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Resume

This study explores the significant role of three-wheelers (3W) on urban
road traffic, focusing on the reduction in average vehicle speeds and its
consequential impact on the Level of Service (LOS) of the road. Data
collected from various traffic volumes reveal significant speed reductions
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naturally gravitates towards the LOS C, underscoring the substantial role  congestion
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1 Introduction

The world’s urban landscapes are constantly
evolving, with transportation playing a pivotal role in
shaping the dynamics of cities and the flow of traffic
[1]. Among the diverse array of vehicles that traverse
the streets of bustling metropolises and tranquil towns,
the three-wheelers hold a unique position. These small
vehicles with three wheels are commonly found in
parts of the world with a unique impact on traffic
flow. Understanding how three-wheelers affect the
traffic is essential for city planners, policymakers, and
commuters alike.

Urban transportation systems are continuously
evolving, and one essential aspect of this transformation
is the role of three-wheelers (3W) in influencing the
traffic dynamics [2]. This study sets the stage for a
comprehensive exploration of how the 3W impacts urban
road traffic. The study delves into the reduction in
average vehicle speeds caused by 3W and its subsequent
repercussions on the Level of Service (LOS) of roads.

Increase in buildings over the years have increased
pressure on the existing infrastructure leading to the
building of new roads, flyovers, and expressways [3-8].

India, being a developing country has seen a wave of
rapid growth in the road infrastructure over the last few
years [9-10]. The major objective of constructing new
and wider roads is usually to reduce the time of journey
between any two locations, while also keeping in view the
safety of the road users. However, in developing countries
like India, the problem of heterogeneity or mixed traffic
acts as an obstruction in achieving these objectives
completely [11]. On the roads of developing countries,
various categories of vehicles like two-wheelers, cars,
and heavy vehicles are observed. One such category,
which is predominately observed as public transport in
developing countries are the auto-rickshaws or three-
wheelers (3W). While these vehicles offer advantages
such as affordability, maneuverability, and accessibility,
they also raise concerns regarding their impact on traffic
flow. The 3Ws have several advantages as they can
easily change lanes [12], are much more affordable, and
can provide door-to-door service, which is not possible
for other public transportation systems. However, their
frequent stop-and-go feature, along with less operating
speed as compared to the traffic stream, along with
an appreciable composition in traffic flow, makes it
a potential cause for reducing the overall quality of
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service on roads, thereby increasing the probability of
congestion and delays to road users [5, 13-16].

Therefore, in the present study, the effect of the
3Ws as slow-moving vehicles (SMVs) has been assessed
utilizing artificial neural network (ANN). Data is
collected across various traffic volumes and proportions
of vehicles influenced by 3W unveil a significant slowing
of traffic, with cars and two-wheelers experiencing
the most substantial speed reductions. The modelling
of this phenomenon is facilitated by Artificial Neural
Networks (ANN). Further, the consequences of these
speed reductions reflect through congestion and delays,
altering the LOS of roads. The present study leads to
a deeper understanding of the role of three-wheelers
in the broader traffic ecosystem, which is essential for
crafting effective urban transportation policies and
planning for a more sustainable and efficient future of
mobility.

2 Literature review

Not many studies have been found to address the
effect of 3W as slow-moving vehicles on the traffic
stream in developing countries. However, there are
some studies [11, 17-18], which have studied the traffic
congestion in developing countries and have indirectly
considered the effect of slow-moving vehicles (SMVs)
like 3W, and heavy vehicles (HVs) while analyzing the
congestion or calculating heterogeneity index. Pinzke
and Lundqvist (2004) [14] conducted a comprehensive
study on accidents involving slow-moving vehicles on
Swedish roads. Another research studied the patterns
of elephant racing at moving bottlenecks and explained
the non-linear features of complex interactions among
vehicles. However, the authors did not specify any
single category of vehicle [19]. Slow-moving vehicles
are defined as vehicles, which move at speeds between
10-40 km/h [20]. The authors developed a macroscopic
model to assess the effect of slow-moving vehicles on
traffic congestion where the input parameters consisted
of the flows in both directions, the percentage of trucks,
the speed and journey length of the slow-moving vehicle;
and the outputs provided by the model are number of
overtakes; size and duration of disturbance; number of
affected vehicles and their delay, etc. Although the speed
is a better parameter to judge slow-moving vehicles,
developing one model might not apply to different
categories of vehicles. Wickes and Nelson (2000) [21] had
described the complete physics behind the slow-moving
vehicles, their requirement, the necessary emblems
to be put on them to prevent hazards and their speed
limits. However, since the study was conducted 23-25
years ago, it considered only farm vehicles as slow-
moving vehicles. Recently, Del Serrone et al. (2023)
[22] assessed the effectiveness of providing climbing
lanes to slow-moving vehicles while climbing hills using
VISSIM. Although the results exhibited by the authors

are positive, however, unlike the study, in developing
countries heavy vehicles are not the only slow-moving
vehicles. Further, their study was limited to hilly terrain
only. A similar study suggested providing passing bays
every 2-4km for slow-moving agricultural vehicles on
2-lane rural roads [23]. Garvey (2003) [24] addressed
the shortcomings of the SMV emblem that was used as
a safety feature for more than 40 years in the US. He
interviewed over 100 male and female drivers on the
identification of the SMV emblem, which surprisingly
showed that although older drivers understood the
meaning of the safety emblem, the understandability of
younger counterparts was under 30%. The study was
meant for developed countries and talked about poor
driver education. Its utilization in developing countries
seems to be sparse. Sylla (2021) [25] proposed a model
to understand the effect of SMVs on traffic. However,
the model although accurate was hugely dependent on
the downstream traffic density. Further, the SMVs were
defined as vehicles moving in bottlenecks only. Gaur
and Sachdeva (2022) [26] opined that SMVs reduce the
capacity of the road. The study reported that an increase
in HVs from 5 to 15% on the road reduces the capacity
of the road by 20%. Another literature [27] studied the
effect of SMVs on young drivers at night in Malaysia. All
the literature seems to address only HVs or agricultural
vehicles as SMVs, whereas, in developing countries like
India, selective 3Ws are also SMVs as their average
speeds are usually less than 40 km/h. Similarly, machine
learning (ML) and deep learning methods have not been
used much to study the aspect of SMVs.

A study at a small roundabout in Hlohovec, Slovakia
[28], reflected that changing the traffic organization
would result in shorter travel times, better traffic flow
permeability, and fewer collision points. The study
also highlighted the impact of the proposed changes on
traffic characteristics, such as stop times, speed, and
travel times. Lizbetin and Stopka (2016) [29] proposed
a solution for a specific traffic operation in the city of
Pilsen. They focused on analyzing traffic survey results
in the field. The goal of their study was to increase
traffic fluency, safety, and environmental protection
in urban areas. Neural networks has also been used
in a study to forecast the number of road accidents
and the authors opined that neural networks are an
effective tool to study traffic scenarios [30]. In a dated
study [31], the authors reviewed and suggested various
traffic scenarios/contexts, which should be studied in
detail; and one of them was to address the travel time by
various categories of vehicles. Another research studied
the two types of behaviours exhibited by drivers: one
being aggressive and another being cooperative. While
aggressive behaviours might lead to crashes, excessive
cooperative behaviours can lead to long queues and
congestion [32]. These drivers need to be studied as
they always slow down the traffic stream. Although the
study by Metelski (2018) [33], examined various traffic
events on the road, the researcher has opined that it
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Figure 1 Snapshot from one of the sites illustrating the temporary road markings

does not delve into all the types of traffic problems
related to various categories of vehicles. Authors of [34]
presented that cars emit maximum Carbon Di-Oxide
to the environment. They also found that standing
vehicles and at speeds below 15% percentile speeds
produce much higher CO, to the environment and the
reason is attributed to intersections and SMVs. An
increase in EVs and autonomous vehicles can decrease
the proportions of SMVs like 3-wheelers, which impact
the traffic flow, [35]. Therefore, it can be said that
many researchers have directly or indirectly addressed
the problems faced by SMVs on the road, but have not
much assessed it as their objectives were different.
Further, with advancements in active learning (AL)
and machine learning, the studies need to apply them
to make evaluation easier on roads. Therefore, the
present study attempts to evaluate the effect of 3Ws
in Indian conditions on urban road traffic scenarios
utilizing ANN.

3 Site selection, data collection
and methodology

Data from various mid-block sections on 6-lane
divided urban roads within the city of Bhubaneswar,
India, were gathered via video recording technique.
Bhubaneswar, classified as a tier-II smart city, boasts
a population of approximately 1.5 million residents.
The selection of this city for our study is based on its
representation of a typical tier-II city in India, sharing
similar demographic characteristics with many other
cities in this category. The test sections were specifically
chosen to ensure that the traffic flow at these locations
remains unaffected by factors such as horizontal
curvature, the presence of intersections downstream
or upstream, bus stops, parked vehicles, pedestrian
activity, or any form of side friction. Data was collected
from various locations at mid-block sections within the
urban area, and these collections were carried out at

different time intervals for a comprehensive analysis.
Temporary road markings were applied to the road
section, as depicted in Figure 1. For the study, data
were acquired through video recording techniques, and
subsequently retrieved with the aid of Kinovea software,
ensuring accuracy and efficiency in the extraction
process. The recorded videos were played back on a
monitor using Kinovea video editing software, and the
following parameters were extracted.

a) Traffic Volume.

b) Operating speeds of vehicles

c¢) Composition of vehicles.

The extracted data were subjected to various
statistical analyses to study the effect of 3W on other
categories. The detailed methodology of the study is
presented in the form of a flow chart in Figure 2. To
identify vehicles following the 3-wheelers (3Ws) for the
study, certain criteria were established. This included
identifying vehicles that consistently followed 3Ws
without the availability of space for overtaking them
and exhibited a regular pattern of brake light usage,
observed through the tail lamp lights. Additionally, in
instances where a queue is formed, vehicles within the
queue were considered only if the leading vehicle was
a 3W. Analyzing the speeds of both regular vehicles
and those following 3Ws offered valuable insights into
the impact of 3Ws on the traffic flow, presenting an
intriguing avenue for research.

3.1 Artificial neural network

Artificial neural networks (ANN), recognized as one
of the foremost data mining techniques for addressing
intricate challenges across diverse fields such as fluid
mechanics, signal processing, transportation studies,
nanotechnology, and atomic physics [36], serve
as prevalent nonlinear estimation models [37]. The
ANN methodology involves data processing through
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Site Selection

Data collection through Video Recording Technique

Data Extraction through Kinovea

Speed Studies

Average Regular Speed
of vehicles

Vehicle Composition

Average Speed of
Vehicles following 3W

Statistical Analyses to compare the speeds of various vehicles and
vehicle following 3W

Calculation of reduction of speed of regular vehicles when
compared with vehicles following 3W

Utilization of ANN to develop a model to estimate
speed reduction of vehicles due to presence of 3W

Development of a model to
estimate unaffected speeds of
vehicles (if no one followed 3W)

Assessing the decrease in LOS due to the presence

of 3W on road

Figure 2 Flowchart for methodology

interactions among virtual neurons, arranged in
a layered structure with numerous interconnections
[38]. Each neuron’s output in each layer serves as
input to multiple neurons in the subsequent layer,
thus establishing the transfer functions applied to each
neuron’s input signal.

Numerous studies attest to the ANN’s adeptness
in accurately predicting various traffic incidents,
establishing its reliability [39]. Typically, the ANN
configurations with two hidden layers are widely
employed in transportation engineering problem-solving.
However, inappropriate neuron counts in hidden layers
may result in over-fitting or under-fitting, compromising
the network’s performance and accuracy. Shallow
networks with one or two hidden layers represent the
most fundamental ANN structures. With more than one
hidden layer, ANN models transition into deep models,
enabling the learning of multiple representation levels

and enhancing their capacity to model complex real-
world data.

Given the intricate nature of the data handled
by ANNSs, introducing non-linearity into the model is
crucial, which is achieved through activation functions.
These functions facilitate the neural network in
emphasizing pertinent information, while disregarding
irrelevant data points. Various sigmoid activation
functions, including TanH, linear, and Gaussian, can
be utilized in developing ANN models. TanH non-
linearity is commonly favored, particularly when the
data structure is entirely unknown. In the present
study, ANN has been utilized to estimate the speed of
the traffic stream at different traffic volumes, based on
the categories of vehicles and the percentage of vehicles
following 3Ws. This in turn can accurately determine
how LOS is being affected due to the presence of slow-
moving 3Ws.
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4 Results and analysis

The study revolves around the assessment of
operational effects of 3-wheelers on the flow of traffic on
urban roads. To examine this effect, first the classified
traffic volume along with speeds of various motorised
category of vehicles have been extracted as mentioned
in section 3. The data has been knowingly collected
during the working hours of 8 AM to 8 PM, when the
most of the public is active to ascertain the true effect of
3-wheelers. During this time, the lowest volume on the
studied locations has been found to be around 1500-2000
v/h, which can reach up to 5000 v/h. The consolidated
data of average speeds of various categories of vehicles
during different traffic volumes is presented in Table 1.

The data provided in Table 1 is a compilation of
more than 20000 vehicles across various traffic volumes
at different times of the day. It can be observed that
the average speeds remain statistically the same up to
3500-4000 v/h (p > 0.05 for speed values from 1500-4000
v/h in t-tests comparison). However, at traffic volumes
above 4000 v/h, the road is moving towards congestion,
therefore the average speeds decrease suddenly in the
range of 25-37 %. The t-test comparing speeds of vehicles
within 1500-4000 v/h and >4000 v/h also gave similar
results as the p-value was obtained to be <0.05. The
effect of traffic congestion is seen more in the case of
cars, jeeps, and HV as compared to 2W and 3W due to
the dimensions of vehicles. From Table 1 can be observed
that the 3-W and HVs have lesser speed as compared to

other 2 categories of vehicles, which is in similar lines
with the objective of the present study. The proportion of
HVs is much lesser (0.5-1% of total traffic), as compared
to other categories and HVs mostly comprises city buses
and school buses in the present study. However, out of
every 100 vehicles on the studied road, 11-12 vehicles
are 3Ws, and therefore they affect the flow of other
vehicles more, as compared to HVs due to their inherent
lesser operating speed and higher traffic composition.
Secondly, it is observed that due to bigger dimensions,
buses are visible from a distance and that is why other
road users take appropriate measures while driving,
from a distance (like lane changing manoeuvres, or
overtaking manoeuvres) based on the traffic condition.
The same does not apply in the case of vehicles following
the 3Ws. Moreover, due to their design of 1 wheel in
front, they suddenly change their lane towards the
curb side for picking up passengers or drop them off.
Before divulging that assessment, Table 2 showcases the
average change in speed as compared to 3W for various
categories of vehicles across different volumes.

The positive values in Table 2 represent an increase
in speed over 3Ws, while a negative value represents
a decrease in speed. As can be seen from Table 2, the
2W and cars and jeeps have higher speeds as compared
to 3Ws at any traffic volume. The difference in speeds
is bigger at lower traffic volumes. As the traffic goes
towards higher volumes and congestion, the difference
in speed decreases. Although the 3Ws are the slowest
vehicles on the road, in 3 instances, HVs have shown

Table 1 Descriptive statistics of classified speeds at different traffic volume levels

Average Speeds (km/h)

Volume (v/h)
2W 3W Cars and Jeeps HV
1500-2000 34 27 40 27
2000-2500 33 26 39 26
2500-3000 35 28 40 27
3000-3500 35 30 41 30
3500-4000 36 32 41 27
4000-4500 29 24 29 23
4500-5000 27 24 26 23
Table 2 Percentage increase of operating speeds as compared to 3W
Volume (v/h) % of increase/decrease of speed as compared to 3W
2W Cars and Jeeps HV

1500-2000 25.93 48.15 0
2000-2500 26.92 50 0
2500-3000 25.00 42.86 -3.57
3000-3500 16.67 36.67 0
3500-4000 12.50 28.13 15.63
4000-4500 20.83 20.83 -4.17
4500-5000 12.50 8.33 -4.17
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Table 3 Grubb’s test to determine outlier speed values for different categories of vehicles

Mean Speed (km/h) Std. Deviation Min. Max. G P
2W 34.05 9.80 14.75 80.00 4.69 0.001
3w 28.50 7.28 13.00 50.70 3.05 0.703
Cars and Jeeps 36.55 8.72 16.36 63.16 3.05 0.746
HV 31.11 9.22 8.43 54.55 2.54 0.406
2W (post outlier removal) 33.70 8.98 14.75 66.67 3.67 0.073
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Figure 3 Outlier charts for speeds of different categories of vehicles

smaller speeds than 3Ws. However, this speed decrease
of 3-4% as compared to 3W is statistically insignificant
at 5% significance level. Moreover, the number of these
HVs is very small due to which this observed smaller
speeds can be analysed to be the same as that of 3Ws’
speeds. Post this initial analysis, Grubb’s outlier tests
were performed to delete outliers (if any) present in the
data. It is observed that only one speed variable in 2W
(a speed of 80 km/h) was an outlier. Table 3 showcases
the results of Grubb’s test where it can be observed that
the p value > 0.05 for all the other categories except for
2W. The result for the 2W after, removing the outlier,
is also shown in Table 3. The outlier charts, based on
Grubb’s test, are shown in Figure 3.

Since the present study has attempted to examine
the effect of slow-moving vehicle (SMV) i.e., 3W, the
data was extracted to calculate the speeds of vehicles,

which follow the 3W, and are not able to overtake them.
The speeds of various category of vehicles, which are
exclusively following the 3W, at different traffic volumes,
are presented in Table 4.

It is obvious that every category of vehicle shall
move at a speed near to or slower than the average speed
of 3W, for any specific traffic volume, and this is evident
from Table 4. For example, at 2000-2500 v/h, the average
speed of 3W was found to be 26 km/h and therefore the
vehicles following 3W are observed to be moving at
similar average speeds i.e., between 25-28 km/h. Now, if
we see the average speed of a regular car (From Table
1) is found to be 39 km/h at 2000-2500 v/h. Thus, the
average reduction in speed of cars is around 11 km/h
(39-28 km/h), which amounts to a reduction of 28.2%.
The reduction in speeds of each category of vehicles due
to following a 3W is provided in Tables 5-8.
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Table 4 Average speeds of vehicles exclusively following 3W

Average Speeds (km/h) while following 3W

Volume (v/h)
2W 3W Cars and Jeeps HV
1500-2000 28 26 29 25
2000-2500 28 25 28 26
2500-3000 26 28 29 27
3000-3500 28 28 29 26
3500-4000 27 30 31 26
4000-4500 22 23 23 23
4500-5000 21 23 22 22
Table 5 Comparison between speeds of regular 2W and 2W following 3W
Volume (v/h) Average Speeds (km/h)
2W regular speed 2W following 3W % reduction in speed

1500-2000 34 28 17.64
2000-2500 33 28 15.15
2500-3000 35 26 25.71
3000-3500 35 28 20.00
3500-4000 36 27 25.00
4000-4500 29 22 24.14
4500-5000 27 21 22.22

Table 6 Comparison between speeds of regular 3W and 3W following 3W

Average Speeds (km/h)
Volume (v/h)
3W regular speed 3W following 3W % reduction in speed
1500-2000 27 26 3.70
2000-2500 26 25 3.84
2500-3000 28 28 0.00
3000-3500 30 28 6.67
3500-4000 32 30 6.25
4000-4500 24 23 4.17
4500-5000 24 23 4.17

Table 7 Comparison between speeds of regular cars and jeeps and those following 3W

Average Speeds (km/h)
Volume (v/h)
Cars and Jeeps regular speed Cars and Jeeps following 3W % reduction in speed
1500-2000 40 29 27.50
2000-2500 39 28 28.21
2500-3000 40 29 27.50
3000-3500 41 29 29.27
3500-4000 41 31 24.39
4000-4500 29 23 20.69
4500-5000 26 22 15.38
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Table 8 Comparison between speeds of regular HVs and those following 3W

Volume (v/h) Average Speeds (km/h)
HV regular speed HYV following 3W % reduction in speed
1500-2000 27 25 741
2000-2500 26 26 0.00
2500-3000 27 27 0.00
3000-3500 30 26 13.33
3500-4000 27 26 3.70
4000-4500 23 23 0.00
4500-5000 23 22 4.35

0

1 2W = 3W

Percentage/Proportion of category of vehicles

8

u Cars & Jeeps

HV

Figure 4 Proportion of various category of vehicles

Table 9 Proportion of vehicles affected by 3-Wheelers (forcibly following 3W)

Traffic volume

Percentage of vehicles affected (%)

(v/h) 2W 3W Cars and Jeeps HV
1500-2000 17.5 13.3 20.2 10
2000-2500 22.6 17.6 22.8 -
2500-3000 23.8 22.4 23.4 -
3000-3500 23.6 28.6 24.6 16.6
3500-4000 21.2 30.9 25.1 14.4
4000-4500 20.5 30.8 25.3 -
4500-5000 20.2 31.1 25.2 15.6

Average 21.3 25.0 23.8 8.1

NB - Since number of HVs are too small on the studied road, the percentage values of HVs affected by 3W is on a higher side.

As can be seen from Tables 5-8, the vehicles are
forced to slowdown when following a 3W. The cars and
jeeps, being the fastest are affected the most, followed
by 2W. While the cars and jeeps are forced to reduce
their speeds in the range of 15-29 % while following a 3W
forcibly, 2W have to reduce their speeds in the range of
15-26 %. 1t is also observed that since the regular speeds

of 2W do not change much with increase in volume,
therefore, the higher reduction in speeds is observed
at higher volumes. However, due to bigger size, the
regular speeds of cars and jeeps decrease with increase
in volume. Therefore, their forced reduction is higher at
lower traffic volumes. The HVs are usually not seen to
be following the 3W. Even when the HVs follow 3W, due
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to their regular speeds being smaller, they do not usually
get affected by them. Similar is the case of 3W following
3W. The present study is conducted on an urban arterial
road where the highest allowable speed is marked at 50
km/h for cars and jeeps, and 40 km/h for motorised 2W.
For urban arterials, the LOS can be determined based
on operating speeds (OS) as percentage of free flow
speeds (FFS) [40-41].

It is evident from Tables 5 to 8 that due to the
prevalence of 3W, the 2W, 3W, cars and jeeps are forced
to reduce their speed to an extent, which will certainly
cause a reduction in LOS leading to undesirable delays
and congestion. However, the magnitude of the effect of
this forced reduction on traffic flow completely depends
on the number of vehicles that are getting affected/
have to forcefully follow 3W. If more vehicles are getting
affected by 3Ws, then the regular speeds of 2W and
cars and jeeps will also increase if 3W are removed
from road or are provided a special lane. Therefore, the
composition of traffic, the unaffected percentage, and
the affected percentage (following 3W) must be obtained.
Figure 4 showcases the average proportion of vehicles on
the road. Next, Table 9 shows the percentage of affected
vehicles, which forcibly follow 3W.

Table 9 provides an insight that on an average
20-25% of vehicles across all categories of vehicles
(except HV) are getting affected by 3Ws. For 3W
and cars and jeeps, general trend can be observed

that with increase in traffic volume, the proportion
of affected vehicles increases, as well. For 2W, this
number increases with volume, but up to a certain
extent. Thereafter, the number marginally decreases
and remains constant. Since, the vehicles who follow the
3W also affect the regular speeds and their proportion
is not less, therefore, it can be noted that without 3W
on the road, or the vehicles that are not following the
3W, the average speeds of the vehicles shall increase,
which can be calculated based on the available data. If
the average regular speed of i*" category of vehicle is V7,
the average forced reduced speed of same category of
vehicle is V7, and the proportion of affected vehicles is
P;, then the average unaffected speed of the it category
of vehicle ( V¥) can be obtained by applying:

V;—B-V{>

WZ( TP

(D

The regular and forced reduction in speed is already
provided in Tables 5 to 8. Tables 10 to 13 provide an
addition to the above data where the unaffected average
speeds of each category of vehicles are also presented.

From Tables 10 to 13 can be observed that the
average speed of each category of vehicles is affected
by the presence of 3W. The speeds of 2Ws and cars and
jeeps reduce in the range of 18% to 35% and are the

Table 10 Comparison of speeds for regular 2W, unaffected 2W, and 2W following 3W

Average Speeds (km/h)

Volume (v/h) o
2W regular speed 2W following 3W  2W unaffected % Redugggg;:}e3I;zft{slcliigiigeggvpggggtage as
1500-2000 34 28 35.3 20.68
2000-2500 33 28 34.5 18.84
2500-3000 35 26 37.8 31.22
3000-3500 35 28 37.2 24.73
3500-4000 36 27 384 29.69
4000-4500 29 22 30.8 28.57
4500-5000 27 21 28.5 26.32

Table 11 Comparison of speeds for regular 3W, unaffected 3W, and 3W following 3W

Average Speeds (km/h)
Volume (v/h) % Reduction in unaffected speed
3W regular speed 3W following 3W 3W unaffected  percentage as compared to following 3W
speed
1500-2000 27 26 27.2 441
2000-2500 26 25 26.2 4.58
2500-3000 28 28 28 0.00
3000-3500 30 28 30.8 9.10
3500-4000 32 30 32.9 8.81
4000-4500 24 23 24.5 6.12
4500-5000 24 23 24.5 6.12
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Table 12 Comparison of speeds for regular Cars and Jeeps, unaffected Cars and Jeeps, and Cars and Jeeps following 3W

Average Speeds (km/h)

Volume (v/h) Cars and Jeeps Cars and Jeeps Cars and Jeeps % Reduction in unaffected speed
regular speed following 3W unaffected percentage as compared to
following 3W speed
1500-2000 40 29 42.8 32.24
2000-2500 39 28 42.3 33.81
2500-3000 40 29 434 33.18
3000-3500 41 29 449 35.41
3500-4000 41 31 444 30.18
4000-4500 29 23 31.0 25.81
4500-5000 26 22 274 19.71

Table 13 Comparison of speeds for regular HV, unaffected HV, and HV following 3W

Average Speeds (km/h)
Volume (v/h) .
HYV regular speed HYV following 3W HV unaffected % Re;isucc(t)ilolr;;rnlegr;ifgsﬁzaiizgeg‘(’lvp;e}:‘gsgtage
1500-2000 27 25 272 8.09
2000-2500 26 26 26 0.00
2500-3000 27 27 27 0.00
3000-3500 30 26 30.8 15.58
3500-4000 27 26 272 441
4000-4500 23 23 23 0.00
4500-5000 23 22 23.2 5.17

most affected by the presence/movement of 3Ws on road.
Even other 3Ws and HVs on the road also get affected
by the slow moving 3Ws on few instances where they are
forced to reduce their speeds to 15% for HVs following
3Ws and 9% for 3Ws following 3Ws. The speeds of cars
and 2W are drastically reduced as they usually travel
faster on roads, while 3W and HV are affected less.
This phenomenon not only affects their travel times and
contribute to congestion, but also decreases the overall
LOS of the road. Further, the results obtained are only
for the present study area and will differ from place to
place, with different proportions of 3W on the road.

To present this reduction in speed via a model,
Artificial Neural Network (ANN) has been used, where
percentage reduction in speed for any category of vehicles
can be predicted by knowing the average traffic volume
on the road and how much percentage of that category of
vehicles are affected by 3W (or following 3W). The JMP
SAS software has been used to conduct the ANN. For
the analysis, 3 hidden layers were considered. Shallow
networks were not considered, since 3 independent
variables, where one of them is nominal (category of
vehicle), have been used for prediction. TanH activation
function, which is the default activation function in the
software has been directly employed. This is because the
TanH provided very good prediction accuracies in the
first attempt, and secondly TanH is usually preferred
over other activation functions, like Sigmoid, as it gives

better performance for multi-layer neural networks [42-
43]. Random Holdback validation technique is used for
the validation. Figure 5 showcases the general ANN
framework followed by the statistics for training and
validation in Table 14.

Values from Table 14 show how good the model is at
predicting the reduction in speed. The R-square values
are more than 0.95 for both training and validation.
Similarly, the values of Root Average Squared Error
(RASE) and mean absolute deviation are in the range
of 1 and 2. While calculating the average percentage
reduction in speed, the calculated error, as compared
to the field data, is in the range of 1-2% only. Figure 6
shows a screenshot of the profiler for determining the
percentage reduction in speed utilising the independent
variables. The vertical red lines can be adjusted
dynamically to get the speed reduction values. The
figure also shows how Cars and Jeeps is the category
that are forced to reduce their speed by a higher margin
as compared to other categories. The first graph shows
that at lower volumes the speed reduction is high since
the regular vehicular speeds are high at low traffic
volumes. The regular speed decreases with increase
in volume, which reflects in the graph that the speed
reduction also decreases. For example, a car travels
at 45-50 km/h at 2000-2500 v/h whereas it travels at
around 40 km/h at 3000 v/h. Thus, when following 3W
in both volumes, if the car’s speed reduces to 30 km/h,
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Figure 5 ANN architecture for predicting percentage reduction in speed

Table 14 Statistical values for ANN training and validation

Training (70 % data) Validation (30 % data)
Measures Value Measures Value
R-Square 0.954 R-Square 0.968
RASE 2.262 RASE 2.150
Mean Absolute Deviation 1.861 Mean Absolute Deviation 1.332
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Figure 6 Profilers to determine the reduction in speed

the reduction is higher at lower traffic volume. The last
graph tells the major point that higher the vehicles that
get affected by 3W, higher is the reduction in speed.
Indirectly, it hints towards the fact that, higher the
number of 3W on road, more vehicles will get affected by
them, ultimately leading to higher reduction in overall
speed of traffic.

Figure 7 shows the interaction profilers, representing
the trends in a very clear way. The figure shows the
trends for 2 extremes of traffic volumes and percentage
of vehicles getting affected by 3W/following 3W. As
can be seen from the first row of Figure 7, at lower
volumes (1750 v/h), speed reduction for vehicles is high

as compared to higher volumes (4750 v/h). Similarly,
though cars and jeeps are the ones whose speed reduces
the highest, however at higher volumes, speed of 2W is
reduced more as opposed to other category of vehicles.
This is because of the flexibility to change lanes while
manoeuvring is high for 2W, which significantly
decreases with an increase in traffic volume. The same
phenomenon is observed in the first graph of the second
row of Figure 7.

The ANN can be used effectively to determine the
average reduction in speed for each category, at different
traffic volumes and the percentage of vehicles getting
affected by 3W. Utilising this speed, and proportion of
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Table 15 LOS for urban roads
LOS Percentage of free flow speed
A > 84
B 83-76
C 75-59
D 58-41
E 40-22
F <22
Table 16 Average LOS at different traffic volumes
Average Traffic Volume (v/h)  Average operating speed (km/h) % of free flow speed (60 km/h) Designated LOS
1500-2000 36.9 0.62 C
2000-2500 35.9 0.60 C
2500-3000 37.6 0.63 C
3000-3500 38.4 0.64 C
3500-4000 38.9 0.65 C
4000-4500 30.0 0.50 D
4500-5000 28.0 0.47 D

vehicles, the overall average reduction in speed on any
road stretch, at any time of the day can be obtained by
a simple equation as provided in:

ORS = (P + RSH™) + (P - RSH™Y) +

: : )
+ (pC(lrs&Jeeps * Rséé\r?g\]peps) + (PHV ° RS?IQ/IA )

where:
ORS = Overall percentage reduction in speed of traffic
flow,
P, = Proportion of i*" category of vehicle in the traffic,
RSN = Percentage reduction in speed for it category
of the vehicle obtained from ANN model.

This reduction in speed due to 3W shall cause
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a decrease in the Level of Service of the road leading
to congestion and undesirable delay. According to [40],
the LOS for urban roads can be determined using the
operating speed as a percentage of free flow speed. Table
15 presents the LOS levels for urban roads.

On the studied road, the safe speed limit or the
85t percentile speed is 50 km/h. The observed free-flow
speed on the road is around 60 km/h. Based on those
numbers, it can be said that the road usually remains
under LOS C for most traffic volumes, which slowly goes
towards LOS D at very high traffic volumes. Details
about the same is provided in Table 16.

Applying the unaffected speed data, it is observed
that the traffic stream naturally goes to LOS C, but not
worse, like up to LOS D, which proves the fact that 3Ws
decrease the speed of whole traffic, thereby decreasing
the overall LOS of the road.

5 Discussion

The focus of the present study lies in evaluating
the operational impact of the three-wheelers on urban
road traffic flow. To investigate this impact, the study
initially extracted data concerning the classified traffic
volume and the speeds of various categories of motorized
vehicles across weekdays during the active hours of 8 AM
to 8 PM, when the public is most engaged. Observations
reveal that the average speeds exhibit consistency up
to traffic volumes ranging from 1500 to 4000 vehicles
per hour (v/h), with minor fluctuations likely attributed
to the diversity of vehicles and varying times of the
day. However, beyond the 4000 v/h threshold, as traffic
congestion becomes more apparent, average speeds
undergo a sudden decline within the range of 25% to
37%. Notably, it becomes evident that three-wheelers
(83Ws) and heavy vehicles (HVs) tend to operate at
much lower speeds, compared to the other vehicle
categories.

It was observed that when vehicles follow a three-
wheeler, they are compelled to reduce their speeds
forming a queue in the process if a lateral gap for
overtaking is not available. Cars and jeeps, which are
the fastest category, experience the most significant
impact, with speed reductions ranging from 15% to
29% when tailing a 3W. Similarly, two-wheelers (2W)
need to reduce their speeds by approximately 15% to
26 % when following a 3W. These reductions inevitably
result in a decrease in the Level of Service (LOS),
causing undesirable delays and congestion. Artificial
Neural Network (ANN) has been employed to model and
quantify this speed reduction. The ANN model predicts
the percentage reduction in speed for any vehicle
category, based on knowledge of the average traffic
volume on the road and the proportion of that category
affected by 3W, with high accuracy (R-square > 0.95 for
both training and validation). It is worth noting that
as the number of 3Ws on the road increases, a larger

number of vehicles are affected by them, resulting in
a more substantial overall reduction in traffic speed.
This reduction in speed, attributable to the presence
of 3Ws, invariably leads to a decrease in the Level of
Service (LOS) of the road, resulting in congestion and
undesirable delays. It is noted that the road typically
operates at LOS C for most traffic volumes, gradually
transitioning to LOS D at peak traffic volumes. Had
there been less 3Ws on the road, the other categories
could also have travelled at higher speeds (4-35 % higher
than forced reduced speeds), and LOS levels would not
have gone down so much.

6 Conclusion

The presence of three-wheelers in urban traffic
systems is a phenomenon that warrants -careful
examination due to its multifaceted impact on traffic
flow. The presented study explored the dynamic influence
of three-wheelers on traffic flow, encompassing both the
positive and negative repercussions of their integration
into urban transportation networks. Three-wheelers
often provide essential last-mile connectivity, reducing
the need for private car usage for short trips and
thereby potentially easing congestion. Additionally, their
smaller footprint demands less parking space, which can
alleviate the burden on urban parking infrastructure.
However, a surge in the number of three-wheelers in
certain regions can contribute to traffic congestion and
safety concerns due to their lower engine capacities
leading them to travel at a lower speed as compared to
other categories.

The present study has illustrated several key
findings that shed light on the effect of 3W on the
traffic ecosystem. The analysis, based on data collected
at various traffic volumes and proportions of vehicles
affected by 3W, has revealed substantial reductions in
average speeds, ranging from 4 % to 35 % for the vehicles
following 3W, which are unable to change their lanes.
Notably, vehicles like cars and two-wheelers experience
the most significant speed declines due to their typically
higher speeds on the road. This phenomenon has
been effectively modelled using the Artificial Neural
Networks (ANN), exhibiting the high levels of prediction
accuracy. By quantifying these speed reductions, it
becomes possible to ascertain the broader implications
on the on-road performance. The decrease in speed
instigated by the presence of 3Ws invariably results in
a degradation of the Level of Service (LOS), leading to
congestion and delays.

These findings carry critical implications for the
traffic management and urban planning. Recognizing
the significant role of 3Ws in shaping the traffic
dynamics enables policymakers to devise strategies that
enhance the road efficiency, mitigate congestion, and
improve overall transportation systems. As urban areas
continue to evolve, understanding and addressing the

COMMUNICATIONS 3/2024

VOLUME 26



ASSESSING THE IMPACT OF THREE-WHEELERS ON TRAFFIC FLOW IN INDIA: A CASE STUDY... 463

complexities introduced by 3Ws will be instrumental in
fostering efficient and sustainable mobility solutions for
the future. Introducing more public buses can reduce
the number of 3Ws on the road, which should help in
improving road traffic conditions. Similarly, 3W can
be given a specific lane towards the kerb side for their
manoeuvres, so that they do not interfere with the
general flow of traffic. Although the study has assessed
all the vehicles following a 3W, which are not able to
overtake the vehicle, the study has not talked about the
queues, which might form because of more than one
vehicle where the leader might not be a 3W but may be
a direct follower is a 3W. Similarly, the congestion due to
the presence of 3Ws is not directly measured and can be
determined in future studies. Lane changing behaviour
of 3Ws can also be studied in the future, which should
provide more insights into their movement on the

road. Further, the studies can be expanded to include
the results for rural roads and roads with other lane
configurations.
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Resume

The purpose of the article was to present the results of braking equipment
testing and determination of the adequacy of compressed air production
of the braking system when the train is loaded. Experimental tests of the
braking system of TE33A diesel locomotive in a goods train are performed.
According to the initial data the main parameters of the braking system
in the empty and loaded train were evaluated. As a result of tests, and
according to the calculated data, the dependences of the volume of the main
reservoirs, and the dependences of the required compressor capacity, on
the number of axles have been obtained. It has been established that the
braking system operation in release modes for a 400-axle train corresponds
to the operating conditions and the main requirements of the normative
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1 Introduction

According to the Rules for the technical operation
of railways of the Republic of Kazakhstan [1], one of the
main duties of railway transport workers is to meet the
needs for the transportation of passengers and goods
with unconditional provision of traffic safety and safety
of transported goods. To fulfill this requirement, one
needs not only powerful locomotives, but the advanced
braking systems of the rolling stock, as well.

The rolling stock brakes should have good
controllability and operate reliably in different operating
conditions. The braking systems must ensure smooth
braking, and the slowing force of each unit of the rolling
stock must be proportional to its mass.

With pneumatic braking of trains, problems arise
related to the non-timeliness of switching the braking
devices of the rolling stock from the release mode to the
braking mode, due to the delay of this process on cars
remote from the locomotive [2].

The braking equipment of the rolling stock operates
under conditions of complex processes occurring in
the moving train (dry friction of the brake pads of the
friction shoe brake with the conversion of mechanical
energy into thermal, gas-dynamic processes in the brake

line during the charging, braking, when releasing the
brakes; rolling of the brake wheel on the rails under
conditions of use of the wheel-rail coupling forces;
interaction of rolling stock with each other with the
occurrence of significant longitudinal forces in conditions
of unsteady braking force, etc.). The combination of
high reliability, brake safety with good controllability
will increase passenger train speeds to 200-250 km/h
in the near future, and freight trains to 140-160 km/h
with an axial load of 18-20 tons (high-speed shuttle
trains for container cargo transportation), and increase
the weight of freight trains to 10-12 thousand tons, to
increase transportation productivity. To successfully
solve these problems, it is necessary to fully expand
and strengthen the creative cooperation of engineering
and technical workers of the brakes of construction
plants, linear enterprises of the carriage industry, as
well as researchers related to calculation and design
of the braking equipment, in particular the pneumatic
and mechanical parts of the rolling stock brakes. It is
also necessary to comprehensively and critically study
the modern experience of railways of foreign countries
to enable and expediently use it on the railways of
Kazakhstan, considering the modern conditions of their
operation [3-4].

© 2024 UNIVERSITY OF ZILINA
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Figure 1 General view of the Gardner Denver air compressor

Air compressor

mH\

Figure 2 Location of the air compressors on the locomotive

2 Main components of diesel locomotive brake
system TE33A

The main component for compressed air compression
in the compressed air system is a twin-screw compressor
manufactured by Gardner Denver (Figure 1). Each
compressor head has one AC motor to drive the screw
rotor. For each locomotive 2 such units are installed.
The location of the air compressors on the locomotive is
shown in Figure 2.

Figure 3 shows a schematic diagram of the location
of the main elements of the TE33A diesel locomotive
braking system. To cool the air, compressed air coolers
are used, which are activated after the compressed
air temperature reaches 115 °C. One of the coolers is
located on the compressor frame, the second in the
refrigeration chamber. Cooling is due to convection, or
due to the combined influence of convection and the
operation of the fan of the diesel cooling system. After
the compressor, the compressed air enters the first
main tank, where the air is cooled by the moisture

condensation. The Main Reservoir (Main Reservoir,
MR) is tilted, so moisture flows to one of the ends (from
where it is drained through the drain valve). Each MR
tank has a separate drain valve, which is activated
by a drain valve solenoid (Drain Valve Magnet Valve,
DVMV) [4].

The safety valve is installed on outlet branch pipe
of the first main tank. This valve is designed to protect
the compressor and other components of the compressed
air system from overpressure. The compressed air flow
from the first main tank is divided into two parts. One
part of the flow is supplied to the main tank pressure
sensor (MR1), which provides a feedback signal on
the compressed air pressure to the locomotive control
system. The second part of the flow enters the air dryer,
in which the compressed air is further purified from
moisture. After the dryer, the air enters the second main
tank and the auxiliary air filter. A reverse throttling
valve with a diaphragm of about 8mm (5/16 inch) is
used to limit the air flow into the auxiliary equipment
pipeline and to ensure priority filling of the MR2 tank.
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The valve is installed between the outlet of the first
main tank and the equalizing pipeline of the MR tanks
[5-6].

The second check valve is installed between the
outlet of the air dryer and the equalizing pipeline of the
tanks MR. This check valve is designed to supply air to
the second locomotive of the coupler. This arrangement
allows air to enter the compressed air system of the
second coupling locomotive only through the air dryer.
Air passing into the second tank MR2 through the
check valve enters the air filter of the main tanks.
The presence of a check valve prevents the return
movement of air into the first main reservoir. This is
done in the case of air leakage from the first main tank.
In such a situation, the air remaining in the second
tank will be sufficient to provide emergency braking.
The MR air filter and auxiliary air filter are also
referred to as final air filters. These devices are used to
filter air before it enters the pneumatic brake system
and auxiliary equipment. Each filter is equipped with
a drain valve. The valves serve to drain moisture
from the filters. Filtered air from the auxiliary
equipment air filter (auxiliary supply air) is supplied
to the typhon, windshield wipers and sand supply
valves [6].

Filtered air from the MR tank air filter (make-up air

from MR tanks) is distributed among the components of
the pneumatic brake system.

2.1 Main tanks of the compressed air system

The main tanks (Figure 4) serve to store compressed
air intended for use in a locomotive. The locomotive
has two tanks of a diameter of 394mm and a length of
3950 mm. Two tanks contain 960 liters of air under the
pressure of the main tanks 10 MPa. The main tanks are
fixed on the locomotive at a slight inclination, which
ensures the drainage of moisture to one of the ends of
the tank. Automatic blowdown devices (drain valves)
are installed at the lower end of each tank to drain the
moisture.

