 

Where 𝛹𝑑 and 𝛹𝑞  are linkage fluxes in dq axes, 𝑖𝑑 and 

𝑖𝑞  are stator currents in dq axes, 𝜔𝑚 is the mechanical speed, 

𝑝 is a number of pole pairs and 𝑊𝑚 is the energy stored in 

the magnetic circuit. 𝛹0 is zero component of linkage flux 

and 𝑖0 is zero components of current. Since machine is 

balanced, these components can be neglected. This 

component must be used in case when currents are 

unbalanced. In this study we assume that electric machine is 

balanced and therefore this part can be neglected in the 

model. 

𝑇1 is zero for classical model because higher harmonics 

are not taken into account, this equation described torque 

ripple with non-sinusoidal flux linkages. 𝑇2 is classical 

torque equation for electrical motor, this describes average 

torque ripple and relatively torque harmonics as well. 𝑇3 

stands for cogging torque, this torque may vary on the load 

condition of the machine [4]. Cogging torque 𝑇3 is 

complicated to be calculated analytically so in this case FEM 

simulation is performed and lookup table is implemented in 

the model as a function of 𝑖𝑑, 𝑖𝑞  and 𝜃.  

 

Fig. 3. PMSM torque model schematic [3]. 

Taking into consideration that the saturation level and 

linkage fluxes depends on the rotor position, the voltage 

equations can be written as (2).  

𝑣𝑑 =  𝑅𝑖𝑑 +
𝑑𝛹𝑑(𝑖𝑑 , 𝑖𝑞 , 𝜃)

𝑑𝑡
− 𝜔𝑠𝛹𝑞(𝑖𝑑 , 𝑖𝑞 , 𝜃) 

𝑣𝑑 =  𝑅𝑖𝑞 +
𝑑𝛹𝑞(𝑖𝑑 , 𝑖𝑞 , 𝜃)

𝑑𝑡
− 𝜔𝑠𝛹𝑞(𝑖𝑑 , 𝑖𝑞 , 𝜃) 

Where 𝑣𝑑 and 𝑣𝑞  are dq axis voltages, 𝑅 is the 

resistance of the winding coils, 𝐿𝑑 and 𝐿𝑞 are stator 

inductances in dq axis and 𝜔𝑠 is the electrical speed of the 

motor. 

Zero-sequence component of voltage 𝑣0 might appear 

if motor is unbalanced. Zero sequence voltage is described 

as (3).  

𝑣0 =  𝑅𝑖0 +
𝑑𝛹0(𝑖0, 𝜃)

𝑑𝑡
 

Where 𝑖0 is zero component of current and 𝛹0 is zero 

component of linkage flux. If the machine is geometrically 

unbalanced or currents are not balanced, zero component of 

voltage cannot be neglected. As already mentioned, in this 

study we assume that electric machine is balanced so 𝑣0 is 

ignored. 

Current dynamic model with voltage equations from 

(2) is shown in fig. 4. 

 

Fig. 4. Currents dynamic schematic [3]. 

Main focus if this model is to accurately simulate 

torque ripple so cross-magnetization effect and the 

derivative components of the inductances are not taken into 

account. Torque ripple is not affected but current dynamics 

are not totally accurate. 

4. FEM model of PMSM 

Finite element model of PMSM machine will be 

developed in ANSYS software which is suitable for 

computing numerical model of electrical machines based on 

geometry and basis information about the examined motor.  

Simulation model is important for PMSM design, 

enhancement of its performance and as well for control 

system design. Engineers working on control design require 

a model which accurately describes and quantifies machine 

behavior during transient response [1]. An example of 

geometry of cross section view of an interior permanent 

magnet synchronous machine with internal permanent 

magnets is shown in fig. 5.  

 

Fig. 5. Cross section view of an interior permanent magnet 

synchronous machine with internal permanent magnets [1]. 

Working with FEM models requires experiences of an 

user because numerical model are always introducing 

(2) 

(3) 
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certain uncertainties in the complex results. User has to 

know physical principles of the studied model and gain some 

experiences in this regard. 

5. Conclusion 

Modern permanent magnet synchronous motors are 

widely used in in a number of applications like electric 

traction systems due to its high efficiency and high torque 

density. PMSM fully utilize their magnetic circuit which 

lead to the saturation in magnetic core and leads to 

nonlinearities in their mathematical models. A machine 

model, which is capable to adequately simulate current, 

voltage and torque waveforms, is one of the key 

requirements for designing the control system as well for the 

machine design optimization [1]. 

FEM models are the most accurate to precisely 

calculate torque and dynamics of the PMSM. However, 

FEM models cannot be applied in real-time simulations 

because these models require high computation power. As 

an consequence an compromise has to be made. Using FEM 

simulation look-up tables of linkage fluxes can be calculated 

and afterwards used in the numerical model. Linkage fluxes 

are obtained by FEM simulation at different working points 

varying current values and rotor position. 

This work brings many challenges because 

implementation of complex electrical model in FPGA card 

used for real-time calculation is still in development phase. 
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Abstract. The purpose of this paper is to verify the 

possibility of measuring the angular velocity of rotation of 

Earth using a fiber optic gyroscope, whose measurement 

error is higher than the value of the measured angular 

velocity. This is not possible in a conventional way because 

the measured signal is below the noise level. The paper deals 

with the description of the function of the proposed error 

calibration method for a fiber optic gyroscope that can be 

used for measuring very slow angular velocities. The 

measurement of the angular velocity of the Earth's rotation 

was chosen as a model task for the verification of the newly 

designed calibration procedure. The proposed method 

calibrates the DC component of the cumulative error 

effectively as well as the slow changing and fast changing 

AC component of the error. However, the proposed method 

cannot eliminate the systematic error that occurs during the 

measurement and which was not taken into account at the 

beginning. The calibration method makes possible to 

measure the angular velocity of the Earth’s rotation by 

means of a fiber optic gyroscope sensor, the measurement 

error of which is greater than the value of the angular 

velocity of the Earth's rotation. 

Keywords 

Gyroscope, angular velocity, angle, Matlab, fiber optic 

gyroscope, numerical integration, calibration, 

distortion, moving average. 

1. Introduction 

The aim of this work is to measure the angular velocity 

of Earth using a sensor of the fiber optic gyroscope, which 

has a larger measurement error than the angular velocity of 

the Earth. 

The angular velocity of Earth is 15 °/h from east to 

west. The bias error of the used DSP3000 fiber optic 

gyroscope [1] is ± 20 °/hour. In fact, the total error of the 

fiber optic gyroscope can be even greater. The long term 

error measured data (Fig. 1) also show the calculated 

velocity of the Earth rotation of 15 °/hr for comparison. This 

means that in theory, it is impossible to measure the Earth’s 

rotation with this sensor in a standard way since the 

measured signal is below the noise level. 

The motivation for this text is to calibrate a relatively 

inaccurate fiber optic gyroscope using digital signal 

processing so that very slow angular velocities can be 

measured. 

 

Fig. 1. Long term measurement of angular error 

The field of application of this modified sensor system 

can be navigation based on North Finder technology [2] 

where it is necessary to have very sensitive gyroscopes that 

can measure even very slow angular velocities. 

The principle of operation of a fiber optic gyroscope 

used is based on the Sagnac effect [3]. 

Measuring the angular velocity of Earth using the fiber 

optic gyroscope has been published, for example, in these 

articles [6], [7] and [8]. These published articles  were 

performed using a precision gyroscope (more accurate than 

DSP3000). The calibration method for very slow angular 

velocities described in this text is not published in these and 

other found publications. 
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2. Methods 

Increasing measurement accuracy of the used fiber 

optic gyroscope for low angular velocity will be achieved 

using real time numerical calibration, using an embedded 

system, Matlab software [4], and controlled gyroscope 

rotation. 

2.1 Connection of Fiber Optic Gyroscope 

with Matlab 

The DSP3000 KVH Part No 02-1222-07 fiber optic 

gyroscope was used in this application. It communicates 

via the digital 1000 Hz asynchronous interface. 

The DSP3000 uniaxial fiber optic gyroscope has a 

catalog sampling rate of 1000 Hz. The gyroscope 

communicates via RS-232 at 115,200 Baud. The message 

structure of a one sample (Fig. 2) [1] consists of 4 bytes. 

The gyroscope is powered by 5 V and draws 550 mA. 

 

Fig. 2. The data structure of one sample from DSP3000 [1] 

 

The RS-232 voltage levels in the designed measuring 

device, are converted from the gyroscope to UART voltage 

levels suitable for an embedded microprocessor using a 

MAX232 converter. 

Data from the gyroscope are received by an 

embedded microprocessor: ATSAM3X8E 32 bit 84 MHz 

ARM Cortex-M3 [5]. The gyroscope data is angular 

velocity. The microprocessor reads and sorts this data. 

Furthermore, the microprocessor performs numerical 

integration of the angular velocity data on the angle. It 

further decimates the data in a ratio of 1/4 without losing 

information about the angle. Data decimation is performed 

to reduce the data flow. High data flow is not required to 

measure slow angular velocities in this application. 

The microprocessor is connected to a PC via USB and 

a virtual COM port. The sampling rate between this 

microprocessor and a PC should be 250 Hz. However, the 

gyroscope sends data a little slower than defined in the data 

sheet. The actual measured sampling rate is 247 Hz. 

Samples sent by this microprocessor to a PC are 64 bit 

signed numbers that are sent as ASCII characters. 

The microprocessor can perform basic calibration as 

well as servomotor control. These functions were not used 

in the overall device, because it was more advantageous to 

use Matlab software for this purpose. 

2.2 Angular Data Calibration Method 

Numerical calibration is performed in Matlab. Data 

are plotted using Matlab. 

Data from the gyroscope are burdened with an error 

that makes impossible to measure very slow angular 

velocities, for example, the Earth’s rotation. The error is 

cumulative and has a DC component (Fig. 3), a slow AC 

component (Fig. 4), and a fast AC component (Fig. 5). The 

data from one course of long term measurement of error in 

time are shown in Fig. 1. 

 

 

Fig. 3. DC component of the error (linear component of time 

change in angle) in unprocessed measurement angle data 

 

Fig. 4. Slow changing alternating angle error (slow AC) 

component after DC component calibration 
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Fig. 5. Fast changing alternating component (fast AC) of 
angular velocity error 

 

The principle of measurement with calibration 

includes performing calibration and subsequent 

measurement in a short time. Calibration and measurement 

take place in quick succession. In this way, the DC 

cumulative component of the error is calibrated. The 

slowly changing alternating component of the error is 

minimized by calibrating and measuring in quick 

succession so that the slowly changing alternating 

component does not tend to show. The fast changing 

alternating component of the error is reduced by averaging 

or by a moving average. 

In the first calibration step, it is necessary to 

determine the average cumulative deviation of the samples, 

which corresponds to the DC component of the angular 

velocity error. This is done in the Matlab program by 

numerical derivation from the calibration section of the 

samples. Next, the average value of all derived samples is 

calculated. The resulting number is the average cumulative 

error per sample. 

After calculating the average cumulative error per 

sample, the measurement is performed. 

An average cumulative error is multiplied by a sample 

index and is added to this sample. This is performed on 

each sample from the measured angle data. The measured 

data are then calibrated, therefore they are without the DC 

component of the angle error. Calibration and 

measurements are performed in quick succession, so the 

cumulative error does not have time to change in a short 

period. In this way, the slow alternating component of the 

error is minimized. 

An important part of the measurement and calibration 

method is the rotation of the gyroscope on different 

cardinal directions of the world. The angular velocity of 

Earth is in the east direction (E) 15 °/hr in the opposite 

direction west (W) -15 °/hr. For the entire measurement of 

the Earth's rotational speed, it is necessary to rotate the 

gyroscope to different cardinal (geographical) directions 

during the measurement, with the same calibration. 

 

If a rotation of 180° is performed, therefore east-west 

(EW), this means performing two measurements with the 

same calibration and subtracting the measurement results 

and dividing them by two (1). 

EW = (E - W) / 2                                                  (1) 

If a 90° rotation, for example north (N) to east (E), is 

performed, this means performing two measurements with 

the same calibration and subtracting the measurement 

results from each other. When the uniaxial fiber optic 

gyroscope is rotated north or south, the gyroscope is rotated 

perpendicular to the direction of rotation of the Earth, so 

that the angular velocity in this direction is zero. 

3. Measured Data 

Several types of measurement were performed; the 

sequence is listed below. The measurement was performed 

for 30 s by turning the gyroscope to the cardinal direction, 

followed by another 30 s measurement to the opposite 

cardinal direction. 

1. Measurement with 10 repetitions (EW) 

• 30 s measurement with east orientation (E) 

• 30 s measurement with west orientation (W) 

2. Measurement with 10 repetitions (WE) 

• 30 s measurement with west orientation (W) 

• 30 s measurement with east orientation (E) 

3. Measurement with 10 repetitions (NS) 

• 30 s measurement with north orientation (N) 

• 30 s measurement with south orientation (S) 

4. measurement with 10 repetitions (SN) 

• 30 s measurement with south orientation (S) 

• 30 s measurement with north orientation (N) 

 

4. Calibrated Results and 

Discussion 

 This chapter shows the results of 4 types of 

measurement after calibration, each of which has 10 

replicates. One course of each type of measurement is 

shown in graphs (Fig. 6, 7, 8, 9). 

The measurement results are presented in Table 1, 

including the average (Mean) value of all 10 replicates and 

the standard deviation (Std σ). 

The value of the first 30 s measurements was 

intentionally calibrated to zero angular velocity. 
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Fig. 6. East-West (EW) measurement chart 

 

Fig. 7. West-East (WE) measurement chart 

 

 

 

EW WE NS SN (°/h) 

-10.65 9.07 -2.31 2.69 1. 

-8.26 9.70 -0.18 3.03 2. 

-9.21 10.42 0.23 -1.20 3. 

-10.55 9.18 -2.23 0.60 4. 

-9.25 9.12 -3.12 1.47 5. 

-11.43 10.72 -1.33 0.64 6. 

-10.66 8.73 -1.47 1.75 7. 

-11.27 9.17 -0.66 2.43 8. 

-10.28 11.10 -0.64 2.44 9. 

-9.62 9.49 -2.80 1.28 10. 

-10.12 9.67 -1.45 1.51 Mean 

1.01 0.64 1.30 1.60 Std σ 

Tab. 1.  Table of measured results after calibration 

 

Fig. 8. South-North (SN) measurement chart 

 

Fig. 9. North-South (NS) measurement chart 

 

 

By using the proposed calibration method, 4 types of 

data were measured. From the data with the rotation from 

east to west (EW) and from the data with the rotation from 

west to east (WE), it is possible to calculate the angular 

velocity of Earth with a large measurement error. There is a 

systematic error in the measured data that reduces the 

resulting value. The measured value of the Earth's rotation 

is lower than the actual value. 

Data for North-South (NS) and South-North (SN) are 

reference data. In this single axis gyroscope configuration, 

the angular velocity of Earth is zero. This was measured in 

order to detect a measurement error at zero speed. The 

measured average speed is not zero and is subject to 

deviation from the zero value. All the values are in the 

table (Tab. 1). 

The systematic error that occurred when planning this 

experiment wasn’t taken into account. When planning the 

experiment, it was assumed that the DC error component, 

the slow alternating error component, and the fast 

alternating error component appeared in the data. 
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The proposed calibration method successfully reduces 

these types of errors. The proposed calibration method 

cannot eliminate the systematic component of the error. It 

is probably caused by vibrations when rotating the 

gyroscope or nonlinear distortion of the gyroscope, but this 

is only an assumption that has not been verified. Systematic 

error reduction can be the focus of further work on this 

measuring system. 
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Abstract. The paper presents the materials used in the 
aerospace industry and introduces an automated test bench 
for investigations of these materials' electrical properties. 
The test bench is also designed for investigation aviation 
electronic components, especially from the point of view of 
electromagnetic compatibility (EMC). The test bench 
contains various measuring instruments, which are 
connected to a computer (workstation). The designed 
program running on the computer oversees identifying 
connected instruments, creating communication channels 
to the connected instruments, controlling them to conduct 
required measurement or testing, and obtaining the 
measuring results. Instrument controls are realized using 
Standard Command for Programmable Instrument (SCPI) 
commands. The program also provides a friendly, easy-to-
use  Graphical User Interface (GUI), which simplifies the 
experiment process. The program is designed in MATLAB 
development environments and add-on application 
MATLAB App Designer with toolboxes Instrument Control 
Toolbox and Signal Processing Toolbox. 
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1. Headline of a Section 

For decades, metals have been used in the Aerospace 
industry as traditional materials. For example, Aluminum 
was prominent material from World War I. Steel is also 
used but at a lower rate. From the 1970s, Titanium and 
Nickel began to be used [1]. The use of metal instead of 
wood, fabric, and twine was started when engineers wanted 
to surmount challenges in strength and wind resistance, 
which increased as speeds improved. On other hand, metals 
had their disadvantages, such as being costly, heavy, 
needing expensive maintenance, and prone to corrosion [1]. 
Therefore, composite materials are recently used as 
alternative materials. The main advantages of composite 
materials are lightweight, high strength, high stiffness and 
easily to form. The use of composite materials can reduce 
the weight of aircraft, then reduces power consumption, 
and increase efficiency.   

 

Fig. 1. Aircraft lighting problem [2] 

However, for use as cover structures of aircraft, the 
composite material has a significant problem of poor 
electrical and thermal conductivities. During the operation, 
aircraft could face problems such as ice accumulation and 
lightning strikes (see Fig. 1), which are dangerous for the 
aircraft. Therefore, to protect the aircraft, material for 
surface structures must have good electrical and thermal 
conductivity. From the EMC point of view, small electrical 
resistivity is also required for good electromagnetic 
interference (EMI) shield [3], [4]. 

EMC is the ability of electrical and electronic devices 
to operate as intended without error within a specified 
environment of EMC noise [5]. During operation, avionics 
components and equipment must function in the presence 
of other electromagnetic signal sources, which can be noise 
sources, and must not interfere with other electronics and 
electrical systems [6]. 

The next part of the paper will briefly introduce the 
new composite material, describe the design of the test 
bench, and show some results of functional verification. 

2. Conductive Composite Material 

As mentioned above, the significant problems of 
composite materials are poor electrical and thermal 
conductivity. The solution for these problems is so-called 
Conductive Composite Material (CCM). A CCM usually 
consists of conductive filler in a  nonconductive matrix, 
which manifests a large scale of electrical conductivities 
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needed for intended applications. Naturally, the electrical 
conductivity of a CCM depends on the volume fraction of 
the conductive filler. When the amount of the conductive 
filler increases, the filler particles begin to form a 
continuous path, the free electrons in the composite can 
travel easily by contacting each other, then the electrical 
conductivity will be increased to higher levels [1]. 

As the material for conductive filler, traditional 
metals such as Aluminum, Copper, Silver, Nickel, Iron, 
Gold are promising options. Another more promising 
option is using carbon-based materials. In comparison with 
traditional metals, carbon-based materials have a much 
lower weight, higher electrical conductivities, thermal 
conductivities (see Tab.1,2). 

Therefore, many manufacturers start using CCM with 
carbon-based conductive filler for their products. For 
example, to modernize the new generation L-39NG jet 
trainer (see Fig. 2) from its L-39s legacy, variable parts 
made of composite materials are used by Aero Vodochody 
AEROSPACE a.s. for purpose of improving efficiency [7]. 
The cover structures are redesigned using a composite 
material with carbon-based conductive fillers. 
 

Material Density 

[g/cm3] 

Electrical 
conductivity 

[106 S/m] 

Thermal 
conductivity 

[W/mK] 

Aluminum 2.69 38.2 200 

Copper 8.93 59.8 400 

Iron 7.87 10.3 80 

Silver 10.49 68 450 

Nickel 8.9 14.6 100 

Tab. 1.  Basic properties of traditional metals [1], [8]–[10] 
 

Material Density 

[g/cm3] 

Electrical 
conductivity 

[106 S/m] 

Thermal 
conductivity 

[W/mK] 

Carbon 
Nano Tube 

1.4  3.33 2000~6000 

Graphene 0.3 100 800 

Graphite 2.25 0.073 100~400 

Tab. 2.  Basic properties of carbon-based materials [1], [8]–[10] 

 

Fig. 2. Aero L-39NG project  

3. Design of testbench  

This part will describe the design of the test bench for 
the investigation of Aerospace Conductive Composite 
Materials and Electronics components. 

3.1 Motivation and Requirements 

The conductive of CCM depends not only on the 
amount of conductive filler, as mentioned above, but also 
on the filler type, shape, size, filler dispersion, and 
distribution in the composite [1]. Therefore, it is important 
to experimentally analyze the conductivity of various 
designs to verify and choose the best design for the 
required application. Furthermore, the EMI protection 
issues of these materials are also interesting to investigate. 

The test bench, containing measuring instruments and 
computer programs, aims to provide a workplace for 
experimental analysis of CCM. For experimental analysis, 
variable measuring devices and instruments are required. 
Manual handling of these devices and instruments is 
usually slow and inconvenient. In addition, the data from 
experiments then must be transferred to a 
computer/workstation for further analysis. Therefore, it is 
dispensable to design a computer-based system that can 
control variable measuring instruments, obtain the 
measuring data from these instruments, and analyze these 
data. Fig. 3 shows a simple test bench for measuring the 
electrical conductivity of composite material. 

From mentioned reason, the test bench must be easy 
to use with a Graphical User Interface (GUI) and in the 
point view of functionality, must be in the charge of: 

 Identifying connected instruments. 

 Creating the connection between workstation and 
instruments – according to user's selection. 

 Setting up, configuring, calibrating instruments. 

 Controlling instruments to conduct the required 
measurement and testing 

 Obtaining measuring and testing results from the 
instruments. 

 Visualizing, processing, analyzing, or saving these 
data 

 

Fig. 3. Test bench for measuring electrical conductivity 
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3.2 Design of test bench 

The main part of the test bench is a computer 
program, which must fulfill the above requirements. There 
are various development environments for controlling 
instruments, such as LabView, VEE Pro, MATLAB, …. 
While LabView and VEE Pro are graphical-based 
environments, which are optimized for instrument control, 
MATLAB is a text-based environment, which is designed 
for various engineering and scientist tasks, including 
instrument control. Therefore, for purpose of fast and easy 
instrument control, LabView or VEE Pro are the best 
choices. On the other hand, the computation ability of 
MATLAB is much better than LabView and VEE Pro. The 
graphical-based property of LabView and VEE Pro seems 
to be not suitable for a large complex project [11], [12]. 
MATLAB also provides a large number of toolboxes for 
data analysis, signal analysis, and so on.  It is typical to use 
LabView and VEE Pro for instrument control and 
MATLAB for data computation tasks. However, such a 
system is quite bulky, and expensive to purchase all the 
environments. 

 

Fig. 4. Flow chart of MATLAB program 

Our whole designed computer program is developed 
in the MATLAB environment. The required GUI is 
designed using the add-on application MATLAB App 
Designer, which allows us to create GUI by dragging and 
dropping visual components and programing their 
behavior. For the instrument control task, the Instrument 
Control Toolbox is used. This toolbox provides the 
computer with the ability to connect to measuring and 
testing instruments via various communication protocols 
and standards. For data analyzing tasks, the Signal 
Processing Toolbox and DSP System Toolbox are used. In 
some special test benches, for example, test bench with 
thermal camera, Image Processing Toolbox is also at 
disposal. 

The instrument control is realized using Standard 
Commands for Programmable Instruments (SCPI), which 
defines a standard for syntax and commands to use in 
controlling programable test and measuring instruments. 
SCPI commands are ASCII strings, sent to the instrument 
over the physical communication layer and can perform  

 both set operations (for example, *RST command) 

 and query operation (for example, *IDN? command) 

In the MATLAB program, SCPI commands are 
"encapsulated" in MATLAB commands, which also 
defined which instruments will receive which SCPI 
commands. The data responded by instruments are also 
obtained by MATLAB. These data are then visualized in 
GUI and processed, analyzed, or saved to a computer for 
further working according to the requirement of users. 

3.3 Functional verification 

Frequency Spectrum 

Frequency [Hz] 

A
m

pl
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u
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 [
d

B
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] 

 

Fig. 5. Radiated noise of AC/DC switching converter 

 

Fig. 6. GUI for measuring electrical conductivity 
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Functions of the test bench were verified in the 
Laboratory of Aircraft power source and Laboratory of 
Electromagnetic Compatibility, Department of Aircraft 
Technology, the University of Defence in Brno. Different 
experiments and tests of composite material, aviation 
components, and devices were used to verify the functions 
of the test bench. Fig. 5 and Fig. 6 show some simple 
measuring results done by the test bench.  

Fig. 5 shows the frequency spectrum of radiated noise 
from a switching AC/DC converter. The noise was sensed 
by an antenna connected to a signal spectrum analyzer, 
which operates under the control of the test bench. Test 
bench obtained the measuring data from the signal analyzer 
and calculated frequency, amplitude of four first 
harmonics. From the visualized data we can easily 
conclude that the tested AC/DC switching converter 
operates at a frequency of 80 kHz. Further analyses can be 
also realized using MATLAB functions. This test is a 
simple but important test for analyzing composite material 
from the EMI point of view. 

Fig. 6 shows the GUI of the test bench in another 
experiment. The conductivity of samples made of 
conductive composite material was measured by HM8118 
LCR Bridge. The program allows us to fully configure, 
calibrate, and control the instrument. Test results with 
corresponding instrument configurations and times are 
visualized in the GUI for purpose of monitoring during the 
test and can be saved for future analysis. 

4. Conclusion  

The paper presents materials used in the aerospace 
industry. For decades, metals have been used as the 
traditional materials in the aerospace industry, the typical 
examples are Aluminum, Steel, Titanium, Nickel. They 
have good mechanical properties and superior electrical 
and thermal conductivities; however, they are heavy, 
costly, expensive. To eliminate these disadvantages, 
composite materials are recently used. To solve the 
problem of poor electrical and thermal conductivities, a 
new composite structure called Conductive Composite 
Material has been developed. 

The second part of the paper introduces the design of 
a testbench for experimental investigating these new 
aerospace materials, as well as electronic components. The 
test bench is developed in the MATLAB environment, 
which provides the ability of instrument control and a large 
number of functions and toolboxes for data processing, 
analyzing, and visualizing. The functions of the test bench 
are also verified in different measurements and testing in 
the University of Defence in Brno, the Czech Republic. 
The test bench fulfills all the requirements.  

The future work will be experimental analysis of 
aerospace composite materials and aviation components 
using the designed test bench.  
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Abstract. This paper describes a design and realization
of hardware for a spherical microphone array for universal
application. The array is designed for easy realization us-
ing 3D printing, which brings the possibility to redesign the
array with different microphone positions, and to build the
array at a university or home environment. The body is com-
posed of 2 hemispheres which are connected together using
a threaded coupler. For the sound measurement, 16 micro-
phones ICS-52000 with TDM (Time division multiplex) in-
terface are mounted on the spheres surface and can be con-
nected to the Raspberry Pi computer or any other device,
capable of receiving data over TDM. A second version with
a smaller diameter and other improvements was constructed
and it is currently under testing.

Keywords
Microphone array, TDM microphone, Raspberry Pi,
Ambisonics, VR (virtual reality)

1. Introduction
While multimedia technologies are not developing

so quickly, compared to the situation in the 20th century,
there is still one field, which is predicted a great future - the
VR (Virtual reality) technology. This creates demand for
portable microphone arrays, which are capable of record-
ing its surroundings with sufficient spatial precision. This
and other applications (such as room acoustics measurement
and sound recording with possible post-production beam-
forming) are therefore, main motivation for developing such
an array for experimental purposes.

Arrays capable of recording sound for VR purposes are
often realized similar way to how ambisonics microphones
are. As the designed array is designated for experimental
usage, it is appropriate to build it with 3D print technology,
which then ensures the possibility of relatively easy modi-
fication of the design parameters and an easy realization in
a university or home environment. Design of electronic parts
needs to be held in a similar way to deal with this constraint.

This paper is based on thesis [1] (in Czech), in which
some futher information about the subject can be found.

2. Design of 3D printed construction
To assure certain acoustic properties and cope with is-

sues related to the amateur conditions, in which the project
is realized, it is necessary to choose a suitable type of micro-
phone array. We will focus here only on rigid-sphere spheri-
cal arrays, as they are the most suitable ones for capturing
sound in 3D space [2] with omnidirectional microphones
[3]. As the microphones are (ideally) imbedded into the rigid
construction, the device seems quite robust and suitable for
the VR application (e.g. Outdoor VR microphone).

2.1. Acoustic properties of solid sphere micro-
phone arrays

In comparison with open microphone arrays, which
are just recording the value of acoustic pressure in differ-
ent places of space [4], the arrays with solid structure also
change the acoustic field, by scattering the sound waves on
the construction boundary. This has indeed an effect on fre-
quency response, which can be simply calculated and visu-
alized using the plugin Array2SH, which is included in the
SPARTA suite [5].

Another issue to think about is the quantity and ar-
rangement of used microphones. Concerning the possibility
of using the array as an ambisonic microphone of third order,
we should use at least 16 microphones. As the selected serial
bus (in the section 3.1) is limited by this count, we will use
16 microphones. Thesis [6] describes the issues connected
with the arrangement of microphones on the sphere. As this
paper is not dealing with mathematical issues of finding an
optimal design, and is rather creating a modular concept, we
will now use one such arrangement published in [7].

2.2. Concerning practical issues

Since it is necessary to allow placement of micro-
phones, as well as other electronics, inside the sphere, the
sphere can not be created as a whole. For that the sphere is
split into 2 parts, and a proper mechanism for joining them
is constructed. Various types of mechanism were tested.
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Threaded coupler with fitting

The first tested mechanism was a simple threaded cou-
pler with a screw fitting on the other side. The bottom hemi-
sphere is equipped by a ring, to which the coupler is placed
and held in place by screws. The other side of the coupler is
equipped with a male metric thread, which fits into a corre-
sponding female thread on the upper hemisphere. To adjust
the rotational shift - to ensure both hemispheres will be ro-
tated correctly when tightened - it is possible to loosen the
screws on the bottom fitting and rotate the coupler freely.

This design was used on the first version of the micro-
phone array and is furthermore presented in thesis [1] (in
Czech) and can be seen in figure 1.

Fig. 1.
Inner structure of a completed hemisphere.

Since the hemispheres of the first version were rela-
tively large (170 mm in diameter), it was desirable to print
those hemispheres from some material with a small thermal
expansion coefficient. PLA was finally chosen, because it is
considered as an easy-to-print material. The print quality of
the thread was, however, relatively low. The coupler did not
fit into the thread even after serious hand finishing.

Bayonet joint

As there was an effort to make the microphone array
smaller, it was necessary to design a mechanism that does
not require rings inside the construction. A special coupler
was constructed that uses a snap-fit joint on one side and a
bayonet (rotational) joint on the other side. This can be seen
on the second version of the microphone array (figure 5).
By using this mechanism, it was possible to print everything
with PETG material and tune the tolerances by iterations, so
that everything fits well. The bottom side of the coupler is
still equipped with a snap fit, so it holds on to the bottom
hemisphere rigidly.

3. Design of electronics
Considering the requirements that had been raised from

above, it was necessary to design an electronic system capa-
ble of recording acoustical data from 16 microphones and
then either capturing them or sending them to a remote
recording device. Since the miniaturization of the whole de-
vice was a major goal, it was appropriate to minimize quan-
tity of used components. As we want the signal to be digital,
we might use a digital serial bus to connect the microphones
to the capturing device. An overview schematic may be seen
in figure 2.

GND

VCC

WS

SCK

SD

WS WSO WS WSO WS WSO

MIC 01 MIC 02 MIC 16Frequency
divider

Capturing
device

GND

VCC

WS

SCK

SD

Fig. 2.
Overview electronic schematic of designed microphone
array.

3.1. TDM bus

From all widely used digital buses for audio, only one
is capable of delivering signals from more than 2 devices. It
is called TDM (a.k.a. Time division multiplex), which is sort
of self-explaining. The data are carried on SD (Serial data)
line and are synchronized by SCK (Serial clock) line. Slave
devices are sending their data in a predefined order deter-
mined by WS (Word select) line. It is a chained signal line
that goes from the master device to the first slave device, and
then from the WSO (WS output) of this device to the follow-
ing device. Everytime the slave sends all of its data, it sends
a signal on its WS output to acknowledge that the data line is
clear to use. The data format is arbitrary and can therefore be
defined by the manufacturer. As it is described below, ICS-
52000 microphones were used in our case, so further details
about this particular TDM implementation can be found in
their datasheet [8].

3.2. Used microphones

To reduce the number of used components to the mini-
mum, is was appropriate to use components that contain the
required subcomponents inside. Luckily, there is a manufac-
tured type of MEMS (Micro Electro Mechanical Systems)
microphone, which contains an amplifier, an ADC (analog-
to-digital converter) as well as the TDM interface, so that it
directly pushes formatted data out through the TDM bus -
ICS52000 from TDK [8]. It is possible to connect up to 16
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of those microphones to one TDM bus. They are capable
of synchronizing with each other, so that they are capturing
the samples at the exact same times. This is important for
our final goal of making a microphone array, as the phase
difference between the signals must be correctly measured.
Otherwise, the direction, from which a certain sound came,
could not be precisely measurable.

3.3. Designed PCBs for individual microphones

The ICS-52000 microphone is soldered on a PCB with
a circular shape. The microphone is soldered into the center,
surrounded by complementary components, so that the hole
for incoming sound is placed exactly in the center and the
PCBs are therefore easy to position on the printed body. To
hold this PCB in place and transfer the signals to the serial
bus cables, another PCB is made, and held by screws inside
the body.

Fig. 3.
PCB with MEMS microphone ready to be mounted in-
side the construction.

3.4. Designed PCB for capturing device

The shielded cable carrying the signal must be easily
connectable to the capturing device. This could be accom-
plished easily by a simple PCB, only with connectors, de-
signed in such a way that it supports connection to the Rasp-
berry Pi (directly via Raspberry Pi-compatible connector),
as well as to some other boards via universal header pins
(connection with ADAU1452 was tested).

TDM to I2S conversion

As the Raspberry Pi currently does not support direct
TDM connection (the Linux kernel module for it does not
exist currently), it was necessary to come up with a bypass
solution. The Linux for Raspberry Pi supports I2S connec-

tion (Inter-IC Sound), which is very similar to TDM [9]. It is
possible to use it as an input for TDM data stream, if the WS
line frequency is divided - in our case by simple up/down
counter 74LS191. This way, the Raspberry Pi is generat-
ing WS for 2 microphones, but receives data for 16 micro-
phones, which are merged to 2 channels. After the data are
received, it is only a matter of software to correctly sort these
data, by the time they were received. The finished PCB with
this conversion capability may be seen in figure 4.

Fig. 4.
Adapter made as a Raspberry Pi - Microphone array in-
terface.

3.5. Changes made in the second version

As the first version suffered from major issues (mainly:
too big construction with poor rigidity, low portability due
to externally connected capturing device, too large adapter
for connection to Raspberry Pi), it was decided to design a
second version, which overcome these drawbacks by small
improvements.

Usage of bayonet coupling (as described in chapter 2.2)
provided an opportunity to make the design much smaller to
enhance portability. The PCBs for MEMS microphones and
their inner adapters were redesigned to use only one con-
nector, which makes them easier to assemble. A hole with
thread was added to the bottom of the array, to allow univer-
sal mounting on studio equipment. Raspberry Pi 3B was re-
placed by Raspberry Pi Zero 2 W, which is mounted directly
into the microphone body. The signal is to be either trans-
ferred through Wi-Fi network or recorded on an SD card.
The completed version can be seen in figures 5 and 6.
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Fig. 5.
Inner structure of the second version of the microphone
array.

Fig. 6.
Second version of the microphone array.

4. Conclusion
According to requirements, microphone array for uni-

versal application was designed and constructed in such a
way that it is capable of recording audio signals from its sur-
roundings. It is using the ICS-52000 MEMS microphones
with TDM output, to make the connection simple. As the
capturing device, an arbitrary Raspberry Pi can be used
directly, while using a specialized I2S-to-TDM channel-
sorting software. Furthermore, any other device capable of
receiving TDM or I2S signals can be used, thanks to the
universal pin header connectors on the designed PCB. The
constructed body can be disassembled quickly, thanks to the
used thread mechanism.

In the second version, the design was enhanced by
changing the coupler type from a thread mechanism to a bay-
onet coupler. Further miniaturization was therefore possible,
which enhanced portability. Raspberry Pi is newly placed
into the printed body and should be able to send received
signals by Wi-Fi, so the whole microphone needs just one
cable - to the power supply.
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Abstract. The necessity for automatic feedback control of
oxygenation became very visible during the COVID-19 pan-
demic. Insufficient and overworked clinical staff were un-
able to provide optimal therapy to patients suffering respi-
ratory failure. This paper describes the history of automatic
feedback control of oxygenation and highlights challenges in
modelling the patient, synthesis of feedback controller, and
validation methods. It should serve as a foundation for fu-
ture work on this topic.

Keywords
Physiological Closed-Loop Control, Mechanical Venti-
lation, Respiratory Modelling, Controller Synthesis.

1. Introduction
Precise regulation of oxygen levels during mechanical

ventilation is vital for patients suffering from respiratory fail-
ure. The general approach to regulating the oxygen level
during mechanical ventilation is for the clinician to manually
adapt mechanical ventilator settings based on measurements
of the oxygen level. This clinician-in-the-loop approach re-
mains workforce intensive and requires well-informed clini-
cians. At the height of the COVID-19 pandemic, this proved
a considerable bottleneck and prevented many patients from
receiving optimal care.

Automatic feedback control of oxygenation presents
an alternative to the clinician-in-the-loop and has been re-
searched for over half a century. It allows a control algo-
rithm to automatically adapt ventilator settings to keep a pa-
tient within a defined oxygenation target range - without the
clinician being present. As is shown in the block diagram in
Figure 1, the system has a feedback loop containing a sen-
sor and a controller. In this paper, we take a closer look at
the system to be controlled (the patient) and available mod-
els thereof, past and present sensors for measuring oxygen,
and control topologies used. A brief discussion on available
commercial systems and future possibilities is given.

Fig. 1. Block diagram of the closed-loop oxygenation control.

2. Modelling the Oxygen Cascade
The survival of aerobic organisms is conditional upon

the presence of sufficient oxygen and expulsion of excess
carbon dioxide. Oxygen enters the body through the lungs,
diffuses into the blood, and is transported to the tissue, where
the synthesis of adenosine triphosphate (ATP) - the cellular
energy currency - occurs. Excess oxygen and the by-product
carbon dioxide are then transported back to the lungs, where
carbon dioxide is expelled, and oxygen uptake restarts. A
block diagram of the process is shown in Figure 2. Since
the highest oxygen levels are present in the lungs and the
lowest in the returning venous blood, the process is called
the oxygen cascade [1].

In the lungs, adequate gas exchange is heavily reliant
on the cooperation of three processes, namely 1) ventilation,
2) perfusion, and 3) diffusion. Equally important is the abil-
ity of blood to transport large amounts of oxygen. Instead
of physically dissolved oxygen (which accounts for less
than 2%), the oxygen is chemically bound to haemoglobin
molecules. This non-linear relationship is given by the oxy-
gen dissociation curve and is dependent on temperature, pH,
and carbon dioxide levels in the blood - the chemical com-
position (or acid-base) status of the blood.

Modelling the cardio-pulmonary system has been the
subject of much research. Grodins et al. first described
a dynamic model of the cardiopulmonary system in 1954
[2]. Interest and expertise in the modelling and simulation of
dynamic biological systems increased rapidly with comput-
ing capabilities [3, 4]. These new models included multiple
compartments (such as the lungs, brain, and tissue) and con-
sidered the ability of the body to regulate internal variables
by changing cardiac output and ventilation. The extensions
also included chemical buffering, gas transport (Haldane and
Bohr effects) and described the many transport delays [4].
Fincham and Tehrani extended this model to include respira-
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Fig. 2. Simplified representation of the cardiopulmonary model
to show the oxygen cascade. The oxygen levels are ex-
pressed by partial pressure of oxygen in the inspired air
(PIO2), arterial blood (PaO2) and venous blood (PvO2).
The Q̇ is the cardiac output, τ1,2 refer to transportation
delays and V̇O2 is the oxygen consumption in the cells.

tory work output, the Hering-Breuer reflex, and increased the
timing resolution of the model showing intra-breath states
[5].

As early as 1949, Riley et al. proposed a static three-
compartment model for the pathological lung [6]. Their
model included three compartments: the alveolar dead-space
compartment (ventilation but no perfusion), shunt compart-
ment (perfusion but no ventilation - also known as venous
admixture), and the ideal alveolar compartment (matched
ventilation and perfusion). Therefore, only the portion of the
blood flowing past the ideal alveolar compartment is oxy-
genated. The other portion of deoxygenated venous blood is
mixed with the newly oxygenated blood to give the arterial
blood oxygen concentration.

Chiari et al. [7] used the shunt and dead-space com-
partment and improved descriptions of the acid-base levels
in their extension of the Grodins model [4]. Vidal-Meto et al.
considered the effect of diffusion impairment and expanded
on the description of heterogeneous ventilation-to-perfusion
ratios (V̇ /Q̇-mismatch) in their model [8].

An important extension of the Riley model was pre-
sented independently by Roe et al. [9] and Karbing et al.
[10]. They split the ideal alveolar compartment into seven
[9] or two [10] compartments to better simulate the V̇ /Q̇-
mismatch present in the lung. These models are only appli-
cable to steady-state simulation; however, they bring crucial
diagnostic information. They have therefore also been used
in decision support systems for the intensive care unit [11].

2.1. Linear and Reduced Order Models

The above described mathematical models are com-
plex, higher-order, and are difficult to accurately parame-
terize. As such, for controller synthesis, linearisation and
reduced-order models were used instead. The most com-
mon model is the first-order plus dead time (FOPDT) sys-

tem, which simplifies the input-output relationship for small
input signal variations (∆FiO2) to:

G(s) =
∆SpO2

∆FiO2
=

K

τ · s+ 1
· e−s·Td , (1)

where K is the open-loop gain, τ is the time constant and Td
is the dead time. The open-loop gain of the linearised sys-
tem can vary greatly and depends on the operating point cho-
sen for the linearisation. Furthermore, the time constant and
dead time depend on different factors, such as patient size
and cardiac output, and include the measurement dynamics,
as shown in the next section.

As an extension of the simple FOPDT representation,
a Hammerstein model can be used to couple the static non-
linear models of Roe [9] or Karbing [10] with a linear dy-
namic model. In this case, the gain was determined by non-
linearity.

3. Measurement of Oxygen Levels
The clinical standard for measuring oxygen levels is the

partial pressure of arterial oxygen (PaO2). PaO2 is only mea-
surable invasively and is currently limited to discrete blood
gas analysis. Previously, intravascular sensors, such as the
umbilical arterial oxygen electrode sensor, were available
for the continuous measurement of PaO2 in preterm infants
[12]. The use of intravascular sensors has ceased (due to
slow reaction time and lack of commercial systems) and was
replaced by non-invasive sensors such as the transcutaneous
gas sensor (on-the-skin) (tcO2) or the pulse oximeter to mea-
sure peripheral oxygen saturation (SpO2), which is the most
common feedback sensor.

However, these sensors include an increased and highly
variable transportation path, from the aorta to the periphery,
as well as the diffusion from peripheral arteries to the vas-
cular epithelium [13]. The considerable variation in trans-
port time is also well documented for the SpO2 measure-
ment. Studies showed that the measurement site (forehead,
ear, finger, or toe), the body temperature of the patient, and
the perfusion at the measurement site all significantly im-
pact the reaction time of the sensor [14]. In addition, pulse
oximeters guarantee an accuracy of ± 2-3% SpO2 in a range
of 70-100%. The accuracy degrades below 70% due to the
absence of data for the empirical calibration process.

The limited accuracy and increased transport delay of
the measurement need to be considered in the design of the
automated system.

4. Control Topologies
As explained above, the non-linear and time-varying

dynamics of the cardio-pulmonary system, as well as the
inter-patient variability in characteristics of respiratory fail-
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Fig. 4. Nyquist plot for the linearised models at a shunt of 25%.

ure make designing a stable and performant controller very
challenging.

As an illustrative example, the patient is modelled us-
ing the Hammerstein model mentioned above. The static
non-linearity is shown in Figure 3 for a shunt fraction of
25%. The linear dynamics are described by a FOPDT, with
unit gain, a nominal time constant of 25.4 sec and a dead
time of 22 sec. Assuming we linearise the system at discrete
values of FiO2 the open-loop system can be estimated.

The Nyquist plot for the resulting linear open-loop
models is shown in Figure 4. Clearly, the closed-loop re-
sponse will vary greatly, possibly even becoming unstable
if the controller is synthesised for the wrong linearisation
point. Importantly, this illustrative example only includes
the effect of an uncertain open-loop gain. The effect of an
uncertain time constant and dead time make matters consid-
erably worse. In particular, the uncertain dead time can lead
to problematic decreases in controller performance.

The earliest feedback control of oxygenation was pro-
posed by Mitamura et al. in 1975, but the controller was a
simple on-off relay control for the oxygen mixer [15].

The proportional-integral-derivative controller, which
is the industrial standard for feedback control, was used
by several researchers for the control of oxygenation [16].
Since the standard form of the PID-controller does not allow
large uncertainties in system parameters, an offline identifi-

cation for each subject was performed, with the subsequent
tuning of the PID-values [17]. Whilst this approach worked
in animal trials, it is unrealistic to transfer it to an intensive
care unit. The use of gain-scheduling was applied by Raemer
et al., which partially compensated for the variation in open-
loop gain [18]. However, the initial tuning also required a
manual identification to be performed.

An adaptive controller varies the control law depend-
ing on the online-identified system. Yu et al. employed a
multiple-model adaptive control to match the current system
model to a controller from the a priori tuned controller bank
[19]. Dugdale et al. used a robust controller to guarantee sta-
bility for the worst-case open-loop gain, time constant and
dead time [20]. Whilst this is a safe option, control action is
normally very conservative and no dynamic response is pre-
sented in their paper. A combination of adaptive and robust
controllers was used by Sano et al. [13]. An extensive re-
view of the feedback control of oxygenation in presented by
Claure et al. [21].

An alternative to the classical and modern controllers
are the simple rule-based systems. Here, clinical protocols
and clinical thinking are mimicked by rules. These were suc-
cessfully applied by Waisel et al. [22] and Pomprapa et al.
[23], but their decisions are based on quasi-static feedback
signals.

5. Discussion
There has been much research both in the dynamic

modelling of the cardio-pulmonary system and automatic
feedback control of oxygenation. However, many of the
complex, higher-order models are not directly useful for the
synthesis of controllers. In addition, most of the models have
not been independently validated [24].

As such, most researchers have relied on the simple
first-order plus dead time model to design the controllers.
Whilst early results for simpler controllers, such as the PID-
control, show some merit, a complete analysis of the robust-
ness - both in performance and stability - has yet to be per-
formed. Sano et al. [13] and Yu et al. [19] applied the most
modern controller designs with varying degrees of success.
At the same time, the increased complexity does not allow
for transparency and understanding. This limits the ability
to transfer the concepts to the intensive care unit.

The final and true test for automatic feedback control
of oxygenation remains a clinical study, and the availability
of commercial systems for closed-loop control of oxygena-
tion in neonates is making this possible [25]. Early results
show that patients spend more time in the target zone than
clinician-in-the-loop systems [21].

In summary, despite the many advances in modelling
and feedback control, the real breakthrough for modern con-
trol theory to be applied to automatic control of oxygenation
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is yet to occur. It requires more structured model analysis
from the control engineering viewpoint and the availabil-
ity of large, time-series datasets from patients in the inten-
sive care unit. Based on these validated models, a thorough
controller synthesis and robustness analysis needs to be per-
formed. In addition, the transparency of controllers needs
to be increased, such that clinical staff understand and trust
them.
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Abstract. The text deals with the birth of the Czechoslovak 

PRIM/Spartak wristwatch, which originated in the early 

1950s as a result of the intensive several-year efforts of the 

national company Chronotechna 02 in Nové Město nad 

Metují, which was established for this purpose. 

Czechoslovakia became only the eighth country in the world 

to be able to produce high-quality Swiss-type wristwatches 

after World War II. Czechoslovak industry undoubtedly 

achieved this prestigious goal thanks to good readiness of 

production technology infrastructure, ability to follow the 

relics of military precision engineering and fine mechanical 

production of the Third Reich in the Protectorate of 

Bohemia and Moravia and former Sudetenland, with later 

indirect contribution from both Eastern and Western 

technicians and their design models for their own design of 

a watch movement (caliber). How important role this 

lastmentioned fact has played in the development and 

building of the modern Czechoslovak watchmaking industry 

is the key topic of this article. In a broader context, its 

content concerns more general issues of transfer of 

production and technical knowledge, protection and 

violation of industrial property rights in the economic, 

political and economic conditions of socialist 

Czechoslovakia in the 1950s. 

Keywords 
History of technology, history of fine mechanics, history of 

watch production, technology transfer; CMEA; metal 

industry, electrical engineering and armament industry; 

know-how, history of innovations, centrally controlled 

economy, 1945-1960   
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1. Introduction 

Czechoslovakia achieved a major technological 

breakthrough in the second half of the 1950s, becoming the 

eighth country in the world to produce high-quality 

mechanical wristwatches and deliver a fully competitive, 

modern, high-quality domestic watch to the domestic 

market. At that time modern, technically advanced watches 

named Spartak, equipped with the commonly named Swiss 

lever escapement, were manufactured by the 02 

Chronotechna1 plant in Nové Město nad Metují. This 

manufacturing plant mastered the technology of industrial 

wristwatch production almost entirely under its own 

direction and watch production under the PRIM2 brand and 

continued successfully in the next three decades as the only 

Czechoslovak producer of wristwatches. The start-up of 

industrial production of wristwatches with a modern 

movement (caliber) consisting of components made in 

Czechoslovakia, including the commonly named Swiss 

lever escapement, without adequate specialized 

technological background and previous industry experience 

and significant direct foreign technological assistance is an 

extremely technically, technologically and logistically 

demanding task. Thus, the phenomenon of the birth of the 

first Czechoslovak wristwatches is rightly perceived both in 

professional circles and by the general public as a triumph 

of Czechoslovak precision engineering and a proof of the 

extraordinary general technological sophistication of this 

industry.3 

Much less and more reserved attention has been paid to 

the fact that the design of the first Czechoslovak watch 

movement of Spartak wrist watches (caliber 50)4 fully and 

in the smallest detail matches the French movement (caliber) 

LIP R 25-35 and that the Czechoslovak watch industry has 

4 HOVORKA, L. Primky…, op. cit., p.32. 

5 COUSTANS, M., GALLAZO, D. Lip, des heures à conter (Beaux 

livres Patrimoine), (French Edition). Grenoble: GLENAT, 2017,p.74. 
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demonstrably not reached this "compliance" by direct 

means. Of course, the sources of the communist era do not 

provide any information on this takeover of the design of the 

movement of the first Czechoslovak watches from the West. 

What is striking, however, is that even in the current 

professional literature dealing with the history of the first 

Czechoslovak watch caliber, one can find somewhat 

euphemistic proclamations6, which at least downplay this 

reverse engineering chapter7 of the Czechoslovak watch 

industry or present it as a "mere" inspiration or simple "use" 

of a foreign model. 

 

Fig. 1. The First Czechoslovak wristwatches Spartak.  

In MARTÍNEK, Z. Dějiny československého 
hodinářského průmyslu…, op. cit.,p.113. 