2.2 Safety valve L

Valve L is designed to protect the compressor and
other components of the compressed air system from
overpressure (Figure 5). If the air pressure exceeds 1.05
MPa, the valve opens and releases excess air to the
atmosphere. Safety valve is arranged between the two
main tanks on locomotive A side [3].

COMMUNICATIONS 3/2024

VOLUME 26



THE TE33A SERIES DIESEL LOCOMOTIVE BRAKE EQUIPMENT TESTS

B145

Figure 5 Safety valve L
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Figure 6 Air dryer

2.3 Air dryer

Dryer is designed to separate the compressed air
from moisture. When frozen, moisture can damage
pneumatically controlled devices (Figure 6). The air
dryer is located on the A side of the locomotive between
the main tanks and trolley No. 1.

2.4 Main Tank Pressure Transmitter (MR1)

MR1 is used to measure the air pressure at the outlet
of the main tank of the compressed air system. In the
locomotive control system, this data is used to calculate
the moment when the compressor motors are turned
on and off, and to monitor its load. The ultimate goal
of such monitoring is to maintain a constant pressure
in the compressed air system. Pressure information is

also displayed on programmable displays to inform the
driver [7].

The sensor MR1 is located on the inner wall of the
CA9 zone in the refrigeration chamber.

2.5 Principle of the braking system operation

The air discharged from the air compressor enters
the main tank No. 1 (MR No. 1). At the exit of MR No.
1, the air flows are separated: one air flow goes to the
safety valve L, the other goes through the air dryer,
and the third goes to the MR1 sensor. The safety valve
L protects equipment located downstream of MR tank
No. 1. The MR1 is used in the feedback loop to control
the pressure in the main tanks. The air downstream
of the dehumidifier passes through a 2” check valve
with a 0.312” bypass [5]. This air is then routed to the

VOLUME 26

COMMUNICATIONS 3/2024



B146

ABDULLAYEV

6 b

/

befesiibapenind I~
Supply of auxiliary . 31 r%}g]
air flow - : -
'ﬂ H X Control air
;. B ¥ flow of the
= - HHHHHHHH DVMYV valve
e AT

‘ > Compressor
- < discharge air

K  {

K o o

Air intake

Figure 7 DVMV and DVMV pneumatic signals for MR drain valves

main tank outlets located at the four corners of the
locomotive (MRE air connections) and enters the main
tank No.2 (MR No.2) via a 2» check valve. Each MR tank
is provided with a drain valve, which opens to remove
moisture at each on/off cycle of the air compressor
(Figure 7).

These drain valves are automatically controlled by
the DVMYV valve located in the compartment above the
compressor. (The drain valves in “automatic” mode are
opened to remove the moisture or they can be turned to
“off” position when they do not perform this function).
The normal operation of the locomotive is to work in the
“auto” mode to remove moisture from the tanks. When
the drain valves move from the “auto” position to the
“off” position, or from the “off” position to the “auto”
position at increased pressure MR, compressed air is
released and a sharp sound is heard. Be careful and
protect your eyes and ears when doing this.

The air injected from the main tank No. 1, after
the air dryer, has a different path. This is an auxiliary
airflow. There is a shut-off valve for venting air to the
valve if work is needed, and a built-in filter for further
removal of dirt and moisture [8].

The POU, or pneumatic control module, is located in
the brake compartment on the A-side of the locomotive.
The module consists of control components (electrical,
pneumatic, mechanical and electronic) for adjusting the
pressure in the brake line pipelines. The POU module
is a central device for connecting the air ducts and
electrical wiring to the locomotive. It consists of the
following replaceable units: brake line control assembly,
MC-13 control valve, quick-acting valve assembly, brake
cylinder control assembly, idle (cold) towing assembly,
and power supply.

Brake main line control unit. Designed to control
the brake line pressure, when the automatic brakes
are activated in the CUT-IN full control mode, it allows
one to adjust the CUT-IN/CUT-OUT full/partial control
modes of the automatic brake application via SDIS and
provides the possibility of emergency discharge of the
brake line.

MC-13 control valve. It is a backup and allows
braking in such situations when there is a complete lack
of power supply, computers fail, the locomotive is hauled
in an inoperative (cold) state in a coupling or as part of
a train.

Quick-acting valve assembly. Ensures proper brake
cylinder pressure in any automatic brake operation
mode.

Brake cylinder control assembly. Provides control
of air supply from the main reservoir No.2 to the brake
cylinders and release of air from the brake cylinders to
the atmosphere in all braking and release modes.

Idle (cold) towing assembly. Used when hauling
a completely inoperable locomotive.

Power supply. Provides redundant power supply
for the FastBrake controller logic circuits and solenoid
valve driver circuits, and is two separate 74 VDC power
supplies.

3 Stationary test of a single diesel locomotive
TE33A series brake equipment No. 0120

To check for compliance with the requirements of
the Instruction on Operation of Rolling Stock Brakes
of the Closed Joint Stock Company “National Company
Kazakhstan tem r zholy” the condition and operation of
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Table 1 Check of the condition and operation of the braking equipment of the diesel locomotive TE33A No. 0120

Actual Standard
No. Measured parameter P T P T
MPa S MPa S
1. Brake line density 0.55 75 0.02 >60
2. Feed line density 0.8-0.78 200 0.02 >150
3. Capacity of 2 compressors 0.7-0.8 21 0.7-0.8 <45
4.  Turning on the compressor 0.75-0.76 0.75
5. Compressor shutdown 0.99-1.0 0.9
Overpressure in the equalization tank IV position
6.  (overlap with the power supply of the brake line) 0.45 standard
after the first stage of braking
Not allowed
Overestimation of pressure in the equalization tank
7.  to the IV position (overlap with the power supply of 0.39 standard
the brake line) after the full-service braking
Service discharge rate 0.5-0.4 527 0.5-0.4 4-6
Rate of elimination of supercharge pressure 0.6-0.58 87 0.6-0.58 80-120

Table 2 Check of the condition and operation of the braking equipment of the diesel locomotive 2TE10M No. 3628

Actual Standard
No. Measured parameter P T P T
MPa S MPa S
1. Brake line density 0.55 72 0.02 >60
2. Feed line density 0.8-0.78 190 0.02 >150
3. Capacity of 2 compressors 0.7-0.8 46 0.7-0.8 <50
4. Turning on the compressor 0.74 0.75
5. Compressor shutdown 0.84 0.9
Overpressure in the equalization tank IV position
6.  (overlap with the power supply of the brake line) 0.45 standard
after the first stage of braking
Not allowed
Overestimation of pressure in the equalization tank
7.  to the IV position (overlap with the power supply of 0.39 standard
the brake line) after the full-service braking
Service discharge rate 0.5-0.4 5.01 0.5-0.4 4-6
Rate of elimination of supercharge pressure 0.6-0.58 92 0.6-0.58 80-120

the braking equipment of the locomotive was checked [9].
The results of the inspection of the braking equipment
of the TE33A locomotive No. 0120 are given in Table
1. Results of the braking equipment check of 2TE10M
locomotive No. 3628 are given in Table 2.

3.1 Stationary tests of operation
of the locomotive TE33A braking equipment

To carry out the functional tests of braking
equipment during the stationary tests, a test train of
100 units of rolling stock (400 axles) was formed on the
receiving tracks of station Almaty 1 according to the
scheme in Figure 8.

Diesel locomotives TE33A No. 0120 and 2TE10M
No. 3628 were delivered from both ends of the train,
for testing the braking equipment and for recording the

braking processes and pressure in the brake line at the

rear of the train.

During the stationary tests, the pressure in the
brake cylinders of the diesel locomotive, the spare tank
and the brake cylinder of the tail freight car (portable
pressure gauges) was checked in various braking modes
(brake line discharge stages, full service and emergency
braking) [10].

According to the functioning tests of the TE33A
locomotive No. 120 braking system - the volume of the
main tank is 1900 liters, with a train consisting of 100
units of rolling stock - 400 axles release of tailgate
brakes:

1. after the step braking occurs in 1-3 minutes - the
train is prepared to turn on the traction with no
danger of breaking the train, and charging of spare
tanks up to 95% of the charging one (and according
to the air flow meter reading on the TE33A) occurs
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Figure 8 Test diagram when forming a train of 100 rolling stock (400 axles)

in 4-5 minutes - readiness of the braking system
(95 %) for subsequent effective braking;

2. after the full-service braking and deep discharges
of the brake line, the decompression takes 1-3
minutes. Even faster than with small stages, since
the decompression is carried out with overpressure
above the train line - the train is prepared to turn
on traction with no danger of breaking the train,
and charging spare tanks up to 95% of the charging
(and according to the air flowmeter reading on
the TE33A) occurs during 5-7 minutes - the brake
system is ready (95%) for subsequent effective
braking;

3. after the emergency braking, the decompression
takes 2-3 minutes. The train is prepared to turn on
the traction with no danger of breaking the train,
and the spare tanks are charged up to 95% of the
charging tank (and according to the air flowmeter
reading on the TE33A) takes 8-14 minutes. - the
brake system is ready (95 %) for subsequent effective
braking.

Brake control at train pressure in the brake line

0.50.52 MPais considerably improved [11]:

* increasing the density of the brake line (reducing
the intensity of leaks);

* the pressure difference between the head and the
tail of the train decreases;

* reducing the time for releasing the brakes and
charging spare tanks.

4 Calculation of diesel locomotive braking
system TE33A

The braking system must have high reliability and
ensure the safety of train traffic. Automatic brakes of
the railway rolling stock should be maintained according
to the established standards and have controllability
and reliability of action in various operating conditions,
provide smooth braking. To determine the performance
of the braking system according to the results of the
tests performed, it is necessary to assess the braking
system. To perform the calculation of the brake system,
the main parameters of the main elements of the
braking equipment were obtained from the passport
data of TE33A series diesel locomotives [12]. The value
of barometric pressure in normal conditions is taken
as 0.103 MPa. The compressor’s capacity and main
reservoir’s capacity are obtained by measuring the
indicators on the control panel instruments in empty

and loaded states of diesel locomotives, for the cases
of brake release and charging after the full-service
braking. To perform the calculation of the main devices,
the main parameters of the braking equipment of
TE33A diesel locomotive are given in Table 3 [9].

4.1 Compressor unit calculation

Calculation is carried out for the most unfavorable
operating conditions of the locomotive (presence of the
largest permissible air leaks and air flow rate).

The train braking network volume is determined
according to Equation (1). Train Brake Network Volume

2 Vo consists of the volumes of the brake network of
the locomotive V, , androlling stock V .. [13]:
2 Vinr= Vet Vangs s @

60 rolling stock - XV,
71 rolling stock - X'V

= 20+103.5x60=6230 liter,
= 20+103.5x70="7265 liter,

BN.T

BN.T
90 rolling stock - XV, .= 20+103.5x90=9335 liter,
100 rolling stock - XV, = 20+103.5x100=10370 liter.

For one wagon unit the volume of the braking
network is equal to:

Vin = Vi + Vor + V,,,=13.5+78+12=103.5 liters, ~ (2)
where: V. - brake line volume, 13.5 liter,

LINE
V- spare tank volume, 78 liters,

V- volume of operating tanks, 12 liters.

4.1.1 Determination of the total hourly
air flow rate

The total hourly air flow rate in the train at frequent
adjustment braking is determined by the equation:

Quonr= Q1+ Qppars + Qo s @)

where: @, , - consumption of compressed air to replenish
leaks from the brake line and braking devices in the
train, I/h,

Qi - air flow rate for braking, I/h,

Q,, , - other air consumption, for electric locomotives and
diesel locomotives can be accepted @, , = 12000 I/h,

60 rolling stock:

Qugyr. T2 583+48 388+12 000= 132 971 U/h;
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Table 3 Initial data for calculation

Basic parameters Empty Loaded Empty Loaded
Number of rolling stocks, units 100 90 70 60
Locomotive main line volume, 1 20.0 20.0 20.0 20.0
Car main line volume, | 13.5 13.5 13.5 13.5
Spare tank volume, 1 78.0 78.0 78.0 78.0
Volume of working tanks of air distributors, 1 12.0 12.0 12.0 12.0
Barometric pressure, MPa 0.103 0.103 0.103 0.103
Allowable pressure decrease in the brake line, MPa per minute (leak) 0.02 0.02 0.02 0.02
Required compressor capacity, m*min 4.80 4.36 3.49 3.06
Required minimum volume of the main tank, 1. 1688 1909 1181 1273
Selected volume of the main tank, 1 1900 1900 1000 1000
Checking the performance of the compressor and the capacity of the main tank for cases
of release and charging of brakes after the full-service braking

Decompression time, min 3.0 3.0 3.0 3.0
Pressure drop in working tanks, MPa 0.15 015 0.15 0.15
Charging pressure in the reserve tank, MPa 0.49 054 049 0.54
Pressure in the reserve tank after braking, MPa 0.34 039 034 0.39
Value of pressure decrease in TM (full-service pressure), MPa 0.15 015 0.15 0.15
Permissible pressure drop in the main tank 2.5 2.0 2.5 2.0
Selected compressor capacity, m*min 5.8 5.8 5.8 5.8
Required compressor capacity, m*min 5.0 4.7 3.8 3.3

70 rolling stock: /hour,

Q. 84 641456 427+12 000 = 153 068 /h; 100 rolling stock:

90 rolling stock:

Qupnp. 108757+72505+12 000 = 193 262 U/h; Quap = 0002 10570 — 15016

100 rolling stock:

Q gy 120 816+80544+12 000 = 213 359 V/h. /hour,

The air flow rate in the main air duct is determined
according to the Equation (4):

60 « A Pyap * Visy

P BAR

Qmap = (4)
where: AP, - permissible pressure reduction in the
main air duct in 1 minute through leaks in the absence
of its supply (0.02 MPa is accepted),

2V, - the volume of the train’s braking network, I,
P,,.-barometric atmospheric pressure, P,,,=0.103 MPa,
60 rolling stock:
_ 60-0.02 - 6230 _
vAD = 0.103 = 72583
I/hour,
70 rolling stock:
_ 60-0.02 - 7265 _
vAD = 0.103 = 84641
I/hour,
90 rolling stock:
_ 60-0.02-9335 _
vAD = 0.103 = 108757

The air consumption for braking is determined by
the equation:
APsrr  XVipy + K

QBrake = Donr , (5)

AP, -reduction of air pressure in the brake line during

braking (in the case of adjustment braking, it is accepted
AP, =0.08 MPa),

K - the number of adjustment brakes per 1 hour (in the
most unfavorable case for a mountainous area with long

descents K = 10/h),

60 rolling stock:
_ 0.08 - 6230 - 10 _
MAD = 0.103 = 48388
I/hour,
70 rolling stock:
_ 0.08 - 7265 - 10 _
MAD = 0.103 = 56427
I/hour,
90 rolling stock:
_ 0.08-9335-10 _
MAD = 0.103 = 72505
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I/hour,
100 rolling stock:

iy = 080870 - 10— 0544
Vhour.

4.1.2 Determination of the compressor
performance

The compressor performance is determined by the
equation:

Qcow = 1.3 - ( Q%’S\ET + QL()K.L>, (6)
where: 1.3 - a coefficient that takes into account the need
to turn off the compressor for cooling,

@, k.- air consumption to compensate for locomotive
leaks (take 135 1/min),

I/min,

100 rolling stock:

Qeow = 13+ (213359 1 135) = 4800
I/min.

The performance of the Garden Denver compressor
is 5800 I/min, it satisfies the calculation results.

4.1.3 Determination of the volume of the main
reservoirs

The approximate volume of the main tanks is
determined from the filling condition of the main
air pipeline (without powering the spare tanks) after
emergency braking [11].

APsri - Veri

Viur A Pyur ’

(7

60 rolling stock: where: AP, - permissible pressure drop in the main
reservoirs during the emergency braking in accordance
Qcon = 1.3 - (% + 135> = 3060 with the Instructions for operation of railway rolling
stock brakes [9]:
V/min, for loaded rolling stock AP, = 0.9 - 0.55 = 0.35 MPa,
70 rolling stock: for empty rolling stock AP, ,=0.9 - 0.5 = 0.4 MPa,
Vr.. - the volume of the train’s brake line, I,
Qcon = 1.3 - ( 15;868 + 135> = 3490 AP, - reduction of air pressure in the brake line from
charging to 0 MPa,
V/min, 60 rolling stock (loaded):
90 rolling stock:
Vi = 0.55 -06:5))5- 135 _ 1973
Qeow = 1.3 - (18262 1 135) = 4360 '
90
liters,
2500
2000 — — e
/»
1500 e

500

60 70

80 90 100

the volume of the main tank is 1000 liters

required volume of the main tank (loaded)

= = the volume of the main tank is 1900 liters

—&— required volume of the main tank (empty)

Figure 9 Dependence of the volume of the main reservoirs on the number of axes
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70 rolling stock (empty):

Vi = 02210135 — 1189
liters,

90 rolling stock (loaded):

Vi = 099290135 — 1909
liters,

100 rolling stock (empty):

Vir = 0.5 - 1(())91 13.5

= 1688
liters.

The volume of the main tanks on locomotive TE33A
No. 120 is 1,900 liters, which satisfies the calculation
results for both loaded and empty trains with a length
of up to 400 axles, whereas the serial locomotives with
a volume of 1000 liters of main tanks (Figure 9) do not
satisfy even for trains with a length of 280 axles (70
rolling stock) [8, 14].

4.2 Checking the compressor performance and
the capacity of the main tanks

The calculated values of the compressor capacity
and the volume of the main tanks must be checked for

A Pur

Qtow * trer + Dor Vur = % . Z Vime +
Al sy A AP sy

+ % . E Vsr + trar,

where: £, .. - estimated time to release the brakes and

recharge the reserve tank to full charging pressure.

In calculating, the following values were taken:
for trains with a length of less than 200 axles ¢, ,, = 1.5
min,
for trains with a length of more than 200 axes
tppe = 3.0 min,
Vx - the total volume of the selected main reservoirs,
Vi = 1900 liters,
AP, - pressure drop in the working tanks (for FSB with
air distributors, conl. No. 483-000- A P, =0.15 MPa,
P, - pressure in the spare tanks (freight train
P, = 0.54 MPa),
P, - pressure in the spare tanks after braking (freight
train - P, = 0.39 MPa),
AP, - the amount of pressure reduction in the brake
line (with full service braking), A P,,, = 0.15 MPa,
A P, - permissible pressure drop in the main tanks
(with full service braking A P, = 0.75 - 0.55 = 0.2 MPa).

Solving Equation (8) with respect to @, the
compressor performance is determined [15]:
60 rolling stock:

the cases of release and charging of the brakes after the  Qcox = 1.3 - < 132871 + 135) = 3300
full-service braking (FSB) [10]. The check is performed
based on the compressed air flow balance equation 1/min,
according to:
7
6 -
5 __._'._,.__‘_-,1.’--'""
—’-.—.7.—..—..- ee®
4 en T -
3 et
2
1
0
60 70 80 90 100
= = = required compressor capacity for loaded trains
e o o o required compressor capacity for empty trains

the maximum required pressure for braking a loaded train
(the line of restriction)

Figure 10 Curve of required compressor capacity versus number of axes
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70 rolling stock:

Qeow = 1.3+ (123068 4 135) — 3800
V/min,

90 rolling stock:

Qeow = 1.3+ (123262 4 135) — 4700
V/min,

100 rolling stock:

Qeow = 1.3+ (213399 4 135) = 5000
1/min.

Compressor capacity on a locomotive is 5.8 m*/min=
= 5800 I/min. The resulting dependences of the required
compressor capacity on the number of axles are shown
in Figure 10.

5 Discussion of results

On Western European railways, slow-acting brakes
are used on freight cars with a weak screw coupling in
short trains, which can switch to accelerated braking
in passenger trains. The design and research (study) of
brakes are mainly carried out by the companies Knorr-
Bremse (Germany) and Oerlikon (Switzerland), DACO
(Czech Republic). The highly sensitive braking systems
developed by them with valve-diaphragm design air
distributors with stepped release and with a braking
wave speed of 250-280 m/s, have been adopted by the
UIC as uniform on all the railways in Western Europe
[16-17].

The braking devices and equipment manufactured
in the USA are characterized by the lower braking
efficiency and a longer braking distance compared to
the braking devices of Western European railways.
In the USA, Westinghouse brakes are used, which
supplies brakes to all countries of North and South
America and has branches in England, Germany, Italy,
Spain and France [17]. These brakes have an air
distributor that provides stepless accelerated release in
long-length freight trains formed from the rolling stock
with a powerful automatic coupling. The most common
non-direct exhaust air distributors are air distributors of
types AB, ABD, ABDW [18].

In the high-speed passenger trains, the creation
of which is currently receiving the great attention in
Kazakhstan and abroad, disc and magnetic rail brakes
in combination with pad brakes, as well as electronic
anti-skid devices to protect the wheels of wheelsets

from damage (the appearance of sliders, metal shear on
the surface of the wheels) are widely used in sections
railway tracks with a low coefficient of wheel-to-rail
coupling [18].

6 Conclusions

1. According to the results of the brake tests, it was
established that the modifications carried out to
increase the volume of the main tanks to 1900
liters showed the operation of the brake system in
accordance with the standards of the “Instructions
for the operation of rolling stock brakes, National
Company, Kazakhstan temir Zholy” dated 17.10.2002
No. 120-TsZ.

2. According to the results of stationary tests with trains
on the site, it was revealed:

a. The operation of the brake system in braking modes
complies with the operating conditions and the
standards of the “Instructions for operating the
brakes of rolling stock of the Closed Joint Stock
Company, National Company, Kazakhstan temir
Zholy” dated 17.10.2002 No. 120-TsZ.

b. The operation of the brake system in the release
modes for a train of 400 axles (flat mode) complies
with the operating conditions and standards
of paragraph 19.2.7 “Instructions for operating
the brakes of rolling stock of the Closed Joint-
Stock Company, National Company, Kazakhstan
temir Zholy” dated 17.10.2002 No. 120-TsZ. With
a decompression time rate of 80 seconds, the actual
tail car decompression time was 57-60 seconds.

c. Comparative stationary brake tests for the release
of the train brakes in 400 axles by control from the
diesel locomotive of the 2TE10M series No. 3628AB
showed that at a rate of 80 seconds, the actual time
of the tail car release was 75-80 seconds (volume
GR 2000 L), and with the diesel locomotive TE33A
(volume GR 1900L) 57-60 seconds.
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Resume

This work describes the features and methods of measuring the forces
of interaction between the wheel pairs and rails by measuring wheel
deformations at control points. The work also contains recommendations for
direct measurements of the forces of interaction between the wheels and rails
to determine the actual margin of stability of wheel pairs from derailment.
The result of the work is general requirements for the system of direct
measurement of the strength of interaction of the high-speed rolling stock
wheel pairs with rails and scientifically based recommendations for direct
measurement of the interaction forces of wheels and rails. The problems of
interaction between the wheel pairs and rails do not significantly depend
on the track width and are general in nature for different countries of the
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1 Introduction

The task of increasing the speed of passenger
rolling stock requires new approaches to the assessment
of the safety indicators of train movement and the
smoothness of carriages. The conditions of stability on
the track of rolling stock can be defined as the ratio of
forces acting upon contact of the wheel with the rail.
Determining these forces is an extremely difficult task,
since the contact zone is constantly moving along the
rolling surfaces of the wheels and rails. In addition, to
assess the stability of the wheel against rolling onto
the rail, it is necessary to constantly calculate the ratio
of horizontal and vertical contact forces over a certain
period of time, because even isolated cases of exceeding
the permissible values of this ratio can cause a violation
of traffic safety conditions.

It should be noted that the existing methods of
the full-scale tests of rolling stock provide for the
determination of traffic safety indicators based on
the ratio of forces acting on the wheel pairs from the

frame structures of the running parts, the so-called
“frame forces”. That is, the values of the forces of
direct interaction between the wheels and rails, which
depend on the ratio of the stability of the wheel pair
in the rail track, are essentially not used. In addition,
this method of determining the dynamic forces acting
on the wheels at the points of contact with the rails,
based on deformations of the side frames of the bogies,
due to a number of assumptions, does not have high
accuracy.

Therefore, this work substantiates recommendations
regarding direct measurements of the forces of interaction
between the wheels and rails to determine the actual
margin of stability of wheelsets from derailment. This
approach will improve the level of safety of train traffic
and increase the effectiveness of forecasted evaluations
of dynamic indicators of the rolling stock, which will
generally improve the conditions for the prevention of
traffic events associated with derailment of wheelsets.

Problems of interaction between the wheelsets and
rails do not depend significantly on the width of the

© 2023 UNIVERSITY OF ZILINA

COMMUNICATIONS 26 (3) B155-B166


https://orcid.org/0000-0003-2387-9946
https://orcid.org/0000-0002-1631-6590

B156

FOMIN, PROKOPENKO

track and are of a general nature for different countries
of the world.

2 Literature review

Railway transport is rapidly developing and is a
component of the high-speed transport system. The
safety of train operation is becoming a more acute issue.
To assess the safety quality of the movement of wagons,
locomotives and other types of rails rolling stock, there
are various approaches to assessing the safety conditions
and solving this problem.

The study [1] describes the development of a finite
element model for simulating the descent of trains
moving in a curved section of the track located on a
bridge during earthquakes. The simulation results
showed that the risk of derailment of trains moving on
curved bridges is greater than that of trains moving
on straight bridges. But this study does not take
into account and does not describe determination of
performance of the wheelset with rails along the entire
train tracking route.

The work [2] gives the results of studying and
establishing the mechanism of interaction between the
railway wheel and a rail. The modeling is based on the
fundamental theory of circular motion kinematics. The
proposed method makes it possible to determine the
characteristic of the interaction kinematics criteria of
the wheel pairs tire cross-section of the rolling stock
with the lateral sides of the rail heads. However,
the work does not describe the process of interaction
between the railway wheel and rail from the point of
view of traffic safety.

In document [3], the authors propose a new strategy
for improving the dynamics of railway cars and reducing
the energy consumption during the transportation, by
optimizing the position of the center of gravity of the
car during the cargo loading. However, the authors do
not indicate how the optimized center of gravity affects
the general indicators of the safety of railway carriages.

The paper [4] presents a theoretical basis for
modeling the interaction of a railway car and a track,
in which the dynamic equations of motion of car-track
systems are composed by effectively connecting linear
and nonlinear dynamic characteristics. The result of this
study is determination of the critical speed of a railway
train and the localization of track irregularities through
the effective integration of a dynamic modeling model,
a probabilistic model of track irregularities and a time-
frequency analysis method. However, the work does not
consider the possibility of developing a mobile system for
determining the indicators of the interaction of a railway
car and the track based on the conducted research.

The authors of the work [5] investigate the
longitudinal forces acting on a railway car for different
loading conditions of the cars in the train. Three
different types of wagons are considered in the work,

namely fully loaded, partially loaded and empty wagons.
The purpose of this work is to determine the best
place for their location in a freight train where the
smallest longitudinal forces occur, regardless of the
wagon loading scheme. However, the work does not
assess the influence of horizontal forces on the railway
car, which significantly affect the safety of the movement
of railway cars.

The article[6] presents a study of the freight wagons
derailment in symmetrical turnouts. A dynamic model
of the open wagon and a model of a flexible turnout,
which undergoes derailment when the wheel flange is
lifted, was created. In addition, a full-scale wheel-rail
interaction test was conducted to verify the dynamic
model. As a result of the simulation of derailment
during the lifting, the wheels are consistent with the
research data, and the safety of the bogie depends on the
condition of both the front and rear wheels.

In the article [7], the authors describe the concept
of a smart wagon consisting of various components.
This concept meets the safety requirements of a modern
railway system. Self-diagnosis functions in a wagon
significantly reduce the risk of accidents. This paper
also presents the concept and functional model of this
railway wagon and illustrates the utility of this concept
based on investigated railway accidents.

Research [8] describes the behavior of dynamic
derailment caused by the failure of rail connections
of a railway switch, as well as the assessment of
the impact of such parameters on the safety of train
operation. The developed model takes into account
the transverse difference between the sections of the
rail connection, which directly cause the lifting of
the wheel. The conducted research indicates that the
proposed derailment model is able to effectively evaluate
operational safety as a result of various wheels and
track defects, and thus provide a basis for providing a
cost-effective platform for future optimization of railway
track and rolling stock parameters.

In[9], the authors study the effect of gaps between
the blocks, changes in the wheel-rail friction coefficient,
and the radius of the track curve on the nonlinear
critical speed of a railway vehicle. The influence of the
gaps between the axle boxes on the wear of the wheels
and the interaction of the wheels with the railway track
was also investigated.

The paper [10] describes the dynamic behavior
of the wheel-rail interaction under various surface
contaminations of the rail track, using the methodology
of experimental and numerical modelling. The results of
the study showed that the wheel-rail creep force drops
sharply when the wheel enters the low adhesion zone,
and when the adhesion is restored, there is a sudden
increase in the creep force, which negatively affects the
dynamics of the railway car.

In the study [11], a refined wheel-rail contact
formula was proposed for analysis of the nonlinear train-
track interaction, which takes into account the geometry
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of the wheel and rail. While most of the existing methods
consider contact forces as external forces, the work uses
modeling of the behavior of the contact surface based on
Hertz’s theory and Kalker’s laws. The proposed refined
mathematical model is confirmed by experimental data.

In the article [12] three-dimensional numerical
modelling of the moving load of the wheel-rail interaction
for high-speed and heavy trains is investigated.
Simulations were performed in ANSYS with a hybrid
model involving a flexible wheelset moving on a pair
of rigid rails, which helped in estimating the frictional
stresses at the wheel-rail interface during the train
motion. As a result of the work, it was found that contact
pressure and frictional stress increase quadratically
with increasing train speed.

In the article [13], the authors proposed a three-
dimensional (3-D) model of train-track interaction.
As a result of the study of the developed dynamic
model, it was found that this model demonstrates
high computational stability, accuracy and efficiency
in comparison to traditional solutions; in addition to
some key parameters, such as bridge element length,
the length of the track and bridge section in numerical
integration can be conveniently refined using this model.

In work [14], the authors developed a dynamic model
for studying the vertical interaction of a rail track and
a system of cars. The developed model is verified using
several test data and other numerical models.

In the article[15], the authors presented an analysis
of the influence of creep paths on the contact forces of
the wheel and rail. The simulation results showed that
the maximum normal wheel-rail contact stresses are
less than 1600 MPa in the range of typical conditions of
normal operation.

The article [16] presents the features and results of
the cataloging of the supporting system of semi-cars, the
application of this approach for the end wall of one of the
basic models of wagons.

In[17], the authors described the problem of various
deformations at all the stages of operation of freight
wagons. The main type of these deformations are
residual deformations that occur during welding as a
result of thermal exposure.

The authors of the article [18] describe the process
of conducting the control tests of tank wagons for
dangerous goods. The testing methodology described in
this work was used during the research.

In the article [19], the author highlights the results
of work on determining ways to increase the degree of
ideality of freight wagons and forecasting the evolution
of the chassis of new generation wagons. A review
of examples of the idealistic strategy of improving
the undercarriage of railway universal freight open
wagons.

In the studies [20-21], the authors elucidate a
method to enhance the efficiency of the braking system
by regulating the cooling of friction surfaces through
adaptive air supply. A mathematical model has been

devised to govern the air pressure supply to the brake’s
frictional interface, determining the optimal diameters
of friction lining holes and the velocity of air delivery.
According to the findings from the examination
of literary sources [1-21], it can be inferred that the
exploration of directly measuring the forces of interaction
between the wheel pairs and rails through assessing
the wheel deformations at specified control points is
pertinent and necessitates further investigation.

3 Methodology

3.1 Systems for measuring the forces acting
on the running parts of the rolling stock

As traffic intensity continues to rise and the
inclination to increase the speed of passenger trains
persists, there is a growing need to experimentally
assess the power modes of wheel pair elements and the
proportions of vertical and lateral forces at the points
where wheels make contact with rails. These factors
determine the resistance to rolling of the wheel on the
rail head, a crucial aspect for ensuring traffic safety.

Measuring tools, currently used in testing the
rolling stock, there are no standard systems suitable for
determining the forces directly in contact between the
wheels and rails. Instead, the force responses of the rail
crew to the interaction of wheels and rails in the form
of mechanical stresses are measured in the elements of
the load-bearing structures, that is, in the rails, wheels,
axles or axle assemblies.

There are two ways of measuring the interaction
forces between the wheels and rails:

1- due to deformations of the elements of the upper
structure of the track;
2 - due to deformations of elements of running parts.

The first method is used mainly in tests regarding
the effect of rolling stock on the track and consists
in equipping a certain section of the rail track with
measuring devices. That is, the measurements are
carried out on a limited section of the track. A significant
drawback of this method is the difficulty of ensuring
sufficiently high insulation of measuring circuits,
especially when they are used for a long time on sections
of operating railway lines. However, this method has
been improved in recent years. It became possible to
continuously measure the vertical forces acting on the
rail on a certain section of the track. It is successfully
used to detect defects on the rolling surface of the
wheels, which cause an increased effect of dynamic
forces on the track and axle assemblies of cars. Thus,
the localization of stationary means of measuring force
action on the track is, in a certain sense, useful from the
point of view of detecting defects on the rolling surfaces
of the wheels, to evaluate them and make decisions
regarding the removal, of wagons from trains for repair
if necessary.
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Figure 1 General view of the tensometric wheelset

In contrast to measurements by stationary devices,
which are carried out on a fixed section of the track at
the same time, systems for measuring force actions by
deformations (tensions) of the load-bearing elements of
the running parts provide for the current collection of
data on dynamic processes accompanying the movement
of the crew.

3.2 Measurement of data of elements of load-
bearing structures

To measure the mechanical stresses in the surface
layers of the elements of the load-bearing structures of the
rolling stock, the methods and means of tensometry are
used, that is, strain gauges and registration equipment.
The operation of the strain gauge is based on the tensile
effect of the conductor or semiconductor, which is
attached to the surface of the supporting element of the
structure with a special glue. Thus, deforming together
with the metal element when it is loaded, the strain
gauge changes its electrical resistance.

The change in resistance of the strain gauge during
deformation is very small, usually of the order of several
hundreds of Q. One of the most convenient means of
measuring such changes is the Wheatstone bridge. It
includes four resistors connected to a DC power supply.

3.3 Direct measurements of the interaction
forces between the wheels and rails

From the point of view of determining the dynamic
properties of some researched rail crew and assessing
the conditions of its safe operation, the most effective is
the use of measuring wheel pairs, that is, wheel pairs
equipped with devices for direct measurement of the
interaction forces between wheels and rails. According
to this method, the forces of interaction between the
wheel and a rail are measured with the help of strain
gauges installed on the elements of the wheel pair and
combined in the corresponding strain gauge schemes.

The use of measuring wheel pairs gives a number
of advantages. Such instrumentation provides direct
measurement of instantaneous values of contact forces
in the wheel-rail system. Direct measurement is opposed
to indirect or approximate, which involves determining
the forces of interaction of wheels with rails due to
deformations of the supporting structures of the running
parts.

Methods of measuring the forces of interaction of
wheels with rails by wheel deformations can be divided
into two technologies:

1- measurement of stresses in spokes of spoked
wheels;

2 - measurement of stresses in the wheel disc, i.e.
between the axle and the rim.

The method associated with the equipment of
tensometric schemes of spoked wheels is not used
often, mainly due to the need to manufacture wheels
of a special design. At the same time, with proper
design, manufacture and appropriate calibration, strain
gauge wheel pairs with spoked wheels provide high
measurement accuracy.

Among the methods of experimental determination
of the wheel-rail interaction forces, the method based
on the deformation measurements of the wheel discs is
nowadays gaining widespread use. There are a number
of different projects within this method. The basic
principle is measurement of stresses in specific places
on the wheels.

An important problem of force-measuring wheel
pairs is the need to compensate for “parasitic” effects
and to prevent mutual influences between forces acting
in different directions. Parasitic effects include the
influence of wheel rotation, temperature, and the
position of forces on the wheels. It is also necessary
to take into account the influence of magnetoelectric
phenomena, since the very strong currents (1000-2000
A) sometimes pass only at a distance of 50-100mm
from the wheels and cable lines. In addition, the effects
of humidity, temperature and mechanical impact of
a shock nature should be taken into account. Thus, the
ultimate goal is to achieve output signals proportional to
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Figure 2 Chart of wheel surface stresses under
vertical load
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Figure 3 Chart of wheel surface stresses under vertical
load and under the simultaneous action of vertical and
lateral forces

Figure 4 Schematics of stress gauge placement on the wheel disc

the applied load with a minimum of mutual influences
and parasitic effects.

The main advantage of this method is that it
provides an opportunity to measure horizontal (Y) and
vertical (@) forces continuously and close to the wheel-
rail interface. It is also possible to measure fairly high-
frequency force processes (at least up to 100 Hz). The
accuracy of measurements can be quite high (at least
within 5-10%).

Figure 1 shows the general view of the tensometric
wheelset for measuring miles of interaction between
wheel pairs and rails.

3.4 Determination of zones of deformation
sensitivity of the wheel disc to force load

Places of tensor resistors on wheel disks and ways
of including them in the measuring scheme should
be such that, with sufficient sensitivity of the scheme
to the action of the measured force, the influence of

the force in the other direction is as small as possible.
Therefore, studies on the determination of the zones
on the surface of the wheel disk, the deformations of
which are caused by the action of purely vertical and
horizontal contact forces, are necessary to substantiate
the recommendations for equipment with strain gauge
schemes.

To carry out calculations of the stress-strain state of
the wheelset using the finite element method, 3D models
of individual elements of the wagon wheelset and rails
of the R65 type were created, from which a general 3D
model of the wheelset installed on the rails was made.

The determination of the zones of deformation
sensitivity of the wheel disc is carried out according to
the following calculated cases of the wheel pair load:

a) vertical load;
b) loading by vertical forces and forces from the action
of the tare system (horizontal load).

The vertical loads were set based on the mass of the
wagon of 52 tons. The lateral load scheme simulated the
application of horizontally directed forces from the tare
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Stress from vertical wheel load
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Figure 5 Distribution of stresses from the vertical load of the wheel
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Figure 6 Stress distribution from horizontal wheel load

device to the outer face of the wheel above the contact
with the rail. In the calculations, the value of the lateral
force was set at the level of 50 kN.

The results of the calculation of the surface stresses
distribution of the wheel under vertical load (Figure 2)
and simultaneous action of vertical and lateral forces
(Figure 3) are presented. As can be seen, the greatest
stresses in the wheel disc under vertical load occur in
the transition zone of the disc to the rim (zone I), as well
as in the place adjacent to the hub (zone III). In the case
of lateral loading, deformations spread to the middle
part of the disk (zone II) near the area of attachment
to the hub.

Thus, according to the results of VAT calculations
of the wheel disc, zone III was the most sensitive in
terms of deformations to both vertical and lateral loads.
Therefore, for the lateral load measurement, zone II
should be chosen, which is practically sensitive only to
lateral forces, and zone I should be chosen for vertical
load measurement.

Places of tensor resistors on the disc of a wheel
pair and methods of their inclusion in the measuring
scheme should be such that, with sufficient sensitivity
of the scheme to the measured force, influence on the

scheme of the force of the other direction is excluded.
To clarify the locations on the wheel disk of the points
of sensitive zones to the action of vertical and lateral
loads, appropriate experimental studies were conducted.
Tensor resistors were placed on the wheel disc in the
radial direction with a step equal to the base of the
tensor resistor. The diagram of placing tensor resistors
on the wheel disk is presented in Figure 4. A total of
20 tensor resistors were installed along the diametrical
direction of the wheel.

The vertical load of the wheel was created by
the weight of the wagon body. Figure 5 shows the
stress distribution from the vertical load of the wheel,
measured at the placement points of each tensor. As
can be seen, in this case the greatest stresses occur at
points 9-12.

The results of stress measurements, when the wheel
is loaded with lateral forces, are presented in Figure 6.
Here, the stress distribution graphs correspond to the
power-level values of the forces. As with vertical loading,
points 9 to 12 turned out to be the most sensitive in this
case.

The obtained experimental data allow to identify
the zones of maximum stress that occur on the wheel
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Figure 7 The diagram of placement of tensor resistors for determining
the forces of interaction of wheels and rails

Figure 8 Measuring scheme on the experimental wheel pair

disc under the action of lateral (horizontal) and vertical
loads. Experimental data, taking into account the
results of computer modelling of the wheel load, provide
the basis for the development of a refined tensometric
scheme for direct measurements of the interaction forces
between wheels and rails.

Based on the calculations and experimental data for
determining the zones of deformation sensitivity of the
disk of a standard wagon wheel to vertical and lateral
loads, a scheme for placing strain gauges for determining
the contact forces of the interaction of wheels and rails is
recommended, which is shown in Figure 7.

Points 1-1%, 5-5%, 9-9*% indicate the places where
the greatest stresses occur. Points 2-2%, 6-6*, 10-10* are
selected for measuring lateral forces, and 3-3*%, 7-7%,
11-11* for vertical ones. Measurement of deformations
at points 4-4%*, 8-8%, 12-12* is intended to determine the
momentary position of the wheel during the carriage
movement.

3.5 An experimental study on measuring
the interaction forces of a wheel pair with
rails

Experimental studies on the direct measurement of
forces in the wheel-rail system were carried out on the
carriage of a passenger car. Stress gauges were installed
on the wheel pair of the experimental cart according
to the proposed scheme (Figure 7). After installing the
strain gauges on the wheel disc, measuring circuits
were installed (Figure 8). The measuring equipment and
batteries were mounted on the axle of the wheel pair
using a special mount.

To establish the relationship between the readings
of the strain gauges and the load in the vertical direction,
the measurement system was calibrated.

The test trip was conducted on a section of the
track with a length of about 20km. The position of the
wagon on the site and the speed of its movement were
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Figure 9 Recording of vertical forces
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Figure 10 Recording of horizontal forces

determined with the help of a GPS-Logger. The GPS
survey was conducted once per second.
Strain measurement data was recorded using
a software-hardware complex, which consists of
a hardware part based on the NI ¢RIO 9012 controller,
an eight-slot NI cRIO 9104 chassis with NI9237
modules, and a software-virtual recorder developed in
the LabView software shell.
The software of the complex performs the following
functions:
a) configuration of measuring channels;
b) selection of the strain gauge connection scheme;
¢) autonomous registration of signals on the internal
FLASH storage device;
d) data recording in a text file (for further processing).

Signals were recorded on a local FLASH drive.
Figure 9 and Figure 10 provide a complete record of the
forces that occurred during the test ride.

4 Results and discussion

4.1 General requirements for the system of direct
measurement of the interaction forces of
wheel pairs of high-speed rolling stock with
rails

A mobile system for measuring the interaction
forces of wheel pairs of high-speed rolling stock with
rails should include:

*  sensors primary converters;

*  GPS receiver;

e cables for signal transmission;

*  gystem of collection and registration of measurement
indicators;

* transfer of data about the location and status of the
system to the server;

* determination and assessment of traffic quality and
safety indicators in the modeexpress processing.

COMMUNICATIONS 3/2024

VOLUME 26



ASSESSMENT OF THE QUALITY INDICATORS OF THE CARRIAGE MOVEMENT BY DIRECTLY...

B163

Figure 11 The direct measurement system for assessing the forces involved
in the interaction between the wheel pairs and rails
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Figure 12 A fragment of the vertical load record
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Figure 13 A fragment of the lateral load record

The mobile system for measuring the interaction
forces of wheel pairs of high-speed rolling stock with
rails based on National Instruments CompactRIO solves
a wide list of tasks aimed at monitoring the technical
condition of rolling stock during tests and in normal
operation.

The software of the software-hardware logger is
developed in the LabView FPGA software shell.

The application software is designed to read
measurement data from channels selected by the user at
the hardware level with a specified sampling frequency,
select the type of connection of the outputs of the
primary measuring transducers, and set the voltage
measurement limits.

The NI 9012 controller application software
consists of two parts. The first part reads data from
NI 9237 and NI 9205 ADC modules, performs data
processing and writes to the non-volatile memory of
the controller. The second part transmits data using
the Transmission Control Protocol (TCP) to an external
computer.

The general view of the system for the system of
direct measurement of the forces of interaction of wheel
pairs of high-speed rolling stock with rails is shown in
Figure 11.

Results of the study are now analyzed in more
details on measuring the forces of interaction between
the wheel pair and the rails. Figures 12 and 13 show
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Table 1 Results of statistical processing of contact force values
N ) Q Y
Estimation of magnitude
(ton-force) (ton-force)
Mean square deviation 0.47 0.33
Maximum value 9.77 0.99

fragments of vertical and lateral load processes at a
speed of 36 km/h, respectively.

Based on the results of taring, calculations and
experimental research of the stress-strain state of the
wheel disks, the actual value of the interaction forces
was determined by the readings of those sensors that
were in a vertical position relative to the track plane.

Representative parts of the records of dynamic
processes at v = 36 km/h were subjected to statistical
processing. The results of this processing are shown
in Table 1. Here, the maximum values of the studied
quantity are determined by the expression:

Xmax — X + kS, (1)

where:

X - arithmetic mean (mathematical expectation),

s - root mean square deviation (RMS),

k - 1is a coefficient that depends on the given level of
reliability.

For values XY and Y/@, which are important for
evaluation of the traffic safety, k = 3, for other calculated
quantities, k = 2.2, except for quasi-static, for which k =
0. Since the values of contact forces are important for
evaluation of the traffic safety, then is taken equal to
three.

5 Conclusions

The outcomes of the research focused on directly
measuring the forces between the wheel pairs and rails,
support the following scientifically grounded conclusions:
1. The approach to measuring the forces involved

in the interaction between the wheels and rails,
which relies on the deformation of elements in
the upper track structure, is constrained to short
track sections. Consequently, it does not facilitate
continuous monitoring of the force exertion on the
moving parts of rolling stock when traversing track
sections that exhibit heterogeneity in terms of
plan, profile, and condition. At the same time, this
method is becoming widely used to identify wagons
in trains with deviations in the technical condition
of elements of running parts.

2. Theoretically and experimentally, the
of dependence of the occurrence of stresses on
the disk of a standard wagon wheel under the
action of vertical and horizontal force load have
been determined, which provide grounds for the

zones

development of a refined tensometric scheme for

direct measurements of the interaction forces

between wheels and rails.

3. A scheme for placement of tensoresistors is proposed
for determining the contact forces of the interaction
of wheels and rails to determine the actual margin
of stability of wheel pairs from derailment in
a direct way.

4. A comparison of the values of rms deviations
obtained by computer simulation and from the
experiment was carried out and it was established
that the discrepancy in the lateral load is 0.22%,
and in the vertical - 9.34%. Thus, these data
confirm, on the one hand, the reliability of the
developed computer model, and on the other, the
effectiveness of the method of direct measurement
of the contact forces of the interaction of wheels and
rails.

5. The developed general requirements for the system
of direct measurement of the interaction forces of
wheels with rails provide for the following:

5.1. For the high-speed passenger wagons, it is
mandatory to assess the interaction forces
using wheel pairs equipped with strain gauges;

5.2. Determining the locations of the strain gauges
on the wheel discs must be accompanied by
calculations of the stress-strain state of the
wheel pairs under the complex loading by forces
that correspond to the operating conditions in
terms of magnitude and points of application;

5.3. Specialized devices should be used to calibrate
the strain gauges placed on the wheels of the
measuring wheel pairs - to implement the
lateral load of the wheel in the part that is as
close as possible to the zone of its contact with
the rail, and to apply the vertical load.
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The rail rolling stock undercarriage condition monitoring is proposed by
using an automated measuring system, located on the railway track and
measuring the specified parameters of the wheels directly, while the train
is moving. Regular undercarriage condition monitoring reduces the costs of
preventive maintenance of rolling stock without compromising the traffic
safety. An algorithm has been developed for the operation of a special
software package for visualizing and assessing monitoring data on the
condition of the undercarriage of rail rolling stock. The software package
consists of separate software modules that can be used independently of
each other. It is possible to make short- or long-term predictions of the
behavior of any of the monitored parameters using an proposed automated
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1 Introduction

With the increase in the speed of rail vehicles,
the demands for the quality of both the track and
rolling stock are growing. However, the situation in
the transportation services market does not allow for
a significant increase in expenses for the technical
maintenance of rolling stock. Therefore, it is necessary
to ensure optimal utilization of funding without
compromising the safety level of transportation [1-4].

Increasing the traffic volumes and train speeds
require greater attention to monitoring the condition of
the rail rolling stock. To solve this problem, measuring
devices are created that are located on or near the
railway track and are capable to measure the necessary
parameters directly while the train is moving, by their
dimensions, weight and other parameters [5-8].

2 Presentation of basic materials

The operation of the wheel-rail system is associated
with significant wear of both components interacting
in it [9-12]. This specially applies to wheels. The
parameters of wheel pairs, controlled in operation, are
the distance between the inner edges of the railway
wheel flanges, rolling surfaces, thickness and vertical
undercut of the wheel flanges [13-14]. To ensure the
high reliability, measurements of these parameters are
carried out at four points on the circumference of each
wheel [15-17].

Manual measurements, using special templates,
are associated with significant labour costs, as well
as downtime of the rolling stock. Automation makes
these measurements faster. This ensures the necessary
measurement accuracy.

© 2023 UNIVERSITY OF ZILINA
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Monitoring wheels to detect out-of-roundness and
sliders is a basic condition for ensuring the traffic
safety [18-20], especially for high-speed trains. Having
accepted that the wheel flange apex has a sufficiently
accurate circularity and concentricity with respect to
the axis of rotation, it is supposed that the deviation
from the nominal wheel flange height is identical to the
deviation of the rolling circle from the ideal circle and
carries information about the size of non-roundness
and the depth of the sliders. In the proposed automated
measuring complex, to control this parameter, a
measuring beam is used, the lowering of which, when
pressed with the top of the flange, is counteracted by
the pressure of compressed air [21-22]. When the wheel
rolls, the vertical stroke of the beam is measured using
an electromechanical sensor. The signal from the sensor
is transmitted to the micro-processor of the module,
where it is processed and recorded as a change in the
beam stroke for at least one wheel revolution [23-24].
Using the curve of changes in the height of the flange
per revolution, the presence of non-roundness or a slider
is determined (Figure 1). The error of sliders depth, or
the size of out-of-roundness measuring, do not exceed
0.2 mm.

The wheel diameter is determined by the radius of
one wheel segment curvature using the laser beams. To

do this (Figure 2), two lasers, with the V-shaped beams
diverging in one plane, are placed beneath the wheel
under the study. These rays are recorded by a digital
video camera located on the side.

Images of pictures are transferred to the
microprocessormoduleusing appropriate transformation.
For this process to be carried out without disturbing the
scale, the transformation parameters are calibrated on
a wheel segment of known diameter [25-26]. Guaranteed
accuracy of the wheel diameter measurements with
a range from 600 t01300 mm is 0.6 mm.

The distance between the inner edges of the
wheelset wheels flanges is determined using an optical
measuring system. The triangulation device used for
measurements sends a laser beam to the inner edge of
the wheel flange, where the beam trace is observed as
a luminous point. An optical system, mounted on the
side, records the location of this point. The error, when
measuring the distance between the inner edges of the
wheel flanges, can reach the value of 0.4 mm.

To use an automated measuring complex for other
types of rail vehicles (subway cars, trams, etc.), it is
necessary to select the diameter of the probing laser
beam experimentally, and adapt the location of the
complex measuring elements.

The change of the wheel profile is caused by its wear
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Figure 5 Propagation of pulses in a wheel during the ultrasonic flaw detection

due to the loss of material from the tread surface [27-30].
The quality of a wheelset is determined by the following
main parameters: height and thickness of the flange,
transverse size (qr) used as the basis for calculating
the amount of flange trimming, the distance between
the inner edges of the wheel flanges and the equivalent
conicity (Figure 3).

Measurement of a wheel tread surface profile is
performed using the same method as measuring its

diameter (Figure 4). To do this, one laser with a flat
V-shaped beam is installed below the rolling wheel such
that the plane of the beam is strictly perpendicular to
the direction of the wheel movement. All the specified
parameters that determine the profile are measured
with an accuracy of 0.2 mm. For repeated measurements
of the same parameter, the accuracy is 0.1 mm.

The condition of the metal adjacent to the wheel
tread is examined using ultrasonic pulses of a frequency
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of 400 kHz, which are sent to the wheel tread by the
transceiver head. The impulse is being propagated in
the wheel in the form of surface waves, which repeatedly
circle the wheel in both directions (Figure 5). A defect in
the wheel generates a reflected echo.

A crack located perpendicularly to the direction of
the ultrasonic pulse propagation causes the signal to
be reflected. The echo signal, reflected from the defect,
and the so-called bottom signals that run around a full
circle, are recorded by the transceiver head. In this
case, the useful signal is amplified, passes through an
electronic filter, and then enters the micro-processor
of the module [31-32]. Here it is assessed according to
various criteria, and the ratio of the amplitudes of the
signals reflected from the defect and the bottom signals
serves as a measure for assessing the depth of the crack
in the metal layer adjacent to the wheel tread (Figures
4 and 5).

To ensure the high reliability of the presented
method, wheel parameters are measured at four points
on the circumference of each wheel. To check the
measurement accuracy of the automated measuring
system, they are compared to manual measurements
using special templates. Errors were determined and
possible deviations were investigated.

3 Findings and discussion

Based on the assigned tasks, the structure of
the automated measuring complex was determined.
Measuring sensors consist of 16 units installed evenly at
the % distance of the wheel circumference on both sides
of a rail. The operating principle of the sensors is laser
triangulation. The functional diagram of the automated
measuring complex is shown in Figure 6.

Figure 6 A functional diagram of an automated measuring complex with feedback on radiation intensity: 1 - wheel,
2 - laser, 3 - photodetector, 4 - measuring cell, 5 - computing module, 6 - controller
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Figure 7 Dependence of the reflected signal intensity on the position of the laser beam on the rolling surface: 1 - laser beam
with a diameter of 0.7 mm; 2 - laser beam with a diameter of 3.5 mm; 3 - laser beam with a diameter of 5 mm
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Figure 8 Networking of measuring and testing modules, base module and operator workstations:
EW - external workplace; NA - network device; LWL - fiber optic cable; Central PC - central PC;
DBS - Database server; AMC - Automated measuring complex; Bm - basic module;

Im - identification module; Rmrs - module for detecting non-roundness and sliders;

Dm - wheel diameter measurement module; Pm - profile measurement module;

Rmecd - crack detection module

As the wheel moves, it crosses a beam of laser
radiation, and the wheel tire is scanned. The image of
the radiation spot on the rolling surface is projected
through the lens onto a matrix of linear photosensors.

The position of the spot on the matrix corresponds
to the distance from the sensor to a certain point on the
rolling surface.

Due to the large inertia of the train, the movement
of the wheel during measurement can be considered
uniform. The running speed is determined using an
inductive axle number sensor. Based on the known
values of the distance from the wheel tread to the sensor
and the train running speed, the controller calculates
the profile and other parameters of the wheel.

The optimal diameter of the probing laser beam
for the average wheel tread surface roughness was
experimentally selected. The results of measurements
performed at different laser beam diameters are shown
in Figure 7. Analysis shows that the maximum dynamic
range and maximum intensity burst occur with focused
laser beam radiation. Increasing the beam diameter
from 3 mm to 4 mm does not lead to a decrease in
dynamic range. Therefore, the optimal beam diameter
value can be considered in the range from 3 mm to 4
mm.

The introduction of a second feedback channel
made it possible to increase the accuracy and speed
of measurements, as well as to expand the range of
applicability of sensors under external illumination
conditions.

The automated measuring system is designed for
installation directly on the railway track in the area
of the entrance to the technical inspection point (TIP).
This arrangement of the complex makes it possible

to check the wheels of all the passing trains without
significantly reducing the speed of movement. In this
case, the entire measurement cycle, together with the
delivery of information to the operator’s console of the
TIP, occurs in real time. All measurements of train’s
wheelsets with the length of 400 m, which moves at a
speed of about 10 km/h are performed within 3 minutes.
All the measurement results, which provide complete
information about the condition of each wheel and wheel
pairs, are stored in the digital media.

All elements of the automated measuring complex
are combined into a network (Figure 8). The measurement
results make it possible to identify wheelsets for wheel
turning or replacement of wheelsets. Having the data
on the condition of the profile of each wheel, the mode of
turning it on a wheel lathe can be preset.

A special software package is used to visualize
and analyze the obtained data. It consists of individual
software modules that can also be used independently
of each other. The main mandatory data showing the
train configuration, maximum dimensions and types of
measurements are contained in the database. To obtain
the necessary information, the computer connects the
system database via a network. All the measurement
results stored in the database can be quickly accessed
using this software package.

Reducing the railway transport maintenance costs
(percentage or quantity) depends on the specific car fleet,
the availability of equipment for maintenance and repair
and many other factors. The main costs of servicing the
railway transport are associated with a reduction in
labour costs, downtime of rail vehicles and other factors.
Specific figures for costs reduction may vary depending
on operating conditions and several other factors. The
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idea of the presented method is to show that the use
of an automated measuring system can reduce the
servicing railway transport costs by several percent.

4 Conclusions

Regular registration of critical vehicle parameters
with their subsequent assessment and analysis is the
basis for organizing the reliable and cost-effective
condition-based maintenance. Similar technologies are
already widely used in air transport. Under operating
conditions of rail rolling stock, regular parameters
monitoring of wheel pairs, reduces the costs of
preventive maintenance work without compromising
traffic safety. Of course, the potential for savings in
operating costs with increased the traffic safety can
only be achieved with regular monitoring of the bogie
parameters.

When using the proposed automated measuring
system, a short- or long-term prediction of the behavior
of any monitored parameters can be performed, which

are, e.g. changes in the flange height of a certain
wheelset within two weeks. The prediction makes it
possible to determine the remaining service life of each
wheel pair and plan measures for its repair.
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Resume

In the paper, some selected results concerning the ellipses of adhesion for
various conditions of motion of a vehicle model, have been presented. The
analysis, regarding the phenomena between the road and the wheels of
the given motor vehicle’s model, was previously carried out in the earlier
paper by the author. However, they proved useful for the second part of
research based on determination of the ellipses of adhesion. This can
enable answering the question whether the road conditions may affect the
maximum longitudinal and lateral forces combining such ellipses in the
contact plane between the road and the wheels. The analysis has been
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presented based on the previously obtained results.

Available online: https://doi.org/10.26552/com.C.2024.032

ISSN 1335-4205 (print version)
ISSN 2585-7878 (online version)

1 Introduction

The ability of a motor vehicle to develop a full
adhesion between its wheels and the road is one of
the most crucial feature, among others in terms of the
road traffic safety. One of the maneuvers requiring the
adhesion is accelerating when, depending on the road
conditions, it may not be fully developed and the wheels
may either slip or partially lose contact with the road,
especially with the random irregularities occurring.
Multiple researches on the adhesion between the wheels
and the road have so far been conducted, both form the
point of view of the rubber ingredients, e.g. in [1-2] and
the road conditions, e.g. in [3-5].

However, research on the adhesion does not consider
only the above mentioned aspects. Determining the
characteristics useful for further research also plays an
important role which has been presented, e.g. in [6-8].
Moreover, determination of the adhesion coefficient
in various conditions of motion of road vehicles can
give answers, e.g., which road conditions tend to be
the least beneficial for safe driving. This has been
undertaken, among others in [9-12] up to the wheel
blocking conditions [13] and analysis of the discussed
phenomena for the electric vehicles [14]. One of the

considered problems was the influence of the icy road on
the friction between the tire and a surface.

Of course, it seems important to be acquainted
with the problems of road irregularities, especially
when the randomness is taken into account. Some
works, including, e.g., [15-17], have been devoted to
these problems. Some papers have been devoted to more
specific aspects, such as determining the road conditions
via a signal obtained from the vehicle [18], using
measurements for vehicle dynamics simulations [19], or
nonlinearity included in the problem of the wheel - road
contact phenomena on a randomly uneven road [20].

The aim of this paper was to present the possibility
of determining the ellipses of adhesion between the
wheels and the road with the use of results obtained for
a specific maneuver of vehicle’s acceleration simulated
in MSC/Adams environment. The selected results of the
simulations have previously been presented in [21] by
the author and were used as a basis to determine the
ellipses of adhesion between the wheels and the road for
various adopted conditions of motion. The paper [21] is
a source for the research presented here and the main
question is whether the longitudinal and the lateral
forces, occurring between the wheels and the road,
can combine to produce such ellipses and whether the
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Figure 1 The vehicle’s model used in simulations and the location of the “origo” point [based on MSC Adams/Car]

Table 1 Mass - inertia parameters of the unladen simulated vehicle model [21]

Unladen vehicle Laden vehicle

Mass 1528kg 1686kg
Center of mass location relative to the “origo” %, = 175m, % = 1.13m,
y,=-0.0014m, z = 0.43m  y =-0.007m, z, = 0.435m
Moment of inertia (1) relative to the X axis 583kg-m? 618kg-m?
Moment of inertia (Iy) relative to the Y axis 6129kg-m? 6550kg-m?
Moment of inertia (I)) relative to the Z axis 6022kg-m? 6409kg-m?
Moment of deviation (Z, ) versus the XY axes -1.9kg-m? 1.95kg-m?
Moment of deviation (I ) versus the XZ axes 1160kg-m? 1276kg-m?
Moment of deviation (I ) versus the YZ axes -1.3kg-m? 0.51kg-m?

random irregularities and the icy road surface have any
influence on these ellipses.

The significance of research presented below
is focused on understanding if the lateral and the
longitudinal forces in the area of a mutual contact
between the road and the wheels can compose an
ellipse of adhesion and if such an ellipse can be a factor
determining the nature of the wheel - road cooperation,
as well as to what degree it could be a feature specifying
the road traffic safety.

2 Assumptions for the adopted maneuver

In order to present the discussed problem in a proper
way it is fair to recall the basic assumptions made in [21]
so that determination of the adhesion ellipses would be
presented for the specific conditions of motion and the
specific maneuver.

A double seater model was used (Figure 1) in the
simulations performed in Adams/Car. This model has
previously been used in several works by the author for
various maneuvers. Although the general assumptions
remained the same, e.g., as in [21] the whole mass
of a vehicle was changed by adding different masses
representing a driver, a passenger, and a baggage. In
[21] they were altered as in Table 1. The new coordinates
of the center of mass and the moments of inertia and

deviation after loading were calculated by Adams/Car in
relation to the so-called “origo” point (Figure 1), which
is a point moving along with the vehicle but located on
the road.

The vehicle’s double seater model used in [21] had
the FTIRE (flexible) tires because they allowed running
the simulations on the randomly uneven road. This
means that a single irregularity can be shorter than the
length of the contact area between the wheel and a road.
The springs in the MacPherson columns in the vehicle’s
suspension was linear and the dampers were non-linear.
The vehicle’s body was assumed rigid to provide the
analysis of a multibody without any deformations or
micro deformations within its structure.

The simulations in [21] were run for various road
conditions with the initial speed 20 km-h' and the
road conditions adopted as configurations presented
in Table 2, mainly regarding the road surface (dry
or icy) and the maximum amplitudes of the random
irregularities, which were specified by the intensity
parameter. Moreover, the difference between the road
profiles for the left and the right wheels was specified by
the cor, parameter, which, in this case, provided almost
different profiles for both sides of the vehicle enabling
greater reality. The most difficult conditions of motion
were adopted for the configurations 7 and 8 as in Table
2, which was more exactly discussed in [21].

The road was randomly uneven in each configuration,
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Table 2 The configurations of the road conditions adopted for the simulations [21]

Road Road condition Intensity Corrl Initial V [km - h']
Configuration 1 flat dry - - 20
Configuration 2 flat icy - - 20
Configuration 3 uneven dry 0.5 0.2 20
Configuration 4 uneven icy 0.5 0.2 20
Configuration 5 uneven dry 1.0 0.2 20
Configuration 6 uneven icy 1.0 0.2 20
Configuration 7 uneven dry 15 0.2 20
Configuration 8 uneven icy 15 0.2 20

except for 1 and 2. Moreover, the icy road means that the
coefficient of adhesion between the wheels and the road
was set to 0.3 and the dry road had its value set at 0.8.
In all the configurations it was the same for each wheel.
The assumed values reflect the average coefficient on
a dry and an icy road.

Although the acceleration maneuver was performed
for the initial speed of 20 km h, the vehicle started
accelerating after the first 2s of the simulation (which
lasted for 10 s) as if it was moving with the initial speed
for the first 2s. After the next 0.5 s the vehicle had the
full throttle on, and it meant only a short period to start
fully accelerating.

The intensity parameter used specifically in MSC/
Adams Car is a coefficient determining the amplitudes
of the road irregularities in the random profiles. To

0.022
0.020
0.018
0.016

0.014

intensity 0.5 [m]

0.012

0.010

mark the differences caused in the profiles by intensity,
three exemplary road profiles were presented in [21]
and repeated here in Figures 2, 3 and 4 for three values
of intensity, 0.5, 1 and 1.5, respectively. Although it is
not clearly specified how the intensity is related to the
road profile in MSC/Adams Car, in several tutorials it
has been marked that these profiles are prepared in
accordance with the ISO standards. One of the aims
of this paper was to examine whether the greater
intensity would alter the ellipses of adhesion and that
is why it was increased even to 1.5, given that [21] is
a background for the analyses presented here.

As for the random irregularities in a stochastic
uneven road, their generation has been described in many
MSC/Adams tutorials (e.g. [22]). These irregularities are
easily dealt with by Adams/Car thanks to the FTIRE

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

road section [m]

Figure 2 Road profile for the selected road section between 20th and 95th meter
at the intensity = 0.5 [21], based on Adams/Car

0.035

0.03

0.025

0.02

0.015

intensity 1.0 [m]

0.01

0.005

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
road section [m]

Figure 3 Road profile for the selected road section between 20th and 95th meter
at the intensity = 1 [21], based on Adams/Car

VOLUME 26

COMMUNICATIONS 3/2024



B178 ZALEWSKI
0.055
0.045
T 0035
n
Z 0025
£ oo1s
0.005
-0.005 20253035 40 45 5055 60 65 70 75 80 85 90 95
road section [m]
Figure 4 Road profile for the selected road section between 20th and 95th meter
at the intensity = 1.5 [21], based on Adams/Car
. . . . . Ex Ey
(flexible tire) model, also described in, e.g. [22], which  ui = G M =" (1)
allows recognition of the holes and bumps in the road, ' '
which are up to twice shorter than the length of the where:

area of the mutual contact between the wheels and the
road (let us call it the contact patch as, e.g. in [22]). For
the purpose of this paper it was assumed that the holes
shorter than half of this contact patch can be omitted in
the analysis, but the bumps can influence the vehicle’s
behavior.

More on the intensity and its relation to the
maximum amplitudes of the irregularities of the road
profiles used for the purposes of this paper, one can read,
e.g., in [21].

In [21] it was also stressed that the discussed
example of the acceleration maneuver was performed
for the steering wheel locked to maintain the
straightforward direction, which seems obvious when
driving on a straight part of a road. However, another
possibility taken into account for further research
may involve free (no handling) motion with the acting
disturbances causing the vehicle to deviate from the
assumed straightforward direction.

3 Analysis of results related to the road - wheel
adhesion

During each simulation one of the components
calculated by Adams/Car were the contact forces
between the wheels and the road. The measurement
was conducted with the use of the virtual sensors, which
are located at various points in the vehicle’s model.
Hence, the maximum absolute values of these contact
forces were determined based on the internal measuring
system of Adams.

To draw some necessary conclusions, some simple
formulas should be introduced at first. The ellipse of
adhesion should be based on the maximum values of the
coefficient of adhesion in two directions: longitudinal
and lateral in relation to the direction of motion of the
vehicle’s model. Therefore, the first formula used here
allows determination of these coefficients. This formula
is ok, typical for each book on motor vehicle dynamics.

u, - the coefficient of adhesion in the longitudinal
direction (along the direction of motion of a vehicle) for
the i-th wheel,

u,, - the coefficient of adhesion in the lateral direction
(perpendicular to the direction of motion of a vehicle) for
the i-th wheel,

F_ - the maximum absolute contact force in the
longitudinal direction (along the direction of motion of
a vehicle) for the i-th wheel,

F, - the maximum absolute contact force in the lateral
direction (perpendicular the direction of motion of
a vehicle) for the i-th wheel,

G, - the force loading the i-th wheel and normal to the
contact plane between this wheel and the road.

The second formula was used to specify the equation
of each ellipse of adhesion to use the obtained coefficient
to calculate this ellipse, e.g., in Excel. It is also simply
used to build an ellipse based on the maximum values of
its axes only. It is worth noticing that the paper presents
the ellipses of adhesion as a maximum available areas
of a contact between the wheels and the road for various
conditions of motion.

Xi = UixCOSQ, Vi = WUiysSindg, (2)

where:
u, - the coefficient of adhesion in the longitudinal
direction (along the direction of motion of a vehicle) for
the i-th wheel,
u,, - the coefficient of adhesion in the lateral direction
(perpendicular to the direction of motion of a vehicle) for
the i-th wheel,
x; - the values along the longitudinal axis of the ellipse
of adhesion for the i-th wheel,
y, - the values along the lateral axis of the ellipse of
adhesion for the i-th wheel,
a - the angle used in specifying the ellipses of adhesion,
ranging from 0° to 360°.

The first set of results was related to braking on
a flat and dry road (configuration 1). In Table 3 the
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Table 3 The forces between the road and the wheels for configuration 1 [21]

Left front wheel (LF) Right front wheel (RF)
FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]
Max absolute 166.08 604.31 3874.66 167.57 634.3 3946.36
Left rear wheel (LR) Right rear wheel (RR)
FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]
Max absolute 5289.13 2010.29 5564.94 5400.4 2003.81 5653.86
Mx

-0.5 05 Ky
-0.2
-0.05
— IF == RF
Figure 5 Ellipses of adhesion between the wheels and the road for configuration 1
Table 4 The forces between the road and the wheels for configuration 2 [21]
Left front wheel (LF) Right front wheel (RF)
FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]
Max absolute 317.05 481.68 3734.42 325.09 488.95 3827.46
Left rear wheel (LR) Right rear wheel (RR)
FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]
Max absolute 3357.03 1060.93 5783.71 3434.92 1148.62 5856.73

maximum absolute values of the forces acting on each
wheel are presented based on the results obtained in
[21], whereas in Figure 5 is shown the ellipse of adhesion
based on the determined coefficients in Equation (1) and
the Equation (2).

The markings in Table 1 denote the selected wheels
for which the ellipses were determined, i.e., LF - left
front, RF - right front, LR - left rear and RR - right rear.
These markings were also used in Figure 5. The rest of
the presented results have been marked in the same
way.

It is important to stress that the calculated ellipses
presented in this part of the paper, have been obtained
for the maximum absolute values of the forces tangential
and normal versus the plane of a mutual contact
between the wheels and the road.

As it can be observed in Figure 5 the ellipse of
adhesion has greater values of its axes for the rear
wheels as the engine is located at the back of a vehicle.
Despite braking, where usually the front wheels are

extra loaded, the maximum coefficient 2 here was only
about 0.04 with about 0.95 for the rear wheels. The
coefficient was also more than twice the magnitude for
the rear (about 0.35) than for the front wheels (about
0.15).

The maximum absolute forces for configuration 2
are presented in Table 4, while in Figure 6 are shown
the ellipses for this configuration. Here the ellipses for
the front wheels show that the z_ coefficient was twice
greater than in the case of configuration 1, despite
braking on the icy road. However, the u, coefficient was
about 0.12, which is less than in the case of configuration
1. For the rear wheels the maximum gz _ coefficient
was about 0.6, which is far less than in the case of
configuration 1, whereas the g coefficient was about
0.2, also less than for the dry road. It can be seen that
braking on the icy road worsened the effectiveness for
the rear wheels. Of course, both configurations (1 and 2)
were adopted for a flat road surface.

The differences between the left and the right
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Figure 6 Ellipses of adhesion between the wheels and the road for configuration 2
Table 5 The forces between the road and the wheels for configuration 3 [21]
Left front wheel (LF) Right front wheel (RF)
FXmax [N] Ymax [N] FZmax [N] FXmax [N] Ymax [N] FZmax [N]
Max absolute 995.51 723.65 4816.76 1051.4 452.45 5134.61
Left rear wheel (LR) Right rear wheel (RR)
FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]
Max absolute 7141.09 1296.05 7615.85 6474.63 1223.14 7636.4
0.25 Hx

— — RF

——LR = = RR

Figure 7 Ellipses of adhesion between the wheels and the road for configuration 3

wheels were marginal for the both configurations.

Let now analyze what effect the low amplitude
irregularities (Figure 2, intensity 0.5) may cause in
terms of the ellipses of adhesion. In Table 5 the results
for the configuration 3 have been presented with the
respective ellipses shown in Figure 7.

The ellipses for the front wheels show that the
maximum u_ coefficient was greater for both the left

and the right wheels than in the case of configurations
1 and 2. However, the p coefficient was different for the
front wheels by about 0.05, which can be explained by
the almost different road profiles adopted with the use
of the cor, coefficient (Table 2). For the rear wheels the
difference in the p, and g, coefficients was marginal
and both wheels of the rear axis had almost the same
maximum values (about 0.9 with little differences). This
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Table 6 The forces between the road and the wheels for configuration 4 [21]

Left front wheel (LF) Right front wheel (RF)

e [N] v [N F s [N] F s [N Fyex [N max [N

Max absolute 8617.39 565 5413.73 840.36 514.98 5653.29
Left rear wheel (LR) Right rear wheel (RR)

Fypae [IN] Fy oo [N F,.. [N] Fynae (N1 F{ e NI Foo NI

Max absolute 3156.29 1000.58 7009.33 3440.19 1157.3 7624
x
0.2

-0.2
——ILF = = RF

-0.5
—ILR = = RR

Figure 8 Ellipses of adhesion between the wheels and the road for configuration 4

Table 7 The forces between the road and the wheels for configuration 5 [21]

Left front wheel (LF) Right front wheel (RF)
Fmax [N] Fynax [N] F e [N] Fmax [N] Fynax [N] F o [N]
Max absolute 1470 768 6700 1430.18 597.07 6868
Left rear wheel (LR) Right rear wheel (RR)
xmax [N ymax [N F s [N] Fmax [N ymax [N F s [N
Max absolute 5761.58 1135.63 8935.27 7167.79 1146.32 9400

can be understood such that the engine acts as a mass
loading the rear axle, which in these circumstances
provided the understeering nature of a vehicle.

It is also necessary to mention that the motion
during the braking, according to configuration 3, was
performed on the dry road surface.

As for configuration 4 the additional factor was the
icy road. The maximum values of the selected forces
are presented in Table 6 and the ellipses of adhesion in
Figure 8.

The z_ coefficient for the front wheels was about
0.15 which is lower than in the case of configuration
3, with little differences between the left and the right
wheels. The z coefficient was about 0.1 and there were
also some marginal differences between the left and the
right wheel. It seems that in this case the icy road had
also reduced the influence of the almost different road
profiles.

As for the rear wheels, the maximum z_ coefficient
was about 0.45, which was twice less than for the dry
road in configuration 3, and about 0.05 less than for
the icy road in configuration 2. The  coefficient was
about 0.15 with almost no differences between the left
and the right wheel, which means that the icy road,
in combination with the low amplitude irregularities,
had reduced the adhesion even more than in the case of
configuration 2.

As for the motion on the more randomly uneven
road, let move to the next results, i.e. configurations 5
and 6, where some additional observations can be made.
In Table 7 the maximum forces between the wheels and
the road have been shown, along with the ellipses of
adhesion (Figure 9) obtained for them.

The p, coefficient for the front wheels was similar
to that in configuration 3 on the dry road, i.e., about 0.2
with marginal differences between the left and the right
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Figure 9 Ellipses of adhesion between the wheels and the road for configuration 5
Table 8 The forces between the road and the wheels for configuration 6 [21]
Left front wheel (LF) Right front wheel (RF)
FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]
Max absolute 1151.32 677.93 6703.52 1244 562.24 7218.32
Left rear wheel (LR) Right rear wheel (RR)
Xmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]
Max absolute 3012.9 1051.38 8560.18 2927.14 1036.44 8487.15

wheels. As for the differences in the p coefficient, they
were also marginal and amounted to about 0.12 for the
left and 0.09 for the right wheel.

As for the rear wheels, the maximum z_ coefficient
was about 0.6 for the left and almost 0.8 for the right
wheel, which seems strange when considering the
motion on a dry, yet randomly uneven road. However,
the almost different road profiles may have affected the
vehicle’s motion along with the slightly disturbed center
of mass affected by loading the vehicle with a driver,
a passenger and a baggage. The . coefficient was almost
the same for the left and the right wheel (about 0.12).

In Table 8 the maximum absolute forces for
configuration 6 are presented, while the corresponding
ellipses are presented in Figure 10. In this case the
random irregularities of higher amplitudes (Figure 3)
were covered with ice as an additional factor, which may
have caused the disturbances of the vehicle’s motion.

The ellipse for the front wheels shows that the u,
coefficient was about 0.17, which was lower than for
the dry road (configuration 5), and the y, coefficient
0.1 for the left and 0.08 for the right wheel. As for the
rear wheels the u_coefficient was about 0.35, which
was twice lower than in configuration 5, indicating the
influence of both the icy road and the irregularities with

higher amplitudes (intensity = 1.0). The maximum z_
coefficient was about 0.12 for both rear wheels, similar
as in configuration 5.

The last pair of results is presented in Tables 9 and
10, where the maximum absolute forces between the
wheel and the road have been shown for configurations
7 and 8, respectively. The road conditions included the
highest adopted amplitudes of the irregularities (Figure
4) in configuration 7 with the additional icy road in
configuration 8.

The ellipses of adhesion for both configurations are
presented in Figures 11 and 12 and discussed below.

The last set of results corresponds with the harshest
of the adopted road conditions with the intensity of the
road irregularities 1.5. Taking into account the almost
different road profiles for the left and the right wheels,
the u_coefficient in Figure 11was about 0.22 for the left
front and 0.26 for the right front wheel, which is similar
to the values obtained for configuration 5, also on a dry
road. The p coefficient was about 0.11, which is also
similar to the results for configuration 5. For the rear
wheels, however, the maximum z_ coefficient was almost
0.8 for the left and almost 1 for the rear wheels, which
is higher than in the case of configuration 5. The x,
coefficient was similar to that obtained for configuration

COMMUNICATIONS 3/2024

VOLUME 26



EXEMPLARY DETERMINATION OF THE ADHESION ELLIPSES BASED ON SIMULATION...

B183

Ky
0.15
0.2 -0.4
——VLF = = RF ——LR == RR
Figure 10 Ellipses of adhesion between the wheels and the road for configuration 6
Table 9 The forces between the road and the wheels for configuration 7 [21]
Left front wheel (LF) Right front wheel (RF)
FXmax [N] Ymax [N] FZmax [N] FXmax [N] Ymax [N] FZmax [N]
Max absolute 1708.59 848.5 7734.13 2062.91 862.01 7878.1
Left rear wheel (LR) Right rear wheel (RR)
Xmax [N] Ymax [N] FZmax [N] FXmax [N] Ymax [N] FZmax [N]
Max absolute 8049.54 1408.92 10251.4 9764.48 1149.82 10013.7
Table 10 The forces between the road and the wheels for configuration 8 [21]
Left front wheel (LF) Right front wheel (RF)
FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]
Max absolute 1629.48 717.01 7679.95 1822.09 722.8 7863.34
Left rear wheel (LR) Right rear wheel (RR)
FXmax [N] FYmax [N] FZmax [N] FXmax [N] FYmax [N] FZmax [N]
Max absolute 3678.81 1111.65 10318.8 3525.51 1062.44 11779.8

5 (about 0.14 for the left and about 0.11 for the right
wheel).

As for configuration 8 (the icy road included with the
same intensity of the irregularities), the u_coefficient in
the ellipse of adhesion (Figure 12) was about 0.21 for
the left front and 0.23 for the right front wheel, which
is greater than in the case of configuration 6 (lower
amplitudes of the road irregularities). The ., coefficient
was about 0.09, which is also similar to the results for
configuration 6.

As for the rear wheels, the maximum z_ coefficient
was about 0.35 for the left and 0.3 for the right wheel,
which is not entirely similar to configuration 6. The

coefficient for the rear wheels was close to 0.11 for the
left and about 0.09 for the right one. This was less than
in the case of configuration 6.

4 Conclusions

From the presented results it can be concluded that
the adopted road conditions, used in all the simulations,
did not affect the lateral phenomena between the
wheels and the road to any significant extent. However,
when it comes to analyzing their influence on the
longitudinal coefficient of adhesion the differences are
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Figure 11 Ellipses of adhesion between the wheels and the road for configuration 7
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Figure 12 Ellipses of adhesion between the wheels and the road for configuration 8

visible, especially for the rear wheels.

The low values of the coefficient of adhesion for the
front wheels of a vehicle, despite the braking maneuver,
indicate that the front of a vehicle was too light and
laden too poorly, versus the rear where the engine is
located to generate the greater adhesion.

The rear wheels however, tended to lose their
adhesion for the more harsh road conditions, especially
when the icy road was included. On the dry road the
highest amplitudes of the irregularities provided the
increase in the maximum coefficient of longitudinal
adhesion (z ), which seems weird when one thinks of
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the potential tendency to lose contact between the road
and the wheels. However, maybe the higher amplitudes
caused the increase of adhesion, when the contact
between the road and the wheels was regained, and the
normal force increased rapidly.

The higher amplitude of the random irregularities
(up to 0.022m for the intensity 0.5, up to 0.035m for the
intensity 1 and up to 0.055m for the intensity 1.5) along
with the icy road caused the maximum values of the
coefficient of adhesion decrease significantly, especially
for the rear wheels of the vehicle. This was also caused
by the uneven spread of mass in the vehicle’s model.

One of the important indicators in such analyses
seems to be the cor , coefficient, providing almost similar
or almost different road profiles.

Further research will include some other maneuvers

and other loading of a vehicle, along with different
values of the intensity parameter.
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1 Introduction overview of the current workplace layout and strategies

for reducing the number of transport carts required for

Efficient workplace design is crucial for maximizing
productivity and improving operational performance
in various industries, particularly in manufacturing
environments [1-3]. The layout of assembly workplaces
significantly influences workflow efficiency, material
handling, and overall productivity [4-6]. This scientific
article is focused on the comprehensive evaluation and
proposed enhancements of assembly workplace layouts
within an industrial context.

A thorough analysis of the current state of a selected
workplace is entailed by the study, with a specific focus
on the installation of the Cleaner M300 device.

Through meticulous examination, existing layout
challenges and inefficiencies are identified, providing
the groundwork for targeted improvement measures.

The proposed solutions aim to streamline assembly
processes, minimize material transportation time, and
enhance the overall ergonomic design of the workplace.
Key aspects of the proposed measures include a detailed

efficient operations [7-10].

Specific subtopics outlined in subsequent sections,
such as the current and proposed layout of the assembly
workplace, and the reduction in the number of transport
carts with material, are explored in this study to offer
valuable insights and actionable recommendations for
improving assembly workplace layouts and enhancing
operational efficiency.

A combination of data analysis, software utilization,
and real-world experimentation is employed in this
research to provide practical solutions for enhancing
workplace productivity and performance. [11-13].

2 Material and methods

This section presents an outline of the methodology
employed in workplace design aimed at enhancing
transportation, workplace layout, material flows,
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and productivity augmentation. The study employed
a blend of data collection, analysis, software utilization,
and real-world data obtained from an industrial entity.

The current state of the workplace and subsequent
proposals for their enhancement were determined
through material flow analysis using the assessments
delineated in the third section and the fourth case study.

The company for the investigation was selected due
to its alignment with the research goals and feasibility
of collaboration. Data acquisition encompassed the
compilation of data concerning the current workplace
arrangement and manufacturing procedures via onsite
observations, interviews, and document scrutiny.

The AutoCAD and Delmia software packages were
employed for evaluating the existing conditions and
suggesting remedies. Those aided in generating visual
representations of the workplace and production system,
as well as assessing various solution alternatives. Data
visualization was utilized for result interpretation and
trend identification.

The investigation yielded a notable decrease in
transportation duration, underscoring the efficacy of
the recommended layout enhancements. Substantive
input from employees and supervisors offered insightful
perspectives on the usability and feasibility of the novel
layout proposals.

In essence, the significance of refining workplace
design to improve material flows and elevate operational
efficiency, particularly concerning transportation, is
underscored by the study.

3 Case study

The primary aim of this investigation was to suggest
enhancements to the configuration of the working
environment. The arrangement of the workplace has
been addressed within the chosen organization, which
specializes in the manufacturing of components.

The sub-objectives of the case study include:

* Research the company from the manufacturing
sector and examine the range of activities and
services provided by the company.

* Analyze the current state of the selected company,
in which the case study is being implemented, in the
field of production system deployment.

e Examine the layout of the equipment assembly
workplace.

* Analyze transportation and transport of material
within the production system.

A production process encompasses a series of
orchestrated activities involving human resources,
production facilities, and physical operations,
necessitating one or more forms of inputs to yield an
output of value to the consumer. Such activities involve
the conversion of raw materials into a finished product
or the fulfillment of a customer service request [14-16].

To optimize the operational efficiency of the

production system, particular facets of the production
process were scrutinized in this investigation, with
a specific focus on the flow of production and layout
within the company. The objective was to enhance the
transformation of inputs into valuable outputs for the
clientele. Considering that customers typically have
restricted insight into the realization of these outputs,
their paramount interest lies in the end product or
service [17-20].