 

2. Watchmaking technology as an 

example of technology transfer 

2.1 The issue of violation industrial rights 

in the context of cold war period  

So what significance do these somewhat restrained 

reflections on the reverse engineering chapter of the birth of 

the first PRIM watches have for the present? In the context 

of the contemporary economic and political situation in 

Czechoslovakia, how can the perspective of insight into the 

issue of violation of industrial property rights8 be interpreted 

or changed? An equally important question is, what was the 

technological value of this reverse engineering "shortcut" in 

the whole sequence of interrelated steps preceding the serial 

production of modern mechanical wristwatches? Taking 

over the design alone in terms of fulfilling the whole is far 

from the final step. When characterizing the story of PRIM/ 

 

6 There are claims about taking over a foreign model or that a simple 

model was used. (Hovorka, Martínek) However, a simple visual 
comparison reveals an almost complete correspondence of the 

Czechoslovak caliber with the model in the LIP caliber.  

7 GLITZ, A, MEYERSSON, E. Industrial Espionage and Productivity. 
American Economic Review, 2022, 110, No 4, p. 1055-1103. 

Spartak watches, we analyze the construction of the entire 

fine-mechanical industry, which practically did not exist in 

Czechoslovakia before World War II. For this analysis, it is 

not enough to focus on the possibility of using - copying 

only a foreign template. How to view and evaluate these 

processes in the context of the contemporary situation in 

Czechoslovakia is the main research question of this text.  

2.2 Industrial and economic espionage in 

the field of watchmaking 

Classical mechanical watchmaking has always been a 

prestigious field, going to the very limit of contemporary 

technical and technological possibilities. It can be described, 

with some exaggeration, as the Hi-tech era of mechanics.  In 

the fields of strategic importance, such as the production of 

marine chronometers key to accurate navigation, the precise 

timekeeping technology become the subject of industrial 

espionage, often not for the benefit of individuals but of 

entire states. 

This competitive trend continues into the 19th 

century, when clocks and watches became industrial goods, 

but still retained the hallmark of exclusivity and prestige, 

and remained the industrial domain of only a few countries. 

Many countries, especially those with superpower 

ambitions, have aspired to gain the technology of producing 

precision timepieces (wristwatches, pocket watches and 

precision on-board chronometers) either by legal means or 

through industrial espionage.9 

An illustrative example is Japan, which gradually 

adopted the technology of precision watchmaking over the 

course of three decades from the late 19th century to the 

1920s with the help of Japanese-American joint ventures and 

later with the strong support of industrial espionage. 

Accurate timepieces have been and are key to military 

combat control systems as well as the equipment element of 

the modern soldier. In the civil sphere, they represented a 

certain feature of the modern lifestyle.10 However, 

technology transfer in the field is extremely difficult and 

expensive, so most countries, including pre-war 

Czechoslovakia, therefore rely on imports mainly for 

economic reasons. However, this does not mean that many 

do not seek to master this technology for strategic reasons. 

The Soviet Union acquired the first industrial 

wristwatch technology from the United States in the mid-

1930s through the acquisition of the Deuber-Hampden 

8 UHRICH, L. Economic Espionage Act--Reverse Engineering and the 

Intellectual Property Public Policy, The, 7 Mich. Telecomm. & Tech. L. 
Rev. 147, 2001,p.169. 

9 LAFUENTE, A., SELLÉS, M. A. The problem of longitude at sea in   

the 18th century in Spain. Vistas in Astronomy, 1985, 28, p.3. 

10 HOVORKA, L. Primky …, op.cit.,p.670. 
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11factory. At that time, the Soviet Union legally transferred 

the industrial technology, albeit outdated, needed to produce 

the first wristwatches and pocket watches. At the same time, 

despite many sanctions and embargoes that the Soviet Union 

was subjected to in the 1930s, it is clear that it was US 

economic aid which was behind its relatively massive 

industrialization in the 1920s and 1930s - watchmaking is no 

exception. It shows that although the Soviet state power 

loathed capitalism, its technology was not the case. Later, in 

1936, the Soviets bought the technology and manufacturing 

documentation from the French company LIP in Besançon12, 

which after the war became the basis of the legendary 

Russian watch Pobeda13, the first relatively modern post-war 

wristwatch on the local market. The basis of Pobeda 

consisted of the LIP R 2614 movement, which, however, was 

already obsolete at the time of the purchase, and probably 

that is why the Czechoslovaks were considering the possible 

design use of Pobeda for their watch project. In the end, in 

Czechoslovakia, a model from a newer line of French 

watchmaking machines was used. The Soviets later bought 

other technologies in the 1960s and 1970s, mainly from 

Switzerland.15 

However, this did not mean that they did not 

infringe industrial rights in the watch industry. For example, 

the caliber Vostok 2809 VP (Very Precise), which was 

equipped with chronometrically Soviet precise wristwatches 

VOLNA, was an almost identical copy of the first-class 

Swiss chronometer caliber Zenith 13516, whose project 

documentation apparently fell into the hands of the Soviets 

thanks to industrial espionage. The onboard chronograph, 

which the post-war Soviet jet fighters were equipped with, 

came from the model of the Swiss on-board clock brand 

Jaeger-LeCoultre17 purchased by the USSR for mounting 

cockpits of war piston engined fighters Polikarpov. 

However, the development of 20th century watchmaking 

also registers violations of industrial rights in a "higher 

strategic interest" by American companies. The marine 

chronometer Hamilton 2118 of US Navy, mass-produced by 

the American watch company of the same name, was 

significantly inspired in construction by the Swiss marine 

chronometer produced by Ulysse Nardin19, thanks to the 

reverse engineering analysis provided by the Hamilton 

designers. 

 

11 GARRAT, A. F. The Birth of Soviet Watchmaking. E-book 

https://cs.hampdenwatches.com/the-birth-of-soviet-watchmaking 

(on- line 10. 3. 2022),p.27-67.  

12 Ibid. 

13 Ibid. 

14 Ibid. 

15 Ibid. 

16 KOLLESNIKOV-JESSOP, S., Russian watches from the Soviet era: 

rugged iterations of Swiss-inspired design. New York Times 7. 11. 2007. 

2.3 The Czechoslovak story – the way to 

the first wristwatch 

The post-war Europe divided by the Iron Curtain 

created completely new conditions in the economic space of 

the countries of the emerging Eastern bloc. The countries in 

the Soviet sphere of influence suddenly found themselves, 

either cut off from the sources of quality watchmaking goods 

or consuming valuable currencies by purchasing them. The 

military importance of the production of timepieces and 

other fine-mechanical devices was also important, 

reinforced by the onset of the Cold War. 

Developed precision engineering used mainly in the 

arms industry even in the pre-war period as well as a later 

relocation of some fine-mechanical equipment production in 

the Sudetenland, however, created a good industrial and 

knowledge base for the possible start of watchmaking. 

The production of wristwatches was undoubtedly a 

production associated with military production in the 

socialist bloc countries. Saturating the Czechoslovak 

demand for personal mechanical timepieces was a secondary 

motivation for grasping the technology of precise 

watchmaking. The effort to implement watchmaking in the 

Nové Město nad Metují plant was, of course, accompanied 

by many initial setbacks. However, the conceptual 

technological thinking and the good organizational skills of 

the plant's senior technical staff had a positive impact on the 

long-term vision of introducing the production of 

wristwatches in Czechoslovakia.20 It was wisely decided that 

the industrial production of fine-mechanical timepieces 

would be approached in gradual steps. This was matched by 

a long-term plan to acquire key production technology skills, 

starting first with the production of partial components, and 

later with pocket watches as a prelude to the serial 

production of wristwatches. This project of gradual 

acquisition of watchmaking know-how was unexpectedly 

"happily" accelerated by the indirect engagement of the 

Soviets in the early 1950s. In order to supply accurate flight 

deck clocks to the Soviet MIG-15 jet fighters manufactured 

here under license, they provided Czechoslovakia with 

technical documentation for the production of military flight 

deck clocks structurally and technologically close to high-

quality pocket watches. Czechoslovakia thus took full 

advantage of the opportunity to gain invaluable industry 

experience in the large-scale production of precision 

timepieces. Therefore, the management of the company, 

17 Ibid. 

18 MORRIS, W. J. The Mariner’s Chronometer: Structure, function, 

maintenance and history. CreateSpace Independent Publishing Platform, 

2012,p.107-117. 

19 Ibid. 

20 MARTÍNEK, Z. Dějiny československého hodinářského průmyslu 

…, op. cit., p.110. 
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after mastering the licensed production of cockpit 

chronographs, decided to proceed directly to the preparation 

of its own production of mechanical wristwatches. 

However, the design of the original watch caliber 

represents another time-consuming and technologically 

demanding development stage, with an uncertain forecast of 

successful completion. The further development of the first 

Czechoslovak caliber thus took the path of gaining a design 

model from abroad illegally. The models of the movement 

were secured in the early 1950s by the regular purchase of 

complete wristwatches from France. These were then 

handed over to Chronotechna's designers for detailed 

analysis. All parameters of the illegally taken over 

movement (LIP–R25) were recalculated not only due to the 

absence of technical documentation, but also due to 

verification of technological correctness of production 

procedures.21 The preparation of complete design and 

manufacturing documentation, including drawings of tools, 

jigs, production tolerances, gauges and material standards, is 

also fully the work of domestic designers and technologists. 

From today's perspective, the use of foreign technical 

solutions can be clearly assessed as unauthorized use of 

foreign intellectual property. However, the question remains 

whether, in the specific situation of the Iron Curtain of a 

divided Europe, there was someone thinking about the 

structural use of foreign "Western" models in the parameters 

of the violation of industrial property rights. 

 

Fig. 2. The original calibers LIP R25 and its subversion with 
central second  

In COUSTANS, M., GALLAZO, D. Lip, des heures à 

conter, …, op.cit., p.74. 

 

 

Fig. 3. The Czechoslovak caliber PRIM 50 and template of its 

central second subversion  

In HOVORKA, L. Primky…, op.cit., p 34.  

 

21MARTÍNEK, Z. Dějiny československého hodinářského průmyslu…, 

op. cit., p.112. 

The task of implementing a production program for 

serial production of mechanical wristwatches has several 

dimensions, not only the design, which, as we already know, 

was the result of legally illegitimate, reverse engineering 

activities of our technicians, but also the production, 

technological, economic and organizational dimension. The 

serial production of mechanical wristwatches was extremely 

demanding and complex, numbering hundreds of production 

operations, which, of course, was reflected in the industrial 

engineering and economic dimensions of the whole event. 

The complex requirements of a demanding technological 

task realized in industrial parameters could not be met 

without other necessary conditions, namely to have a 

modern technical park, integrated professional staff, 

gradually acquired industry know-how, with a generally 

good level of industrial and production technology 

background of post-war Czechoslovakia. 

 

year annual production pcs. total production pcs. 

1954 12 12 

1956 1 500 1 659 

1957 3 000 4 659 

1958 15 000 19 659 

1967 367 134 2 271 342 

Tab. 1.  Increasing production of PRIM wristwatches  

In HOVORKA, L. Primky…, op.cit., p.34.  

3. Conclusion 

The history of science and technology, of course, 

knows many examples of successful industrial espionage 

and reverse engineering, and in certain historical 

constellations it can be seen as a beneficial force for 

innovation in less technologically advanced industries and 

areas, although it seems to be a morally dubious element of 

scientific progress. 

Reverse engineering, industrial rights violations, 

economic and industrial espionage, especially if they were 

in the strategic or state interest, have accompanied 

technology transfer processes almost naturally, and the 

question is whether there is a universal measure by which 

these processes can be assessed and evaluated. 

 In the context of the time and situation of the 

Czechoslovak state, standing in the bipolar order of post-war 

Europe on the Soviet-dominated side of the Iron Curtain, the 

decision of Czechoslovak designers to use a foreign design 

solution can be fully understood. It should be born in mind 

that the design was a key, but not the only, part of a very 

complex process of mastering industrial watch technology, 
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which requires a number of other specific and demanding 

requirements, together with the necessary general level of 

industrial and production technology. The acceptance of a 

foreign model thus accelerated the development and start of 

the production of wristwatches in Czechoslovakia, which 

later resulted in the independent development of modern and 

original Czechoslovak caliber PRIM series 66-68 with direct 

drive central second hand, followed in the 80s by caliber 90 

and 96 with automatic winding.22 These calibers with slight 

modifications and after the resumption of primary 

production in 2009 are in the production program of the 

successor manufactury Elton hodinářská, a.s. to this day. 
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Abstract. The following paper aims to approach the 

process of electrification of the political district of 

Čadca in the period 1918 - 1950, mainly in terms of 

its impact on water saws and mills. It examines not 

only the course of electrification and its legislative 

anchoring, especially in the Electrification Act of 

1919. It focuses on the specifics of electricity 

spreading as a source of lighting and propulsion into 

the production process of water saws and mills, 

which were an important part of the district 

economy. It also points to several specific factors 

that have prevented these companies from being 

fully electrified. 
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1. Introduction 

The introduction of electricity into the 

production process of sawmills and mills was 

undoubtedly one of the most important 

modernization impulses, not only in the Kysuce 

region but in the whole of Czechoslovakia. The first, 

unsystematic phase of electrification in the vicinity 

of Čadca took place in the period before the First 

World War. The source of electricity was the two 

local largest industrial plants: the textile factory of 

the Baize factories in Žilina (Súkenné továrne) and 

the steam saw of Leopold Popper, which, in addition 

to the production facilities themselves, also supplied 

electricity to the city of Čadca. [2] However, the state 

of electrification in Kysucie was low until 1918, 

which corresponded to the nationwide situation, 

when only 2.2 % of municipalities had access to 

electricity. [3] 

 

2. Systematic electrification of 

the Čadca district 

The systematic electrification of the 

Czechoslovak Republic began with the adoption of 

the so-called Electrification Act in July 1919.[4] 

However, the Act on the Support of Rural 

Electrification of 1926 was of greater importance for 

the territory of agrarian Slovakia.[5] In the case of 

Kysuce, this was in practice reflected in the 

interconnection of the distribution networks of the 

United Power Plants of northwestern Slovakia 

(Spojené elektrárne severozápadního Slovenska) and 

the Moravian - Silesian Power Plants (Moravsko-

sliezske elektrárne). Their connection, formed by the 

so-called very high voltage highway, passed through 

the territory of Kysuce, and in 1931 Čadca was 

connected to it.[6] The majority of the region's 

population was located in the area between Čadca 

and Makov, which was electrified in 1932, thus 

creating ideal conditions for the further use of 

electricity, not only in the economic sector. 

However, during the ongoing Great Depression, not 

enough funds were found to complete the 

electrification of these municipalities, which 

eventually did not take place until the turn of the 

1930s and 1940s. 

 

 

Fig. 1. Čadca district in the 1930s. The population was 

concentrated along the river Kysuca between the municipality of 

Makov and the town Čadca. The name of the whole region is 

based on this river. 

mailto:hrtusmar@fel.cvut.cz


2                  M.D.Hrtus, Electrification of the Čadca district with an emphasis on water saws and mills 

 

Another retarding factor in the expansion of 

electricity was its relatively high local cost. The local 

Business Association (Okresné živnostenské 

společenstvo) [7] has become a mediator in 

negotiations between consumers and the United 

Power Plants of northwestern Slovakia.[8] The talks 

were supported by a series of public demonstrations 

and protests to reduce electricity consumption. This 

last step proved to be the most effective. Two years 

after the start of negotiations, it was agreed to reduce 

the price for light current from CZK 4 / kW to CZK 

3.70 / kW and for motor current from CZK 2.20 / kW 

to CZK 1.90 / kW. [9]Even this price did not suit the 

self-employed even, as the average national tax per 

1 kW of light current was CZK 3.24.[10] However, 

other objections and attempts by the trade 

community to intervene were not successful and 

electricity consumers by the end of the period under 

review were paying one of the highest prices in the 

country. The electrification process nevertheless 

continued, and by January 1947, 74 % of the 

municipalities in the district had been electrified. 

This share far exceeded the national average of 40 

%. [11] 

 

3. Electrification of sawmills 

and mills in the district of 

Čadca 

In the sawmilling and milling industry 

electricity had three uses. As a source of lighting, for 

larger sawmills and mills as the main source of 

propulsion, and for smaller companies with a water 

motor as an auxiliary source of propulsion during 

periods of insufficient water flow. The major 

development in terms of safety has been the 

introduction of electric lighting, which has 

significantly reduced the risk of fire in these very 

dusty working environments. Electric motors alone 

continue to reduce this risk compared to steam or 

wooden gas auxiliary engines. They also have an 

immediate power output that does not require a long 

start-up process. They are easy to operate, and when 

placed directly next to grinding and machining tools, 

they allow them to operate selectively and eliminate 

dangerous uncovered transmissions and pulleys. 

Their main disadvantage is, of course, the need for a 

source of electricity. These facts led to the so-called 

local electrification, in which electricity was 

produced and consumed directly in mills and less 

often in sawmills. The original water engine (water 

wheel and especially the water turbine) served as the 

primary input energy source, and the energy 

produced in this way served mainly for lighting. In 

the Czech lands, this process began in the period 

before the First World War and continued into the 

1920s, when it was followed by systematic 

electrification. The situation was different in 

Slovakia. The overall economic and technical 

backwardness led to the state in which these local 

sources of electricity were present in much smaller 

quantities, even after 1918. Before they could 

expand, systematic electrification began to connect 

water saws and mills to a standardized distribution 

network. 

We can also observe this sequence of events in 

the Čadca district. The first water-powered business 

to start using electricity was the mill in Turzovka, 

which belonged to the Chromík family. The classic 

mill equipment was rebuilt in 1924 into a roller mill, 

which, however, needs more stable and higher 

revolutions for operation. The wooden topwater 

wheel was replaced by a Bánki´s turbine, which also 

powered an electric generator. Later, it was taken 

over by the United Power Plants of northwestern 

Slovakia as a power plant. Its water turbine was the 

only turbine installed and at the same time the most 

powerful water engine in the district.[12] After 1924, 

there was probably no electrification of any 

equipment that would use its own water engine to 

produce electricity. When examining the state of 

electrification of other objects, we come across a 

discrepancy between archival sources and secondary 

literature, or a vague definition of the electrification 

of the object. For example, in his article, Miroslav 

Sabol ranks the saws of Hugo Frankl and the Cisáriks 

brothers in Turzovka, together with the saw of 

Alexander Duda, among the electrified with a fully 

electric propulsion.[13] Hugo Frankl's saw was 

located on the site where, according to the First 

military mapping, a sawmill and a mill stood side by 

side. Those disappeared by the 1880s, which we can 

tell by the Third military mapping. Frankl has held a 

trade license to operate a water and steam sawmill 

since 1933. [14] The issuance of the permit was also 

accompanied by a decision for permitting the 

construction of a steam engine boiler room. Even 
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after the steam engine commissioning, the water 

drive was still used, as the water channel was rebuilt 

and an entry was made in the Water Book. [15] 

Available archival documents do not mention the use 

of electricity. 

 

Fig. 2. The location of future Hugo Frankl´s water-saw as 

pictured on the map sheet of the First military survey. 

 

Fig. 3. The same location in the 1880s. Only the building 

of a saw is remaining. 

 

Alexander Duda's sawmill also combined steam 

and water propulsion according to the materials of 

the Business association.[16] However, we can 

assume the use of electricity for both saws, at least 

for lighting purposes. They were located in 

electrified parts of the municipalities, in the case of 

sawmill A. Dudu even close to the terminal railway 

station. 

 

 

 

 

 

 

 

 

Fig. 4. The saw of Alexander Duda in Makov, next to the 

railway station, as seen on the German General Staff map during 

the 1940s. 

 

The sawmill of the Cisáriks brothers in 

Turzovka does not fall within the focus of the 

original research, as it never used hydropower during 

its operation. However, I mention it as an example of 

a specific electrification process, which is evidenced 

by sufficient archival evidence.[17] It was built in 

1938 on a hitherto undeveloped plot of land in the 

center of Turzovka in the immediate vicinity of the 

railway station, ie in an electrified area. The 

company with a capacity of 8,000 m3 of logs 

annually further processed part of the finished 

lumber into barrels, chisels, and simple furniture. 

Due to this energy-intensive secondary processing of 

wood raw material, it differed from regional water 

saws. These manufacturing processes required 

several machine tools for which individual electric 

propulsion was ideal. Probably due to its high price, 

the saw did not take it from the distribution network 

but had its own steam engine with a generator.[18] 

From the classification point of view, its 

categorization as electric or steam saws is therefore 

questionable. 

The discrepancy between the requirements of 

water saw owners for the use of electricity and the 

real progress of electrification can be demonstrated 

in the last two facilities. Ján Chribík built the first 

sawmill in Vysoká nad Kysucou in 1941, which was 

completely converted from water to electricity. 

However, the electrification of the village did not 

take place according to the planned schedule and the 

sawmill is listed in the 1943 inventory as non-

functional, without an energy source.[19] The owner 

of another sawmill in Turzovka, Vincent Hrtus, also 

planned to use electricity as an auxiliary source of 

propulsion. However, as his building was located 
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about 500 meters from the nearest line, he decided to 

build a self-made connection. As can be seen in the 

attached photograph, he even erected several poles, 

but subsequently ran out of funds and the sawmill 

thus remained water-powered until it ceased 

operations in 1952. But the construction attempt 

alone suggests what benefits the sawmill owners 

have seen in electric power. 

 

Fig. 5. The water-saw of Vincent Hrtus in Turzovka in the 

second half of the 1930s. The picture shows two self-assembled 

poles of the unfinished power line. The immediate surroundings 

of the saw are not electrified to this day. Author´s private 

collection. 

The geographical and climatic conditions of the 

Čadca district are not favorable for crop production, 

therefore in the observed period, the mills were of 

less economic importance than the sawmills. The 

sources document the only electrified object, Viktor 

Gramer's mill in Čadca.[20] However, the electric 

drive here enabled such modern and economical 

production that it was the only mill whose operation 

was not ceased in the 50s, and in 1951 it was 

incorporated into state mills industry (n.p. Považské 

mlyny). [21] 

 

4. Conclusion 

The electrification of the Čadca district, despite the 

overall economic backwardness of the region and the 

overall delayed start in Slovakia, in comparison with 

the Czech lands had favorable conditions, as its 

territory was crossed by a long-distance power line, 

coming from the industrial area of Silesia. This 

potential has not been fully exploited due to the 

higher price of electricity and the restriction of its 

distribution to the centers of larger municipalities. 

However, electricity was an attractive source of 

primary or auxiliary propulsion for the 

abovementioned businesses and a significant 

impetus for modernization. Research on the 

electrification of Slovakia with emphasis on its 

social aspects is the topic of the author's planned 

doctoral thesis. This POSTER is the first, shorter 

output in the research. 
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Abstract: Emanuel Šlechta (December 19, 
1895 Kutná Hora - March 17, 1960 Prague) 
was a Czech and Czechoslovak politician of 
the Czechoslovak Socialist Party, the main 
representative of the post-Communist 
Czechoslovak Socialist Communist post-
February course, a member of the National 
Assembly of Czechoslovakia and Minister 
of Czechoslovakia. 
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1.        Introduction 
 

Emanuel Šlechta was born on 
December 19, 1895 in Kutná Hora and died 
on March 17, 1960 in Prague. He commited 
suicide with his wife Anna Šlechtová.  
 

He was a Czech and Czechoslovak 
politician of the Czechoslovak Socialistic 
Party, the main representative of the post-
February pro-communist course, a member 
of the National Assembly, and the Minister 
of Government of Czechoslovakia. He was 
very precize and carefull. 
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During his long political career 
professor Šlechta was appointed Minister of 
Technology on June 1948, Ministr of 
Construction on 20 december 1950 and 
ministr of construction Terchnique on 
September 1953. At the ministry he focused 
on the beginnings of industralization of 
construction, the firs steps in planning the 
construction on transport and civil 
engineering and the preparation of 
conditions. 

 
2.          Apprenticeship years  
 

Emanuel Šlechta graduated in 1914 
in Kutná Hora, in 1915 he was drafted as a 
soldier. He entered the full-time military 
service shortly after graduation in 1915 and 
achieved the rank of lieutnant. He was 
superarbitrated.  
 
 From a young age, he was 
handicapped by a small figure and a 
partially deformed right hand as a remnant 
of World War I injuries. Edvard Beneš, for 
example, had great sympathy for him 
precisely because of his small stature. He 
was higher in knowledge, but they both had 
the same qualities, especially diligence and 
hard work. Emanuel Šlechta graduated in 
1914 in Kutná Hora, in 1915 he was drafted 
as a militiaman. He entered the military full-
time service shortly after graduation in 1915 
and achieved the rank of lieutenant. He was 
superarbitrated due to his injuries at the 
front (hand injuries) and was granted a 
partial pension of CZK 600. He was then 
recruited for technical weapons service. At 
the end of the war, he was already enrolled 
in Prague technology. In 1919 he passed the 
first state final examination with honors. In 
1921 he passed the second with good 
grades. After graduating from the Czech 
Technical University in 1922, he began 
working as a designer at the sugar 
department of the First Czech-Moravian 
Machine Factory, where he participated in 
the reconstruction of the sugar factory in 
Ovčary in the Kolín region. The more 

extensive reconstruction of the local sugar 
factory was carried out jointly by the 
companies Brát a spol., The Czech-
Moravian Machine Factory and Škoda's 
plants. 
 
 

 
Pict. 2: Emanuel Šlechta with his wife Anna  

 
 Stanislav Špaček was behind 
Emanuel Šlechta's study trip to the USA. 
Based on an agreement with him, the 
Šlechta went on a three-year internship to 
the USA, where he was employed in a 
number of industrial enterprises. On April 
18, 1923, he joined The Baldwin 
Locomotive Works in Philadelphia 
(production of 3,600 locomotives per year), 
where he worked until February 16, 1924. 
At the same time, he became a member of 
the Association of American Mechanical 
Engineers. As early as February 28, 1924, 
he joined The Niles Tool Works (a 
subsidiary of the Niles Bement Pond Hilton 
machine tool group in Ohio) as a machine 
tool designer for locomotive workshops 
(standardization and fitting systems 
department). September 9, 1925, when he 
left on September 18, 1925 to The Great 
Western Sugar Co. in Denver, Colorado as 
Assistant Chief Engineer the Group owned 
21 beet sugar factories. completed in 
October 1926. After finishing work on 
December 1, 1926, he returned to his 
homeland. 
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Own expiriens with surface 
treatments, spot welding, welding and 
soldering, join metal parts together. He 
researched time during the manufacturing 
proces. Try to learn perfectly english and 
learn money. After completing his 
inthership in the USA, Šlechta returned to 
the Czechoslovak Republic in 1927 and 
joined the Baťa shoe concern, as a 
consulting engineer. After a short stay with 
this company he decided to become 
independent.  
 

He obtained the certification of an 
authorized civil advisory engineer and in 
the following years implemented a 
complete reorganization of a number of 
companies. He introduced American 
methods of production management. His 
clients included domestic banks, industrial 
enterprises Baťa plants, Pilsen Škoda and 
the capital city of Prague.  

 
 

 
                    Pict. 3: Šlechta in 1948         
 
 
3.          Consulting activity 
 
 During his time at Bata, he 
prepared a fundamental study based on his 
American practice, which later became the 
basis of his dissertation, Economical Lot 
Sizes, quoting six American and one 
German sources, published in 1928 by F. 

Hrivnac. On the basis of her defense, he was 
awarded a doctorate in technical sciences at 
the Czech Technical University in 1929 
(November 4, 1929). In March 1929 
(exactly March 7, 1929) he received a 
license from a civil engineer to build 
machines. He moved from Zlín to the 
capital and opened an office in Prague 2, 
first at 12 Na Poříčí Street (in the YMCA 
Palace), then at Národní třída 18 (next to 
Reduta) and in 1931 he moved to Lazarská 
7, the Báňská building and metallurgical 
company, which also housed the 
Czechoslovak Committee for Scientific 
Work Organization. 
 
 After visiting Germany, he 
traveled to Holland and in 1935 headed to 
England. Subsequently, in the years 1932 - 
1938, he undertook several business trips to 
the USA, France, Belgium, Holland, 
England and Germany. He went on his last 
pre-war trip to Washington in 1938, where 
he attended the International Congress of 
the International Committee for Scientific 
Organization (CIOS). He also served as a 
member of IV. Department of Masaryk 
Academy of Labor, correspondent member 
of the Social Institute, member of the 
Czechoslovak Association. Engineers and 
the Board of the Chamber of Engineering, a 
member of the American Society of 
Mechanical Engineers, a member of the 
International Committee for the Scientific 
Organization in Geneva and a member of 
the Board of the Department of the Post 
Office. 
 
4.        Professor at CTU 
 

Emanuel Šlechta was graduated 
from the CTU in 1929 as a doctor of 
technical sciences, and in 1932 he was 
habilitated as a private associate professor 
in the organization of industrial enterprises 
and their economies. In a short time built the 
Institute of the Organization of Production 
and Operation of Industrial Plants, based in 
the historical building of the Czech 
Technical University in Prague on Charles 
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Square. He thus became a full professor of 
organization of industrial enterprises at the 
Czech Technical University. This 
appointment began his pedagogical career 
at the Faculty of Mechanical and Electrical 
Engineering, which at that time was led by 
Dean Professor Ing. Dr. Josef Řezníček and 
the vicedean was Professor Ing. Jaromír 
Jirák.  
 
 As chairman of the Economic 
Council and a member of the board of 
directors, he regularly met with the party's 
top national socialists, chairman Petr Zenkl, 
secretary general Vladimír Krajina, foreign 
trade minister Hubert Ripka, education 
minister Jaroslav Stránský, justice minister 
Prokop Drtina. Within the Economic 
Council, he often met with the party's 
economist and CKD director Jiří Hejda, 
construction entrepreneurs and party 
members Štěpán Ješ and Václav Havel, 
with whom he dealt with, for example, the 
construction of houses for young married 
couples in Barrandov. As part of his 
position, he also met with Foreign Minister 
Jan Masaryk and a number of foreign 
diplomats. 
 

His activities at CTU gradually 
graduated in 1947. In addition to 
management of the institute, he was elected 
a member of the organizational and 
financial commision, wrote a sylabus of 
lectures and established the library and 
inventory of the institute.  
 

 
Pict. 4: Tomb of Emanuel Šlechta near Kutná Hora  
 

He was published two proffesional 
publications, „Our economic recovery“ and 
„Improving Performance.“ 
 
5.        Minister of Technology 
 

Emanuel Šlechta in February 1948, 
during the government crisis accepted the 
offer of Prime minister Klement Gottwald, 
and against the will of his party leadership 
he became Minister of Technology for the 
National Socialist in a changed 
governement. He thus enables the Exchange 
of this partyś resigning ministers, thus 
giving the whole coup an apperance of 
legality. He lost moral and professional 
credit with may of his colleagues abroad. 
Colleborator with the communist régime.  
 
 Emanuel Šlechta himself was a 
very controversial figure. His scope and 
contacts went far beyond the ordinary 
technical community. He knew many 
important personalities of his time from 
political and artistic circles. His 
acquaintances included, for example, 
painters Josef Čapek and Emil Filla. Before 
the war, he was in a house at 7 Lazarská 
Street, where he may have met Vlasta 
Burian, who ran his theater there. His wife 
Anna Šlechtová later created an admirable 
collection of paintings in Melantrich, which 
included masterpieces by Kosárek, 
Slavíček, Zrzavý, Trampota, Čapek, 
Navrátil, Aleš and others. 
 
 
6.           Final summary 
 
 The presented text maps the 
professional career of Emanuel Šlechta 
(born 1895-died 1960), a professor at the 
Czech Technical University since 1946. 
The life journey of Professor Emanuel 
Šlechta can also serve as proof of the 
gradual decreace of the democratic values 
of the third Czechoslovak Republic. He 
experienced all the rapid changes that 
affected Czechoslovakia in the first half of 
the 20th century. He managed to use some 
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of these changes to his advantage (granting 
a professorship, a significant improvement 
in the material situation), others led him to 
the suicide, later in his life (collaboration 
with the communist power). 
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Abstract. The discoveries and inventions of modern times, 

together with socio-economic changes, had a significant 

impact on the noble estates and agricultural production in 

general, which in the Bohemian lands until then still 

operated on essentially medieval principles. The process of 

modernisation of the estates was accelerated in the mid-19th 

century when serfdom was abolished in the Bohemian lands, 

depriving the owners of estates of cheap labour, but on the 

other hand providing them with considerable capital which 

they could invest in mechanisation, professionalisation of 

the administration of estates and land amelioration through 

chemification. Technological advances and the motivation 

through socio-economic change were thus able to greatly 

streamline the production of the primary sector and 

transform outdated feudal manors into modern large 

estates. 

Keywords 

Modern estate, mechanization, chemification, 

management rationalization, agricultural production. 

1. Relationship of the nobility to 

land and land records 

In the Bohemian lands, large estates (mainly 

ecclesiastical) began to be established sporadically as early 

as the end of the 10th century (the earliest monasteries), 

more abundantly during the 11th century, and especially in 

the following century. From the Middle Ages onwards, the 

ownership of a large estate (manor) was one of the hallmarks 

of the nobility. For a long time, the economic aspect of a 

large number of estates was more or less neglected. 

However, with the passage of time, we can observe a greater 

degree of rationalisation of the administration of feudal 

estates, manifested, for example, by the emergence of rent-

rolls (“urbarium”). From the beginning of the 17th century 

onwards, we can also observe the monarch's cautious 

attempts at a comprehensive and detailed mapping of the 

land stock. Needless to say, the main motives for this were 

of a fiscal (tax) nature.  In the middle of the 17th century, 

the serfs' property was described in tax register called “Berní 

rula” and its revision prepared few decades later. From the 

18th century onwards, cadastres were compiled, which in the 

second half of the 18th century also newly described the 

dominical land. 

2. Year 1848 

As far as the development of the approach to the 

management of the noble estates is concerned, it should be 

mentioned that 1848 marked the culmination of a process of 

gradual social-political-administrative changes that had 

been underway for several decades, which was manifested, 

for example, by the end of patrimonial administration in 

1848 (patrimonial authorities were replaced by self-

governing authorities). However, from the point of view of 

the management of the large estates probably most important 

was that on 7 September 1848 serfdom was definitively 

abolished and with it all the burdens attached to the rural 

land. The previous users of this land thus became its rightful 

owners (at the expense of the manorial lords, who were left 

with only the dominical land). On the other hand, this 

transaction did not take place without compensation, but the 

former serfs had to reimburse the manorial lords for their 

corvée obligations (through the so-called "release fee" – 

"vyvazovací poplatek"). These obligations were amortised 

by instalments until 1886 and the state took on part of the 

burden of the former serfs. 

3. The impact of the abolition of 

serfdom on the modernisation of the 

large estates 

As already mentioned, the manorial lords were left 

with only the dominical land, so that its former manors were 

transformed into purely economic units – large estates. 

These circumstances were of fundamental importance for 

the management of the estates: their owners lost both cheap 

labour and draught animals, which the wealthier serfs had to 

provide to the superiors as part of their corvée. On the other 

hand, thanks to the compensation for the lost rural land and 

corvée duties of the former serfs, the owners of the estates 

gained a considerable amount of capital (almost 57 million 

guilders in total), which they could invest in mechanisation, 

chemification and general modernisation of their estates. 



2 ANETA ŠŤASTNÁ, MARTIN POLA, TRANSFORMATION OF FEUDAL MANORS INTO MODERN ESTATES 

4. Investments by large estates: 

mechanisation and chemification 

Investments in mechanisation and the drive to achieve 

higher soil fertility were a natural response to the process of 

transformation of former feudal manors into purely 

entrepreneurial units – large estates described above. 

However, 1848 cannot be regarded as the sole reason for this 

transformation, or even as the initial impetus – in fact, this 

process had already been going on for several decades (at 

least on some estates of progressive owners) and was linked 

to the development of knowledge and technical discoveries 

of the 18th and especially 19th century. Yet 1848 

undoubtedly accelerated this process. 

As a result of the events of that year, human labour 

became more expensive for the owners of the estates, but on 

the other hand, they gained considerable capital to invest in 

their estates. Therefore, the landlords tried to reduce the 

need for labour at least partially by introducing of 

machinery.  

Mechanisation was first introduced in the cultivation of 

root crop in the first half of the 19th century. Later, it 

affected almost all areas of agricultural production. It should 

be noted that the Bohemian lands benefited from their 

exceptional industrial development in this respect. In 1902, 

for example, 293 farms in Bohemia were using steam 

ploughing, which was 76 % of the entire Cisleithania. The 

use of steam engines in particular was able to replace human 

labour and draught animals very effectively, and it also 

increased the potential of the land – in particular, deep 

ploughing with a steam plough (usually carried out once 

every three or four years) was very valued. When the land 

reform took place after the establishment of the so-called 

First Czechoslovak Republic, regular ploughing with a 

steam plough (as part of land amelioration techniques) was 

one of the items that increased the compensation of former 

owners. 

The development of chemicalization was not left 

behind. Thanks to new scientific knowledge in this field, 

artificial fertilisers began to supplement and gradually 

partially replace natural fertilisers such as farmyard manure 

as early as the 18th and especiallt 19th century. In the 

Bohemian lands, the most commonly used fertiliser in this 

area was Chile saltpeter (or sodium nitrate - NaNO3), which 

had been used abroad as a fertiliser since the 18th century. 

Thomas slag (a phosphate fertiliser, also known just as 'slag') 

and another phosphate fertiliser, superphosphate, were also 

widely used. Among the leading promoters of chemification 

in the Bohemian lands were, for example, the counts of Thun 

in Děčín. 

5. Administration of modern estates 

In addition to the introduction of mechanisation and 

chemification, the modernisation of large estates also 

consisted in the professionalisation of their management and 

the reorganisation of their administrative and accounting 

structure. From the point of view of administration, the 

average large estate in the second half of the 19th century 

was divided into approximately 10 courtyards (sub-estates). 

At the head of the estate was the director, who usually had a 

deputy, and his office also included officials who were 

mainly responsible for the estate's financial and tax affairs 

(the term 'accountants' also appears as early as the 19th 

century). The individual courtyards were managed by 

responsible administrators, each of whom usually also had a 

deputy. The management apparatus of the estates was then 

supplemented by super-foresters, managers of independent 

enterprises – for example, sugar factories, distilleries, 

brickworks and others, and also managers of ponds, if there 

were any larger ones on the estate. 

In the second half of the 19th century, the 

professionalism of the managerial staff of the estate was 

usually very high. This was determined also by legal 

requirements (for example, in Moravia, a law was passed in 

1853 that forest estates exceeding 575 ha must have an 

experienced forest manager who had received appropriate 

training and passed appropriate examinations). Above all, 

however, it was due to the fact that the owners of the estates 

themselves were also keen to employ quality staff. For this 

reason, they set up agricultural schools and did not hesitate 

to send talented students abroad to study at their own 

expense. The Schwarzenberg family was particularly well 

known for this, but the families Thun, Kolowrat-

Krakowský, Lobkowicz and other important landowners 

were not far behind. 

Somewhat aside from the above-described 

management structure stood the inspector, who basically 

controlled the economic side of the large estate and could 

propose and organise its modernisation changes. From 

today's point of view, his function is therefore closer to that 

of an auditor and consultant. The function of inspector could 

be linked to a single estate, to a group of estates or to the 

complete large estate ownership of the landlord (which in 

the case of wealthy aristocrats could consist of a large 

number of estates). 

6. Production of large estates 

The role of large estates in the primary sector was of 

course of crucial importance. In 1890, 3,572,000 ha of 

farmland were cultivated in Bohemia, which represented a 

considerable increase on the previous decades. The main 

crops grown were cereals, forage crops (mainly clover) and 

root crops (mainly potatoes, which were grown on land 

unsuitable for cereals and were economically advantageous 

because of their high starch content, which was used in 

starch factories and distilleries). Sugar beet cultivation was 

also important. Its development in Bohemia is linked to 

Napoleon Bonaparte's continental blockade, which led to a 

shortage of sugar. In the second half of the 19th century, 

sugar beet was the most profitable crop grown on Bohemian 

estates, and in 1890, for example, it was grown on 18 % of 

the cultivated land.  
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Beef cattle breeding dominated livestock farming. Pigs 

were reared more on rural farms of former serfs and the 

formerly widespread sheep breeding began to decline, also 

due to strong foreign competition.  

Beside of investments in mechanisation and 

chemification, investments in founding of new industrial 

enterprises (sugar mills, breweries, etc.) on individual large 

estates and the modernisation of existing enterprises also 

began to play an important role. 

7. The crisis and how modern large 

estates tried to cope with it 

In the 1830s, the grain crisis broke out and in response, 

landlords sought to develop manufacturing industries on 

their manors to reduce the risk of future marketing crises. 

The growth of sugar factories was particularly significant: 

while there were only 15 major sugar factories in Bohemia 

around 1840, by the early 1870s there were already 115 (83 

of them in the hands of noble owners) and by 1873 there 

were 214 sugar factories in Bohemia, producing 1 149 

million kg of sugar. However, this also led to the problem of 

sugar marketing at the end of the 19th century, as Bohemia 

was able to produce more sugar than the entire consumption 

of the Austro-Hungarian Empire. 

Brewing was traditionally important, too (although 

hops were grown on only about 10 000 ha of land in total). 

However, from 1848, when the nobility's rights to brew beer 

came to an end, civic capital gradually began to dominate 

over noble and ecclesiastical capital.  

Since the 19th century, macroeconomic events of a 

global nature have had an increasing influence on the 

operation of the estates in the context of increasing 

globalisation. In the 1870s and 1880s, for example, the 

Bohemian lands were hit by the agrarian crisis, which 

significantly affected the noble estates. In 1873, the Vienna 

Stock Exchange crashed, which led to bank failures and thus 

to a reduction in the amount of available capital. The logical 

consequence of these events was an increase in the cost of 

credit, which had a negative impact on highly indebted 

Bohemian agricultural units. Another negative aspect for the 

business of large estates was the development of 

international transport, which made imports of wheat from 

the USA, as well as grain from South America and India, 

cheaper. The aforementioned overproduction of sugar then 

hit the sugar industry.  

The way out of these crises was to increase the 

profitability of production, which the noble large estates 

sought to achieve by means of, among other things, the 

aforementioned rationalisation of management, 

mechanisation and other modernisation measures. However, 

if in the middle of the 19th century the estates had sufficient 

investment capital, by the end of the century they were 

already experiencing a shortage of capital (partly due to the 

fact that they had run out of income from the abolition of 

corvée - the release fees). The fideicommissum (traditional 

form of ownership of the most important property in the 

noble families) proved to be particularly problematic in this 

respect, as its ability to raise the necessary capital through 

credit was largely limited. This is one of the reasons why, at 

the end of the 19th century, there were increasing efforts to 

abolish fideicommissum (although this did not actually 

happen until 1924 by a law). It was credit that finally helped 

Bohemian agriculture find a way out of the crisis. But only 

at the cost of a huge debt burden on the Bohemian 

countryside (by the end of the 19th century, its debt 

amounted to three billion Austrian crowns). 

8. Résumé 

The paper deals with the basic aspects of the 

transformation of old feudal manors into modern large 

estates (functioning further only as agricultural economic 

units). Although socio-economic changes (abolition of 

serfdom, globalization and the onset of crises in the 19th 

century) were of major importance, technological 

developments in mechanical engineering, botany and 

chemistry, as well as advances in education, especially the 

professionalization of management, also had a significant 

impact on this transformation. 
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Abstract. This paper presents the beginnings 

of the French beet sugar industry at the 

beginning of the 19th century. It mentions the 

external factors that introduced sugar beet into 

France, the history of the first experiments with 

the extraction of sugar crystals and the efforts 

to imitate these methods in France. The paper 

also describes the state interventions and the 

form of various subsidies for the emerging 

industry, their application, impacts and 

consequences in response to the fall of the 

Napoleonic regime. 
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1. Introduction 

The beginnings and methods of growing 

sugar cane in the world have been known 

since ancient times, but in the 18th century, 

cane was confronted by a strong  

rival – sugar beet. It, too, was grown in 

Europe for several centuries before it 

became the main source of sugar during the 

shortage of cane imports as a result of the 

trade war between France and Great Britain. 

In the middle of the 18th century, the 

ground-breaking discovery of sugar crystals 

on the roots of various plants was made by 

Andreas Marggraf. Marggraf’s methods 

were developed by Franz Achard, who 

improved the process of the extraction of 

crystals from white beet roots. 

The school, founded by Achard, taught 

the basics of the new technology for free 

which then spread to several European 

countries. As a result of the culmination of 

disputes between France and the British 

Isles, the latter cut off imports of sugar cane 

to the European continent which had to start 

looking for a suitable alternative. France 

took the lead, and she very soon began to 

apply the methods of new industry on her 
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territory, setting up new experimental 

schools, sugar factories and significantly 

intervening in the economy. Whether they 

had positive or negative effects, initial 

efforts were a prerequisite for the growth of 

the industry in the 1830s and 1840s. 

The work was based on the beneficial 

monographs of D. Cooke1 and Sergey 

Gudoshnikov,2 who presented in an 

engaging and detailed form not only the 

development of beet cultivation, but also 

the characteristics of this crop. The articles 

of Leonard J. Arrington3 and H. D. Clout,4 

who presented in detail the content of the 

decrees, the economic consequences of 

government interventions and the results of 

their application, were also a welcome 

support for the work. 

 

2. A new industry is afoot 

The beginnings of sugar beet cultivation 

in Europe are associated with two political 

events with economic overlap. The first 

one, the French revolution, prompted 

changes in the social status of slaves in the 

French colony of Saint Domingue, the most 

 
1 COOKE, D. A. and R. K. SCOTT. The Sugar Beet 

Crop. Science into Practice. London: Chapman & 

Hall, 1993. 
2 GUDOSHNIKOV, S., L. JOLLY a D. SPENCE. 

The World Sugar Market. Boca Raton: CRC Press, 

2004. 
3 ARRINGTON, L. J. „Science, Government, and 

Enterprise in Economic Development: The Western 

profitable sugar cane producer in the New 

World at the end of the 18th century. After 

the planters refused to grant the slaves 

freedom under the Declaration of the 

Rights, an uprising broke out which was to 

be crushed by an army. To the displeasure 

of the royalist planters, the Republican 

military called for the support of slaves, 

leading to the fact that “those whites, who 

did not escape to the ships, were 

massacred”5 along with the sugar cane 

plantations that were found on the island.6 

The second was the French trade war 

with Great Britain that began with the 

proclamation of a continental blockade in 

October 1806. With the intention of 

destroying British export trade lines, 

Emperor Napoleon Bonaparte (1769–1821) 

forbade all imports of British goods into 

Europe, on the basis of which Great Britain 

responded by cutting off France from her 

colonies. These measures quickly took 

effect and the price of sugar increased 

enormously, leading to the disappearance of 

Beet Sugar Industry.“ Agricultural History. 1967, 

vol. 41, no. 1, pp. 1–18. 
4 CLOUT, H. D. a A. D. M. PHILLIPS. „Sugar-Beet 

Production in the Nord Département of France 

during the Nineteenth Century.“ Erdkunde. 1973, 

vol. 27, no. 2, pp. 105–119. 
5 MACINNIS, P. Bittersweet. The Story of Sugar. 

Crows Nest: Allen & Unwin, 2002, p. 71. 
6 Ibid, pp. 71–74. 
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cane sugar and prompting the French 

government to find an alternative.7 

Coincidentally, Prussian chemists 

studied the sugar content of parsnip, skirret 

and beet roots in the mid-18th century. In 

1747, the most significant discovery was 

made by Andreas Sigismund Marggraf 

(1709–1782) who experimented with 

dissolving crushed beet roots in spirits, 

pressing them out through a linen bag and 

letting the consistence dry out, upon which 

he obtained “the sweet-tasting crystals that 

were of exactly the same nature as cane 

sugar”.8 Although the sugar content found 

in the roots of both red and white forms of 

beet was low, the discovery of a plant that 

provides sugar and could be grown in 

temperate climate meant reassessing the 

role of beet.9 

Franz Karl Achard (1753–1821), 

Marggraf’s disciple, continued his teacher’s 

experiments: he started growing corn and 

forage beet in his garden near Berlin and 

after testing many types of beets, he found 

out that “roots with white skin, white flesh 

and a conical shape were richest in sugar 

and of pure, sweet juice”.10 In 1799, he 

 
7 Cooke, The Sugar Beet Crop, pp. 15–16 and 

SMITH, A. F. (ed.). Sugar. A Global History. 

London: Breaktion Books, 2015, p. 41. 
8 Cooke, The Sugar Beet Crop, p. 7. 
9 Cooke, The Sugar Beet Crop, pp. 7–8, 

Gudoshnikov, The World Sugar Market, p. 6, 

Macinnis, Bittersweet, p. 132–134 and Smith, 

Sugar, pp. 39–40. 

presented his method to the Institute of 

France, two years later constructed the first 

beet sugar factory and in 1810 established  

a school of beet sugar production. Thanks to 

all of this he is considered the father of the 

beet sugar industry.11 

 

3. Adoption, adaptation and 

application of new technology 

Thanks to his free access to schools, 

Achard’s ideas spread throughout almost 

Europe, and the French Institute, to which 

his method was introduced, had an answer 

to the country’s sugar shortages. In 1809,  

a commission consisting of chemists  

Jean-Antoine Chaptal (1756–1832), 

Antoine-François Fourcroy (1755–1809) or 

Nicolas Deyuex (1745–1837), among 

others, tested and confirmed Achard’s 

experiments, on the basis of which the first 

French factory for the extraction of beet 

sugar was founded in Lille in 1810 by Louis 

Crespel-Dellisse (1789–1865).12 

In 1811, together with the construction 

of a new machine perfected for cutting and 

pulping beet and extracting its juice,13 the 

10 Cooke, The Sugar Beet Crop, p. 9. 
11 Arrington, „Science, Government, and 

Enterprise,“ p. 1, Cooke, The Sugar Beet Crop,  

pp. 10–13, Gudoshnikov, The World Sugar Market, 

p. 6 and Smith, Sugar, p. 40. 
12 „Rise and Progress of the Beet Sugar Industry  

in France.“ Scientific American. 1877, p. 169. 
13 Clout, „Sugar-Beet Production,“ p. 106. 
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government decided to act. Emperor 

Bonaparte issued the expected decree on 25 

April 1811 which introduced beet 

cultivation in France. It set aside large tracts 

of land for the production of beets, 

established six special experimental schools 

to which 100 students were given 

scholarships, directed the construction of 

processing factories and appropriated 

rewards to encourage the growing of 

beets.14 

Overall, however, the experiment of 

1811 was a failure: only a fifth of the 

intended area was sown, the government 

was unprepared, had insufficient or even no 

seed supplies, poor transport accessibility 

and rotten, unprocessed beets, there were 

distant sugar factories and defective 

machines with unskilled workers.15 Last but 

not least, the serious problem posed the late 

promulgation of the decree, as beets must be 

sown in March or early April,16 leading to  

a decrease from the optimistic plan of 

sowing 32,000 ha to only 7,000 ha.17 

 
14 Arrington, „Science, Government, and 

Enterprise,“ pp. 1–2, Clout, „Sugar-Beet 

Production,“ p. 106, COONS, G. H. „The Sugar 

Beet: Product of Science.“ The Scientific Monthly. 

1949, vol. 68, no. 3, pp. 149–164, p. 153. „Rise and 

Progress of the Beet Sugar Industry in France,“  

p. 169 and SMITH-PETER, S. „Sweet development: 

The sugar beet industry, agricultural societies and 

agrarian transformations in the Russian empire 

1818–1913.“ Cahiers du Monde russe. 2016, vol. 57, 

no. 1, pp. 101–124, p. 106. 
15 Clout, „Sugar-Beet Production,“ p. 107–108. 
16 Gudoshnikov, The World Sugar Market, p. 19. 