3.1 Revealing the analyzed firm: comprehensive
company overview

The establishment located in Slovakia, established
in December 1995, sustains an employee count of
approximately 270 individuals. Its primary objective
entails the fabrication and processing of comprehensive
systems for the global semiconductor and electrotechnical
sectors. Its product portfolio encompasses solar energy
resources and the assembly of machinery for solar
cell manufacturing. The engineering division has
spearheaded numerous projects upon the request of
client enterprises, inclusive of developmental initiatives
and structural designs tailored for the electrical
industry. The organization has delineated objectives
for each division annually, with the overarching aim of
attaining a preeminent stance within the energy-solar
industry domain by delivering high-caliber output at
a competitive pricing tier. Presently, the focus of the
company lies in the production and assembly of diverse
equipment varieties tailored for both the electrotechnical
sector and the burgeoning energy solar market.

In Figure 1, one can see selected production
equipment that is manufactured by the company. The
M 600 Cleaner device is used to clean or maintain
certain components or parts in the production process.
The Cleanroom 10’000 device is designed to protect
sensitive processes and products from contamination
from the environment. A wafer sorter is a device used
in semiconductor manufacturing to sort and arrange
silicon wafers, also called “wafers”, according to specified
criteria.

3.2 Description of the investigated selected
device

The configuration of the assembly environment
dedicated to fabricating the Cleaner M 300 apparatus is
endeavored to be enhanced by the research. This device
can be seen in Figure 2. This semi-automated device
is integral to the “wet” process, specifically designed
for cleansing wafer transport enclosures utilized in
board carrier manipulation. Board carriers serve
as conduits for silicon boards (wafers), fundamental
components in semiconductor manufacturing employed
across diverse electronic sectors, including computer
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Figure 2 Visual Representation of Engineered Machinery Cleaner M 300

technology, consumer electronics, telecommunications, the thorough cleansing of transport containers,

and automotive industries, among others. rendering them impeccably prepared for the conveyance
The transportation of this material necessitates of compatible materials. These devices are fabricated to

a highly pristine and dust-free environment. The exacting standards of quality, representing some of the

company’s apparatus undergoes a rigorous cleaning most widely utilized and distinctive machinery within

process utilizing pressurized deionized water, coupled this domain.

with rotational motion and subsequent drying, ensuring The intricately structured device comprises
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numerous components, necessitating its categorization
into five primary segments, specifically:

e  Structural Component,

e Electrical and Propulsion Components,

*  Process Component,

*  Pneumatic and Water Components,

e Complete Encasement.

3.3 Description of the selected workplace:
comprehensive overview

Presently, the majority of products encompass
intricate mechatronic apparatuses, such as the
Cleaner M300 device. Consequently, the assembly
process encompasses not only mechanical component
integration, but the interconnection of electrical,
hydraulic, or pneumatic circuits, as well. The equipment
is incorporated into piece (small-batch) production,
characterized by a diverse range of products, each
manufactured in quantities ranging from 1 to 50 pieces
(e.g., Cleaner M204, Wafer sorter M20, Reticle stocker
M1990). The assembly process adheres to stationary
assembly principles, characterized by:

e Assembly conducted at a single location by one or
more workers,

* Adherence to established assembly protocols with
predefined time constraints (time standards),
dictating the sequence of assembly operations.

The primary advantage of this assembly approach
lies in its adaptability to changes in the production
schedule. The mounting system for the Cleaner M300 is
classified as a nest mounting system, distinguished by
its solitary or partially isolated placement from other
nests. Installation of this equipment typically involves
2 or 3 highly skilled workers, responsible for overseeing
all aspects of the work. Worker roles are specialized in
two professions: electrical assembly and mechanical
assembly.

The cumulative assembly duration amounted to
588 hours, delineated across various stages. Foundry
and welding operations accounted for 207 hours, while
electrical assembly required 168 hours. Mechanical and
pneumatic assembly tasks consumed 201 hours, with
an additional 27 hours dedicated to IBN (In-Bonded
Inspection) inspection and testing procedures.

Figure 3 illustrates the layout of the assembly
facility within the company premises using the AutoCAD
software.

Figure 3 provides an overview of the complete
configuration of the production system, with a focused
depiction delineated within the green circumscription,
offering detailed elucidation of the assembly workspace
dedicated to the Cleaner M 300 apparatus, inclusive
of comprehensive annotations regarding its constituent
devices. The assembly workplace, as can be seen
explained in the lower part of the picture, contains
the device Cleaner M300, assembly table, side table,

cart with material, small cart with material, trash
and chair.

4 Proposal for assembly workplace layout
improvement

In the process of design, it is imperative to consider
all facets comprehensively to mitigate the time losses,
diminish the risk of material degradation during the
transportation, and curtail material costs. Consequently,
two prospective configurations for the workplace layout
have been proposed.

In response to the requirements, the following
principles, governing material flow and workplace
arrangement in assembly have been delineated:

*  Proximity of the warehouse to the assembly,
workplace is essential,

* Assembly workstations should be configured to
minimize material transit distances and prevent
crossflow,

¢  For mobile assembly setups, ensuring the timely
supply of input materials to workstations and
facilitating inter-operational transport is paramount,

* Concluding operations such as inspection, testing,
surface treatment, packaging, and shipping should
follow the final assembly operation,

e The improved layout of mounting points is
contingent upon factors including the type,
complexity, and dimensions of assembled products
and the seriality and repeatability of the production
processes,

*  Spatial arrangement considerations may commence
concerning a catalog of standard assembly locations,
which addresses mounting site allocation, access to
assembly units, equipment handling, and worker
positioning.

Additionally, an ergonomic approach is integral to
the design of manual assembly workstations:

* Tools should be organized based on the sequence of
assembly tasks,

* Tools and aids should be stored according to their
frequency of use and weight,

*  Storage of tools should be so oriented to accommodate
right or left-handed workers,

* Dedicated fixed locations should be designated for
the storage of tools and aids,

*  Tools and aids should consistently be stored within
the worker’s reach zone.

4.1 Proposal of measures leading to an improved
layout of the assembly workplace

This section provides a detailed decription of both
the existing and proposed arrangements of the Cleaner
M300 assembly workspace. Subsequently, an alternative
approach, aimed at minimizing the quantity of material
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Figure 3 Graphic representation of the workplace layout

transport carts, is delineated, including an analysis of
both the current status and the proposed design.

In the process of layout design, it is imperative
to consider spatial dimensions meticulously to ensure
optimal placement of the workplace. This entails
providing adequate distances between assembly tables,
equipment, and material carts to facilitate efficient
workflow. Material transport carts are utilized for
the conveyance of materials and constitute integral
components in material flow management.

4.1.1 Current layout of the workplace for the
installation of the Cleaner M300 device

The layout of the assembly workplace is currently
placed in an inappropriate way, which results in:

¢ Difficult access to the used material (carts are lined
up tightly),

* Inappropriate arrangement of pre-assembly parts,

* The carts are located at an inappropriate distance
from the equipment, which forces the employee to
move away from the assembly workplace and thus
leads to time losses that could have been used more
efficiently for work on the given operation,

* Improper arrangement of carts with material
results in limited movement of workers around the
equipment,

* There is material at the workplace that is not
necessary for assembly in the current state
of development of the device.

Figure 4 shows the current layout of the workplace.
The design of the workplace also took into
account the storage and subsequent inspection of
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Figure 4 Current layout of the assembly workplace

Figure 5 The first variant of the L-shaped arrangement of assembly trolleys

the Cleaner M300 device. These two aspects were
not of much importance, since the warehouse and
control have well-defined areas that are conveniently
located.

Particular attention was paid to the arrangement
of the assembly workplace itself. The dimensional
arrangement according to the catalog of typical
mounting points was taken into account. Important is
the used space, which will be created in this design by
rearrangement. In this way, the free capacity would
be created for the assembly of a second device of
the same type, which would increase production. By
suitably organizing the workplace, the accident rate
at the workplace would be reduced and sufficient
spaces will be created for the movement of the worker
around the equipment. Appropriate arrangement of
the tools and used material according to the principles
of ergonomic design would facilitate and speed up the
assembly of the device, thereby reducing the overall
assembly time.

4.1.2 Design layout of the workplace
for installation of the cleaner M300 device

Upon thorough review of pertinent documentation,
regarding layout alternatives and appropriate workplace
dimensions, two layout variants were proposed for the
company.

The first proposed variant entails an L-shaped
configuration of assembly trolleys, occupying minimal
space and arranged around the device at an appropriate
distance. This setup features two carts - a supplementary
cart and a smaller cart housing materials - both
maneuvering around the device without designated
fixed locations. The number of material carts has been
reduced from six to either one or two, contingent upon
the requirements of the assembly operator. The first
variant can be seen in Figure 5.

Inthe second variant, assembly tables were arranged
in a U-shaped configuration, with the intervening
spaces filled by mobile carts (auxiliary cart, small cart
with material). This positioning ensures unimpeded
movement for workers around the equipment, thereby
enhancing workplace safety. Through the reduction of
material carts and consequent space savings, additional
room was made available for the installation of another
Cleaner M300 device. The second variant can be seen in
Figure 6.

Upon presentation of the proposals to the company,
it was assessed that the optimal arrangement for the
new layout would be the first variant. This decision was
reached based on the rationale that the small mobile
carts, being in constant motion around the facility, do not
require dedicated permanent space. Consequently, the
allocation of space for them in the second variant
unnecessarily occupies valuable space that could be
utilized more efficiently. Therefore, the first variant
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Figure 7 View of the workplace before the new layout and after
processing the design of the new layout

stands as an enhanced solution and recommendation for
the company.

4.2 Reduction in the number of transport carts
with material

The basic task of material handling is the temporal
and spatial connection of the production process and
material consumption. It was decided to reduce the
number of carts, which will reduce the area of the
entire assembly workplace and thus create space for
the assembly of a second device of the same type,
increase the quality of the material, and shorten the
time of transporting the material and the time of the
overall assembly of the Cleaner M300 device. View of the
workplace before the new layout and after processing the
design of the new layout can be seen in Figure 7.

4.2.1 The current state of transport trucks
with material

Presently, a defined sequence of individual
operations is lacking, necessitating the simultaneous
movement of 6 material carts from the warehouse
to the workplace by the worker. Additional carts are
consistently in stock, as carts for other equipment are
also being retrieved. The worker is obliged to seek out
suitable carts for assembly, resulting in time losses that
could otherwise be allocated to the assembly process on
the designated equipment.

Currently, during the initial phase of assembly,
the worker transports 6 material carts to the device,
consuming approximately 15 minutes. The carts, being
relatively heavy, necessitate careful transportation,
requiring approximately 2.5 minutes per cart to traverse
the 100-meter distance from the warehouse to the
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The expenses incurred due to the substandard quality of the Cleaner M300
e for the fiscal year 2022/2023.
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Figure 8 Figure of costs for the poor quality of the Cleaner M300 device

workplace. Following the completion of equipment
assembly, the carts must be returned to the warehouse,
a process taking approximately 9 minutes. Notably, this
duration is shorter since the carts being empty, allowing
for the transportation of two carts simultaneously.
The cumulative time for transporting material carts
to and from the warehouse totals 24 minutes. Most
of the worker’s time is spent selecting a suitable cart
from the warehouse, a duration included in the cart
transportation time. Six carts are present at the
workplace, constraining the movement of the worker or
workers currently engaged in assembling the respective
component. Furthermore, these carts occupy valuable
workspace.

Material retrieval occurs at the initiation of
Cleaner M300 assembly, requiring 0.25 hours, and after
assembly, when carts are returned to the warehouse,
necessitating 0.15 hours.

The materials required for assembling the polished
parts of the device (carousels) must remain undamaged
and flawless throughout the transportation. Damage to
the materials often arises due to prolonged stationary
positioning and frequent manipulation around them,
or when materials intended for other operations are
extracted from the cart. Given the considerable expense
associated with these materials, any damage incurred
leads to significant losses, subsequently elevating costs
and compromising quality. Moreover, the necessity to
replace the damaged materials further exacerbates time
and cost burdens.

The company provided data related to the cost
of poor quality. Figure 8 shows the current state
of the costs of poor quality. The fluctuations shown
in Figure 8 were caused by the changing volume of
production in individual months. Figure 8 demonstrates
a notable fluctuation in the cost of poor quality across
the examined months. Specifically, in July, the cost was
€31.79. This figure escalated significantly in August,

reaching €301.30. The highest cost was recorded in
September, amounting to €790.45. In October, the cost
decreased to €224.96, followed by a further reduction to
€186.91 in November. Remarkably, December exhibited
optimal conditions with no cost of poor quality reported,
amounting to €0. The cost in January was €19.40, which
then increased to €271.55 in February.

4.2.2 The design state of transport trucks
with material

By implementing an appropriate technological
procedure, it is feasible to reduce the number of original
6 trolleys to 1-2 trolleys.

With the assistance of the company’s personnel,
we conducted an in-depth examination of the entire
procedure, which was previously established but
lacked a specified sequence. The procedure underwent
meticulous analysis, inclusive of individual operation
times, leading to the development of a new material-
picking technological procedure with the requisite
sequence. Subsequently, it was segmented into four
main groups based on material retrieval from the
warehouse. The picking procedure was ultimately
partitioned into a technological framework, utilized
for designing an enhanced layout in DELMIA Process
Engineer. By implementing the new picking procedure,
material carts would be selected based on the component
of the equipment being assembled, enabling employees
to select a cart labeled with the appropriate number
(1 to 4) without wasting time searching for a suitable
cart.

This approach ensures that the material required
for assembly at any given moment consistently arrives
at the workplace, thereby reducing the truck transport
time and the time spent selecting suitable trucks.
Whereas the original technological procedure involved
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the simultaneous retrieval of all the carts by the employee,
the modified approach involved carts being retrieved
one at a time and prepared in the warehouse for the
employee according to numerical order. Consequently,
the employee retrieves a single cart without the need for
a search, reducing retrieval time from 2.5 minutes to 1.8
minutes. Upon completing the installation of relevant
materials on the device, the employee returns with an
empty cart to the warehouse and immediately retrieves
another pre-prepared cart. This process repeats until
the final assembly of the device.

This method reduced material transport time by up
to 70% and a 6% decrease in total assembly time, while
reducing the transportation time for a single truck by
25%. The distribution of individual cart transport and
the color-coded cart picking can be observed in Table 1.

In Figure 9, is shown the comparison of a material
transport before and after the modification of the
technological procedure, distinguished by colors. Before
the creation of the new picking procedure, the material
was transported at the beginning of the assembly of
the device, which took 0.25 hours (15 minutes), and at
the end of the assembly with a time of 0.15 hours (9
minutes), which together makes up a time of 0.40 hours
(24 minutes).

After the introduction of the new procedure, the
transportation of the material was divided 4 times,
while the cart with the material was brought to the
workplace only when the material was mounted on the
equipment at that moment. The possible time saving is
calculated for one cart from the original 2.5 minutes to
1.8 minutes, where 0.7 minutes were saved.

Figure 10 illustrates the reduction in material
transportation time from the warehouse to the workplace,
where the time was decreased from the original 0.40
hours (24 minutes) to 0.12 hours (7.2 minutes), resulting
in a savings of 0.28 hours (16.8 minutes).

Thanks to the new picking procedure, it is possible
to mitigate the material degradation, particularly for
polished parts. The material cart will only be dispatched
from the warehouse to the workplace when the specific
part is being assembled on the device.

Figure 11 illustrates the costs associated with poor
quality for February 2023, amounting to € 271.55, with
€ 200 attributed to the cost of damaged polished
material. This damage occurred due to prolonged storage
in one location and constant manipulation, or when the
material was removed from the cart for other operations.

Therefore, cost savings can be achieved if the cart
is prepared for the job site when the relevant part is
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Table 1 Modified technological procedure for assembling the device with new transport times

Operation
number

Description of the operation

Transport -

current state (h)

Transport - design  Type of trolley for design state
state (h)

Bringing the supporting part
Preparation of electric plate
Installation of electric plate

Preparation of pneumatic plate

Ot B W DN

Installation of a pneumatic
plate

6 Installation of moving parts of
the door

7 Assembly of the chemical part

8 Installation of water nozzles
and heating elements

9 Pre-assembly of polished parts
10 Installation of polished parts
11 Carousel and door installation

12 Casing assembly

0.25

0.15

0.03 Trolley

0.03 Trolley

0.03 Trolley

0.03 Trolley

Total transport time

0.40 h = 24 min

0.12 h = 7.2 min

271.55 €

Costs (€)
300.00 €
250.00 €
200.00 €
150.00 €
100.00 €
50.00 €

0.00 €

February

Prediction

Figure 11 Cost of poor quality for February and estimated cost savings

promptly mounted on the equipment. The estimated
cost savings amount to approximately € 200, leading to
a reduction in material costs by 73.65 %.

5 Conclusion

In conclusion, the layout of the Cleaner M300
assembly workplace is endeavored to be enhanced
through a meticulous analysis of its current state.
Comprehensive documentation was meticulously
prepared to facilitate the design of improved variants.
To facilitate comprehension, the assembly workplace
was succinctly depicted using the AutoCAD graphics
program, subsequently integrated into the broader
company layout. This integration allowed for a gradual
examination of problematic areas within the workplace,
which served as the focal point of this case study.
Identified issues encompassed challenging material

access, suboptimal arrangement of pre-assembly tables,
improper cart positioning about equipment, restricted
worker mobility, surplus material accumulation, and
protracted material transport times.

Moreover, this study introduces partial digitization
of the company, leveraging Delmia software to craft
visualizations of proposed solutions. In response to
identified challenges, various strategies were proposed.
These include adopting improved methods for material
storage to mitigate damage risks, expanding space
around the assembly workplace to enhance safety,
optimizing cart placement to streamline assembly
processes, and rationalizing material distribution to
minimize worker movement.

A key proposal involves reducing the number of
material carts from six to one or two, affording several
advantages. This reduction optimizes space utilization,
potentially accommodating additional equipment
while curbing material damage and associated
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costs. Additionally, it promises to expedite material
transportation, thereby augmenting overall efficiency.

Anticipated benefits of these interventions
encompass diminished material damage and costs,
heightened workplace safety, reduced spatial
requirements for assembly, shorter transport durations,
heightened productivity, and enhanced operational
efficiency. Through meticulous analysis and strategic
proposals, the Cleaner M300 assembly workplace is
endeavored to be improved, offering a pathway to
enhanced performance and resource utilization within
the company’s operational framework.
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Resume

The research presented in this article consisted of analysis of the ship
structural accidents at low temperatures and the effect of carbon percentage
in various classifications of carbon steel, compared to the high tensile
strength steel materials. The objective of this research was to fill the
knowledge gap by expanding the understanding of the influence of low
temperature, material, and structure on the axial compression test of tubes.
The simulations as idealization of the compression test were conducted with
variations in temperature, material carbon percentage, and geometry shape,
using Finite Element Analysis (FEA). The results showed that at -100 °C,
the material had the best ability to resist compression energy; high carbon
steel had the highest strength at various carbon percentages, and the square
geometry showed the best ability to absorb energy before failure.
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1 Introduction maritime traffic accidents. Figure 1 shows the high
frequency and severe consequences of collisions, both
practitioners and researchers have paid attention to

related research, and various types of techniques aimed

Throughout history, people and goods have

moved between continents and across oceans. Ocean

transportation effectively and efficiently moves almost
all goods across a wide range of expedition needs
[1]. Ocean transportation is responsible for moving
thousands of goods daily, contributing to global trade
[2]. Media and scientists predict that an increase in ship
traffic will occur [3]. Results introduced by scholars in
[4-5] indicate that the consequences of large volumes
of global ocean transportation are also associated
with negative environmental impacts on the marine
environment. In pioneer researaches, such as [6-7], it is
also stated that accidents at sea pose significant risks
to individuals and society in various fields, and ship
collisions are one of the main contributors to frequent

at preventing accidents and reducing the risks resulting
from accidents have been developed [8-11].

For the safety of ship structures, predicting the load-
carrying capacity of these types of members is crucial.
There are several methods to estimate the collapse
behavior of ship structures, including experiments,
numerical analysis, analytical methods, and so on
[13-15]. Huhne et al. [16] conducted 4000 tests; the
test results and numerical analysis showed that the
approach used has the potential to provide better
and less conservative designs. This approach is used
in designs that show that imperfect buckling loads
must be maximized to determine a realistic optimal

© 2023 UNIVERSITY OF ZILINA
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Figure 1 Number of marine casualties and incidents [12]

Table 1 Material parameters of the mild steel

Parameter Notation, unit Mild Steel
Density p (kg/m?) 7850
Modulus of elasticity E (N/m?) 203 x 10°
Poisson’s ratio v 0.33
Johnson-Cook flow stress parameters
Initial yield stress A (N/m?) 304.33 x 10°
Hardening coefficient B (N/m?) 422 x 10°
Hardening exponent n 0.345
Strain rate constant C 0.0156
Thermal softening constant m 0.87
Reference strain rate go(s™) 0.0001
Melting temperature T .. K 1800
Transition temperature T, (K) 293
Johnson-Cook fracture strain parameters
Fracture strain constant D, 0.1152
D, 1.0116
D, - 1.7684
D, - 0.05279
D 0.5262

o

design. Another study, conducted by McGregor et al.
[17], showed the success of modelling in numerical
simulation helps in the achievement of good design for
future integration of composites into collision-resistant
structures, good calculations contribute to the design
objectives of the parts safely and efficiently for final
integration into collision structures. Another study, was
presented by Greiner et al. [18], which discussed the
interaction of bending and axial compression. The study

results showed that the interaction behavior of stainless
steel under the load can be represented by interaction
testing of the same structure as for carbon steel. The
study conducted in [18] covers a wide range of practical
sections. However, a number of other parameters have
not been investigated, which suggests that further
research is needed to compare the interaction behavior of
carbon steel to other types of steel. In axial compression
testing, low-carbon steels tend to have lower strength
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Figure 2 Force-Displacement comparison diagram to Pratama et al. [24]; C = Cylinder, S = Square, and T = Triangle

Table 2 Error percentage comparison to research of Pratama et al. [24]

Output Geometry Pratama et al. [24] Current Study Error (%)
. ‘ Cylinder 90.53 91.00 0.519165
Mammuntn?ﬁlacement Square 103.54 103.14 0.386324
Triangle 111.39 111.32 0.062842
Cylinder 2707.64 2665.86 1.543041
Total Energy Absorption (J) Square 2271.06 2285.92 0.65432
Triangle 2031.69 2036.89 0.255945
Cylinder 60.09 60.10 0.016642
Peak Force (kN) Square 64.40 64.40 0
Triangle 72.62 72.58 0.055081
Cylinder 29.66 28.48 3.978422
Average Force (kN) Square 21.10 21.29 0.900474
Triangle 17.62 17.68 0.340522
Average 0.726
o
— i E— i —
! | 1 |
| | |
| | |
| | |
ANREIRRE | |
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Figure 3 Geometrical design; (A) Cylindrical Tube, (B) Figure 4 Dimensions of geometrical design; in (mm)

Square Tube, (C) Triangular Tube, and (D) Impactor
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Figure 5 Comparison of engineering stress-strain curve to results introduced by Paik et al. [19]; (A) at 20 °C, (B) at -40 °C,
and (C) at -160 °C

Table 3 Variation of the AH32 input parameters at low temperature [19]

Temperature (°C)

Property
20 -40 -80 -100 -130 -160
Yield strength, o, (MPa) 359.65 369.06 381.01 386.22 387.20 411.51
Fracture strain, ¢, 0.376 0.423 0.430 0.448 0.409 0.336

Table 4 Material parameter of used steels ASTM A36 [31-33]; AISI 1045 [34-36] and AISI 52100 [34, 36]

Parameter Notation ASTM A36 AISI 1045 AISI 52100
. p (kg/m?) 7850 7850 7810
Density
. E (N/m?) 200 x 10° 205 x 10° 200 x 10°
Modulus of elasticity
Poisson’s ratio v 0.26 0.29 0.3

Johnson-Cook flow stress parameters

Initial yield stress A (N/m?) 250 x 108 506 x 108 774.48 x 10°
Hardening coefficient B (N/m?) 477 x 106 320 x 108 134 x 10¢

Hardening exponent n 0.18 0.28 0.37
Strain rate constant C 0.012 0.064 0.018
Thermal softening constant 1 1.06 3.171

Reference strain rate &o(s™h) 0.0001 0.0001 0.0001
Melting temperature oK) 1811 1733 1424
Transition temperature T,(K) 300 300 300

Johnson-Cook fracture strain parameters

Fracture strain constant D, 0.403 0.1 0.0368
D, 1.107 0.76 2.34

D, - 1.899 - 157 -1.484

D, 0.00961 0.005 0.0035

D, 0.3 -0.84 0.411

with good ductility; medium-carbon steels balance the
strength and ductility, while the high-carbon steels
have high strength but may lack ductility. Paik et
al. in 2020 conducted tests experimentally for ship
structural requirements, the test database developed in

this study can be used to validate computational models
for structural accident analysis under low temperature
conditions, [19]. The researchers recommended further
studies in computational models for structural accident
analysis at low temperatures, since then the high tensile
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strength steel materials tend to decrease in strength and
elastic modulus, which can affect the increase in material
stress at low temperatures. At low temperatures, ship
structures need to be designed, taking into account the
material’s potential fragility, dimensional changes, and
the need for thermal insulation to ensure optimal safety
and performance.

The Northern Sea Route (NSR) is one of the sea
trade routes connecting Asia and Europe. According to
studies, for examples [20-21], the NSR cuts emissions,
fuel consumption by around 40 %, and shipping distances.
The location is unsuitable for maritime transit due to
the exceptionally low temperatures, which also pose a
hazard to ships [22-23]. Consequently, a more thorough
analysis of ship structural mishaps at low temperatures
is required. The impact of low temperatures on the
strength of materials suitable for use in ship structures
is explored in this study. Furthermore, the authors delft
into the impact of carbon percentage on every carbon
steel classification, drawing comparisons to high tensile
strength steel material.

In the available literature, there
research on the effect of low temperature, material,
and structure on the axial compression test of tubes.
So far, several studies have focused on the effect of low
temperature but on tensile testing, as well as studies
focusing on axial compression tests but with different test
variations such as corrosion and test angle. Therefore,
there is still a significant lack of information on the
reaction of tubes when exposed to axial compression
loads. Thus, the objective of this research was to fill the
testing gap by expanding the understanding of the effect
of temperature, material composition, and geometry on
the strength of a structure.

is limited

2 Benchmark particulars
2.1 Model references
Before conducting research wusing numerical
analysis, it is necessary to conduct methodology
verification to ensure the fidelity of the deployed
numerical method. Therefore, benchmark analysis is
performed with an objective to obtain numerical method
that results similar output compared to the benchmark
reference. In this study, numerical model was built by
adopting same methodology as in the reference, i.e.,
model size, FEA configuration, and loading conditions.
The research geometry variation was equalized with the
study conducted in [24], namely cylinder of a diameter of
40 mm, square of a length of each side of 35.45 mm, and
triangle of a length of each side of 53.87 mm, each tube
has the same height of 200 mm, using the direction of the
impactor load angle adjusted to 0 ° as an illustration of
deformation caused by ship collisions. The use of a mesh
was also adjusted to a value of 1 mm. Table 1 shows that
in this study were used the material parameters adapted

to [24], as well. The research aim was to comprehend
how the mild steel materials, which are frequently used
in shipbuilding, behave when subjected to compression.
The computational methods were employed to investigate
thin-walled metal tubes response to static and dynamic
loads. The three-dimensional computational models
were used to examine the thin-walled metal tubes with
varying sizes and forms, under the static and dynamic
loads. The ABAQUS software was employed to create
the model, and the impact response of the tube was
examined in terms of its diameter and form. Simulations
were run to comprehend the tube‘s deformation and
energy absorption under varied load situations. The
research method was carried out using the design
of empty tube structure, validation of the numerical
method, variation of tube design, and explicit dynamic
simulation. The parametric study was conducted by
varying the geometric shape of the tube, load angle, and
corrosion location to understand the axial deformation
and energy absorption. Results showed that round tubes
had the best resistance.

The Johnson-Cook model [25] can be used to
characterize the material of the model to be used in the
simulation. In this model the material flow is made as
a combination of the linear thermo-elasticity, von Mises
yield criterion, isotropic strain hardening, strain rate
hardening, and softening due to adiabatic effects. The
equivalent von Mises stress o of the Johnson-Cook model
is expressed as:

=(apl sl ) — aplY? é_p[)]_
o(e" & T)=1[A+ B(e )][1+Cln<é0 M
[1—177],

where, A, B, n, C and m are material parameters obtained
from various tensile tests. & is the reference strain
rate, £” is equivalent plastic strain, £” is equivalent to
plastic strain rate, and 7 is dimensionless parameter.
The equivalent fracture strain in the Johnson-Cook
model is given as:

éfJ(%,é”’, T) = [D1 + Dzexp<D3 o(_jf” )] .

& . (2)
[1 + D41n<€—0>][1 + D5 T,
where D,, D,, and D, represent the stress triaxiality
parameters, D, is the parameter of strain rate-dependent
damage, D, is temperature-dependent fracture strain
parameter, %ﬁ" is the stress triaxiality ratio, 0, is the
mean stress, and & is the equivalent von Mises stress.

2.2 Benchmark results

As validation was needed in this research, the
results conducted by [24] on the output of maximum
displacement, peak force, average force, and total energy
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absorption, were compared. The result comparisons,
as a validation step, are shown in Figure 2 where the
comparison of the Force-Displacement diagram had
conformity with the reference, and Table 2 shows a
comparison of output values with an average percentage
error of 0.72 %.

3 Methodology
3.1 Geometrical model

In this numerical analysis-based research, the
component design consists of two parts, namely the
tube and the impactor. Shown in Figures 3 and 4, the
tube used had three geometry variations: Cylinder,
Square, and Triangle, with their respective dimensions,
equated with those of reference. In this research, the
three geometries used the same material properties; the
variation was conducted to analyze the effect of tube
geometry on material strength. The impactor is defined
as a rigid object that would not deform.

3.2 Applied material
3.2.1 Low variations

In this study, validation of applied material in
numerical analysis with previous testing was also
carried out by comparing the output of the last
experimental testing results to production of the results
in the numerical analysis corresponding to this test.
Specifically, as shown in Figure 5, a comparison was
made between the Engineering Stress-Strain output
of the experimental test conducted in study by Paik et
al. [19] and the output obtained from this numerical
analysis. Comparisons were made between several
tests since they were considered representative of the
numerical analysis results. Temperature variations were
performed on the AH32 Steel material by adjusting the
experimental testing of reference, namely 20 °C, -40 °C,
-80 °C, -100 °C, -130 °C, and -160 °C. Table 3 shows that
for each temperature variation performed, the difference
in parameter input is adjusted to experimental testing,
as well, namely in the yield strength and fracture strain.

3.2.2 Carbon steel classifications

The American Iron and Steel Institute (AISI) defines
carbon steel as a steel that has no specified minimum
content or requirements for chromium, cobalt, niobium,
molybdenum, nickel, titanium, tungsten, vanadium, or
zirconium, or special requirements for other elements.
The low-carbon steel contains up to 0.30 % carbon; it
has high formability due to its shallow carbon content.
The medium carbon steels are similar to low carbon

steels except that they contain from 0.30 % to 0.60
% carbon, and the increase in carbon content allows
medium carbon steels to be used in quenched and
tempered conditions. The high-carbon steel contains
carbon from 0.60 % to 1.00 %; it is used for some hand
tools, spring materials, high-strength wires, etc. The
high-strength low-alloyed (HSLA) is a micro-alloyed
steel designed to improve mechanical properties. It
may also have more excellent resistance to atmospheric
corrosion and low temperatures than the conventional
carbon steels. The HSLA steels have low carbon content
(0.05 % - 0.25 %) to produce adequate formability
and weldability [26].

In this study, the ASTM A36 steel was used as the
applied material in the low-carbon steel classification,
because it has a carbon content of 0.25 %, as stated by
[27]. The AISI 1045 steel is in the medium carbon steel
classification because it has a carbon content of around
0.312 %, as stated by [28]. The AISI 52100 steel is in the
high carbon steel classification because it has a carbon
content of around 0.95 %, as [29] stated. The AH32
steel is in the HSLA steel classification because it has
material characteristics by this classification and has a
carbon content of around 0.12 %, as stated by [30]. Table
4 shows the used material parameters.

3.3 Finite element setting

In this study, the placement and setting of boundary
conditions were critical to ensure the reproduction
of physical test conditions, prevent unwanted wave
reflections, maintain the numerical stability, enable
correlation with experimental data, and support
structural design optimization. Displacement/rotation
and encastre boundary conditions were the boundary
conditions used. Encastre boundary conditions were
placed on the side of the hollow tube that had no
contact with the impactor. Displacement/rotation
boundary conditions were placed on the side of the tube
that contacted with the impactor. Figure 6 shows the
boundary condition setup. The loading is carried out
using an impactor in an axial direction towards the tube.

The mesh arrangement in the hollow tube model
uses the S4R shell element settings in the ABAQUS
software. The mesh used in the simulation is 1 mm.
As presented in Figure 7, the first and second major
peaks are shown in the convergence study a starting
from mesh size 2.5 mm and larger, which is noted by
the limit line. Based on stability criteria for the mesh
convergence, i.e., (1) the fluctuation between two closest
mesh sizes is less than 10%, and (2) no rise or decline on
the results more than one mesh size; it can be concluded
that the recommended mesh sizes are in the range of
0 - 2.5 mm. The indication of the recommended mesh is
highlighted by red lines in Figure 7.

The displacement/rotation boundary condition
restricts the movement of the selected degrees of
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Figure 7 Mesh convergence diagram

Table 5 Scenario of simulations

Material Temperature (°C) Geometrical
Low carbon (ASTM A36) 20 Cylinder, square, and triangle
Medium carbon (AISI 1045) 20 Cylinder, square, and triangle
High carbon (AISI 52100) 20 Cylinder, square, and triangle
HSLA (AH32) 20 Cylinder, square, and triangle
-40 Cylinder, square, and triangle
-80 Cylinder, square, and triangle
-100 Cylinder, square, and triangle
-130 Cylinder, square, and triangle
-160 Cylinder, square, and triangle

freedom. The degrees of freedom are in the Y-axis
direction and parallel to the impact axis direction. The
encase boundary condition allows structural degrees of
freedom on the side of the tube without contact with the
impactor to be considered fixed. The interaction between
the tube and the impactor is constrained and coupled at
one geometric point. The contact between the impactor
and the tube is modelled with a friction coefficient
of 0.05, as shown by previous research conducted
in [37]. The impact velocity was set with a constant
velocity value of 5 m/s since in [38] was mentioned
that ship collisions can be assumed with this value.
Table 5 shows the finite element simulation variations

were conducted on tube geometry, temperature, and
material.

4 Results and discussion

The content of this research discusses the effect
of different shapes and material compositions on axial
compression testing as a numerical analysis intended as
a ship structure material. The research is also intended
to determine the effect of temperature on the material.
The output of numerical analysis results in the form of
maximum displacement, total energy absorption, peak
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Table 6 Finite element simulation output with temperature variations; C = Cylinder, S = Square, T = Triangle,

and Av = Average

Temp. (°C) Maximum displacement (mm) Total energy absorption (J)
C S T Av Cc S T Av
20 84.10 97.33 92.16 91.20 2731.89 2394.67 2582.49 2569.68
-40 82.79 98.49 93.55 91.61 2799.91 2382.42 2545.22 2575.85
-80 81.11 97.35 92.97 90.48 2798.40 2399.74 2567.45 2588.53
-100 82.08 97.33 86.81 88.74 2785.68 2413.91 2642.51 2614.03
-130 82.61 96.98 87.08 88.89 2776.13 2404.35 2586.82 2589.10
-160 79.73 94.94 87.14 87.27 2826.91 2455.39 2658.75 26417.01
Av 82.07 97.07 89.95 2786.49 2408.41 2597.21
Temp. (°C) Peak force (kN) Average force (kN)
C S T Av C S T Av
20 68.27 73.36 85.03 75.55 31.37 23.03 26.93 2711
-40 69.65 74.85 86.85 7717 32.67 22.93 26.04 27.21
-80 71.56 76.89 89.37 79.27 33.45 23.21 26.54 27.73
-100 72.18 71.55 90.18 79.97 32.65 23.36 28.33 28.11
-130 72.32 7171 90.37 80.13 32.29 23.30 2741 27.67
-160 75.88 81.57 95.09 84.18 33.99 24.09 29.14 29.07
Av 71.64 76.99 89.48 32.74 23.32 27.40
Table 7 Tube deformation contour of cylindrical geometry at several temperatures
Temp. (°C) Cylinder Geometry Temp. (°C) Cylinder Geometry
3&«?«‘,&?@” -10) ghmscsffmm =-10)
(Avg: 75%) (Avg: 75%)
49.255e+08 554e+08
b= e
beoatd i
et R
Bl e
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] i
Ely Ely
e ey e e
-40 - -130
S, Mises S, Mises
SNEG, (fraction = -1.0) SNEG, (fraction = -1.0)
(Avg: 75%) (Avg: 75%)
R e
e i
R feiem
+4.733e408 +5.578e408
1R BRI
-80 il 160 B

+4.282407

+7.133407
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Table 8 Tube deformation contour of square geometry at several temperatures

Temp. (°C) Square Geometry Temp. (°C) Square Geometry

s, Mises s, Mises
SNES, (fraction = -1.0) SNEG, (fraction = -1.0)
(Avg: 75%) (Avg: 75%)
+1.004e+09 +1.028e+09
182210108 18a35et0
)3e- +8.595e+08
+7.584e+08 +7.755e+08
+6.766e+08 +6.915e+08
159470408 160750408
15129e408 1572358108
133110108 125940108
perian] 1E3deres
12674011 1271401
20 1118550408 -100 118740408
+110376+08 +1034e+08
121856407 115408407
s, Mises s, Mises
SNEG, (fraction = -1.0) SNEG, (fraction = -1.0)
(Avg: 153;% 0 P (Avg: 75%)
+1.050e+
110508109 +1.032e409
96480108 4914760408
188 +8.633e+08
1)53etee +7.7900408
ef L] +6:9465+08
1E5iee 4611030408
13070108 4512600408
15850108 13417er08
+2.794e+08 +3.574e+08
-40 +1.937e108 -130 +2.731408
4110802408 +1.8882+408
122348407 4110452408
— 42,0176+
20176407
S, Mises S, Mises
SNEG, (fraction = -1.0) SNEG, (fraction = -1.0)
(Avg: 15;/;)0 0 (Avg: 75%)
+1.010e+
4912770408 +103de+09
+9.277e+0 +9.597¢+08
+7:6316+08 +8.756e+08
Fre3terss +7.9152408
15.808er08 +7.0742+08
1231835108 +6.2332+08
+4.340e+08 +5.392e+08
+3.517e+08 +4.550e+08
+21634e+08 +3709e+08
-80 Y1871e108 -160 +2.868e+08
+11048e+08 4210270408
+2.250e+07 +1.186e+08
+3.4482+07

Table 9 Tube deformation contour of triangle geometry at several temperatures

Temp. (°C) Triangle Geometry Temp. (°C) Triangle Geometry

S, Mises S, Mises

(Avg: ) (Avg: )
+1.033e+09 +1.095e+09
185i6et08 110116100
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178780108 Ts07et08
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SNEG, (fraction = -1.0) X
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+6.445e+08 .
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147720108 .
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Table 10 Finite element simulation output with carbon content variations; C = Cylinder, S = Square, T = Triangle,
and Av = Average

Class Maximum displacement (mm) Total energy absorption (J)
C S T Av C S T Av
HSLA 84.10 97.33 92.16 91.20 2731.89 2394.67 2582.49 2569.68
Low 81.60 90.50 103.02 91.71 2782.38 2597.08 2354.95 2578.14
Medium 55.56 67.64 80.29 67.83 2824.38 2823.34 2722.20 2789.97
High 44.49 46.16 62.39 51.01 2818.60 2772.72 2785.53 2792.28
Av 66.44 75.41 84.46 2789.31 2646.95 2611.29
Class Peak force (kN) Average force (kN)
C S T Av C S T Av
HSLA 68.27 73.36 85.03 75.55 31.37 23.03 26.93 2711
Low 70.98 74.12 83.89 76.33 32.67 26.97 22.20 217.28
Medium 91.44 100.01 114.08 101.84 37.48 38.41 31.61 35.83
High 120.21 135.78 153.24 136.41 37.73 38.08 38.59 38.13
Av 87.72 95.82 109.06 34.81 31.62 29.83

Table 11 Tube deformation contour of cylinder geometry at

material types

at material types

Table 12 Tube deformation contour of square geometry

Material Type

Cylinder Geometry

HSLA

Low-carbon

Medium-carbon

High-carbon

+2.891e+07

5, Visss

SNEG, (racton = 1.0}

(Rvg: 75%)
0255408

+8.504e+08
+7.752e+08
47001408

2506408
45498408
+3.244e+08
900640

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+9.443e+08
+8.740e+08
+8.037e+08
+7.334e+08
+6.630e+08
+5.927e+08
+5.224e+08
+4.521e+08
+3.818e+08
+3.114e+08
+2411e+08
+1.708e+08
+1.005e+08

s, Mises

SNEG, (fracton = -1.

(Avg: 75%)
+8.142e408
+7.481e+08
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+6.160e+08
+5.499+08
+4.838e+08
+4.178e+08
+3.517e+08
+2.856e+08
+2.196e+08
+1.535e+08
+8.74de407
+2138e+07

S, Mises.

SNEG, (fraction = -1.
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+7418e+08
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+5.279e+08
+4.566e+08
+3.853e+08
+3.141e+08
+2428e+08
+1.715e+08
+1.002e+08

ERG ) Cawdl) @™

Material Type

Square Geometry

HSLA

Low-carbon

Medium-carbon

High-carbon

S, Mises
SEG, (fracton = -.0)
(Avg: 75%)
+1.004e+09
5221408
| +8.403e+08
+7.584e+08

+2.674e+08
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+1.037e408
+2.185e+07

s, Mises
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S, Mises.

SNEG, (fraction = -1.0)

(Avg: 75%)
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+9.369+03
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+6,043e+03
+5.212e+08
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+1.886e+03
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+2.227e+07

S, Mises.

SNEG, (fraction = -1.0)

(Avg: 75%)
+1.127e409
+1.038e+09
+9.487e+08
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+6.818e+08
+5.928e+08
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+3.25%+08
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Table 13 Tube deformation contour of triangle geometry at material types

Material Type Triangle Geometry
s Miss
SNEG, (ecien = -.0)
(bvg: 75%)
+1.033e+09
+9.516e+08
+8.697e+08
478785408
70606408
162416408
+5.422e+08
+4.604e+08
+3.785e+08
+2.966e+08
HSLA 121476408
+1.329+08
45.101e+07
S, Mises.
SNEG, (fraction = -1.0)
(Avg: 75%)
408442408
+9.078e+08
S
475486408
+6.782e+08
460172408
452516408
+4.486e+08
37216408
Low-carbon it
14242408
465862407
5, Hises
SNEG, (action = -1.0)
{hvg: 75%)

Medium-carbon

High-carbon

+1004es 09
! +1.006e+09

+4.057e+07

S, Mises.

SNEG, (fraction = -1.

(Avg: 75%)
+1.117e+09
+1.029e409
+9.407e+08
+8.526e+08
+7.645e+08
+6.764e+08
+5.883e+08
+5.002e+08
+4.121e+08
+3.23%+08
+2.358e+08
+1477e+08
+5.961e+07

force, and average force are obtained in each simulation
variation performed.

4.1 The effect of low temperatures

In this numerical analysis, the material selected in
the test with low temperature variation was AH32 steel,
because such is considered in accordance with previous
study conducted by Suryanto et al. [39]. The numerical

simulation was varied by inputting different material
characteristics according to the material characteristics
when subjected to temperatures of 20 °C, -40 °C, -80
°C, -100 °C, -130 °C, and -160 °C. This test was also
validated on different geometries. As shown in Figure
8, it is found that at -100 °C, there are the most peaks
and valleys in the force-displacement graph, which can
be interpreted that the material can withstand greater
compression energy at that temperature. Table 6 shows
the output of the finite element simulation results,
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where at Maximum Displacement the highest value
was at -40 °C namely 91.61 mm, which indicates that at
that temperature the specimen can absorb more energy
before reaching the failure point. The Total Energy
Absorption had the highest value at -160 °C namely
2647.01 J, indicating that at that temperature the
material had good resistance to deformation and failure.
The Peak Force highest value was at -160 °C namely
84.18 kN, which indicates that at that temperature
the material had good strength and can withstand
significant external loads before failure. The Average
Force highest value was at -160 °C namely 29.07 kN,
which indicates that at that temperature the material
underwent consistent deformation. Table 7 to 9 shows a
comparison of the final deformation contour shape of the
tube with temperature variations.

4.2 The effect of carbon content

In this research, the materials used in the finite
element simulation were ASTM AH32 in HSLA
classification, ASTM A36inlow carbon steel classification,
AISI 1045 in medium carbon steel classification, and
52100 in high carbon steel. The simulation was also
validated using several geometries. Figure 9 shows that
it was found that the HSLA steel had the most peaks and
valleys in the force-displacement graph, which can be
interpreted that at that temperature the material is able
to withstand greater compression energy. In Table 10,
one can see the output of the simulation results, where
the highest Maximum Displacement value was found in
the low carbon steel, namely 91.71 mm, indicating that
the simulation specimen was able to absorb more energy
before reaching the failure point. The highest Total
Energy Absorption value was found in the high carbon
steel, namely 2792.28 J, indicating that the material had
good resistance to deformation and failure. The highest
Peak Force value was found in the high carbon steel,
namely 136.41 kN, indicating that the material had
good strength and can withstand significant external
loads before failure, and the highest Average Force value
was found in the high carbon steel 38.13 kN, indicating
that the material underwent consistent deformation.
Tables 11 to 13 shows a comparison of the final
deformation contour shape of the tube with temperature
variations.

4.3 The effect of geometry

Inthisresearch, the geometries used in the numerical
simulation were cylinder, square, and triangle. Figures
8 and 9 show that the cylinder geometry had the most
peaks and valleys on the force-displacement graph,
which can be interpreted that at that temperature the
material can withstand greater compression energy.
Table 14 shows the output of the numerical simulation

results, where in Maximum Displacement the highest
value was in Triangle geometry, namely 87.2 mm, which
indicates that in that geometry the simulation object
was able to absorb more energy before reaching the
point of failure. The Total Energy Absorption highest
value was in Cylinder geometry, namely 2787.9 J, which
indicates that in that geometry the material had good
resistance to deformation and failure. The highest
Peak Force value was found in the Triangle geometry
namely 99.27 kN, which indicated that in that geometry
the material had good strength and can withstand
significant external loads before failure, and the
highest Average Force value was found in the Cylinder
geometry, namely 33.77 kN, which indicates that in
that geometry the material was consistently deformed.
Tables 7 and 9 show the comparison of the contour
shape of the final deformation of the tube with geometry
variations.

5 Conclusions

In this research, the authors examined the
impact of low temperature and carbon percentage,
validated by geometry variation, on the strength of
materials used in ship structures, focusing on numerical
idealization and analysis of axial compression testing.
Then, investigations were conducted using a numerical
approach to understand how low temperature, carbon
percentage variation, and geometry shape affect the
material’s response to axial compression. Based on
this understanding, this study could contribute to
development of knowledge about material behaviour
and helps to formulate safer and more efficient design
strategies for future ship structures.

The results of this study using a numerical approach
through ABAQUS software found that overall, in terms
of the effect of low temperature effects, the displacement
value decreases with decreasing temperature. In these
terms, it means that the lower the temperature or the
closer to the low temperature (-160 °C) will cause an
increasein the strength of the material used. On the other
hand, this results in an insignificant increase in total
energy absorption, peak force, and average force. Then,
regarding the effect of the percentage of carbon content,
the HSLA-type material is the least strong. This is
indicated by the many peaks and valleys produced in the
force-displacement graph. Meanwhile, the more robust
materials are high, medium, and low-carbon steels.
In addition, the effect of the compression numerical
specimen‘s geometric shape was also examined in this
study. The square shape was the least strong because it
experienced the most considerable deformation, followed
by the triangular and cylindrical shapes.

This study has limitations related to the simplified
representation of the mathematical model and factors
that may occur in actual experimental testing, such
as temperature changes during the testing process
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Figure 9 Force-displacement diagram of finite element simulation
results with carbon content and geometry variations
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Table 14 Finite element simulation output with geometry variations; C = Cylinder, S = Square, and T = Triangle

Maximum displacement (mm)

Total energy absorption (J)

C S C S T
Temperature 82.07 97.07 89.95 2786.49 2408.41 2597.21
Carbon 66.44 75.41 84.46 2789.31 2646.95 2611.29
Average 74.25 86.24 87.20 2787.90 2527.68 2604.25

Peak force (kN) Average force (kN)

C S C S T
Temperature 71.64 76.99 89.48 32.74 23.32 27.40
Carbon 87.72 95.82 109.06 34.81 31.62 29.83
Average 79.68 86.40 99.27 33.77 2747 28.61
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Resume

Rail transport has been the leading sector of the whole transport network. In
order to improve the efficiency of its functioning, it is important to develop
measures that may help reduce the maintenance cost. To improve the open
wagon hatch door strength, it is proposed to make it with rectangular
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1 Introduction

The competitive struggle in the transport market
makes it necessary to increase the efficiency of railway
transport operation in order to maintain its leading
positions [1-3]. It is known that one of the most common
types of freight transported by rail is bulk cargo. It is
transported in open wagons and unloaded through the
discharge hatches (Figure 1), which form its floor, or by
using mechanised unloading equipment.

A typical hatch door of an open wagon consists of
a metal sheet to which strapping, locking brackets, and
hinges are attached (Figure 2).

The sheet of a typical hatch door is a 5-mm thick
metal plate with six longitudinal corrugations for higher
rigidity (Figure 3).

It is important to note that under operating
conditions, such a sheet does not have sufficient strength,
and may be damaged (Figure 4).

The most common damages to the sheet are rupture
and deformation, which cause the freight to spill out of
an open wagon on the move, thus causing losses to the
railway. In addition, these damages require additional
capital investments due to unscheduled repairs of
the wagon. In this regard, there is a need to develop

measures aimed at improving the strength of the hatch
door sheet under operating load conditions.

Analysing modern publications on improved hatch
doors of open wagons, we have come to the conclusion
that at present this problem is quite relevant. A new
design of the hatch door for an open wagon with convex
configuration is proposed in [4]. This design increases
the payload of the open wagon by one tonne compared
to the payload of standard hatch doors. This solution is
scientifically justified. However, the authors considered
only one design mode for the hatch door of an open
wagon. Moreover, it is rather costly in manufacture and
maintenance.

The hatch door proposed in [5] has similar
disadvantages. It consists of two corrugated sheets with
energy-absorbing material in-between. The strapping of
the hatch door has a W-shaped profile. Although this
hatch door design has certain advantages over standard
ones, its widespread implementation is constrained by a
number of factors.

To improve the strength of the hatch door, the
authors of [6] propose to reinforce it with additional
belts with the rectangular profile which facilitates the
production and installation. The authors substantiate
this hatch door design by means of strength calculations.

© 2024 UNIVERSITY OF ZILINA
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a) general view b) unloading process

Figure 1 Open wagon with discharge hatches

3

1 - sheet; 2 - strapping; 3 - locking brackets; 4 - hinges

Figure 2 Hatch door of an open wagon

Figure 3 Typical hatch door sheet

a) rupture b) deformation

Figure 4 Damage to the hatch door sheet
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However, this improvement increases the hatch door
weight and, consequently, the wagon tare.

An improved hatch door reinforced with additional
belts is also proposed in [7]. Here, the hatch door sheet
is made of smooth sheet metal, and the reinforcing belts
have the form of struts. The hatch door has moulded
hinges. The study presents the calculations of the
static strength for the hatch door, that confirm the
feasibility of the proposed solution. However, widespread
implementation of such hatch doors requires substantial
capital investments.

To ensure the durability of the hatch door, materials
with improved physical and mechanical properties,
rather than steel, can be used for the door’s components.
For example, in [8], the authors propose to improve
the wagon strength by using composite materials for
the floor. The research proved the rationality of this
solution. However, the authors did not consider the use
of these materials in the hatch door for an open wagon.

Work [9] investigates the feasibility of using
composite materials for the hatch door sheet for open
wagons. The results of strength calculation of the hatch
door proved the possibility of this implementation.
However, these materials will increase the production
costs, moreover, this will require an appropriate
maintenance and repair system.

a)

b)

c)

d)

An improved hatch door for an open wagon is also
proposed in [10]. Its structural feature is sandwich-type
components. The hatch door consists of two smooth
sheets with an energy-absorbing material in-between.
The strapping has the Q-shaped profile. The strength is
calculated under static and dynamic loads on the hatch
door. However, among the disadvantages of this hatch
door are high cost, complexity of maintenance, etc.

The analysis of publications has shown that the
issue of how to improve the hatch door of an open wagon
is relevant and requires extensive research. The purpose
of this study is to scientifically substantiate the design
of the hatch door for an open wagon and determine the
main strength indicators under static loads.

2 Materials and methods

Higher strength of the hatch door of an open wagon
can be achieved by increasing the rigidity of the door. For
this purpose, several possible variants of corrugations
were studied and different corrugation angles were
taking into account (Figure 5).

The moment of resistance depends on the corrugation
profile (Table 1) and for rectangular corrugations it is
the highest.

a) a = 30% b) o = 45% ¢) a = 60° d) o = 90°

Figure 5 Different corrugations of the sheet

Table 1 Inertia moments and resistance moments of cross-sections of the sheet

Corrugation angle ()

Moment of inertia (/), mm?*

Moment of resistance (W), mm?

30° 3.79 - 10 3.64 - 10°
45° 12.52 - 10* 6.95 - 10°
60° 4.66 - 10* 4.48 - 10
90° 19.53 - 10* 10.85 - 10?

COMMUNICATIONS 3/2024

VOLUME 26



STUDY OF THE STRENGTH OF THE OPEN WAGON HATCH DOOR WITH RECTANGULAR...

B219

+Y
% K
Sl | Bt SRRE] I EEEE | EEEE | EEER | B R O | B | s & e | En & e =
=i i—1 1—1 =
Figure 6 Cross-section of the hatch door sheet
E 10 -3
B E
5 8- ~~m. _8f(m) 4 4 E
2 el L EE
S 6 - Tl -3
= .t -
g h=f(m) ..o g 2
E o4 . o ~m |28
S > =
2 A -1
0 l l 1 l l 0
180.5 147.8 128.2 1155 1058 98.8

Figure 7 Dependence of the

Therefore, this study deals with the feasibility of
rectangular corrugations for the hatch door used in open
wagons.

The geometrical parameters of sheet corrugations
are determined provided that its moment of inertia is
higher than that of a typical hatch door sheet (W= 200.8
- 10° mm?).

The moment of resistance of the sheet is determined
by dividing its cross-section into elementary rods
(Figure 6).

Here, the moment of resistance is calculated based
on the known moment of inertia. Thus, for a vertical rod
[11-12] it is:

W= AR (1
where h is the rod height.
Herewith,
_ &
I'="9— (2

where ¢ is the rod width.

The rational parameters of corrugations are
determined with variational calculations. The target
function of these calculations is the minimum weight
of the sheet with such variational parameters as the
corrugation height & and the corrugation thickness d.

The calculation has the following constraint:
the moment of inertia of the sheet must be higher than
that of a typical sheet.

Sheet weight, kg

sheet weight on its parameters

The moment of resistance is determined by Equation
(1). The sheet weight is calculated using the sheet
volume. The calculation results are shown in Figure 7.

An analysis of Figure 7 shows that a rational
solution is corrugations with a height of 2~ = 60 mm
and a thickness of § = 3 mm. The total sheet weight
is about 110 kg. Importantly, the calculated sheet
weight is almost 10% lower than the weight of a typical
sheet.

3 Results

The strength of the hatch door sheet with rectangular
corrugations is studied by means of the spatial model
built in SolidWorks [13-14] (Figure 8).

The strength of the hatch door is determined using
the FEM in SolidWorks Simulation [15-17]. The model is
built with tetrahedra (Figure 9), the number of which is
determined graphically and analytically [18-20]. Thus,
the finite element model has 180,572 elements and
566,450 nodes.

The strength is calculated based two design
diagrams [21]:
the effect of a uniformly distributed load of 69.9 kN
on the hatch door area; this force includes the gross
weight force of the hatch door and the dynamic load
(diagram I); and
the effect of a load of 50 kN distributed in the
hatch door centre across an area of 250x250 mm
(diagram II).
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a) view one

b) view two

Figure 8 Spatial model of the hatch door

Figure 9 Finite element model of the hatch door

(Load diagram I)

Figure 10 Design diagram of the hatch door

The design diagram of the hatch door under the
action of the evenly distributed load P, is shown in
Figure 10.

The hatch door is secured with the hinges, and the
locking brackets are subject to the reactions P’ to the
vertical load P . The hatch door is made of Steel 09G2S.

The calculation results are shown in Figures 11-13.
The maximum stresses in the hatch door are 145.3 MPa
(Figure 11). However, they are lower than permissible by
30% [21]. This means that the safety factor of the hatch
door is about 1.4 under specified load conditions. It
should be noted that the resulting stresses in the hatch
door are 23% lower than those in a typical structure.
From Figure 12 it can be seen that the maximum
stresses occur in the areas of interaction between the
hinges and the strapping, because the model is secured
by the hinges, and the load is applied to the sheet and
the locking brackets.

The maximum displacements in the hatch door
occur in the locking brackets and amount to 2.27 mm
(Figure 13). This distribution of displacement fields can
be explained by the fact that the vertical reactions to the
load P, on the sheet are applied to the middle part of the
bracket, while the end part of the bracket is free.

The following stage of the study included the
determination of the hatch door strength under the
vertical load P, distributed in the centre across an area
of 250x250 mm, which is equal to 50 kN. The design
diagram of the hatch door is shown in Figure 14. The
reactions P’ to the vertical load P, are applied to the
locking brackets.

The results of calculations for the hatch door
are shown in Figures 15-17. The maximum stresses
are 161.5 MPa (Figure 15); they are 23% lower than
permissible [21]. The safety factor of the hatch door
under specified load conditions is 1.3. The resulting
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von Mises (MPa)
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36.3 36.3
242 242
12.1 12.1
0.0 0.0
a) view one; b) view two
(Load diagram I)

Figure 11 Stress state of the hatch door

(Load diagram I)

Figure 12 Most loaded areas of the hatch door
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2.271
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1.893
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(Load diagram I)

Figure 13 Displacements in the hatch door

P,

PE
(Load diagram II)

Figure 14 Design diagram of the hatch door
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(Load diagram II)

Figure 15 Stress state of the hatch door

(Load diagram II)

Figure 16 Most loaded areas of the hatch door
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0.353
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0.0

(Load diagram II)

Figure 17 Displacements in the hatch door

stresses in the hatch door are 23.5% lower than those
in a typical structure. The maximum stresses are also
concentrated in the areas of interaction between the
edge hinges and the strapping. This is explained in the
same way as for design diagram I.

The maximum displacements in the hatch door
occur in the locking brackets (Figure 17); they amount
to 2.1 mm. This distribution of displacement fields can
be explained in the same way as for the previous design
diagram.

The research shows that, taking into account the
proposed improvement, the hatch door strength under
the static loads is ensured.

4 Discussion

In order to increase the strength of the hatch door
for an open wagon, it is proposed to use rectangular
corrugations to improve the hatch door sheet. In
addition, possible corrugation profiles for the hatch
door sheet are analysed (Figure 5). It is found that the
cross-section of the sheet with rectangular corrugations
has the maximum moment of resistance (Table 1). The
geometrical parameters of corrugations are determined
by means of the moment of resistance of the cross-section
of the sheet. The results of calculations demonstrate that
corrugations with a height of A/=60 mm and a thickness
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of 6 = 3 mm are a rational solution. The sheet weight is
about 110 kg, which is almost 10% lower than the weight
of a typical sheet (Figure 7).

The following stage of the calculation included the
determination of the main strength indicators of the
hatch door under static loads, namely, the action of a
load of 69.9 kN uniformly distributed on the hatch door
and the action of a load of 50 kN distributed in the
centre of the hatch door on an area of 250x250 mm.

The calculation results show that the hatch door
strength is ensured under the load diagrams in question.
The maximum stresses in the hatch door are 145.3 MPa
for load diagram I (Figure 11). These stresses are lower
than permissible by 30%. The maximum displacements
in the hatch door occur in the locking brackets and are
2.27 mm (Figure 13).

The maximum stresses in the hatch door at
load diagram II are 161.5 MPa and they are lower
than permissible by 23% (Figure 15). The maximum
displacements in the hatch door occur in the locking
brackets and they amount to 2.1mm (Figure 17).
Therefore, the hatch door strength under static loads
is ensured.

The restriction of this study is that the strength
calculation of the hatch door included a rigid interaction
between the hinges and the centre sill of an open wagon.

Moreover, it did not include the welds between the
individual components of the hatch door. Thus, the
hatch door was considered monolithic.

The advantage of this study in comparison with [4]
is that the technical maintenance of the improved hatch
door can be carried out at existing repair enterprises.
Unlike the hatch door designs presented in [5, 7-10],
the design proposed is less expensive in production
thanks to lower costs of the structural materials used.
In addition, unlike the solution described in [6], the
proposed hatch door design does not increase the open
wagon tare.

It is important to note that the proposed improved
hatch door can be not only manufactured but also
modernized at wagon building and repair enterprises.

The further research of the authors may include the
determination of the hatch door strength under dynamic
loads and experimental research into the hatch door
strength.

5 Conclusions
1. The geometrical parameters of the corrugations of

the hatch door of an open wagon are determined
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Resume

The quadcopter persist as important roles across diverse applications, and
the enhancement of their control efficacy has been the subject of extensive
research.

In this work, the authors proposed optimal Proportional Integral (PI)
controller based Fuzzy Logic Control (FLC) for the roll, pitch, altitude, and
yaw motions of the quadcopter system.

The proposed technique uses the Particle Swarm Optimization (PSO)
algorithm to tune the parameters of the FLC and enhance the quadcopter
performance. The simulation results show that the proposed technique
achieves smoothness of control and significant improvement over classical
techniques, as the rise time and the settling time are reduced by 61% and
66 %, respectively. These times are important for stabilizing the system’s
response speed and avoiding overshooting or oscillating. This indicates
that the FLCPI-PSO can achieve the desired roll and altitude angles more
rapidly and effectively.
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fuzzy logic controller
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FLCPI-PSO
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1 Introduction output coordinates reveals a strongly coupled dynamic

system [5].

Quadcopter drones, as autonomous aerial Advancements in control methods have been

vehicles, have garnered significant attention from
both researchers and manufacturers due to their
versatility in exploration and study. Their compact
size and unique capabilities for spatial monitoring and
infrastructure inspection have spurred the evolution of
such systems. Among the various drone configurations,
Vertical Take-Off and Landing (VTOL) models are
particularly noteworthy for their lightweight motors
and efficient propeller arrangements that eliminate
the need for a tail rotor, thus simplifying the control
mechanism [1].

The topology of quadcopters typically involves front
and rear motors of the same diameter rotating in
opposite directions to their diametric counterparts,
which negates gyroscopic effects and facilitates stable
flight [2-4]. The study of the input forces influence on

applied across diverse fields, including electric cars
[6-71, power electronics [8], and hybrid electric systems
[9-10]. To meet the increasing performance demands
of quadcopters, enhancements in controller design
have been implemented, such as Feedback Linearity
(FBL) [11-12], Sliding Mode Control (SMC) [13-14], and
backstepping methods [15-16]. Comparative analyses
of various controllers, including Proportional Integral
Derivative (PID), linear quadratic regulator (LQR), and
modified PID with LQR control, are well-documented
[17-18].

Fuzzy logic models, specifically the Takagi-Sugeno
(TS) and Mamdani types, are the two fundamental
and distinct approaches in intelligent control systems
that have been integrated into electrical systems
alongside Neural Networks (NN) [4, 19-21], Neuro-

© 2024 UNIVERSITY OF ZILINA
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Figure 1 The structure of quadcopter

Fuzzy methodology [22-23], and Iterative Learning
Control (ILC) [24-25]. These intelligent control methods
are adept at managing unpredictable, non-linear, time-
varying, and non-deterministic systems [26]. Fuzzy logic,
in particular, is capable of handling the disturbances
and noises (rotor vibrations) that quadrotors frequently
encounter [27].

It has been noted that fuzzy control necessitates
precise technology for selecting input constants [28]. The
modular architecture of the fuzzy controller facilitates
its integration with various optimizers to circumvent
limitations.

In this paper, the mathematical model was developed
using the Newton-Euler method to control altitude Z,
roll (@), pitch (6), and yaw (¢ ) angles.

To accurately and steadily navigate the quadcopter,
a FLC and an optimized fuzzy PID controller (FLCPI-
PSO) are utilized for the control component, representing
the core contribution of this work. The novelty of this
paper lies in evaluating the quadcopter’s behavior and
performance through the optimization of a basic FLC
with a swarm technique. This proposed control technique
endows the quadcopter with acceptable response times,
thereby enhancing its behavior—a facet not previously
explored in other studies.

The remainder of this research paper is organized
as follows: Section 1 presents the mathematical model,
Section 2 discusses the control strategy, Section 3
contains the simulation results and discussion, and
the paper concludes with the conclusions and future
perspectives of this study.

2 Mathematical model

A quadcopter is an aerial vehicle equipped with
four rotors that enable 360-degree maneuverability. To
accurately describe the system dynamics, it is essential

to understand the concept of six degrees of freedom,

which represents the location and orientation of the

quadcopter in three-dimensional (3-D) space. The six
degrees of freedom are defined using two reference
frames as illustrated in the quadcopter structure shown

in Figure 1:

1. The inertial or earth frame, a fixed coordinate
system represented by the x, y, and z coordinates,
corresponding to the cardinal directions of north,
east, and down. This frame serves as the initial
reference point.

2. The body frame, a movable coordinate system
centered around the quadcopter’s center of gravity,
described by the angles (@), (0), and (¢) in
relation to the inertial frame.

Given that the quadcopter has four inputs and six
outputs, it is classified as an underactuated nonlinear
system. To facilitate the controller design, sensible
assumptions are made to model the system dynamics of
the quadcopter effectively [29].

2.1 Kinematic model

To derive a model for the quadcopter motions it
is necessary to examine different moments and forces
acting on the quadcopter.

We assume & = [XYZ] to be the position and the
linear velocity V = [uvw], and let 77 = [$O¢] to be
rotational angles and angular velocity is @ = [ pqr].

Using the Newton-Euler equations and the
information proaccesseded in Equation (1), one can
determine the forces and moments acting on the
quadcopter [30]:

[{;]:[Wllgxs (1)]+ ® X m&

wXInl| @)

COMMUNICATIONS 3/2024

VOLUME 26



A PARTICLE SWARM OPTIMIZATION BASED FUZZY FLCPI-PSO CONTROLLER FOR QUADCOPTER SYSTEM Cll

where; F' and T represent the force and torque vector,
respectively, generated by the four motors rotation acting
on the quadcopter, m is the mass of the quadcopter, V
and @ represent linear and angular acceleration vector,
respectively, all with respect to the body frame, and
I3 <5 represents the moments of inertia matrix and is
given as:

L 00
I=10 1, 0. (2)
0 0 L.

Typically, the angular positions and velocities above
are in a different frame, so we need some kind of
transformation matrix to go from one reference frame
to the other. The rotation R and transfer T matrices,
respectively, are used to derive the translational and
rotational kinematic equations [31]. Equations (3) and
(4), respectively, proaccesseded the expressions for the
rotation R and transfer T' matrices.

cpcO cpsOs@p — spcp cpsbce + spce

R = |s¢cO s¢psOsp — cpcp spsOcp — chsp |, (3)
— 50 cOsp cOcp
1 0sp tOce

T=|0 cop —sop|, (4)
0 sp/cO cp/ch

where, c6 = cos0, s6 = sin6,and t0 = tan6.

¢ The translational kinematics:

§=RV, (5)

where & are linear velocity vector with respect to the
earth frame E and V is the linear velocity vector with
respect to body frame B.

* The rotational kinematics:

w=Tn, (6)
where @ is the angular velocity vector with respect to

the earth frame E and 77 the angular velocity vector
with respect to body frame B.

2.2 Dynamic model
The translational dynamic equations of the

quadcopter are given as follows in accordance with the
Euler’s first rule of motion for rigid body dynamics:

X 0
m|Y|= 0 + RU,, (7)
7 —mg

where g is the gravity acceleration and U, is the total
thrust generated by the four rotors:

U= BE=0b)! Qi (8)

where b[ N s?] is the thrust coefficient and Q[%] is
the angular velocity of the rotor i.
From Equation (1) and the Newton-Euler formalism,

we obtain the rotational motion equations:
Hh=t—nxXIh—nx[00 L, 9
where I is an inertia matrix of the quadcopter, I is the

inertia of the rotors, 0, is the relative speed and T is
the moment acting on the quadcopter in the body frame.

.Qr:(_.Q1—.Q3+.Qz+-Q4), (10)
Us bl(QL— QF)

T=|Us| = bl(_()32 - .(212) s (11)
U, dbl(Q¢ — QF — QF + QF)

where d [N m s%] is the drag coefficient and / [m] is the
distance between the center of the quadcopter and the
center of a propeller.

From Equation (7) and Equation (9), the equations
motion of the quadcopter are given as follows:

X = (sin¢sing + cosgbsin@cosgo)%, (12)
Y= (—cos(/)sin(p+sin(/)sin6cosq))%U1, (13)
Z:—g—ﬁ—%(cosecosgo)Ul, (14)
P = 79(/’([}’[; L) [] Q.6 + % (15)
6 = 7@([211_ L) | {y;grqo + % (16)
b= 79([’([";2: L) b )

3 Control strategy
3.1 Fuzzy logic controller (FLC)

The FLC is the consequence of Zadeh’s fuzzy set
notion in 1965. Fuzzy set theory was graded from non
membership to membership. Thus, the boundaries of
fuzzy sets might be unclear and ambiguous, making
them suitable for approximation systems. If correct
mathematical formulations are problematic, the FLC is
the best accessible solution. Other FLC benefits include:
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Figure 3 Common PID-type fuzzy logic controllers [28]

1. It may seek to proaccessed less precise outcomes.
There is no requirement for rapid processors.

3. It does not take as much data storage in the formula
of rule and membership function MF' as compared to
typical controllers.

The structure of the FLC is given in Figure 2.

The direct action fuzzy controller structure is simply
referred to as PID-type fuzzy controller or PID-FLC.
However, the term fuzzy PID controller (or FLCPI) refers
to the so-called gain scheduling-type PID controllers,
which are not covered in this work. In these controllers,
fuzzy logic is employed to generate the necessary KP, KI,
and KD gains for the linear PID controller. The amount
of inputs to the fuzzy PID controllers determines how

they are often categorized. The most prevalent fuzzy
control architectures, in which a nonlinear PID-like
performance is anticipated from the controller, are often
two- and three-input fuzzy controllers. Figure 3 shows
a few of the most widely utilized structures. It should be
noted that the fuzzy controllers’ input/output variables
are normalized to fall between [1-1]. As a result, the
first two structures (see Figure 3.a and 3.b) need the
appropriate selection of six scaling factors, while the
last two structures (see Figure 3.c and 3.d) require the
proper selection of four scaling factors [28].

Throughout this study, a different structure is used;
it is shown in Figure 4. The proaccesseded structure
has one single two-input fuzzy controller, which makes
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Table 1 The rules base for the four fuzzy logic controllers (altitude, roll, pitch, and yaw Controllers)
¢ NB NM z PM PB
de
NB NM NM VA PM
Z NB NM Z PM PB
P NM Z PM PM PB

it computationally more efficient for the real-time
implementation when compared to that in Figure 3.
In comparison to three-input architectures, the fuzzy
controller only needs two inputs, hence fewer rule bases
need to be constructed.

This study is thus limited to fuzzy controllers of the
Mamdani-Type.

3.1.1 Fuzzification

The total control system for the quadcopter with
the Fuzzy PID controllers for the four fundamental
quadcopter movements thrust, roll, pitch, and yaw is
depicted in Figure 4. The triangle membership function
has been utilised for each of the inputs and the outputs
and for all of the controllers. The inputs, errors are
defined by five membership functions MF: NB (negative
big), NS (negative small), Z (zero), PS (positive small),
and PB (positive big), and the error derivative is defined
by three membership functions: P(positive), Z(zero),
N(negative). On the other hand, each of the outputs is
specified by five membership functions: NB (negative
big), NS (negative small), Z (zero), PS (positive small),
and PB (positive big). The range of the fuzzy set for
the error input for all controllers (altitude, roll, pitch,
and yaw) has been chosen as [-2, 2], and for the error
derivative for (altitude, roll, and pitch controllers) as [-4,
4], and [-20 20] for the error derivative of yaw controller.
Figures 5 to 7 show the membership functions for the
inputs.

The range for the outputs fuzzy set has been chosen
as follows:

e [-20, 20] for U1, U2, U3, and as indicated in Figure 8,
e [-40, 40] for U4 and as indicated in Figure 9.

3.1.2 Rules base

After specifying the inputs and outputs for each
fuzzy controller, we established the rules base.

The fuzzy rules suggest that “if error is E, and error
change is DE,, then production is U;”. The fuzzy inference
procedure of the controller parameters leverages the
Mamdani approach. Five variables refer to errors, and
three error changes are added to the 15 rules.

If the change in error is NB and the error is NB,
then the outcome will be NB, as well. The response
signal is fed back and subtracted from the set value to
generate the error signal, and then the change in error

is determined after the subtraction. Those two signals
are sent as inputs to the controller. Table 1 shows the
rules base for each controller.

3.1.3 Defuzzification

Fuzzification’s counterpart 1is known as
defuzzification. The fuzzy set generated by the FLC
inference engine must be transformed to actual value
(crisp output) in line with the real-world requirements.
Defuzzification implies the weighted average approach.
The weighted average strategy becomes the illustrating
point, which is the centre of the region generated by the
curve and abscissa of the fuzzy membership function.
Theoretically, the centre of gravity of a set of sites within
the output scope must be computed [32].

3.2 Particle swarm optimization algorithm

Finding the best solutions involves using a variety
of optimisation techniques. Evolutionary and meta-
heuristic approaches work best when employed for route
planning.

Numerous evolutionary techniques have been
demonstrated to be useless when route planning
procedures have an excessively wide search area. The
exciting findings from this vast area of study may
help the meta-heuristic systems to overcome these
limitations.

The population-based stochastic optimisation
method, known as the particle swarm optimisation (PSO),
is very similar to evolutionary computing methods like
genetic algorithms (GA). The PSO has been effectively
used in several research and application domains over
the last few years because it produces better results
more quickly with fewer parameters to alter.

The PSO wuses particles to represent possible
solutions, which follow the current optimal particles
as they move around the problem space. According to
their prior behaviours, particles move around the search
space at velocities that are dynamically changed.

The system starts out with a population of
random solutions and updates generations in an
effort to find the best option. The location of a point
X: = (xi1,%i2...,%,¢) € S in an S-dimensional space
serves as the representation of the i-th particle. Each
particle keeps track of three values during the process:
its best position in previous cycles; its present position,
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X. pbest; = ( pbest;q, pbest; s, pbestis, ..., pbestiqa) E S ;
and the speed of its flight V, = (v, , v,,, v,5,..., V). To
catch up to the leading particle, each particle modifies
its location and velocity, such as:

Xit+1)=Xi+(t)+ Vit + 1), (18)

Vi(t +1) = Vi(t) + crria (t ) pbest; (t) —

— X)) + eara(£)gbest(2) — Xi(1)). (19

The best track value for each particle in iteration t
is denoted by pbest, and the best position of the entire
swarm is denoted by gbest. The cognitive and social
parameters are denoted, respectively, by c, and c,, two
positive constants (acceleration coefficients), and r, , and
r,,, two random functions in the [0, 1] range.

The following is a summary of an approach to
determine the optimal placement vector for the PSO
with n Agents:

1. Using the random numbers, the initial positioning
vector X [n] and velocity vector V [n] are created.

2. Using Equation (1), agent i’s velocity vector
V:(t 4+ 1) is determined.

3. Equation (2) is used to determine agent i’s new
positioning vector, X;(t).

4. The positioningVector X; is set to pbest,if F(X(¢))
is superior than F(pbest;). The positioning vector
gbest is set to pbest, if F(gbest) is superior than
F(gbest).

5. When the required number of iterations has been
reached, stop. If not, go to step 2.

The first design is a Mamdani-type two-input PID-
type fuzzy controller, as shown in Figures 2 and 3.
The membership functions in the first level of tuning
are uniformly distributed, and the meta-heuristic
techniques must be used to tune the scaling factors and
parameters T, T,, T,, and T,. PSO is employed at this
point to identify the ideal scaling factors and parameters

T, T, T, and T, The optimisation approach is used to
reduce many common time domain objective functions,
including the integral time absolute of error (ITAE).

The structure of the FLCPI-PSO controller is
depicted in Figure 10.

4 Simulation results and discussion

In the design process and simulation studies,
a 1l-step unit is applied to each height and roll, pitch,
and yaw angle concurrently at t = 0 s. The simulation is
carried out with Matlab 2017 programme and Simulink
Toolbox. The simulation was done on an SGRE laboratory
computer with a Intel(R) Core(TM) 17-5820K, 3.30 GHz,
64 GB of RAM, and Windows 10.

The MATLAB Simulink is used to mimic two
type of controllers, FLCPI and FLCPI-PSO. These
controllers were employed to control the quadcopter
systems. The FLCPI with a one-of-a-kind configuration
that is adjusted manually and FLCPI-PSO that is tuned
via the PSO method Integral Time Absolute Error
(ITAE) is used as a criterion for the control performance
assessment as in Equation (20).
ITAE = [dle(t)ldr. (20)

Figure 11 displays the objective function of PSO
algorithm.

As aresult, the tuned scaling factors and parameters
of four controllers are presented in Table 2.

The quadcopter system response, after an occurrence
of step-unit changes is depicted in Figures 12 to 15.
The responses quadcopter system characteristics are
summarized in Table 3.

The control signals (U, through U,), which represent
the desired thrust force and torques, are shown in
Figures 16 to 19.

The results presented in Figures 12-15 and Table
3 illustrate the comparative performance of the FLC
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Table 2 Scaling factors and parameters optimized by the PSO
Scaling factors Parameters
T1 T2 T3 T4
Altitude 6.1868 55.9443 88.8980 40.2961
Roll 100.0000 99.0577 23.0000 0.2000
Pitch 1.0000 99.1495 717.0602 1.0000
Yaw 9.2101 45.8878 9.0000 0.2300
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Figure 12 The altitude signal response for the FLC and Figure 13 The roll signal response for the FLC and the
FLCPI-PSO controllers
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Figure 14 The pitch signal response for the FLC and the Figure 15 The yaw signal response for the FLC and the
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Table 3 Responses to a step function with different control

Controllers
Altitude Roll Pitch Yaw
Performances FLC FLCPI- FLC FLCPI- FLC FLCPI- FLC FLCPI-PSO
PSO PSO PSO
RiseTime (s) 1.0839 0.1157 1.0869 0.0605 1.0801 0.2143 1.0924 0.4257
SettlingTime (s) 1.9395 0.2094 1.9429 0.0954 1.9334 0.3851 1.9492 0.6632
Overshoot (%) 0 1.9000 0 31.6100 0 0 0 64.1100
0.2 RMSE Comparison: FLC vs FLCPI-PSO
- T T
I FLC
0.15 [ FLCPI-PSO
o
< 01
I~
0.05
0
Altitude Roll Pitch Yaw
Quadcopter Motions
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<
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Figure 20 Quadcopter control performance evaluation between the FLC and FLCPI-PSO
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and FLCPI -PSO controllers in managing the altitude,
roll, pitch, and yaw of a quadcopter. It is evident that
the FLCPI -PSO controller consistently outperforms
the FLC controller across all parameters. The rise time
for altitude, roll, pitch, and yaw is significantly reduced
with FLCPI -PSO, indicating a quicker response to
changes. Similarly, the settling time is also lower for
all the inputs under the FLCPI -PSO control, denoting
faster stabilization.

In terms of overshoot percentage, the FLC
controller exhibits a 1.9000% overshoot in altitude and
a substantial 31.6100% in roll but none in pitch and
yaw. In contrast, the FLCPI -PSO controller effectively
eliminates overshoot in all parameters except for yaw
where it records a 64.1100 % overshoot.

These findings underscore the enhanced efficiency
and reliability of the FLCPI -PSO controller over its
FLC counterpart in ensuring the rapid response times
and minimal overshoots during quadcopter operation.
The data suggests that the integrating PSO with fuzzy
logic control (FLCPI) yields superior control precision
and responsiveness.

Comparison of the quadcopter performance
evaluation using the KPIs indexes between the FLC and
FLCPI-PSO, is shown in Figure 20.

5 Conclusion
Based on the comparative analysis of the FLC
and FLCPI-PSO for altitude, roll, pitch, and yaw in

the quadcopter system, the FLCPI-PSO demonstrates
superior performance in terms of faster rise time and
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the FLC. This indicates that the FLCPI-PSO can achieve
the desired altitude and roll angles more efficiently and
with quicker response times. The FLCPI-PSO offers
advantages in terms of faster response times and
shorter settling times for altitude and roll control in the
quadcopter system. The trade-off is a potential increase
in overshoot, particularly in the roll and yaw control.
These findings highlight the importance of considering
the specific requirements and trade-offs when selecting
the appropriate controller for the quadcopter systems.
Future research could focus on further optimizing
the FLCPI-PSO to reduce the overshoot, while
maintaining its performance advantages and its real-
time implementation.

Acknowledgements

The authors thank the Algerian research direction
DGRSDT, and the Smart Grids and Renewable Energies
(SGRE) Laboratory, laboratory of Energy in Arid Zones
(ENERGARID), and Laboratory of Renewable Energies
and their Applications in Saharan areas (LDREAS), for
supporting this research.

Conflicts of interest

The authors declare that they have no known
competing financial interests or personal relationships
that could have appeared to influence the work reported
in this paper.