In 1812, banker Benjamin Delessert 

(1773–1847), the owner of a refinery in 

Passy, near Paris, achieved significant 

success in imitating Achard’s beet sugar 

extraction. After two loaves of sugar were 

given to Napoleon in January 1812, the 

emperor awarded Delessert the Order of the 

Legion of Honour, made him baron,18 and 

issued an extension decree opening five 

more sugar factories with declaring that 

100,000 ha of beet should be planted. 

Nevertheless, out of 500 licenses planned to 

motivate farmers, 334 were awarded and  

a mere 158 were actually used, resulting in 

the production of only 1.1 million kg of 

sugar, a third of the intended proposal.19 

The regions in the north of the country 

were, thanks to their proximity to the 

Belgian departments that already knew beet 

growing, ahead of the rest of France and 

proved to be the most successful. From four 

factories in 1811, around forty in 1812 to 

three hundred in 1813, the most of them 

were found in the north, and the areas with 

the largest harvest, from 377 ha in 1811 to 

17 Clout, „Sugar-Beet Production,“ p. 106 and 

Cooke, The Sugar Beet Crop, p. 16. 
18 Arrington, „Science, Government, and 

Enterprise,“ p. 1 and MACHKOVÁ, H. 

„Cukrovarnický průmysl ve Francii.“ Listy 

cukrovarnické a řepařské. 2013, vol. 129, no. 11,  

pp. 356–358, p. 356. 
19 Cooke, The Sugar Beet Crop, p. 17, Clout, 

„Sugar-Beet Production,“ p. 108, Machková, 

“Cukrovarnický průmysl,” p. 356 and „Rise and 

Progress of the Beet Sugar Industry in France,“  

p. 169. 
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7,000 ha in 1814, were generally around the 

cities of Lille, Douai and Valenciennes.20 

 

4. The decline of the industry 

The temporary increase in sugar beet 

production came to a halt in 1814–1815, 

when Bonaparte was deposed and the 

Treaty of Paris of 1814 reopened French 

ports to colonial sugar, causing the collapse 

of the beet sugar industry throughout most 

of Europe.21 Crespel-Dellisse survived the 

crisis with his refinery in Arras where he 

continued processing both beets and cane, 

whose price fell by “two-thirds to one franc 

and 40 centimes per kilogram”.22 

Nevertheless, the beet sugar industry 

revived in the 1820s, when more than one 

hundred new factories were built, many 

industrialists issued manuals on how to 

process beets, and a large number of 

farmers gave the beets a chance and began 

cultivating it.23  

However, the adoption of Achard’s 

methods cannot be considered a complete 

disaster. As part of the trade war with Great 

Britain, the French central government tried 

to make up for the shortage of cane sugar, 

 
20 Clout, „Sugar-Beet Production,“ p. 108, Cooke, 

The Sugar Beet Crop, p. 17, Gudoshnikov, The 

World Sugar Market, p. 6 and Smith-Peter, “Sweet 

development,” p. 106. 
21 Cooke, The Sugar Beet Crop, p. 18, 

Gudoshnikov, The World Sugar Market, p. 6, 

and these initial failures of the early 19th 

century were brought by future 

governments to successful results – all the 

processes, technologies, tools and 

experience developed in separate sugar 

factories during the downturn of the beet 

sugar industry showed full force after a few 

years, pushed sugar cane supplies out of the 

European continent and manifested the new 

industry in full force. 
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Abstract. Patients in the intensive care unit suffer from
hyperglycemia and high glycemic variability. Recent stud-
ies have shown that tight glucose control based on insulin
therapy can stabilize blood glucose level. Thereby, patients
with intensive insulin therapy showed lower mortality and
shorter hospital stay than patients treated with conventional
insulin therapy. These findings have driven the development
of closed-loop systems for automatized insulin therapy in the
intensive care unit. In this work, the major advances in mod-
eling and control of blood glucose in the intensive care unit
are presented. Models describing the underlying pathophys-
iology are compared regarding their quality and complex-
ity. Furthermore, current protocols and advances in control
strategy and design are presented.

Keywords
Blood glucose control, intensive care unit, hyper-
glycemia, tight glucose therapy.

1. Introduction
High blood glucose (BG) level also described as hyper-

glycemia and high glycemic variability (GV) are common in
patients within the intensive care unit (ICU). This type of
hyperglycemia is also called stress-induced hyperglycemia.
It is caused by numerous stress hormones the human body
releases after trauma, infection, or inflammation. Also pa-
tients without a previous diagnosis of diabetes can suffer
from glucose derailment in the ICU [1]. A central role in
stress-induced hyperglycemia seems to be insulin sensitivity,
which describes the effectiveness of insulin to regulate BG.
However, the detailed pathophysiology is not yet well under-
stood. Hyperglycemia is treated by an exogenous infusion of
insulin. This so-called insulin therapy can lower BG signif-
icantly. The established conventional insulin therapy (CIT)
suggests insulin infusion when BG exceeds 180mg/dL [15].

In 2001, the study by Van den Berghe et al. revealed
that tight glucose control (TGC) with a target level of 80 to
110mg/dL can reduce mortality in the ICU. Furthermore,
the study showed that the recovery of patients improved and

the duration of stay was reduced significantly compared to
patients who received CIT [2]. Despite the promising re-
sults, the findings are discussed controversially. In 2009,
the NICE-Sugar study revealed that TGC might even in-
crease mortality. Especially, the probability of severe and
life threatening hypoglycemia increased, thus, favoring a BG
target value of 180mg/dL [3]. Further studies showed that
apart from the target BG also the frequency of BG measure-
ment is relevant for a successful insulin therapy (IT). Current
CIT is limited by the low frequency of BG measurements
(approximately every 4-6 h). Thereby, the quality of IT de-
pends strongly on the [4]. Thus, very cautious glucose regu-
lation with insulin is currently used to avoid hypoglycemia,
based on experience and rough calculation rules. The use of
continous glucose control (CGM) systems as already used
in patients with diabetes mellitus (DM) shows great poten-
tial to improve IT in the ICU. Furthermore, the development
of models describing the underlying pathophysiology is of
great interest. Especially the development of closed-loop
system for automatized BG control has get into focus.

This article gives a small outline of the history and re-
cent developments in the field of modeling and control in
the ICU. In section 2, the evolution of models describing the
pathophysiology is presented. In section 3, the evolvement
of current nutrition protocols and recent advances in the de-
sign of closed-loop systems is given. Section 4 provides a
small discussion and an outline.

2. Models of Blood Glucose Metabolism
One of the first models describing the human BG

metabolism were the models of Guyton et al. [5] and the
so-called Minimal Model by Bergman et al. [6]. These mod-
els were developed describing the blood glucose metabolism
during intravenous glucose tolerance test (IGTT) in DM pa-
tients. The complexity of these two models differs strongly.
The Guyton model and the successive Sorensen Model de-
scribe the BG in great detail. The interaction of glucose,
insulin and glucagon is modeled for different compartments
(i.e. blood, liver, periphery) [5, 7]. In contrast, the Minimal
Model describes the dynamics of glucose and insulin using
only three compartments. However, mentioned models were
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a milestone in the development of BG and built a foundation
for many subsequent models.

Much effort has gone into developing models that de-
scribe the dynamics of BG in DM patients. Models such
as the so-called UVA/PADOVA Type 1 Diabetes Simula-
tor by Dalla Man et al. [8] were developed to describe the
BG metabolism, especially studying the influence of exter-
nal disturbances such as nutrition, insulin, changes in insulin
sensitivity (IS) or the effect activity. The background to these
efforts was the goal of developing a so-called artificial pan-
creas (AP) for an automatized IT in DM patients.

Diabetes Models
ICU Models

Minimal 
Model

Bergmann et 
al. (1981)

ICU Minimal 
Model

Van Herpe
(2006)

1
ICU Model
Chase et al.
2005/2007

System Model
Lotz et al.

(2008)

Glucosafe 
Model

Pielmeier et al.
(2010)

Cambridge 
Model

Hovorka et al.
(2002)

ICING Model
Lin et al.
(2011)

Cambridge ICU 
Model

Hovorka et al.
(2008)

ICU Virtual 
Patient Model

Knab et al.
(2016)

Guyton Model
Guyton et al.

(1978)

Sorensen 
Model

Sorensen et al.
(1985)

Diabetic 
patient Model

Parker et al. 
(2000/2010)

2 3 4

5 6

7

Fig. 1. Overview and historical development of models describ-
ing glucose metabolism in critically ill patients. Also
DM models are shown that had a major impact on the
development of models for the intensive care unit.

While much effort was spent on the development of
models to describe the BG metabolism of DM patients, much
fewer models exist to explain the pathophysiology of pa-
tients within in the ICU. The findings of Van den Berghe in
2001 [2] encouraged the development of BG models for the
application in the ICU. Most recently developed models are
based on the minimal Bergman model using compartments
to describe the glucose and insulin interaction, thereby ne-
glecting the influence of other dynamics (i.e. glucagon). An
overview of the models and their historical development is
given in figure 1.

Although the blood glucose dynamics in diabetic pa-
tients and ICU patients have many similarities, there are sig-
nificant differences to consider. In the following, especially
the ICU Minimal Model [9], the ICING Model [10], and the
Cambridge Model [11] will be presented and compared.

The Minimal ICU Model was published in 2006 [9]. It
is adapted from the original Minimal Model [6]. The Min-
imal ICU Model comprises a compartment for BG, a so-
called remote compartment for the effect of insulin on BG,
and a compartment describing the dynamics of insulin in the
blood itself. In contrast to the original Minimal Model, a sec-
ond insulin compartment describes the endogenous insulin
section. The basal state of the model is given by the basal
glucose and insulin concentration, which level during fast-
ing. Thus, the influence hepatic glucose production (HPG)
is only expressed by the basel BG level. The change of IS is

not explicitly accounted for as system parameter underlying
changes over time. The model accounts for externally sup-
plied exogenous insulin and parenteral nutrition. The gas-
trointestinal tract is not considered.

The ICING Model [10] is based on the previously pub-
lished ICU Model [12], the System Model [13], and Glu-
cosafe Model [14], all of which date back to the Minimal
Model [6]. The ICING Model has many similarities to the
Minimal ICU Model and the original Minimal Model. It also
comprises a compartment for BG, a remote compartment for
the effect of insulin on BG and a compartment for the in-
sulin. The HPG and the glucose consumption by the cen-
tral nervous system (CNS) are described. In addition, the
pancreatic insulin release (PIR) is modeled as a function of
insulin concentration in blood. The balance between HPG,
glucose consumption by the CNS and PIR determines the
basal state of the model during fasting. The major difference
from the Minimal ICU Model is the explicit use of IS as a
time-dependent parameter. Furthermore, enteral nutrition is
accounted for by a second order model of the gastrointestinal
tract.

Fig. 2. Cambridge ICU Model (adapted from [11]).

Among the presented models, the Cambridge ICU
Model has the highest complexity [11]. It is a further de-
velopment of the Cambridge Model, which was originally
developed for DM patients. The structure of the Cambridge
ICU Model is shown in figure 2. The model comprises two
compartments for the glucose kinetics. The effect of insulin
on the glucose kinetics is modeled by three compartments
rather than a single one as in the previously presented mod-
els. The insulin is again modeled as a single compartment.
In contrast to the ICING Model, the HPG is not constant but
can be suppressed by high insulin concentration in the re-
mote compartments. Furthermore, the PIR is depending on
the blood glucose concentration rather than the insulin con-
centration as in the ICING Model. Also, the renal glucose
clearance above the glucose threshold is considered. Similar
to the ICING Model, the gastrointestinal tract is described
and a time-dependent IS is used.
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The presented models vary in their complexity. A de-
tailed comparison and the capability of the different models
is given in table 1.

# Order Meal IS PIR HGP Valid
1 4 7 7 3 7 7
2 3 7 3 7 7 3
3 3 7 3 7 3 3
4 3 7 3 7 3 7
5 5 3 3 7 3 3
6 8 3 3 3 3 3
7 9 3 3 3 3 3

Tab. 1. Comparison of models. Numbering according to figure
1. Order - order of differential equation system, Meal -
submodel of gastrointestinal tract, IS - insulin sensitivity,
PIR - pancreatic insulin release, HGP - hepatic glucose
production, Valid - validated with clinical data.

3. Protocols and Control Algorithms
Essential for successful insulin therapy is an appropri-

ate protocol, reducing the risk of hyper- and hypoglycemia.
The following section gives an overview of current clinical
protocols, assistant systems currently used in clinical prac-
tice and current research state of art.

The ESPEN guidelines [15] and the Yale insulin in-
fusion protocol [16] are one of the gold standards for the
treatment of hyperglycemia in the ICU. Currently, the ES-
PEN guideline recommends administration of insulin when
BG exceeds 180mg/dL. In addition to these existing pro-
tocols to treat hyperglycemia in the ICU, clinical protocols
were developed based on existing mathematical models. In
2006, the SPRINT (Specialized Relative Insulin Nutrition
Tables) protocol was developed based on the ICING model
[12]. This protocol provides tables for an improved nutri-
tion and TGC [17]. The SPRINT protocol was successfully
evaluated in clinical trials; treated patients were longer in the
normoglycemic range compared to patients receiving CIT.

Although improved protocols can enhance the quality
of IT, there is no significant reduction of workload for the
clinical staff. One of the first assistance systems to sup-
port clinical staff was the Glucommander, developed in 1984
[18]. It provided recommendations of insulin infusion based
on a simple algorithm. In clinical usage, it proved to be
simple and robust [18]. In 2005, GRIP, a computer-driven
protocol for the ICU was developed [19]. It has a graph-
ical user interface and should support clinical stuff during
IT. The GRIP algorithm gives a recommendation of insulin
infusion rate based on the previous BG measurements and
previous insulin infusion rate. Furthermore, GRIP provides
the time when the next BG measurement should be done.
In 2013, the GlucoCare System was developed as an insulin-
dosing calculator [20]. The underlying algorithm is based on
the Yale insulin infusion protocol [16]. The LOGIC-Insulin
Software was developed especially for TGC to maintain BG

at 80 to 110mg/dL, thereby assisting clinical staff and re-
ducing workload [21]. In clinical studies, such systems were
able to stabilize the blood glucose level and reduce the risk
of hypoglycemia [18, 21, 22].

In the last years model-based closed-loop algorithms
for an automatized IT were developed. However, most
of the algorithms were only tested in an in-silico en-
vironment. The algorithms range from simple propor-
tional–integral–derivative (PID) controller to model predic-
tive control (MPC) algorithms. In 2007, Wintergeist et al.
developed a PID controller for IT in the pediatric ICU. The
algorithm was tested in a clinical trial and was able to safely
and effectively control BG [23]. In 2012, the stochastic
targeted (STAR) glycemic control forecast was developed
[24, 25]. This protocol recommends insulin infusion and
nutrition based on previous BG measurements. Thereby,
a stochastic model based on the ICING model is used to
give a prediction of patient’s IS. This prediction is used
to improve nutrition and insulin infusion to achieve BG of
80 to 120mg/dL. In 2015, the stochastic model predic-
tive (STOMP) glycaemic control algorithm was published,
which is a further development of the STAR protocol [26].
Similar to the STAR protocol, the STOMP algorithms uses
a stochastic model of the future IS. An MPC algorithm is
then used to calculate the optimal nutrition and insulin infu-
sion. A similar MPC algorithm was developed based on the
ICING model by Knab et al. [28]. In 2019, Reenberg et al.
developed a similar MPC algorithm based on the Cambridge
ICU Model [27]. This control algorithm showed good results
in in-silico trials.

4. Discussion
Models of blood glucose metabolism have improved

over the years and provided essential knowledge enhancing
insulin therapy. Although the models have similar structures
modeling glucose and insulin interaction, they differ in their
complexity. While a highly complex model enhances a de-
tailed understanding of the pathophysiology, it has the disad-
vantage, that a variety of model parameters need to be iden-
tified. Considering the application in the ICU, models com-
prising the gastrointestinal tract are advantageous. Also the
use of IS as a time-variant parameter seems to be essential to
describe the pathophysiology of hyperglycemia. However,
none of the models considers the influence of glucagon on
the BG metabolism.

Nutrition protocols and computerized assistance sys-
tems provide important information on nutrition and insulin
dosing during IT, reducing workload and increasing success
of IT. Especially the frequency of BG seems to have a signif-
icant impact on the quality of TGC. In-silico studies show
promising results of closed-loop systems for fully automa-
tized insulin therapy. However, currently, there is no closed-
loop system approved for patients for a fully automatized
glucose therapy without intervention.
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Abbreviations
AP artificial pancreas
BG blood glucose
CGM continous glucose control
CIT conventional insulin therapy
CNS central nervous system
DM diabetes mellitus
GV glycemic variability
HPG hepatic glucose production
ICU intensive care unit
IGTT intravenous glucose tolerance test
IS insulin sensitivity
IT insulin therapy
MPC model predictive control
PIR pancreatic insulin release
TGC tight glucose control
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Abstract. The semantic understanding of natural dialogues
composes of several parts. Some of them, like intent classi-
fication and entity detection, have a crucial role in decid-
ing the next steps in handling user input. Handling each
task as an individual problem can be wasting of training re-
sources, and also each problem can benefit from each other.
This paper tackles these problems as one. Our new model,
which combine intent and entity recognition into one system,
is achieving better metrics in both tasks with lower training
requirements than solving each task separately. We also op-
timize the model based on the inputs.

Keywords
intent classification, entity recognition, machine learn-
ing, natural language processing, word embeddings

1. Introduction
In recent years, a significant amount of smart speak-

ers have been deployed and achieved great success, such as
Amazon Echo, Google Home, and many others, which in-
teract with the user through voice interactions. Natural lan-
guage understanding (NLU) is critical to the performance
of spoken dialogue systems. NLU typically includes many
parts, typically based on the usage, but the core usually con-
tains the intent classification and entity recognition. For ex-
ample, we have a sentence ’I would like to move to Lon-
don.’ We want to extract the information that the intent is
’change address’ and also recognize that the entity is ’Lon-
don’. We can use this information to query a database or
other knowledge resource. In some cases, for example,
in chatbot system Alquist1, we require to catch not only
the valid named entities defined here [5] but also pseudo-
entities. An excellent example of pseudo-entity is ’rock mu-
sic’ in a sentence: ’Let’s listen to rock music.’

2. Related work
Deep learning models have been extensively explored

in NLU for several years. The traditional way to deal with

1http://alquistai.com/

intent classification and named entity recognition is to en-
counter both tasks separately. Named entity recognition has
been thoroughly studied in [5], which can be used as a source
of other resources, and intent classification is the topic of [6].

In recent years, the multi-tasks models start occurring.
The promising result is shown in [8], where the authors
present the model called ERNIE, which is trained using sev-
eral tasks as knowledge masking or prediction distance be-
tween sentences. In the work [1], we can see a model con-
structed for joint slot-filling and intent classification. In gen-
eral, the task of slot-filling is similar to named entity recogni-
tion. For example query: What flights are available from
pittsburgh to baltimore on thursday morning has intent
flight info and following slots:

• from city: pittsburgh

• to city: baltimore

• depart date: thursday

• depart time: morning

Nevertheless, we can approach the slots as entities.
They presented results based on recurrent neural networks
and softmax-based attentions mechanism. Based on that rea-
soning we will be using terms named entity recognition and
slot-filling interchangeably.

The work [2] also focused on slot-filling and intent
classification but in comparison with [1] are using sparse
attention mechanism. The sparse constraint assigns bigger
weights for important words and lower the weights or even
totally ignores the less meaningful words such as “the” or
“a”.

The more recent work [3] is also focusing on slot fill-
ing. The authors were using the novel approach for getting
contextualized embeddings called BERT. We will also use
other types of word embeddings, namely glove and fastext,
which are commonly used for dealing with text input, see [9]
and [10].

To compare our results with [1], [2] and [3], we will be
working with ATIS dataset described below.
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Fig. 1. Model 1 of joint entity recognition and intent classifica-
tion

3. Model architecture
Based on [7] and [3] we design a model shown in Fig-

ure 1. The novel approach of the model is that it uses the
convolutional neural network (CNN) over char-based em-
beddings. It also uses features extracted from each word
(such as if the word is numeric or start on lower letter) and
word embedding. The architecture is word-embedding ag-
nostic so that we can measure the metrics on different word
embedding without a significant change in code. The model
is also prepared for changing the architecture of the internal
neural network. We have tried two types of further process-
ing (aka types of neural networks): bidirectional Long-shot
term memory[13] (LSTM) and neural network distributed
through time. The difference is that LSTM is using context
over time, but in the neural network distributed through time
we are using the same network at each timestep.

To find the influence of word embeddings on our result,
we used three types of word representation as a vector of
floats:

• Glove[9]

• Fasttext[10]

• Bert[3]

All types of word embeddings were not fine-tuned be-
cause of possibly misleading the results (glove and fasttext
cannot be fine-tuned). All files for creating embeddings are
publicly available, and links are provided in github page of
this project.2

2https://github.com/petrLorenc/poster2020

4. Dataset
The dataset was created by the team in Microsoft and

is publicly available3. The dataset (described in Table 1)
contains spoken utterances classified into one of 26 intents.
Each token in a query utterance is aligned with IOB labels.
Primary, the dataset is used for intent recognition and slot
filling, but as stated above, the tasks of slot filling and entity
recognition are interchangeable.

Name # Examples

Training Set - Intent 4 978

Training Set - NER 20 426

Test Set - Intent 893

Test Set - NER 3 665

Tab. 1. ATIS dataset

5. Results
Based on model shown in 3 we measure F1 score for

NER and accuracy for intent classification on data shown in
Table 1. These metrics were chosen because other studies
are using them. The results are shown for all three types of
embeddings. The results can be seen in Table 2 and 3.

Embeddings NER F1 accuracy

BERT 95.78

fasttext 96.83

glove 98.44

Tab. 2. Results on ATIS dataset - model 1

Embeddings Intent F1 accuracy

BERT 92.45

fasttext 90.70

glove 95.74

Tab. 3. Results on ATIS dataset - model 1

The tables showed that Glove embeddings (the eldest
approach for getting word embeddings) are getting the best
results. A technique like Dropout is used in the model to
avoid overfitting. Another technique was to stop training
when the validation loss is not decreasing for more than two
epochs. The train and validation loss are shown in Figure 3.
The assumption for a reason for that is because Bert should

3Available at github.com/Microsoft
/CNTK/tree/master/Examples/LanguageUnderstanding/ATIS
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Fig. 2. Model 2 of joint entity recognition and intent classifica-
tion

Fig. 3. Train and validation loss of Glove model 1

be fine-tuned, and it already has the context information in
it, so the use of another context-aware neural network (like
LSTM) is very useless and even adding the noise. To test
that we used another network architecture, shown in Figure
2.

The results for the model 2 can be seen in Table 4 and
5.

The result confirms our hypothesis that the LSTM is
making classification problem harder when using BERT em-
beddings.

The overall result is that the joint model is perform-
ing very well on these tasks with preserving or even improv-
ing the metrics on NER and intent classification tasks. For
a better comparison of results, we can look at tables 6 and
7 where we compare our algorithm with approaches from
other researchers. We also include the results, which can be
shown at Table 10, of the best single-task model for intent
classification measured on ATIS dataset. The data for NER

Embeddings NER F1 accuracy

BERT 94.31

fasttext 88.26

glove 88.20

Tab. 4. Results on ATIS dataset - model 2

Embeddings Intent F1 accuracy

BERT 92.14

fasttext 92.10

glove 89.68

Tab. 5. Results on ATIS dataset - model 2

on this dataset is not available. In table 8 we can see the
average number of parameters of our joint models. We also
measured average training time per epoch (the overall time
wasn’t comparable because of early stopping criteria - joint
model 2 was trained for 7 epochs, the joint model 1 and only
intent model was trained for 9 epochs and only ner model
was trained for 12 epochs). The results of time can be seen
in Table 9. The computation was performed on 1xK80 GPU
instance - ml.p2.xlarge - Amazon SageMaker ML Instance4.

Algorithm Slot/NER F1 score

Our Glove model 1 98.44

Approach in [4] 95.90

Approach in [1] 95.87

Approach in [7] 96.89

Tab. 6. Comparison on ATIS dataset

5.1. Future work

Based on [1] and [2] with their models, which are us-
ing the attention neural network, we propose to explore the
possibility of improving our model with the attention mech-
anism.

6. Conclusion
In this paper, we explored strategies in utilizing a joint

model for named entity recognition and intent classification.
The model is preserving the intent classification accuracy
score and also got great results in the F1 score on NER. We
compare the results of our joint model with published results

4https://aws.amazon.com/sagemaker/
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Algorithm Intent accuracy

Our Glove model 1 95.74

Approach in [4] 96.90

Approach in [1] 98.43

Approach in [7] 98.99

Tab. 7. Comparison on ATIS dataset 2

ModelEmbeddings # parameters

Glove/Model 1 2,514,066

Fasttext/Model 1 2,514,066

BERT/Model 1 2,884,754

Glove/Model 1 - Only Intent 2,480,656

Glove/Model 1 - Only NER 1,982,072

Glove/Model 2 724,882

Fasttext/Model 2 724,882

BERT/Model 2 910,226

Tab. 8. Number of parameters

in the scientific papers to get the result which we can com-
pare. The joint model is found to be more efficient with al-
most the same number of parameters and requires less com-
putational resources in comparison with separated models
for each task. We also explore the importance of word em-
beddings on our tasks.
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Abstract. Based on a model based unscented Kalman filter 

(UKF) designed for sensor fusion of multimodal 

cardiorespiratory sensor signals, the influence of the choice 

of the transformation of the UKF is investigated. The 

underlying model consists of three coupled oscillators 

describing the influence of respiration, namely respiratory 

sinus arrhythmia (RSA), and so-called Mayer waves on the 

heart rate. First, the sensor fusion is performed by 

utilization of the commonly used unscented transformation 

(UT), second, the so-called conjugated unscented 

transformation (CUT) is used to tackle the problem of 

corruption of the central weight of the UT for systems with 

more than three dimensions. The superior behavior of the 

CUT in terms of numerical stability and estimation accuracy 

is shown in the application of sensor fusion for artificial 

multimodal cardiorespiratory sensor data. 

Keywords 

Sensor fusion, Biomedical engineering, Kalman filter, 

unscented Kalman filter, conjugated unscented 

transformation. 

1. Introduction 

More and more monitoring applications with several 

unobtrusive sensors are used to assess the health status of a 

patient [8, 10]. Often these sensors introduce redundancy by 

measuring the same vital signal on different modalities due 

to the fact that unobtrusive sensors are often more prone to 

noise. Therefore, intelligent methods of fusing the sensors 

are needed to increase the accuracy of e.g. the estimated 

heart rate. The effectiveness of the unscented Kalman filter 

(UKF) for sensor fusion in the context of redundant sensors 

was shown in [7] estimating the respiratory sinus arrhythmia 

(RSA).  In this paper, the influence of the choice and 

transformation of sigma points when fusing sensor signals 

with the commonly used unscented Kalman filter is 

investigated.  For that, a model of three coupled oscillators 

is utilized describing the influence of the respiration and the 

so-called Mayer waves on the heart rate [4]. Based on this 

model, a Kalman filter observer structure is introduced 

which is implemented with the unscented transformation 

(UT) and the newly introduced conjugated unscented 

transformation (CUT), [1, 6]. The paper is divided as 

follows. First, the unscented transformation and the 

conjugated unscented transformation are shortly revised. 

Second, the model for the cardiorespiratory coupling 

developed by [4] is introduced. Third, based on this model, 

a Kalman filter observer for sensor fusion is developed and 

tested with the two different transformations. The results are 

presented and briefly discussed.    

2. Kalman filtering with nonlinear 

systems 

The problem when utilizing the Kalman filter for 

nonlinear systems is that the propagation properties of mean 

and covariance are no longer valid since the distribution of 

the state vector can no longer be assumed to stay Gaussian 

distributed [9]. Therefore, approximations of the new 

distribution of the state vector and the output estimate in the 

Kalman filter update are needed. 

2.1 The unscented transformation 
 

Julier et al. introduced the so-called unscented 

transformation to approximate the new distribution after a 

nonlinear transformation by a Gaussian distribution, 

assuming that the distribution stays symmetrical [6].  

Consider the random vectors x and y, where y is the 

transformation of x by some nonlinear function f, 

𝑦 = 𝑓(𝑥). 

It is then possible to choose 2n+1 so-called sigma points 

from the current distribution of x. Let Px and �̂� denote the 

covariance and mean of x respectively. Then the sigma 

points are given by 

𝜎𝑖 = 

{
 
 

 
 

�̂�                             𝑖 = 0

�̂� + √(𝑛 + 𝜆)𝑃x(i)       𝑖 = 1, . . , 𝑛

 �̂� − √(𝑛 + 𝜆)𝑃x(i)                 𝑖 = 𝑛 + 1,… ,2𝑛

 

where n denotes the dimension of x. The constant λ is given 

by  



2 ONNO LINSCHMANN, INFLUENCE OF THE TRANSFORMATION OF THE UNSCENTED KALMAN FILTER FOR SENSOR FUSION 

𝜆 = 𝛼2(𝑛 + 𝜅) − 𝑛 

with α influencing the distribution of the sigma points 

around the mean and κ being n-3 or 0.    

These sigma points are propagated by the nonlinear function 

and with the transformed points Xi the mean and covariance 

of y can be calculated by a weighted sum, 

�̂� =  ∑𝑊𝑖
𝑚𝑋𝑖               and

2𝑛

𝑖=0

 

𝑃𝑦 =∑𝑊𝑖
𝑐[𝑋𝑖 − �̂�][𝑋𝑖 − �̂�]

𝑇

2𝑛

𝑖=0

  

where the weights W are given by 

𝑊𝑖
𝑚 =

{
 

 
𝜆

𝜆 + 𝑛
, 𝑖 = 0

1

2(𝜆 + 𝑛)
, 𝑖 = 1,… ,2𝑛

 

𝑊𝑖
𝑐 = {

𝜆

𝜆 + 𝑛
+ (1 − 𝛼2 + 𝛽), 𝑖 = 0

𝑊𝑖
𝑚, 𝑖 = 1, … ,2𝑛

 

with β being a user defined constant, usually chosen to equal 

2 [6].  

2.2 The conjugated unscented 

transformation 

Adurthi et al. have shown in [1] that the unscented 

transformation is a cubature method utilizing sample points 

lying on the principle axes of the distribution of the random 

vector x to approximate its new distribution by their 

transformation and weighted summation of the transformed 

points. The authors also postulated that the central weight of 

the UT is corrupted when the dimension of the vector 

becomes larger than three. Therefore, the conjugated 

unscented transformation was introduced. In this 

transformation the central weight is set to zero while 

additional 2n points are used. The new points are chosen in 

such a way that they lie on linear combinations of the 

principle axes of the distribution x. The points together form 

a completely symmetrical set of points which can be used to 

approximate the new distribution of x after a nonlinear 

transformation. For computational efficiency, the weights 

for calculating the new distribution can be calculated offline 

for a standard normal distribution. To use them for a filter 

structure, an affine transformation can be applied to 

transform them to the current distribution [1].  

Both transformations can be embedded into a Kalman filter 

update structure to make the Kalman filter more accurate for 

nonlinear systems and avoid the calculation of Jacobians 

(see [1, 6] for more information). 

3. Model for cardiorespiratory 

coupling 

The cardiorespiratory coupling, i.e. the influence of the 

respiration and the Mayer waves on the heart rate, can be 

described a model introduced by Hoog Antink et. al [4]. The 

model consists of a system of three coupled oscillators.  

[�̇�1, �̇�2, �̇�3, �̇�4, �̇�5, �̇�6]
𝑇 =,

(

[−2𝜋𝑓LF𝑥2, . 2𝜋𝑓LF𝑥1, . −2𝜋𝑓HF𝑥4, . 2𝜋𝑓HF𝑥3,

 −2𝜋[𝑓HR + 𝑘LF𝑔1(𝑥1, 𝑥2) + 𝑘HF 𝑔2(𝑥3, 𝑥4)]𝑥6,

        2𝜋[𝑓HR + 𝑘LF𝑔1(𝑥1, 𝑥2) + 𝑘HF 𝑔2(𝑥3, 𝑥4)]𝑥5]
𝑇

) 

 

with 𝑓LF, 𝑓HF and 𝑓HR being the mean frequencies of the 

Mayer waves, the respiration rate and the heart rate 

respectively, and 𝑘LF and 𝑘HF being coupling constants. 

According to [4], 𝑔1 and 𝑔2 can be assumed to be cosine 

functions dependent on the phase of the respective oscillator 

given by 

𝜑 = atan2(𝑥𝑖+1, 𝑥𝑖). 

This leads to 𝑔1 and 𝑔2 being equal to x1 and x2 respectively.  

An output of a sensor signal can be generated using the 

phase information of these oscillators and template function 

extracted from real sensor signals. The templates consist of 

a pure cardiac signal 𝑇card, a pure respiratory signal 

𝑇resp,add, and a modulation of the cardiac signal by the 

respiration 𝑇𝑟𝑒𝑠𝑝,𝑚𝑜𝑑. Together they give a modality 

dependent sensor output  

ℎ(𝑥) = 𝑇card(𝜑card) ⋅ [1 + 𝑇resp,mod(𝜑resp)]

+ 𝑇resp,add(𝜑resp), 

with 𝜑card and 𝜑resp being the phase signal of heart and 

respiration. The templates mimic the coupling effects being 

observed on real sensor signals (see [4] for more details). 

4. Method 

For this system, a Kalman filter observer for model-

based sensor fusion is introduced. Additional to the system 

described in the previous section, the interval estimator from 

Brüser et al. is used to adapt 𝑓HR for having a reliable mean 

heart rate estimation [3]. The frequency 𝑓LF is modelled as a 

slow-changing process given by 

𝑓̇LF =
𝑤LF − 𝑓LF

𝜏
  

with wLF being a random process and τ being a constant. This 

estimation of 𝑓LF is incorporated in the state vector similar to 

[7] such that 𝒙 = [𝑥1, 𝑥2, 𝑥3, 𝑥4, 𝑥5, 𝑥6, 𝑓LF]
𝑇. The template 

functions and the synthesized multimodal cardiorespiratory 

data was obtained from the synthesizer system of [4]. The 

system had six artificial sensor outputs, a capacitive and a 

conductive Electrocardiography (ECG) signal, a blood 

pressure signal, a Ballistocardiography signal and two 

respiratory signals (respiratory flow and thoracic stretch). 

The unscented Kalman filter with the two different 
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transformations is used to fuse the sensor outputs and obtain 

a more reliable estimation of the heart rate, respiration rate 

and Mayer frequency. 

Due to numerical problems by using the UT, state 

equality constraints had to be introduced in a similar way as 

discussed in [5]. The two states of one oscillator are sine and 

cosine of the same frequency and therefore the sum of the 

squares must be equal to one at all times. This leads to a 

constraint given by 

𝑥1
2 + 𝑥2

2 = 1

𝑥3
2 + 𝑥4

2 = 1

𝑥5
2 + 𝑥6

2 = 1.

 

This equality constraint was not necessary for the CUT. 

5. Results and discussion 

The system was tested only on synthesized data since 

they do not introduce any model errors or noise and therefore 

the performance of the UKF in terms of transformation 

effects can be directly compared.  

The UT based UKF system was only stable when 

equality constraints were introduced. As visible in Fig. 1, the 

estimation with the UT is only able to follow the general 

trajectory of the respiration rate. The estimation of the heart 

rate is only sufficiently accurate when the respiration rate is 

sufficiently accurate. This means that the dependencies 

between heart rate and respiration rate are not accurately 

captured by the model, and thus, leading to an imperfect 

fusion. At some point the system still becomes unstable (Fig. 

1 at 303 seconds). The adjustment of the noise covariances 

and the UT parameters highly influenced the stability of the 

system and it was not possible to achieve overall stability. A 

reason for that might be that the covariance matrix Px is often 

not positive definite leading to less usable redundancy since 

no update of Px can be performed. This can be directly led 

back to an incorrect approximation of the distribution of the 

state vector and an insufficiently accurate fusion. Also, a 

more numarically stable implementation of the Cholesky 

decomposition could diminish the problem.  

 

 
Fig 1: Estimation of heart and respiration rate for the UT 

based UKF 

In contrast, the estimation with the CUT based UKF is 

fusing the sensors almost perfectly estimating the heart rate 

and the respiration rate with nearly no error (see Fig. 2). 

Only the mean of the Mayer frequency is estimated correctly 

due to the fact that the Mayer oscillator’s states might not be 

completely observable. The UKF system with CUT is 

always stable and the adjustment of the noise covariances 

only influences its accuracy. The covariance Px is mostly 

positive definite. It only becomes not positive definite at 

jump discontinuities of the phase signal.  

 

 
Fig 2: Estimation of heart and respiration rate for the CUT 

based UKF. 

The results show that the transformation of the UKF 

has a strong influence on the stability of the system. The UT 

shows inferior approximation capabilities of the distribution 

after nonlinear transformation when the order of the system 

is too high. This leads to an inaccurate fusion since 

redundancy in the signal cannot be correctly utilized and 

destabilized the system as well as diminishing the accuracy 

of the overall estimation. For the CUT based UKF system it 

is important to mention that due to the introduction of 

additional sample points the computational cost increases 

greatly, i.e. O(2n) instead of O(n). 

6. Conclusion 

In this paper, the influence of the transformation of the 

unscented Kalman filter was investigated. It was shown that 

the problem of the corrupted central weight of the UT 

directly influences the stability and estimation capabilities 

of a UKF used for sensor fusion. It was also shown that the 

conjugated unscented transformation, although introducing 

a higher computational cost, solves these problems and 

stabilizes the estimation as well as increasing the estimation 

accuracy substantially. Since the covariance of the state 

vector tends to become not positive definite, in future work 

a square-root unscented Kalman filter with an according 

Choleski-update seems to be an interesting approach to solve 

this problem. Real data applications as well as different 

sensor setups should also be investigated.    
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Abstract. The use of walkers in the everyday life of the
elderly is hardly imaginable without them. To provide even
better support through this mobility device, we present the
hardware design of a motorized, intelligent walker. In addi-
tion, we develop a model-based optimal controller, namely
a Linear Quadratic Regulator (LQR), which allows keeping
the balance of the walker on its rear wheels. The wheelie
control is a preliminary step to make climbing stairs eas-
ier in the future. Through experiments on the real system,
we demonstrate the controller’s functionality. In addition,
we were able to identify suggestions for improvement of the
control approach in the future.

Keywords
Smart Walker, Motor control, Modeling, LQR.

1. Introduction
The walker is at 11.6% (approx. 4.1 million, in 2011)

the second most commonly used mobility device among
adults over age 65 in the U.S. after the cane [1]. This has in-
creased interest in equipping walkers with more functional-
ity through sensors and actuators. In 2012, Dune et al. sum-
marized that it is possible to determine gait speed, cadence
and step length with a so-called smart walker utilizing appro-
priate sensors on the walker [2]. Furthermore, Ballesteros et
al. were able to quantify the balance of the test subjects and
thus obtain information about the patient’s condition during
rehabilitation therapy [3]. In addition to the sensory equip-
ment of walkers, Modise et al. studied the actuation system
and developed an automated navigation system for a walker.
[4, 5].
Besides the fact that walkers are easier to equip than crutches
or walking sticks, this support device also has other advan-
tages, such as higher stability, storage options, and seating.
However, one significant disadvantage is the lower mobil-
ity in everyday life. Especially climbing steps or boardwalk
edges is more difficult with a walker than with crutches.
A subject must balance the walker on the rear wheels and

then set the front wheels down on the step to climb steps.
For this reason, we would like to present in this article a new
smart walker with a wheelie control that allows the vehicle
to be balanced on the rear wheels. A similar control strategy
was implemented by Dos Santos et al. for a wheelchair in
[6]. However, to the best of the authors’ knowledge, such a
wheelie control does not yet exist for a smart walker.
The remainder of this article is organized as follows. First,
we present the hardware design of the smart walker in sec-
tion 2. In the same chapter, we present a system model using
the Euler-Lagrange formalism. The model is used in sec-
tion 3.1 to design a linear quadratic regulator for the wheelie
control. The validation and discussion of the controller are
done in section 3.2. Finally, we provide a short conclusion
and outlook in section 4 .

2. Smart Walker
This section presents the smart walker’s structural de-

sign and derives a model for the mobility device in the
wheelie position.

2.1. Hardware Design

The base frame of the smart walker developed in this
study consists of a commercially available, four-wheeled
walker made of aluminum with two handles and hand brakes
(see Fig. 1). We replaced the rear wheels with 350W hub
motors for the electric drive. The radius of the two mo-
torized wheels is RW = 10 cm and their combined mass
is m2 = 6.8 kg. Furthermore, we equipped the walker
with a 48V battery (30Ah), a DC/DC converter, two motor
controllers (ESCON 70/10, Maxon, Sachseln, Switzerland),
and a real-time computer (MicroAutoBox 2, MAB2 dSpace,
Paderborn, Germany). As shown in Fig. 2, the real-time ca-
pable computer is programmed using MATLAB/Simulink.
The program Control Desk enables the real-time display of
measured and manipulated variables. The calculated manip-
ulated variables are passed on to the motor controllers for the
right and left wheels using pulse width modulated (PWM)
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Fig. 1. Smart walker in wheelie position, i.e., front wheels with-
out contact to the ground.

signals. Hall Sensors in the wheels allow for the angular po-
sition measurement α. The pitch angle of the walkers Center
of Mass (CoM, m1 = 28.7 kg) is detected by an inertial
measurement unit (IMU). The sensor information is read out
using a microcontroller (µC) and forwarded to the MAB2
via CAN bus.

2.2. Modeling

To describe the dynamic behavior of the walker in
wheelie position, we consider the model of an inverse pen-
dulum as simplification, with its mass symbolizing the CoM
of the walker. The inverse pendulum is extended by an-
other degree of freedom in the suspension point, reflecting
the wheels’ rotation. The presented model is based on the
Grasser model [7] with slight alterations. For simplifica-
tion, the right and left wheels are actuated simultaneously
and thus considered as one degree of freedom.
Based on this model concept we can apply the Euler-
Lagrangian formalism to determine the dynamical behavior.
The Lagrangian L is given by the difference between the
system’s kinetic energy Ekin = T and the potential energy
Epot = V :

L = Ekin − Epot = T − V. (1)

The kinetic energy of the system can be derived from the
horizontal velocity ẋ2 of the rear wheels, the horizontal ẋ1
and vertical ẏ1 velocity of the walker’s CoM, and the rota-
tional moment of inertia:

Ekin =
1

2
m1ẋ

2
1+

1

2
m1ẏ

2
1+

1

2
m2ẋ

2
2+

1

2
J1ϕ̇

2+
1

2
J2α̇

2. (2)

Using the relations between translational movements and an-
gular rotation

x2 = αRW ⇒ ẋ2 = α̇RW (3)

Fig. 2. Overview of the walker‘s programming, sensing, com-
munication and actuation systems.

x1 = αRW + l sin(ϕ)⇒ ẋ1 = α̇RW + l cos(ϕ)ϕ̇ (4)
y1 = RW + l cos(ϕ)⇒ ẏ1 = −l sin(ϕ)ϕ̇, (5)

with l = 0.45m being the distance between the wheels cen-
ter and the CoM, we can express the kinetic energy as

Ekin =
(m1 +m2)R

2
W + J2

2
α̇2 +

m1l
2 + J1
2

ϕ̇2

+m1RWlϕ̇α̇ cos(ϕ).

(6)

The potential energy consists only of the vertical movement
of the walker’s CoM:

Epot = m1gy1 = m1gRW +m1gl cos(ϕ). (7)

Lastly, we can describe the external forces through the
torque induced by the two hub motors:

Qe,1 = −τM and Qe,2 = τM. (8)

Given the Lagrangian, we can apply the Euler-Lagrange-
formalism in the next step:

d

dt

∂L
∂q̇
− ∂L
∂q

= Qe (9)

with q = (ϕ, α)T and Qe being the external torques given in
eq. 8. Solving the Euler-Lagrange-formalism results in the
following motion equation:

(
m1l

2 + J1 m1RWl cos(ϕ)
m1RWl cos(ϕ) (m1 +m2)R

2
W + J2

)
·
(
ϕ̈
α̈

)
=

(
m1gl sin(ϕ)

m1RWlϕ̇
2 sin(ϕ)

)
+

(
−1
1

)
τM.

(10)

If we assume only small angle changes, we can approximate
sin(ϕ) ≈ ϕ and cos(ϕ) ≈ 1 and linearize the system around
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ϕ0 = 0 and ϕ̇0 = 0. Thus, the linearized system is given by
Mẋ = A?x+B?τM with

M =


1 0 0 0
0 1 0 0
0 0 m1l

2 + J1 m1RWl
0 0 m1RWl (m1 +m2)R

2
W + J2

 ,

A? =


0 0 1 0
0 0 0 1

m1gl 0 0 0
0 0 0 0

 , B? =


0
0
−1
1

 , x =


ϕ
α
ϕ̇
α̇


(11)

Finally, we can rewrite the system equations in state space
representation

ẋ = A · x+B · τM, with (12)

A = M−1 ·A? (13)

B = M−1 ·B?. (14)

3. Control
In the following section we present the wheelie control

approach including a validation and discussion.

3.1. Control Design

To meet the challenge of wheelie control, we propose
utilizing an optimal control approach, namely the Linear
Quadratic Regulator (LQR). Kalman et al. introduced the
idea of this control approach in the 1960s. In [8] Kalman
stated that the feedback gain for the optimal control prob-
lem of a linear system with quadratic cost and linear state
feedback can be found by solving the steady-state Riccati
equation.
The general cost function of the linear quadratic regulator is
given by

J =

∫ ∞
0

[
xT (t) ·Q · x(t) + uT (t) ·R · u(t)

]
dt. (15)

The matrices Q and R are tuning matrices with Q � 0 and
R � 0. Large values of Q in comparison to R will drive
the state quickly to the origin or desired value at the cost of a
large control action [9]. While a large value of R compared
to Q will reduce the control action but also slow down the
rate at which the state approaches the origin [9]. The optimal
control for a linear time-invariant system with quadratic cost
function and without constraints, which minimizes the cost
function

min
u(t)

J. (16)

can be calculated analytically by using the so called Alge-
braic Riccati Equation (ARE) [10]

ATP + PA− PBR−1BTP +Q = 0. (17)

If a solution with P � 0 exists, then the optimal linear state
feedback controller is given by

u(t) = −KLQRx(t), with KLQR = R−1BTP . (18)

The LQR provides an analytic way to determine an optimal
controller for linear systems with quadratic cost functions.
For the control of the smart walker, we solved the ARE in
eq. 17 for P using the system’s matrix A and the input vec-
tor B given in eq. (13) and (14), respectively. The required
tuning matrices Q and R were empirically determined to:

Q = diag(10, 0.1, 10, 0.1),R = 1 (19)

Subsequently, we calculated the state feedback KLQR by ap-
plying eq. (18).
The manipulative variable u = τM represents the required
torque for the two hub motors. This torque is linearly de-
pendent to the required motor current τM = kMIM, where
kM = 0.82 Nm

A is the motor constant. We apply the ref-
erence current Iref to the motor by using two additional PI-
current-controller for the left and the right wheel, which are
calculated on the two ESCON modules at a sampling fre-
quency of 53.6 kHz. The entire control scheme is visualized
in Fig. 3.

Fig. 3. Control scheme for the smart walker. The inner loop con-
sists of a PI current controller. The outer control loop for
the wheelie position is realized by an LQR controller.

3.2. Validation and Discussion

The simulation of the closed loop system is depicted in
Fig. 4 in blue. In the simulation, the initial deflection from
the equilibrium of −6° is compensated within two seconds.
The red curve takes the quantization due to the hall encoders
with 4 deg/impulse into account. To avoid a current refer-
ence with high noise, we implemented a moving average fil-
ter for the calculation of the angular velocity α̇ based on the
discrete derivative on the real systems.
For validation of the LQR control on the real system, we
placed the walker in wheelie position with a slight deviation
from the equilibrium (ϕ(t = 0) = −7°). Afterward, we en-
abled the control and took the hands off the handlebars. The
results of the experiment are shown in Fig. 5. The control is
able to maintain the balance of the walker ϕ is stable). How-
ever, there are deviations of half a wheel turn from the target
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Fig. 4. Simulation data of model without (blue) and with (red)
quantization of the wheel angle.

position (|α| ≤ 180°) to keep the balance. Furthermore, it
can be seen that the pitch angle ϕ of the walker oscillates
around the equilibrium position with ±2°. This has two rea-
sons. Firstly, the walker in wheelie position is an unstable
system, and thus even a slight deviation from the equilibrium
require counter-control. Secondly, the low resolution of the
hall encoders and the required moving average filter leads to
an imperfect position and velocity measurement. Thus, we
suggest to address the improvement of the control by a more
accurate measurement of the wheel angle.
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Fig. 5. Experimental data. Top: Measured wheel angle; Bottom:
Measured pitch angle.

4. Summary and Outlook
We presented the hardware design of a new smart

walker and a detailed model in wheelie position based on
the Euler-Lagrange formalism. Based on the model, we de-
signed an LQR control allowing the walker to be balanced on
the rear wheels . This is the first step in facilitating climbing
steps. In the future, we will investigate the improvement of
the control by using more accurate angular encoders and by
improving the position adjustment and disturbance rejection
of the wheelie control.
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sitätsmedizin Aachen.

References
[1] GELL, N. M., et al. Mobility device use in older adults and incidence

of falls and worry about falling: Findings from the 2011–2012 national
health and aging trends study. Journal of the American Geriatrics So-
ciety, 2015, 63. Jg., Nr. 5, S. 853-859.

[2] DUNE, C., et al. Can smart rollators be used for gait monitoring and
fall prevention?. IEEE/RSJ Int. Conf. on Int. Rob. and Sys., 2012.

[3] BALLESTEROS, J., et al. Automatic assessment of a rollator-user’s
condition during rehabilitation using the i-Walker platform. IEEE
Transactions on Neural Systems and Rehabilitation Engineering, 2017,
25. Jg., No. 11, p. 2009-2017.

[4] MODISE, T. D., STEYN, N., HAMAM, Y. Human feet tracking in
arranging the navigation of a robotic rollator. 2017 IEEE AFRICON,
2017. p. 88-93.

[5] SIERRA M, Sergio D., et al. Human–robot–environment interaction
interface for smart walker assisted gait: AGoRA walker. Sensors, 2019,
19. Jg., No. 13, p. 2897.

[6] DOS SANTOS, E. G.; LEONARDI, F.; ACKERMAN, M. Optimal
Control of the Wheelchair Wheelie. Proceedings of the Sixth IASTED
International Conference,2016, Campinas, Brazil

[7] GRASSER, F., et al. JOE: a mobile, inverted pendulum. IEEE Trans-
actions on industrial electronics, 2002, 49. Jg., No. 1, p. 107-114.

[8] KALMAN, R. E., et al. Contributions to the theory of optimal control.
Bol. soc. mat. mexicana, 1960, 5. Jg., No. 2, p. 102-119

[9] RAWLINGS, J. B., MAYNE, D. Q. Model predictive control: Theory
and design. Nob Hill Pub. Madison, Wisconsin, 2009, Nob Hill Pub.
Madison, Wisconsin

[10] BRYSON, Arthur E. Optimal control-1950 to 1985. IEEE Control
Systems Magazine, 1996, 16. Jg., No. 3, p. 26-33.

About Authors. . .