(1]

(2]

[3]

[4]

(5]

(6]

[7]

PINES, D. J., BOHORQUEZ, F. Challenges facing future micro-air-vehicle development. Journal of Aircraft
[online]. 2006, 43(2), p. 290 -305. ISSN 1533-3868. Available from: https://doi.org/10.2514/1.4922

HONG, M., BOUSBAINE, A., WU, M. H., POYI, G. T. Modelling and simulation of a quad-rotor helicopter. In:
6th IET International Conference on Power Electronics, Machines and Drives PEMD 2012: proceedings [online].
IEEE. 2012. eISBN 978-1-84919-616-1. Available from: https://doi.org/10.1049/cp.2012.0318

LUPASHIN, S., SCHOLLIG, A., SHERBACK, M., D’ANDREA, R. A simple learning strategy for high-speed
quadrocopter multi-flips. In: IEEE International Conference on Robotics and Automation: proceedings
[online] [accessed 2023-09-21]. 2010, ISSN 1050-4729, p. 1642-1648. ISSN 1050-4729. Available from:
https://doi.org/10.1109/ROBOT.2010.5509452

MOHAMMED, B., SAID, B., FATEH, B. Feedforward neural network emulation of a PID continuous-time
controller for quadcopter attitude digital control. International Journal of Power Electronics and Drive Systems
[online]. 2023, 14(2), p. 799-808 [accessed 2023-09-19]. ISSN 2088-8694. Available from: https://doi.org/10.11591/
ijpeds.v14.i2.pp799-808

ELAJRAMI, M., SATLA, Z., BENDINE, K. Drone control using the coupling of the PID controller and genetic
algorithm. Communications - Scientific Letters of the University of Zilina [online]. 2021, 23(3), p. C75-C82 [accessed
2024-01-18]. ISSN 1335-4205, e[SSN 2585-7878. Available from: https://doi.org/10.26552/COM.C.2021.3.C75-C82
BENHAMMOU, A., HARTANI, A.M., TEDJINI, H., REZK, H., AL-DHAIFALLAH, M. Improvement of autonomy,
efficiency, and stress of fuel cell hybrid electric vehicle system using robust controller. Sustainability [online]
2023, 15(7), 5657 [accessed 2024-01-18]. eISSN 2071-1050. Available from: https://doi.org/10.3390/SU15075657
BENHAMMOU, A., TEDJINI, H.,, GUETTAF, Y., SOUMEUR, M. A.,, HARTANI, M. A., HAFSI, O,
BENABDELKADER, A. Exploitation of vehicle’s kinetic energy in power management of tow-wheel drive electric

COMMUNICATIONS

3/2024 VOLUME 26



A PARTICLE SWARM OPTIMIZATION BASED FUZZY FLCPI-PSO CONTROLLER FOR QUADCOPTER SYSTEM C19

vehicles based on ANFIS DTC-SVM comparative study. International Journal of Hydrogen Energy [online]. 2021,
46(54), p. 27758-27769. ISSN 0360-3199. Available from: https://doi.org/10.1016/J IJHYDENE.2021.06.023

[81 TOUFIK, T., TAHRI, U.,, BECHAR, M., ABDELKHALEK, O., AHMED, A., ABDELKADER, B., OTHMANE,
A., AISSA, B., OUSSAMA, H. Dynamic voltage restorer using sliding mode controller: experimental studies
Benhammou Aissa Dynamic voltage restorer using sliding mode controller: experimental studies. International
Journal of Applied Power Engineering [online]. 2021, 10(4), p. 337-346. ISSN 2252-8792. Available from:
https://doi.org/10.11591/ijjape.v10.i4.pp337-346

[91 BOUNAAMA, F., LAMMARI, K., DRAOUI, B.,, BOUNAAMA, F., LAMMARI, K., DRAOUI, B. Greenhouse
air temperature control using fuzzy PD+I and neuro-fuzzy hybrid system controller. International Journal on
Numerical and Analytical Methods in Engineering (IRENA) [online]. 2016, 4(6), p. 172-178 [accessed 2024-01-18].
ISSN 2533-1736. Available from: https://doi.org/10.15866/IRENA.V416.12055

[10] AISSA, B., HAMZA, T., YACINE, G., AMINE, H. M. Impact of artificial intelligence in renewable energy
management of hybrid systems. Physical Sciences Forum [online]. 2023, 6(1), 5 [accessed 2024-01-18].
ISSN 2673-9984. Available from: https://doi.org/10.3390/PSF2023006005

[11] ALQAISI, W., BRAHMI, B.,, GHOMMAM, J., SAAD, M., NERGUIZIAN, V. Vision-based leader-follower approach
for uncertain quadrotor dynamics using feedback linearisation sliding mode control. International Journal
of Modelling, Identification and Control [online]. 2019, 33(1), p. 9-19 [accessed 2023-09-21]. ISSN 1746-6180.
Available from: https://doi.org/10.1504/IJMIC.2019.103980

[12] KUANTAMA, E., TARCA, I., TARCA, R. Feedback linearization LQR control for quadcopter position tracking. In:
2018 5th International Conference on Control, Decision and Information Technologies CoDIT 2018: proceedings
[online] [accessed 2023-09-21]. IEEE: 2018. eISSN 2576-3555, 204-209. Available from: https:/doi.org/10.1109/
CODIT.2018.8394911

[13] CHIEW, T. H., LEE, H. E., LEE, Y. K., CHANG, K. M., ONG, J. J., EU, K. S. Second order sliding mode
controller for altitude and yaw control of quadcopter. In: 2021 11th IEEE International Conference on Control
System, Computing and Engineering ICCSCE 2021: proceedings [online]. IEEE. 2021. eISBN 978-1-6654-1281-0,
p. 97-102. Available from: https:/doi.org/10.1109/ICCSCE52189.2021.9530850

[14] SURAJ, S. K., GEORGE, V. 1., THIRUNAVUKKARASU, 1., VALSA PAUL, T. Design and simulation of a sliding
mode-based control design for a quadrotor UAV. Lecture Notes in Electrical Engineering [online]. 2021, 750,
p- 495-507 [accessed 2023-09-19]. ISSN 1876-1119. Available from: https://doi.org/10.1007/978-981-16-0336-5_41/
COVER

[15] BOUCHAIB, A., TALEB, R., MASSOUM, A., MEKHILEF, S. Geometric control of quadrotor UAVs using integral
backstepping. Indonesian Journal of Electrical Engineering and Computer Science [online]. 2021, 22(1), p. 53-61
[accessed 2023-09-21]. ISSN 2502-4760. Available from: https:/doi.org/10.11591/IJEECS.V22.11.PP53-61

[16] MOEINI, A., LYNCH, A. F., ZHAO, Q. A backstepping disturbance observer control for multirotor UAVs: theory
and experiment. International Journal of Control [online]. 2022, 95(9), p. 2364-2378 [accessed 2023-09-19]. ISSN
1366-5820. Available from: https:/doi.org/10.1080/00207179.2021.1912393

[17] ARGENTIM, L. M., REZENDE, W. C., SANTOS, P. E., AGUIAR, R. A. PID, LQR and LQR-PID on a quadcopter
platform. In: 2013 International Conference on Informatics, Electronics and Vision ICIEV 2013: proceedings
[online]. IEEE. 2013. ISBN 978-1-4799-0397-9, eISBN 978-1-4799-0400-6. Available from: https://doi.org/10.1109/
ICIEV.2013.6572698

[18] AHMAD, F., KUMAR, P., BHANDARI, A., PATIL, P. P. Simulation of the quadcopter dynamics with LQR
based control. Materials Today: Proceedings [online]. 2020, 24(2), p. 326-332. ISSN 2214-7853. Available from:
https://doi.org/10.1016/j.matpr.2020.04.282

[19] ELTAYEB, A.,, RAHMAT, M. F., ELTOUM, M. A. M., IBRAHIM, M. H. S., BASRI, M. A. M. Trajectory
tracking for the quadcopter UAV utilizing fuzzy PID control approach. In: 2020 International Conference on
Computer, Control, Electrical, and Electronics Engineering, ICCCEEE 2020: proceedings [online]. IEEE. 2021.
eISBN 978-1-7281-9111-9. Available from: https://doi.org/10.1109/ICCCEEE49695.2021.9429636

[20] TALHA, M., ASGHAR, F., ROHAN, A., RABAH, M., KIM, S. H. Fuzzy logic-based robust and autonomous safe
landing for UAV quadcopter. Arabian Journal for Science and Engineering [online]. 2019, 44(3), p. 2627-2639
[accessed 2023-09-19]. ISSN 2191-4281. Available from: https://doi.org/10.1007/S13369-018-3330-Z/METRICS

[21] BREESE, B., SCOTT, D., BARAWKAR, S., KUMAR, M. Fuzzy logic controller for force feedback control of
quadcopter via tether. In: ASME 2020 Dynamic Systems and Control Conference DSCC 2020: proceedings
[online] [accessed 2023-09-19]. 2021. Available from: https:/doi.org/10.1115/DSCC2020-3275

[22] DARWITO, P. A., INDAYU, N. Adaptive neuro-fuzzy inference system based on sliding mode control
for quadcopter trajectory tracking with the presence of external disturbance. Journal of Intelligent
Systems and Control [online]. 2023, 2(1), p. 33-46 [accessed 2023-09-19]. ISSN 2957-9805. Available from:
https://doi.org/10.56578/JISC020104

VOLUME 26 COMMUNICATIONS 3/2024



(20 BABA et al.

[23] KORKMAZ, D., ACIKGOZ, H., USTUNDAG, M. Altitude and attitude control of a quadcopter based on neuro-
fuzzy controller. Lecture Notes in Electrical Engineering [online]. 2022, 829, p. 1009-1015 [accessed 2023-09-19].
ISSN 1876-1119. Available from: https://doi.org/10.1007/978-981-16-8129-5_154/COVER

[24] ABDOLAHI, Y., REZAEIZADEH, A. Black-box identification and iterative learning control for quadcopter. In:
2018 6th International Conference on Control Engineering and Information Technology CEIT 2018: proceedings
[online]. IEEE. 2018. eISBN 978-1-5386-7641-7. Available from: https://doi.org/10.1109/CEIT.2018.8751795

[25] PIPATPAIBUL, P., OUYANG, P. R. Application of online iterative learning tracking control for quadrotor
UAVs. International Scholarly Research Notices [online]. 2013, 2013, 476153. ISSN 2356-7872. Available from:
https://doi.org/10.5402/2013/476153

[26] BEHERA, L., KAR, 1. Intelligent systems and control: principles and applications. New Delhi, India: Oxford
University Press, 2010. ISBN 9780198063155.

[27] PEDRO, J. O., KALA, P. J. Nonlinear control of quadrotor UAV using Takagi-Sugeno fuzzy logic technique.
In: 2015 10th Asian Control Conference ASCC: proceedings [online]. IEEE. 2015. eISBN 978-1-4799-7862-5.
Available from: https://doi.org/10.1109/ASCC.2015.7244739

[28] NOSHADI, A., SHI, J., LEE, W. S., SHI, P., KALAM, A. Optimal PID-type fuzzy logic controller for a multi-
input multi-output active magnetic bearing system. Neural Computing and Applications [online]. 2016, 27(7),
p. 2031-2046 [accessed 2024-01-17]. ISSN 0941-0643. Available from: https://doi.org/10.1007/500521-015-1996-7/
METRICS

[29] BOUABDALLAH, S. Design and control of quadrotors with applications to autonomous flying [online]. Lausanne,
EPFL, 2007. Available from: https:/doi.org/10.5075/epfl-thesis-3727

[30] SAUD, L. J.,, MOHAMMED, S. R. Performance evaluation of a PID and a fuzzy PID controllers designed for
controlling a simulated quadcopter rotational dynamics model. Journal of Engineering [online]. 2017, 23(7),
p. 74-93 [accessed 2024-01-13]. ISSN 2520-3339. Available from: https://doi.org/10.31026/J . ENG.2017.07.05

[31] BRESCIANI, T. Modelling, identification and control of a quadrotor helicopter. MSc theses [online]. 2008
[accessed 2024-01-13]. ISSN 0280-5316. Available from: http:/lup.lub.lu.se/student-papers/record/8847641

[32] MATTAVELLI, P., ROSSETTO, L., SPIAZZI, G., TENTI, P. General-purpose fuzzy controller for DC-DC
converters. IEEE Transactions on Power Electronics [online]. 1997, 12(1), p. 79-86 [accessed 2023-09-21].
ISSN 0885-8993. Available from: https://doi.org/10.1109/63.554172

COMMUNICATIONS 3/2024 VOLUME 26



ORIGINAL RESEARCH ARTICLE

Electrical Engineering in Transport

This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International License (CC BY 4.0), which permits
use, distribution, and reproduction in any medium, provided the original publication is properly cited. No use, distribution or reproduction is permitted
BY

which does not comply with these terms.

THE POWER ANALYSIS OF SEMICONDUCTOR DEVICES
IN MULTI-PHASE TRACTION INVERTER TOPOLOGIES
APPLICABLE IN THE AUTOMOTIVE INDUSTRY

Jakub Siméak*, Michal Frivaldsky, Patrik Resutik

Department of Mechatronics and Electronics, Faculty of Electrical Engineering and Information Technologies,

University of Zilina, Zilina, Slovakia
*E-mail of corresponding author: jakub.simcak@uniza.sk

Jakub Simcak
Patrik Resutik

0009-0000-9628-7752,
0000-0001-6643-4045

Michal Frivaldsky

0000-0001-6138-3103,

Resume

The article deals with the power analysis of semiconductor devices nowadays
commonly used in perspective traction inverter topologies suitable for
automotive industry applications. The power analysis is devoted to
topologies, which are the Voltage Source Inverter (VSI) topology and
perspective three-level alternatives, which are the Neutral Point Clamped
(NPC) and T-type Neutral Point Clamped (T-NPC) traction inverter
topologies. The main part of the power analysis of the proposed topologies is
done on multi-phase versions (specifically six-phase). Mentioned topologies
are modelled through the use of the simulation environment PLECS, while
the focus is given on the accurate determination of semiconductor devices'
power losses. Collected data of each analyzed topology are then processed
using the MATLAB environment. The analysis of power parameters aims
to find out which of the mentioned topologies achieves the highest efficiency
as an VSI system at various power levels using the same input parameters.
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1 Introduction

At this moment, the sales of electrified vehicles
are rising due to political support, battery technology
improvements, growing charging infrastructure, and
more and more new models from vehicle manufacturers.
Electrification of the automotive industry is also
spreading to new divisions of the road transport, which
sets the new possible changes across the automotive
industry. In the year 2022, electrified vehicles had
a 14 % share of sales in the passenger cars category. This
percentage number has risen every year since 2015, and
it is predicted that this trend will continue. The global
sales of electrified passenger cars in 2022 have grown
by around 40% compared to 2021. The largest share of
the increase in global sales of electrified vehicles was
recorded in China. Their global sales share doubled as
compared to 2021 [1-4].

Due to targets for reaching the carbon neutrality
in road transport by 2050, research on the new possible

improvements is needed across the entire traction drive
of electrified vehicles [5].

There are several traction inverters possibility to
enhance the power parameters. A traction inverter
is a part of the traction drive of electrified vehicles
and there are several possible ways to improve its
power parameters. Since the commonly used traction
drive now uses, mostly IGBT (Insulated gate bipolar
transistor) - based, two-level Voltage Source Inverter
topology (one leg contains the half-bridge connection of
the semiconductor switching devices) [2], which can be
seen in Figure 1, the first possible change that occurs,
which can improve the power parameters of the inverter,
is to replace the IGBT with wide-bandgap (WBG)
devices as SiC MOSFETs. These WBG devices have
several advantages compared to Si IGBT. Operation
at higher temperatures, higher breakdown voltages,
lower switching losses at higher frequencies, and lower
chip size are the reasons why Silicon Carbide (SiC) and
Gallium Nitride (GaN) MOSFETSs are suitable for IGBT
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Table 1 Common input parameters for all the analyzed traction inverter topologies

Electrical variable/unit value
DC-Link input voltage [V] 800
DC-Link capacitor [uF] 300
Switching frequency [kHz] 20
Continuous output power [kW] 10 - 100
Power factor [-] 0.75
Estimated efficiency [%] 98

o.o012 F

0.001

0.0008

0.0006

E[1]
0.0004

0.0002 i

1o01

replacement [6-10].

Apart from that, there are other options for
achieving the higher efficiency of the traction inverter.
For example, a change in the number of phases of the
traction inverter from three-phase drives to multi-
phase ones. In the case of automotive traction drives,
the closest development step would be six-phase drives.
Multi-phase drives split the power into a higher number
of phases, which means that the power ratings per phase
are lower [4]. Improved current handling, enhanced fault
tolerance, reduced DC-Link capacitor requirements,
as well as modularity are the main strengths of the
multiphase inverters [11-14].

Another possible traction drive enhancement is to
change the two-level VSI topology with an alternative
topology. Three-level inverters were, based on advanced
studies, presented as the most viable alternative for the
nowadays used VSI architecture. There were studies,
that suggested that the two most competitive three-
level topologies that have been developed are T-type
Neutral Point Clamped (T-NPC) and Neutral Point
Clamped (NPC). The efficiency of the VSI topology
is higher than the mentioned two topologies only at
lower switching frequencies than 10 kHz. At a higher
switching frequency than 10, but lower than 30 kHz,
T-NPC topology is expected to be more efficient, while at
the higher switching frequencies than 30 kHz the NPC

10 19 28 3

Legend:
— 25° |
—_ 75

: — 1257
O i V- O

ion [A]
Figure 1 Thermal model of the NTBGO20N120SC1 - Turn on switching losses

topology provides higher efficiency than both mentioned
topologies. Apart from that the three-level topologies
offer lower harmonic distortion of the output voltage
and offer reduced requirements for the EMI filter.
However, the volume of DC-Link capacitors is twice that
big compared to the VSI topology. In addition, the costs
of producing three-level inverters are higher and the
control is more complex [15-18].

This study is devoted to analyzing the power losses
of the semiconductor devices of the three-phase VSI, its
six-phase version, and six-phase three-level topologies
NPC and T-NPC, at the same power levels. The power
analysis performed in the PLECS software deals with
the power losses of the semiconductor switching devices,
from which the all analyzed traction inverter topologies
are composed. Output power parameters obtained from
the analysis are compared to each other to investigate
the highest efficiency of the traction inverter system

topology.

2 Operational parameters of the simulation
models of investigated VSI alternatives

All the analyzed topologies are built based on
the same input parameters, semiconductor switching
devices (ones that are directly connected to a DC-Link),
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Figure 3 Thermal model of the NTBGO20N120SC1 - Conduction losses

simulation model of the cooling system, control
technique, and parameters of the AC load. The input
parameters are shown in Table 1.

These input parameters were selected based on the
literature that deals with future trends in automotive
traction drive systems described in [3-5]. The value of
the DC-Link capacitor was determined based on the
calculations using the method mentioned in [7]. In all
the proposed analyses of the topologies, discrete silicon
carbide semiconductor devices from onsemi were used.
To be able to reach the high-power levels, such as 100
kW, with the use of discrete packages of semiconductor
devices, their parallel connection is necessary to be
applied.

Based on the previous work with the PLECS
simulation software, the power loss calculations

using this software are considered accurate, which
enables fast-analyzing power losses of any circuit,
that contains semiconductor devices. Since the PLECS
works with thermal modelling of the semiconductor
devices, it is possible to analyze the power losses of
each semiconductor device of each proposed traction
inverter topology suitable for automotive applications.
The example of the thermal model of the switching
device used in majority of the analyzed topologies
NTBGO020N120SC1 SiC MOSFET by onsemi can be seen
in Figure 1 to Figure 3.

Any other semiconductor device, used in power
parameters analysis in PLECS, must have its thermal
model. This is what the thermal models of all used
semiconductor devices in the power parameters analysis
look like. These thermal models can be created based on
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Figure 5 Block scheme of the three-level six-phase SinePWM control technique with
the example of comparison for each switching device

the datasheet information, or some of the manufacturers
nowadays offer these thermal models already created
on their website or the PLECS website. Apart from the
loss’s waveforms, the PLECS thermal models contain
information about the change of switching losses based
on the change of the gate resistance or the thermal chain
table.

Apart from the common input parameters, the
used control technique, for all the analyzed topologies,
is a sinusoidal pulse width modulation (SinePWM).
It is because of its simplicity. The SinePWM control
method is the most often used across the industry
[19-21].

The block scheme of the two-level SinePWM, which
is used as a control technique for the three-phase VSI
topology analysis in PLECS can be seen in the block
scheme in Figure 4. The same control technique, but
modified to a three-level one, was used for the NPC

and T-NPC topologies of the traction inverter. The
block scheme of the modified SinePWM for three-level
topologies can be seen in Figure 5, where the division
algorithm for the A-Legs switching devices of the three-
level inverter topology is also shown.

3 Power loss analysis of the traction inverter
topologies simulation models

The analyzed topologies of the traction inverter
suitable for automotive applications are the three-phase
Voltage Source Inverter (nowadays commonly used
across the automotive industry), its six-phase version,
and the three-level six-phase topologies, which are NPC
and T-NPC. These topologies were analyzed in PLECS,
where based on the input parameters the power loss
calculation was performed.
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Figure 6 Calculation scheme for the efficiency evaluation of the investigated VSI alternatives

As it was mentioned in the previous section, SiC
MOSFET NTBGO020N120SC1 is used in the majority
of analyzed topologies. This MOSFET blocking voltage
is 1200 V. Since the selected input voltage is 800 V, the
closest suitable power SiC MOSFET value of the blocking
voltage category is 1200 V. MOSFETSs with a blocking
voltage of 900 V are also commercially available, but
in order not to damage the given switching device with
overvoltage, it is necessary to take into consideration
a 20% margin of the blocking voltage, which at the
value of the input voltage of 800 V is 160 V above its
limit value. It means that these 900 V blocking voltage
MOSFETSs are not suitable for this application. The
1200 V blocking voltage switching device is used in both
versions of the VSI topology and T-NPC as a switching
device connected to the DC-Link (TOP and BOT ones).

The required blocking voltage level of the
semiconductor devices used in the NPC topology is
the half value of the DC-Link input voltage plus
a 20% reserve. For this reason, 650 V blocking voltage
MOSFETs NTBGO015N065SC1 were selected. Their
value of continuous drain current varies based on the
temperature but even at 100 °C does not drop below 103
A. These MOSFETsS are also used as a bipolar switch in
the T-NPC topology.

The NPC topology also contains clamping Schottky
diodes, which should be zero recovery ones. The voltage

level of these diodes is the same as the MOSFETSs. So,
based on these key parameters of the clamping diodes,
the FFSH5065B-F085 from onsemi was selected.

For the estimation of efficiency of individual VSI
alternatives, the calculation scheme was used (Figure
6). As is seen from the figure, the circuit connection
contains Fourier transformation blocks, in order to
evaluate individual power components, i.e. the active
power, reactive power and apparent power. Instead of
evaluation of the total system efficiency, power factor
is evaluated, as well. The power losses of the inverters
are estimated for active and passive (filter components)
devices of the main circuit, while built-in block of
the simulation environment have been used (Switch
Loss Calculator for power semiconductors and periodic
averaging scheme for passive components).

3.1 The three-phase voltage source inverter
topology

Voltage Source Inverter topology is commonly used
topology in automotive traction inverters due to its
reliability, robustness, and relatively high efficiency at
lower costs [3].

A simulation model of the three-phase Voltage
Source Inverter topology, assembled by the discrete
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Figure 8 A-Leg of the analyzed circuit of the three-phase VSI topology

switching devices, is shown in Figure 7. The VSI
topology consists of a half-bridge connection of two
switching devices for each phase.

Figure 8 shows a closer look at the one phase of the
three-phase VSI topology. As can be seen, one switch
consists of four parallel connected NTBG020N120SC1
SiC MOSFETs to be able to reach the current
requirements for the maximum of 100 kW output power,
at an acceptable junction temperature of SiC MOSFETs
(lower than 175 °C). At 20 kHz switching frequency,
the RMS value of junction temperature of each parallel
connected SiC MOSFET was at 74.4 °C. A parallel
connection of the switching devices is needed because
the maximum value of NTBG020N120SC1 continuous
drain current is only 98 A, where the value is lowered by
circa 20 A when the 20 % reserve rule is applied.

Before the power parameters analysis (determination
of power loss values), it is important to verify the
system’s functionality. In Figure 9 and Figure 10. the

output waveforms of line voltages and phase currents
of the AC Load can be seen, which demonstrate the
correct functionality of the three-phase VSI topology
system. The RMS value of the AC load line-to-neutral
voltage, at all power levels, was on average 234.39 V.
The two-level character of the line-to-line voltages is
easily observable in Figure 8. The AC load current RMS
value at the highest power level (100 kW) was 190.18 A.
As can be seen in Figure 9, the total harmonic distortion
(THD) of the phase current is low. The value of the phase
current THD, at all power levels, for the three-phase VSI
topology is 0.19 %.

Power losses of the three-phase VSI topology at the
different power levels are shown in Figure 11. In this
figure, it can be noticed that at output power values
lower than 30 kW, the switching losses form most of
the total power losses. From the 30 kW conduction
losses form most of the power losses. When using
these semiconductor devices, the power losses reach
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Figure 16 Power losses of the six-phase VSI topology

a maximum value of 730 W at a maximum output power
of 100 kW.

These values of power losses are obtained when
the temperature of the thermal domain is stable.
The maximum temperature of the modelled heatsink
reached a value of 61.5 °C at 100 kW.

3.2 The six-phase voltage source inverter
topology

This topology (shown in Figure 12) is the same
as the previous one, from the point of view of the
configuration of the switching devices, but it is enhanced
by the number of phases, which is doubled. This change
was also made based on the future trends, which were
mentioned in the section dedicated to input parameters
of simulation models.

The multi-phase topologies have several advantages
over the three-phase ones. One of them is, for example,
half the phase current (which can be observed by
comparing Figure 10 and Figure 15) or lower DC-Link
current ripples, which lower the requirements for
selection of a DC-Link capacitor [4].

Since the current requirements of the switching
devices are lowered, the number of parallel connected
SiC MOSFETs is also reduced. As shown in Figure 13,
the one switching device contains two parallel connected
SiC MOSFETSs. The selection of switching semiconductor
devices for this six-phase application was based on the
same criteria as for the three-phase version, which
means that the same MOSFETSs with a blocking voltage
of 1200 V are used. The junction temperature of each
MOSFET is also almost the same as in the three-phase
version, which is around 74.3 °C. All the analyzed
topologies have almost the same values of the RMS line-
to-neutral voltage (Figure 14) as was mentioned in the
three-phase VSI topology subsection (on average 234.4

V). Since these first two topologies are the same apart
from the number of phases, the character of the line-to-
line voltage is the same, but the output phase current is
significantly lower, as it was predicted to be.

In numbers, compared to the three-phase VSI
topology the RMS value of the six-phase VSI topology’s
phase current at the highest power level (100 kW) is
94.94 A, which proves that the statement about half the
phase current in a doubled number of phases is correct.
The total harmonic distortion of the phase current of the
six-phase VSI topology is also the same as for the three-
phase version, around 0.19 %.

The power loss values at different power levels and
stabilized heatsink temperatures, which are shown in
Figure 16, are the almost same as the power losses of
the three-phase one. That is because the number of
semiconductor devices, their method of connection, and
their use in these two analyzed circuits are the same.
This fact means that the costs of both versions would be
the same.

There is no difference between the two VSI topologies
in the case of the stabilized temperature of the modeled
heatsink. Both three-phase and six-phase topologies
reached the maximal temperature of 61.5 °C.

3.3 The six-phase neutral point clamped topology

The first analyzed three-level topology is Neutral
Point Clamped (shown in Figure 17). This topology uses
the clamping diodes to connect the half-bridge outputs
and neutral point, which generates an additional voltage
level [8]. The three-level topologies were introduced as
a possible successor of the VSI topology in the automotive
industry, because of lower harmonic distortion, reduced
demands of EMI filters, and improved motor efficiency.
These are the superior features compared to the VSI
topology. The disadvantages are that the volume of
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Figure 18 A-Leg of the analyzed circuit of the six-phase NPC topology

the DC-Link capacitor is doubled, and the number of
semiconductor components is higher [3].

One phase of the NPC topology contains four
switching devices and two clamping diodes. The
voltage level compared to VSI topology is halved, which
means that the demands on the blocking voltage of
the switching devices, used in the NPC topology are
reduced. A detailed look at one phase of this topology is
displayed in Figure 18.

Two NTBG015N065SC1 MOSFETS, with a blocking
voltage level of 650 V, are connected in parallel
as one switching device, and two Schottky diodes
FFSH5065B-F085 are connected in parallel as one
clamping device. The junction temperature of each TOP
and BOT MOSFET was 71.5 °C, each MID1 and MID2
one had a higher temperature of 2 °C, and the junction
temperature of each Schottky diode was 77.4 °C.

As shown in Figure 19, compared to the two-level
VSI topology the characteristics of the line-to-line

voltage waveforms differ. As the category name of this
topology implies, the character of the line-to-line voltage
waveforms is enhanced to three levels.

The output line-to-line voltage and phase current
waveforms of NPC topology at 100 kW are shown in
Figure 19 and Figure 20. Despite the change in the
characteristics of the line-to-line voltage waveforms,
the output phase current remains unchanged and could
be considered identical compared to the previously
analyzed circuit (six-phase VSI). However, its total
harmonic distortion is slightly higher compared to the
mentioned VSI topology, at the level of 0.24 %.

Power losses of the NPC topology contain apart
from MOSFETSs conduction and switching losses, the
conduction losses of the diodes (Figure 21). These three
categories make the total power losses of the NPC
topology. Conduction losses of the clamping diodes
make up a large part of the total power losses of the
NPC topology, where at the maximum analyzed power
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level of 100 kW their share is up to 41%. Compared to  the switching losses of the MOSFETs are much lower
the previously analyzed topologies, the total power loss  than the switching losses of rhe VSI topology MOSFETs.
values of the NPC topology, due to the conduction losses It creates just 3% at the maximum of the total power

of the diodes, are higher. As it can be seen in Figure 21  losses of this topology.
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Figure 22 The six-phase T-type Neutral Point Clamped topology

The power losses were calculated at the stabilized
modeled heatsink, with its maximum temperature at an
output power of 100 kW of 68.2 °C, which is an increase
of almost 7 °C compared to the VSI topology.

3.4 The six-phase T-type neutral point clamped
topology

The last analyzed perspective automotive traction
inverter topology is a three-level T-type Neutral Point
Clamped topology. This topology’s circuit can be seen in
Figure 22.

The T-NPC topology is considered to be the most
competitive solution for an automotive traction inverter.
Compared to its three-level previously analyzed
alternative, the number of semiconductor devices is
lower, because of the clamping diodes absence. This
results in the prediction that the power losses are
expected to be lower than for the NPC topology. This
three-level topology uses a bipolar switch as a connection
between the output and neutral point. A close-up view of
one phase of the T-NPC traction inverter topology is
displayed in Figure 23.

The TOP and BOT in this topology are the switching
devices with a 1200 V blocking voltage level. The
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Figure 23 A-Leg of the analyzed circuit of the six-phase T-NPC topology
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Figure 24 Line-to-line voltage waveforms with closer look of VFA waveform
of the six-phase T-NPC at 100 kW output power

NTBG020N120SC1 as TOP and BOT MOSFETSs are
used. The bipolar switch (MID1 and MID2 MOSFETSs)
are built with the NTBG015N065SC1 which has a 650
V blocking voltage. For the same reason, as in the
previously analyzed topologies, the switching device
consists of two parallel connected MOSFETs. The
junction temperature of each TOP and BOT MOSFET
was 63.1 °C and for the bipolar switch MOSFETs (MID1
and MID2) it was 61.2 °C. These values are the lowest

compared to all the other analyzed topologies at the
maximum power level (100 kW). The output line-to-line
voltage and phase current waveforms of NPC topology at
100 kW are shown in Figure 24 and Figure 25.

The output waveforms, with their parameters such
as RMS values of line-to-neutral voltage or phase
current of the T-NPC topology, are identical compared to
the previously analyzed three-level topology.

The total power losses of the T-NPC topology are
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shown in Figure 26. These power losses are the lowest
compared to all the other analyzed topologies. The
three-level topologies are well known for their reduced
switching losses. At the maximum power level of the
analysis of T-NPC topology, the switching losses form
only 7% of the total 635 W power losses.

What makes this topology even superior to the other
analyzed topologies, apart from the lowest power losses,
is that the maximum value of the modeled heatsink

temperature at the maximum power level reached
56.7 °C.

4 Efficiency evaluation of proposed traction
inverter topologies

To be able to determine the best traction inverter
topology suitable for automotive applications based on
the power parameter analysis, it is necessary to express
the efficiency of each topology at each power level. Based

on the results of the total power losses of each analyzed
traction inverter topology, the efficiency evaluation was
performed.

The evaluation of the efficiency of each analyzed
traction inverter topology is shown in Figure 27. The
efficiency values at each power level of both analyzed
versions of the VSI topology are the same. After
analyzing these two versions of the VSI topology, it
can be concluded that increasing the number of phases
does not increase the efficiency of the traction inverter.
However, the current requirements per phase, which
are important when choosing the switching devices,
and their involvement, were reduced. More specifically,
the number of parallel connected switching devices
were reduced, but the number of switching devices
of the inverter stayed the same. The lowest reached
efficiency was achieved by the NPC topology due to high
power losses due to the high number of semiconductor
devices (double the number of MOSFETSs and additional
clamping diodes compared to VSI topology), even
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Efficiency evaluation of all analyzed traction inverter topologies
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Figure 27 Efficiency evaluation of all analyzed traction inverter topologies

Table 2 The costs of the analyzed traction inverter topologies

Topology/Device 650 V MOSFET 1200V MOSFET 650V Diode Cost of topology
3-ph VSI 0 24 0 $481.92
6-ph VSI 0 24 0 $481.92
6-ph NPC 48 0 24 $821.04

6-ph T-NPC 24 24 0 $843.84

though the switching losses were significantly reduced
compared to both versions VSI topology. The most
perspective topology for automotive applications based
on the power parameters analysis is a three-level
T-NPC topology. The number of switching devices of
the six-phase T-NPC topology is doubled compared to
the six-phase VSI topology, but the power losses are
lower. This is mostly because of reduced switching
losses.

These data on efficiencies of individual topologies
at different power levels were built on the fact that the
individual topologies were assembled using discrete
WBG (SiC) devices. To achieve the maximum power of
100 kW, it was necessary to connect these devices in
parallel, which increased the number of these devices in
the circuit. Although the two-level topologies contained
the same switching devices and in the same number,
which was twice as low compared to the three-level
ones, their achieved efficiency was not the highest at
any power level. The three-level topologies contained
twice the number of switching devices compared to the
two-level VSI topology. However, only with the T-NPC
topologies was the efficiency higher compared to the
other analyzed topologies.

The device’s pricing information is obtained from
the official manufacturer’s website. The costs of the
whole topologies, which are determined in Table 2, were
calculated based on the manufacturer’s pricing stated
on their official website, and the calculations were made
only for the used semiconductor devices. The price per
unit of the 650 V MOSFETs NTBG015N065SC1 was
$15.08, the 1200 V MOSFETs NTBG020N120SC1 was
$20.08, and 650 V Schottky diodes was $4.05. The price
of these semiconductor devices is higher at retail stores.

The topology used nowadays in the automotive
traction drives Voltage Source Inverter’s cost is the
lowest compared to the perspective alternative three-
level topologies. The cost of the most efficient T-NPC
topology is almost double the cost of VSI. These cost data
are key to the practical implementation of traction drive’s
mass production of electrified vehicles. The higher the
traction drive’s efficiency, the longer the driving distance
range of the electrified vehicle, and to achieve this, it
would be necessary to enhance the traction inverter, for
example by the change of switching devices from IGBTs
to SiC MOSFETS, or the very topology of the connection
of these devices. However, this comes at the expense of
a higher price.
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5 Conclusions

A description of the input parameters that were
defined based on the automotive future trends for the
power loss analysis of the semiconductor devices of
traction inverter topologies suitable for automotive
applications was determined. All the necessary parts
of the thermal model of the semiconductor device,
which is necessary for the power loss calculations, were
created in PLECS, where the power loss analysis was
performed. A closer look at sinusoidal PWM control
algorithms was used for the two-level (VSI) and three-
level (NPC and T-NPC) inverter topologies expressed by
block diagrams. Before the actual analysis of the power
losses, the selection procedure of discrete semiconductor
devices that were used in the given topology was defined.
For each of the analyzed topologies (VSI, NPC, and
T-NPC) a simulation model was created in PLECS,
the key properties of which were described. A close-up
look at one phase of the inverter was displayed for
each topology. The power loss analysis of all proposed
topologies was performed at multiple power levels, but
its line-to-line voltage and phase current waveforms
were shown only at maximal power level. The results of
the analysis of power losses were graphically displayed
for each topology separately. The comparison of the
analyzed topologies was based on the highest reached
efficiency and on the costs of purchasing semiconductor
devices.

It is seen from the results, that NPC converter
exhibits the highest efficiency within the whole power
range that was evaluated. Approximately 0.1% up
to 0.3% efficiency value is higher compared to the
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Resume

Logistic regression has been a widely used prediction technique to analyze
categorical variables. However, if the assumptions are violated the results
may be biased. The study in this paper applied an analytical technique
namely generalized ordered logit model. A case study of using urban light
rail under pandemic conditions was applied for the analysis. The results
suggested that logistic regression should not be applied before exploring the
multicollinearity and applying the test of parallel lines. If the assumptions
are violated, generalized ordered logit model should be considered.
Regarding the predictive variables, sociodemographic, socioeconomic and

Article info

Received 20 December 2023
Accepted 16 March 2024
Online 29 April 2024

Keywords:
public transport
comparison tests
Covid-19
assumption
travel pattern, related variables were found to have a statistically significant

impact on the perception of safety and infrastructure of urban light rail. The

outcomes of the study would provide a deeper understanding of developing

regression models for categorical variables for future studies.

Available online: https://doi.org/10.26552/com.C.2024.028

ISSN 1335-4205 (print version)
ISSN 2585-7878 (online version)

1 Introduction

The Covid-19 pandemic has changed urban travel
behaviors in many countries [1-2]. The travel distance
was reduced by approximately 60% [3]. Not only the
need for travel, but the mode choice behavior has
changed significantly, as well

. A shift from public transport use to private motor
vehicle use, cycling, and walking was observed [4].
Transport authorities claimed that a 95% reduction
in public transport use was observed during the peak
period of the pandemic [5]. Although there has been
a significant decrease in travel distance during the first
months of the pandemic, it increased gradually during
the post-pandemic period [6]. The study [4] suggested
that private motor vehicle use and walking came back to
normal levels during the post-pandemic period. However,
public transport use could not reach the pre-pandemic
level [3]. Due to the remote working option and the
discomfort in crowded spaces, a straightforward return
to the pre-pandemic status of the public transport use

is not achievable [7]. In addition, the lack of emergency
readiness in the public transport sector for a pandemic
situation is an important reason for decreased ridership
[8]. These cause unsustainable transportation modes to
be used more than the public transport [9]. Using the
public transport should be encouraged to reduce the
level of private motor vehicle use [6]. It was suggested
[4] that a deeper investigation should be carried out to
understand the reason behind the low level of public
transport use due to the pandemic effects. Several socio-
economic groups of people have experienced travel mode
shifts to varying degrees [10-11]. Therefore, this reason
should be examined by considering survey-based socio-
economic parameters such as gender, age, education,
travel pattern, household size, and personal values,
such as perceptions of the mobility system [3, 12]. In
addition, study [13] explored the long-term impact of
a pandemic on travel behavior and it was suggested that
safety concerns should be investigated to reduce the
significant and permanent influence on public transport
users.
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The study in this paper aimed to fill this gap by
investigating the influence of the social, travel pattern,
and perception-related parameters on urban light rail
use under pandemic concerns. The objectives of the
study are given as follows: i) examining the level of
change in travel patterns before and after the pandemic,
ii) selecting the most appropriate prediction model by
testing the statistical assumptions, iii) developing the
model to explore the impacts on participants’ perceptions
on urban light rail after the pandemic period.

2 Literature review

Depending on the measures taken by the
governments to prevent the spread of the pandemic,
there has been a change in the public transportation
habits of people trying to deal with this situation
[14]. During the peak period of the pandemic-related
disturbances, the number of passengers using public
transportation decreased by 50 % to 90 % worldwide [15].
Particularly, there were substantial reductions in metro
service durations, with up to a 40% decrease in travel
times [16]. The decrease in the use of public transport
was in correlation with the rising number of Covid-
19 cases [17-19]. It is stated that the most important
challenge after the Covid-19 pandemic is to re-establish
trust in public transportation [20-22]. Travel behavior,
sociodemographic and latent characteristics of the road
users were found to be significant for the reason of
switch from public transport to other modes during
the pandemic [23]. In a study [24], focused on the
effectiveness of incentives aimed at promoting public
transport usage in China after the pandemic, it was
found that while there was a minor increase in public
transport use, the impact of the incentives remained
limited in achieving significant behavioral change. The
safety of individual or social transportation needs can be
achieved with sustainable transportation systems [25].
To achieve this goal, the factors affecting the perceptions
of users regarding transportation safety should be
carefully evaluated at the planning stage [26].

As stated in the United Nations Agenda 30, prepared
for sustainable development, it is a human right to feel
safe in public [20]. The Great Walk of Athens (GWA) has
been determined that the use of public transportation
has decreased due to the decrease in the desire to share
indoor space after the pandemic and the public did not
show the expected interest in the GWA project, and the
most important reason for this was that the public was
not sufficiently included in the planning stage [27]. This
outcome supports the emergency of understanding the
reason behind the preference change and planning the
transportation system including users’ perceptions.

Before exploring the applied studies in this research
area, it should be noted that the influence of emergencies
on public transportation use may not be at the same
level in different regions or among different modes

or societies [28]. Particularly, metro and bus modes
were affected more than other public transportation
options. Environmental and economic concerns are
also determinants of people’s preference for public
transportation [14]. For instance, the UK based study
found that users in poor neighborhoods return to public
transport faster than people living in more affluent
areas [29]. In addition, the regional differences can
be influential such as the study [30] suggested that
a decrease in the use of public transportation was
observed in American and European cities at a similar
level, while this rate was found to be less in Asian
countries.

Concerning this given information in the literature,
there have been several studies, which were conducted
in different regions to investigate the reasons behind the
decrease in using public transport and not returning to
its former levels. One of the major reasons for reduced
public transport usage was the sociodemographic
background of road users. Women and elder road users
exhibited higher susceptibility to using public transport
during the pandemic situation [31-32]. The effects of
the pre- and post-pandemic on public transport users
have been investigated in three different Scandinavian
cities; Stockholm, Bergen and Oslo [20]. The results
suggested that women experienced more stress and had
less confidence while using public transportation during
the pandemic period. In addition, elderly individuals
significantly reduced their use of public transport.
This situation was reduced but not fully recovered
post pandemic period. This cannot be explained by the
negative service level but by the decrease in the number
of individuals who prefer public transportation [20]. The
study [33] carried out in Lahore, Pakistan indicated
that elderly individuals were less likely to use public
transport in the absence of necessary precautions, while
individuals with lower levels of education exhibited
higher usage, highlighting the potential for attitude
change through the implementation of sanitation
measures and informative activities [34]. The decrease
in public transport use occurred among mid-high age
users, however, people under the age of 30 had to keep
using public transportation because the majority of the
young road users did not have access to private vehicles
in India [35]. Mostly elder groups tended to switch their
travel mode from public transport to private motor
vehicles, and this preference has not been recovered
yet. The study carried out in Germany suggested that
women and those living in the suburbs tended to use
private vehicles more during the pandemic period [36].
Total of 19% of the participants, who did not own a car,
were tempted to buy a car even though they could live
without a car. These results clearly showed that the
public transport behavior has been changing among
different sociodemographic and socioeconomic groups
[37]. Consequently, a permanent modal shift behavior
was observed.

In a comprehensive study [38], conducted in
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Warsaw, it was found that there was a substantial
transition away from traditional public transportation
towards individual modes of transportation. Individuals
in the high-income group, and those who primarily
use motorcycles as their mode of transportation,
exhibited a strong preference against using public
transportation due to their significant dependency on
private means of transportation, regardless of adherence
to pandemic safety protocols [39]. The outcomes of the
study [40], conducted in Scotland, suggested that the
post-pandemic preference for private vehicle usage over
public transportation was likely to result in adverse
environmental consequences, while the adoption of
remote working arrangements and increased bicycle
usage was expected to have positive environmental
effects. In a survey based comprehensive study [41]
conducted in Greece, it was uncovered that the
transportation behaviors adopted during the pandemic,
specifically walking and cycling, were anticipated to
persist among individuals even after its resolution,
particularly in the short term. The data obtained from
the public transport service providers in Spain was
analyzed and it was found that in the post-pandemic
“new normal,” there has been a notable increase in the
use of bicycles as shared transportation and a higher
overall traffic density compared to the utilization of
public transport [42]. The study [23], conducted in
Athens, suggested that self-employed individuals and
owners of private cars were less inclined to revert to
using public transport after the pandemic. During
the two waves of the pandemic in Australia, surveys
indicated that the use of public transport was influenced
by the adoption of remote work practices, and it was
further concluded that government incentives would
be a determining factor in shaping public transport
behavior [43].

Further studies focused on the road users’
perception of public transport use under comprehensive
health issues. A survey was conducted online with the
participation of 700 people across Sicily island of Italy. It
was concluded that policymakers should investigate the
psychological and emotional aspects of using the public
transport against private motor vehicle mode shift [44].
A survey-based study [45], covering 8 cities in China,
suggested that taking temperature measurements
in public vehicles can be useful in reducing health
concerns caused by Covid-19. Through an examination
conducted during the Covid-19 pandemic in Santiago,
a comprehensive analysis was performed using 455
valid survey responses obtained from both an online
survey conducted on the Qualtrics platform and a face-
to-face survey [46]. The data were investigated to
assess users’ perceptions of mask-wearing and their
attitudes toward crowded vehicles. The results indicated
a heightened reluctance towards crowded vehicles, even
when all occupants were wearing masks, in comparison
to the pre-pandemic period [46]. Based on the data
obtained from the smart card system used in public

transportation, it was revealed that users modified their
public transportation routes and opted for destinations
where the pandemic-induced isolation policies were
not implemented [47]. Through a study [48] tracking
48 users with GPS before and during the pandemic,
it was discovered that the key considerations in the
selection of transportation mode and route were the
avoidance of crowds and travel time. The study [49]
emphasized the importance of commissioning bus lines
with small crossing distances to alleviate overcrowding
concerns during the pandemic and prevent potential
inconvenience to passengers who may be skipped at
stops. According to a study [50] analyzing data from the
local public transportation service provider in Tampere,
Finland, it was found that the public transportation
usage declined across the country during the pandemic,
and specifically in the eastern part of the city, the
crowdedness ratio was higher compared to other areas.
The survey conducted with the participation of 420
public transport users in Addis Ababa, Ethiopia revealed
that approximately one-third of the participants were
found to have symptoms indicative of general anxiety
disorder related to the pandemic [31]. Another study [51]
conducted in India, which examined the factors affecting
the choice of public transport mode, revealed that the key
consideration for individuals is the capacity of the mode
of transport to provide social distancing. In a study [52]
addressing policies for managing public transportation
systems during the epidemic periods, several measures,
including vehicle disinfection and mask usage, were
recommended as a part of a transportation emergency
response plan to prevent the spread of the epidemic
while ensuring continued service to meet the demand.
The study [53] conducted in Gdansk, Poland revealed
that the Covid-19 pandemic could lead to subjective
safety concerns regarding public transport, resulting
in a significant proportion (25%) of participants
losing confidence in its safety. The survey conducted
in Germany with the participation of 918 individuals
revealed that users are expected to experience lingering
fear of infection related to public transport even after
the pandemic [54].