Lukas BERGMANN was born in Mettingen, Germany,
in 1994. He received a bachelor’s and master’s degree in
electrical engineering with a focus on systems and automa-
tion from RWTH Aachen University, Germany, in 2015 and
2018, respectively. Since 2019 he has been working as a
Ph.D. candidate at Medical Information Technology, RWTH
Aachen University.
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Abstract. Cap-independent translation is a well-known
mechanism that viral RNAs use to promote their transcrip-
tion at the expense of cellular mRNAs. Though typical for
viruses, a fraction of human genes has been shown in vitro
to use this mechanism as well. Key to this process is a so
called internal ribosomal entry site (IRES) - an RNA ele-
ment able to recruit ribosomes without the canonical set of
transcription factors. Function of IRESs is closely tied to
their structure and until now, 4 major types of IRESs have
been described, differing in structural organization. Type IV
is also known as HCV-like IRES - named after the notorious
human pathogen - Hepatitis C virus (HCV). This work hy-
pothesizes, that a structure similar to the one of HCV IRES
can be found in the human genome and proposes a com-
putational pipeline that outputs potential candidates resem-
bling the target structure. The main steps of the pipeline
involve inverse folding, BLAST, and structural search using
structure prediction and pattern matching facilitated by an
in house tool NA2DSearch. We present findings within/near
5’UTR regions of genes DRC3, HTR6 and RGPD1 that con-
tain structural motifs, which may exhibit transcription regu-
latory capabilities of HCV IRES.

Keywords
HCV IRES, translation regulation, inverse RNA fold-
ing, RNA structure prediction.

1. Introduction
When searching for secondary structures, it makes

sense to target those tightly linked with some function. One
of such candidates is an internal ribosomal entry site (IRES).
IRES allows for direct binding of a ribosome to an mRNA,
requiring only a subset of eIFs, thus occurring with higher
efficiency and taking precedence over the standard cap-
dependent translation [18]. IRES-based initiation is often
leveraged by RNA viruses to promote their own protein syn-
thesis. Cellular mRNA can utilize IRESs as well, mainly in
stress scenarios, where cap-dependent translation initiation
is compromised [15]. As for humans, Weingarten et. al have

experimentally determined a large set of UTRs that exhibit
IRES activity [31].

One of the main issue in the effort of searching for new
IRES elements is their low sequence conservation (although
key motifs can be found [18], which hinder fast approaches
relying on primary structures like BLAST.

In this work, we focus on the Type IV IRES [?] (a
schematic structure in Fig. 4) that is often associated with
Hepatitis C virus (HCV). In particular, we focus on a region
called domain IIIabc – this section plays a critical role for the
ribosome binding process and has been shown to form inde-
pendently of other domains [27][23], thus an ideal target for
searching. The hypothesis that similar structure can be found
within a human genome will be tested computationally. It
should be noted that in the recent and the most extensive ex-
perimental quantification of cap-independent translation se-
quences by Weingarten-Gabbay et al. [31], the HCV IRES
was reported undetectable due to limitations of the experi-
mental setup. This paper, therefore, aims to fill these gaps at
least in silico.

Existing solutions on IRES prediction - ma-
chine learning methods

Several attempts have been made in this area to com-
putationally locate unknown IRES-like elements – namely
IRSS/VIPS [33], IRESPred [17], IRESfinder [36], and IRE-
Spy [30] (in the order of publishing). Each of them took
different approach, utilizing various machine learning tech-
niques (e.g. SVMs, logistic regression or boosting trees)
and, as the list of IRESs grew, had access to different data
sets. A common step of these methods is to design an opti-
mal feature set derived from training IRES sequences - char-
acteristics such as k-mer frequencies, probabilities of inter-
action with small subunit ribosomal proteins, or number of
structural elements (e.g. hairpin-loops, bulges, etc.). A com-
mon trait of methods coming before IRESpy is a low num-
ber of training examples the studies had access to, which
together with a similarly low number of testing examples
lead to over-optimistic performance estimates. IRESpy man-
aged to improve on its predecessors not only due to access
to the large Weingarten-Gabbay dataset, but also by using
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length-independent features. Usability of IRESpy in HCV-
type IRES detection is however in our eyes limited - in our
benchmark, the tool reached the ROC AUC of only 0.6. We
suspect that since the Weingarten-Gabbay study was not able
to capture the activity of HCV-type IRESs, such discrepancy
has been consequently reflected into the program. We are
however aware that the tool was not designed for detecting
one particular type of IRES.

Existing solutions on IRES prediction - classical
bioinformatics methods

Apart from said solutions relying on so to say clas-
sical machine learning, a philosophically distinct approach
has been developed by Dotu et. al. [8] that makes use
of the inverse folding technique [13]. Authors applied
their implementation of the inverse folding paradigm to
produce sequences resembling the Foot-and-mouth disease
virus (FMDV) IRES when folded. These sequences were
then matched against genomic records of multiple organ-
isms using BLAST and hits further processed to obtain final
candidates. One of which, located in a gene of Drosophila
melanogaster, mediated a weak IRES activity during biolog-
ical validation.

Infernal [22] is a representative of another powerful
group of approaches towards finding conserved structures
in sequential data called covariance models. Such models
align sequences to both sequence and structure of a query,
thus providing better homologs searching capabilities than
classical BLAST. Infernal has been shown to perform well
in the task of ncRNA homology search [10].

2. Results
Our approach is a modification of the one by Dotu, et

al.[8] outlined in section 1, where the authors dealt with a
similar task of detecting novel IRES elements. They have
built a pipeline consisting of inverse folding, greedy clus-
tering of the generated sequences, BLAST, and finally key-
word and biological signal filters on hits. Roles of the steps
are the following: inverse folding generates sequences with
a possibility to fold into given IRES structure, clustering
reduces the number of sequences to be searched, BLAST
then finds regions in a selected genome matching the in-
verse sequences, and keyword filters using a set of selected
terms (e.g., ”mRNA”, ”ribosome”) further reduce the set of
BLAST hits to only the biologically meaningful ones.

The method presented here preserves the two key steps
of the pipeline - inverse folding and BLAST search, the re-
maining parts are altered. The clustering step is dropped for
negligible effects (refer to supplementary materials for de-
tails). The keyword filter is replaced by a more profound
filtering step, where hit regions obtained from BLAST are

folded (their structure predicted) and checked for HCV IRES
structural motifs using NA2DSearch. We target two sections
of the IRES, designated as domain IIIabc and domain II (see
Fig. 4). For hits passing this structural filter, we further de-
termine whether their location is near any functional element
(i.e. a UTR region, intron, or exon). This annotation step is
analogous to the keyword filter from the original method and
is intended to flag biologically relevant hits. The pipeline is
summarized in Fig. 1 and in detail described in the Methods
section.

Fig. 1: Pipeline schema. Description of pipeline steps
for finding regions within the human genome/transcriptome
structurally similar to HCV IRES. A. The input is a struc-
ture of domain IIIabc - a vital part of the targeted IRES.
Two inverse folding programs generate sequences that have
the domain structure as one of the possible conformations.
B. In the second step, the inverse sequences are handed to
BLAST and similar regions in the human genome are ob-
tained. The hits are filtered with the e-value 0.1, normal-
ized to have equal lengths, and passed to NA2DSearch. C.
NA2DSearch determines which candidates may structurally
resemble the domain IIIabc. The first structure (shown in
red) is a match in the DRC3 gene found by our pipeline. D.
Right branch: to further filter the results, regions 20-120nt
upstream of the matches from the previous step are scanned
for a domain II-like structure. The depicted structural match
originates again from the DRC3 gene. Left branch: the hits
are also checked for overlaps with functional genomic ele-
ments.
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Searching in human transcripts

First, 100,000 inverse sequences have been gener-
ated with two inverse folding programs - NUPACK [2] and
RNAinverse [13]. All these sequences can in silico attain the
structure of the HCV IRES domain IIIabc.

In the next stage, the inverse sequences will be matched
against two databases - human transcriptomic records and
human genomic records. BLASTing 100,000 NUPACK in-
verse sequences against the human transcriptome yielded
1,806 hits with the e-value smaller than 0.1 (corresponding
to the approx. 30% sequence identity). This set does not
include hits on the negative sense of the transcripts as these
hits have no relevance in the context of RNAs. After pro-
cessing sequences obtained from BLAST with NA2DSearch
(the third stage), 5 candidate regions remained.

Analogously, the batch of 100,000 RNAinverse se-
quences yielded 1,170 BLAST hits, of which 3 might form
the required motifs (Tab. 1).

At this point, there are in total 8 NA2DSearch matches
of the domain IIIabc. To further assess the plausibility of
those matches, areas 20-120nt upstream were searched for
domain II motifs. Only a single candidate passed this final
pipeline step – a region from the transcript XM 024450965
(DRC3 gene). Specifically, regions at nt 73-173 and nt 192-
292 of the transcript have the potential to attain structures
similar to those of the HCV domain II and domain IIIabc re-
spectively (both matches shown in Fig. 1). Firthermore, the
regions are located in the 5’UTR area of the transcript, where
IRES elements mostly reside. All evidence considered, the
DRC3 hit appears to be a solid candidate for a functional
HCV-like IRES structure.

NUPACK

sequences

(1,800 hits)

RNAinverse

sequences

(1,170 hits)

NA2DSearch
hits 5 (1) 3 (0)

time 48min 42min

Infernal
hits 0 1 (0)

time 4min 4min

Tab. 1: Searching in human transcripts. The table com-
pares pipeline outcomes for different sources of inverse se-
quences (step 1) and different structural search tools (step
3). The inverse sequences were aligned with the databases
of human transcripts through BLAST and significant hits
(E < 0.1) then searched for HCV IRES-like structures. The
numbers then denote domain IIIabc matches and the counts
in brackets denote the number of hits that also match domain
II.

Searching in human chromosomes

Using the same set of inverse sequences from NU-
PACK and RNAinverse as in the previous section, we ob-
tained 11,389 and 19,850 BLAST hits. As before, these
hits were searched for domain IIIabc motifs and the search
yielded 23 and 27 structural matches using NA2DSearch.
(Tab. 1).

The matches were further checked for the presence of
domain II-like structures. From the appropriate upstream re-
gions of the 23 and 27 hits, 4 and 0 candidates passed this
final criterion - among those 4 hits, the DRC3 match discov-
ered previously was also present.

NUPACK

sequences

(11,389 hits)

RNAinverse

sequences

(19,850 hits))

NA2DSearch
hits 23 (4) 27 (0)

time 6h 11.2h

Infernal
hits 0 1 (0)

time 4min 4min

Tab. 2: Searching in the human genome. The results were
obtained the same way as in Tab. 1, except this time the in-
verse sequences were alligned with the human genome. The
Infernal times capture the time for calibrating the query - the
subsequent search takes only a few seconds.

Fig. 2: Main pipeline parametrization options and their
impact on running times and candidate numbers. Each
pipeline stage can be parametrized in a specific way (e.g. the
choice of a BLAST database in the BLASt step). The figure
shows the effects of different parameter options on the out-
come of the current stage. The tables also show the impact
on the next pipeline stage (in cursive). For demonstrative
purposes, only one parameter combination is shown

.
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3. Methods
In the following paragraphs, we describe individual

steps of the pipeline together with the reasoning behind their
parametrization and design.

Step 1: Inverse folding

RNA inverse folding is a reverse problem to the struc-
ture prediction, where the input is a sequence and the output
a predicted structure. Here, the objective is to generate se-
quences that may form a given predefined structure.

There are several strategies for solving the RNA inverse
folding problem – RNAinverse[13], RNA-SSD [2], or NU-
PACK [34] to name a few. The common approach in all of
them is to start with an arbitrary compatible sequence that
can form base-pairs wherever the input structure requires.
However, being compatible does not guarantee the desired
fold, therefore, this seed sequence is mutated in various ways
to minimize some objective function (e.g. a distance be-
tween the target structure and the structure of the tested se-
quence) [11].

To choose a suitable implementation for our pipeline,
we rely on the review of Churkin, et al., 2017 [6] who have
examined almost all current approaches. Criteria for the pro-
gram of choice are the following: first, it has been used
in ’wet laboratory’ experiments and second, the program
internally works with the partition function [20] as it has
been shown that this method produces more accurate struc-
ture predictions, particularly in the case of the HCV IRES
[29]. From the listed programs, RNAinverse, NUPACK, and
RNAiFOLD fit the requirements. During trials with selected
programs we observed disproportionately high influence of
a seed sequence on RNAiFOLD results. We presume such
dependence is for our purposes undesirable as it uncontrol-
lably biases the generated sequences, therefore we opt not to
include RNAiFOLD results in our pipeline.

For each of NUPACK and RNAinverse, a total of 100
000 unique inverse sequences were generated with no se-
quence restrictions. The input structure of the HCV domain
IIIabc was encoded in the following dot-bracket format:
((((..((((((....))))))((((((((((..((.(((((..............))))).))....)))))))))).((((..))))))))

Step 2: BLAST

The well-known search tool BLAST is employed for
retrieving regions in the human genome (or the transcrip-
tome) similar to the inverse sequences. Specifically, the
blastn option for gaped alignment [1] is used as we do not
expect very high similarities to be found.

Before moving to the subsequent step of the pipeline,
the BLAST hits are extended to match the length of the

searched domain. The resulting standardized sequences,
forming the candidate regions, can be now checked for a
structural similarity with the HCV IRES domain.

Step 3: Structural motif search

For the final structural search, we can either employ
covariance models (Infernal) or the descriptor matching
by NA2DSearch. Infernal aligns sequences similarly to
BLAST, but in contrast to BLAST takes into account also
the structure of the searched RNA. NA2DSearch uses ex-
ternal programs to obtain all possible folds/structures of the
sequence within a specified energy range, and matches the
structures to a query descriptor defined by a user.

We can estimate the suitability of each method by
searching for HCV-type IRES in various biologically rele-
vant sequence databases - e.g. viral IRES sequences. The
IRES sequences have been collected from IRESbase [35],
the most recent collection of experimentally validated IRES
elements, integrating external data sources (e.g. IRESite
[21]) as well as sequences from published literature.

These viral IRES sequences can be used to estimate the
usability of the two approaches through metrics of recall and
precision. As true positives, we consider 16 viruses from the
Flaviviridae and Picornaviridae families with IRES of type
HCV-like A [19] - 8 experimentally validated and 8 mod-
eled. The comparison of Infernal and NA2DSearch on these
records is shown in Tab. 3.

Infernal and NA2DSearch queries

The Infernal query simply takes the form of a sequence
and the corresponding structure - both are utilized by the
covariance models to perform matching. From our experi-
ments, the Type IV IRES record yielding the most correct
matches is the one of EHCV (Equine hepacivirus C). Addi-
tionally, more matches were obtained when not only the tar-
get domain IIIabc had been a query, but also the preceding
domain II.

In contrast to Infernal, an NA2DSearch query does not
take the form of a target structure. A query descriptor has to
be designed, specifying all structural motifs (stems, loops,
etc.) and their permissible variations (e.g. the range of a
stem’s lengths). A balanced level of structural faithfulness to
the modeled IRES has to be achieved as too strict motif re-
quirements would yield no hits and too permissible queries
would return an excessive number of low-quality matches.
The query (Fig. 3) has been designed with enough speci-
ficity to capture IRES domains IIIabc that have been shown
to share a structural homology to the HCV IRES.

NA2DSearch queries are matched against RNA struc-
tures. Here, the structures were obtained by folding can-
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didate sequences. The key parameter in this process is the
folding ∆∆G denoting the maximum energy departure from
the minimum free energy structure of an RNA sequence.
From our experiments, ∆∆G = 4.8kcal/mol was the mini-
mal energy range given the query descriptor, with which we
could detect 15/16 HCV-related viruses (the last representa-
tive could not be captured by our query design for being too
divergent).

Tab. 3 shows that NA2DSearch was (by design) able to
match nearly all HCV-like IRESs, while Infernal managed
to capture only the closest IRES relatives. The advantage of
Infernal is however speed - once the covariance model has
been calibrated (5-20minutes depending on the size of the
target), the search itself takes < 1min virtually irregardless
of the database size. NA2DSearch on the other hand required
1h48min to search 564 records of lengths ∼ 200nt.

virus family
Infernal

hit

NA2D.

hit

Hepatitis C virus (HCV)

Flavivir.

X X

Hepatitis GB - B (HGBV-B) X

Bovine diarrhea (BVDV-1) X X

Equine hepacivirus JPN3 X X

Hepacivirus N (HNV) X X

Classical swine fever (CSFV) X X

Seneca Valley vir. A (SVA)

Picornavir.

X

Tremovirus A (AEV) X X

Ferret parechovirus* X X

Swine pasivirus A* X

Manhattan parechovirus* X

Crohivirus B* X

Tropivirus A* X

Pegivirus B* X

Pegivirus H*

Pegivirus J* X

Tab. 3: The ability of Infernal and NA2DSearch to detect
viral species having Type IV IRES. The table lists viral
records reported to contain Type IV IRES with the distinc-
tion of their family. Note that as Type IV IRES has been
shown to be extremely diverse within the Picornavirus gen-
era, only species with the sub-type HCV-like A [19] have
been considered. Infernal search has been conducted with
the structure and the sequence of EHCV IRES as a query,
domains II-IIIc; NA2DSearch query is described in Figure 3.
Sequences were taken from IRESBase. Marked are records
extending the original IRESBase sequences, meaning they
have not been experimentally validated, but their models
suggest evidence of an HCV-like IRES with all conventional
domains [4][3]. In total 564 sequences have been searched,
where apart from the listed records, Infernal matched 1 ad-
ditional sequence and NA2DSearch 3 (all of which can be
considered false positives).

Fig. 3: Parametrization of the NA2DSearch domain II-
Iabc query. The query was designed to be the ”least com-
mon denominator” of HCV-type IRESs that is able to match
nearly all related structures - considered were structures of
so-called HCV-like A viruses [19] resembling the HCV IRES
the most. Shown are lower bounds (LB) and upper bounds
(UB) on lengths of each structural element, together with
viruses that set these bounds. Where neither of the bounds
is frequently represented, an OPT line is added telling the
most widespread/optimal element length. Experimentally
validated IRESs used to assemble the query were adapted
from [28][14][9][24][5][26][32]. We also decided to include
modeled structures from [4][3].

3.1. Step 4: Post-processing hits

Functional annotation

After obtaining structural hits, we annotate them
with nearby genomic features (exons, intergenic regions,
3’UTRs, etc.) if any. The annotation is derived from a GFF
file corresponding to the genome assembly GRCh38. The
margin around each hit, within which the genomic features
are collected, is set to 550nt as this size constitutes the
90th percentile of human 5’UTRs lengths (according to the
UTRDb [12]). Candidates nearby these regions would in-
dicate better prospects of being a functional IRES or its relic.

Domain II structure presence

As mentioned earlier, Infernal performs better when
both domain II and domain IIIabc domains are queried. Be-
sides, a hit covering both domains would be also consid-
ered a more reliable one. For NA2Dsearch however, match-
ing both domains in a single query is computationally pro-
hibitive. A feasible alternative would be to perform a domain
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Fig. 4: Structures of HCV-like IRES - domains IIIabc. (a)-(c) Examples of domain IIIabc structures from the HCV family
used as a model for the NA2DSearch query (d). Shown are the most prominent Flaviviridae representatives, though members
of Picornaviridae were also considered (e.g. Senecavirus [32], Parechoviruses [4]). The structural query was designed as
a generalization of the representative domains and is able to match all of them. Stem loop IIIb, the most variable section
of the domain, has the most relaxed constraints allowing multiple bulges and inner loops (see Supplementary for details).
(e)-(g) Corresponding query hits obtained from scanning viral IRES sequences with a sliding window of size 130nt. For the
HCV domain, notice that the loop IIIb is partially collapsed by the structure prediction algorithm RNAsubopt. Structures
shown were adapted from [28][14][9][24] and the structure figures have been produced with VARNA [7] (h) A representative
structure of Type IV IRES (HCV-like IRES) with domain designations adopted from [25].

II search only after a domain IIIabc has been found. Do-
main II in HCV IRES is located approx. 110nt upstream of
domain IIIabc and is 80 nucleotides long. We therefore ex-
tracted regions starting 120 bases upstream of the hits with
the length of 100nt (to allow some margin) and checked with
NA2DSearch again for similarity with domain II (details on
the query in Figure 5).

4. Discussion
Although IRES candidates can be found by our

pipeline, their discovery undeniably relies somewhat on
good fortune. Randomness driving the inverse folding is a
decisive factor determining how many (or whether any) hits
are found. Forcing certain motifs in generated sequences
can slightly reduce the effect of chance as some bases would
be fixed, not many motifs are however conserved enough to
be applicable - the exceptions being domains IIId and IIIe
and their GGG an GA[U/C]A motifs [4]. Though the higher

Fig. 5: HCV IRES domain II structure. (a) As adapted
from [16] and the derived NA2DSearch structural query (b).
In (c) is shown the hit produced by scanning the HCV IRES
sequence, validating the ability of the query to capture the
domain. The query is applied at the post-processing step of
the pipeline to provide further evidence supporting domain
IIIabc matches.

level of conservation can make these domains an attractive
target for searching, the region contains a pseudo-knotted
structures, which neither Infernal nor NA2DSearch can deal
with.
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5. Conclusion
We proposed a pipeline for searching functional RNA

structures in the human genome. The structure of HCV IRES
domain IIIabc was chosen as a model to demonstrate the pro-
cedure.

The keystones of the pipeline are inverse folding,
BLAST search of inverse sequences and structural search in
folded BLAST candidates. Using the domain structure as
an input to generate 200 000 inverse sequences, the pipeline
outputted 50 matches. This number was further reduced to
4 by applying an additional requirement on the presence of
domain II-like structures at appropriate locations.

As a candidate for biological validation, we propose a
match in the DRC3 gene. Not only the matched region may
possess HCV IRES-like structures, but it also lies within the
gene’s 5’UTR - a location, where such a functional element
is expected to be.
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1Dept. of Cybernetics, Czech Technical University, Karlovo namesti 13, 121 35 Prague 2, Czech Republic

vojtech.panek@cvut.cz

Abstract. Visual localization is the task of estimating the
camera position and orientation relative to a given environ-
ment representation, which is used in applications such as
mobile robotics, autonomous driving, and augmented real-
ity. Currently, the environment has to be scanned by a hu-
man operator or explored by an autonomous system to create
a precise and detailed map, often taking a large amount of
storage space. Our approach aims to circumvent the scan-
ning phase and decrease the memory footprint by using a
publicly available lightweight environment representation in
the form of building floor plans or human-readable digital
maps. We extract the outline of the environment visible in
images and use hierarchical localization on top of the layout
representation, using image retrieval for coarse pose esti-
mate and refining the pose by ICP algorithm. We also try to
entirely replace the images in the retrieval step with the ex-
tracted outline geometry. The initial experiments show that
the approach might achieve reasonable performance while
keeping the storage needed for environment and image rep-
resentation at a minimum.

Keywords
Visual localization, pose estimation, CAD drawings,
3D perception, mobile robotics.

1. Introduction
The visual localization task aims at camera pose es-

timation based on given image data. Thanks to mobile
robotics, autonomous driving, and augmented reality ap-
plications, the research problem is currently fairly popular.
Apart from input image data, each visual localization system
needs prior knowledge about the deployment space, i.e., an
environment representation. Such representation can have
a form of a point cloud, mesh, image set, can be implic-
itly stored in a neural network, or have a form similar to a
human-readable map. The last-mentioned approach is par-
ticularly interesting as it is often already available and can
be shared and easily adjusted by both humans and machines.
We, therefore, try to develop a visual localization system that
could work on top of the human-readable representations in
the form of floor plans and maps of urban areas.

1.1. Related work

The current state-of-the-art visual localization ap-
proaches are often based on structure-based hierarchical
pipelines [1]. The environment is represented by a set
of database images with known poses and a triangulated
point cloud with appended local images features. First, a
coarse pose estimate is obtained, e.g., by using image re-
trieval based on image-level descriptors [2, 3] to find similar
database images with known poses. The coarse estimate is
then refined in the second step by performing local image
features matching [4, 5, 6] between the query image and the
triangulated points followed by camera pose estimation. The
pose estimate is done by solving a minimal geometric prob-
lem in RANSAC [7, 8] scheme.

To get the database images, the environment has to be
visited before the deployment or well covered by publicly
available imagery. The creation of a feature point cloud by
an SfM pipeline [9] can become highly time-consuming, es-
pecially for larger scenes. There exist several works which
try to overcome these issues by using other scene represen-
tations, such as floor plans or building outlines, which are
often readily available without the need for scene captur-
ing. Moreover, the pure geometry-based representations are
much more robust relative to image-based representations,
which are subject to illumination, weather, and occlusions.

The main issue for geometry-based visual localization
systems comes with alignment between the two different
data modalities. The scene representation is often purely
geometry-based, but the input is still an image whether RGB
only [10, 13, 14, 15, 16, 17, 19, 21, 24] or with depth mea-
surements [12, 13, 18, 22]. Different solutions to the modal-
ity issue comprise usage of line features in the image do-
main [10, 14, 16, 17], aligning depth measurements to the
scene layout [11, 12, 18] or applying SfM on RGB image
sequences and aligning the extracted geometry [13, 19, 21].
We also try to align the 3D geometry extracted from the im-
ages to the scene, but just after distillation to get the same
modality for both image and environment representation.

Some approaches are using semantic scene under-
standing to extract only relevant geometry from the scene
[16, 17, 23] or to get higher-level features such as doors,
windows, or text labels, which might be present in the scene
representation [14, 15, 18]. The potential camera poses can
be tested all in a grid-like manner [16, 17, 24], or the space
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of candidates can be filtered out, e.g., by Monte Carlo Local-
ization approach [11, 12, 18, 20, 22]. Our approach reduces
the potential space by using the retrieval to find a coarse pose
estimate.

2. Localization Using Environment Lay-
out

This section describes the developed pipeline, com-
posed of layout extraction from depth images, retrieval step
for obtaining coarse pose estimate, and layout alignment step
for pose refinement.

2.1. Layout Extraction from Images

Fig. 1. Top half shows an original RGB image, with its cor-
responding depth image obtained from depth sensor or
monocular depth estimator. Bottom-left image visual-
izes the point cloud generated from depth measurements,
colored by assignment of points to three Manhattan di-
rections. The last image contains the extracted layout in
camera coordinate frame.

To match a query image to a given layout map, we need
to extract the layout visible in the image. The first idea was
to extract the 3D geometry visible in the image by employ-
ing a state-of-the-art monocular depth estimator [25]. The
following part of our layout extraction relies on planar re-
gion extraction from the depth estimates. Unfortunately, the
initial experiments on the depth extractors showed large ge-
ometry distortion, which would make the plane extraction
impossible. Therefore we abandoned the idea of layout gen-
eration from a single RGB image until we find another re-
liable way of geometry extraction and we implemented and
tested the rest of our pipeline on RGB-D data, which already
contains high-quality geometry measurements.

Once we have the scene geometry in the form of a depth
image, we can transform it to a point cloud, compute point
normals and estimate gravity direction. We assume that the
majority of the visible scene adheres to the Manhattan world
assumption, i.e., it is composed of planes of three major, mu-
tually perpendicular, orientations. This assumption is rea-
sonable as the shape of most urban buildings is composed
of a set of cuboids, and the same applies to the majority of
indoor spaces. The second assumption is that the images are
taken in an approximately horizontal direction, and there-
fore, the majority of the visible planes in the scene are walls
spanning through two major Manhattan orientations. The
third perpendicular orientation corresponds to the ground or
ceiling. The normal of the found ground plane can be used
as an initial estimate of the gravity direction vector, which is
then iteratively refined.

With the knowledge of gravity direction, we can fil-
ter out parts of point cloud belonging to horizontal planes,
which do not have any equivalent in 2D map representa-
tions. The rest of the points are divided into the two remain-
ing Manhattan directions, and DBSCAN algorithm is used
to extract individual planar regions. The regions are filtered
by their size to eliminate small patches, which usually cor-
respond to non-planar geometry, and plane parameters are
computed for the remaining regions. In the end, the planes
are intersected by a horizontal plane at the height of the cam-
era center to get the layout lines, which are limited to line
segments based on the planar region boundaries along the
line. The layout can be further refined by merging near co-
linear line segments. Note that the layout extracted from an
image is represented in the corresponding camera coordinate
frame.

As the field of view of a single image can be especially
indoors relatively small, capturing only a limited part of the
scene geometry and making the alignment difficult or im-
possible, we also tested integrating the geometry over a se-
quence of consecutive image frames. The point clouds ex-
tracted from a sequence of depth images can be registered to
create a single point cloud with geometry visible in the im-
ages along the sequence. This joint point cloud can then be
used to extract the layout for the whole sequence. Of course,
this method can be used only when the consecutive images
have an overlap large enough, so the registration does not
fail.

2.2. Layout Maps of Environment

For the alignment of the layout extracted from an image
to the correct location in the map, we need to represent the
environment in the same way, i.e., a set of line segments with
known parameters. Some input formats such as 2D CAD
drawings, publicly available maps, or other vector graphics
formats can be used directly. In the case of rasterized formats
like images, hand drawings, or occupancy maps, we have to
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vectorize the map to get precise line segment parameters us-
able for alignment. Line detection in images is a problem
with well-matured solutions [26], as the task is reliably solv-
able even with standard image processing methods (without
deep learning).

2.3. Retrieval Stage

Image retrieval is the task of searching for the most
similar database image to the query image given as the in-
put; specifically, our requirement is to find an image cap-
turing the scene from as similar pose as possible. As the
database images have known camera poses, we can use the
pose of similar database images as a rough estimate for the
query image camera pose.

Direct comparison of pixel values of two images is not
robust enough because of illumination, seasonal and weather
changes, and occlusions caused by objects such as people,
vehicles, or furniture. The standard solution is to create a
representation of the image in the form of a numeric vec-
tor, which would be robust enough and make the computa-
tion of similarity between two images easy. We are using
NetVLAD [3] deep-learning-based image-level descriptor,
which is known to work reasonably well for the localization
task both indoors and outdoors. The dissimilarity between
two images can be simply computed as the Euclidean dis-
tance between the two descriptors of the images.

Using the image retrieval for rough pose estimation has
the disadvantage of higher storage space consumption as the
database images and potentially their high-dimensional de-
scriptor have to be stored. On the other hand, the layout ex-
tracted from the images are very compact as we are storing
just endpoint coordinates of a small set of line segments, and
therefore the idea to use the extracted layouts for retrieval
task sounds compelling.

We tried to develop a simple descriptor for the layouts,
which would capture the essence of line segment set geome-
try and allow direct similarity comparison between two lay-
outs. The descriptor takes the distances of the line segments
from the camera center and their angles from the optical axis
and creates histograms of the values with a selected num-
ber of bins. Multiple tricks can be applied on top of the
histograms to improve retrieval performance. We tested a
various number of bins for both histograms, smoothing of
counts over neighboring bins, soft assignment of values, bi-
narization of the bin values, normalization of values over
histograms, and creation of joint histogram for distance and
angle. Euclidean distance is again used to compute the dis-
similarity score between two layouts.

2.4. Layout Alignment

The alignment of the image layout to the map layout
is done by ICP algorithm. The basic idea of ICP is to itera-
tively find the nearest point from point cloud B to each point
from point cloud A and apply a proper rigid transformation
on point cloud A so that the distance between correspond-
ing points from A and B is minimized. In our case, we do
not have point clouds but line segment sets, but we can eas-
ily transform the line segments to point clouds by sampling
points along the lines. We also tried to apply the point sam-
pling only on one of the sets and using point-line or point-
line-segment distance metrics in the ICP loop.

As stated above, we store the image layout in the local
coordinate frame of the camera, and therefore, once we align
the image layout to the map, we can easily derive the camera
pose relative to the map coordinate frame.

3. Experimental Evaluation
We evaluated the localization pipeline on the 12 Scenes

dataset [27], capturing 12 room-scale scenes by an RGB-D
sensor. As the 12 Scenes dataset does not provide a layout of
the rooms, we extracted the layout from room point clouds in
a similar manner as we do with images. The performance of
localization is evaluated by plotting localization success rate
curves at given error thresholds, i.e., the percentage of query
images that have localization error (Euclidean distance and
rotational difference) under given thresholds.

The first set of ablation experiments focused on the
evaluation of the ICP alignment algorithm with a point-to-
point distance metric. We initialized the alignment in the
ground truth pose and gradually increased a random initial-
ization error to see how the ICP would be able to cope with
decreasing initialization quality. The results in Fig. 2 show
that the alignment performance significantly falls together
with the increasing initialization error, and even small ini-
tialization error results in a significant decrease in alignment
quality. On the other hand, the initialization by image re-
trieval is working reasonably well and is not as far behind the
ground truth initialization as expected. Note that the quality
of rough pose estimate of retrieval is greatly influenced by
the spatial distribution of database camera poses relative to
the query camera poses, as the best possible query pose esti-
mate is always the pose of the nearest database camera.

The second set of experiments focused on searching
for optimal layout descriptor parameters. As the number of
tested parameter values is large, Fig. 3 shows only a selected
subset with reasonable localization performance. The curves
mark localization error of retrieval part of the pipeline only,
i.e., without the ICP pose refinement. A surprising result is
that layout-based retrieval can achieve similar performance
as image-based retrieval, which needs more storage space by
several orders of magnitude. The best-performing layout de-
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Fig. 2. We show the localization error of pipeline with point-to-
point ICP alignment, initialized from ground truth cam-
era pose, and for three levels of random error added to
the ground truth pose. The last curve shows ICP per-
formance when initialized by image pose estimate from
NetVLAD-based image retrieval.

scriptor setup used 100 line distance and 36 line angle bins in
the joint setup; therefore, the final histogram had 3600 bins
in total. Both the distance and angular bin values have 2/3
overlap, which means that a single value will be assigned
to three neighboring distance and three neighboring angu-
lar bins. This approach is an alternative to soft assignment,
where the values assigned to bins are inverse to the relative
distance from the two neighboring bin centers. The last two
tested parameters were bin value binarization to either zero
or one and normalization, so the values over the whole his-
togram sum to one. The other selected parameter sets do
not fall far behind the best performing, but we can see a mi-
nor advantage of soft assignment or bin overlapping over the
case when none of these techniques is used.

The last experiment we show in this paper was per-
formed to find out how the localization performance depends
on the size of the part of the scene visible for the pipeline.
The results in Fig. 4 show that increasing the visible part
leads to a decrease in ambiguity both during the retrieval
and alignment steps. The first step from using only a single
image to the usage of 5 consecutive frames adds around ten
percent, and integrating the geometry over more frames fur-
ther increases the performance. The increasing trend seems
to stop at 40 frames, and merging geometry from 50 frames
does not increase the success rate anymore. A similar effect
could be achieved by using a camera with a wider field of
view lens.
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Fig. 3. Performance evaluation of pipeline retrieval stage. The
first value marks the number of distance bins, the second
number of angular bins, both might have a bin overlap
(in square brackets), or the values can be assigned in the
soft manner (soft). The bins can be structured to form
a single joint histogram over all possible distance-angle
combinations (joint). The values in the histogram can be
binarized (bin) and normalized (norm).
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Fig. 4. Comparison of pure image retrieval localization and hi-
erarchical pipeline on top of an image sequence with in-
creasing length. As the 12 Scenes dataset is captured as a
sequence of video frames, consecutive frames were used
for temporal geometry integration.

4. Conclusion
Our paper deals with visual localization using envi-

ronment layouts. We developed a prototype of a hierar-
chical localization system, which uses image or layout re-
trieval for rough pose estimate and an ICP algorithm for
precise pose refinement. The performed experiments show
that the pipeline is capable of pose estimation at reason-
able precision. On top, the developed layout descriptor
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achieves similar retrieval performance to the current state-
of-the-art image-based approach while having much lower
storage space consumption.

This paper describes ongoing research, which we want
to improve gradually. We would like to get rid of dependence
on depth sensors and employ the monocular depth estimation
or monocular depth extraction stage into the pipeline. The
state-of-the-art in neural scene understanding is moving fast
forward; therefore, what is not possible today may be reality
tomorrow. Another part of the pipeline where we would like
to employ higher-level image understanding is the filtering
of movable objects, which cannot be used for localization.
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Abstract. The purpose of this paper is to determine the 

effects of voltage deviation on the performance of lighting 

sources and to consider existing solutions for eliminating the 

negative consequences of deviation, as well as the design of 

natural and artificial lighting systems. This paper considers 

the effect of voltage drop on parameters such as electrical 

energy consumption and changes in illumination level 

As part of this analysis, a natural and artificial lighting 

systems were fully designed for an industrial building in 

Novosibirsk, Russia. 
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1. Introduction 

One of the necessary conditions for the comfortable 

working process is the use of artificial light sources. 

Lighting installations create the necessary lighting 

conditions at workplaces. The effective design of lighting 

systems is an essential action to increase productivity and 

product quality, reduce injuries and protect human health 

[1]. 

The main characteristics of lighting sources are 

electrical power consumption, luminous flux, luminous 

efficacy, pulsations, the service life of lighting installations. 

The quality of electrical energy directly affects these 

conditions. Voltage deviation in the lighting sources 

changes the luminous flux, power consumption, and service 

life [6].  

Voltage deviation is the difference between the actual 

(steady-state) voltage value and the nominal voltage value. 

The voltage deviation can be calculated in volts or 

percentages, but in the standards, the permissible deviation 

values are taken as a percentage [6]. 

𝛿𝑈(%) =
𝑈𝑎𝑐𝑡 − 𝑈𝑛𝑜𝑚

𝑈𝑛𝑜𝑚
∙ 100 % 

Where [6]: 𝛿𝑈 – Voltage deviation (%);  𝑈𝑎𝑐𝑡 – Actual 

or steady-state voltage value (V), 𝑈𝑛𝑜𝑚 - Nominal voltage 

value of the electrical system (V). 

Artificial lighting systems are subject to a larger AC 

mains voltage deviation than a typical three-phase load, as 

the rated mains voltage for luminaires is 220V in Russia. 

2. The effect of voltage deviation on 

different light sources 

As it is known, all lamps have different technical 

specifications due to the constant improvement of 

technologies. Therefore, only modern lighting sources such 

as fluorescent lamps, compact fluorescent, and LED lamps 

will be considered in this paper. Fig. 1 presents these types 

of luminaries. 

 

(a) 

        

            (b)                 (c) 

Fig.1. Lamps: (a) Fluorescent lamp, (b) Compact fluirescent lamp, 

(c) LED lamp [10]. 

Since all lamps from different suppliers have different 

characteristics and prices, it was decided to use only one 

supplier Phillips. This manufacturer is one of the leaders in 

the luminaire industry. There are many lamps in the catalog 

with different characteristics, so it was decided to choose 

lamps with maximum luminous flux. Tab. 1 shows the 

dependence of the parameters of these lamps on voltage 

deviation. 
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Type of 
lamps 

Parameters 
Voltage deviation, % 

-10 -5 0 +5 +10 

Fluorescent 
lamp 

𝑷

𝑷𝒏𝒐𝒎

 1.05 1.02 1 1.01 1.02 

𝝀

𝝀𝒏𝒐𝒎

 0.86 0.92 1 1.06 1.15 

Compact 
fluorescent 

lamp 

𝑷

𝑷𝒏𝒐𝒎

 0.9 0.96 1 1.04 1.08 

𝝀

𝝀𝒏𝒐𝒎

 0.9 0.95 1 1.05 1.1 

LED lamp 

𝑷

𝑷𝒏𝒐𝒎

 0.95 0.98 1 1.02 1.05 

𝝀

𝝀𝒏𝒐𝒎

 0.95 0.98 1 1.01 1.04 

Tab.1. Changing lamp parameters due to voltage deviation (data 

from [1], [3], [5]). 

3. Selection of illumination system 

Knowledge of lamp's technical characteristics, the area 

of the illuminated industrial building (40m x 15m), as well 

as the required illumination for this type of building (300 lux 

[9]) and the minimum duration of daylight in Novosibirsk 

[12] allows estimating the economic expenses on lighting 

project realization. The formulas to calculate the NPV and 

PMT are given below [2]. 

𝑁𝑃𝑉 = 𝐶0 + ∑
𝐶𝑡

(1 + 𝑟)𝑡

𝑇

𝑡=0

 

𝑃𝑀𝑇 =
−𝑁𝑃𝑉

1
𝑟

−
1

𝑟 ∙ (1 + 𝑟)𝑇

 

Where [2]: 𝐶0 – Initial investment in the project 

(usually a negative number); 𝑇 – Service lifetime of the 

equipment; 𝑡 – Number of time periods; 𝐶𝑡 – Summary cash 

flow in the period 𝑡; 𝑟 – Discount rate; 𝑃𝑀𝑇 – Annual 

payments. 

Based on these formulas, the NPV for three projects 

with a duration of 14 years was calculated, these amount of 

years correspond to the maximum service life of one of the 

considered equipment in a particular plant environment. 

After that, the annual costs of maintaining the projects were 

determined, these expenses include the costs of the initial 

investment, electricity consumption, equipment 

maintenance, purchase of new equipment after the service 

life, depreciation and tax deductions. Taking all these data 

into account, the final results are shown in Tab. 2. 

                   
……….Lamps 

  Parameters  

Fluorescent 
lamps 

Compact 
fluorescent 

lamps 
LED lamps 

NPV, EUR -9 734.38 -9 938.13 -6 264.5 

PMT, EUR 1 164.34 1 188.71 749.3 

Tab. 2. Calculation results for a selection of illumination system 

According to table 2 and lamp’s technical data, it has 

been decided that the better lighting equipment for the 

industrial buildings is LED luminaires. This is supported by 

economic calculations and technical specifications, as LED 

lamps are a newer technology than the other two options. 

LED lamps consume less electrical energy, have a better 

luminous flux, and have a service life expectancy several 

times longer than fluorescent luminaires. 

4. Lighting system design 

First of all, to design an artificial lighting system, the 

number of lamps required must be calculated. In order to do 

this, it is necessary to know the dimensions of the building, 

the dimensions of the lamps, and the recommended spacing 

between them. Necessary formulas are given below [4]. 

𝑁𝑙𝑎𝑚𝑝 =
𝐴 − 𝐿

𝐿 + 𝑙
∙

𝐵 − 𝐿

𝐿 + 𝑙𝑏
= 70.2 ≅ 72 

Where [4]: A = 40m – Length of building; B = 15m – 

Width of building; L = 2m – Distance between luminaries 

(equal to the distance between the work surface and the 

luminaire); l = 1.2m – Length of lamp; lb = 0.2m – Width of 

lamp. 

After that, it is necessary to calculate the required 

luminous flux of the lamps to select them [6]. 

𝐹 =
Е ∙ 𝑆𝑛 ∙ 𝐾𝑧 ∙ 𝑍

𝑁𝑙𝑎𝑚𝑝 ∙ ŋ
= 5952.4 (𝑙𝑚) 

Where [6]: E = 300 lux - The standard illuminance; 𝑆𝑛 

= 600 m2 - Area of the building; 𝐾𝑧= 1.5 - Safety factor 

which indicates the dustiness of the building. The minimum 

dust content in industrial plants is 1-5 mg/m3 ; Z = 1 for LED 

lamps -  coefficient of irregularity of illumination; 𝑁𝑙𝑎𝑚𝑝 = 

72 - Number of lamps;  ŋ = 63% (for bright area with 

window openings)- Coefficient of utilization of luminous 

flux. 

From the calculations above, it is clear that 72 LED 

lamps with a luminous flux of 6000 lm must be installed for 

a comfortable lighting level. The cost of implementing this 

project for LED lamps was calculated in chapter 3. This is 

due to the fact that all lamps have different maximum 

luminous fluxes, so it is better to initially calculate the 

required number of luminaires. For example, 90 compact 

fluorescent lamps with a luminous flux of 4800 lm would be 

required to illuminate this building (the cost of this project 

is also shown in chapter 3). 

Next, natural light was designed, which is achieved by 

installing window openings. The purpose of this calculation 

is to determine the minimum area of the window openings 

in the building [4]. 

𝑆0 =
𝑆𝑛 ∙ 𝑒𝑁 ∙ 𝐾𝑧 ∙ ɳ0

100 ∙ 𝜏0 ∙ 𝑟0
= 109.4 𝑚2 

Where [4]: 𝑒𝑁 = 1.4 – The normalized value of the 

natural illumination coefficient which depends on the 

location area of the facility and the kind of the work; ɳ0 = 8 

- The value of the light characteristic of side windows 

illumination, which depends on the height of the working 

surface (see Figure 10); 𝜏0 = 0.384 - The light transmission 
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coefficient, which depends on the thickness of the glass; 𝑟0 

= 2.4 - The sidelight coefficient, which depends on the 

illuminance of the building and its area [27]. 

After calculations, it was decided to install eight 

window openings, with a standard window size of 4.2 x 3.4 

m [4]. 

 

Fig.2. Plan of electrical workshop 

5. Consequences of voltage 

deviation 

All calculations were made following typical load 

schedules for a reinforced concrete plant and artificial 

lighting with a two-shift operation schedule [4]. The wiring 

diagram for calculating the voltage losses is shown in Fig. 3. 

 

Fig.3. Electrical circuit 

Where: (n x m) – n –number of conductive cores, m – cable cross-

section; 2-AAShV – Two parallel cables, A - Aluminum conductive core, 

A - Aluminum shell, SHV - protective Hose from PVC plastic; 2-TM-

630/10 – Two transformers, T - Transformer, M – oil, each capacity equal 

630 kVA, primal voltage equal to 10 kV; 2-AVVG (5x95) - Two cables, A 

- Aluminum conductive core, V - PVC-insulated, V - PVC jacket, G - bare 

cable; AVVGng-LS (5x2.5-4) – One cable, A - Aluminum conductive core, 

V - PVC-insulated, V - PVC jacket, G - Bare cable, ng - non-flam, LS - less 

smoke. 

As a result of the lighting calculation, it was found that 

the allowable negative voltage deviation violates the rules 

[9], which states that for considered industrial building 

illumination must not be less than 300 lux what for the 

designed system equates to a voltage deviation of -2.52% out 

of the nominal value. The actual voltage deviation reaches - 

5.36%. This does not comply with the regulations for a 

comfortable working environment. The upper limit of 

voltage deviation is +10% of the nominal voltage [8]. 

Also, it has been calculated that the actual annual 

power consumption is 11 304.73 kW, which is 282.9 kW 

more than the nominal value per year. 

From the data obtained, it can be seen that due to the 

voltage deviation, the electricity consumption has increased 

and the permissible industrial illumination level has been 

violated, which leads to an unfavorable working 

environment. As a result, it was decided that the input 

voltage level should be adjusted to ensure that lighting levels 

do not fall below 300 lux [9] and to reduce electricity 

consumption. 

6. Voltage regulation in the lighting 

nodes 

One of the main condition for reducing power losses 

and improving power quality is to increase the nominal 

voltage level [4]. As mentioned above, only local voltage 

regulation sources will be considered. This is since 

individual power consumers have different distances from 

transformer substations and different load schedules, 

resulting in inconsistent requirements for overall voltage 

regulation. Therefore, individual voltage regulation is used 

in individual networks or directly at consumer nodes. 

Voltage limiters and voltage adding devices such as voltage 

regulators are used for this purpose [6]. 

Five types of devices were considered in the work: triac 

voltage stabilizers; relay voltage stabilizers; servo voltage 

stabilizers; booster transformers; thyristor voltage limiters. 

Device NPV, EUR Annual payments, EUR 

Triac voltage stabilizer -1 136.34 166.82 

Relay voltage stabilizer -795.78 116.82 

Servo voltage stabilizer -1 337.92 196.41 

Booster transformer -1 375.09 201.86 

Thyristor voltage limiter -879.23 129.07 

Tab. 3. Calculation results for a selection of voltage regulation 

device 

But as a result of economic calculations (NPV, PMT) 

it was decided that a relay voltage stabilizer [11] with a 

voltage regulation step of ±5% would be installed. For this 

equipment 𝑁𝑃𝑉 = −795.78 𝐸𝑈𝑅, 𝑃𝑀𝑇 = 116.82 𝐸𝑈𝑅. 

 
Fig. 4. The simplest scheme of relay voltage stabilizer 

As a result of voltage regulation, it has been possible 

to reduce power consumption by 146.67 kW per year. Also, 

it has managed to prevent lighting deviations below the 

minimum level of 300 lux. 

The project with implementation of LED lamps with 

relay stabilizers has NPV=-5484.4 EUR; PMT=805.3 EUR. 
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I have defined important indicators for this model such as 

the historic inflation rate (6.53 %), discount rate (11.47 %) 

based on the CAPM model, and historic escalation rate for 

electricity price (3.3 %), cost of energy (0.05 EUR per kWh), 

cost of maintenance (52 EUR), initial investments (1713.8 

EUR). After that I prepared sensitivity analysis on changes 

of PMT from main indicators. In my case, equivalent annual 

payments play the most important role in decision making. 

Fig. 5. presents sensitivity analysis. 

 

Fig.5. Tornado diagram 

Fig. 5. demonstrates that change in the PMT is mostly 

influenced by such parameters as the discount rate and the 

energy price. 

7. Conclusion 

This paper presents the problem of voltage quality in 

artificial lighting networks and ways to solve it. In order to 

consider this problem under real industrial conditions, it was 

decided to design natural and artificial lighting for the 

electrical workshop of a reinforced concrete products plant 

in Novosibirsk city. The paper describes the technical and 

economic processes of selecting lighting sources and 

regulation devices. Then the natural and artificial lighting 

system was completely designed, after which the changes in 

the main indicators of the lighting devices were estimated. 

As a result, the voltage deviation violated the rules of SP 

52.13330.2016, which regulate the conditions of a favorable 

working environment, as well as due to the voltage deviation 

increased power consumption by 282.9 kW per year. After 

that, it was decided to regulate the voltage locally. This is 

due to the fact that individual power consumers have 

different distances from transformer substations and 

different load schedules, resulting in inconsistent 

requirements for overall voltage regulation. As a result, the 

power consumption became 11 158.06 kW per year and the 

building illumination did not fall below the minimum 

allowable value of 300 lux. The NPV for this project is – 

5485.4 EUR. 
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Abstract. The purpose of this paper is to analyze the energy 

needs and develop a hybrid power system for an off-grid 

village Soyana in Russia, Archangelsk region. This location 

has rich wind energy potential. Therefore, integration of 

wind turbines with a backup diesel generator will be an 

effective solution to reduce the cost of purchasing the diesel 

fuel. I investigated location of the area and evaluated its 

climatic peculiarities from the point of view of using 

renewable energy sources. This paper contains a 

description and analysis of Soyana village energy needs. In 

addition, options for a hybrid energy supply system were 

proposed and an economic evaluation was carried out. As a 

result, I recommend a more cost-effective power supply 

system in terms of reducing the cost of the project. 

Keywords 

Wind Turbine (WT), load graph, wind speed, hybrid 

system, diesel generator, diesel fuel. 

Introduction 

The modern development of energy supply in Russia is 

marked by an increase in the cost of energy generation. The 

highest growth in the cost of energy is observed in the Far 

East, as well as in remote areas of the Far North of Russia, 

where decentralized energy supply facilities based on diesel 

power plants running on imported fuel are mostly used. 

Renewable energy sources can contribute greatly to the 

solution of one of the most important problems of power 

supply in decentralized regions of Russia, which constitute 

up to 70% of the country with a population of up to 20 

million people. Renewability, environmental aspect, wide 

distribution, availability, low cost of energy production in 

the foreseeable future are the main aspects of why the 

renewable energy is one of the main potential solutions of 

the investigated problem.  The most promising method of 

building autonomous power supply systems is the 

integration of wind power plants in the system of diesel 

power supply [2]. 

The purpose of this work is to design a decentralized 

power supply system, using a renewable energy source, 

providing continuous power supply to a small village located 

in the Arkhangelsk region. Furthermore, an economic 

evaluation will be carried out. 

1 .  Technology of wind power 

installations 

The principal subsystems of a typical (land-based) 

horizontal axis wind turbine are shown in Figure 1. These 

include: 

• The rotor, consisting of the blades and the supporting 

hub. 