Regarding the information given in the literature,
investigating the factors affecting the perception of
public transport use emerges to be carried out. The
previous studies mainly carried out a survey and aimed
to explore the importance of the parameters by applying
several analysis methods, such as structural equation
modelling [20, 39], exploratory factor analysis [33],
binary logistic regression [36], multivariate regression
analysis [37], two-parameter probit model [40], Mann
Whitney U test [44], multi-group analysis method
[45] and multinomial logit model [23]. The analysis in
this paper aimed to focus not only on examining the
factors, but also on applying a deeper methodology
for investigating categorical variables. The following
section explains the case study area, data collection and
analytical approach of the analysis.
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Figure 1 Bursa urban light rail system
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Figure 2 The daily number of passenger data for Bursaray

3 Methodology

The case study area in this paper is Bursa city,
which has approximately 2 million populations. The
south part of the city is narrowed by Uludag mountains
and the north part is covered with agricultural lands.
Therefore, the city form has a linear structure and the
majority of the daily travel movement occurs on the east-
west line. Accordingly, the most used public transport
mode in the city is the Bursa urban light rail system
(i.e., Bursaray) (see Figure 1). Bursaray consists of 2
lines with a total length of 39km. It has 38 stations and
the platforms for each station are 120m in length. The
lines are merged at 13 stations. The system has a 70
km/h operating speed with a fixed blocked signalling
system. Average travel times are 34 min and 55 min, for
line 1 and line 2, respectively. Station waiting time is
between 20 s and 40 s for all platforms. Each train has

4 railcars with 8 doors total. The railcar length, width
and height are 28.20m, 2.65m, and 3.88m, respectively.
The number of passenger seats located in one railcar
is 50.

The transportation network in Bursa primarily
relies on the Bursaray rail system, serving as the
backbone of public transit in the city. Bursaray is the
preferred mode of transportation for many residents,
offering linear accessibility to various parts of the
city. Notably, the Acemler station serves as a major
interchange point, where the rail lines diverge and
connect with minibuses heading to outlying districts
such as Harmancik, Buyukorhan, and Keles.

Additionally, it is important to note that the
University, Emek, and Kestel stations serve as key
launch points for the Bursaray system, facilitating
connections to different transportation modes. While
buses and minibuses complement the Bursaray lines,
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they are often hampered by traffic congestion, leading
to inconsistent travel times. This has been a common
concern among the public transport users, highlighting
the need for improved efficiency and reliability across all
modes of transportation in Bursa.

The daily number of passenger data for Bursaray
was obtained from the Bursa Municipality Department
of Transportation for the period between January 2019

and November 2021 (see Figure 2). Before the Covid-19
pandemic, the daily number of passengers was up to
300.000; however, the demand dropped significantly
during the first phase of the pandemic. The demand
increased in the third quarter of year 2020; but it dropped
slightly during the second phase of the pandemic.
During 2021, the demand has increased slowly; however,
it could not have reached the pre-pandemic conditions.

Table 1 Descriptive statistics for sociodemographic and working status

Parameters Units (frequency)
Gender Female (489); Male (498)
Age group 18-25 (538); 26-40 (374); 41-55 (62); 56-70 (13)
Education Primary (11); High school (461); Undergraduate (416); Post-graduate (99)
Employment Unemployed (54); Part-time employed (43); Full-time employed (385); Self-employed (33);

Student (472)
Working status

Unemployed (54); Office (452); Flexible (481)

Table 2 Descriptive statistics for travel pattern

Parameters

Units (frequency)

Daily average commuting distance

Travel mode before
Travel mode after

Frequency of using public transport
before

Frequency of using public transport
after

Frequency of using private motor
vehicle before

Frequency of using private motor
vehicle after

Frequency of walking before
Frequency of walking after

Motivation of choosing the travel
mode before

Motivation for choosing the travel
mode after

Less than 2km (288); 2-5km (192); 5-10km (166); Over 10km (341)

Micromobility (17); Private motor vehicle (348); Taxi (5); Public
Transport (573); Walking (44)

Micromobility (26); Private motor vehicle (564); Taxi (15); Public
Transport (272); Walking (110)

Less than 5 days (461); 5 days (236); 6 days (142); 7 days (148)
Less than 5 days (827); 5 days (100); 6 days (41); 7 days (19)
Less than 5 days (690); 5 days (93); 6 days (32); 7 days (172)
Less than 5 days (563); 5 days (102); 6 days (63); 7 days (259)

Less than 5 days (449); 5 days (191); 6 days (90); 7 days (257)
Less than 5 days (647); 5 days (128); 6 days (55); 7 days (157)

Environmental concerns (51); Costs (393); Travel time (444); Social
distance (99)

Environmental concerns (31); Costs (133); Travel time (132); Social
distance (691)

Table 3 Descriptive statistics for perceptions on urban light rail

Parameters Survey questions Units (frequency)

Infrastructure What is your perception on URL infrastructure? Likert 1 (127); 2 (155); 3 (245);
Scale 1-6, where 6 corresponds to the best possible 4 (286); 5 (145); 6 (29)
score and 1 to the worst. ’

Safety What is your health-related safety perception on using  Definitely unsafe (469); Unsafe
URLs after the pandemic? (384); Moderate (107); Safe (23);

Definitely safe (4)
Stress/anxiety Do you feel stressed/anxious while using URLs after 1 (18); 2 (31); 3 (67); 4 (383); 5 (488)

Improvement on
infrastructure

the pandemic? Likert scale 1-5, where 1 corresponds to
completely yes and 5 to completely no

Do you prefer using URLs after the pandemic condition
if the infrastructure improves? Likert scale 1-5, where
1 corresponds to completely no and 5 to completely yes

1(99); 2 (158); 3 (260); 4 (380); 5 (90)
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As mentioned in the literature review, passengers had
significant hesitations or concerns about using the
public transport during the pandemic crises. Therefore,
the study in this paper has surveyed to understand
passengers’ perceptions.

The survey was conducted with randomly selected
987 local participants in December 2020. The participants
had been using the light rail at least once a week before
the pandemic. The questions were distributed via the
Google survey platform. The minimum sample size for
the study area was calculated using the Krejcie and
Morgan formula [55] (Equation (1)). In this study, the
population size was 2,056,140 [56] and the p-value
was 0.5 (maximum variability). The confidence level
was decided at 95% (x> = 3.841) and the margin of
error was 5 %. The minimum required sample size was
calculated as 384, which was less than the sample size
of 987 in this study. The survey questions were divided
into three categories: sociodemographic variables,
travel patterns and perceptions of public transport. The
frequency analysis for each variable is given in Tables
1,2 and 3.

_ X’ No(1—p)
A(N=1D+ x*p(1—p)’

(n

n

where: N is the population size,
n is the sample size,

e is the margin of error,

x is the value of the chi-square distribution having
a degree of freedom of one at a certain confidence level,
p is population proportion.

The method for analyzing the categorical variables
was carried out in four steps (see Figure 3). After
gaining a fundamental understanding of the dataset by
descriptive statistics in step 1, before-after comparison
analysis was conducted in step 2 and step 3. Wilcoxon
signed rank test is a non-parametric analysis for
comparing pairs of data for the ordinal variables [57].
In this study, the variables, namely frequency of using
public transport, frequency of using private motor
vehicle and frequency of walking were analyzed with
Wilcoxon signed rank test. When the variables are in
a nominal structure, McNemar-Bowker test should
be conducted [58]. Therefore, before-after comparison
analysis for the variables, namely the travel mode and
motivation of choosing the travel mode, were analyzed
with McNemar-Bowker test.

In step 4, a prediction model was developed. The
investigated dependent variables were on a categorical
Likert Scale from 1 to 5. Therefore, the ordered logit
model was selected to be applied to develop a prediction
regression [51]. The assumptions of the ordered logit
model should be met: i) the dependent variable is
ordinal categorical, ii) independent variables are
either categorical or continuous, iii) ignorable or no
multicollinearity and iv) parallel lines [59]. Meeting

Step 1. Descriptive statistics

Assumption 1.

Yes
Assumption 2.

J, Yes
Assumption 3.

Analysing Categorical Variables
Step 2. Wilcoxon signed rank test for comparing before/after ordinal variables

Step 3. Mc Nemar Bowker test for comparing before/after nominal variables

Step 4. Ordered logit model (Ordinal regression model)

. . . Ni . .
The dependent variable is ordnal. —— > Another type of regression should be considered.
Oune or more mdependent variables which are continuous or categorical.

There should be an ignorable or no multicollinearity.

Variance Inflation Factor (VIF) analysis

VIF value < 10

\ VIF value > 10

7 VIF value < 10 Standardization
Assumption 4.
Parallel lines test
No
J’ Yes 4/ \v
Ordered Logit Model Generalised Ordered Logit Model

Relaxing p-value criteria

Slight multicollinearity

Figure 3 Methodological framework
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these assumptions is compulsory for applying the
ordered logit regression; however, they are frequently
violated in studies [60]. If the assumptions are violated,
generalized ordered logit model should be applied to
relax the assumptions [61]. The study in this paper
examined each assumption of the ordered logit model
in step four and developed the prediction model based
on the results. The equation generalized ordered logit
model is given as follows [59]:

exp(aj + X{ﬁi)
1+ {exp(o; + XiB;)}

P(Y:>j) = g(XB;) =
j=12.,M—1,

(2)

where M is a number of categories of the ordinal ranked
responses of the dependent variable, and j is a number of
compared categories. If M = 3, the number of compared
categories is two: for j = 1 category 1 is contrasted with
categories 2 and 3, and for j = 2 categories 1 and 2 are
contrasted with category 3. The probability Y can be
estimated as given below:

P(Yi=1)=1-g(XiB:), 3)
P(Y;=j)=g(X:Bi 1) — 9(XiB;), @)
j=2,..,M—1,

P(Yi=M) = g(XiBu-1). (5)

4 Results

Wilcoxon signed rank test showed that there has been
a statistically significant decrease in public transport use
and walking frequency after the pandemic, compared
to before. However, a reverse outcome was observed

Table 4 Wilcoxon signed-rank test

for private motor vehicle frequency after compared to
before. The participants had a model shift from public
transport and walking to private car use (see Table
4). This outcome has been supported by the results of
McNemar-Bowker test that there has been a statistically
significant travel mode change comparing before and
after the pandemic. In addition, the motivation for
choosing the travel mode has been different before and
after the pandemic (see Table 5). Before the pandemic,
the participants tended to choose their daily travel
mode regarding mostly costs and travel time. However,
after the pandemic period, the participants started to
prioritize social distancing.

The results from the comparative analysis suggested
that the pandemic has changed the participants’ daily
travel behavior. The further step of the analysis was
exploring the perceptions of the participants on public
transport, to identify the impacts on their modal shift.
A prediction analysis was carried out by applying an
ordered logit model with examining the four assumptions.
The analysis started with checking the first assumption
which was “the dependent variable should be ordinal”.
The study in this paper had four prediction models
for each dependent variable, namely perception on
infrastructure (Model 1), safety (Model 2), stress/anxiety
(Model 3), and improvement on infrastructure (Model 4).
These dependent variables were collected on the Likert
Scale (from 1 to 5); therefore, the dependent variables
in the models were in ordinal structure and the first
assumption was approved. The second assumption was
“there should be one or more predictor variables and
these should be continuous, ordinal or categorical”.
The predictor variables in this study were gender,
age group, education, employment, working status
and daily average commuting distance. Therefore, the
second assumption was approved. The third assumption
was “there should be ignorable or no multicollinearity

. " Asymptotic
Variables 7 Negative mean  Positive ndlean Significance
ranks® ranks .
(2-tailed)

Public transport use frequency before vs. after -17.2732 215.63 125.26 0.00*
the pandemic
Private motor vehicle use frequency before vs. -8.778" 122.97 150.66 0.00*
after the pandemic
Walking frequency before vs. after the pandemic  -10.0542 211.13 172.80 0.00*

“based on positive ranks; *based on negative ranks; “frequency after < frequency before; ‘frequency after > frequency before;

*statically significant at 95% confidence level

Table 5 McNemar-Bowker test

. Degrees of Asymptotic Significance
Variables Value froedom (2-sided)
Travel mode before vs. after the pandemic 251.394 8 0.00*
Motivation of choosing the travel mode before vs. 590.378 6 0.00*

after the pandemic

*statically significant at 95% confidence level
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Table 6 Testing multicollinearity for predictor variables with Variance Inflation Factors (VIF)

Predictor variables VIE Values
Model 1 Model 2 Model 3 Model 4

Gender 1.05 1.05 1.04 1.04
Age group 1.36 1.37 1.37 1.35
Education 1.39 1.38 1.38 1.37
Daily average commuting distance 1.25 1.25 1.25 1.17
PT frequency 1.06 1.06 1.06 -
PT infrastructure - 1.06 1.13 -
PT safety 1.27 - 1.10 -
PT stress/anxiety 1.29 1.05 - -

PT = public transport

Table 7 Test of parallel lines
Model® Dependent variable Chi-Square Degrees of freedom Significance
Model 1 PT infrastructure 104.64 84 0.06
Model 2 PT safety 1321.09 66 0.00%*
Model 3 PT stress/anxiety 126.61 66 0.00*
Model 4 Improvement on PT 63.24 30 0.00*

infrastructure

athe null hypothesis stated that the location parameters (slope coefficients) were the same across response categories

*statistically significant at 95% confidence level

Table 8 Model 1 - Ordered Logit Model

95 % confidence interval

Variables Coefficient P- Value  Odds ratio for odds ratio
Lower Upper
Infrastructure® dependent variable
Gender -0.07 0.56 0.93 0.74 1.17
Age group -0.31 0.00* 0.77 0.61 0.89
Education -0.06 0.52 0.94 0.78 1.14
Daily average commuting distance -0.13 0.01%* 0.88 0.80 0.97
ULR using frequency 0.07 0.48 1.07 0.88 1.30
Safety 0.66 0.00* 1.93 1.64 2.27
Stress/anxiety -0.10 0.20 0.91 0.79 1.05

*statistically significant at 95% confidence level
3outcome variable

between predictor variables”. The VIF analysis was
carried out to explore multicollinearity (see Table 6).
The VIF values less than 10 for each predictor suggested
that there has been no multicollinearity and the third
assumption was approved.

The fourth assumption was test of parallel lines,
which was given in Table 7. The results suggested
that the assumption was violated for Models 2, 3 and
4. Therefore, ordered logit model was applied only for
the Model 1. Generalized ordered logit model was used
for the Models 2, 3 and 4 in order to relax the fourth
assumption of ordinal regression. The Model 1 suggested
that an increase in daily average commuting distance
reduces the level of perception on infrastructure (see
Table 8). The road users who travel longer distance

found the ULR system infrastructure of lower quality.
In addition, the level of perception on infrastructure
reduced for the higher age groups. On the other hand,
one unit increase in safety perception increased the
perception on infrastructure by 93 %.

Generalized ordered logit was applied in the Model
2, Model 3 and Model 4. In these three models, the
dependent variables were road users’ perceptions in
Likert Scale from 1 to 5. Therefore, the number of
comparison groups was four (j = 1,2,3 and 4). As
shown in Model 2, higher quality of infrastructure had
a consistent positive impact on feeling safer while using
the ULR (p=0.00) (see Table 9).

The other consistent impact for all the comparison
groups was observed for education. The participants,

VOLUME 26

COMMUNICATIONS 3/2024



D46 AKGUN et al.

Table 9 Model 2 - Generalized Ordered Logit Model

j=1 j=2 j=3 j=4

Variables Coefficient P-Value Coefficient P-Value Coefficient P-Value Coefficient P- Value
Safety perception®
Gender 0.39 0.01%* -0.20 0.34 -0.95 0.04%** -0.47 0.70
Age group 0.05 0.68 0.05 0.68 0.05 0.68 0.05 0.68
Education 0.21 0.06% 0.21 0.06% 0.21 0.06% 0.21 0.06%
Daily average 0.02 0.77 0.02 0.77 0.02 0.77 0.02 0.77
commuting
distance
PT frequency -0.08 0.47 -0.08 0.47 -0.08 0.74 -0.08 0.47
PT infrastructure 041 0.00%* 041 0.00%* 0.41 0.00%* 0.41 0.00%*
PT stress/anxiety -1.07 0.00%* -0.97 0.00%* -1.53 0.00%* -1.86 0.00%*

*statistically significant at 90 % confidence level
**gtatistically significant at 95% confidence level

2outcome variable

Table 10 Model 3 - Generalized Ordered Logit Model

j=1 j=2 j=3 j=4

Variables Coefficient P- Value Coefficient P-Value Coefficient P-Value Coefficient P- Value
PT Stress/Anxiety®
Gender 4.06 0.00%* 0.13 0.69 0.19 0.39 0.59 0.00%*
Age group -2.95 0.00%* 0.13 0.61 0.02 091 -0.24 0.05%*
Education 0.16 0.15 0.16 0.15 0.16 0.15 0.16 0.15
Daily average 1.29 0.00%* -0.01 0.96 0.09 0.33 0.10 0.11
commuting
distance
PT frequency -0.13 0.24 -0.13 0.24 -0.13 0.24 -0.13 0.24
PT infrastructure -0.07 0.21 -0.07 0.21 -0.07 0.22 -0.07 0.21
PT safety 0.22 0.57 -1.36 0.00%* -1.27 0.00%* -1.44 0.00%*

*statistically significant at 90 % confidence level
*Egtatistically significant at 95 % confidence level

doutcome variable

Table 11 Model 4 - Generalized Ordered Logit Model

j=1 j=2 j=3 j=4

Variables Coefficient P- Value Coefficient P-Value Coefficient P-Value Coefficient P- Value
Improvement on
PT infrastructure?
Gender 0.73 0.00%* 0.37 0.01%* 0.02 0.89 -0.76 0.00%**
Age group -0.26 0.09% -0.27 0.02%* -0.10 0.37 -0.57 0.01%*
Education 0.05 0.65 0.05 0.65 0.05 0.65 0.05 0.65
Daily average 0.02 0.64 0.02 0.64 0.02 0.64 0.02 0.64
commuting
distance

*statistically significant at 90 % confidence level
*statistically significant at 95 % confidence level

2outcome variable
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who had lower education level, perceived less safe while
using ULR (p = 0.06). In addition, the participants
tended to feel less stressed when they feel safer (p =
0.00). In addition, the same result was observed in
the Model 3 (see Table 10). The participants in higher
age groups tended to not prefer using URL after the
pandemic condition even if the quality of infrastructure
would be improved (see Table 11). The influence of each
variable, namely gender in Models 2, 3 and 4, age groups
and daily average commuting distance in Model 3, on the
dependent variables were not found consistent between
comparison groups. Therefore, a further investigation
should be carried out by considering the limitations of
the study in this paper.

5 Discussion

Logistic regression has been a widely used prediction
technique to analyse the categorical variables. However,
if the assumptions are violated, the results may be
biased. Therefore, the assumptions should be checked
carefully. The study in this paper applied a deeper
analytical technique namely a generalized ordered logit
model to analyse the categorical dependent variable.
The results suggested that logistic regression should
not be applied before exploring the multicollinearity and
applying the test of parallel lines.

Regarding the outcomes of the statistical tests
and prediction models, the literature review revealed
a global decrease in public transportation use during
the peak of the Covid-19 pandemic [6], which aligns
with our findings indicating a statistically significant
decrease in public transport use and walking frequency
after the pandemic compared to before. These changes
were further supported by the results demonstrating
a shift in travel behavior among participants. However,
the observed reverse outcome for private motor vehicle
frequency after the pandemic highlights a noteworthy
mode shift that warrants a detailed examination.
This shift was more pronounced than suggested
in some studies [10, 16], emphasizing the need to
explore the nuances of travel behavior changes in
different contexts. It was highlighted that the regional,
sociodemographic and socioeconomic variations occurred
in public transportation use during the pandemic [15].
Our results support these findings, indicating that
participants exhibited a model shift away from the public
transport and walking, particularly notable among
certain sociodemographic groups. This aligns with the
studies [24, 34], which indicated that elderly individuals
were less likely to use public transport, emphasizing

the role of sociodemographic factors in shaping travel
behavior.

The importance of rebuilding trust in public
transportation was a recurrent theme in the literature
[13, 23-25, 54], and our study underscores this
challenge. The observed mode shift has significant
implications for urban planning and transportation
policies. Policymakers need to address the newfound
emphasis on social distancing in travel mode choices and
consider measures that enhance the perceived safety of
public transportation to encourage to use. The literature
emphasized the impact of governmental measures on
public transportation habits and creating different
strategies [44], and our study corroborates these trends.

A shift in motivation for choosing the travel modes
before and after the pandemic emerged from our results,
echoing the findings from the literature [1-4]. The change
from cost and travel time considerations to prioritizing
social distance suggests a fundamental shift in public
perceptions and priorities. This aligns with the study
[27] conducted in Athens, which found that the use of
public transportation decreased due to a decrease in
the desire to share indoor space after the pandemic. As
clearly seen in the discussion, unexpected and traumatic
health conditions can deeply affect the travel behavior,
preferences and perceptions. A further study focused
on sustainable transportation design after Covid-19 for
Melbourne and it was stated that the infrastructure of
electric vehicles was insufficient and reducing carbon
emission was not achievable due to the shift from public
transport to private motor vehicles [62]. Associating
this result with the outcomes in this paper suggests
that future studies should focus on improving the
sustainable transport infrastructure to reduce the safety
concerns under the health issues. It is also noted here
that governmental authorities should consider income
support program in ensuring the continuity of public
transportation services [63].
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Resume

In this study, the effect of five geometric design features, including radius,
superelevation, longitudinal grade, lane and shoulder width, on the average
speed in the horizontal curve on a two-lane undivided rural road was
investigated. The standardized regression coefficients showed that the most
important factor affecting the speed was the radius (10.47) followed by the
longitudinal grade (4.46). Superelevation and lane width had little effect.
Shoulder width had no significant effect. This would be due to the wide
width of the lanes. It was found that the relationships between speed and
radius, longitudinal grade, superelevation and lane width were radical,
quadratic, linear and linear, respectively. Increasing the longitudinal grade
has increased the speed of the drivers. Increasing the superelevation was
effective when its value changed from negative to positive.
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1 Introduction by a car going off the road and hitting fixed objects
such as trees [3]. Studies in other countries have also
Improper driving strategy is one of the main causes  confirmed it [4]:

of accidents (roughly 65 %). In general, speed, changesin ® The rate of crashes in curves was 1.5 to 4 times than
acceleration and vehicle trajectory are a reflection of the that of straight segments.

driving strategy. Researches have shown that horizontal ¢ 25 to 30 % of injury accidents occur in horizontal
curves are a critical location on rural two-lane roads curves.

due to the possibility of skidding or overturning [1]. ¢ Approximately 60 to 70 % of fatal crashes in curves
Improper perception and expectation of horizontal curve are single-vehicle crashes.

sharpness also affects the driver’s strategy and can Among all the features of horizontal curves, factors

lead to dangerous speeds and accidents. Investigating
the effect of horizontal curve properties on driver
performance has remained a major road safety issue [2].

Accidents are more likely to occur in horizontal
curves than on straight segments, as the need for the
driver attention is increased and the drivers may take
the wrong speed and path. The average number of
accidents reported in the United States indicates that
the number of accidents in horizontal curves is higher
than straight segments. In 2008, the rate of accidents
on horizontal curves has been 3 times higher than
accidents on other segments of highways.

About 75 % of road fatal crashes have been caused

such as small radius, narrow lane width and cross section
(including lanes and shoulders) can be mentioned [5].
Andjus and Maletin studied speed in horizontal curves.
Nine horizontal curves on rural two-lane roads with
radii in the range of 50 to 750 m were examined. The
curves were more than 2 km away from any intersection
and free flow speed were extracted from data with a
time headway of more than 7 sec. The results showed
that with the increase in the radius, not only does the
average speed increase, but the range between the
85th and 15th percentile speeds increases as well [6].
Dell’Acqua provided equation (1) for environmental
speed (V) that depended on two variables: curvature
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COMMUNICATIONS 26 (3) D52-D62


https://orcid.org/0000-0001-9642-6134
https://orcid.org/0000-0003-3830-4555

EXAMINING THE EFFECT OF GEOMETRIC DESIGN FEATURES ON THE SPEED IN HORIZONTAL...

D53

Table 1 Relationship between operating speed in horizontal curves and geometric design features

Researcher(s)

Estimated relationship

Castro at al. [10]
Camacho et al. [11]
Kanellaidis at al. [12]
Abbas at al. [13]

Misaghi and Hassan [14]
Jacob and Anjaneyulu [15]

Dilling [16]

Vi = 102.048 — 299020 & < 400 m
Vi = 127 % R(f+ %) R < T0m

623.1
5 = 129.88 — —F=—
Vs 88 /R
623.1

suc = 129.88 — ——=— + 0.307 V;
Visuc /R Vsar
Visue = 94.3 + 8.67 % 107° * R*

Vis = 56.75 — % —0.034 % CL

Ves = 5.32 — 1.12 %k Vawe
Vave = 25.1 + 5.57b + 0.06R — 0.05CCR

V.. . 85" speed in the middle of the curve, V__, : 85" speed in straight segment, CCR: curvature change rate, b: lane width,

85MC* 85AT"

V v Average of speed in the curve, R: Radius, e: superelevation, f: skid resistance, CL: length of curve

change rate (CCR) in terms of gradient per kilometer
and road width (L) in terms of meter:
Veny = 82.84 — 0.1033 sk CCR + 3.44 % L. (1)
It should be noted that the environmental speed
defined as a maximum velocity of 85 % in straight
segments or curves with a high radius [7]. Dhahir and
Hassan used naturalistic driving study (NDS) data
prepared by the second strategic highway research
program (SHRP2) to examine driver behavior on curves.
They selected 24 curves in flat areas and 25 curves in
mountainous areas for study. They presented Equation
(2) for the speed in the middle of the horizontal curve.
The dependent variable of this model was the operating
speed in the middle of the curve (V85MC) and the
independent variables included the radius (R), the speed
limit (VL) and a dummy variable T (0 for flat, 1 for
mountainous areas) [8]:

Visue = 80.352 + % 1 0.261 % Vi +

+5.969 % T (R = 0.829).

(2)

Malaghan et al. equipped a vehicle with GPS device
to study driving behavior in curves. The participants
in this study were 49 people in the age range of 21 to
59 years. Six undivided two-lane roads in India were
examined. The absolute grade of all curves was less than
4 %. They modeled operating speed (V85) by applying
radius (R) and degree of curvature (DC). Equations (3),
(4) and (5) show the regression models [9]:
(R =

Vis = 11.68 + 10.37 3 In(R) 0.87), (3)

Vis = 84.72 + 10.37 % In(D¢) (R =0.87), (4)
Vs = 71.7 + 0.01 %k R+ 1.12 + D¢ (R* = 0.87), (5)

There are other papers estimated the operating
speed in horizontal curves that the Table 1 has

summarized.

These studies have used the field data to study the
horizontal curves. Driving simulator is another source
of data that has been used in many researches, some
of which are mentioned below. Calvi investigated the
features of horizontal curves such as radius, transition,
sight distance and cross-section. He examined 34 drivers
in 72 different curves under 3 different scenarios in both
directions using a driving simulator. The results showed
that by improving the geometric conditions, the speed
has been also increased [5].

Wang et al. built a highway in China in a driving
simulator. They recruited 22 drivers who drove 4
different types of curves (horizontal curve with positive
and negative longitudinal grade, horizontal curve with
crest and sag vertical curve). For each type of the
curves, a model for estimating the maximum lateral
acceleration was proposed, in which the radius, the
longitudinal grade and the length of the segment were
examined. According to the models, the radius was
the only affecting factor in all the cases. The length of
the road was effective in horizontal curves with crest
vertical curve [17]. Shuo et al. examined the effects of
lane width, lane position, and shoulder width on driving
behavior on a three-lane urban highway tunnel. By
using a driving simulator, 24 volunteers were examined.
The results showed that lane and shoulder width had
significant effect on driving speed [18].

Mecheri et al. investigated the effect of shoulder
and lane width and their combinations on drivers. 34
drivers of an average age of 30 years (range of 25-52)
participated in the experiment. Their research showed
that the best combination of shoulder and lane width
was 0.5 and 3 m, respectively, which allowed the driver
to find and adjust her/his position in the road properly.
The lane width could also be reduced to 2.75 m, where
the passage of heavy vehicles such as trucks and buses
was very low [19].

Melo et al. investigated the effect oflane and shoulder
width on free flow speed using a driving simulator by 15
participants. The results demonstrated the minimum
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lane-shoulder width combination, after which no further
increase in free-flow speed was observed, was 3.6 and 0.8
m for lane and shoulder, respectively [20]. Rosey et al.
examined the difference between the effect of lane width
reduction on speed and lateral position in real-world
and simulation conditions. One of their purposes was
to driving simulator validation in this area. The results
showed that reducing the lane width has no effect on
speed. Furthermore, by comparing the simulator results
and reality, the results were relatively valid [21].

Ben-Bassat et al. studied the effects of a combination
of three road design features, including shoulder width,
barrier (guard rail) and horizontal curve, on driving
behavior (speed and position in the lane) and mental
measures (understanding safe driving speed and
estimating road safety) by recruiting 22 drivers. The
results showed that there was a significant effect of
road geometry on driver behavior. Shoulder width had
significant effect on speed and position on the lane, but
this effect was only apparent when there was a barrier
or guardrail. These findings demonstrated the role of
a barrier in determining the perceived safety margin
across different shoulder widths. When there was no
guardrail, shoulder width lost many of its benefits and
effects on driving behavior [22].

Using the high-fidelity driving simulators, Wang
et al. examined the effect of lane width in mountain
highways on driving behaviors (lateral positions and
speed). First, the validity of the driving simulator was
studied. 46 drivers (20 women and 26 men, age range of
23-56 years) were participated in the experiment. Due to
the fact that there are many curved segments, including
horizontal and vertical curves in mountain roads, they
studied the lateral positions and speed in curves. The
results showed that the effect of radius on speed was
statistically significant and showed that the simulator
can be used for mountain road studies. In addition,
vehicle trajectory and speed analysis showed that lane
width and horizontal curve radius had significant effects
on driving behavior. The wider the lane, the greater
the speed deviations [23]. Wang et al. used a driving
simulator to investigate the amplitude of the effect of the
horizontal curves on driver behavior on mountain roads.
They found that curves could affect driver behavior,
including speed and lateral position, at a distance of 300
m [24]. Zolali et al. studied the effect of experience, sight
distance and geometric design on the average speed on a
suburban road. It was observed that sight was the most
important factor influencing the choice of average speed.

Furthermore, the presence of curves on the simulated
road, as a parameter in geometric design, encourages
drivers to slow down [25].

One of the applications of studying the effect of
geometric characteristics on driving behavior is the
investigation of fuel consumption and environmental
effects, which is important in sustainability studies. A
study using real-world driving data in Madrid, Spain,
showed that traffic conditions, driving behavior and
the road topology were effective on fuel consumption
[26]. Another study in Spain showed that vehicle
CO, emissions decreased as the consistency level of a
homogeneous road segment increased. In other words,
when the parameters of the geometric design were
considered consistent in different road segments, the
fuel consumption was reduced [27].

As aforementioned, various studies have been
conducted to determine the effect of geometric design
features on driver behavior and speed. However, they
have considered two or three features of the geometric
design. In this research, the simultaneous effect of 5
geometric design features on mountain roads has been
investigated. The effect of superelevation has also been
studied, which has been rarely addressed in previous
research.

In the next section, the methodology and design
of experiments has been explained. The third section
describes the data collection, apparatus and materials.
The properties of the applied driving simulator have
been introduce in this section. The fourth section has
been devoted to analyze of the results and discussion.
The research has been concluded in the fifth section.

2 Methodology

In this research, a driving simulator is used to
study the driver behavior in different geometric designs.
Features of the geometric design that are studied are:
longitudinal grade, superelevation, radius, lane width
and shoulder width. Each geometric design is made of a
combination of different levels of features or factors. The
levels of a feature divide it into different intervals, so its
effect can be examined. Table 2 shows the features and
levels are used in this research.

After determining the number of features and
levels to be tested, the required number of tests must
be determined. If a study with all the levels of factors is
required, all permutations must be considered in which

Table 2 Levels of geometric design features of the driving simulator tests

Feature Radius (m) Lane width (m) Longitudinal grade Superelevation (%) Shoulder width (m)
Level (%)
1 20 2 0 -2 0.5
2 40 2.5 -10 0 0.8
3 60 3 -15 2 *
4 80 * -20 4 *
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Table 3 The geometric designs selected for testing

Road(—i(jsei(;rrrlletnc R?il)u $ Lan?ngldth Longitudinal grade (%) Superelevation (%) Shoulder width (m)
1-1 80 3 -20 -2 0.5
1-2 60 2.5 0 2 0.5
1-3 40 2 -15 4 0.5
14 20 2.5 -20 4 0.8
1-5 20 2.5 -10 0 0.5
2-1 80 2.5 0 4 0.8
2-2 80 2.5 -15 0 0.5
2-3 60 2 -20 0 0.8
2-4 40 3 0 0 0.8
2-5 20 2 0 2 0.5
3-1 80 2 -10 2 0.8
3-2 60 3 -10 0.5
3-3 60 2.5 -15 -2 0.8
34 40 2.5 -10 -2 0.8
35 40 2.5 -20 0.5
3-6 20 3 -15 0.8

384 (4 * 4 * 4 * 2% 3) tests are needed. Performing this
number of experiments by using driving simulator is
impractical. Therefore, the number of experiments is
reduced to 16 using the Taguchi method. The efficiency
of the Taguchi method has been tested in comparison to
the full factorial in transportation studies [28]. Using
the Taguchi method, only 16 geometric designs are
needed to be tested in the driving simulator, and the
speed of other geometric designs can be estimated by
Taguchi method.

It is not appropriate to put all the geometric
designs in one route, because it may make the drivers
tired and it is possible to affect the results. Therefore,
the geometric designs are divided into three groups
and three routes are built accordingly. The geometric
designs are randomly distributed between the routes.
By doing so, the numbers of geometric designs in routes
are 5, 5 and 6.

Determining the factors Reducing the necessary
and levels of geometric designs
experimental geometric using the Taguchi
design components method
Estimating of speed of Performing

untested geometric
designs using the Taguchi
method

Aggregating recorded
and estimated speeds
in the previous two
steps

experiments to
record drivers' speed

Analysis of the relationship
between the speed and geometric
design components individually

Regression modeling of the
relationship between the
speed and all components

Figure 1 Flowchart of methodology

Table 3 shows the combination of levels of factors for
each geometric designs in 3 routes. In the first column
of Table 3, the first and second numbers represent the
route number and the geometric design number in that
route.

Finally, statistical analyses are performed on
the speed data that were obtained directly from the
driving simulator experiments and the speed data that
estimated by the Taguchi method. The relationship
between the speed and each of the geometric design
features (factors) is first examined separately, then
relationship between the speed and all the features is
investigated by regression models. Figure 1 depicts the
flowchart of methodology. All the speed data recorded
in a curve of participants are averaged and it is used in
further analyses (each participant drove the experiment
path twice).

A, o S
2 G Ly

Figure 2 The simulated two-lane undivided rural road
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Figure 3 The scheme of a simulated experiment roads

3 Apparatus and materials

Thirty men between 21 and 33 years old were
recruited to drive a personal car in driving simulator.
Driving simulator are accepted tool for the driving
behavior studies that has been used in many articles
and its validity has been demonstrated [29-30]. Male
drivers recruited in driving test to omit the effect of
gender, which is out of scope of this paper. The scope
of this study was two-lane undivided rural roads in
mountainous area (Figure 2).

The weather was sunny with no precipitation and
there was no other vehicle on the road. Amirkabir
University driving simulator was used for the
experiments, which has been used in previous researches
[31-331.

Table 4 Speed of different radius levels

Figure 3 depicts one of the experiment roads, in
which there are straight segments (S1, S2...) between
curves (C1, C2...). The straight segments were added
to the experiment to avoid the effect of curves on each
other. The effect of curves was found 300 m in Wang et
al.’s research [24], to ensure that the straight segments
were considered 500 m. There was no vertical curve in
the road.

4 Results and discussion

The effect of each geometric design feature on
the speed in the horizontal curve was investigated
by using box plot and one-way ANOVA (Analysis
of variance).

Radius (m) Speed mean (km/h) Standard Deviation Confidence interval (95%)
20 26.93 4.146 (25.687, 28.172)
40 39.926 4.808 (38.684, 41.169)
60 42.942 4.256 (41.700, 44.184)
80 49.112 4.212 (47.870, 50.355)

W2om M40m W60m [080m

60

55

50

. |

E 40 X
=}
g a5
i 1
30
25
20
15

Figure 4 Boxplot of speed based on the radius
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Table 5 Speed of different superelevation levels

Superelevation (%) Speed mean (km/h) Standard Deviation Confidence interval (95 %)
-2 38.25 9.09 (36.417,40.091)
0 40.70 9.14 (38.865,42.540)
37.83 9.14 (35.995,39.669)
4 41.35 9.24 (39.508,43.182)

H-2% B0% E2% 04%

Speed (kin/h)
.
=

20

15

Figure 5 Boxplot of speed based on the superelevation

4.1 Radius

Radius can be considered as the most important
factor affecting the speed in the horizontal curve. Table
4 and Figure 4 show the speed data for each radius level.
As can be seen, the speed has increased by increasing
the radius, which is logical. Furthermore, it can be seen
that the radius of less than 20 m has been critical for the
drivers, and has had a significant effect on the speed.
It is obvious from Figure 4. Also, it can be seen that by
reducing the radius from 80 to 40 m, the speed mean has
reduced by 9.84 km/h while the speed mean has reduced
by 13 km/h by reducing the radius from 40 to 20 m.

4.2 Superelevation

Table 5 and Figure 5 show the speed data for each
superelevation level. Intuitively, there was no direct
relationship between them and indicates an irregular
pattern. It is discussed by using a regression model in
next sections.

4.3 Longitudinal grade

Increasing the longitudinal grade can affect the
speed in two ways, on the one hand, it would increase
the risk of the car fall that may lead to speed reduction.
On the other hand, it would encourage the driver to

higher speed because of the car dynamics. In other
words, increasing the longitudinal grade simultaneously
can have positive and negative effects on the driver’s
safety and speed in the curve. Table 6 and Figure 6
demonstrate that the longitudinal grade has had a direct
relationship with the speed. Due to the high similarity
of speed data of the two levels of longitudinal grade of 0
% and -10 %, it can be concluded that the drivers have
not been significantly sensitive to longitudinal grade
less than -10 %.

4.4 Lane width

The lane width can influence the safety perceived
by the driver, and the speed data for each lane width
level have been depicted in Table 7 and Figure 7. It can
be seen that the driving speeds recorded at different
lane width levels were similar. It can be due to the
features of routes and traffic. The drivers could use
two lanes as the road was undivided with no traffic.
AASHTO (American Association of State Highway and
Transportation Officials) [34] mentions that standard
lane width for highways is 3.65 m, while here the total
width of the road was at least 4 m (excluding shoulders),
so it can be said that the road width has been always too
large to affect and limit the driver’s speed. Therefore, its
increase has not had a significant effect on the driver’s
speed.

It is worth noting that if the road is undivided and
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Table 6 Speed of different longitudinal grade levels

longitudinal grade (%) Speed mean (km/h) Standard Deviation Confidence interval (95%)
0 36.26 8.36 (34.58, 37.95)
-10 35.42 8.39 (33.74, 37.11)
-15 41.35 8.38 (39.66, 43.03)
-20 45.11 8.45 (43.42, 46.79)

0% @-10 % E-15% [0-20 %

7] o =
< n =]

£y
h

Speed (km/h)
[ RN
]

173
=3

25

20

15

T

Figure 6 Boxplot of speed based on the longitudinal grade

Table 7 Speed of different lane width levels

Lane width (m) Speed mean (km/h) Standard Deviation Confidence interval (95%)
2 38.85 9.31 (37.244, 40.461)
2.5 39.74 9.20 (38.128, 41.345)
3 40.01 9.25 (38.403, 41.619)

H2m @25m @3m

Speed (km/h)
B
=3

20

15

Figure 7 Boxplot of speed based on the lane width

there is no traffic, then all lanes (even the opposite
direction) can be used by the driver. In other words, the
effect of the road width was examined by changing the
lane width as the road width is equal to the sum of the
lanes and shoulders. The road width is directly related
to the lane width, and the road width was checked by
the lane width.

4.5 Shoulder width

As the shoulder width increases, the car is less
likely to deviate from the road and the driver has

more space to control the car, so the driver can achieve
higher speeds in horizontal curves. Although a direct
relationship is expected between the speed and the
shoulder width, Table 8 and Figure 8 demonstrate that
the speed difference between the shoulder widths was
negligible in this study. As seen earlier, lane width had
no significant effect on drivers’ speed, so the shoulder
width is not expected to be effective, since both of them
determine the width of the road. So, when the lane
width was sufficient (or even large), the driver would
not use the shoulder width. It can be due to the specific
experimental conditions of current study including
absence of oncoming traffic, lack of guardrails along
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Table 8 Speed of different shoulder width levels

Lane width (m) Speed mean (km/h) Standard Deviation Confidence interval (95%)
0.5 39.276 9.29 (37.963, 40.589)
0.8 39.791 9.214 (38.478, 41.103)

H05m @0.8m

Speed (kan/h)
=
=

20

15

Figure 8 Boxplot of speed based on the shoulder width

Table 9 ANOVA of geometric design features

Feature P-value

Radius 0.000

Longitudinal grade 0.016

Superelevation 0.000

Lane width 0.579

Shoulder width 0.586

Table 10 Comparison between different speed models
Model Num. R-sqr (%) RMSE MAE

1 61.2 6.9 5.7
2 63.4 6.3 5.2
3 63.8 6.3 5.2
4 65.9 5.4 45

the edges, and the absence of lateral distractions in the
peripheral vision.

4.6 Statistical analysis of geometric design
features

To examine the differences in experiment levels
more accurately, ANOVA was used for each of the
geometric factors (Table 9).

4.7 Regression models

Four regression models were applied to
simultaneously examine the effect of geometric design
features, is given by:

Model #1: V=a k R+ Bk G+ y ke + Sk LW+
+ 6 %k SHL + Constant

Model #2: V=a % R 2+ 8% G+yke+ 8%

* LW+ 06 * SHL + Constant

Model #3: V=a k R+ B % G 2+ y %k e+ 8 %
LW+ 0 * SHL + Constant

Model #3: V=a % R2+B% G2 +y % e+
+ & %k LW+ 0 %k SHL + Constant

V. Speed (km/h), R: Radius (m), G: Longitudinal
grade (%), e: Superelevation (%), LW: Lane width (m),
SHL: Shoulder width (m), o, B, y, d, 0: Coefficients.

In the first step of modelling, the shoulder width
was found insignificant (p-value > 0.005), so it was
removed from the model. Three goodness of fit criteria
MEA (mean absolute error), RMSE (root mean square
error) and coefficient of determination (R-sqr), were
used to compare regression models (Table 10).

It can be seen that model 4 has the best fit, so the
coefficients of this model are analyzed (Equation 6).

V=478 % yR — 0.02 % G+ 0.32 sk ¢ +

6
+0.88 sk LW+ 15.01. ©

To show the order of importance of the variables,
model with standardized coefficients was applied.
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The greater the absolute value of the standardized
coefficient of each variable, the greater the importance
of that variable. The absolute standardized coefficient
for radius, longitudinal grade, superelevation and lane
width were 10.47, 4.46, 0.96 and 0.44, respectively. It
shows that the radius was the most effective factor,
followed by longitudinal grade. The other two factors
have had very small effect on the speed.

The estimated model showed that shoulder width
was not effective in determining the driver’s speed.
However, there are some researches by driving simulator
that demonstrated the effect of shoulder width on
the drivers’ behavior [18-19]. Melo et al. examined
shoulder width by driving simulator and real data,
simultaneously. They found the shoulder width as one
the effective factors [20].

Ben-Bassat and Shinar found that the shoulder
width had a significant effect on speed and lane position,
but this effect was only evident when there was a
guardrail [22]. Dixon et al. showed that the shoulder
width was significant when the adjacent lane was 3.35
m wide, and had no effect on the 3.65 m lane width,
indicating that the shoulder width was less important
as lane width increased [30]. Their research can confirm
the results of this paper. Here, although the width of
one lane was less than 3.65 m, considering that the
driver could use both lanes, the shoulder effect became
meaningless.

Other factors, such as sight distance, can also affect
the driver’s speed in horizontal curves.

It is obvious that the sight distance is one of the
important factors in determining the driver’s speed. In
this research, the presence of a mountain (continuously)
has reduced the sight distance, so the effect of sight
distance cannot be examined directly, and instead, other
factors, such as the radius and the width of the lane and
shoulder, have been studied. These factors can affect the
sight distance.

In this research, very high or low values of geometric
design criteria have been investigated because there are
roads that must have an extreme and unusual geometric
design due to environmental conditions. For example,
we can refer to military roads and access roads to
mines or residences in the mountains. These types of
roads have very little traffic, but in critical conditions
and also at sometimes, they have a lot of function, so
it is necessary to study the speed of the cars in them.
In other words, these types of roads are not normal
because there are many limitations for their geometric
design.

It should be mentioned that if female drivers were
also checked, then the number and time of experiments
would have to be doubled, which was not practical. It can
be said about different age groups. So, this study has
focused only on young male drivers, while women and
other age groups should be examined as well.

5. Conclusions

Horizontal curves are one of the most important
segments of the roads because crash rate is high
and can also affect driving behavior. Therefore, it
is important to study the effect of curve geometric
design features on driving behavior such as speed
selection. In this research, a driving simulator has
been used to investigate the effect of five features
of the geometric design of horizontal curves of an
undivided two-lane mountain road, including: radius,
longitudinal grade, superelevation, lane width and
shoulder width. The experiments were determined
using the Taguchi method. The results indicated that
the radius was the most important factor affecting the
speed, followed by the longitudinal grade. The two other
features, lane width and superelevation, had very small
effect. Shoulder width did not have a significant effect,
which would be due to the large lane width, so drivers
did not use the shoulder width to cross or maintain
safety.

Regression demonstrated that the relationships
between the speed and radius, longitudinal grade,
superelevation and lane width were radical, quadratic,
linear and linear, respectively. Although increasing the
longitudinal grade can be dangerous, it has increased
the speed of the drivers. Increasing the superelevation
was effective when its value changed from negative to
positive.

In this article, it has been tried to study the
average speed in the curves. However, it is interesting
to investigate other driving behaviors, such as lateral
position or speed profile. Furthermore, it is better to
investigate validity of the Taguchi method for human
behavior such as speed. It suggests studying the effect
of gender and age groups. This research helps managers
and decision makers to estimate the ratio of improvement
of geometric criteria to increase the speed of drivers and
to choose the optimal point in terms of road construction
cost. Also, the results of this research can be used in
traffic safety by determining speed reduction in sharp
curves.
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1 Introduction

the small businesses (SMEs)! lagging in AI adoption [3],

The transport and logistics sectors face challenges
like congestion, delays, and traffic accidents leading
to time, cost, and environmental impacts, which affect
economic sectors and overall growth. The Al innovations
effectively address these challenges by leveraging
generative artificial intelligence (AI) technology. Recent
advancements include OpenAI’s ChatGPT and GPT-4,
Anthropic’s generative Al, Claude, and Google’s new
Al-driven features, [1]. The AI plays a crucial role in
combinatorial optimization for transport and logistics
problems, solving various issues such as vehicle routing
and warehousing location. The AI applications, as seen
in Drydakis’s research [2], are predominantly used
in recruitment (~ 14 %), customer communication (28
%), and online targeting (30.54%). The number of
applications used per company is 1.6, while 52.72 %
of SMEs do not use a single AI application. Despite

the accessibility of Al suggests a potential narrowing of

this gap in the future, offering automation, improved

customer experiences, and support for business growth.
The AI in small businesses automates tasks,
enhances customer experience, and supports growth.

For instance, platforms like ChatGPT aid in customer

service, marketing, and sales [4]:

*  Customer Experience: Chatbots improve service by
mimicking human conversations, reducing wait
times, and offering personalized support, fostering
loyalty.

*  Marketing: Al enables personalized campaigns,
recommendations, and targeted offers across various
platforms. As Al advances, investing in Al-powered
marketing solutions offers a competitive edge.

* (Content Creation: As in large businesses, in
SMEs, Al assists in generating content, analyzing

1 There is no single definition for SMEs [22], and we used the
European SME definition in our work [32].
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preferences, and maintaining quality and brand

alignment.

The Al is a crucial technological component that
enhances existing productivity methods in Industry 4.0,
without replacing them [5]. It empowers companies,
enabling smart task performance, strategic decision-
making support for managers, and real-time remote
operations management. Notably, sectors such as
transportation, logistics, automotive, and technology are
early adopters of Al, as evidenced in the literature [6].

While many associate Al with autonomous vehicles,
its application extends deeper into the transportation
processes and logistics chains. The integration of Al
has revolutionized decision-making in transport and
logistics, leading to improved efficiency, safety, and
sustainability. Key impacts include predictive analytics
for demand forecasting, optimized route planning,
enhanced freight security, real-time tracking, and
intelligent inventory management [7]. The MHI/Deloitte
research indicates that only 12 % of businesses currently
utilize AI in warehouses, highlighting opportunities for
further adoption and growth.

Transportation SMEs can leverage Al differently,
including services and low-tech solutions, to enhance
their operations and participation in supply chains [8].
The Al-powered tools optimize efficiency in autonomous
vehicles and ride-sharing services, improving traffic
forecasting and route optimization through sensor
networks. Transport and logistics SMEs specifically
benefit from transforming practices, reducing accidents,
and savings in maintenance, insurance, and fuel
consumption [9].

However, the SMEs exhibit slower adoption rates
of data analytics compared to larger enterprises, as
evidenced by OECD data, indicating that big data
analysis was conducted by 34.1 % of large firms, 18.8 %
of medium-sized enterprises, and only 10.6 % of small
enterprises in OECD countries in 2018. A significant
gap in data analytics adoption between the large and
small businesses is especially evident in countries like
Belgium, Denmark, the Netherlands, and Slovenia,
where large corporations position themselves as late
majority adopters [8].

The business environment impact of Al on SMEs is
profound due to their reliance on business ecosystems
and resource allocation strategies. The SMEs dedicate
more resources to administrative tasks and trade smaller
volumes to manage fixed costs, making them susceptible
to framework constraints, market deficiencies, and
economic instabilities. Limited infrastructure hampers
their market access and availability of critical resources,
hindering their ability to secure funding, skilled
workforce, and innovation support. Public policies and
governance play a pivotal role in influencing the SME
performance outcomes [8].

The Al, such as Generative Pre-trained Transformers
(GPT), can have a profound impact on several facets of
the SME business landscape. These include:

Public administration: The integration of Al and
automation boosts efficiency, streamlines tasks for
civil servants, and enhances the comprehension
of user requirements. Policymakers can leverage
machine learning techniques for improved decision-
making [10].

*  Tax compliance: The adoption of Al empowers tax
authorities to combat tax evasion and implement
a proactive “tax compliance by design” strategy
tailored for SMEs [11].

*  Courts: Al-driven efficiencies in case analysis, law
enforcement processes, and dispute resolution
mechanisms can reduce the resources SMEs allocate
to resolving commercial conflicts [12].

*  Market competition: Given the significance of
market competitiveness for SMEs, algorithms
wield influence over market dynamics, potentially
fostering tacit collusion practices and sustaining
profits beyond equitable competitive levels [13].

* Infrastructure: While the Al fortifies digital security
measures for information and communication
technology (ICT), transportation, and energy
infrastructure, it introduces vulnerabilities to cyber-
attacks, as well.

®  Access to finance: Al tools enhance credit assessment
procedures, mitigate default risks, and streamline
SMEs’ access to credit facilities, even catering to
those lacking established credit histories [14].

* Labor markets: The advent of Al and “people
analytics” will reshape recruitment, termination
practices, occupational health guidelines, data
privacy protocols, performance evaluations, and
skills alignment processes within SMEs [15].

* Knowledge and innovation access: The Al

automation accelerates scientific breakthroughs,

curtails experimentation costs, and bolsters data-
sharing practices and reproducibility standards

within the realm of SME operations [8].

2 Background to the study

Artificial intelligence is currently a highly relevant
topic, with experts examining it from diverse angles,
ranging from technology to practical application,
encompassing security and societal implications.

Sustainable practices play a pivotal role in defining
the growth within the AI transportation market.
Emphasizing environmental stewardship, societal
impact, and ethical governance has emerged as critical
benchmarks for success in this dynamic market space,
fostering innovation, collaboration, global engagement,
and sustainability to propel progressive advancement
[16].

The TNO/TKI [17] position paper (from 2020)
underscores the three key dimensions of implementing
artificial intelligence within the transportation and
logistics sectors:
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Table 1 SMEs and transportation and storage businesses having performed big data analysis and using Al in 2023 [21]

Activity —

Big data analysis

Application of artificial intelligence

Indicator —

Small and Medium Businesses Transportation Small and medium businesses Transportation

having performed big data
analysis (%)

and storage
companies

using artificial intelligence (%)

performing big

and storage
companies

using artificial

Breakdowns— Small - Medium - Tosi Small - Medium - el
Count 10 to 49 50to 249 ~ dataanalysis 54, 49 50 to 249 ~ Intelligence
|Country (%) (%)
employees employees employees employees
Denmark 44.09 69.28 43.80 12.37 22.56 15.16
Hungary 51.11 62.58 52.14 2.98 5.54 2.23
Slovak Republic 25.16 44.27 25.18 5.95 8.57 3.32
Croatia 47.67 69.84 59.20 6.98 11.17 7.58
Romania 19.10 30.99 26.45 1.07 2.38 0.36
Average 28.55 48.34 28.17 6.42 12.96 6.03
Median 29.83 50.38 25.81 5.77 11.17 5.61

Data extracted on 17 Feb 2024 from OECD.Stat [21]

1. Sense: Building a data fusion-based worldview
to interpret the environment poses challenges
in system communication and interaction with
external entities during the development of Al
systems.

2.  Think: Analyzing the world model with Al systems
to forecast the future scenarios and outcomes entails
complexities, particularly in intricate mobility and
logistics scenarios. For instance, in predicting the
traffic congestion, leveraging real-time roadwork
status, traffic flow data, radar imagery, and
historical information could prove beneficial.

3. Act: Recognizing potential actions, envisioning
outcomes, and delivering decision-making guidance
autonomously or under human oversight. The
current constraints of fully autonomous decision-
making Al systems encounter uncertainties.

The SMEs are progressively integrating Al into
their operations, utilizing it for enhancements across
multiple functions, such as automating customer service,
extracting data insights, and facilitating decision-
making. Despite facing challenges like cost implications
and skill gaps, the availability of user-friendly Al
tools is fueling increased adoption rates. Successful
SMEs are positioning themselves for expansion and
competitiveness in today’s technology-driven realm. In
the domain of logistics and supply chain management,
Al systems streamline route optimization, monitor
shipments, oversee inventory, and predict demand,
leading to cost efficiencies and heightened delivery
effectiveness [18].

According to Eurostat [19], SMEs account for 99.8 %
of European non-financial companies, illustrating their
significant presence in the economy. Therefore, the
economic growth of any country hinges on development
of SMEs and their adoption of technology. While the AL
presents a competitive advantage for SMEs, there exists
a lack of acceptance and understanding. Simplifying
the utilization of AI, quantifying its benefits, and

elucidating the potential time and cost savings can aid
SMEs in effectively embracing Al to enhance operational
efficiency and effectiveness [20].

A considerable portion of SMEs operate in the
transport and logistics sector, with a particular focus
on last-mile delivery. Despite its criticality, the SMEs
in this sector are often overlooked. Hence, exploring
the applications of Al in transport SMEs becomes an
imperative.

The analysis of big data forms a pivotal aspect
of artificial intelligence, enabling machines to derive
insights from vast volumes of data and identify
patterns and trends. Table 1 displays the percentages
of SME companies, as well as companies involved in
transportation and storage, in 2023 that engaged in big
data analysis. The data indicates that, across fifteen
countries, the reported values for transport and storage
companies are slightly higher than those for small
companies, but notably lower than those for medium-
sized enterprises. The average value for transport
companies in the analyzed countries closely aligns with
that of small companies, with a similar pattern observed
for the median values. Medium-sized companies exhibit
a more advanced standing in both categories.

The implementation of artificial intelligence in
transport and storage companies lags behind big data
analysis. The adoption of Al within the industry across
just ten countries exceeds that of small businesses.
Furthermore, the average and median rates of Al
adoption are significantly lower (4.7 and 4.6 times
less, respectively). This disparity stems from the
timing of widespread artificial intelligence deployment.
Additionally, various factors influence AI adoption
among SMEs, including cost and resource limitations,
skill gaps, data quality and availability issues,
change management challenges, integration hurdles
with existing systems, ethical and privacy concerns,
scalability issues, and a lack of awareness.

To tackle these obstacles, SMEs are embracing
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Figure 1 Methodological approach to the creation of the paper

proactive and strategic approaches, such as meticulous
budgeting, exploring cost-effective solutions, engaging
in pilot projects, seeking expert guidance, collaborating
with industry associations, and drawing insights
from successful Al implementations in other SMEs.
Those who can navigate these challenges ahead
of the curve will stand at a significant competitive
advantage.

3 Research methodology and sample

This research was motivated by a keen interest
in exploring the impact of artificial intelligence on
the operational dynamics of small and medium-sized
enterprises (SMEs) operating within the realm of
transportation and supply chain management. The
methodological framework employed in this study is
outlined in Figure 1.

One of the inherent challenges in investigating
social phenomena lies in the absence of controlled
laboratory settings. Consequently, researchers often
resort to statistical analysis to mitigate this limitation,
striving to minimize extraneous variables that could
potentially confound their results. Despite the thorough
preparations, unforeseen factors may still influence
the outcomes, accentuating the importance of cautious
interpretation and generalization of findings to ensure
reliability. Therefore, a prudent approach involves
beginning with the study of simpler phenomena before
delving into more complex subjects, recognizing distinct
patterns within each research phase and methodological
strategy [22].

This study delves into how the integration of
artificial intelligence impacts the performance and
sustainability of SMEs at the microeconomic level.
An empirical approach was adopted in this research,
as a synthesis of theoretical and empirical insights
is imperative for generating meaningful and relevant
data. Categorized under the integral research group,
this investigation encompasses logical, epistemological,
technical, and scientific-strategic components reflective
of the scientific method. Primarily exploratory, this
research also comprises elements of explanatory and
descriptive analyses, shedding light on the “what,”
“why”, "lhow much,” and "how” aspects underpinning the
integration of Al in SME operations.

3.1 Defining research questions, reviewing
literature, and setting scientific hypotheses

Research Question

The study delves into the multidisciplinary nature
of transport SMEs and their varied activities. Current
AT implementations in this sector reflect a diverse range
of applications, with no singular dominant technology
in use among SMEs. In 2021, only a small percentage,
around 1 to 2%, of transportation and storage companies
have integrated artificial intelligence, with a focus on
areas such as ICT security (28%), logistics (24%), and
operational efficiency [3].

The convergence of artificial intelligence and
management in small and medium-sized enterprises
operating within logistics chains was investigated in this
study. Specifically, investigated were the managerial
functions and evaluated how the AI can potentially
enhance the SME operations and outcomes.

Objective of this study was to address the following
questions:

RQ,. To what extent does AI currently support
transport and storage SMEs?

RQ, What are the perceptions of transport and
storage SMEs regarding Al applications, and what are
their plans for the future AI implementation?

Literature review

In 2021, 293.48 thousand papers about AI were
published in journals, and 85.09 thousand at conferences.
The number of AI repository publications was 65,210
[23, p. 32, 36, 40]. To address the research question,
we selected key terms (such as Artificial Intelligence,
SMEs, Transport*, and Management) and conducted
a thorough review of the available literature from the
WoS database, Scopus Source List (1-4 quartile), the
EBSCO database, and the OECD iLibrary. Additionally,
we utilized official reports and statistics from reputable
organizations and leading institutions available online
when appropriate. Most of our sources were of open-
access type.

For the keywords “Artificial Intelligence + SME*,”
the Clarivate Master Journal List (MJL) offered 286
academic journals (103 with open access). For “Artificial
Intelligence + Transport*,” MJL provided access to 426
academic journals (163 with open access), and for “SME*
+ Transport,” 150 academic journals are available on
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MJL (65 with open access), [24].

Of the academic journals from the Scopus list
that dealt with artificial intelligence, less than 4%
simultaneously dealt with management, and less than
1 % dealt with logistics and transportation [25].

For the keywords Al + SMEs, the EBSCO database
offered 115 peer-reviewed journals with 117 papers.
Only one paper included the “logistics and supply chain
management” criterion, and another corresponded to
the third keyword, “Transport®*.” From such a modest
result, we concluded that the application of Al in SMEs
dealing with transport services, for now, is insufficiently
researched.

Based on the analysis, we also concluded that
very few academic journals deal with the problems of
applying artificial intelligence to the needs of transport
and SMEs. As a result, the number of published works
in this area is small, and this work should contribute to
improving the understanding of the potential impact of
artificial intelligence on SMEs.

Hypotheses

In setting hypotheses, how a hypothesis is formulated
is crucial. When drawing statistical conclusions, it is
expedient to start with the null hypothesis (H ), which
essentially serves as a general statement or default
position positing no association between two measured
phenomena or no differences between the observed
groups [26].

Based on the research question, study area, studied
literature, defined variables, limit values, and our
expectations, we have set the null hypotheses. To answer
the first research question, we set null hypotheses H
and H,.

H,,: Transportation and storage SMEs have not
widely adopted the implementation of artificial
intelligence in their operations.

H,,: There is no strong correlation between the size of
transportation and storage SMEs and the adoption
level of artificial intelligence implementation in
business operations.

To answer the second research question, we set the
null hypotheses H , to H,

H,,: Transportation and storage SMEs are hesitant to
adopt artificial intelligence in their operations, as
they doubt its potential benefits.

H,: There is no strong correlation between a company
having a defined strategy for integrating artificial
intelligence into business processes and utilizing
some form of artificial intelligence in its operations.

H,,: Transportation and storage SMEs are reluctant to
invest in the application of artificial intelligence.

We also set the alternative hypotheses:

H,,: Transportation and storage SMEs have widely
adopted the implementation of artificial
intelligence in their operations.

H,,: There is a strong correlation between the size of
transportation and storage SMEs and the adoption

level of artificial intelligence implementation in
business operations.

H,,: Transportation and storage SMEs are willing to
adopt artificial intelligence in their operations, as
they believe it will bring benefits.

H,,: There is a strong correlation between a company
having a defined strategy for integrating artificial
intelligence into business processes and utilizing
some form of artificial intelligence in its operations.

H,.: Transportation and storage SMEs enthusiastically
invest in artificial intelligence.

3.2 Defining the sample and the questionnaire
and data processing

Sample

We interviewed a balanced number of respondents
from all the SME categories in the transportation and
storage sector without differentiation based on their
primary focus, as their shared sectoral similarities and
activities justified this approach. We conducted the
study in Serbia and Slovakia, with 210 SMEs surveyed.
Of these, 163 SMEs responded to the survey, including
47 medium-sized enterprises, 54 small enterprises, and
62 micro-enterprises. Challenges we faced in identifying
suitable survey participants due to low levels of artificial
intelligence utilization. For instance, in Serbia in 2021,
only 1.1 % of companies used Al, with the transportation
and storage sector representing 6 % of this figure [3].
In 2023, Slovakia reported a 3.3 % utilization rate
of AI technologies [27]. Unexpectedly, there was a
decline in Al adoption rates in 2023 compared to 2021,
with Denmark experiencing a decrease from 21.3 %
to 15.2 % and Slovenia from 12.5 % to 7.5 %. Factors
contributing to this decline include financial constraints,
technological challenges, regulatory issues, and the
impact of the pandemic. One significant factor was the
lack of awareness regarding the benefits of artificial
intelligence. However, the introduction of ChatGPT and
other technologies has sparked increased interest in
Al By 2024, there was a noticeable improvement in Al
adoption, although official data for 2024 is pending. In
Slovakia, the utilization rate of Al among transportation
and storage companies stood at 3.32 %.

Questionnaire

For the experiment, we developed a structured
questionnaire with 26 questions and 16 sub-questions.
It included predefined answer options and open-ended
questions to ensure unbiased feedback from diverse
SMEs and avoid unintentional bias. The questionnaire
was designed to collect company information, digitization
level, Al relationship, past experiences, elements used,
plans, and investment size. The target group included
owners (6.75 %), directors (3.07 %), PR (11.04 %),
and other high-ranking employees (49.08 %), with
one respondent per company. A total of 49 (30.06 %)
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of the surveyed did not give data about who filled the
questionnaire out. Potential risks include respondent
comprehension and availability of information, as well
as variations based on the specific nature of each SME.
Despite the individual variances, the sample size aimed
to provide a general overview.

Data processing

The survey data have been organized in an
Excel spreadsheet and can be requested via e-mail
from interested parties. Statistical analysis of the
experimental data was conducted using the Excel
ANOVA tool.

3.3 Analysis of results with discussion

We grouped the analysis results into two categories:
literature review findings and experimental research
results. Within the experimental research category, we
further divided the data into two subgroups based on
research questions RQ, and RQ,. Statistical methods
were then applied to test and determine the rejection of
null hypotheses using predefined limits.

3.4 Defining conclusions

The study’s conclusions were derived from the
analysis and interpretation of collected data and
research findings, following these key steps:

1. Review relevant results to identify trends, patterns,
and deviations.

2. Interpret results within the research question
framework, linking them to existing theories.

3. Discuss emphasizing research
significance, practical applications, theoretical
contributions, and future research directions.

4. Confirm or reject hypotheses based on results,
guiding subsequent research efforts.

5. Formulate conclusions summarizing main findings,

and providing

implications,

addressing research questions,
guidance for future studies.

4 Results and discussion

4.1 Benchmarking criteria for successful
implementation of Al in SMEs

The application of artificial intelligence in logistics,
transportation, and other industries is still in its early
stages. To assess the success of Al implementation
in SMEs engaged in transportation and storage, the
following criteria can be used:

e Companies using at least one Al application rank
among the top 8 % of companies in the EU in terms
of Al implementation success.

* Companies in the transportation and storage sector
using Al applications place among the top 0.48 % in
successful Al implementation.

*  Companies employing Al for autonomous decision-
making in machine movement rank among the top
1 % of most automated companies in the EU.

* Companies utilizing Al software/systems in logistics
are among the top 10 % of advanced companies.

4.2 Literature review findings

The Al technology and machine learning can support
small and medium-sized enterprises by enhancing their
data comprehension and automating intricate and
routine tasks [28].

A recent McKinsey Global Survey indicates a
growing adoption and significant benefits from Al
As businesses increasingly utilize AI, tools and best
practices are more refined. Companies experiencing
the highest Al-driven earnings boost employ a core and
advanced practices combination, including machine-
learning operations, allocate the AI spending more
effectively, leverage cloud technologies, and actively
address the Al-related risks (a shortfall in many Al
strategies). Most companies prioritize data science and
make significant investments in it. This study shows an
increase in the adoption of artificial intelligence across
various functions, rising from 50 % in 2020 to 56 % in
2021. Additionally, 27 % of respondents reported that at
least 5 % of earnings were driven by Al applications, up
from 22 % in the previous year [29].

McKinsey’s latest survey from 2023 affirms the
rapid growth of generative artificial intelligence (gen Al)
tools. In less than a year since their introduction, a third
of respondents report regular gen AI use in business
functions. The AI has transitioned from a tech-focused
topic to a leadership priority, with C-suite executives
and boards increasingly leveraging gen Al. As advances
in gen Al drive investment, 40 % of organizations plan
to boost their overall Al funding. However, managing
gen Al risks is still in its early stages. Less than half
of respondents indicated sufficient mitigation efforts
within their organizations. Even the risk they consider
the most relevant: inaccuracy [30]. The survey results
demonstrate widespread business adoption and personal
use of gen Al across regions, industries, and job levels.
A total of 79 % of respondents have interacted with
genetic artificial intelligence, with 22 % regularly
incorporating it into their professional tasks. One-third
of respondents, representing 60 % of organizations
with Al adoption, regularly employ generative Al in a
business function. Additionally, 40 % of AI adopters
expect increased overall investments into generative Al,
and 28 % have board discussions on its implementation.
Common functions for these tools align with broader Al
usage, including marketing, sales, product development,
and service operations. This focus on high-value areas
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reflects the potential for significant annual value from
generative Al. The share of reported gen AI uses in
companies participating in supply chain management
was only 3 %. The situation is better with service
operations (10 %), product and service development
(13 %), and marketing and sales (14 %) [30].

There is a high optimism about the impact of gen Al
Three-quarters of respondents anticipated significant
competitive changes in the next three years, particularly
in the tech and financial sectors. The level of impact is
projected to vary across industries, with knowledge-
intensive sectors likely to experience greater disruption
and value creation. Tech firms are poised to benefit the
most, potentially increasing global revenue by up to
9%, followed by knowledge-driven industries (up to 5 %)
and education (up to 4 %). Conversely, manufacturing
sectors, like aerospace, automotive, and advanced
electronics may see more modest effects, compared
to past technological shifts focused on production
improvement [1, p. 3].

The generative Al is revolutionizing work structures
by automating tasks that currently absorb 60 to 70 %
of employees’ time. With the advancements in natural
language understanding, the generative Al can now
streamline activities that involve speech comprehension,
accounting for 25 % of work time. Industries requiring
higher education levels will experience a more significant
impact as automation potential increases. The workforce
transition will intensify over time, with predictions
suggesting that up to half of all work activities could be
automated between 2030 and 2060 [1, p- 3].

However, the SMEs have encountered challenges
in the AI project preparation and implementation.
Oldemeyer, Jede, and Tauteberg [31] identified lack of
knowledge, costs, and inadequate infrastructure as the
most common barriers to implementation, emphasizing
social, economic, and technological aspects.

4.3 Research according to the null
hypothesis H

As a criterion for the reference level of
implementation of artificial intelligence, a limit of 8 %
was adopted, which corresponds to the EU average for

SMEs [3]. Out of 163 surveyed SMEs, 17 of them (10.4 %)
use some artificial intelligence applications. The reason
for this result may lie in the current mass availability
of ChatGPT to which business individuals turn for
help and advice on matters related to the company’s
current operations. The situation would be different
when looking at strictly dedicated AI applications.
However, the use of Al is even more intense considering
that many business software applications are powered
by artificial intelligence (e.g. MS Office, Grammarly,
Google Translate, etc.). In that case, 130 respondents
(79.8%) declared that they use artificial intelligence.
The obtained results provide sufficient evidence to reject
the null hypothesis H, that “transportation and storage
SMEs have not widely adopted the implementation of
artificial intelligence in their operations.”

4.4 Research according to the null
hypothesis H,

There is no clear definition of the readiness of an
enterprise to accept or not to accept the implementation
of AL. To be able to gain insight into the company’s
readiness to accept Al, we created a coefficient (K, ) that
included three significant elements:

*  Use of decision support tools (£,

* Having a strategy for applying AI (§)

e Use of artificial intelligence (at least one Al
application) (&,).

*  Given that these criteria have different weights, we
weighted them and created an expression:

K, = 0.4 +0.2 &+ 048, &)

Table 2 shows the results obtained by analyzing the
entire sample to determine the correlation between the
company size and Al adoption coefficient.

In the observed sample, 116 companies have K,
equal to 0, which significantly affects the obtained
results. One company did not provide enough data to
create the K, coefficient. The analysis of the sample
where the K, is greater than zero (46 cases) gave the
results shown in Table 3.

In this case, the obtained P-value was close to zero,

Table 2 Results of the regression analysis of the company size and K,, coefficient correlation

ANOVA
df SS MS F Significance F
Regression 1 0.402505 0.402505 13.43214 0.000335
Residual 161 4.824489 0.029966
Total 162 5.226994
Standard
Coefficients Error t Stat P-value Lower 95% Upper 95%
Intercept 0.056884 0.017206 3.306131 0.001166 0.022906 0.090863
X Variable 1 0.0007 0.000191 3.664989 0.000335 0.000323 0.001077
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Table 3 Results of the regression analysis of the company size and K, coefficient correlation for cases when K, >0

ANOVA
df SS MS F Significance F
Regression 1 0.115485 0.115485 3.866825 0.055577
Residual 44 1.314081 0.029865
Total 45 1.429565
Coefficients ~ Standard Error t Stat P-value Lower 95% Upper 95%

Intercept 0.289347 0.035919 8.05546 3.36E-10 0.216956 0.361737

X Variable 1 0.000619 0.000315 1.966424 0.055577 -1.5E-05 0.001254

Table 4 Results of the regression analysis of the correlation between SME size and lack of knowledge or resources for

artificial intelligence applications.

ANOVA
df SS MS F Significance F
Regression 1 0.138566 0.13856613 0.626164 0.42993
Residual 161 35.62831 0.22129382
Total 162 35.76687
Coefficients Standard Error t Stat P-value Lower 95% Upper 95%

Intercept 0.6520689 0.046757 13.9459409 1.72E-29 0.559733 0.744405

X Variable 1 ~ 0.0004107 0.000519 0.79130499  0.42993 -0.00061 0.001436

as well, which means that for this sample there is no
linear correlation between the size of the company and
the coefficient of acceptance of Al and that there is no
basis for rejecting the null hypothesis H, that “there is
no strong correlation between the size of a transportation
and storage SMEs and the adoption level of artificial
intelligence implementation in business operations.”

4.5 Research according to the null
hypothesis H,

The value of 66.6 % supports the application of
artificial intelligence we adopted as a reference criterion.
We believe that a two-thirds majority would strongly
separate belief and disbelief in AI applications. Out of
162 answers, 133 SMEs (82.1 %) believed that the use
of Al would be beneficial for the company’s work. This
means that companies would like to use AI, and why
they do not use it yet, the reasons we sought in the lack
of IT experts (in 71 out of 162 surveyed companies, or
43.8 %), lack of Al experts (in 146 out of 162, or 90.1 %),
and lack of funds (in 146 out of 162, or 90.1 %).

For a deeper analysis, we analyzed the impact of
SME size on the use of Al in SMEs. We started with the
hypothesis that the lack of knowledge or resources is not
correlated with the size of the SME. Regression analysis
of the survey data gave the results shown in Table 4.

The P-value of 0.4299 indicates a high probability
that the relationship between the number of employees

in SMEs and the lack of knowledge or resources for
artificial intelligence is random. Therefore, there
are no grounds for rejecting the hypothesis that the
lack of knowledge or resources is independent of the
SME size.

In addition, 113 companies (69.8 %) expressed
readiness for outsourcing in the implementation of
Al The survey showed that the vast majority consider
the application of AI to be useful, which created
the conditions to reject the null hypothesis H,; that
“transportation and storage SMEs are hesitant to adopt
artificial intelligence in their operations, as they doubt
its potential benefits” at the expense of the alternative
hypothesis H, ,.

4.6 Research according to the null
hypothesis H,,

Within the sample of 162 SMEs, 27 of them had
a strategy for application of AI, and 17 used at least
one Al application in practice. Based on the results of
the analysis, the findings presented in Table 5 were
obtained.

A P-value of 0.957 indicates a very strong correlation
between these two values. However, due to the existence
of many businesses that neither have a strategy nor
use Al, the P-value is exaggerated. If we exclude those
companies from the analysis and look only at companies
that have at least one element, 42 SMEs remain for
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Table 5 Results of the regression analysis of the correlation between a having strategy and using Al applications.

ANOVA
df SS MS F Significance F
Regression 1 0.000274 0.000274 0.0029 0.957119
Residual 161 15.22672 0.094576
Total 162 15.22699
Coefficients ~ Standard Error t Stat P-value Lower 95% Upper 95%

Intercept 0.103704 0.026468 3.918058 0.000132 0.051434 0.155973

X Variable 1 0.003439 0.063861 0.053853 0.957119 -0.12267 0.129553

Table 6 Results of the regression analysis of the correlation between a having strategy and using Al applications when an

SME has at least one of the parameters not equal to zero.

ANOVA

df SS MS F Significance F
Regression 1 7.440476 7.440476 111.1111 4.14E-13
Residual 40 2.678571 0.066964
Total 41 10.11905
Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 1 0.06916 14.45914 1.77E-17 0.860222 1.139778
X Variable 1 -0.89286 0.084704 -10.5409 4.14E-13 -1.06405 -0.72166

analysis. In this case, the statistical analysis gave the
results shown in Table 6.

The obtained results show that the P-value is very
close to zero, indicating no linear correlation (higher-
order correlation not excluded). The number of companies
with an AI deployment strategy is significantly higher
than those using AI. Furthermore, 14 companies using
Al have no strategy. From this, we can infer that
SMEs need to put considerable effort into translating
their strategies into practice and that AI deployment
is currently more responsive to immediate needs and
opportunities rather than pre-planned strategies.

Based on the results, we can conclude that the
analysis of this reduced sample does not provide
sufficient evidence to reject the null hypothesis H,, that
‘there is no strong correlation between a company having
a defined strategy for integrating artificial intelligence
into business processes and utilizing some form of
artificial intelligence in its operations.’

4.7 Research according to the null
hypothesis H

To assess the readiness of SMEs to invest in
AT applications in their business, we considered two
criteria. The first criterion was the company’s plan to
invest in AI in the next year, and the second criterion
was the company’s plan to invest in the next three years.
We adopted 66.6 % as the threshold value by which

the SMEs would clearly express their willingness to
finance in Al. Processing the sample according to the
first criterion, we saw that 54 of the 157 companies that
answered this survey question plan to invest in Al in
the next year. Unlike them, 103 companies (65.6 %) do
not plan investments in the next year. A total of 86 out
of 152 companies, or 56.6 %, indicated their intention to
invest in artificial intelligence over the next three years.
Based on the analysis of the answers received it can be
concluded that the SMEs are still hesitant to invest in
the application of Al The results are more favorable in
terms of investing in Al in the next three years. They
are still lower, but they are closer to the set criterion.
However, they should be taken with a grain of salt, as
they may be the result of optimistic expectations and
planning.

Based on the obtained results, we can conclude that
there is no evidence to reject the null hypothesis H,
that “SMEs doing business in transportation and storage
are reluctant to invest in the application of artificial
intelligence”, and that it can be considered that SMEs
are still hesitant to invest in AL

For a more in-depth analysis of Al investments, we
analyzed the impact of the SME size on the decision to
invest in Al. We started from the assumption that SME
size does not affect the Al investment planning. Through
the regression analysis of the data from the survey, we
obtained the results shown in Table 7.

A P-value of 0.489 suggests a high probability that
the relationship between the willingness to invest in
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Table 7 Results of the regression analysis of the correlation between MSP size and readiness to invest in Al applications.

ANOVA
df SS MS F Significance F
Regression 1 0.107488 0.10748875  0.480674 0.489116
Residual 161 36.00294 0.22362075
Total 162 36.11043
Coefficients Standard Error t Stat P-value Lower 95% Upper 95%

Intercept 0.31122685 0.047002 6.6215549 5.05E-10 0.21841 0.404047

X Variable 1 ~ 0.00036173 0.0005217 0.6933068 0.489116 -0.00067 0.001392

artificial intelligence and the number of employees in

the company is not significant. Therefore, we cannot

reject the hypothesis that the size of SMEs does not
affect the company’s willingness to invest in Al

We can conduct a y? test for SMEs’ willingness to
invest in Al by classes, separately for small and medium
enterprises. Assuming that the company size does not
affect the willingness to invest in Al, we get a value of
¥x? = 0.05933. In our case, it corresponds to a P-value
of about 0.80494. Therefore, there are no grounds
for rejecting the hypothesis that company size and
willingness to invest are mutually independent.

However, we must mention that statistical
significance does not necessarily mean practical
significance. It is possible that although there is
a statistically insignificant relationship, it may be
practically significant in a real business context. The
most common reasons for this can be:

1. Sample size: It may happen that the statistical
test does not show significance because there is not
enough data to confirm the relationship even if it
exists.

2. High variability: This may lead to a smearing of the
effect and may result in statistically insignificant
results.

3. Measurement error: Improperly filling out the
survey form can cause statistically insignificant
results.

In our case, the main risk is related to the fact that
the implementation of Al in SMEs is still in its initial
phase. The relations of SMEs to application of Al have
not yet been established, so it is difficult to establish
the interdependencies of individual parameters. The
more massive application of Al would stabilize results,
so possible inaccuracies in conclusions would be lower.

5 Conclusions

Artificial intelligence (AI) and machine learning
analyze traffic data, predict behavior, optimize flow,
and enhance transport efficiency, particularly in urban
settings, crucial for SMEs. The Al technology benefits
small businesses by optimizing operations, reducing
costs, enhancing safety, and supporting decision-

making. It improves the customer service, marketing,
content creation, and overall competitiveness, as well.
This research addressed the readiness of SMEs to
leverage these advantages.

RQ,. To what extent does Al currently support
transport and storage SMEs?

Based on the survey results and discussion of
application of artificial intelligence in SMEs in today’s
conditions, in sections 4.2, 4.3.1, and 4.3.2, one can
conclude that it is still at an early stage when individual
initiatives are more pronounced than the planned
approach. Many SMEs (89.6 % of surveyed) do not use
Al as a specific application, although 79.8% use Al
indirectly as a part of their business software; 16.67 %
of surveyed SMEs have created strategies for application
of artificial intelligence.

RQ, What are the perceptions of transport and
storage SMEs regarding Al applications, and what
are their plans for future Al implementation?

Most of the transport and warehousing SMEs are
now recognizing the potential of Al applications, but
are currently hesitant to fully leverage them. Various
factors contribute to this hesitation, ranging from
limited financial resources for Al utilization, shortage
of Al experts, and inadequate IT support. Moreover, the
reluctance to invest in necessary equipment and software
to implement AI cannot be understated. These decisions
are often influenced by fragile business conditions
and insufficient management and owners’ commitment
toward AI adoption.

Future of AI application in transport and storage
SMEs

The rapid advancement of artificial intelligence (AI)
is paving the way for its extensive integration across
various sectors, including transportation and storage.
The potential implementation of Al in these industries
presents significant opportunities for transformation. Al
technologies can optimize route planning and logistical
operations, leading to more streamlined transportation
networks and decreased fuel consumption. The AI
can enhance inventory management by accurately
forecasting demand trends and maximizing storage
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space efficiency within storage facilities.

Furthermore,the Al-powered predictivemaintenance
systems can preempt equipment malfunctions, limiting
downtime, enhancing overall operational efficiency, and
reducing operational costs. The Al-driven analytics hold
the potential to deliver invaluable insights into supply
chain operations, empowering companies to make the
real-time data-informed decisions.

Transitioning from sporadic instances, the adoption
of Al is on track to become pervasive, necessitating
the integration of this technology within small and
medium-sized enterprises for their survival. The
willingness of managers and proprietors to outsource
Al-related tasks may hasten the uptake of Al in SMEs
within the transportation and warehousing sectors.
Early implementation positions these businesses more
competitively in the market. One can expect that SMEs
will leverage Al for diverse purposes, even for operations
not demanding advanced technological acumen.

Nevertheless, the successful integration of Al
hinges on its harmonization with human cognition
and collaboration, as Al serves as a complementary
tool to personal reflection, societal norms, and cultural
values. Apart from the willingness to adopt the Al,
ensuring essential prerequisites for its application is
imperative. Key among these is proficient employee
training in Al system operations. Before widespread
implementation, addressing ethical considerations is
crucial to preclude potential conflicts. Consequently,
taking a multidisciplinary and all-encompassing
approach towards these matters in the forthcoming
years is fundamental. States and large-scale enterprises
will undoubtedly play pivotal roles in these endeavors,
while the SMEs stand to reap the benefits from these
ongoing discussions.

Finally, if we would like to provide some
recommendations to SMEs involved in transport and
storage regarding the future application of artificial
intelligence, they could be summarized as follows:

e Utilize Al to automate as many routine tasks as
possible,
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* Implement artificial intelligence systems for
predictive maintenance,

e  Utilize data analytics and machine learning for data
analysis,

e Use artificial intelligence to optimize business
operations, track inventory, and find more efficient
solutions,

¢ Invest in training employees on how to use the Al
tools and technologies, and most importantly,

* Immediately initiate these activities.

These recommendations can help all the SMEs
leverage artificial intelligence to enhance the efficiency
and competitiveness of their transport and warehousing
operations. As we are still in the early stages of Al
adoption, these recommendations could be universally
applicable and are relevant for companies in Slovakia
and Serbia, as well.
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