• The drive train, which includes the rotating parts of 

the wind turbine (exclusive of the rotor); it usually 

consists of shafts, gearbox, coupling, a mechanical 

brake, and the generator. 

• The nacelle and main frame, including wind turbine 

housing, bedplate, and the yaw system. 

• The tower and the foundation. 

• The machine controls [2]. 

 

Fig. 1. Major components of a horizontal axis wind turbine [3] 

2 .  Consumer requirements. Analysis 

of wind energy potential   

This paper deals with the design of a hybrid power 

supply system for the northern Russian village. Soyanskoye 

rural settlement (Soyana village) is located in the western 

part of Mezensky municipal district of Arkhangelsk region. 

According to the map of the Soyana village settlement, it 

was roughly assumed that the number of houses in the 

settlement is 196 buildings. Thus, if 401 people live in the 

village, then an average of 2 people live in one house. 

Distance from the administrative center - the city of 

Arkhangelsk 408 km [3].  
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According to [3], there is no central heating system in 

the village of Soyana, the heating of houses in the village is 

carried out mainly by burning wood and coal, which are 

purchased personally by each resident. In addition, there is 

no lighting on the streets of the settlement. Currently, power 

supply to the Soyanskoye rural settlement of Mezensky 

municipal district is provided by diesel power plants through 

a system of high-voltage line 35 kV and the corresponding 

distribution substations. The total capacity of diesel 

generator is 400 kW.  
 

Electrical equipment Average Power, W 

Electric kettle 1800 

Iron 2500 

Refrigerator with freezer 400 

Microwave oven 1500 

Lighting Up to 160 

TV set 150 

Stove 2000-3000 

Tab. 1. The average power consumption values of typical appliances [1] 

It was decided that the energy consumption model will 

be created only for one house, then after calculating the 

energy consumption for one house, the results will be 

multiplied by 196, which will show the relevant information 

about the energy consumption of the entire rural settlement. 

 

Fig. 2. Daily load graph for Soyana village 

In order to compile a power balance in an autonomous 

power supply system with a wind-diesel power plant, an 

annual graph of electricity consumption in the settlement is 

required. The daily load graph and calculated graph of 

annual electricity consumption in Soyanskoye rural 

settlement is shown on Figure 2 and 3 respectively. 

2.1. Wind energy potential in Soyanskoe 

rural settlement 

The gradation distribution of wind speed presented in 

Table 2 makes it possible to calculate the output of a wind 

power plant for each month. For this purpose, it is necessary 

to convert the percentage of repeatability of wind speed 

interval into the corresponding time interval. Then the wind 

generator capacity corresponding to this wind gradation and 

the time of wind power plant operation in this mode allows 

to determine the amount of electricity for the month for the 

corresponding wind speed. The total energy that can be 

produced by a wind power plant of a certain type during the 

time interval under consideration is defined as the sum of 

energies corresponding to each wind gradation [1]. 

 

Month 1 2 3 4 5 6 

Average wind 
speed, m/s 

4.46 4.28 4.13 4.19 4.07 4.02 

Wind speed at 
the height of 18 

m, m/s 
4.96 4.76 4.59 4.66 4.53 4.46 

Month 1 2 3 4 5 6 

Average wind 
speed, m/s 

4.46 4.28 4.13 4.19 4.07 4.02 

Wind speed at 
the height of 18 

m, m/s 
4.96 4.76 4.59 4.66 4.53 4.46 

Tab. 2. Wind speed at the height of 18 m. 

3. Hybrid power supply system. 

Power balance 

To ensure an uninterrupted power supply to 

Soyanskoye rural settlement, it is planned to design a wind 

farm with storage system and a backup diesel generator. The 

presence of storage system, allows to reduce the number of 

switching of the diesel generator and exclude interruptions 

in power supply during the switching of generating 

equipment. Usually, the available energy reserve in the 

batteries can be limited to the time of power supply to the 

consumer within an hour.  

The equipment of the wind-diesel power plant with 

storage system, in addition to the wind generator and diesel 

generator includes batteries with a device for charging and 

discharging, inverter, automatic switch over (ASO) system. 

Inverter in this case is chosen autonomous (battery) [1]. 

The principle of constructing a wind-diesel power plant 

consists in the possibility of obtaining additional energy 

from wind turbines to reduce the cost of diesel fuel. The 

diesel generator compensates for the lack of energy received 

from wind turbines. For this purpose, the diesel generator 

must have an automatic start system that reacts to changes 

in power consumption [1]. 

3.1. Power balance 

In this paper to fully meet the needs of the consumer 

and taking into account the quite stable price of Russian-

made wind turbines and their high energy performance, an 

option of designing a power supply system based on the 

wind turbines "Condor Air WES" with different capacities 

are considered, as the starting and nominal wind speed of 

generators of this type is 2.5 m/s and 9 m/s, respectively, 

which corresponds to the wind energy potential of the 

region. 

Power balances include energy generated by a wind 

farm and consumed by a rural settlement. The ratio of 

generated and consumed electricity varies significantly by 

month; therefore, a monthly analysis of power balances is 

required [1]. 
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Fig. 3. Energy characteristic of WT [2] 

 

Month 

WT 20 
kW 

𝑷𝒈𝒆𝒏 

per 
month, 

MW 

WT 60 
kW 

𝑷𝒈𝒆𝒏 

per 
month, 

MW 

3 WT 
(60+60+20) 

𝑷𝒈𝒆𝒏 per 

month, 
MW 

Consumed 
power 𝑷𝒄𝒐𝒏 
per month, 

MW 

January 7.125 21.378 46.318 50.013 

February 6.840 20.521 44.462 45.173 

March 6.588 19.766 42.826 45.012 

April 6.674 20.024 43.386 43.560 

May 6.464 19.394 42.020 42.511 

June 6.368 19.105 41.394 41.140 

July 6.332 18.997 41.160 40.010 

August 6.662 19.989 43.309 42.511 

September 6.699 20.098 43.547 43.560 

October 6.952 20.857 45.190 47.512 

November 7.009 21.028 45.561 48.400 

December 7.258 21.774 47.178 50.013 

Year 80.976 242.931 526.350 539.415 

Tab. 3. Generated power of WT Condor Air 20 / 60 kW 

The shortage of electricity from 3 WT (2 wind turbines 

with a rated capacity of 60 kW and one wind turbine with a 

rated capacity of 20 kW) for the year is 13.065 MW. This 

power must be obtained from a diesel generator. Hybrid 

power plant provides fuel and fuel and lubricants (POL) 

savings [1]. 

 

Fig. 4. Load coverage by wind turbines of Soyanskoe village 

3.2. Diesel generator 

Diesel power plants in hybrid power supply systems 

perform the most important functions of a guaranteed power 

source. In addition, depending on the structure of the wind-

diesel power complex, it can perform buffer functions, 

compensating for power pulsations of the wind power plant 

[1]. 

Fuel supply to the settlements of Mezensky municipal 

district is carried out according to the government schedule. 

Since the operation of delivering diesel fuel by road in harsh 

winter conditions is extremely difficult, fuel reserves are 

formed in advance for the entire winter period. The entire 

process of electricity supply, purchase and delivery of fuel 

to Mezensky district is carried out by the local authorities, 

namely the Arkhangelsk department of internal policy and 

local self-government [3]. 

Based on the linearization of the consumption 

characteristics of the diesel engine, it is possible to use an 

approximate formula [1] to determine the specific fuel 

consumption for the generation of 1 kWh of electricity: 

𝐺1 = 𝐾𝑛𝑙 ∙ 𝐺𝑛𝑜𝑚 + (1 − 𝐾𝑛𝑙) ∙ 𝐺𝑛𝑜𝑚 ∙
𝑃1

𝑃𝑛𝑜𝑚

, [𝑔 𝑘𝑊ℎ⁄ ],  

where 𝐺1 − actual fuel consumption; 

𝐺𝑛𝑜𝑚 = 208 𝑔 𝑘𝑊ℎ⁄ − nominal fuel consumption; 

𝑃1 = 67.22 𝑘𝑊 − power consumption of Soyana village; 

𝑃𝑛𝑜𝑚 = 400 𝑘𝑊 − nominal power of diesel generator; 

𝐾𝑛𝑙 − coefficient characterizing the fuel consumption at no-

load conditions, (𝐾𝑛𝑙 = 0.3). 

The amount of fuel consumed per year by only one 

diesel generator to fully meet requirements of the consumer 

is equal to 𝑚1 = 46 858 𝑘𝑔. But the average fuel 

consumption with installation of two WT (60 kW) and one 

WT (20 kW) will be equal to 𝑚2 = 1 135 𝑘𝑔. 

3.3. Structure and equipment of a wind-

diesel power plant  

The diesel generator compensates for the lack of 

energy received from wind turbines. To realize this, diesel 

generator must have ASO system that responds to changes 

in power consumption. In transient modes of generation, as 

well as covering peak power is due to the work of the power 

module “Delta” NH PLUS-series 20 kVA (3ph-3ph). 

“Delta” power module is an uninterruptible power supply 

with different functionalities. Delta modules are installed in 

a special power control box [1]. 

Uninterruptible power supply "Delta" provides power 

to loads from wind farms through the rectifier and inverter 

converter with the accumulation of surplus electricity in 

batteries. During periods of no wind power loads are 

transferred to the batteries, as the discharge of which is 

turned on by the diesel generator and the transfer of 

consumers of electricity to it. The diesel generator also 
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provides battery charging through the "EDS60" controllers 

[1].  

 

Fig. 5. The block diagram of a wind-diesel power plant 

Lead-Acid storage batteries “Delta” DTM-12200 L 

performs a buffer function. Technical parameters are 

presented in Appendix 4. According to the technical 

specifications of wind turbines: for a WT with a nominal 

power 60 kw at least 40 storage batteries are required, for a 

WT 20 kw 20 batteries are required. 

 

Equipment Amount 
Lifetime, 

years 
Price, 
RUB 

Total 
price, 
RUB 

WT “Condor Air 
380/50-60”  

2 20 3289000 6578000 

WT “Condor Air 
380/50-20”  

1 20 1320000 1320000 

Power module 
“Delta” NH PLUS  

3 20 235500 706500 

Power control 
box for power 
module “Delta” 
up to 80 kVA  

3 20 462000 1386000 

Lead-Acid 
storage batteries 
“Delta” DTM-
12200L, 12V, 
200Ah  

100 12 35150 3515000 

Charge controller 
“EDS60”  

3 20 210180 630540 

Automatic Switch 
Over  

1 20 477800 477800 

Total cost - 14613 840 

Tab. 4. Wind-diesel power plant equipment 

4. Evaluation the project from 

economic point of view 

This section is devoted to the economic analysis of the 

developed power supply system in order to determine 

whether the project is feasible or not.  

During the creation of the economic model, it is 

important to consider the main input parameters. On this step 

of economic evaluation, it is necessary to compare options 

of power supply: 

1. Power supply system without Renewable energy 

sources (Electricity tariff Arkhangelsk region is 

22.695 = RUB/kWh) [4]. 

2. Hybrid power supply system.  

2.1 Startup the hybrid power plant from the point of 

view of outside investor (VAR-1); 

2.2 Startup the hybrid power plant from the point of 

view of the rural settlement association (VAR-2). 

4.1. Inputs for economical model 

• Average inflation = 6.58% • Linear depreciation 

• Corporate tax rate = 20% • El. escalation = 3.012% 

• Discount rate = 14.224% • Fuel escalation = 5.63 % 

Initial investments (with 
installation), thsd RUB 

17 536.608 

Revenue from selling 
energy, thsd RUB 

2 777.987 

Maintenance cost, thsd RUB 157.96 

Salary expenditures, thsd 
RUB 

1 801.8 

Diesel fuel expenditures, 
thsd RUB 

72.978 

Tab. 5. Inputs for economical model 

Sensitivity analysis is an evaluation of the impact of 

changes in the parameters of an investment project 

(expenses, discount rate, investment costs, etc.) on its final 

characteristics, which is NPV in this case. The sensitivity 

analysis will be calculated for two configurations (VAR-1 

and VAR-2).  

• NPV for first variant = 43 870 243,12 ₽; 

• NPV for second variant = -35 166 322,04 ₽. 

The sensitivity analysis was performed on the 

following 4 parameters (electricity price, discount rate, 

inflation rate, loan value), because these chosen parameters 

can easily affect the final decision. 

 
Fig. 6. Dependance of NPV on electricity price 

The graph in Figure 6 has linear characteristic. The 

higher electricity price the higher NPV. NPV becomes 

positive when price is more than 10.026 rubles. 

 
Fig. 7. Dependance of NPV on discount rate 
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The graph in Figure 7 has exponential characteristic. 

According to the graph, NPV remains positive for VAR-1 

and negative for VAR-2. It is explained by positive and 

negative cash flows respectively within each year. 

 
Fig. 8. Dependance of NPV on inflation rate 

Figure 8 clearly demonstrates that with increase of 

inflation, the NPV are declining for both variants. 

 
Fig. 9. Dependance of NPV on loan value 

As can be seen from Figure 9 that with changing the 

loan quantity from initial investments does not affect so 

much on NPV. Nevertheless, the higher loan, the higher 

NPV.  

Conclusion 

In remote areas such renewable source of energy as 

wind energy has good prospects for development. Thereby, 

in this paper the wind-diesel power supply system for 

Soyanskoe rural settlement was designed.   

Based on the observations and calculations, it was 

determined that wind energy potential in the research area 

meets the standards for the production of electricity. Thus, it 

was decided to install 3 wind turbines with different 

capacities. 

Taking into account the fact that in some month’s 

electricity production exceeds consumption, it was decided 

to install batteries. 

Designed hybrid power supply system allows to reduce 

the cost of fuel purchasing in almost 42 times. 

The project economical evaluation and also sensitivity 

analysis have been implemented for both variants of power 

supply (outside investor and settlement association points of 

view).  

• NPV for first variant = 43 870 243,12 ₽; 

• NPV for second variant = -35 166 322,04 ₽. 
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Abstract. Electric vehicles represent an innovation in 
mobility that can help significantly reduce greenhouse gas 
emissions and thus mitigate climate change. However, 
combustion vehicles replacement with electric vehicles 
needs to be complemented with changes in the energy mix. 
Thus, each country needs to foster the integration of 
renewable energy sources and efficient electricity use to 
increase the emission utility of the power industry. The 
recuperative braking energy of the trains is one of the 
sources of electricity whose potential is not fully covered. 
The following paper relies on analyses of two datasets; the 
generation of the recuperative energy during the braking of 
trains and the charging requirements of individual electric 
vehicles incoming to the parking point. The paper proposes 
a model of a charging point equipped with low-power 
chargers placed nearby the train station. Using this energy 
to charge electric vehicles helps to reduce energy 
consumption from the electricity grid and thus reduce 
carbon emission. The proposed dynamic EV charging model 
focuses on the efficient use of recuperated braking energy to 
reduce the carbon footprint. The model results show that 
using recuperative energy leads to reducing about 45% of 
the carbon emission compared to the average emission of 
the electricity grid. 

Keywords 
Recuperative braking energy; train power system; 
varying the charger charging power; car park; low-
power chargers; electric vehicle. 

1. Introduction 
Following the European Union's (EU) 2030 targets [1] 

and the need to change one of the main sources of air 
pollution, the transport sector [2], many subsidy programs 
have been proposed to support the sale of electric vehicles 
and the construction of charging stations [3]. The main 
benefit of promoting EVs and the associated construction of 
charging stations is the reduction of emissions produced by 
the transport sector, especially in urban areas with high 
concentrations of cars and people [4]. The operation of EVs 

directly fulfills this requirement as they have zero local 
emissions [5]. 

However, the transformation of internal combustion 
engine cars to electric vehicles will not be sufficient to 
achieve climate neutrality goals without a fundamental 
change in the energy mix of countries towards a significant 
share of renewable energy sources [1]. Achieving emission 
reduction targets in the transport sector will require both a 
shift away from fossil fuel electricity generation [6], [7] and, 
in line with the principle of "energy efficiency first" [8], 
ideally also an increase in the efficiency of renewable energy 
use [9]. 

However, another good option is to respect the first 
principle of energy efficiency, i.e. to use energy that would 
otherwise be wasted [5], [10]. However, this option is still 
much less explored [11]–[13].  

Therefore, this paper builds on this approach and 
focuses on reducing the CO2 emissions associated with each 
kilowatt-hour charged to an electric vehicle battery using the 
recuperative braking energy (RBE) of trains that is generated 
when a moving train brakes to a station [13]. Using this 
energy to charge the EV is another way to use it efficiently 
and not waste it (usually in converting onboard resistors 
(rheostats) into heat) [10], [13]. In addition, this paper 
considers the use of RBE by changing the charging power of 
EV chargers without the need for additional installation of 
an energy storage system. 

2. Model of EV Charging Site 
Charging stations in train station car parks, despite low 

charging capacities, offer EV users the advantage of using 
long parking times to charge their cars. In addition, parking 
is many times cheaper compared to conventional time-of-
use chargers. Therefore, our model considers building a 
charging point in a strategically located parking lot close to 
the train station and, thanks to dynamic power control, even 
without an additional energy storage system (ESS). The 
model considers that the battery capacity of each charged 
EV directly replaces the capacity of the ESS, and by 
aggregating the charging power of many cars, the 
recuperated braking power can be distributed and cover part 
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of the total parking demand. For this reason, the use of the 
electricity available from the catenary is also considered to 
ensure the stability of the power supply to the car park. To 
enable the proposed model to respond to RBE fluctuations 
without using ESS and thus use this energy more efficiently 
for EV charging, it uses the variable charging power 
function of the charging stations. With this feature, the 
model adjusts the power of each active charging station 
based on the number of EVs being charged simultaneously 
and the amount of RBE expected at the same time. 

Furthermore, the presented model considers equipping 
all parking lots with single-phase AC charging stations with 
power ranging from 3.6 to 7.4 kW. These types of charging 
stations were chosen based on the testing results provided by 
Ško-energo [14]. Their results confirmed that the variation 
of charging power with the type of AC and a given power 
range is not blocked by the onboard EV system. AC 
charging stations with charging power up to 11 kW could 
also be used for charging, but the standard three-phase 
design limits their implementation. To achieve 11 kW AC 
charging power would require modifications to charging 
station manufacturing and production of an AC charging 
station that would achieve this power on one phase with a 50 
A current [15]. 

2.1 Case Study 

The following section deals with the application of the 
model to real data. The chapter consists of three subsections. 
The first two present and analyze the real data input to the 
model. The last section evaluates the economic aspects of 
the proposed system. 

2.1.1 Car Park Description 

Data from the car park at the Prague Holešovice 
railway station with 64 parking spaces were selected for the 
model. The data captures the car park occupancy in five-
minute intervals between 2013 and 2018. The data on the car 
park occupancy did not include data for holidays and public 
holidays, which would bring bias into the model. For further 
processing, parking occupancy information at five-minute 
intervals was divided into weekdays (Monday through 
Friday) and weekends (Saturday and Sunday). Based on this 
six-year study, average weekday and weekend occupancy 
was calculated for each five-minute interval. Subsequently, 
a comprehensive data analysis was performed, which 
revealed that user behaviour is almost identical on 
weekdays. Conversely, when comparing weekday and 
weekend user behaviour, significant differences were found, 
particularly in the full occupancy interval of the car park. On 
weekdays, the car park was almost full between 6 am and 
2 pm, while on weekends, the occupancy peaked between 
1 pm and 3 pm. 

  
 Fig. 1 Comparing charging requirements and time of parking 

2.1.2 Charging requirements of EVs 

Data obtained from charging stations operated by PRE 
[16] (Prague, Czech Republic) were used to simulate the 
demand for charging electric vehicles. During the annual 
measurement from November 2019 to November 2020, data 
on 3,000 charging of various EVs were obtained. A more 
detailed data analysis provided information on the time spent 
in the parking lot and the time needed to sufficient charge 
(Fig. 1). The analysis showed that users left their electric 
vehicles parked and connected to the charger for longer than 
they needed to recharge the batteries. This led to the idea of 
using a low-power charging system for parking lot 
installations that is still able to fully charge the car during 
long parking times. The only exception in sufficiency was 
for charging stay of less than 30 minutes, where a 150 kW 
charger affected the analysis results. During these charging 
iterations, energy was supplied to the EV batteries, for which 
a 3.6 kW charger would have taken almost twice as long. 

2.1.3 Economic Analysis of Case Study 

From an economic point of view, financial parameters 
need to be included in the model, and the competitiveness of 
the price for charging and parking needs to be verified in 
relation to conventional charging. Finally, the minimum 
consumer price per kWh will be defined by the Levelized 
cost of electricity (LCOE). 

���� ≈
���	�
��


. (1) 

Under the assumption that the parking usage does not 
change within the years, the variables CA and Fty can be set. 
CA indicates the annualized costs for the corresponding 
discount rate r, and Fty denotes the annual electricity bill. E 
represents annual electricity sold (kWh), and M denotes the 
annual maintenance expenditures. Compared to the standard 
electricity distribution grid connection, the connection to the 
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train system does not include a fee for reserved power. The 
price per kilowatt-hour taken from the train system thus 
consists of the transmission charge for the catenary, the price 
of energy, system services and renewable energy (RES), and 
the electricity tax. 

3.  Results 
The following chapter presents the model's results 

applied to real data obtained from the parking lot at the 
Prague Holešovice station, data capturing RBE overflows on 
the busiest train line (between Prague and Brno), and user 
charging needs from PRE charging station data. 
Consequently, the use of RBE is also associated with a 
reduction in the amount of CO2 emissions that would be 
generated by supplying electricity from EDG to cover the 
charging requirements, and last but not least, Levelized Cost 
of Electricity values are also presented to show the 
competitiveness of the charging points. 

 
Fig. 2 One day consumption of parking lot with RBE coverage 

Fig. 2 shows the average electricity consumption in the car 
park during weekdays when the total energy consumed by 
the charging point in a given time interval exceeds the 
amount supplied by the RBE due to the minimum charging 
power requirement of each EV (indicated in black). With the 
variable charging power function, the model then adjusted 
the charging power of each charging facility to ensure that 
RBE is always used as efficiently as possible and there is no 
overflow back to the EDG. 

With statistically described input parking requirements 
for each participant, a set of 50 simulations were run to 
obtain reliable results. In terms of the car park electricity 
consumption during weekday operation, the total energy 
consumption did not exceed 1694 kWh. A more detailed 
analysis of the car park's total consumption data shows that 
RBE supplied an average of 775 kWh of energy, equivalent 
to 45% of the car park's total consumption. The remaining 

amount of energy needed to meet user charging 
requirements was purchased and supplied from EDG. 

The primary advantage of charging in the car park 
compared to charging at a public charging station or at home 
without renewable sources is lower CO2 emissions 
associated with each kilowatt-hour charged into the battery. 
In most cases where trains burn surplus energy in resistors 
due to saturation of the maximal recuperation potential of 
overhead lines, RBE can be considered carbon-free. 
Therefore, in our case, when both EDG and RBE electricity 
are used to charge EVs, the emissions associated with 
charging lower CO2 emissions of the distribution grid. The 
average amount of emissions associated with each kilowatt-
hour supplied by the electricity distribution grid in the Czech 
Republic in 2019 is equivalent to 428 gCO2. Then, thanks to 
the proposed dynamic charging system, an average emission 
per kWh charged to an EV battery decreased to 228 gCO2 
(Fig. 3). 

 
Fig. 3 CO2 emission per kWh 

Before presenting the financial results, home charging, 
the main competitor of our solution, needs to be described. 
The Czech distribution companies offer a special "time of 
use " distribution tariff D27d [17], offering a minimum 
distribution rate suitable for charging between 18:00 and 
8:00. Within this night time, the total price per kWh drops to 
EUR 0.09, and in the rest of the hours, the price reaches EUR 
0.2 (2021 price list). Then, the final sensitivity analysis 
shown in the table1 implies that up to a parking lot operator's 
interest rate of 19%, the price per kWh is still lower than the 
home high rate tariff. 

4. Conclusions 
The paper analyses the economic and environmental 

impacts of using RBE to charge electric vehicles in a car 
park near a train station where additional charging 
infrastructure is considered. The presented model focuses on 
the efficient use of RBE without additional ESS installation 
but by varying the charging power of individual chargers. 
The proposed model has been used for a case study that uses 
two sets of real data. The parking lot occupation has been 
obtained from the parking system of the Prague Holešovice 
car park, and the data of charging requirements came from 
PRE company which operates a network of charging points 
within the city of Prague. 
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Since the variable charging power function was used, 
almost 100% of RBE was used for charging. Also, RBE 
covered over 45% of the total daily charging consumption, 
equalling 1,695 kWh for the tested parking lot with a size of 
65. Assuming zero CO2 emissions of RBE, the average 
amount of CO2 per kWh charged to EV decreased by 45%. 
Considering an operation of the charging car park in the 
Czech Republic, as shown in a case study, the level of the 
carbon footprint of charging power equals 228 gCO2/kWh 

From an economic point of view, the results show that 
the prices per kWh can compete with home charging. 
However, these prices are highly dependent on the required 
discount rate. 
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Abstract. During the recent years PV power plants has 

expanded mainly thanks to support as a renewable energy 

source. With increasing number of the PV plants also 

increases the penetration of the distribution network by 

these sources. Therefore, challenges arise mainly in the field 

of management of these volatile sources in distribution 

network. In order to manage volatile sources the accurate 

forecast model of PV power production becomes vital 

instrument that brings not only challenges in the networks 

distribution management but also opportunities in trading. 

Most research papers focuses on pointing out a new or 

modified approach, or testing models on datasets that are 

from subtropical regions. Therefore, a gap is emerging for 

more challenging climate conditions with less sunny days 

and more cloudy weather that these models have to settle 

with. In direct relation, the lack of benchmark for models 

and especially for more complex weather datasets even more 

enlarges the situation. Transparent benchmark of prediction 

models evaluated on complex weather dataset from Czechia 

will have significant impact on implementing the most 

effective forecast model into daily practice. 

Keywords 

Predicting power, Poster2022, photovoltaic power 

plant, benchmark, energy, forecast model, Czechia. 

1. Introduction 

Various studies were conducted in order to provide 

very accurate predictions of power production. These studies 

use sophisticated methods, especially machine learning and 

deep learning methods, that can be now easily applied thanks 

to more affordable powerful computing technology.  

Many of these studies focuses on one local power plant 

or PV panel, and application of one or two proposed 

forecasting models, but there is no benchmark provided on 

same continental weather dataset for major groups of 

forecasting models. Also submitted papers do not specify the 

forecasting horizon.  

The performance of models may vary with the 

character of dataset as well as on the considered forecast 

horizon. These information might have significant impact on 

implementing these prediction models into daily use for 

large number of PV plants in the distribution network.  

2. Review on current approach 

CHOW, Stanley K.H., Eric W.M. LEE a Danny H.W. 

LI. in their article [1] propose the application of artificial 

neural network (ANN) with backpropagation algorithm to 

perform real-time predictions and forecasts in the short term 

of electricity production from photovoltaic panels for 10 min 

and 20 min forecast horizons.  

The specific model they used is Multi – layer 

perceptron with use of 70 % dataset’s portion to perform 

training, 20 % for validation and 10 % for testing and 

evaluation of model’s performance. The results of the model 

were compared with measured data. In conclusion the 

achieved results [1] were for correlation coefficient between 

predicted and measured value at 95 % upper level 0.9862 for 

10 min forecast and 0.9509 for 20 min.  

The authors in paper [2] aim to design an architecture 

for a neural network that will forecast the electricity 

production from a 90 W monocrystalline silicon PV panel.  

The PV panel with a weather station was deployed for 

one year on the roof of the University of Batman, Turkey, 

and both the panel’s and weather station’s data were 

collected at 5-minute intervals between July 15, 2015 and 

August 19, 2016. The predicted electricity production from 

the ANN model was then compared with the production 

calculated from the measured values by the weather station. 

The inputs of the ANN with feed – forward neural 

network using a backpropagation algorithm were global 

irradiation, air temperature, wind speed, wind direction, 

relative humidity, solar elevation angle.  

To obtain more accurate predictions, authors [2]  

developed and tested two ANNs for processing data in 

different weather conditions (sunny/cloudy), which they 

classified based on the degree of irradiation fluctuation 

during the day. In parallel, here they present another possible 

approach in terms of classifying days based on a threshold 

value of the amount of irradiation intensity at 400 W/m2. 
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For testing the performance of the ANN architecture 

they used methods of sum of squared errors (SSE), mean 

square error (MSE), root mean square error (RMSE), mean 

absolute error (MAE), relative absolute error (RAE%), root 

relative square error (RRSE%), and Spearman – Rho 

correlation coefficient between the predicted and observed 

values. The selected results for sunny day were  

MSE = 0.000106, RRSE = 3.837 %, and for cloudy were  

MSE = 0.000190, RRSE = 6.678 %. 

In [3] they try to put to contrast and summarize the 

different methods of approaching the PV generation 

forecasting. Briefly there’s described each method in the 

context of their classification and summarization by chapter. 

It lists the different forecast horizons for them, the 

advantages and disadvantages, and the used input 

parameters. Generally, the paper [3] concludes that 

metaheuristic (hybrid) methods have more accurate results 

against individual methods. Also, in general, the accuracy of 

the prediction decreases as the forecast horizon increases. 

M. Lipperheide, J.L. Bosch, J. Kleissl [4] propose new 

methods for short-term solar intensity prediction based on 

cloud motion, respectively comparing the proposed cloud 

persistence, ramp persistence, cloud velocity persistence and 

autoregressive (AR) models.  

The authors [5] present an approach to very short-term 

prediction based on images of the sky taken by conventional 

cameras installed near PV plants, which are evaluated by 

deep learning methods.  

Cyril Voyanta, Gilles Nottona [6] compare persistence, 

smart persistence, stochastic persistence (additive and 

multiplicative), AR and MLP approaches for forecast 

horizons from 1 h to 6 h based on measured data in Ajaccio 

(Corsica - France), and then for forecast horizons from 15 

min to 90 min based on measured data from Tilos (Greece).  

In conclusion the global horizontal irradiation has both 

a deterministic and a stochastic component, and that the 

better results are obtained when using stochastic persistence 

without the need for a large historical dataset. For a horizon 

of 1 h, the accuracy of the forecast is comparable to machine 

learning techniques, and in the context of short-term 

prediction (15 min), stochastic persistence was found more 

interesting. 

The above section of the research show that the choice 

of the method and the overall approach to prediction is a 

complex matter based primarily on limiting conditions such 

as the availability and extent of data, the prediction horizon, 

and model’s accuracy. In fact, these parameters may cause 

the rejection of some trivial methods that may be quite 

sufficient for a given accuracy and forecast horizon.  

At the same time, it can be concluded from the research 

that it is much more advantageous to focus on modelling 

only the prediction of the solar irradiation intensity in a 

given location (solar potential of the region), with the 

subsequent use of explicit relationships to determine the 

conversion of radiation to produced electricity, rather than 

implementing a sophisticated implicit model.  

3. Future work 

Since most of the papers focuses on proposition of a 

modified method or uses data from subtropical or 

Mediterranean climate for benchmark of these methods 

raises the question “What is the accuracy of the forecasts in 

continental climate?”.  

PV panels or PV power plants are in Czechia strongly 

supported. With increasing number of the PV plants, thus 

increasing the penetration of the distribution network by 

these volatile sources, accurate forecast model becomes vital 

for management of distribution network.  

The future work will focus on review of current 

approaches and selecting the most usable by their general 

features that might match best results for climate in Czechia. 

These models will then be tested and evaluated on the same 

dataset, that will provide transparent performance of each 

model in continental climate conditions and performance 

based on the various forecast horizons.  

Also the type of available weather data can influence 

models performance and have an impact on decision of 

which model use in practice. Therefore, based on the actual 

available weather dataset could be evaluated the difference 

in performance for each model according to number of 

inputs.  
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Abstract. There are many remote off-grid settlements 

around the world, power supply in which is implemented by 

diesel generators. The work compares the hybrid power 

supply from the wind turbine with backup diesel generators, 

which will cover the demand in case of insufficient speeds, 

with the existing one. As is known, diesel generators run on 

diesel fuel, a source of CO2, which pollutes the environment, 

also often the location of settlements makes the delivery of 

fuel expensive and difficult. That is why it is important to 

consider fuel independent energy sources based on RES. The 

purpose of the work is to choose the best option for power 

supply in the Narymskoye rural settlement based on 

technical and economic analyses.  
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(HRES), off-grid, renewable energy sources (RES), 
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1. Introduction 

About 84% of people have no access to electricity as 

they live in rural areas, with more than 95% in sub-Saharan 

Africa and developing parts of Asia. In Canada, for example, 

about 72% of people are living off the grid using fossil fuels 

17.9% meet their demand for electricity by pooling with 

other communities because they do not have enough 

resources to meet their own needs [1].  

In Russia, the low population density and weak 

economic activity in large areas determine the autonomous 

nature of the energy supply of consumers [2].  

The majority of such territories are characterized by the 

low quality of power supply, high frequency of emergency 

shutdowns, and a high degree of wear and tear of power-

generating equipment. These factors hurt the economic, 

social, and demographic indicators of regions with such 

territories and are a problem for regional authorities and 

energy companies [3].  

Many households have to depend on expensive fossil 

fuel-based sources, such as kerosene, diesel, which are 

energy inefficient and polluting to meet their needs [3]. A 

significant disadvantage of such power supply is 

unreliability, dependence on fuel delivery and high 

operating costs for both fuel and maintenance and repair [4].  

World experience shows that a number of countries 

and regions today successfully solve the above-mentioned 

problems of energy supply through the development of 

renewable energy [5].  

In this paper, I consider Narym rural settlement which 

consisting of 5 villages. The Narym rural settlement's power 

supply system is an off-grid system, where power is supplied 

by diesel generators. 

I suggest to focus on several options of power supply, 

perform a technical and economic analysis and choose the 

most effective between two presented options:  

1. Diesel generators only. 

2. Wind generator (wind farm) with diesel generators. 

2. Methodology 

Based on the analysis of the literature, it is possible to 

identify a general approach to solving the problem of power 

supply of off-grids systems.  

In the first stage, the analysis of RES in the area under 

consideration. Based on this analysis the most accessible 

RES is selected, a diesel generator is taken as a backup 

source, also the use of energy storage is possible. Then an 

analysis is done to determine the necessary power 

generation, design the preliminary configurations of the 

power supply system, after that, it is necessary to choose the 

best option. The final step is a sensitivity analysis and 

summarization of the results.  

The main difference between the studies lies in the 

decision-making methodology for selecting the optimal 

configuration of the power supply system. The works [6], 

[7] apply the HOMER Pro software package, which 

performs three main tasks (modeling, optimization, and 

sensitivity analysis), suggesting a suitable system design 

based on net present value (NPV) given the input data. The 

article [8] use multicriteria decision analysis (MCDA) 

together with the optimization model used in the HOMER 

Pro software package to select the optimal power system 
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configuration. In [9], a stochastic multi-objective decision 

support system and economic and environmental feasibility 

justification is used.  

3. Description of research object 

The village of Narym is the administrative center of the 

settlement. The total number of Narymskoye settlement as 

of January 1, 2020 is 1,817 people [10]. 

Consumers of Narymskoye Rural Settlement are 

supplied with electricity from a diesel power plant located in 

the village of Narym. The installed capacity of the 

Narymskaya DPP is 2230 kW. [14]  

The main consumers of electric power are the 

population of the settlements, the public sector (school, club, 

village administration, etc.) and the housing [12].  

Communication between settlements is carried out 

with the help of dirt roads, in winter by winter roads, and in 

summer by water transport, which significantly complicates 

the delivery of diesel fuel to operate the diesel power plant 

[10].   

4. Analysis of renewable energy 

sources   

In Tomsk region, only one of the three types of biofuel 

are available. Despite the potential of wood biomass to cover 

the needs of decentralized consumers, the remoteness of 

such consumers and the lack of land communications for 

most of the year, make such a source of renewable energy as 

biomass is not feasible. 

Narymskoye rural settlement is located on the Ob 

riverbanks, the ice cover formation near this river is 

observed for 5-7 months a year [13], which in turn prevents 

water flow in the cold season. Also, flat terrain, which is 

typical for most of the territory, is unfavorable for the 

construction of dams and reservoirs on rivers [12].  

As for solar energy, the highest value of the daily sum 

of solar radiation in the considered territory is observed from 

mid-spring (April) to late summer (August), the maximum 

is in June, which indicates that the production of electricity 

at solar power plants can be carried out mainly in summer. 

In the other months, due to the low height of the sun above 

the horizon and the weakening of solar radiation, the 

efficiency of solar receptors decreases. Taking this into 

account, the use of solar plants in the area under 

consideration is possible from mid-spring to late summer, 

which is not feasible in the perspective of year-round energy 

supply. 

The average annual wind speed in Narym village is 5.6 

m/s. Settlement Lugovskoe, settlement Shpalozavod and 

settlement Talinovka are located from the settlement of 

Narym at 5 km, 2 km and 9 km respectively, the wind speed 

in these villages will be about the same as the wind speed in 

the settlement of Narym. The efficiency of the wind farm is 

also related to the terrain.  A wind farm should have a clear 

straight front of the prevailing wind, be located over open 

water, flat land, or on a gentle hill [12]. The Narym district 

is a vast lowland area. Therefore, there are no obstacles to 

wind here, and the construction of a wind farm here is 

justified. 

Based on a comprehensive assessment of renewable 

energy sources in the focus area, this paper considers only 

wind energy. 

5. Demand calculation 

Based on [11], the number of residential houses, as 

well as various administrative buildings was determined.  

Thus, according to the results of the calculation, I 

identify two types of consumers of electrical energy: 

- residential houses; 

- hospitals, schools, clubs, stores and other enterprises 

serving the settlement. 

Based on statistical data of daytime and nighttime peak 

loads [14], the power consumed by each typical consumer 

was calculated. The total installed power is equal to           

3264 kW. In real practice, the load consumers installed in a 

circuit of one electrical installation never operate 

simultaneously, i.e., there is always some degree of non-

simultaneous operation, and this fact is taken into account in 

the estimation of the required power by means of the 

simultaneity factor [15].  

Assuming that the number of people living in each 

house is 3, then the coefficient of simultaneity will be 0.62. 

For other types of buildings, the coefficient is 0.55 [15]. 

Then the estimated capacity will be equal to 2182.3 kW for 

Narymsky rural settlement, for convenience of calculations 

I take 2200 kW. 

The daily load schedule of Narymskiy rural settlement 

is shown in Fig. 1.  

 

Fig. 1. Daily load diagram for Narym rural settlement for 

different seasons 

Annual electricity consumption is equal to 7642 MWh, 

the calculations take into account the different consumption 

of electricity during the seasons. 
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6. Proposed rural energy system 

design framework 

There are several approaches to power supply of 

remote settlements. I will discuss/point out two of the most 

feasible options that might be used in the project. 

6.1 Only diesel 

At the moment, the power supply to the villages is 

provided by a diesel power plant. Due to the lack of data 

about utilization time and rate of wear, I suggest replacing 

the existing diesel generators with new ones and adding 

backup diesel generators.  

In case of fluctuating daily or seasonal power 

consumption (several times), it is necessary to operate the 

diesel generators in parallel because the specifics of the 

diesel generator is that the continuous minimum load on it 

should not be less than 25%. For these reasons, a set of 

several diesel generators, operating synchronously for a 

common load and turning on or off automatically, depending 

on the load value, is used. 

I select to install 6 diesel power stations model AD-

550S-T400-2PM22. Then the total capacity of diesel 

generators in operation is equal to P = 2750 kW, and the 

power of backup generator is equal to P = 550 kW. Table 13 

shows the main characteristics of the diesel generator.  

Based on the operating conditions of the diesel 

generators, in order to cover the minimum possible load, it 

is necessary to use a ballast load, which takes possible 

additional energy, which is not demanded in the current time 

interval by the load. As a load module, I chose the HM-500-

T400-K2 model [16], because it covers the minimum 

possible load for one diesel generator. 

One of the important parameters to be known is fuel 

consumption. 

Based on the linearization of the consumption 

characteristics of the diesel engine, it is possible to use an 

approximate formula [16] to determine the specific fuel 

consumption for the generation of 1 kWh of electricity: 

1
1 (1 ) , [ / ],nl nom nl nom

nom

P
G K G K G g kWh

P
=  + −    

where G1 - actual fuel consumption; 

Gnom - nominal fuel consumption; 

P1 - power consumption of Soyana village; 

Pnom - nominal power of diesel generator; 

Knl - coefficient characterizing the fuel consumption at no-

load conditions. 

The amount of fuel consumed per year by diesel 

generators to fully meet requirements of the consumer is 

equal to m = 1248.81 t.  

6.2 Wind generator and synchronization 

with the diesel generator 

This power supply system allows the use of weak 

winds, supplementing the lack of power from the diesel 

generator. In the absence of wind electric loads are supplied 

from the diesel generator [17].  

In the work 6 different types of wind turbines with 

different parameters are considered.  
 

In order to choose the best option, from a technical 

point of view, it is necessary to estimate the load coverage 

by turbines. For this purpose, it is necessary to plot the load 

coverage by wind turbines. For the accuracy of the 

calculations it is necessary to know the daily wind speed in 

the region under consideration in order to calculate the daily 

power generation. 

Due to the lack of such data on wind in Narymsky rural 

settlement, I consider the data that were recorded by the 

weather station of the airport "Bogashevo", which is in the 

Tomsk region, as wind speeds in the Tomsk region are about 

the same this simplification is considered as acceptable.  

 

Fig. 2. Wind speed in the Narym village 

As can be seen from the graph of wind speed in 

Narymsky rural settlement (Fig. 2), statistically the lowest 

wind speed is observed in July, and the highest - in March. 

From [18] it was found that the highest speed for the last 

2021 year at Bogashevo airport was recorded on March 4 

(the best case), and the lowest on July 12 (the worst case). 

Based on these data the power, which will be produced by 

one wind turbine depending on the wind speed, was 

determined using formulas [19]:   

  

where v – wind speed, m/s; 

P – Power output of the WT, kW; 

Pr – Rated power of WT, kW; 

vc – cut-in speed, m/s; 
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vf – cut-out speed, m/s; 

vr – rated wind speed, m/s; 

k – Weubull shape parameter. 

Based on the daily load chart (Fig. 1), the highest and 

lowest energy consumption are in winter and summer, 

respectively.  

The idea is that the energy generated by turbines and 

diesel generators must match the demand at each point in 

time. In this model, the variable component is the energy 

generated by the wind turbines, which in turn depends on the 

wind speed. In order to ensure that the designed power 

supply system can meet the demand for electricity under all 

conditions, two cases (best and worst) are considered. 

The number of diesel generators operating at a certain 

moment can vary from 0 to 5, as well as the load of one 

diesel generator (from 25% to 80%). It is assumed that the 

operating diesel generators share the load equally.  

 

Fig. 3. Graph of coverage of energy demand by wind turbines and 

diesel generators 

Fig. 3 shows the daily schedule of load and power 

generation for one of the possible cases. It is clear that 

generation from RES can possibly cover the demand. 

However, there is another issue with storing/accumulating 

excessive energy that cannot be used by the consumer.  

7. Conclusion 

In this paper I considered remote off-grid settlements 

as an object for designing modern and reliable power supply 

system based on RES. Demand calculations show that this 

energy supply system should cover 7642 MWh of energy 

consumption annually.   

Energy potential analysis showed that wind is the most 

feasible source of energy in considered region, as it is more 

accessible than other sources such as solar power or 

biomass. Moreover, existing power supply system consists 

of diesel generators. That is why it is possible to improve it 

by adding wind turbines in the system and using diesel 

generators as a backup, thus decreasing current fuel 

consumption of 1248.81 t per year to lower values as well as 

CO2 emissions.  

The demand-supply diagram (Fig. 3) showed that wind 

and diesel energy can provide enough energy, but in the 

same time raises the question of economic feasibility of the 

project.  

However, this technical analysis is only base for further 

economic evaluation, which will be implemented in my 

Master Thesis by such parameters as NPV, sensitivity 

analysis etc. 
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Abstract. Analysis of the power system to establish static 

and transient stability and to increase power quality by 

installing compensating equipment. A power system model 

is created in the ETAP software, followed by experiments. 

Verification of the steady-state mode of the power system is 

performed based on winter peak load measurements 

according to GOST 32144-13. The power quality level is 

analysed for the presence of higher harmonics and power 

factor values on the high voltage transit lines. Decisions to 

install reactive power compensation devices are made based 

on the analysis of the simulated power system by the Optimal 

Capacitor Placement kernel.  
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Introduction 

Management has always been crucial to the 

development and exploration of new regions. The 

development of infrastructure in regions begins with the 

development of the power system, which, in turn, must have 

both a technical and economic justification. Usually, the new 

power grid becomes part of one big power system. In Russia, 

this large power system is called the United National Power 

System (UNPS). The majority of new power systems are 

connected to UNPS by shunt links through which the 

balance power flows. These flows help manage the power 

system, in case of accidents, the adjacent power systems will 

help both to compensate for the lack of power generation and 

to adjust the system parameters.  

This dissertation presents the results of isolated 

power system tests in Sakhalin region. Before the 

experiments, the steady-state mode was verified by control 

measurements of winter maximum load.  In addition, 

experiments were conducted to identify static aperiodic 

stability, as well as transient stability under the occurrence 

of regulatory perturbations of the first and second kind. The 

perturbations were modeled as the occurrence of a short-

circuit on a transit power line when a successful and 

unsuccessful automatic reclosure was triggered. 

In UNPS power systems, system parameters can be 

adjusted by external powerflows of adjacent power systems 

coming through bypass links. The parameters of such flows 

are usually closer to the nominal ones, which creates the 

resulting current and voltage in the power system to higher 

quality powerflows. In contrast to UNPS, an isolated power 

system cannot help itself to adjust the grid parameters due to 

the external balance of powerflows. In such cases, 

compensating equipment is installed.  

In the continuation of the work, I considered ways 

to improve the quality of electricity through the optimal 

installation of static capacitors batteries. In this paper, I 

modeled cross compensation of reactive power by 

increasing the capacitive component of reactive power from 

the inclusion of capacitor banks on the consumer buses. 

I also evaluated the magnitude of losses from 

changes in the harmonic composition of current and voltage 

due to the introduction of higher harmonics. The load that 

created the higher harmonics was modeled as a static load 

with control of active and reactive power and the presence 

of six-pulsed harmonics on the 220 kV side.  

 

1 .  Overview of Sakhalin region and 

the formation of the calculation model 

This dissertation deals with the power system of 

Sakhalin region, which is isolated from the UNPS of Russia. 

Its autonomous operation strictly depends on the scheme and 

regime situations in the grid, which means that any 

fluctuations in parameters and even more so normative 

perturbations can lead to a strong deterioration in the quality 

of power output. Given the non-distributed generation, the 

selected section of the power system will be cut off from the 

rest of it by a transit line using a static load. 
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1.1. Data on existing power balance in the 

system 

Sakhalin region is located on the eastern border of 

Russia and is part of the FEFD 50.6910 N, 142.9506 E. 

The population of the Sakhalin region is 485621 people 

as of 2018. All region is entirely located on island, the 

largest of which is Sakhalin [3].  

The current state of the electric power industry of the 

Sakhalin Oblast, taking into account the territorial 

peculiarities of the region and a large service area of electric 

grids with low power consumption in rural areas, is 

characterized: 

 Territorial isolation and a large number of 

decentralized energy districts; 

 Operation of power grid facilities in difficult 

climatic conditions and in areas of high seismicity, 

which has a serious impact on the condition of 

equipment and leads to accelerated wear and tear. 

The Sakhalin region power system is also characterized 

by its isolated operation from the UNPS of Russia and its 

division into separate three autonomous energy districts 

within the oblast itself [3]: 

 Central energy district – covers the southern and 

central parts of Sakhalin region (Nogliki HPP and 

Sakhalin CHPP as a power nodes); 

 Northern energy district (Okha power node) – 

supplies power to Okha district (Okhinskaya 

CHPP as a power node); 

 Novikovsky energy district – supplies power to 

the Novikovo-Korsakov district (Yuzhno-

Sakhalinsk CHPP-1 as an energy node); 

Isolated energy districts on the Kuril Islands and 

remote settlements of a number of municipal entities of 

Sakhalin Island.  

The main generation facilities of the Sakhalin 

Region are: 

 The Central Energy District: Yuzhno-

Sakhalinskaya CHPP-1 and Sakhalinskaya RPS, 

both part of Sakhalinenergo; and Nogliki Gas 

Power Plant, part of Nogliki Gas Power Plant; 

 The Northern Energy District: Ohinskaya CHPP, 

which is part of Ohinskaya CHPP, is also the only 

enterprise that generates and sells electricity for the 

needs of communities. 

Data on the installed capacity of power plants are 

shown in Table 1. 

 

 

 

 

 

No Name of power 

plant 

Installed 

capacity, MW 

Share of 

generation, % 

1 Yuzhno-
Sakhalinsk 

455.24 66.34 

2 Sakhalin CHPP 84 12.24 

3 Nogliki HPP 48 6.99 

4 Ohinskaya CHPP 99 14.43 

 Total generation 
capacity 

686.24 100 

Tab. 1. The main generation of region [3] 

 

1.2. Installed high voltage equipment on 

substations 

The Yuzhno-Sakhalinsk CHPP-1 (66.34%) supplies 

the entire south of the district, maintains a steady mode of 

operation in the power grid, and provides heat to consumers 

of the city. This is the largest generating station in the region, 

so the power system that is supplied by this plant will be 

chosen for the experiments. Also, this power system has  

also difficulties to operate. The main difficulties in the 

operation of Sakhalin region equipment are [3]: 

 Sakhalin TPP: the power plant was often operated 

in peak mode with daily starts and stops, which 

means that the fleet resource of turbine units has 

been exhausted by the number of starts. In 

accordance with SDP 2015–2019, construction of 

Sakhalin TPP-2 was started to solve this problem; 

 Yuzhno-Sakhalinskaya CHPP-1: the fleet resource 

of turbine units has been exhausted by operating 

hours, as the power plant is operated in the base 

operating mode; 

 Noglinskaya HPP: The gas turbine engines are 

subjected to heavy wear and tear due to the station's 

operating life in excess of the park life; 

 Large depreciation of 0.4–6 kV transmission lines, 

reaching 90%; 

 Lack of adjustment of protection devices under 

local operating conditions of power transmission 

lines on commissioned and newly commissioned 

DGs, which leads to frequent stops of Yuzhno-

Kurilskaya DPP and the corresponding shutdown 

of consumers. 

Generation sources, represented by generators of 

Yuzhno-Sakhalinskaya CHPP-1 (Eight turbogenerators), 

eight transmission lines, seven transformer substations (TS). 

First, power generation begins with the generation of power 

by generators at medium voltage (MV). Parameters of 

installed generators are given in Table 2. 
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Generator brand ТVF-63-
2M3 

ТVF-120-
2MЗ 

DG185ZL-
04 

Quantity, pcs. 2 1 5 

Total power, 

MVA 

78.75 150 63.13 

Active power, 

MW 

63 120 50.5 

cos(φ), r.u. 0.8 0.8 0.8 

UNOM, kV 6.3 10.5 10.5 

,dx  r.u. 0.140 0.278 0.183 

Tab. 2. Parameters of the installed generators on Yuzhno-Sakhalinskaya 

CHPP-1 [2] 

After the production of electricity at medium voltage, 

its voltage and absolute value are transferred to high voltage 

by means of power voltage transformers. Parameters of 

installed transformers are given in Appendix 1. 

Electricity is transported between the nodes of the 

power system via branches, often consisting of overhead 

lines or cable lines. In our power system, there are also 

cable-overhead lines. They differ from overhead lines in that 

when approaching a substation, the overhead line wire is 

connected through a sleeve to a cable insert which leads all 

the way to the high-voltage bushings in the substation. 

Parameters of installed transformers are given in Table 3. 

Name of power line R, 

Ohm/km 

X, 

Ohm/km 

B, 

μSm/km 

Yuzhno-Sakhalinsk – 
CHPP (G2) 

0.249 0.436 -2.7 

Yuzhno-Sakhalinsk – 
Lugovaya 

0.29 0.51 -3.2 

Yuzhno-Sakhalinsk – 

branch to Center 

0.83 1.45 -9 

Yuzhno-Sakhalinsk – 
Yuzhnaya 

1.4 2.42 -21 

Branch C-14 to Center – 

Center 

0.2 0.34 -2.1 

Branch to the Center – 
Promousel 

0.573 1 -6.2 

Branch C-13 to Center – 
Center 

0.2 0.34 -2.1 

Branch C-1 C-14 C-3 – 
Promousel 

0.2 0.34 -2.1 

Promousel – Yugo-
Zapadnaya 

1.35 4.2 -29 

Tab. 3. Parameters of 110 kV branches at Yuzhno-Sakhalinskaya CHPP-1 

power system [2] 

 

1.3. Imputing and verifying steady state 

parameters in the mathematical model 

The steady state of the power system implies a state 

when the system parameters do not change over time or 

change very slowly and can be assumed to be unchanged. 

Consumer bus voltage is represented in the model 

without regulating measures, because there was no data on 

the position of the regulator benches. Voltages at the nodes 

of the system in steady-state mode are shown in Table 4. 

Name of substation Voltage under normal 

operation 

HV MV LV 

TS 220 kV Yuzhno-
Sakhalinskaya 

218.7 113 5.78 

TS 110 kV Yuzhnaya 111.9 36.5 5.14 

TS 110 kV Khomutovo-2 111.4 36.71 10.21 

TS 110 kV Korsakovskaya 111.2 36.2 10.61 

TS 110 kV Centr 112.7 – 6.03 

TS 110 kV Promouzel 112.4 – 6.29 

TS 110 kV Yugo-Zapadnaya 112.1 36.88 6.28 

Tab. 4. Voltage at substations 
Source: data are obtained at steady-state model 

Power flow through the branches of the system in 

steady-state mode are shown in Table 5.  

Name of branch S. 

(MW+jMVAr) 
Y

u
zh

n
o

-S
ak

h
al

in
sk

ay
a 

CHPP-1 (G1) – TS 6.27+j3.95 

CHPP-1 (G2) – TS 46.5-j37.5 

CHPP-1 (G3) – TS 63.3+j19.7 

CHPP-1 (Power Unit 4) – TS 1st chain 32.6+j10.2 

CHPP-1 (Power Unit 4) – TS 2nd chain 32.6+j10.2 

CHPP-1 (Power Unit 5) – TS 32.5+j26.6 

TS – Centr 1st chain 10.8+j5.24 

TS – Centr 2nd chain 17.71+j9.53 

TS – Centr with branch on Promouzel 
2nd chain 

12+j2.49 

TS – Korsakovskaya 20.4+j6.08 

TS – Lugovaya 1st chain 10.4+j3.55 

TS – Lugovaya 2nd chain 7.91+j2.39 

TS – Yuzhnaya 1st chain 14.3+j8.75 

TS – Yuzhnaya 2nd chain 31+j13.2 

Centr – Promouzel with branch on Yugo-

Zapadnaya 

9.89+j3.08 

Khomutovo-2 – Korsakovskaya 2.45+j0.539 

Yuzhnaya – Khomutovo-2 19.6+j4.42 

Tab. 5. Power flow through the PLs 110kV 
Source: data are obtained at steady-state model 

The model is verified with respect to the steady-state 

control measurements.   The scheme of normal connections 

with values of network parameters is presented in Appendix 

2. 

2. Transient stability analysis and 

power quality analysis 

The power system model assembled in ETAP 16.0 will 

be used to establish the maintenance of dynamic stability 

using the Transient Stability Analysis kernel software.  

The ETAP Transient Stability Analysis kernel is 

designed to study the dynamic characteristics of the system 
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and the limits of power system stability before, during and 

after system changes or disturbances. It simulates the 

dynamic behaviour of the power system, implements user-

defined events and actions, and solves the system network 

equation and machine differential equations interactively to 

determine the system and machine response in the time 

domain. [4] 

2.1.Transient stability analysis 

Experiment 1 – Successful line reclosure 

The experience implies the occurrence of a normative 

disturbance of the second kind in the 110 kV network – 

tripping of the network element by the main protection 

during a three-phase short circuit with successful reclosure. 

The three-phase short-circuit trip threshold is 0.18 sec. 

Scenario of the transient process:  

1. Occurrence of three-phase short circuit in 1 sec;  

2. Removal of short circuit in 0.18 sec after 

occurrence; 

Since the software complex does not allow 

manipulating the position of the switching equipment, in this 

and subsequent experiments will change the state of the 

three-phase short-circuit shunt – from on to off. The time 

dependence of the relative power angle of generator 6 during 

the first transient process is shown on Figure 1. 

 

Source: The data of waveform based on the transient stability analysis 

Fig. 1. The first scenario power angle waveform 

The graph shows the change in the relative angle during 

the transient. A short-circuit occurs at half the length of the 

transit line, which leads to a sharp jump in the angle, but 

after the short-circuit is turned off, the angle takes its steady-

state value. The shape of the graph indicates that the turbine 

torque exceeds the electromagnetic torque, and, 

consequently, transient stability is preserved. 

At the end of the transient process, the line busbar 

voltage is restored to 118.6 kV, which distinguishes it from 

the steady-state voltage by 0.8%. The relative angle of the 

sixth and seventh generators recovers to 0.74 and 0.73, 

respectively, which distinguishes them by 1.3% and 2.7% 

from steady state values.  

The active and reactive powers of the generators have 

recovered to values different from nominal by 0.13%. The 

current in the adjacent circuit also takes its steady-state value 

with a difference of 1.7% from the steady-state current. 

Experiment 2 – Unsuccessful line reclosure 

The occurrence of a normative disturbance of the 

second kind in the 110 kV network – tripping of the network 

element by the main protection during a three-phase short 

circuit with unsuccessful reclosure.  

Three-phase short-circuit tripping set point – 0.18 sec. 

Scenario of the transient process: 

1. The occurrence of a three-phase short circuit in 1 

sec; 

2. Line disconnection in 0.18 sec after the occurrence 

of short circuit; 

3. Switching the line on the steady-state short circuit 

in 1.35 sec; 

4. Line disconnection after 0.18 sec. 

The second transient process is shown on Appendix 3. 

2.2.Transient stability analysis 

Utilities usually try to keep the operating voltage 

supplied to the end user within ±5 percent of the rated 

voltage. Under emergency conditions, for short periods of 

time, ANSI standard C84.1 allows a voltage range of 6 to 13 

percent of rated voltage. Some sensitive loads have more 

stringent voltage limits for proper operation, and, of course, 

equipment usually operates more efficiently at voltages 

close to the rated voltage. 

ETAP kernel 

ETAP currently uses a genetic algorithm for optimal 

capacitor placement. The genetic algorithm is an 

optimization method based on the theory of natural 

selection. The optimal solution can be achieved through 

repeated iterations. 

OCP uses the present value method to compare 

alternatives. It considers initial installation and operating 

costs, which include maintenance, depreciation, and savings 

from loss reduction. 

 The goal of optimal capacitor placement is to 

minimize system cost. This cost is measured in four ways: 

 Fixed cost to install a condenser; 

 Cost of purchasing the capacitor; 

 Operating costs of the capacitor bank (maintenance 

and depreciation); 

 Cost of actual power losses. 

Mathematically the cost function is representable as 

follows: 

0 1 2 2

1 1

( )
Nbus Nload

l

i i ci i i i l L

i l

Min Objective Function x C Q C BC T C T P
 

       

Configuring the optimal placement of static 

capacitor batteries 

To use this kernel, it is necessary to enter the same 

parameters into the model as for the overflow analysis 
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module. Moreover, it is necessary to proactively enter in the 

list the intended buses for installation of the CBs and to set 

the calculation conditions. [1].  

In my model, the assumed buses for the installation 

of CBs will be both the power release buses – 6–10 kV 

buses, and the 35 kV network buses. The conditions for the 

calculation will be to keep the voltage on the 6–10 kV buses 

in the range of ±10%. 

According to the calculation results, the optimal 

location for the capacitor banks would be the 6 kV buses on 

the 220 kV Yuzhno-Sakhalinskaya substation and on the 110 

kV Yuzhnaya substation. Figure 2 shows a graphical 

representation of the result in the single-line diagram itself. 

 

Note: The figure is obtained at ETAP OCP kernel 

Fig. 2. Graphical representation of the calculation result 

3. Using of the harmonic analysis 

module 

Due to the wide and growing use of power electronic 

devices such as variable speed drives, uninterruptible power 

supplies (UPS), static power converters, etc., the voltage and 

current quality of the power system has been seriously 

affected in some areas. In these areas, you may find that 

distorted voltage and current waveforms contain 

components other than the fundamental frequency  

Since this section is aimed specifically at 

determining the degree of influence of harmonic distortion 

of current composition on the amount of losses on the system 

elements, the composition of the resulting current in the 

section will be evaluated only by some indices of harmonic 

composition estimation.  

The quantitative values of the described coefficients 

can be found in the Appendix 4. The influence of the loaded 

harmonic can be qualitatively estimated in Figure 3. 

 

Source: The figure is obtained at ETAP model results. 

Fig. 3. Waveform of the current on the monitored section based on 
the analysis of harmonic load flow 

Conclusion 
According to the data obtained, the presence of 

harmonics, even of small pulses, significantly increases 

losses in transit lines. So in the monitored section (110 kV 

Yuzhno-Sakhalinskaya CHPP-1 (the 5th power unit) - 

Yuzhno-Sakhalinsk) losses increased by 4.10%, which 

increases the cost of electricity by 12.86 r/hr (according to 

the tariffs of the Sakhalin region - 7.99 r/kWh). In the 

adjacent circuits the losses grew by 4.457%, which adds to 

the final cost of the spent electricity 15.98 r/hr. At the same 

time the use of CBs compensates 5.32% of reactive power 

and saves 9.51 r/hr. Also in the adjacent circuits is 

compensated 4.41% of the reactive power, which reduces 

the cost of the spent electricity after the harmonics by 3.995 

p / h. 
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Abstract. Business process management (BPM) is not
a new thing nowadays. Though, not much longer than a
decade has passed since a significant interest of managers
and businessmen for this filed appeared. While these ap-
proaches are showed real results in western practices, de-
velopment of them took more time in post-soviet countries
conditions and for some businesses this term can confuse
in the very beginning. Everyone clearly understands the im-
portance of conducting continuous improvement in any com-
pany. And in such countries like Russia, Kazakhstan, Azer-
baijan for the vast majority of big enterprises in oil and gas
industry, production and bank sector, an effective implemen-
tation and use of benefits of business process management is
something they experience for a period. But this cannot be
said in the same manner about all spheres of Russian econ-
omy.

In this piece of work a brief history of development of BPM,
role of technology and managerial approach are described
also considering cultural and historic background. An exam-
ple of Russian agricultural enterprise is being studied along-
side with some of its structure, processes being described
and analyzed. This research was possible as an author was
working on a job of process analyst in a described enter-
prise.

Keywords
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1. BPM Concept. Tendencies in Russia
and Other Post-Soviet Countries

Business process management is a comprehensive fu-
sion of three areas: re-engineering, improvement and busi-
ness process management methods and techniques aimed at
achieving immediate and, more importantly, long-term busi-
ness improvements [1]. It came to a management discipline
with an introduction and development of the process ap-
proach quite long time ago and its methods and techniques

are continuously evolving. New ones are actively appearing
and getting improved in real-life practices, making BPM a
very complex and wide-range discipline that considered to
be both managerial discipline and a set of technologies that
support managing by software [2].

According to Association of Business Process Man-
agement Professionals International (ABPMP International),
Business Process Management (BPM) is a management dis-
cipline that integrates the strategy and goals of an orga-
nization with the expectations and needs of customers by
focusing on end-to-end processes. BPM comprises strate-
gies, goals, culture, organizational structures, roles, policies,
methodologies, and IT tools to analyze, design, implement,
control, and continuously improve end-to-end processes, and
to establish process governance.

Business Process Management in Russia got approval
by the biggest enterprises in the beginning of 2010s’. And
a lot of researchers note that a process of implementation of
new approaches was met differently by companies. Some
of them started with the smallest steps gradually introducing
improvements to their businesses. Others, like Sberbank in
2012, managed to carry out a large-scale re-engineering pro-
gram, that now considered as a very successful example of
BPM implementation [4].

2. Technologies in BPM Development
Technology in form of different types of specialised

software, so-called Business Process Management Suites
(BPMS), are actively used by businesses for effective inte-
gration of BPM approaches. Modern ever-changing tech-
nologies are pulling the trigger of the fourth industrial rev-
olution and creating new ways of doing business. With a
large-scale increase in all kinds of tools and technologies that
are presented on the market today, most companies are expe-
riencing difficulties with choosing an IT product that could
most effectively and with the least expenditure of resources
fill the needs of their business. In turn, business tasks, struc-
tures and processes must be adapted and integrated into new
process management methods, which are often two-faced.
Duality of the modern process management approach lies in
the fusion of two aspects [3]:
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• taking advantages of existing technologies;

• constant search for the advantages of new IT solutions.

A lot of new and actively developing Russian compa-
nies in mid 2010s’ were integrating BPM technologies into
their workflows. A character point in this process was that
BPM and process approach not always were an initial ob-
jective. But implementation of ideas of BPM was almost a
side-effect after successful integration of business automa-
tion IT-products vice versa [4]. Active implementation of
new and trending management innovations in Russia pre-
dominantly could be noticed in a very big enterprises or
companies which worked on international market and/or had
significant investments from foreign companies.

3. Implementation of Business Process
Management in the Enterprise

In order to better understand character features of im-
plementation of BPM in Russian business environment, this
process was studied and described on a real example of ex-
isting enterprise in Siberian region of Russia.

The company is one of the main leaders of the Rus-
sian market of the agricultural sector of production, in-
cludes many livestock and crop production enterprises ge-
ographically located from Belgorod to Ulan-Ude: seven pig-
breeding enterprises, cattle farms, meat processing enter-
prises, poultry farms, enterprises for the cultivation of grain
and legumes. The holding has a complex organizational
structure with centralized management, ensuring a full cycle
of production. The head division of the holding is located in
the city of Tomsk.

3.1. Character features of description of busi-
ness processes of the enterprise

Most of the processes of the enterprise at the time of
the start of work were already regulated in various kinds
of regulatory documentation. Therefore, the main task was
to describe some of the company’s business processes in
the BPMN 2.0 ”As is” notation on the basis of regulations
and instructions, as well as their further analysis and adjust-
ment together with specialists and their managers directly
involved in the implementation of the processes under con-
sideration.

At the initial stage, the company had prerequisites for
the need to implement the approach, but at the same time
there was no necessary basis for its successful integration.
Most of the enterprise’s processes in the beginning of im-
plementation project were already regulated in various kinds
of internal documentation. Therefore, the main task was to
describe some of the company’s business processes in the

BPMN notation using ”As-is” approach on the basis of act-
ing standards, directives and/or guidelines, as well as their
further analysis and optimisation in a close cooperation with
specialists and managers who involved into the process exe-
cution and other stakeholders.

Overall, in results of the work and study conducted,
task described below were completed:

1. Studied processes of different operational spheres of a
company business.

2. Overview-ed the hierarchy of documented information.

3. Possibilities of implementation of BPM approaches and
current company’s needs in business transformation are
analyzed.

4. Expectations of management and operatives from the
implementation of BPM are reviewed.

Obtained results of conducted research listed above are
described in section 3.2.

3.2. Results and conclusions made

Obtained results and conclusions made during the re-
search are categorized on four general spheres where some
issues were discovered:

1. PROCESSES. Several processes are described using
popular business process modelling notations, e.g.
BPMN, IDEF0, EPC:

(a) processes are described very detailed, but there a
lot of ad-hoc processes which makes it harder to
decision-making in tough situations;

(b) there is a high demand on well-detailed documen-
tation, that makes it more complex for understand-
ing;

(c) the same process can be executed in several struc-
tural departments of company, that brings com-
munication issues;

(d) auxiliary processes, i.e. in sphere of safety.

2. GOVERNANCE DOCUMENTS MANAGEMENT.
The hierarchy in structure of company’s documentation
defined (figure 1), but, in fact, it is not always easy to
differentiate one level documentation from another.

(a) the problem is that most of documents of higher
levels are too detailed;

(b) size of the company and its continuous growth
makes it almost impossible to make a versatile and
unified Governance Documents;
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Fig. 1.
Hierarchy of documented information. A – Policies; B
– Frameworks and Standards; C – Directives, Manuals,
Strategies & Plans; D – Guidelines, Instructions, Forms
& Templates.

(c) documents from one department can particularly
replicate documents from other departments.

3. LEADERSHIP. Higher management sees the impor-
tance, but company is not ready to invest to a new
project to employ BPM effectively.

(a) managers not always agree to change how their
work is done;

(b) here is a common problem ’why we need to
change if everything works right now’;

(c) old generation managers do not want to break an
established rules.

4. ROLE OF TECHNOLOGY. As modern BPM is highly
relies on software, there is a difficulty to understand
which one is suitable for the company’s needs. Also,
a lot of different software executes different functional-
ity, so the overall enterprise IT system is getting more
and more complex even without BPMS’s.

(a) during the whole operational period of the com-
pany numerous of specialized IT products were
implemented, including ERP, Master Data Gov-
ernance, Governance Documents, workflow prod-
ucts of some specific operation spheres;

(b) new projects await of completing of the old ones;

(c) company doubts about financial efficiency of im-
plementation of BPMS;

(d) the company needs to make its processes more
transparent.

(e) difficulty of integration of a new system, also in
human resources.

Conclusion
The result of the work was not only a value definition of

modern BPM technologies for business as a whole, but also
an conducted research and analysis of the prerequisites for
its implementation on the example of a real enterprise: the

existing shortcomings of the current approach to planning,
organization, management and control of business processes
were revealed. And also, the first steps have been taken
to describe and model some of the company’s processes, to
choose a software solution that could effectively perform its
direct functions and integrate existing IT solutions.
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Abstract. Companies around the world are using 
advantages of globalization as ever before. Such rapid 
expansion into new markets poses its threats and 
challenges. Company’s ability to adapt its strategy to both 
local and global needs of customers is proven to be key to 
successful expansion. However, main investment decisions 
are based on various factors, such as type of the business 
itself, distance to the main consumer markets, workforce 
availability, tax rates and etc. These factors in general 
could be defined as a set of social, economic, geographical 
and political factors that create a synergy effect while 
interacting. In general, such interaction’s result is known 
as country’s competitiveness level or sometimes – business 
environment or even business climate. In this article, 
author is introducing and justifying a model of sectoral 
competitiveness assessment. Model is adaptive, universal 
and could be used to assess any business sector’s 
competitiveness level. Furthermore, methodic of 
aforementioned model facilitates users to use only 
quantitative methods.  Therefore debate over model’s 
objectivity is methodically minimized. Article discusses 
different methods of national competitiveness level 
assessment, also its methodological imperfections in 
weighting competitiveness criteria and possibilities to 
develop a universal and adaptive model of sectoral 
competitiveness assessment. Author presents results of the 
research as a theoretical adaptive model of sectoral 
competitiveness assessment model, suitable for assessing 
competitiveness of electrical industry market. 

Keywords 
Sectoral competitiveness, electrical industry, market 
environment, indicator weighting. 

1. Sectoral and National 
Competitiveness  

National competitiveness rankings, based on 

extensive researches on the topic, are very useful advisory 

tools for both businesses and government officials. 

Therefore composite indexes are commonly used in various 

social studies, also popular science publications to illustrate 

wider research results in a simply presentable and 

understandable form. Such indexes are usually fairly 

generalized and easy to understand, i.e. a number of 

different criteria are evaluated and scores are aggregated to 

simply interpretable one final digital score.  

However, general national competitiveness (or 

business environment) rankings or even separate scores of 

sub-indexes or various indicator’s assessment criteria 

scores do not necessarily precisely resonate to every 

business sector. This knowledge and available data gap 

could possibly be eliminated by sectoral competitiveness 

research. 

Usually national or sectoral competitiveness and 

business environment assessment models are based on 

multi criteria evaluation method use. Defining idea of 

constant business growth theory is that any business will 

eventually decline if it is not expanding constantly. Reason 

behind this theory is peer pressure of competitors. 

Scientific literature works define terms “business 

environment”, “ease of doing business” and 

“competitiveness” almost synonymously. Very object of 

assessment is similar as well in most of scientific works. 

However universally agreed upon among scholars and 

unified definition of Competitiveness does not exist as for 

the writing moment of this article [1–3]. The term of 

“competitiveness” is one of the most commonly used 

concepts in economics but it is not precise enough, what 

means that there is no generally accepted definition of 

competitiveness [4]. Obviously sectoral competitiveness or 

sectoral business environment terminology is not agreed 

upon among scholars as well.   

The strategic management approach analyzing and 

explaining sectoral competitiveness has advanced 

considerably in the last two decades, primarily through the 

works of Michael Porter in the eighties [5]. 
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1.1. Sectoral Competitiveness 
Research and its Limitations 

Sectoral Competitiveness as a research object is 

widely discussed in scientific literature. Competitiveness is 

used to be discussed at three principally different levels of 

economy's aggregation: competitiveness of firms 

(microeconomic level), competitiveness of industries 

(mesoeconomic level), and competitiveness of economies 

as a whole (macroeconomic level). During the main focus 

analyzing competitiveness lies on the mesoeconomic level 

in our study, we discuss competitive implications of 

various determinants at firms' and national economy's level 

as well. Sectoral competitiveness by its content is closest to 

mesoeconomic level competitiveness (industry 

competitiveness). 

Sectoral competitiveness definition problems are the 

same as in researching National Competitiveness. 

Generally it is agreed among scientists that competitiveness 

research is very specific due to lack of definite and agreed 

competitiveness term definition [6–16]. However for the 

same reason scientists have an opportunity to provide their 

researches with more individual approach towards 

competitiveness concept and its assessment [16]. 

Competitiveness potential is often understood as a direct 

proportion of company’s market share compared to 

company’s rivals in private business sector. Though it is 

impossible to use market share as an indicator to assess 

general country’s competitiveness, such approach is quite 

common in sectoral competitiveness research. 

Summarizing World Economic Forum, OECD, 

European Commission and scientific literature authors [6–

16] it is clear that competitiveness concept described by 

majority of researched authors and institutions is mostly 

similar. Most mentioned authors and organizations agree 

that country’s competitiveness is directly linked to 

country’s ability to create liberal and justice conditions to 

do business. This opinion is also supported by Kao et al. 

[12] – competitiveness is mostly influenced by existing 

business environment e.g. country’s level of ease of doing 

business conditions.  

Concerning industry's competitiveness, from the 

neoclassical economics' point of view an industry is 

competitive in some homogenous product “A” relative to 

another homogeneous product “B” if it has a relative cost 

advantage in producing and marketing product “A”. The 

neo-classical economics' concept of comparative advantage 

is usually applied by measuring costs, measuring 

productivity and drawing inferences from the market 

shares. Drawing inferences from changes in market share is 

also one of the most significant contribution of neo-

classical economics to the theory of competitiveness, since 

market shares reveal relative total economic performance.  

Drawback of the neo-classical economics is it does 

not account very well for qualitative differences between 

products, relative marketing and service abilities and the 

dynamics within which industries attain competitiveness. 

Measuring factor productivity and hence, comparative 

advantages is a justifiable indicator of competitiveness in 

some cases, however, in general the total factor 

productivity is measured only seldom. 

Strategic management research is conducted mainly 

using case studies of firms, industry segments and 

industries. Of the approaches discussed here, latter is 

strongest in its explanatory power. It is also useful to study 

the dynamics of changes in industry's competitiveness. 

1.2. Scientific Approach towards Assessing 
Sectoral Competitiveness  

Sectoral competitiveness assessment is mostly based 

on deep analysis of descriptive statistics, quantification of 

impacts on competitiveness, input-output analysis using 

national or sectoral accounts, applied general equilibrium 

modelling or other econometric exercises. For policy 

proposals that affect a diverse set of sectors, models such 

as computable general equilibrium (CGE) and macro-

econometric input-output models can be used to quantify 

overall impacts 

Attempts to measure the level of competitiveness 

began as soon as competitiveness became a widespread 

acknowledged phenomenon in economics science. At first 

competitiveness was considered and researched as a simple 

competitive advantage in micro or macro economy level. 

But not focusing too much on competitiveness assessment 

of a specific sector. Often macro economy level 

competitiveness was depended on country’s accessibility to 

natural resources. The first attempts to measure the level of 

competitiveness were based on a mercantilist attitude – 

based on country (or industry) wealth or ability to access 

that wealth. 

Two best known classic tools for measuring sectoral 

competitiveness are Boston Matrix that assesses local 

industry growth and market share against global market 

share; and M. Porter's Five Forces and Porter's Diamond 

Framework that are based on five interacting factors 

critical for an industry to become and remain competitive; 

However, both mentioned methods have significant 

drawbacks, and also takes too much resources to 

implement properly.  
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1.3. Market Competitiveness Assessment 
Methods used in Practice 
European Commission (EC) carries number of 

sectoral competitiveness studies every year. Most of them 

focuses on quantitative data that could be used in dynamic 

studies to maintain linear monitoring possibilities. 

According to EC, quantitative assessment of the sector's 

performance should ideally be based on: 

1) The weight of the targeted sector in the EU 

economy as measured by its share in value added 

and employment, regional and national 

concentration of the sector, etc.; 

2) The number and distribution of firms, including 

the share of SMEs, and its concentration ratio;  

3) Its labor productivity or total factor productivity; 

4) Its profitability as measured by net profit margin; 

return on assets; 

5) Its market share of the world market; 

6) The flow of Foreign Direct Investment (ratio of 

inward/outward FDI stock to value added). 

Competitiveness indicators are essential to overall 

understanding and evaluation of national business 

environment. There is a host of standard indexes that are 

intended to reflect the international position of an economy 

and its firms. Some of the most commonly used are: 

1) The ratio of inward FDI stock to value added 

indicates the contribution of FDI to capital 

formation and signals the attractiveness of the 

host country.  

2) The ratio of outward FDI stocks to value added is 

an indicator of corporate strength, where 

companies venture abroad to seize opportunities 

from foreign markets and resources.  

3) Export market shares show how much of the total 

‘world’ export is covered by the export of a 

particular country for each industry. They reflect 

the capacity to respond to external demand or 

open up new markets in direct comparison to 

international competitors. 

4) Revealed Comparative Advantage (RCA) 

compares the share of a given industry’s exports 

in economy’s total manufacturing exports with 

the share of the same industry’s exports of a 

group of reference countries. 

5) Relative Trade Balance (RTB) compares the trade 

balance of a particular commodity to the total 

volume of trade, exports plus imports. 

6) Relative Unit Labour Costs (RULC) measures the 

cost of labour in a given industry relative to its 

productivity (unit labour costs) and relative to the 

corresponding index in another country. 

Another sectoral competitiveness assessment 

approach is based on labor productivity measurement in a 

specific sector. And of course analysis of comparative data 

among industry players. There are two most important 

labor-related conditions determining sectoral 

competitiveness - labor productivity and labor supply. 

Labor productivity is one of the most important 

determinants of sectoral competitiveness within a 

framework of Porter’s diamond. [5]. Unfortunately, it is 

usually difficult to obtain sectoral data for the appropriate 

productivity variable, in particular – multifactor 

productivity to assess labor productivity at sectoral level. 

Obvious disadvantage of such assessment through 

productivity is that it does not interpret the driving factors 

of competitiveness of separate companies. Companies 

might gain productivity through different factors, such as 

technology, better management, cheaper labor force or 

even unfair employment methods. 

Therefore a more complex yet easy to use tool for 

assessing sectoral competitiveness should be developed. 

Ideally such tool would be adaptive and possible to use in 

any given sector or market.  

2. Electrical Industry Sectoral 
Competitiveness Assessment Tools 

An extensive survey and Study on the 

Competitiveness of the Electrical and Electronic 

Engineering Industry was carried by ECSIP Consortium in 

2013 by and published in 2016 by European Commission. 

The main objective of this study was to assess the EU’s 

competitiveness in the electrical and electronic industries 

compared to major competing economies of the developed 

and the emerging world [17]. The study is a perfect 

example of sectoral competitiveness assessment in 

Electrical and Electronic Engineering Industry. The study 

is focused on researching competitiveness of a certain 

region (EU) in a chosen sector. Therefore it is classified as 

mesoeconomic level assessment of competitiveness. 

However, our research is focused more on creating an 

adaptive, versatile and easy to use theoretical model of 

competitiveness assessment in any given business sector 

that could be used to assess the competitiveness of any 

functioning business entity. Companies in a chosen sector 

would be assessed and ranked according to their 

competitiveness level in given market and given territory 

(country, region, city, ect.).  
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ECSIP Consortium’s study analyzes vast volumes of 

statistical data and draws conclusions mostly based on 

calculated performance and price competitiveness. Main 

drives of competitive advantages are traditional criteria, 

mostly based on different price levels of the same product. 

Research used hard data from EUROSTAT, Cambridge 

Econometrics and Ifo Institute. Assessment of comparative 

performance with major competing economies is a crucial 

part of understanding region’s industry competitiveness. 

However if the assessment should be done in regional 

level, such extensive study wouldn’t be neither most 

convenient nor most easy to use tool. It is also worth 

pointing out that competitiveness assessment criteria 

should be uniform yet adaptive and flexible in a theoretical 

assessment model. Indicator weights, specific indicators 

(like transportation distance, resource accessibility, ect.) 

and methods of scoring individual indicators must be taken 

into account as well in order to assess competitiveness 

without bias and more precise. 

Usually main disagreements among scientists occur in 

three phases of any given competitiveness assessment 

process – object’s conception, indicators and indicator 

weighting process. And conclusion was drawn that 

weighting process is the phase that might be improved 

without achieving common agreement on competitiveness 

conception (and definition too) neither final list of 

indicators. A group of scientists from Michigan University 

– Kumar, Motwani & Stecke [18] – made a list and 

normalized company’s competitiveness indicators into 

comparable scale and calculated the proportion of each 

indicator’s influence to company’s financial indicators. 

Normalization process was done in assistance of external 

expert team. In this case scientists achieved a formula that 

only consisted with indicator names and digits. Also 

researchers had a final result of indicators interaction – 

company’s financial results. This led to completely 

quantitative calculations of each company’s individual 

competitiveness indicators. This meant that by comparing 

the values of individual indicators and final value of 

indicators interaction it was possible to find every 

indicator’s relative weight by applying quantitative 

methods only. 

Of course, this principal was proposed for solving a 

one particular problem – calculating one particular 

company’s competitiveness and finding out how influential 

to company’s financial results each of stated indicators 

was. But Kumar, Motwani and Stecke method’s principle is 

inspiring to develop a quantitative method for weighting 

indicators in composite indices – weight of every 

individual indicator is expressed by a ratio between the 

normalized individual indicator’s score and a digital result 

of interaction of these indicators. Competitiveness 

assessment of Electronics Market is no exception. 

Interaction’s score have to be a digital number in order to 

be sizeable to individual indicator’s score which have to be 

digital too. If indicators are scored in different scales, every 

indicator’s score must be normalized. The entire indicators 

interaction scheme is shown in Figure 1.

 

 
Fig. 1. – Electronics Market Competitiveness Indicator Interaction Scheme. Source: compiled by author.
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We suggest that weight of each individual 

Electronics market competitiveness indicator could be 

expressed by this simple formula: 

                                       
I

V
w i

i  ,                                  (1) 

here: wi – the weight of Electronics Market 
competitiveness i indicator; 

I – the result of all of Electronics Market 
competitiveness indicators interaction; 

Vi – the score of i indicator of Electronics Market 
competitiveness. 

In order to calculate competitiveness indicator 

weights by applying (1) formula it is necessary to have 

digital data first – normalized scores of each 

competitiveness indicator and digitally expressed score of 

all indicators interaction (I). To make formula effective, the 

unknown (I) have to be calculated by applying quantitative 

methods only. This condition is also required for 

competitiveness indicators scores. 

3. Simplified Model of Electrical 
Industry Market Competitiveness 
Assessment 

Domestic markets of Electrical Industry (Electronics 

markets) are significant as a reflector of economy’s 

development stage around the world. Its capacity and 

competitiveness also reflects economy’s health. Developed 

market with high production and demand for electronics 

usually indicates wellness of economy itself. 

Simplified method of assessing particular country’s or 

region’s electronics market competitiveness could be based 

on the fundamental idea described in Fig 1. Authors of this 

article suggest a way of developing such method in simple 

four steps: 

1) Establish and describe in detail a basic set of 

criteria, groups of criteria if needed (all criteria 

must have individual quantitative indicators or be 

possible to convert to quantitative criteria).  

2) Decide the scoring scale and units that will be 

used in following assessment and normalize 

scores of primary indicators to match the scale.  

3) Assign criteria scoring method. Double-check and 

control if indicators are scored according the 

same digitally expressed scale, same range of 

score, nature of score and ect. 

4) Apply quantitative criteria weighting process 

described in Fig. 1. This way indicators weighted 

based on their relevance to a common result [18]. 

These steps of quantitative competitiveness 

assessment of Electronics market are also relevant in 

assessing any business sector’s competitiveness. As of this 

article’s writing moment, Authors are running a large scale 

empirical study of the Electronics Industry market in EU 

region. The study is based on model shown in Fig. 2.  

 

Fig. 2. – Electronics Market Competitiveness Assessment Model. Source: 
compiled by author. 

 

Up to this article writing moment, authors have 

collected and processed over 80% of necessary data from 

public and private entities to fully implement the research. 

Results and scientific discussion will be published in a 

separate article.  
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Abstract. In this paper, Autoregressive (AR) model based
click detection algorithms are compared in terms of their
ability to detect only the perceptible impulsive noise (clicks)
contained in the audio signals taken from damaged vinyl
records. All the algorithms are using the same principle of
detection but they are all improved differently in the men-
tioned literature. The test audio signals are previously clas-
sified to be containing or not containing clicks. Comparison
criterion is based on a previously introduced custom func-
tion, defined through the correct and the false detection ra-
tios. Run time comparisons of the algorithms are also made.
Results showed that a Simple AR model algorithm performed
the best, both in detection and in run time, amongst the com-
pared AR algorithms.

Keywords
Autoregressive, Perceptible, Click Detection, Model
Comparison.

1. Introduction
Impulsive noise detection is a widely researched area

with many applications, especially in audio and speech pro-
cessing. Although there are various methods for such de-
tection in audio signals [1, 2, 3], most commonly used al-
gorithms for detection of impulsive noises (from here on
referred as clicks) in audio signals include Autoregressive
(AR) models.

Many algorithms are focused on the restoration of the
clicks after the detection occurs [4, 3], even for the clicks
that are not perceptible which can cause distortion. For some
applications the restoration is not needed. An example to
that can be made as the necessity of detecting clicks caused
by faulty manufacturing of vinyl records for further analysis.

Evaluation of perceptible click detection algorithms us-
ing different models is done on the samples taken from dam-
aged vinyl records at [5]. The samples contain various gen-
res of music with vocal, rhythmic and harmonic elements.
The aim of this paper is to test and to compare various AR

models on their ability to correctly detect the perceptible
clicks for the audio samples, which are categorized by av-
eraging results of listening tests with a group of people, ex-
plained in detail in [5].

During the evaluation, the algorithms that have a sep-
arable detection and restoration sections are taken into con-
sideration and the comparison was based on the output of the
detection sections. The AR-based models under investiga-
tion are as follows: [6] causal and semi-causal with open or
closed loop detection schemes utilized in uni-directional or
bi-directional processing, [7] AR model improved by fusion
parameter; [8] simple AR model, [9] matched filter based
AR model. The results for the last two algorithms are di-
rectly taken from [5] since the evaluation criterion is the
same.

2. Autoregressive Models
In an audio signal, corrupted sequence of N samples

can be represented as:

y(n) = s[n] + i[n]c[n], n = 0, ..., N − 1 (1)

In this generalized formula of audio degradation, it is as-
sumed that the noise samples c[n], which are regularly be-
tween 1 and 50 samples, are uncorrelated with the audio
signal samples s[n] and i[n] denotes the ’switching’ of the
noise samples where i[n] = 1 when the click is present and
i[n] = 0 otherwise. For the algorithms, the main purpose is
to detect the starting and ending of ’switching’, which corre-
sponds to the presence of a click [10]. Statistics of c[n] deter-
mine the amplitude characteristics of the corrupting process
[10].

Audio signals of length N can be represented as the AR
model with pth order

s[n] =

p∑
k=1

a[k]s[n− k] + e[k], n = p, ..., N − 1 (2)

where a[k] denotes the kth AR coefficient and the e[k],
which has a Gaussian distribution, denotes the prediction er-
ror. When there is a click present after the availability of un-
corrupted signals, the error e[k] is likely to be very high com-
pared to the steps that doesn’t contain corrupted samples [5].
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In the simplest form, e[k] can be compared with a threshold
to detect the boundaries of the clicks. Since the investigation
characteristic changes over time, the estimation of the AR
parameters are made by solving Yule-Walker equations for
blocks of samples

[1,−â1(t), ...,−ân(t)]R(t) = [ρ̂(t), 0, ..., 0] (3)

R(t) =

 r0(t) · · · rn(t)
...

. . .
...

rn(t) · · · r0(t)

 (4)

where
ri(t) = (1/L)pi(t), i = 0, 1, ..., n (5)

can be considered as the local (block-wise) estimate of the
ith autocorrelation coefficient of y(t), which can be found
using the equation

pi(t) =

k∑
l=k

w(l)w(l − i)hi(t− k + l), (6)

where
hi(t) = y(t)y(t− i) (7)

and w(l) is bell shaped weighting function having maximum
in the center and smoothly decaying to 0 at the edges and the
normalizing constant is the energy of w(l),[6].

In the following subsections, the differences of the
investigated algorithms from the simple model are briefly
mentioned. For detailed explanations, it is advised to check
the corresponding literature.

2.1. Causal, semi-causal, uni/bi-directional de-
tection

In the algorithm suggested in [6], causal detection is
made by the comparison by a threshold which is at least
3σ outliers of Gaussian distributed error estimates obtained
from the predictions based on the previous uncorrupted sam-
ples. On the other hand, Semi-causal detection controls the
prediction and the interpolation error, which is triggered af-
ter prediction error detection, based statistics. Interpolation
error depends on the previous and the future samples around
the click. Interpolation error usually gets much higher val-
ues compared to prediction error, hence a second threshold is
adapted for it. Open-loop, which detects the corrupted sam-
ples as a whole, and closed-loop, which detects and classi-
fies samples one by one, versions are used unidirectionally,
which sweeps through the signal y[n] ones, and bidirection-
ally, which reverses y[n] and checks for the consistency of
the detection. The detection of both directions are then com-
bined by certain rules which are described in [6], in this
paper for comparison results, fusion rules based combina-
tions are taken, resulting in total of 8 possible options that
are compared.

2.2. Fusion parameter improved AR model

In the algorithm suggested in [7], single burst of click
samples is detected by a simple prediction error based
thresholding. However, for a frame containing multiple
bursts, a fusion parameter b is added to the detection scheme
to limit the maximum number of burst samples. Overlap-
and-Add method is used to process locally stationary blocks
of the signal.

2.3. Simple AR and Matched Filter AR model

Simple AR model, described in [5], applies inverse AR
filter to the corrupted signal y[n] and thresholds the predic-
tion error e[n] given by the following equation:

e[k] = y[k]−
p∑

k=1

â[n]y[k − n] (8)

For the implementation of Matched Filter, equation (8)
means filtering the corrupted signal with p+1 length inverse
filter with the coefficients [−1,−a1, ...,−ap]. This signal
then can be filtered by a filter having a time-inverse impulse
response of the inverse filter to further emphasize the clicks
[5]. Increased sensitivity of this method causes reduced pre-
cision of localization of the clicks [10]. To increase the lo-
calization of the clicks, bidirectional approaches described
in [5] are used.

3. Evaluation Method
The evaluation of the algorithms is done by, the de-

scribed stimuli set in [5], a set of (90) dynamically pre-
served stimuli of wav files (mono, 44.1kHz, 16 bit depth)
of equal length (800 ms) that are taken from damaged vinyl
records. Offset and onset of the samples are shaped with a
80 ms raised cosine ramps. The stimuli contains audio data
from various genres of music. The stimuli is controlled for
the classification of perceptual clicks through listening tests
by 17 listeners aged between 21-47 years old. The stimuli,
which are voted over %75 as containing clicks and the one
that are voted over %75 as not containing clicks, are used in
the evaluation of the algorithms.

Comparison is made by, criteria suggested in [5], mea-
suring the correct detection rate:

RCD = NCD/NC , (9)

and false detection rate:

RFD = NFD/NCF , (10)

where NCD, NC denotes the number of correct detection
and the number of stimuli marked by having perceptual
clicks, respectively, and NFD, NCF denotes the number of
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false detection and the number of stimuli marked as not hav-
ing perceptible clicks, respectively. The performance evalu-
ation is done by customary criteria of

d′ = z(RCD)− z(RFD), (11)

where z() is the inverse of the normal distribution function.

The algorithms described in [6], are manipulated to run
only until the end of detection part in MATLAB. The compu-
tation times are also measured for the stimulation of 90 sam-
ples. To measure the computation time, the AR algorithms in
[5] and [6] are run on the same computer with the following
properties: Intel Core i5-8250U x64, CPU @1.60GHZ with
4 cores and 8 logical units, 8GB RAM running Microsoft
Windows 11 Home. The Fusion AR results are obtained
from the utilization of the online demo, which is accessible
from the reference, hence no time measurements are taken.

Algorithm RCD(%) RFD(%) d′ time(s)

Uni, Causal, Open 91.18 66.67 0.921 25.79

*Uni, Causal, Closed 100 69.23 Inf 23.76

Uni, Semi, Open 91.18 56.41 1.190 23.05

*Uni, Semi, Closed 100 61.54 Inf 23.42

Bi, Causal, Open 97.05 64.10 1.528 25.25

*Bi, Causal, Closed 100 66.67 Inf 23.24

Bi, Semi, Open 97.05 64.10 1.528 23.00

*Bi, Semi, Closed 100 66.67 Inf 23.37

Fusion AR 100 97.43 Inf -

Simple AR 88.24 15.38 2.207 1.19

Matched AR 82.35 23.08 1.665 5.76

Tab. 1. Comparison Results

4. Results and Discussion
The best performing algorithms are highlighted in the

table in their respective best performing areas.

The ones mark with ”*”, which are part of the algo-
rithms described in [6], can not be considered as well per-
forming algorithms in terms of perceptual click detection
because both the correct detection and false detection rates
are high, even though the prediction thresholds were tried up
to µα = 8.0 (maximum mentioned in [6] is (µα = 4.5) and
the interpolation thresholds were tried up to µβ = 8.5 (max-
imum mentioned in [6] is µβ = 4.5). It is said in [6] that as
the threshold is increased the detection gets duller. However,
when the thresholds are further increased, the click detection
was not proper. Normally, with high thresholds were said to
miss out on small clicks, still the false detection was high for
the real records taken from damaged vinyls.

The algorithm Fusion AR, described in [7], is noted to
run optimally with the default settings on the online demo
(k = 2, b = 20, p = 302, nwindow = 2416). However, it
was observed that very high number of clicks are detected
(in average 272 clicks/sample). Second trial with only de-
tection threshold increased to the allowed maximum value
(k = 3) has been done. Although the average detection has
dropped to 60 clicks/sample, still, in all the samples clicks
(with shorter average lengths) are detected except one which
was marked as click-free and the algorithm detected zero
clicks. It can be said that this algorithm is, also, too sen-
sitive for perceptual click detection.

Simple AR has shown the best results in the compared
algorithms in terms of false detection ratio and the d′ criteria.
Although, the correct detection ratio is lower compared to
other algorithms except the Matched AR, Simple AR has
the lowest false detection ratio which results in the best d′

score. This method has also proved to be a faster algorithm
compared to others, running in 1.19 seconds because of its
simple nature. Matched AR has the second best score which
is slightly higher than the bidirectional open-loop causal and
semi-causal algorithms.

It should be noted that Simple AR and Matched AR are
optimized in trials of [5] to make a compromise between cor-
rect and false detection ratios to obtain the highest score. In
trials of this paper, algorithms of [6] are tried with different
thresholds (µα = [3 : 0.5 : 10.5], µβ = [3 : 0.5 : 10.5]). In
most values of thresholds the d′ score has converged to the
infinity and results for the above mentioned threshold val-
ues are taken. The reason of this selection was to be able
to interpret the data. Although, the most desirable outcome
would be to have RCD = %100 and RFD = %0 which con-
verges to d′ = infinity because of the inverse of normal
distribution function, it is meaningless to take infinity results
containing high false detection ratio.

The high false detection ratio can be interpreted as the
algorithms failing to differentiate between percussive sounds
and clicks [5]. Although criterion here is not the recovery,
when the signals recovered by the algorithms mentioned in
[6] and [7] are listened, one can hear that clicks are elimi-
nated with little to no distortion.

In light of these results, one can safely say that the al-
gorithms mentioned in [6] and [7], are too sensitive to solely
detect the perceptible clicks. However, since these algo-
rithms are shown to be working and successfully detecting
artifacts in the signal, these algorithms can be transformed
to only detect perceptual clicks by a careful selection of
the parameter ranges. Simple AR (from [8] and optimized
in [5]) has performed the best amongst the compared AR-
model based detection algorithm variations.
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5. Conclusion
In this paper, 11 different variations of AR-model

based click detection algorithms are compared based on their
ability to detect only the perceptible clicks. The audio sig-
nals used for the trials are categorized, to be containing or
not containing clicks, in [5] by listening tests. The compar-
ison criteria was based on the inverse of the normal distri-
bution of the correct and false detection ratios. The results
presented show that Simple AR model is best algorithm for
the detection of perceptible clicks. Although, all the algo-
rithms are able to detect clicks, the sensitivity of the others
resulted in detection of even non-perceptible clicks which in
turn created a low or an uninterpretable score.
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Abstract. In this paper, the discussion is based on 

the SiC MOSFET’s which have the advantageous 

properties than silicon [1]. SiC MOSFET’s are used 

for high voltage, high frequency, and high 

temperature where the gate driving topology for SiC 

MOSFET’s are too sensitive with parasitic 

capacitance, package inductance, and PCB power 

loop inductance [3]. The rate of change of voltage 

and current i.e., switching transitions will create 

unwanted oscillation, overshoots and 

electromagnetic interference which impacts the 

overall system operation and reliability [4]. To 

improve the EMI and oscillations, the selective gate 

resistance Rg should be considered [5]. So, the only 

solution is to select the appropriate value of gate 

resistance (Rg) to reduce the EMI and switching 

oscillations [6]. The discussion of the DC/DC 

converter in buck mode with two C3M0065090J 

(SiC MOSFET’s) in a phase leg configuration and 

their results are presented. 

Keywords 

Electro-Magnetic Interference (EMI), 

Switching Oscillations, Gate Resistance, Buck 

Mode, Gate Driver, Parasitic Oscillations. 

1. Introduction: 
        The performance of semiconductor switches 

depends on the strength of semiconductive material. 

As for the Silicon, it has lower thermal conductivity 

which needs larger cooling system to manage the 

thermal heat dissipation. And what about 

applications where devices are required to be 

operated higher than 150℃ at higher voltage, 

frequency, and power density such as military 

applications. At 200℃, silicon acts almost like a 

metal and contribute to large leakage current. So, we 

needed the semiconductor material with high 

blocking voltage capability and lower conduction 

loss, faster switching transition with lower switching 

loss. The better thermal conductivity with higher 

operating temperature. Because semiconductive 

properties of silicon are limited in advance power 

conversion. Fortunately, these gaps are filled by 

wideband gap semiconductors such as SiC and GaN 

[1][2].  

        SiC MOSFET’s are from the wideband gap 

semiconductors family like GaN. Silicon carbide 

and gallium nitride, their certain properties that 

control the performance of semiconductor switches 

are considered. These properties are bandgap Eg 

(energy needed for the electron to jump from top of 

valance band to bottom of conduction band), 

electron mobility μe, hole mobility μh, critical 

electric breakdown field Ec, electron saturation 

velocity Vsat, thermal conductivity K and dielectric 

constant εr. These properties decide whether they 

can block high voltage, whether they can be used for 

high frequency, whether they can be operated at high 

temperature, whether they can dissipate power 

rapidly. SiC and GaN are far more superior in 

semiconductive properties compare to silicon [2]. 

2. Challenges in driving SiC 

MOSFET’S: 
        Due to very fast switching transient, driving 

SiC MOSFET will cause the switching noise. The 

only solution is to select the appropriate value of 

gate resistance (Rg). If choosing of small value of 

gate resistance will provide a large peak current with 

very di/dt, dv/dt and low switching losses. Because 

of low gate resistance there will be EMI induction in 

the system. To reduce the EMI, high gate resistance 

should be selected but there will be the increase of 

switching losses. So, the gate resistance which is 

taken should be trade-off with EMI and gate 

resistance will act as a damper resistance to reduce 

oscillations [5]. 
        Due to high sensitivity nature of SiC 

MOSFETs, there will switching losses and poor 
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waveform of did/dt, dVds/dt, and dVgs/dt because of 

parasitic capacitance and inductance. Fig.1 shows 

the parasitic elements in the double pulse test [6]. 

 
Fig. 1.  Inductive switching’s with parasitic elements. 

Switching losses are cause by the parasitic 

inductance. There are two different types of parasitic 

inductances. One is power loop inductance (Lloop) 

which is created by the long traces of PCB layouts 

and packaging inductance and another one is 

common source inductance (Ls) which is mainly 

controlled by the packaging inductance [6]. There 

will be influence of power loop inductance and 

common source inductance on the buck voltage 

regulator which is explained in [8]. During turn on 

there will less impact on the negative feedback 

nature of the common source inductance and during 

turn off the negative voltage induced across the Ls 

will be minus from the source voltage holding Vgs to 

Vplateau with increase in turn off time. So, turn on 

losses will be slightly increased and turn off losses 

will be greatly increased due to parasitic inductance. 

In conclusion, power loss will increase due to the 

parasitic loop inductance. Even though, switching 

converters have the good performance, there should 

be some attention while driving the SiC MOSFETs 

in a bridge configuration with the low threshold 

voltage leads to unwanted turn on [9]. 

3. Design of Gate Driver: 
        For SiC MOSFETs, gate driver used is almost 

same as conventional driver where the components 

are soldering manually. To get the flexibility, here 

used the driving with different switching which can 

be possible with change of gate resistance, turn on 

voltage, turn off voltage and addition of additional 

input capacitors [6]. The developed gate driver is 

optimized to drive Cree’s C3M0065090J SiC 

MOSFET with 900V, 35A, 65mΩ on-state 

resistance. 
3.1 Selecting Power Supply and Pin 

diagram of IC: 

        The desired gate driving voltage is needed to 

power supply the gate driving circuit where this 

voltage is given by the manufacturer. Normally, turn 

on voltage is in between 18V-25V to get the 

minimum Rds(ON) and meanwhile Vgs is -5V. For 

C3M0065090J will have the optimal value of -

4/+18V. for good ∆Vgs for MOSFET and IGBT, 

there will be usage of Recom’s unregulated, high 

voltage isolation DC-DC converters. RP-1212 with 

single input and dual output chip for +15V and RP-

1205S with single input single output for -5V. 

         To limit the switching speed and voltage 

overshoots, gate resistance is important parameter to 

drive the MOSFET. Normally, MOSFET turn on 

gate resistance Rg(ON) is more than the turn off gate 

resistance Rg(OFF). So, these gates turn on and turn 

off resistances are connected in parallel where turn 

off gate resistance is in series with diode. Usually, 

gate drivers are with one output pin, but some 

manufacturers provide different output pins for turn 

on and turn off. Here separate gate resistances used 

with no diode at turn on gate resistance. From figure, 

two output pins for on and off gate resistors which 

makes driver design easy. From above discussions, 

gate driver IC choose to drive two C3M0065090J 

SiC MOSFETs is Infineon’s 1200V, 10/9.4A 

source-sink, separate-output pins, IEDI60N12AF 

IC. This Infineon load all protective features which 

is designed to make gate drivers more convenient. 

Below fig. 2.  represents the pin diagram of IC. 

 
Fig. 2. Conventional gate driver with a single input. 

 

4. Schematic of Non-Isolated 

Bi-Directional DC/DC Converter: 
        Fig. 3. represents the topology of non-isolated 

Bi-Directional DC/DC converter where it can 

operate in Buck and Boost modes. 
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Fig. 3. Non-isolated Bi-directional DC-DC converter. 

        Converters are designed with a high voltage 

gain in boost mode to converter high voltage from 

low voltage. Converter with low voltage gain 

required a high duty cycle to achieve the desired 

voltage. The high duty cycle gives high conduction 

loss. Similarly, to achieve 10 times lower voltage in 

buck mode requires a 10% duty cycle. So, the 

voltage gain in buck mode should be as low as 

possible [10]. 

5. Experimental Results in 

BUCK Mode: 
        Experimental setup is done with the 

bidirectional converter where it can work for both 

buck and boost modes where the PCB is 

manufactured from JLCPCB Co., limited in China. 

Fig. 4. shows the PCB design of the non-isolated bi-

directional converter which is operating during the 

Buck mode where all components are highlighted 

with the inductor. 

 

 
Fig. 4.  PCB design of converter in Buck Mode. 

 Fig. 5. shows the gate to source voltage Vgs and the 

drain to source voltage Vds at High side (HS) and 

Low side (LS)for the dc voltage applied at 100V 

which shows the oscillations because of low voltage 

applied for the high rated (900V) SiC MOSFET. 

 
Fig. 5.  (a) waveforms Vgs (b) waveforms of Vds. 

 The switching and conduction losses will be 

reduced by changing the gate voltage. Normally 

there is the chance of change in voltage up to 20V 

but will increases the stress [7]. So, gate voltage is 

chosen as 18/-5V. There is reduction of switching 

time, when the voltage is increased which helps to 

know that when the reduction of time lead to operate 

the switch faster with less energy and low 

conduction, switching losses operating at 200V, 3A. 

 
Fig. 6.  (a) Vds at 100V (b) Vds at 200V and Vds at 300V. 

Fig. 6. shows the oscillations reduction when the 

drain voltage is increased from 100V to 300V where 

it helps to learns that increase of drain voltage up to 

some extend will lead to reduction of the 

oscillations. 

Fig. 7.  Buck Mode waveforms. 
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Fig. 7.  shows the results of Buck converter operated 

with a frequency of 300kHz having high 

temperature coefficient of 65º for a SiC MOSFET 

where channel1(CH1) gives the drain to source 

voltage Vds at high side of 200V for a duty cycle of 

40%, channel2(CH2) gives the drain current of 

1.8A, channel3(CH3) with Vds at low side 200V and 

channel4 (CH4) with output current of 4.5A which 

gives the power of 341.1W for output voltage of 

75.8V practically instead of 360W and 80V due to 

losses. So, efficiency is 94.75%. But this converter 

is used up to power range of 1.5kW range but due to 

temperature changes and EMI effect leads for the 

damage of SiC MOSFET for high power range. 

6. Conclusion:  
        Hardware setup is made by using the non-

isolated bidirectional converter where it could be 

called as synchronous buck converter when it is 

operated in buck mode. The SiC MOSFET as an 

active switch in buck mode is used which have wide 

band gap semiconductor properties. In this, driving 

voltage of 18/-5V is given to the gate of high side 

and low side MOSFETs which are operated like 

when high side switch is on while low side switch is 

off and vice versa. Observations are made that how 

the conduction and switching losses are reduced by 

increasing the gate voltage up to desired value and 

reduction of parasitic oscillations with the increment 

of drain to source voltage (Vds). Then the results 

from the experimental hardware setup for converter 

in buck mode is achieved with the efficiency of 

94.75% for input converter voltage as 200V and the 

output converter voltage as 75.8V having output 

power of 341.1W. In future, this buck converter can 

achieve high efficiency with increase in power if the 

design of converter is done by using the EMI 

reduction method like soft switching instead of hard 

switching. 
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Abstract. In today's world, the greatest interest is the use of 

sunlight energy [1]. This type of application is called 

photovoltaics (Photovoltaic, abbreviated PV). The end 

product is photovoltaics. 

 The least studied way to increase the efficiency of 

converting sunlight energy into electricity remains the use 
of trackers. This is because the information on methods of 

calculation and creation of mathematical models of solar 

tracker components is scattered, little ordered. However, the 

method under consideration is the most suitable for an 

application, since it does not require expensive study of the 

properties of already existing and obtaining new 

semiconductor materials. Therefore, the goal of this work is 

to develop an optimal mathematical model of the tracker, 

which would provide the maximum performance of the solar 

panel, great accuracy in tracking the position of the Sun in 

the sky, ease of installation, and cost-effectiveness. 

Keywords 

Photovoltaic, solar tracker, mathematical model, 
Azimuthal angle, modes of operation. 

Introduction 

There are several ways to increase the performance of 

photovoltaic plants. The first is to choose a substance with a 

higher photovoltaic power. At this stage of science, such 

substances are gallium arsenide, germanium, chalcogenides, 

and others. The photovoltaic conversion coefficient with 

these substances increases up to 32% [2]. 

The second method is maximum power point tracking 

(MPPT). Implementation of the method involves the use of 

microprocessor technology, controllers. In most modern 

solar inverters you can find such a system. The essence of 

the method is the following: the controller analyzes the volt-

ampere characteristic (VAM) of the battery and looks for the 
optimal mode of operation, which will ensure the production 

of the maximum amount of energy at a given illumination. 

The third way is to track the position of the Sun in the 

sky. The solar tracker discussed in this article is designed to 

solve this problem. Thus some problems arise: what type of 

tracker should be installed in this or that area, whether it 

makes sense to install this device at all, what algorithm of 

operation to choose. 

To answer these questions, the following problems 

must be solved: 

1. Develop a mathematical model of the process of 

solar radiation arrival, as well as a model of the photovoltaic 

installation; 

2. To test the adequacy of the model on specific 

geographical objects located in different parts of the country; 

3. Use modeling to test the development to determine 

the most effective type of tracker for a particular location in 

the world; 

4. Evaluate the cost-effectiveness of the project by 

comparing similar indicators in the application of different 
types of trackers. 

 

1. Review and analysis of the use of 

solar trackers in world practice 

Various devices and adaptations have been developed 

to improve the energy performance of photovoltaic panels. 

One such device is the solar tracker. It is designed to orient 

the solar panel surface to the Sun and track it. 

STs allow to accurately orient photovoltaic panels to 

the sun and to cover losses during the change of time of day 

and time of year, observed in the angles of sunrise height, 

azimuth, and latitude. Consistent with the above, studies  

have proven that the amount of solar energy generated by 

any tracker photovoltaic panel is always greater than that 

obtained from a simple stationary panel. For this reason, 
several methods [3] have been investigated to establish the 

feasibility of these systems. In most cases, a tracker consists 

of the following parts: 
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- A frame and rack; 

- One or two motors; 

- Light sensors powered by independent or auxiliary 

power supplies; 

- A dynamic and stepper motion controller; 

- positioning adjustment mechanism [4]. 

The use of sun-tracking devices and systems is a 
promising area of study. Currently, there is a demand for 

such systems, which would allow to orient the receiver site 

perpendicular to the sun's rays to achieve maximum 

performance of the generating photovoltaic installation. One 

such system is solar trackers, which have their classification.  

1.1 Photovoltaic installations 

Photovoltaic installation (station) is a set of devices 

that convert the energy of solar radiation into electrical 

energy. As a rule, PVS consists of solar panels, storage 

batteries, battery charge controllers, and inverters. Figure 1 

shows an approximate composition of PVS.  

Thus, it is obvious that to increase the energy generated 

by the PVS, a solar tracker can be introduced into its 

composition.  

 

Fig. 1. Composition of the PVS:  1 - Solar battery, 2 - battery charge 

controller and inverter in one case, 3 – battery 

1.2 Classification of trackers  

The classification of these devices depends on many 

different parameters, including the operating model and 

control force. Each of these systems presents its advantages 

and disadvantages. Particular attention should be paid to 

price, reliability, power consumption, and maintenance. 

Currently, solar trackers are conventionally divided 

into two main groups: single-axis trackers (rotate the panel 

around one axis) and dual-axis trackers (rotate the panel 

around two axes) [5]. However, other studies highlight other 

types of trackers with much more complex structures, but 

they are not as much in demand. There is also a classification 

according to the type of rotation mechanism: passive and 

active. 

2. Modeling of the process of solar 

radiation arrival on the surface of the PV 

panel 

The intensity of solar radiation outside the Earth's 
atmosphere is almost constant and is equal to 1367 W/m2. 

However, stochastic factors are influencing the intensity of 

radiation at the Earth's surface - the state of the atmosphere 

and the position of the receiving surface. The final task of 

solar radiation modeling is to determine the value of 

incoming solar radiation for any day of the year in an 

arbitrary geographical location of the installation, which 

causes the modeling of all factors affecting the solar 

radiation.  

The input data are 7 values, which determine the value 

of the final solar intensity: 

1. number of calendar days from the beginning of the 

year; 

2. latitude of the area; 

3. tracker availability; 

4. Azimuthal angle of installation of the panel; 

5. tilt angle of the panel; 

6. albedo of the Earth's surface; 

7. atmospheric transparency index; 

In the Matlab/Simulink software package, the input 

quantities are set through the Constant parameter block. 

One of the objectives of this work is to develop a solar 

tracker model. If it is part of the installation, the efficiency 
of the solar panel increases by 40-45%, which allows us to 

use a smaller number of solar panels to cover the required 

load. 

 

Fig. 2. The output value of solar radiation 

 

2.1   Verification of the model  

The performance of the model was tested for a 

characteristic day at each time of the year. The characteristic 

day was the 15th day of January, April, July, and November, 

respectively. Thus, by determining the area under the curve 
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of insolation, we obtained the average value of the specific 

energy of insolation for each time of the year in Shanghai, 

Brno, and the Alexandrovskoe village. 

To compare the obtained values, the NASA database 

was taken and the average value of specific energy of 

insolation by seasons was determined.  

 

Time of the year Winter Spring  Summer   Autumn 

NASA data, 

kW*h/ m2 
1.506 3.902 4.864 4.000 

Simulation values, 

kW*h/ m2 
1.517 4.216 4.812 4.062 

Error rate, % 0.760 8.042 1.072 1.550 

Tab. 1. Summary data of insolation indicators in Shanghai for 2020 

 

Time of the year Winter Spring  Summer   Autumn 

NASA data, kW*h/ m2 1.045 4.239 4.609 2.019 

Simulation values, 

kW*h/ m2 
1.01 4.324 4.673 1.991 

Error rate, % 3.354 2.002 1.395 1.398 

Tab. 2. Summary data of insolation indicators in Brno for 2020 

 

Time of the year Winter Spring  Summer   Autumn 

NASA data, kW*h/ m2 1.817 6.186 5,413 2.854 

Simulation values, kW*h/ 

m2 
1.657 5.763 5.13 2.603 

Error rate, % 8.806 6.839 5.229 8.795 

Tab. 3. Summary data of insolation indicators in Alexandrovskoye village 

for 2020 

The analysis of obtained results showed that for the 

majority of considered parameter changes the model 

adequately shows the diurnal variations of solar radiation 

intensity. The discrepancy of readings as compared with the 

NASA reference database for Shanghai is on average 3%, 

for Brno - about 2%, for Alexandrovskoe village - 8%. 

3. Simulation of the modes of 

operation of the tracking installation 

The primary task in the application of solar panels 

for power generation is the optimal position of the receiving 

pad. By the position of the receiving pad is meant its 

inclination in the vertical plane - relative to the Earth's 

surface - as well as its orientation in the horizontal plane 

(azimuthal angle). 

As a rule, in stationary solar installations, the 

receiving pad in the horizontal plane is oriented to the South. 

But the angle of inclination relative to the Earth's surface is 

chosen experimentally. 

To determine the optimal angle of inclination, the 

following study was conducted. For three geographical 

points Shanghai (φ = 31,23°), Brno (φ = 49,18°) and 

Alexandrovskoe (φ = 58,31°), chosen according to their 

location in low, middle and high latitudes, the power of solar 

radiation arriving at the receiving surface was determined 

for each month of the year using the developed model of 

solar radiation arrival. The limits of variation of the tilt angle 

are from 0 to 90 degrees, with a step of 10 degrees.  

3.1   The final result of chapter 3 

To compare the different modes of operation, the 

modes of a single-axis tracker by azimuthal angle and by 

surface tilt angle, as well as a two-axis tracker that combines 

positioning by both of the above angles were chosen. 

Thus, the use of a two-axis positioning system is 

most appropriate in equatorial latitudes, azimuthal tracker - 

in latitudes close to northern latitudes. The tilt-tracker 

application does not give a significant increase in 

production, which indicates that its application is 

unprofitable. 

The following conclusions can be drawn from the 

results of the simulation: 

 Shanghai Brno Alexandrovskoe 

Two-

axis 
tracker 

17,5% 8,3% 9,6% 

Azimuth 

tracker 
17% 19,5% 20% 

Angle 
Tracker 

3,5% 3,6% 7,3% 

Tab. 4. Energy production growth rates in percentage ratio 
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4. Building a power supply system 

using solar trackers 

For further consideration of the application of the 

developed model, it is necessary to select the equipment 

needed to generate electricity from solar radiation. 

The choice of equipment is made based on the 

operating mode of PVS: stand-alone or grid mode. Stand-

alone mode of operation implies complete coverage of the 

consumed energy at the expense of PVS generation. 

Network mode is based on the joint parallel operation of the 

PVS and the power grid of the city.  

 

 

Fig. 3. Operating mode of the PVS. 1 - solar panel, 2 - city grid, 3 - 

power and charge controller, 4 - energy storage device, 5 - diesel generator 

 

4.1   Calculation of consumption loads and 

equipment selection  

The main task when selecting equipment is to select 

the required number of devices. For this purpose, it is 

necessary to calculate loads of the power supply object, 

which is a country house with a certain list of equipment. 

For the comfortable living of a family of 4 people, a modern 

house has an area of about 150 m2 .The calculation was done 

by the method of demand coefficient. Table 4.1 shows a 

summary of the number and characteristics of the 

equipment. 

 

For the purposes of this paper, we will consider the 

water and heat supply systems as centralized, since in most 

areas of Russia there is no problem with this.. This type is 

chosen because in Russia it is more profitable and reliable to 

heat the house with a centralized system. However, if we talk 

about autonomous systems for hot and cold water, the most 

rational solution would be a boiler heating. The boiler is 

heated with wood, coal or gas which can also be supplied 

centrally. 

Applying the chosen method of calculation, I got a 

contradiction: the total calculated load was less than the 

rated power of the most powerful electric receiver. This is a 

normal situation. In this case, I proceed as follows: I equate 

the total load value to the power of the most powerful 

electric appliance, i.e. in my case, the electric stove. In other 

words, I obtain that the rated power of the cottage in question 

is 9 kW.  

Moreover, I cannot rule out the theoretically 

possible case when all the appliances will be simultaneously 

included in the network. Then the load power will increase 

even more - practically to the total rated power of all electric 

consumers. To account for this variant, the following 

scheme will be implemented: photovoltaic panels will 

supply the calculated load - 9 kW. When the energy 

generated by them will not be enough (absence of the Sun or 

increase in the load), the automatics will connect a diesel 

generator.  

 

Fig. 3. Operating mode of the PVS. 1 - solar panel, 2 - city grid, 3 - 

power and charge controller, 4 - energy storage device, 5 - diesel generator. 

The annual consumption of electric power of the 

selected power supply object - a country house - is 16031,46 
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kWh. Two modes of operation of the PVS were considered: 

stand-alone and grid. In each mode of operation the 

following equipment was determined in number: 

Network mode- Alexandrovskoye 

Number of panels, units 
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Stand-alone mode of operation- 

Alexandrovskoye 

Number of panels, 
units 

Number of batteries, 
units 
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99 152 144 143 154 155 97 154 
 

Thus, the smallest number of panels is observed 

when the azimuth tracker or the azimuth and tilt tracker is 

used. However, with a reduction in the number of panels and 

the use of the tracker, energy production increases, which 

leads to an increase in the capacity and the number of 

batteries. 

From a technical point of view, the use of a tracker 

is justified, expedient and profitable, but to see the full 

picture, it is necessary to make an economic comparison of 

modes of operation and types of trackers used. 

Conclusion 
The main schemes of connection of solar panels with 

the load, as well as four ways of installing solar panels with 
fixed angle, with uniaxial zenith, uniaxial azimuth and 

biaxial tracking systems. 

Designed a mathematical model in MATHLAB that 

can show insolation with different system variations. 

Considered 3 earth points and determined for which point 

which tracker is suitable. In the last section I have 

considered the application of my system in the village and 

calculated the number of panels needed to provide the house.  

Developed an optimal mathematical model of the 

tracker that ensured maximum solar panel performance, 

greater accuracy in tracking the Sun's position in the sky, 
ease of installation and cost effectiveness. 
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Abstract. Lithium representation in battery 

technology is undeniable, and its application shows in 

decades an extending trend. Lithium-ion batteries (LIBs) 

play the most crucial role in energy storage systems, 

powering consumer electronic devices, and even electric 

vehicles. At the same time, there is a breaking point in the 

entire automotive industry; increasing requirements for 

emission reductions are hampering the new production of 

combustion vehicles and rising demand for electric ones. 

The rapid global growth in the electric vehicles (EVs) 

market brings numerous waste-management challenges in 

end-of-life treatment, mainly devoted to remarkable 

differences between production and recycling rates.  

In this paper recycling flows for two different lithium-ion 

technologies of waste batteries from EVs (LMO, NMC) 

discarded between 2020-2025 in the Czech Republic (CZ) 

were estimated. The results present the weights of 

recovered materials from three different EV types (Battery 

Electric Vehicle - BEV, Plug-in Hybrid Electric Vehicle - 

PHEV, Hybrid Electric Vehicle - HEV), analyze the 

gradual recycling of the battery pack-module-cell, and 

compare two scenarios of used recycling rates. 

Keywords 

Lithium-ion batteries, electric vehicles, recycling 

processes, material flows, the Czech Republic. 

1. Introduction 

Electric vehicles (EVs) fully meet the ever-increasing 

requirements of a reduced environmental impact compared 

to conventional combustion vehicles. These vehicles in 

purely electric mode produce zero tailpipe emissions, lower 

smog, and lower greenhouse gas emissions [1]. Therefore, 

it is assumed that 20% of all cars sold worldwide will be 

electric by 2025 [2]. In the EU, there will be about 4 

million registered EVs in the mentioned year, and this 

number will continue to rise [3]. 

Lithium technology is dominant in the electric 

automotive industry. Lithium-ion batteries (LIBs) are 

typically based on lithium (Li), cobalt (Co), manganese 

(Mn), and nickel (Ni) in the cathode, graphite (C) in the 

anode, aluminum (Al), copper (Co), and iron (Fe) in other 

components. Their composition affects properties, such as 

energy density, rechargeability, or cycle life. Commonly 

used LIBs according to their cathode material are for 

example lithium-nickel-cobalt-manganese oxide (NMC), 

lithium-manganese oxide (LMO), and lithium cobalt oxide 

(LCO) [2], [4], [5].  

Due to the fast growth of the EV market, the issue of 

waste batteries disposal must be solved. The EU legislation 

supports the idea of recycling processing embodied in the 

EU Battery Directive (currently, at least 50 % of waste 

batteries weight must be recycled) [6]. Recycling is 

a suitable solution [4], [6], but it is necessary to understand 

the flows composition of input (waste) and output 

(recovered) materials. Prediction of the weights of obtained 

materials can be used to improve existing recycling plants, 

modify the design of new ones, or reduce the extraction of 

raw materials when using recovered materials in new 

production. 

In this paper, the model for estimation of recycling 

material flows for two types of lithium-ion batteries (LMO, 

NMC) and three models of EVs (Battery Electric Vehicle - 

BEV, Plug-in Hybrid Electric Vehicle - PHEV, Hybrid 

Electric Vehicle - HEV) was developed. Energy sources of 

these EVs are schematically shown in Fig. 1. The 

developed model performs weight prediction for battery 

materials (Co, Li, Mn, Ni, C, Al, Cu, Fe) during 2020-2025 

for two recycling scenarios in the Czech Republic (CZ). 

 

Fig. 1. Energy sources of electric vehicles – BEV, PHEV, HEV. 
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2. Determination of the model 

The proposed model is based on studies of the EVs 

market   and proposed waste-management solutions [3]–

[5], [7], [8] which were analyzed in the conditions of the 

Czech Republic (CZ). The schematic structure of 

developed model is illustrated in Fig. 2. 

 

Fig. 2. The structure of developed model.  

2.1 Number of EVs in the Czech Republic  

The estimation of the number of EVs in CZ was based 

on data Ministry of Industry and Trade, Ministry of 

Transportation, Czech Republic [7] of registered electric 

vehicles during the years 2015-2020. These data are shown 

in Fig. 3, where the total number of EVs and their 

distribution into BEVs and PHEVs is visible.  

A second-degree polynomial was used to extrapolate 

the number of EVs in 2020-2025. The EVs estimate, 

including their type of distribution in CZ in 2020-2025, is 

demonstrated in Fig. 3. 

 

Fig. 3. Number of EVs in CZ in 2015-2025, dotted = estimated. 

2.2 Recycling rate 

The minimum recycling rate for waste batteries is 

determined by EU Battery Regulations. The current 

requirement is that at least 50 % of a waste battery’s weight 

must be recycled. From 2025, this requirement will 

increase to 65 % and up to 70 % from 2030 [6]. 
 

2.3 Flows of recycling materials 

The estimation of discarded batteries in CZ in 2020-

2025 was based on case studies of Urban Mine 

Platform [9]. This case study considers the BEV, PHEV, 

and HEV models in CZ (quantity proportion 4:2:1) of the 

chemical composition LMO and NMC (proportion 4:3) [9]. 

The weights and compositions of individual 

components (battery pack, module, cell) of LMO and NMC 

batteries were determined for the mentioned models of 

electric vehicles from the study by Argonne [5]. The 

considered composition and weight of individual 

components for the LMO BEV battery are listed in Tab. 1. 
 

Battery composition, weight of components (kg) 

Pack (49.14) Module (15.68) Cell (317.95) 

Copper (0.08) Copper (0.39) 
Active Cathode 
Material (166.35) 

Aluminum (33.48) Aluminum (13.94) Graphite (56.19) 

Steel (2.23) Plastic (0.13) Carbon (3.47) 

Insulation (1.06) Insulation (0.1) Binder (PVDF) (4.61) 

Coolant (7.92) Electronics (1.12) Copper (31.02) 

Electronics (4.36)  Aluminum (17) 

  Electrolyte (34.9) 

  Plastic (4.42) 

Tab. 1.  Composition of individual battery components. 

Subsequently, the waste batteries' materials were 

determined; LMO was considered 1:2 (Li:Mn), and NMC 

1:3:3:3 (Li:Ni:Mn:Co) [5]. According to current legislation, 

a minimum part of the total weight of these batteries was 

selected for recycling [6]. 

The model works with gradual and separate recycling 

of individual components. Firstly, the battery pack is 

dismantled, the covering plastic and metal materials are 

taken off. Secondly, the modules covering, and electronics 

are removed. Finally, the battery cell, including the active 

material, is recycled. These recycling steps are performed 

separately, and their efficiency is summarized in Tab. 2 [4]. 

Elements 
Recycling efficiency [-] 

Pack Module Cell 

Al 0.9 0.9 0.8 

Cu 0.9 0.9 0.8 

Co - - 0.85 

C - - 0 

F - - 0 

Fe 0.9 0.9 - 

Li - - 0 

Mn - - 0.95 

Ni - - 0.95 

P - - 0 

Tab. 2.  Recycling efficiency of individual recycling steps. 
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3. Estimation of material flows 

The results of the developed model were divided into 

three parts. The evaluation of the weights of input and 

output materials of BEV, PHEV, HEV models in CZ in 

2020-2025; the comparison of output materials from 

recycling the individual components pack-module-cell; the 

observation of change when changing recycling rate from 

50 to 65 % in 2025 due to the valid legislation. 

3.1 Material flows from EV batteries 

The input and output materials quantities during 

recycling are shown in Fig. 4-6. These figures describe 

materials flows for BEVs, PHEVs, HEVs, during 2020-

2025, respectively. 

The material flows respect the quantity distribution of 

models on the EV market, in descending order BEV, HEV, 

PHEV. The most discarded batteries were recorded from 

the BEVs, where the weight of waste batteries (input) was 

~70 tonnes; approximately 40 tonnes were recovered. 

Estimated material flows respect the chemical 

composition of individual batteries and their purpose of 

application. The proportion of active material, especially 

manganese (Mn), in BEVs is higher than in other models. 

This EV type is fully electrical and cannot be powered in 

any other way. Thus, the high energy and power 

requirements must be satisfied. For the rest of the models, 

PHEV and HEV dominate the weight of covering 

materials, notably aluminum (Al). 

 

Fig. 4. Weight of recycled materials (input/output) - BEVs. 

 

Fig. 5. Weight of recycled materials (input/output) - PHEVs. 

 

Fig. 6. Weight of recycled materials (input/output) - HEVs. 

3.2 Battery pack-module-cell materials 

Fig. 7 compares recycled materials (outputs) of 

individual components of LMO, and NMC waste batteries 

from BEVs in 2021. This procedure corresponds to the 

established recycling processes in the EU. Therefore, there 

is no lithium (Li) recovery. Graphite (C) is lost during 

high-temperature processing; it is used as a reducing 

agent). 

From the composition of the output materials of 

individual components, their primary function is obvious: 

the battery cell provides the electrochemical part and 

consists of valuable metals; the module and pack provide 

coverage and protection with common metals. 

 

Fig. 7. Comparison of recycled materials (output) from battery 

cells, modules, and packs in 2021. 

3.3 Change in regulation, change in rate 

In 2025, the mandatory recycling rate stated by the 

waste batteries' weight would be increased from 50 to 

65 %. This change is simulated in Fig. 8. The increase in 

recovery is reflected in all recovered materials, mainly 

aluminum and manganese. The 15% increase in the 

recycling rate will affect the weight of recovered materials; 

there will be an increase of approximately 25 tonnes. 
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Fig. 8. Comparison of quantity of recycled materials (output) 

from EVs using recycling rate 50 %, and 65 % in 2025. 

4. Conclusion 

This work estimates material flows from waste 

electric vehicles lithium batteries in the Czech Republic in 

2020-2025. The obtained results describe the current issues 

of electromobility in the conditions of the Czech Republic 

and can be used while designing a new recycling factory or 

solving waste-materials logistics. 

In the Czech Republic, an approximately 2.5 times 

higher ratio of BEV to PHEV in 2020-2025 is expected. In 

2025, the total number of electric vehicles should reach the 

limit of 40,000. 

With the growing number of electric cars in the Czech 

Republic, waste materials from discarded batteries will 

increase. The tightening of legislation and the increase in 

the recycling rate from 50 to 65% in 2025 should increase 

the recycled material obtained by 25 tonnes. 

This model will be extended with an economic and 

environmental view, such as costs or emissions related to 

transport to the recycling plant and recycling process 

implementation as part of future work. 
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Abstract. The prediction of aging behavior is an important
area of research for the better understanding of lithium-ion
batteries. Simulating this behavior is made harder by the
differences between individual battery cells of the same type
due to manufacturing tolerances. One of the parameters that
vary between cells is the initial capacity.

In this work, the influence of a capacity spread among oth-
erwise identical cells on the aging of lithium-ion batteries
is investigated. Simulations are conducted using an aging
model coupled with a thermal-electrical model to predict the
fade of capacity over a battery’s lifetime.

The Monte Carlo method is used to repeat the simulation for
different initial capacity values and the resulting changes in
aging behavior are discussed.

Keywords
battery, simulation, aging, monte carlo

1. Introduction
Lithium-ion batteries undergo aging during their life-

time that leads to a decrease in usable capacity. This degra-
dation depends on the batteries’ usage as well as environ-
mental conditions like temperature [1]. The capacity fade
can be simulated with an aging model that predicts the de-
velopment of the capacity over time.

The parameters of battery cells are subject to manufac-
turing tolerances. The variance of parameters depends on
the production process and can change during a production
cycle when changes are introduced to the process [2].

An investigation of cell-to-cell variation with 1100
cells found that the initial capacity is among the parameters
that are affected by this variation [3]. This leads to a vari-
ation in capacity even among new cells that have not been
used. A variability can also be seen in the aging rate of bat-

tery cells. The rate of aging does not always show a correla-
tion to the initial capacity [4].

The effects of this parameter variation on the aging of
battery cells can be simulated using Monte Carlo methods.
Monte Carlo methods allow the simulation of complex sta-
tistical processes. A simulation is run multiple times with
one or more simulation parameters that are randomly gen-
erated according to a statistical distribution. This leads to a
variation in the simulation results that can be examined to
determine the effect of the varied parameters on the simula-
tion.

2. Simulation Framework
The simulations in this work were carried out

using the simulation framework ISEAFrame, devel-
oped at ISEA and publicly available at https://git.rwth-
aachen.de/isea/framework. It provides an environment for
the simulation of single battery cells as well as battery packs
in arbitrary topologies.

The simulation consists of three models that are cou-
pled and exchange information during the simulation. This
structure can be seen in Figure 1. All three models are pa-
rameterized using an XML file that is specific to the type of
the simulated cell and the topology of the battery pack.

Electrical Thermal

Aging

Thermal power

Temperature

Temperature

Capacity
Resistance

SOC
Current
Voltage

1

<XML/>

Ba�ery model

Current or power profile

Fig. 1. Structure of the simulation framework
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2.1. Electrical Model

The electrical model is an equivalent circuit model
(ECM) that is based on impedances. The values of the com-
ponents used in the equivalent circuit change during the sim-
ulation depending on the temperature and state of charge
(SOC). They are determined with the use of electrochemi-
cal impedance spectroscopy (EIS).

This model makes it possible to calculate the voltage
and current value for each circuit element, given the input
current that is applied to the entire system. The model also
calculates the thermal power generated by ohmic resistances,
which is used as the input for the thermal model.

2.2. Thermal Model

The thermal power generated in the electrical model
can be used to calculate the temperature distribution
throughout the simulated battery. Additional parameters that
are necessary for the thermal model are the thermal conduc-
tivity and the thermal capacity of the materials used in the
simulation.

The simulation is based on the finite volume approach,
in which the simulated space is divided into small volumes.
It is assumed that the temperature is the same at every posi-
tion within one volume. This makes it possible to calculate
the heat transfer between two adjacent volumes during each
time step. The thermal capacity then allows the calculation
of the temperature change in each volume from the sum of
all heat transfers to and from adjacent volumes.

The changed temperature values are returned to the
electrical model. They are used to update the values of the
components in the equivalent circuit before the next time
step is simulated.

2.3. Aging Model

The simulation is extended by an aging model that
models the degradation of the battery during its lifetime. The
effects of this degradation are applied in the electrical model
in the form of a decrease in cell capacity and an increase in
internal resistance.

Since aging effects take place at much larger timescales
than electrical and thermal behavior, the aging of the battery
is only calculated in a discrete aging step after a large num-
ber of electrical and thermal time steps have been simulated.
The values generated in the electrical and thermal models
during this time are aggregated and used in the aging calcu-
lation that follows in the next aging step.

The aging model is split into a calendric and a cyclic
part. The calendric aging describes aging that occurs inde-
pendent of the usage of the battery, even when it is stored at

a constant SOC. The calendric aging rate is calculated based
on the temperature and the SOC of the cell. The cyclic aging
occurs in addition to the calendric aging when the battery is
in use. A rainflow algorithm is used to determine the charge
cycles that the cell has been exposed to. The cyclic aging
rate is then calculated as a function of the depth of discharge
(DOD) and the average SOC during the cycling.

The parameters of the model are determined from cal-
endric and cyclic aging tests. In these tests, cells are aged in
a controlled environment and their capacity and resistance is
regularly evaluated during a checkup. For each individual
cell, the aging conditions are constant over the entire life-
time. However, the conditions vary between different cells.
This leads to a test matrix with aging data for a number of
different conditions. This data is used to determine the ag-
ing rate for each of the operating points that are present in
the test matrix. In a second step, the dependency of the ag-
ing rate on the aging conditions is fitted as a function. This
makes it possible to simulate the aging for any conditions by
calculating the aging rate using the fitted function.

3. Statistical Simulation
A statistical element is added to the model by intro-

ducing a variation of one ore more simulation parameters.
The values of these parameters are randomly generated for
each simulation according to a probability distribution. The
most commonly used distribution is the normal distribution,
which can also be assumed for the variation of battery cell
parameters [3].

The probability density of the normal distribution is
given by the function

φ(x|µ, σ2) =
1√
2πσ2

e−
(x−µ)2

2σ2 (1)

where µ is the expected value and σ is the standard
deviation of the distribution.

The simulation results can also be interpreted statisti-
cally by estimating the probability density function that best
describes the observed values. If a normal distribution is as-
sumed, the parameters µ̂ and σ̂ of the estimated distribution
can be calculated according to

µ̂ =
1

n

n∑
i=1

xi (2)

σ̂2 =
1

n− 1

n∑
i=1

(xi − µ̂)2 (3)

given n observed values x1 to xn [5].
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4. Model
The aging model used in this work was developed in

[6] for a cell in the 18650 format with a graphite anode and
an NMC cathode. It is combined with electrical and thermal
models developed for the same cell. The cell has a nominal
capacity of 2.05 Ah.

The current profile for the simulation is based on the
worldwide harmonized light vehicles test procedure (WLTP)
class 3 test cycle and shown in Figure 2. It was scaled to
achieve a total depth of discharge of 50%. The initial SOC
of all cells was set to 75%. The aging was simulated over a
time span of 3 years, with an aging step after every 30 days
of thermal-electrical simulation.
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Fig. 2. Current profile used for the simulation

4.1. Parameter Variation
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Fig. 3. Distribution of the generated initial capacities

To simulate the influence of a variation in initial capac-
ity, a Monte Carlo simulation is used. 100 simulations with
100 cells each are conducted, leading to a total of 10.000
simulated cells. The initial capacity is varied for each indi-
vidual cell following a normal distribution as given by equa-
tion 1.

For this simulation, µ was set to the nominal capacity
value of 2.05 Ah, and σ was set to 3% of the nominal value.

A histogram of the resulting initial capacities along with the
probability density function is shown in Figure 3.

5. Results
The distribution of the cell capacities that occurs during

the simulation is shown at different points of the simulation
in Figure 4. The capacity values still follow a normal dis-
tribution, but the distribution parameters change during the
simulation. The parameters of the normal distributions es-
timated according to equations 2 and 3 are shown in Table
1.
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Fig. 4. Development of the capacity distribution during the sim-
ulation

cell age / days µ / Ah σ / Ah

0 2.0507 0.0614

360 1.7981 0.0573

720 1.6623 0.0553

1080 1.5425 0.0545

Tab. 1. Parameters of the estimated normal distribution of capac-
ity values during the simulation

The mean value of the distribution decreases as all sim-
ulated cells lose capacity. The standard deviation also de-
creases, leading to a narrower distribution.

The decrease in the standard deviation during the sim-
ulation demonstrates the interaction between thermal, elec-
trical and aging simulation. In a pure aging simulation,
the standard deviation relative to the mean value would not
change, because the difference in initial capacity does not
lead to any difference in the aging conditions during the
simulation. This means that all cells would lose the same
percentage of their initial capacity, regardless of the initial
capacity value.
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However, in combination with the electrical model, the
initial capacity influences the entire simulation. Since the
same current is applied to all cells, the SOC values during the
simulation and the depth of discharge for each cell depends
on its capacity. This information is fed back into the aging
model and results in a different aging rate for each cell.

5.1. Cell Lifetime

Another value that can be evaluated is the lifetime of
the simulated cells. A criterion that is often used to deter-
mine the end of a cell’s lifetime is a capacity loss of 20%
[7]. Since the capacity loss is only calculated in time steps
of 30 days during the simulation, the values are interpolated
to estimate the lifetime in days for each simulated cell. A
histogram of this data is shown in Figure 5 along with the
cumulative number of cells that have reached the end of their
lifetime up to that day.

The lifetime of the cells roughly follows a normal dis-
tribution, with an average lifetime of 786 days. The distri-
bution has a standard deviation of σ = 160.4 days, which
is about 20% of the mean value. The results show that even
a small variation in capacity can lead to large variations in
lifetime, with a standard deviation that is much higher than
that of the capacity distribution.
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Fig. 5. Lifetime of the simulated cells

6. Conclusion
The simulations presented in this work demonstrate the

effects of a distribution of cell parameters in an aging sim-
ulation. The Monte Carlo method is used to examine the
effect of a variability in intial capacity on the aging rate of
battery cells. The simulation results show that the parame-
ters of the capacity distribution change during the simulation
based on the interaction between the thermal, electrical and
aging models.

Additionally, the effect of the capacity distribution on
the lifetime of the simulated cells is shown. The results show
that a small variation in cell capacity leads to a much larger
variation in the cells’ lifetime.
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Abstract. Fiber-reinforced concrete is a new composite 

material whose advantages include tensile strength or 

resistance to extreme loadings. The strength of the 

reinforcement can be further improved by orienting the 

fibers in a magnetic field. The orientation must be done 

immediately after pouring the black concrete into a form. 

This paper deals with the magnetic field simulation acting 

on a steel fiber in the Ansys Maxwell environment. The 

simulation examines the electromagnetic toque affecting the 

steel fiber based on its geometry. 

The model consists of a fiber inserted between Helmholtz 

coils. Torque curves for various fibers were monitored, and 

based on the results, a comparison between several 

commercially available fibers is presented. Furthermore, a 

device used for measuring the magnetization and hysteresis 

curves was simulated, and the results are presented in the 

paper.  

Keywords 

concrete, steel, fiber, orientation, magnetic, simulation, 

interaction 

1. Introduction 

Concrete is one of the most widely used building 

materials. It is a relatively brittle composite in itself. Still, 

the addition of steel fibers can significantly increase its 

relatively low tensile strength, which increases the ductility 

of concrete, reduces the formation and propagation of 

cracks, and improves energy dissipation. Fiber 

reinforcement is most often used to produce prefabricated 

elements such as columns or beams. During the creation of 

these precast concrete, it is desirable to increase the 

mechanical properties of concrete in one direction. 

The most efficient use of fibers is achieved when the 

fibers are oriented in the direction of the tensile properties. 

Specific fiber orientations can be completed in several ways. 

For steel fibers, it is possible to use their magnetic properties 

and rotate them into the desired shape using an enclosed 

external magnetic field. The applied magnetic field must be 

strong enough for the fiber to overcome the resistance of the 

cement mixture and rotate in the required direction. 

In practice, fresh concrete is mixed with steel fibers and 

poured into a form, and then the form with liquid concrete is 

passed through a coil with defined properties when the steel 

fibers are oriented in the direction of the flux lines. 

To successfully use the magnetic orientation of the 

fibers, it is necessary to know the magnetic properties of 

commercially available fibers. To determine these 

properties, a device for measuring the magnetization and 

hysteresis curves is used. In this work, the device for 

measuring the magnetic properties of ferromagnetic fibers is 

simulated to verify the correctness of its function. In addition 

to straight fibers, fibers with hooked ends are also used for 

better fixing and better bridging in case of cracks. Other 

properties affecting the fiber behavior when exposed to a 

magnetic field are its length and shape. The aim of this work 

is to simulate the behavior of different types of fibers in a 

magnetic field. Other properties affecting the fiber behavior 

when exposed to a magnetic field are its length and shape. 

Simulations were carried out in the Ansys Electronics 

Desktop 2021 R1 environment.  

 

Fig. 1. The device for the orientation of the fibers by the magnetic 

field. 
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2. Fibres in a magnetic field 

 

This part of the work deals with the simulation of the 

movement of a steel fiber after insertion into an external 

electromagnetic field. The base model consists of a steel 

fiber placed between two coils supplied from a constant 

current source. The torque and magnetic flux density, with 

respect to rotation around the z-axis, are monitored.  The 

aforementioned model was simulated for both saturated and 

non-saturated steel. To examine the effect of mesh fineness 

on the simulation results, the simulations were carried out 

with the standard mesh fineness and ten times finer mesh, 

the results were then compared together.  

To verify the accuracy of the simulation results, the 

simulated results were further compared with the 

theoretically calculated torque profile of saturated fibers. 

2.1 Materials and methods 

The behavior of a steel fiber in a magnetic field is 

modeled in the Ansys Electronic 2021 R1 utilizing the 

Maxwell 3D solver. The model consists of two copper coils 

supplied by DC current. In the unsaturated state, the 

magnetic flux density between the coils is B0 = 0.1 mT, and 

in the saturated state, B0 = 25 mT. The steel fiber under test 

is placed between the two coils in the direction of their axis. 

The material properties of the fiber are defined by the 

measured magnetization curve.  

Figure 2 shows the magnetic field between the coils. 

The arrows represent the magnetic flux density vectors. 

After placing the fiber between the coils, the fiber rotates to 

the axis of the coils due to the magnetic field. 

 

Fig. 2. The magnetic field between the Helmholtz coils. 

 

 

 

Fig. 3. Starting position of fiber between coils. 

2.2 Simulations of a Weak Magnetic Field 

Most of the fibers used in construction to reinforce 

concrete are made from magnetically soft steel which has a  

relatively wide magnetization curve and low initial 

permeability. For the mechanical torque acting on the fiber, 

we can deduce that it depends on the square of the magnetic 

flux density. For unsaturated fibers, we can verify the 

accuracy of a simulation comparing the computed torque 

with the result of the following equation  

|𝑀| =
1

2
𝑆 ∙ 𝑙 ∙

𝜇ir
𝜇0

∙ |𝐵|2 sin 2𝛼 (1) 

Figure 4 shows the dependence of the mechanical 

torque on the fiber angle of rotation for the Weidacon FM 

unsaturated fiber for magnetic flux density between the coils 

B0 = 0.1 mT and B0 = 0.2 mT. The graph also shows the 

theoretically calculated waveforms to show the differences 

between the simulations and the calculation. 

 

Fig. 4. Dependence of the mechanical torque on the angle of 

rotation for fiber Weidacon FM. 

For B0 = 0.1 T, these are waveforms for minimal levels 

of saturation, where we move along the linear part of the 

magnetization curve, the simulation results match the 

theoretical calculations. For B0 = 0.2 T, we have moved pass 

the knee of the magnetization characteristic of the fiber, the 

relative permittivity starts to increase significantly, and thus 

the magnetic field in the fiber is stronger. At higher angles 

of rotation, the magnetic induction in the fibers is lower, and 

therefore there is no significant deviation from the theory. 



POSTER 2022, PRAGUE MAY 12 3 

2.3 Simulation of Magnetically Saturated 

Fibres 

In the presence of a sufficiently strong magnetic field, 

the fiber is magnetically saturated, the magnetic flux density 

inside the fiber does not change, and we can consider it 

practically constant. In this case, we can write the theoretical 

waveform of the torque acting on the fiber as the torque of 

the magnetic dipole 

|𝑀| =
𝑆 ∙ 𝑙

𝜇0
∙ 𝐵fmax ∙ 𝐵 ∙ sin 𝛼 (2) 

        It follows from Figure 5 that the simulated and 

theoretically calculated waveforms for the Weidacon FM 

fiber differ, especially in the area where the fiber is oriented 

perpendicular to the magnetic flux density and in near 

positions. For small angles α, the fiber becomes 

oversaturated, and the curves begin to overlap, but with 

increasing angle of rotation, the longitudinal magnetic flux 

density in the fiber decreases, the fiber ceases to be 

magnetized in the longitudinal axis, and the mechanical 

torque decreases to zero. The magnitude of the magnetic flux 

density between the coils was set to B0 = 25 mT. 

 

Fig. 5. Dependence of the mechanical torque on the angle of rotation 

for fiber Weidacon FM – magnetically saturated fiber. 

2.4 The Effect of Mesh Fineness  

The simulations of the motion of one fiber in a 

magnetic field gave rise to simulations with modified 

meshing, which aimed to explain the uneven torque 

distribution torque in some simulated cases, especially for 

curved fibers, and to reduce the effect of misinterpretation 

of results in the final output of simulations. In such cases, 

the grid for the steel fiber was set ten times denser than the 

automatic program setting. 

Figure 6 depicts the mechanical torque waveform for 

different meshes. For illustration, the theoretical waveform 

is plotted too. The default mesh is larger than the fiber cross-

section, so the simulated torque is higher than the correct 

value. Similarly, by the incorrect choice of mesh, as can be 

seen in the case for 1.3 mm mesh, there is the opposite 

phenomenon, and the simulated torque is significantly 

lower. Only if the mesh is set to the fiber cross-section do 

the simulated values correspond to the theoretical ones. 

Further refinement of the mesh will not produce more 

accurate, but it will significantly increase the computational 

time. 

 

Fig. 6. Dependence of the mechanical torque on the angle of rotation - 

the effect of computation maximum mesh size. 

2.5 The Results of Commonly Used Fibres 

For the possibility of assessing the differences between 

the individual commonly used fibers, the torque acting on 

them was determined. Material characteristics were 

determined using the product data sheet and simulated in the 

following chapter.  

Tab. 1. Overview of the used fibers and their selected parameters. 

 

 

Fig. 7. Dependence of the mechanical torque on the angle of rotation - 

the effect of computation maximum mesh size. 

Figure 7 shows the torque waveforms for fibers with 

curved ends which are longer than 50 mm. The simulation 

was performed for magnetic flux density in the middle 

between the coils B0 = 25 mT. The waveforms differ 

practically only in scale, but the shape is the same. 

According to the formula (2) for the theoretical mechanical 

torque of a saturated fiber, the torque depends, among other 

factors on the length of the fiber and its cross-section. If we 

compare the results shown in the figure 7 with the data in 

l D v
mm mm mm

3

Master Fieber 482 13 0.32 1.05
Dramix OL 14/.20 13 0.22 0.49

Dramix 3D 55/30 BG 30 0.56 7.39
Dramix 3D 80/30 GGP 30 0.38 3.40
Dramix 3D 80/60 BG 60 0.75 26.51
Dramix RC 80/60 BP 60 0.72 24.43

steel fibre 13/0,18 13 0.185 0.35
Tri Treg steel fibers 50 1.05 43.30

PE 60/0,8 60 0.784 28.96
Weidacon FM 13 0.19 0.37

fiber type
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table 1, it is evident that, according to the assumption, the 

smallest torque corresponds to the fiber with the smallest 

dimensions. 

3. Simulation of measuring device 

A special chapter is given/dedicated to the simulation 

of the device for measuring the hysteresis curve of steel 

fibers. 

The aim of this part is to verify the magnitude of the 

applied magnetic field strength to the sample. A sinusoidal 

alternating current powers the coils of the device with an 

amplitude of 0.25 A. The coils are connected in series 

electrically in parallel arangement, thus creating the same 

flux density from both sides. For the first approach, the 

model is assembled without a sensing coil, so it consists of 

only four coils, a core of silicon steel sheets, and one 

measured plate. As in the previous cases, the model is solved 

in Ansys Maxwell 3D. 

3.1 Simulation model 

The figure below shows the model of the measuring 

device. The coils are shown in orange, the core is made of 

silicon steel sheets, the green is the measured silicon steel 

wafer that demonstrates the fibers. The coils have 112 turns, 

wound with wire D = 0.46 mm. The core consists of M110-

18S silicon steel sheets with a material thickness of 0.18 

mm. 

 

Fig. 7. Model of the measuring device in Ansys Maxwell 3D program 

 

Fig. 7. The waveforms of B and H in one half-period in the middle of 

the measured silicon steel wafer 

3. Conclusion 

The presented results prove that the models created for 

the simulations provide relevant results corresponding to the 

theory. Therefore, it is possible to use them for further 

preparation of experiments focused on the magnetic 

orientation of fibers in the concrete. The functionality of the 

device model for measuring the magnetization and 

hysteresis curves of the fibers was verified. It was shown 

that the magnetic field can change the orientation of the 

fibers in concrete and that the magnetic field parameters 

depend on both the magnetic properties of the fibers and 

their shape and length. 
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Abstract. Temperature profiles of solder pads of a printed 
circuit board were simulated during the cooling process. 
Multiple cases are modeled that differ in the distribution of 
the solder alloy on the solder pads. The effect of latent heat 
released by the SAC387 solder alloy during solidifying is 
investigated. This affects the temperature distribution in the 
components during this process. The uneven temperature 
distribution can then affect the physical properties of the 
solder joint (e.g., internal stress generation, joint strength, 
etc.). The amount of heat released during solidification can 
lead to an effect known as recalescence (an increase in 
temperature that occurs as the metal cools due to a change 
in crystal structure) [1].  

Numerical solutions of the mathematical model were 
compared with published experimental data that was 
measured at our faculty. The latent heat was measured by 
differential scanning calorimetry [2]. 

Keywords 
Latent heat, Soldering, FEM analysis, lead-free solder 
alloy, heat transfer, printed circuit board, recalescence. 

1. Introduction 
During reflow soldering an assembled circuit board 

(PCB) passes through a furnace in order to melt and then 
solidify the solder paste, to create an electrical contact. This 
thermal procedure introduces a thermomechanical stress in 
the assembly which can lead to non-conductive joints or 
other defects. Temperature changes during cooling of solder 
joints play a key role in the development of 
thermomechanical stresses. This is one reason why it is 
important to monitor the latent heat release during phase 
change.  We model the cooling process using Finite Element 
Method (FEM) to gain insight into the dissipation of the 
latent heat that is released during the solder paste 
solidification. 

Recalescence is a physical effect an increase in 
temperature that occurs as the metal cools due to a change in 
crystal structure.[2] 

2. Heat transfer 
This section describes each type of heat transfer. The 

transfer of heat can occur by conduction, radiation or 
convection. Typically, heat is transferred in a combination 
of all three types and rarely occurs alone [3]. 

2.1 Heat conduction 
Heat conduction is the flow of thermal energy through 

a substance from a region of higher temperature to a region 
of lower temperature through atomic or molecular 
interactions [4]. 

Steady state conduction occurs when the temperature 
at all locations in the fluid is constant over time [4]. 

The temperature distribution of the element must be 
continuous. This very well-known process is described by 
Fourier's law (1): 

�⃗� = −𝜆∇𝑇																																						(1) 

where q-⃗  expresses the amount of heat in joules [J] flowing 
through a unit area perpendicular to the direction of flow per 
time unit and is termed the heat flux density [5]. 

 The thermal conductivity λ is most often specified in 
W/(m·K). It expresses a measure of the ability of a substance 
to transfer heat through conduction [6].  

In our work, this is the main mechanism of dissipation 
of the latent heat of solidification to the surroundings of the 
solder paste. 

2.2 Heat convection 
Heat convection is a form of heat propagation which 

involves the flow of masses at different temperatures. Heat 
propagation by convection is not possible for solids, it is 
only applicable to liquids (plasma) [7]. 

Heat flow is divided into two types according to its 
cause. Free convection is due to density differences caused 
by different temperatures in different areas of a substance. 
Parts with a higher temperature, and therefore a lower 
density, rise naturally upwards.  
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Forced convection is induced by external forces, such 
as various turbines which creates artificial currents [8]. 

The heat flow is described by the Newton's cooling 
law (2): 

�̇� = 𝛼𝐴(𝑇! − 𝑇")																																	(2) 

Alpha is the coefficient of heat transfer. The determination 
of this quantity is a complex problem. The value of the heat 
transfer coefficient depends on the type of fluid flow 
(convection), the geometrical properties of the fluid flow, 
and the physical and chemical properties of the fluid. A 
denotes the shared surface area of the flowing fluid and the 
object. The temperature difference is the difference in 
temperature of the hotter to colder part of the object [9], [11]. 

 In our work, this is the main cooling mechanism of the 
PCB surrounded by air. 

2.3 Heat radiation 
Radiative heat transfer involves the emission of 

radiation and its subsequent absorption, which leads to an 
increase in the internal energy of the material that absorbs 
the radiation [10]. 

The best-known laws describing this type of heat 
transfer are Plank’s radiation law, Kirchhoff’s law of 
thermal radiation, Wien’s displacement law and Stefan-
Boltzman’s law (3): 

𝑃 = 𝜎𝜀𝐴𝑇#																																		(3) 

The relationship above expresses the calculation of the 
radiated power P in Joules. The symbol σ denotes the Stefan 
Boltzmann constant, which is equal to 5.67∙10-8 W∙m-2∙K-4. 
The symbol ε indicates emissivity. The quantity of this 
energy depends on the temperature of the material and its 
emissivity. The letter A denotes the emitting area, and the 
square of T expresses the square of the thermodynamic 
temperature in Kelvins [12].  

In our work, this type of heat transfer is neglected due 
to the relatively low variation of temperature. 

3. FEM model 
We solve the heat transfer equations numerically using 

the finite element method (FEM) as implemented in 
COMSOL Multiphysics® (COMSOL AB, Stockholm, 
Sweden). The initial conditions were chosen to be the initial 
temperature of 513 K upon leaving the furnace. This value 
was chosen to correlate with the already measured data from 
the experimental study [2] 

The boundary condition is set to heat convection 
(cooling by air which is not explicitly included in the model) 
described by the heat transfer parameter q = -1800 W/m2, 
which was obtained by fitting the cooling rate to the 
measured rate.  More fundamental determination of the 
alpha coefficient is beyond the scope of this paper.  

 

3.1 Geometry 
The model includes an FR4 board with 

dimensions: 10 mm x 16 mm x 1,5 mm. Nine solder copper 
plates with dimensions: 2 mm x 4 mm x 30 µm are designed 
parallel to each other in a matrix with spacing of 1 mm. On 
these plates is placed the solder paste SAC 387, which is 
modeled in the form of a block with 
dimensions: 2 mm x 4 mm x 0,5 mm.  This quantity has a 
mass of 30 mg. 

 
Fig.  1 The geometry of FR4 and cooper plates 

Numbers illustrated on each copper plate indicate the 
position, which facilitates our comparison with experiment 
and discussion. 

3.2 Materials 
This section describes the individual parameters of the 

applied materials. 

3.2.1  FR4  
Heat capacity at constant pressure 1369 J/(Kg·K) 

Density 1900 kg/m3 

Thermal conductivity {x;y;z} 1;1;0,5 W/(m·K) 

Electrical conductivity 0,004 S/m 

Tab. 1 Material constants of FR4 

3.2.2 Solder alloy 
Heat capacity at constant pressure 150 J/(Kg·K) 

Density 9000 kg/m3 

Thermal conductivity - isotropic 65 W/(m·K) 

Tab. 2 Material constants of solder alloy 
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3.2.3 Copper plates  
Heat capacity at constant 

pressure 364 J/(Kg·K) 

Density 8960 kg/m3 

Thermal conductivity - 
isotropic 401 W/(m·K) 

Tab. 3 Material constants of copper plates 

3.3 Mesh 
Comsol Multiphysic can generate a mesh 

automatically but in our case of complicated geometry with 
thin layers, we meshed these domains manually. The copper 
plates were meshed by the mapped function into a 33 x 22 
rectangle, then the swept function was used to cut the plates 
into half. The FR4 plate was delineated with the help of the 
free tetrahedral option. The solder alloy was also divided 
into a 33 x 22 rectangle and then the swept function was used 
to divide it into 7 parts as shown in Fig. 2. 

The maximum element size is 5,6E-4m and the 
minimum element size is 2,4E-5m. Take the curvature factor 
of 0.3, the maximum element growth rate of 1.35 and the 
resolution of narrow regions of 0.85. The number of mesh 
elements is 383979. 

 
Fig. 2 Meshed used in the model 

4. FEM results  
This section presents our numerical results. 

Fig. 3 illustrates a model view in which the solder is 
placed on all 6 possible copper plates at the moment when 
the phase change occurs. These changes are offset by a time 
constant, which also depends on the order of exiting the 
reflow furnace. Plates 6 and 5 leave the furnace first, 
followed by plates 7, 1 and 2 and finally plates 3 and 4 leave 
the furnace. The highest temperature occurs on the middle 

plate, this heat is further absorbed by the solder and copper 
plates in the surrounding area. 

 
Fig.  3 Temperature distribution at t=31s, top view 

Fig. 4 shows the cross-section of our sample. This figure 
shows the heat released through the copper plates into the 
FR4 plate (z-axis section in the middle of the model). 

 
Fig.  4 Temperature distribution at t=38s, Cross-sectional view of 

the model in the x-z plane 

5. Comparison with experiment and 
conclusion 

Below are the data displayed when the soldering alloy 
is placed only on pad 1. In the remaining cases, there are 
only copper plates on FR4. 

In Figures 5 and 6 we see the orange and blue curves, 
where the orange curve is generated from experimentally 
obtained data and the blue curve is extracted from the 
Comsol Multiphysics simulation (temperature averaged 
oved the copper layer of pad 1).  

In Figure 5, the latent heat release occurs at t = 30s. 
This results in heating of the copper plate and its subsequent 
cooling, which corresponds to a curve with the same slope 
as at times before the latent heat release occurs. 
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We observe a semiquantitative agreement with 
experiment as the measured data show a temperature change 
during latent heat release of about 3 K, while in the case of 
the simulated data it is about 9 K. We conclude that our 
model is capable of explaining the effect of recalescence. In 
our future work we will further improve our approximation 
of the cooling process to achieve quantitative agreement 
with the measured data. 

 
Fig.  5 Temperature trend on pad 1 

Figure 6 shows pad 7 placed next to the pad containing the 
soldering paste. In the experimental data, the release of 
latent heat causes a change in cooling curve slope, in the 
modelled values from Comsol Multiphysics this change also 
occurs, but the change in slope is slightly larger. 

 
Fig.  6 Temperature trend on pad 7 
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Abstract. The Frequency response analysis is the most
sensitive approach for assessment the mechanical condi-
tions of the power transformer. In general sense, the power
trans-former is a device which represented by nonlinear
frequency-dependent parameters of R, L, and C elements.
The behaviours of these parameters are categorized accord-
ing to frequency of perturbation signal into low and high
frequency. At low and medium frequency, their behaviour is
controlled by magnetic field coupling between windings. At
high frequency, their behaviours are controlled by stray ca-
pacitance and capacitance between windings therefore any
geometrical changes within and between the winding of the
power transformer would cause deviations of its frequency
response. Differences between such a fingerprint and the re-
sult of a later measurement are an indication of positional or
electrical variations of the internal components. The com-
puter simulation tools using numerical solution plays signif-
icant assistance in analysing and designing the power trans-
former which facilitates to predict how the power trans-
former will respond and behave under steady and transient
states.Main goal of this project is aimed to investigate and
provide state-of-the-art knowledge of the FRA and capture
new development and bring together cutting-edge technol-
ogy.

Keywords
Power transformer, FRA Diagnostic tool, interpretation
of FRA technique, Mathematical Models.

1. INTRODUCTION
In a general sense, FRA shows how the RLC parame-

ters of the power transformer system are respond to input as a
function of the excitation frequency. The response of power
transformer y(t) for a given excitation signal x(t) can be de-
termined by building a mathematical model in either transfer
function form or the state space form. Power transformers
can be seen as a complex electrical network of capacitance,
inductance, and resistors. Each electrical network has got
its unique frequency response. Therefore, it is usually called
a fingerprint. since there is no fault-free system where the
power transformer is subjected to a variety of electrical and

mechanical stresses and to so many through faults and ex-
ternal disturbance during its cyclic operation lifetime. The
negative impact and danger of short circuit current originate
in with its ability to create large electromagnetic forces 100-
900 times normal which can cause severe winding or core
deformation the transformer mechanical designed is not ac-
curate in turn frequency response will be different from the
reference curve Practically it has been found that the power
transformer is strong enough to withstand several electro-
magnetic forces and stresses due over-current result in short
circuits to possible limit for a short period time, but once
these stresses and electromagnetic forces are exceeded cer-
tain limit, the likelihood of failure are sharply increased.

Fig. 1. RLC Network of Power Transformer

The frequency response of a winding can be achieved
by either using a time-domain method (impulse FRA) or a
frequency-domain method (swept FRA). The first approach
is usually used for Capacitive inter-winding and Inductive
inter-winding while sweep FRA is used for Open Circuit -
Exciting Ima (End-to-end) and (End-to-end short-circuit)

Fig. 2. Types of FRA Connections

2. LITERATURE REVIEW
The origin of the FRA can be traced back to a long time

ago when FRA is proposed as a diagnostic tool for assessing
power transformer conditions in [1], and it is turned out the
main focus of the researcher and engineers in the various in-
dustrial field. Since FRA is the most well-known technique
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for evaluating the mechanical integrity of the power trans-
former, numerous papers, articles, journals on the FRA topic
have been published. A lot of intensive studies have been
carried out attempting to lay down guidelines for interpreta-
tion of FRA and standardization of the technique to provide
reliable information.

1. TheChinese standard DL 911/2004 [2] It is the first
standard that has been proposed FRA as a diagnos-
tic tool for assessing the mechanical conditions of the
power transformer.

2. CIGRE WG A2.26 Technical Brochure 342, April
2008 [3] It is one of the most intensive and comprehen-
sive studies by the Cigre working group.

3. IEC 60076-18 [4] The standard provides an interpreta-
tion of FRA and characteristics of power transformer
behaviour’s in low, medium, high, and very high-
frequency bands

4. IEEE C57.149 [5] Following up CIGRE IEC, a sophis-
ticated study on FRA is performed by the transformer
frequency response working group titled IEEE Guide
for the Application and Interpretation of Frequency Re-
sponse Analysis for Oil-Immersed Transformers.

Due to the massive cost imposed by FRA measurement, a
significant interest is to perform predictive methods by car-
rying out the online FRA method .Online FRA technology
has come out to offer an effective, flexible, and low-cost
approach can provide permanent monitoring on the power
transformer which would allow identifying any core/winding
deformations in earlier stages . For this reason, a lot of
researchers went ahead to investigate the feasibility of on-
line FRA. A technique is proposed for in-service moni-
toring of power transformer winding deformation rahim-
pour2016application.The online FRA measurement is carry-
ing out using capacitive and inductive coupling by authors
in [6]. In [7] hypothetical case study was performed in-
vestigating the online FRA fidelity by Simulink/MATLAB
environment. In [8] an approach for online FRA is pro-
posed a bushing tap signal injection technique . signals.
[9] One of the most dedicated studies for online FRA tech-
niques is where the online FRA curve of power transformer
is achieved from the transient signals analysis by applying
the continuous wavelet transform.

3. Transformer Mathematical Model
There are three pervasive techniques to build up a

model for the power transformer.it should be a trade-off be-
tween the accuracy and simplicity of the model black box,
white box, and Gray box approaches.

1. The Black box method is the simplest method where
the power transformer can be viewed in terms of its in-
put and out terminals with no idea what is inside the

box. The equivalent RLC components of that box are
determined by injecting various known inputs into the
box and then measure the outputs. Finally, the structure
of the box is being inferred based on the relationship
between the input and output. In a black-box method,
the order of the model of the system is only determined
to predict the system behaviours. This model can be
used effectively for analysing FRA in [10].

2. The White box method Even though the black-box
model is widely used by the engineer in the field be-
cause of its simplicity, a white box is highly demanded
for investigating the internal voltage transient behavior
of the transformer and internal insulation evaluation in
order to assess the risk of any unscheduled failure and
for setting the protective devices.The most simulation
tools that are used for providing a detailed model for
the power transformer are FEM, MATLAB, and ATP to
assess the impact of impulse voltage on the power trans-
former and verify its operation on the grid.Maxwell of
ANSOFT and COMSOL Multiphysics is the most pow-
erful electromagnetic field analysis solvers based on the
finite element method. The RLC model of the power
transformer is also obtained by the numerical solution
of the electromagnetic field problem using the finite el-
ement method (FEM) in [11] . EMTP-ATP is a power-
ful analysis tool for modelling power transformer and
transmission lines using different algorithms such as
Bergeron, PI, J. Marti, Semlyen, and Noda to solve the
problems under steady-state and transient states.

3. TheGray box is A hybrid model which a combina-
tion of black box and white box to overcome the short-
coming of black and white models and improve model
reusability and predictability. The power transformer’s
structure is known but the specific values of these pa-
rameters are unknown. Gray box is the most appro-
priate approach which exploits the data measurement
and the available well-known model’s collection. Op-
timization techniques are used to identify and find out
the optimal value of transformer parameters. Numerous
scientific papers are used this technique for the power
transformer model.

3.1. Lumped Parameters Model

The modelling of power transformer can be represented
as lumped parameters of RLC Circuits of primary and sec-
ondary impedance and core impedance. Basically, the trans-
former consists of the copper coils cover with insulations
papers both

placed in slots of laminated core to minimize the eddy
current and core losses. Typically, the primary and sec-
ondary coil winding are represented using a series RL cir-
cuit and the insulation is as represented using a RC circuit.
In case if the windings divided into sections of turns and
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Fig. 3. Lumped Parameters Model

each turn of the winding is represented with correspond-
ing turn-to-turn capacitances and inductances, the calcula-
tion becomes easier. With current advancement of comput-
ers analysis programs. These equations can be solved by
numerical analysis using computers for complex configura-
tions of windings.

3.2. Distribution Parameters Model

Distribution parameters is widely used to investigate
the transient of transmissions line model. The lumped pa-
rameters methods are approximation of distribution parame-
ters model where lumped parameters is represented by ordi-
nary differential equations and Distribution is represented by
partial differential equation. Detail model of the power trans-

Fig. 4. Distribution Parameters Model

former would require high capability of the simulation com-
puter and expensive where it would require that every turn
with all mutual coupling, inductive and capacitive model
with every other turn thus comprehensive detailed model is
not desirable.

3.3. Finite Element methods

The finite element method (FEM) is a widespread nu-
merical computation technique for solving differential equa-
tions of Maxwell equations and other field areas. it is supe-
rior techniques than others by which it can be used to com-
pute mechanical, thermal, magnetic, and electric fields at the
same time.The Finite Element Method (FEM) is based on
the dynamic programming in which the large system model
is reduced by discretization of the field volume by a grid of
triangles therefore the algorithms perform to minimize the
field energy in order to compute the Laplacian fields. In
[12], authors are used finite element methods to estimate the
response of electromagnetic forces that exert on power trans-
former winding.

4. Case Studies
4.1. Experiment

In the first instance, to crystallize the concepts of
FRA, black box model is built for a simple helix coil
in CTU University. The main principle behind study-
ing frequency response analysis of simple helix coil is
aimed to investigate how a system responds to sinusoidal
inputs of different frequencies and the feasibility of de-
tecting changing of the coil impedance by adding exter-
nal capacitors and explore the FRA response with ignor-
ing the effect of the core. The amplitude of the transfer
function is then determined of a complex system are ex-
pressed in dB 20log10(VResponse/Vexcitation).The compo-
nents needed for this experiments are as follows: 1. hp
Hewlett Packard 33120a function generator which used to
inject an excitation signal with various frequency 2. He-
lix coil which use to represent a complex system of RLC
circuits. 3. Rigol ds1104b oscilloscope which is used to
measure both input and output voltages. By using the afore-

Fig. 5. Experiment Equipments
mentioned components, a case study is carried out to find
out the transfer function for the helix coil. Three differ-
ent cases were conducted-healthy coil, adding 2000Pf, and
200Pf. Swept 20 Vpp sinusoidal signals with various fre-
quencies points are measured.

Fig. 6. FRA Curve

4.2. Model

The helix coil is consisting of 16 turns which can be
represented by lumped parameters of RLC circuits as shown
below To build a mathematical model that behaves as close

Fig. 7. lumped parameters of RLC circuits
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as possible to the origin system for the helix coil using black
box , a system identification toolbox of MATLAB is used
to extract a model from collected datasets. With current ad-
vancement of computers analysis programs. These equations
can be solved by numerical analysis using computers for
complex configurations of windings. A transfer function is

Fig. 8. black box Model
determined with fit estimation. 100 percent , 8 poles , 3 zeros
for measurement. The below flowcharts algorithm shows the

Fig. 9. Curve fitting
method for achieving curve fitting with minimal error using
8 poles and 3 zeros which is an iterative optimization tech-
nique. This sequence of processes is recurrently performed
until the optimal solution is found

Fig. 10. Flowchart algorithm

5. Conclusions and Future Work
Despite the variety of mathematical models that are

available for FRA studies, the interpretations of the curve
are still the real challenges. The ongoing exploration and de-
velopment for the FRA technique have been carrying out by
researchers and engineers for many years trying to lay down
guidelines and standards for the interpretation of the FRA
curve. Nowadays the interest in using artificial intelligence
has significantly grown to estimate and predict the failure of
the power transformer. Artificial neural network (ANN) is
part of machine learning techniques used to create a model
that resembles the way the human brain analyses and pro-
cesses the datasets. ANN involves two phases of training
and classifications. ANNs are equipped with approximate
paradigm and pattern recognition and can be trained to rec-
ognize the characteristics of both healthy and failure trans-
formers. pattern recognition learns to identify winding or
core deformation by analyzing examples of transformer fail-
ure that has been labeled as a failure so ANNs can be trained

on measured FRA of healthy and damaged models of the
power transformer to assess the condition of the power trans-
former. ANNs is required specific data of FRA responses
for transformer. For example, several transformer failure
scenarios are applied to the transformer model and recorded
the responses from these scenarios meanwhile they save in
the ANN database. The ANN monitors the FRA response
and attempts to fit any failure-induced shifts to its database.
Through the training process, the ANN model is trained on
measured FRA of healthy and damaged models of the power
transformer to recognize healthy and damaged transformers.
Once the ANN model is well-trained, it can be used and de-
ployed to predict power transformer conditions.
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Abstract. Photovoltaics represents one of the key parts of 

the low carbon energy transition. Combination of producing 

electricity from photovoltaics and agriculture production is 

gaining momentum. Such combination, when set up 

correctly, brings synergy, i.e., much more than just 

electricity from a renewable source. Such concept is called 

agrivoltaics.  Agrivoltaics in general means a photovoltaic 

installation that improves the conditions for cultivated 

crops, or cattle breeding, while renewable electricity 

production is in a second place, but an integral part. 

Different countries are trying to implement agrivoltaics in 

their policy in different ways, and several pilot installations 

are helping each government to understand and implement 

it. Agrivoltaics has many forms and types. It can be 

combined with permanent cultures like berries, apple farms 

or with conventional agriculture. Further research will 

focus on multiple benefits of agrivoltaics, connections 

between agrivoltaics electricity production and 

consumption and finding new synergies between cultivating 

crops and producing electricity. 

Keywords 

Agrivoltaics, agrophotovoltaics, photovoltaics, green 

transition, agriculture, clean electricity 

1. Introduction 

Growing population brings about increased needs for 

food security, and thus demands for spaces to agriculture and 

connected processes. Putting it simply, this means more land 

for citizens and more land for cultivating crops (van Beek et 

al., 2010). At the same time, the availability of disponible 

land for agriculture is limited. 

Climate change impacts differ geographically and 

depend on local conditions and capacity to adapt on climate 

change (Bonfante et al., 2018). In many places, conditions 

for cultivating crops are becoming worse. One of the 

solutions to both issues can be in dual use of land. The 

connection between farming, food security, and energy 

security is thus called agrivoltaics. Agrivoltaics combines 

farming and electricity production on the same land at the 

same time. Agrivoltaic systems can improve conditions for 

cultivated crops. 

2. Materials and methods 

Because it is a new sector and it combines energy and 

agriculture there were 139 results in Science Direct, but only 

circa 30 articles exactly on agrivoltaic systems. The methods 

used to analyse the articles then include screening the results 

for definitions of agrivoltaics systems, to anchor the main 

idea of this new concept. The articles were then analysed 

also to cover the other issues, such as technical-economic 

aspects and multiple benefits. Complex case studies and 

materials come primarily from Germany, France, 

Netherlands, and Japan. Articles from these countries 

provide a good basis with relevant results. Because of 

differences between each country such as geographical or 

atmospheric impacts, there are difficulties in determining 

what exactly constitutes agrivoltaics (i.e., what still is 

agrivoltaics, and what is not). (Ramsebner et al., 2021) 

3. Agrivoltaics review 

France, Belgium, Germany, and Italy are among the 

first countries trying to implement agrivoltaics in national 

legislation. The core of the concept is similar in all countries: 

it is a combination of food production and renewable 

electricity production. Nevertheless, agrivoltaics has not had 

any formal definition. German case study defined 

agrivoltaics as a dual land use system, for agricultural 

outputs and at the same time secondary, not agricultural 

output. German Institute for Standardization published a 

draft of agrivoltaics specification. The definition covers all 

of above definitions approaches stating that AG-PV means  

“combined use of one and the same land area for 

agricultural production as a primary use and for electricity 

production by photovoltaics systems as a secondary use” 

(Spec and Spec, 2021). 

The combination of farming and electricity production 

has many forms. The main division of agrivoltaic 

installations is in vertical and horizontal forms. Bifacial 

photovoltaics panels are used for vertical mounted panel. 

Vertical mounted systems are typically east-west oriented. 

Second form is the horizontal agrivoltaic system. In this 

form, panels are mostly south oriented. There are many 

types of constructions of agrivoltaics systems. Vertical 

agrivoltaic systems has a structure similar to conventional 

mailto:bimjiri@fel.cvut.cz
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photovoltaic installation. Horizontal agrivoltaics system 

typically take form of greenhouses or greenhouse, high 

mounted panels above conventional crops, construction for 

orchards, vineyards or foil tunnels for berries typically 

(Fraunhofer ISE, 2020). 

Each type of the above agrivoltaics systems has its own 

specifics. The choice of agrivoltaic system will depend 

largely on atmospheric and geographical conditions.  

Solar irradiation, usual weather and typical cultivated 

crops are variables which determine the key pros and cons 

of each agrivoltaic system type in the give country (and 

location). Nevertheless, there are several key advantages and 

disadvantages of agrivoltaic systems that are common. The 

common main advantages of the synergy between the 

agrivoltaic solution and agriculture are shade formation for 

cultivated crops, lower water evaporation rate or physical 

protection. the level shade of shadow formation depends on 

the geographical location of the agrivoltaic system. Pilot 

installations across Europe are now trying to analyze the 

magnitude of the service of photovoltaic panels in different 

conditions. 

From an energy point of view, the main advantage is 

the production of clean electricity from a renewable source. 

By consuming or selling this electricity, farmers can 
improve and balance their economic situation. 

Synergy between cultivating crops and producing 

“green” electricity brings both direct and indirect multiple 

benefits. The indirect, multiple  benefits ca be divided into 

four main groups: Technical, Economic/Financial, Social 

and Environmental with subcategories in each of them 

(Makešová and Valentová, 2021). Agrivoltaics, subcategory 

of photovoltaics is renewable energy source and therefore, 

on its own, it may bring many co-benefits similar to other 

RES. In Technical section, these can be for instance 

distributed electricity production, diversification of 

electricity mix, energy savings, and decrease of fossil power 

generations.  

However, multiple impacts in general are an area to be 

further explore, and the more in the agrivoltaics systems. 

The review has shown several areas where further 

research is needed. 

First, the need to find new synergies between crops and 

electricity productions will continue with the climate change 

impacts. Due to climate change and intensive agriculture 

places with good agronomic conditions are changing into 

worse conditions, less quality soil, and thus lower cost of 

field (Bím, 2020). 

Second, in sector coupling concept, individual energy 

and electricity sources are getting closer and composing in 

smaller energetics centers (Ramsebner et al., 2021). 

Agrivoltaics solutions can have different sizes. This is about 

decentralizing electricity sources and using agrivoltaics 

where it makes sense for cultivating crops. The 

interconnections between agrivoltaics and final electricity 

consumption is not much described yet. 

Within the sector coupling concept, the agrivoltaic 

system can be connected to small wind turbines or a 

hydroponic solution in the future. Agrivoltaics and the 

energy gained from it will also be an integral part of energy 

communities. 

Third, many crops have not yet been tested in an 

agrivoltaic system. The economic impacts and benefits for 

individual farmers, agricultural cooperatives, have not yet 

been much studied. There is need to study agrivoltaics 

impacts on each type of crops and compare the economics 

of different types of agrivoltaics and impact on farmers. 

Agrivoltaics is complicated wide topic, with connections to 

many study fields. The connections between them, are now 

place for further research. 

4. Conclusions 

There are many forms of these solutions, always 

combining the need for dual land use. Some AG-PV are 

almost conventional photovoltaic power plants. Other pilot 

projects show high structures with low installed power but a 

high share of light transmission, so that the economic cost-

effectiveness of such a solution will be very difficult. It is 

therefore very difficult to cross the line that can already be 

considered agrivoltaics. Thus, a basic definition of what can 

be considered a real AG-PV has still not been established. 

Countries such as France and Germany are very close to this, 

trying to agree on their definitions, but due to different 

geographical and climatic conditions, their implementation 

in other regions may be difficult. So far, no state has been 

able to distinguish AG-PV from conventional photovoltaic 

power plants. The permitting processes and the construction 

of the AG-PV therefore proceed in the same way as 

conventional photovoltaic power plants.  

AG-PV are evolving in the same way as bifacial and 

other special photovoltaic panels are evolving. Their price 

affects the economy of AG-PV, as these special panels are 

so far many times more expensive than the classic ones. 

With the development of these panels and a lower price, 

agrivoltaics will get more room to use. From an economic 

point of view, the use of the electricity produced is very 

important. This will greatly affect the economy of the whole 

project. 

Agrivoltaics is an important tool in the fight against 

climate change, and can help in energy security, food 

security, but also the price of these products. 
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Abstract. The aim of this paper is to identify and discuss the 

key impacts and consequences of the EU taxonomy on the 

district heating sector in the Czech Republic. The EU 

Taxonomy is a key document to help investors identify green 

and sustainable investments, not only in the energy sector. It 

is this document that will have a key impact on the district 

heating sector in the Czech Republic in the future, as it is 

still about half dependent on coal and is therefore facing 

decarbonization. The question that this paper addresses, 

among others, is how the EU taxonomy will influence what 

replaces coal-fired power in the coming years. 

Keywords 

EU Taxonomy, District heating sector, Renewable 
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1. Introduction 

Europe is currently undergoing a significant 

geopolitical and energy transformation against the backdrop 

of global climate change. The European Union (EU) is the 

current world leader in climate, energy and environmental 

policy. The EU has committed to becoming climate neutral 

by 2050 through the Green Deal. The reason for this 

transformation is not only to mitigate climate change, but 

also to reduce the EU's import dependence on fossil fuels 

from other continents, which is proving more important than 

ever in the current context of the war in Ukraine. 

One of the tools to feed EU climate policy, mitigate 

climate change and reduce import dependency by 2050 is the 

EU classification system or (EU) taxonomy. As a 

scientifically based tool, the taxonomy classifies economic 

activities in terms of their sustainability. The purpose is to 

guide investments in sustainable projects and activities to 

help the energy transition towards a green and self-sufficient 

energy. The legislative framework of the taxonomy is 

anchored in the EU Taxonomy Regulation 2020/852, which 

entered into force on 12 June 2020 [1]. The Regulation 

defines six environmental objectives, for which the 

Regulation obliges the European Commission to establish 

technical assessment criteria through Delegated Acts. The 

Acts define the technical screening criteria by which certain 

economic activities qualify as significantly contributing to 

these objectives. 

This paper examines the impact and implications of the 

key screening criteria on the future development of the 

district heating sector (DHS), which is still highly dependent 

on fossil fuels in the Czech Republic (CZE) and is therefore 

facing massive decarbonization. According to current 

declarations, the decarbonization of the DHS should take 

place by 2030, when, according to current plans, it should be 

based mainly on natural gas and biomass which can be 

considered a stable source capable of replacing coal. 

2. Methodology and input data 

Firstly, key screening criteria affecting the 

development of DHS are set out and analyzed, based on the 

Delegated Act [2] and the Complementary Delegated Act 

published on 2 February 2022, respectively its Annexes 1 

and 2. Then impact of these criteria is put into context with 

annual energy balance of the DHS. Data on the current state 

of that energy balance in the CZE is based on the Annual 

Report on the operation of DHS published by the Energy 

Regulatory Office (ERO) [3]. The underlying data for the 

predictions of the development of renewable fuels for the 

DHS are taken from the National Climate and Energy Plan 

(NCEP) [4] and the Hydrogen Strategy of the CZE [5]. 

3. Analysis of key screening criteria 

for development of district heating 

sector 

From the analysis of the significant limiting screening 

criteria for energy generation activities, it can be concluded 

that in terms of the DHS, there should be no problem with 

the construction of renewable energy sources in the future, 

as they can be considered sustainable in the long term and 

do not impose unreasonable technical requirements. The 

only significant problem can be identified in the construction 

of biomass-fired power and heating plants, which must be 

environmentally sustainable, i.e., it must only be grown on 

site and its import distance is limited.  
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Energy production from natural gas can be identified 

as sustainable under the current criteria if either the cross-

cutting threshold of 100 g CO2e/kWh of energy output for 

life cycle emissions is met or if the full set of criteria is met 

simultaneously. In view of the outputs of the study [6], 

meeting the life cycle emissions threshold is not very 

realistic. The transient nature of the activity can be seen from 

the second option for classifying the activity as sustainable, 

which is the recognition of natural gas-fired generation only 

until the end of 2030. Moreover, this condition is subject to 

the cumulative fulfilment of the sub-criteria. An essential 

criterion for the planned construction of new gas-fired 

sources is that they must burn 100% low-emission gas from 

1 January 2036. This includes biomethane and primarily 

hydrogen. 

4. Energy balance of the Czech 

district heating sector 

The current energy balance of the DHS in the CZE, or 

the share of fuels in the generation of thermal energy, is 

shown in the following Fig. 1. 

 

Fig. 1. Overview of the share of fuels in the supply of thermal 

energy within the district heating sector of the Czech 
Republic in 2020 [TJ], Data source: [3] 

The total thermal energy generation in 2020 was 155.9 PJ. 

Most thermal energy was still obtained from coal (48%), 

followed by natural gas (20%) and biomass (14%). 

5. Discussion and Conclusion 

Significant problems can be seen in the replacement of 

about 75.2 PJ of energy from coal. This energy should be 

replaced by natural gas and partly by biomass or biogas by 

2030. There is a great deal of uncertainty about the potential 

of biomass for the heating sector, as it will be fought over 

with the electricity sector. In addition, it must be locally 

sustainable biomass, which may make it locally unavailable 

for some heating plants. However, according to the NCEP 

outlook, an additional 14.7 PJ of coal could be replaced. 

However, there is also a problem with biogas, as biogas 

plants are in most cases not connected to district heating 

networks and their connection is economically unprofitable. 

Despite these problems, however, according to NCEP, an 

additional 9.3 PJ of coal could be replaced in 2030. Other 

technologies such as heat pumps and solar collectors could 

contribute a further 18.6 PJ. This means that the remaining 

32.6 PJ of thermal energy would have to be replaced by new 

gas sources. 

As far as new gas-fired district heating plants are 

concerned, these will have to switch completely to 

renewable gases from 2036 onwards, according to the EU 

Taxonomy. This means biomethane and hydrogen. In terms 

of biomethane, a significant increase in production is 

expected, but also in use in other sectors. According to the 

NCEP data and maintaining the trend, biomethane could 

thus cover an additional 2.4 PJ in 2036. However, the 

biggest uncertainty about the development is in the hydrogen 

sector. According to the hydrogen strategy, hydrogen should 

be used more massively after 2040. For 2036, only about 

1 PJ of hydrogen energy for heating can be counted on. It is 

obvious from the energy balance that the production of 

renewable gases in the CZE will have to be accelerated and 

increased. The question is whether we are able and ready to 

produce hydrogen on a larger scale. Constraints may be the 

technical unpreparedness of the production technology and 

the unpreparedness of the hydrogen distribution system. 

However, current geopolitical tensions could help to 

accelerate the resolution of these issues. 
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Abstract. The Czech Republic, as a member state of the 

European Union, faces a significant challenge on its way to 

decarbonization. Czech National Hydrogen Strategy acts in 

compliance with those targets. Currently, all Czech 

hydrogen production comes from fossil fuels (mainly natural 

gas) which is not a zero-emission process. That is why a lot 

of interest is focused on low carbon hydrogen, even though 

its research is still in an early stage.  

Due to the current Ukraine-Russian crisis, it is also very 

likely that new and more ambitious targets will be set to 

reduce the dependence on Russian gas which might change 

the attitude to blue hydrogen usage. As a result, the 

importance of green hydrogen might increase. This paper 

consists of a quantitative analysis of low carbon (blue and 

green) hydrogen potential in the Czech Republic. 

Keywords 
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1. Introduction 

Within the energy decarbonization process it is 

desirable to diversify the portfolio of energy mix. Since great 

increase of intermittent renewable resources is expected, the 

question of storage arises. One of currently strongly 

discussed topics in this area is hydrogen. Czech National 

Hydrogen Strategy defines two main hydrogen categories 

according to CO2 emissions during its production – 

low carbon hydrogen and grey hydrogen.  

Currently, most hydrogen production (96 %) [1] comes 

from so-called “grey hydrogen“ for its origin from fossil 

fuels. In case of Carbon Capture and Storage use to reduce 

CO2 emission, it is called blue hydrogen. Current Hydrogen 

Strategy for CZ mostly rely on the blue hydrogen. Another 

kind of hydrogen where a big potential is seen is green 

hydrogen which is mostly produced by electrolysis, where 

all the electricity must come from renewable resources. [2] 

 

2. Methodology 

To state hydrogen potential in the Czech Republic, two 

main analyses had to be performed. Firstly, an analysis of 

current (2020) hydrogen implementation was performed. 

Then an outlook of hydrogen implementation until 2030 was 

analysed. The most significant reference for this analysis 

was the Czech National Hydrogen Strategy document. [1]  

The research has been divided into four major parts – 

current situation, future consumption by 2030, future 

production by 2030 and barriers. The year 2030 was chosen 

in compliance with the European climate targets, where this 

year is considered a milestone. Afterwards the results from 

consumption and production outlook were compared and led 

into defining the first barrier for the year 2030 in the are of 

exporting hydrogen.  

As a last step, an analyses on replacing the blue 

hydrogen with the green was performed as an reaction to 

current Russian-Ukrainian crisis which might lead into 

changing the targets for security reasons.  

Since implementing low carbon hydrogen can be 

considered a new technology a recherche on European 

countries was performed for inspirational reasons. [2] 

3. Results 

Low carbon (blue and green) hydrogen is definitely 

being considered an important part of the Czech energy mix 

in future. Currently, the largest and practically only 

producer and consumer of hydrogen in the Czech Republic 

is the chemical industry sector. There are three main 

procedures used – Partial Oxidation, Steam Methane 

Reforming, and electrolysis. Because of the energy mix in 

the CZ electrolysis process generates a carbon print in the 

amount of 176 g CO2/MJ, which means that no hydrogen in 

this sector can be considered low carbon. [1] 

Until 2030 there are two main areas of blue hydrogen 

implementation. The first is to decarbonize current 

applications of grey hydrogen in the chemical industry. Then 

the target is to implement blue hydrogen into new 

applications such as other industries, transport, or 

households. [1] 

Until 2030 a major growth in blue hydrogen 

consumption is expected. As mentioned above, the first 
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target is to replace grey hydrogen used in the chemical 

industry with low carbon hydrogen. The estimated 

consumption is 2 000 t/y by 2025 and 10 000 t/y by 2030.  

The most significant growth in hydrogen consumption 

concerns transport, where 62 000 t/y are to be consumed by 

2030.  

In case of households, hydrogen is expected to be 

transported via natural gas pipeline as 2% mixture. 

However, this is planned no sooner than 2025, in 2030 the 

consumption in this category should reach 13 000 t/y. [1] 

 

Fig. 1. Blue hydrogen consumption prognosis in the Czech 

Republic until 2030  

For blue hydrogen to be consumed it is necessary to 

guarantee its production. The production of blue hydrogen 

is estimated to be 7 000 t/y by 2025 and 101 000 t/y by 2030. 

Compared to the figure above, this means that by 2025 no 

export is considered. However, in 2030 the production is 

expected to overcome local consumption by 5 000 t/y which 

could be exported via natural gas pipeline. [1] 

The latest National Hydrogen Strategy does not 

consider green hydrogen implementation before 2030. 

However, due to the current Russian-Ukraine crisis, plans 

for blue hydrogen might become more ambitious to mitigate 

dependence on Russian imported gas. If all blue and grey 

hydrogen was supposed to be replaced by green hydrogen as 

a reaction to the current Ukraine-Russian crisis, there would 

be a need for energy input seen in Tab. 1. This would mean 

installing 40 MW of electrolysers by 2025 and another 

560 MW by 2030 with a total capacity of 600 MW.  

 
  2020 2025 2030 

Water 
consumption 

thousand 
hl 

0 630 8 541 

Electricity 
consumption 

GWh 0 350 5 050 

Useful energy GWh 0 233 3 366 

Tab. 1.  Energy inputs and outputs for green hydrogen production 

4. Conclusion 

An analysis of the hydrogen potential in the Czech 

Republic was performed. It was found out that by 2030, 

according to last National Hydrogen Strategy, no green 

hydrogen implementation was planned. The main focus is 

set on blue hydrogen, especially in already existing 

technologies which consume grey hydrogen – chemical 

industry and transport.  

Due to current Russian-Ukrainian crisis.  With regards 

to Czech energy mix, the conversion from fossil-based 

hydrogen to green hydrogen on 100% level is unfortunately 

very unlikely. 

Also, there are still many barriers which limit hydrogen 

implementation. The main limits are electrolysis efficiency, 

which is currently around 70 % and hardly competes with 

other storage solutions. Another barrier is legislation, which 

is not ready for hydrogen market nor locally nor 

internationally. If a hydrogen market is to be placed, the 

network codes tariffs must be set to be able to transport this 

commodity abroad. 

Acknowledgements 

Research described in the paper was supervised by Ing. 

Tomáš Králík PhD, FEE CTU in Prague and supported by 

the Student Grant Competition of CTU. 

References 

[1] MINISTERSTVO PRŮMYSLU A OBCHODU, The Czech Republic 

Hydrogen’s strategy, Prague (Czech Republic), 2021 

[2] KAKOULAKI, G., KOUGIAS, I. Green hydrogen in Europe – A 
regional assessment: Substituting existing production with electrolysis 

powered by renewables, Ispra (Italy), 2021 

About Authors... 

Šárka JABLONSKÁ is in her 

second year of post gradual 

studies at the Czech Technical 

University in Prague. She focuses 

her research in energy transition 

mainly in the area of natural gas 

and hydrogen. She also works for 

a Czech gas Transmission System 

Operator NET4GAS where she 

strengthens her knowledge in the mentioned areas as well.  

0

20

40

60

80

100

2020 2025 2030

C
O

N
SU

M
P

TI
O

N
 (

TH
O

U
SA

N
D

 T
/Y

)

BLUE HYDROGEN PROGNOSIS 

Transport Chemical industry Steel industry Other industry Households



POSTER 2022, PRAGUE MAY 12 1 

Tech implementation climate  

impact assessment reporting analysis  

Marek SZELES1, Andrew PEREIRA2 

1 Dept. of Economics, Management and Humanities, Czech Technical University, Technická 2, 166 27 Praha, Czech 

Republic 
2 Dept. of Physics, California Polytechnic University, San Luis Obispo, CA 93407, United States of America 

szelemar@fel.cvut.cz,  atpereir@calpoly.edu 

 

Abstract. Climate change is often described as one of the 

most pressing issues of our time, and thus it is not 

surprising that it has become an important topic in industry 

as well. While the declared push to reduce the climate 

impact of organisations is clear, the actual impact and the 

effectiveness of mitigation efforts is not always monitored. 

This paper aims to offer a general overview of how 

organisations self-report their impact on the climate and 

measures taken to limit it, across different industries and 

geographies. Based on observed differences, best practices 

are showcased based on successful case examples. 

Keywords 

Reporting, Impact assessment, Tech implementation, 

Artificial Intelligence, Ethics 

1. Introduction 

The decarbonisation of the economy and society as a 

whole is considered one of society's greatest challenges. It 

has been set as a goal by countries at UN summits such as 

the recent COP26 [1], the groundbreaking COP21 in Paris 

in 2015 [2], or in the European Commission's vision of a 

"Green Deal for Europe" since the current EU leadership 

[3]. Given the energy sector's contribution to the carbon 

footprint [4] and its key role in decarbonisation of other 

parts of the economy, such as transport [5], it is not 

surprising that decarbonization has become one of the main 

contemporary issues for the energy industry. 

Within current knowledge, countless technological 

solutions are already being developed involving the 

involvement of renewable energy sources, more efficient 

energy supply management, and other innovations in 

various sectors. Such proposals often include novel 

technologies not only in the hardware but also in the 

software part of the design. Advanced technologies such as 

Artificial Intelligence (AI) and Blockchain are being used 

to solve many challenges in a novel way with results not 

previously thought possible. However, the employment of 

such technologies has an immediate real world impact 

through the required use of data centers which consume 

energy and therefore create negative climate externalities. 

We aim to answer questions including whether the climate 

impact of organisations is being self-reported consistently 

across industries and geographies and what are the ethical, 

cultural and technological implications of data observed. 

The project described in this extended abstract aims to 

explore the role that Artificial Intelligence can play in such 

streamlining, while it is already being used effectively to 

solve optimisation problems in other areas of research. 

2. Current state of the art 

Following the requirements imposed by the new 

political agreements, more renewable energy sources are 

being added to the power grids each year, but this 

introduces increased variability in the available and this is 

both in the micro-horizon of a few hours and in the macro-

horizon of the whole year [6]. Individual technologies have 

very different characteristics based on geographic location 

and other specifics [7, 8]. Combined with the inherently 

variable demand, this creates a very complex optimization 

problem for energy suppliers, which is solved by armies of 

analysts using a suite of tools such as energy conservation, 

management demand, or better predicting it through 

algorithmic estimation [9]. 

3. Proposed solution 

Although it is not a completely new technology, the 

use of artificial intelligence in the energy sector has so far 

only been explored in a limited way, with a larger number 

of articles on the subject only appearing in the last three 

years. The review proposed by this project, i.e. a meta-

analysis of the use of AI in the energy sector today, and an 

analysis of the impact of the use of this technology on 

consumption, have not yet been published to the extent 

intended here. 

On the other hand, this project is not without 

foundation, as reputable work has already shown that AI 

intelligence offers new opportunities for energy policy 
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tools, for example in the context of demand forecasting 

[10], the digitalisation of control processes [11], or the 

efficient and transparent decentralisation of the energy grid 

[12]. It has also been shown that the use of these 

technologies can effectively contribute to the fulfilment of 

the stated policy objectives, both in the environmental 

direction and in the direction of digitisation and smart cities 

[13]. This project will build on these research directions 

directly with further research that will be applied to case 

studies case studies of the use, or otherwise, of AI and the 

impacts of this decision. Finally, within the identified 

optimization problem, the approach using AI methods will 

be directly compared with approaches currently used as 

standard within the simulated energy system. 

4. Methodology and approach 

Our work will focus on mapping current knowledge 

and trends in the use of artificial intelligence in the energy 

sector, and the impact of the use of these technologies on 

energy consumption and therefore emissions intensity. The 

review will focus on meta-analysis of academic knowledge 

in impacted journals, but also publicly available 

information and outputs from commercial conferences, 

publications, annual energy reports companies, etc. 

5. Conclusion and further work 

Based on the research already done in the project, we 

have found several ways to improve upon the current 

knowledge in the field of understanding climate impact of 

employing Artificial Intelligence and other energy 

intensive technologies. In the coming year, results from this 

analysis are to be published in a peer reviewed journal and 

follow up research is planned with the aim to quantify the 

aforementioned impact. 
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Abstract. In this article, a plasma-dynamic method for the 
synthesis of cubic tungsten carbide was described, as well 
as a study of the electrocatalytic properties of the purest 
sample. The effectiveness of the obtained material was 
evaluated through the Tafel curves, and the ratios of the cost 
of old and new materials were found. The economic impact 
of using a cubic tungsten carbide electrode on 
membraneless hydrogen production and the capital cost 
structure of the cell was studied. Unfortunately, for a cubic 
tungsten carbide electrode to be cost effective, almost zero 
production cost is required, making the investment 
unjustified. 

Keywords 
Cubic tungsten carbide, hydrogen production, plasma 
dynamic synthesis, economical efficiency 

1. Introduction 
Hydrogen is a promising environmentally friendly fuel. 

Currently, the most effective way to obtain it is steam-
methane reforming. 

Hydrogen can also be produced by a reversible 
electrolysis reaction. Using electrolysis, the accumulation of 
electrical energy can be performed. However, at this point in 
time, one of the most effective ways of electrolyze – proton 
exchange membrane (PEM) electrolyzers are quite 
expensive (1,000–1,500 $/kW) [1]. 

2. Experiment 
The synthesis of nanodispersed cubic tungsten carbide 

was carried out using a high-current pulsed coaxial 
magnetoplasma accelerator with graphite electrodes. 

A series of experiments was carried out to obtain a 
dispersed powder based on cubic tungsten carbide with the 
occurrence of a sudden event due to a change in the outcome 
of the initial reagents C/W in history from 0.31 to 64.93. 

 

Exp. ν(C)/ν(W) m(C), g m(W), g 

1 64.93 0.382 0.091 

2 5.62 0.150 0.411 

3 2.14 0.070 0.507 

4 1.7 0.056 0.508 

5 1.37 0.020 0.252 

6 0.63 0.020 0.507 

Tab. 1.  Initial data of experiments on obtaining powder of cubic 
tungsten carbide. 

The results of experiments are 6 different substances 
with composition presented in figure 2. 

 
Fig. 1. X-ray phase analysis for different C/W ratios. 

According to the data from figure 1, concentration 
dependence was built in figure 2. 



2 IVAN GRINIKOV, ECONOMICAL EFFICIENCY OF THE TUNGSTEN CARBIDE CATALYST 

 
Fig. 2. Dependence of WC1-x concentration on the С/W ratio. 

Transmission electron microscopy was performed 
(figure 3). The dominant part of WC1-X particles has a size 
less than 50 nm. In addition, the distribution maximum 
falls on the range from 10 to 30 nm. 

 
Fig. 3. High resolution transmission electron microscopy results 

[2]. 

The sample with the highest concentration of the 
substance was examined [2] for electrocatalytic properties 
(figures 4, 5). 

 
Fig. 4. Tafel plot for Pt-modified samples [2]. 

 
Fig. 5. Enlarged Tafel plot for Pt-modified samples [2]. 

As can be seen from the study, pure cubic tungsten 
carbide is not effective on its own, but adding a small 
amount of platinum greatly increases the effectiveness. 

We estimate possible efficiency difference via 
difference in overpotential of electrodes: 

1
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where UPt/C – overpotential of material, mV/dec. 

We can interpolate this data to figure 6: 

 
Fig. 4. Dependence of relative efficiency on the amount of 

platinum 

As we can see, efficiency change quite linearly 
since 1 % of platinum. 
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3. Economical efficiency 
As it was said earlier, at the moment, the most 

commercially effective are PEM electrolyzers. The structure 
of capital expenditures of such an electrolytic cell is 
presented in table 2. 

Component System Cost (%) 

Bipolar plates 30.6 

Current collectors 10.2 

MEA manufacturing 6.0 

Membranes 3.0 

Cathode catalyst 1.2 

Anode catalyst 3.6 

Other stack 5.4 

Power electronics 15.0 

Gas conditioning 10.0 

Balance of plant 15.0 

Tab. 2. Breakdown of Capital Costs for a Typical PEM 
Electrolysis System. 

Using the data from table 2, we exclude the 
components of PEM system and leave components of 
Membraneless Electrolysis System (anode catalyst, cathode 
catalyst,). Also, supposing that power plant has balance 
equipment required we can estimate the new capital costs 
structure. 

Component System Cost (%) 

Anode catalyst 12.0 

Cathode catalyst 4.1 

Power electronics 50.4 

Gas conditioning 33.5 

Tab. 3. Breakdown of Capital Costs for a Typical Membraneless 
Electrolysis System. 

Taking platinum costs €30166/kg [3], tungsten $75/kg 
[4] and euro exchange rate 1.13 on 26.02.2022 [5], we can 
find the ratio of capital costs for anode and cathode. The cost 
of carbon is negligible. 

$/€/
platinum

pl tu
tungsten

C
k k

C
                                                                  (2) 

/
€30166 / $ /

$ / € 453.46
1

$75 / 7

34009. 5
1.13

$ 5 /pl tuk
kg kg

kg kg
    

where Cplatunum is platinum price, €; Ctungsten is tungsten price, 
$; k$/€ – euro exchange rate, $/€. 

Assuming that a new electrode consists of 10% 
platinum and 90% tungsten we can obtain material costs 
ratio. The same calculations used for 5 and 1% of platinum: 

/
/ %

/ (1 )
pl tu

pl x pl
pl tu

k
k

x k x


  
                                             (3) 

/10%
453.46

9.8
0.1 453.46 0.9pl plk 

 
  

/5%
453.46

19.2
0.05 453.46 0.95pl plk 

 
  

/1%
453.46

82.1
0.01 453.46 0.99pl plk 

 
  

Where kpl/tu is platinum to tungsten ration; x – share of 
platinum in electrode. 

Right now, tungsten carbide electrode production price 
in unknown due to the experimental method of synthesis. 

Depending on the technology efficiency, we can 
decrease costs of electrolyzer up to 15.9%. 

Operational costs (OPEX) vary as well. The majority 
of OPEX is the price of electricity consumed, which is in 
dependence on efficiency of electrolyzer. 

It was found that new catalysts operate worse than 
platinum one (efficiency is lower). It varies from 78.8-
12.5% depending on amount of platinum in electrode (from 
0 to 10%). 

Knowing that cost of hydrogen produced by 
membraneless technology is 5.5 USD/kgH2 [1] and common 
life time of electrolyzer is 10 years [6], we can expect 
decrease of depreciation and increasing of OPEX due to 
lower efficiency and build the graph (figure 5). 

 
Fig. 5. Dependence of relative efficiency on the amount of 

platinum 

4. Conclusion 
In this work, one method for the synthesis of cubic 

tungsten carbide has been described. The analysis of the 
purest sample was described. 

As it was found, tungsten carbide electrodes proved to 
be ineffective: to reduce the cost of hydrogen, the cost of 
producing the electrode should be almost zero. 
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Perhaps, in the future, purer samples of cubic tungsten 
carbide will be made, which will have a higher efficiency. 
Also, tungsten carbide can be used as part of polycomposite 
electrodes, which requires additional research. 
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