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Abstract:
* Correspondence: The general frequency of development of pitting corrosion was
e-mail: yehorchenko.r.r@nmu.one established, taking into account the results of the analysis of mine waters

and foreign materials, which are favorable conditions for the formation
of corrosion of steel degassing pipelines. A base of initial data was
created for modeling the corrosion process of a steel degassing gas
pipeline at different points in time: the beginning of the corrosion
process, its development, and the end of the process. Stress distribution,
corrosion potential, as well as anodic and cathodic current densities
depending on the size of the corrosion crack and the longitudinal
deformation of the rocks of the sole of the production was analysed.
Ithas been proven that the high level of corrosion processes of
underground pipelines is the result of the interaction of the metal, which
acts as an electrode, with groundwater, which acts as an electrolyte,
while the determining factors of the corrosion process are the electrical
conductivity of the rocks of the bottom of the mine and the deformation
processes in the pipelines. The reason of low service life of underground
degassing pipelines, which are constantly exposed to mechanical and
electrochemical corrosion, have been established.
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1. Introduction

An urgent task in the field of ensuring safe operating conditions of the greenhouse degassing gas
pipeline is to predict the durability of the system and the formation of corrosion [1, 2]. Under the
influence of an aggressive mine environment, mine degassing pipelines come into contact with
aggressive fluids on their inner surface and have a short service life. The main problem that characterizes
the failure of the degassing system is the critical corrosion wear of the steel segments of the gas pipeline.

To improve the quality of protective measures, predict and prevent the development of sudden
emergency destruction, it became necessary to develop a model of the process of corrosion destruction
of steel gas pipelines in the conditions of an aggressive mine environment [3, 4].

However, this task is little-studied and laborious in terms of execution time, as it requires the use of
special approaches based on the construction of complex mathematical models of the behavior of steel
degassing gas pipelines in complex mining and geological conditions of operation.

In this regard, special software have been developed, which allow to evaluate the durability of various
structures in a short time. The basis of the operation of these software complexes (ABAQUS, ANSYS,
COMSOL, SolidWorks, etc.) is the finite element method [5], which allows you to study the influence
of external negative factors on the degassing gas pipeline and predict the formation of corrosion [6, 7].
The use of CAE systems (Computer Aided Engineering) helps designing organizations to significantly
reduce designing time thus reducing the costs.

One of the widely used software packages for engineering analysis is Solid Works and COMSOL
Multiphysics. Their multi-purpose orientation allows solving multi-physical tasks, such as modelling
corrosion, strength under thermal load, impact of magnetic fields on the structure strength, testing the
kinetics of electrochemical and chemical reactions, etc.

The aim of the work is to model the corrosion process on the degassing pipeline using Solid Works
and COMSOL Multiphysics 5.6 software products.

To achieve the goal, the following tasks were solved:

— to establish patterns of changes in the profile of the mine degassing pipeline route in potentially
dangerous zones of preparatory workings;

— to develop a mathematical model to determine the probability of distribution of corrosion pitting
zones of a steel degassing pipeline in the conditions of an aggressive mine environment;

— to establish the maximum anodic current density under the constant impact of mechanical and
electrochemical corrosion of steel degassing pipelines.

2. Methods

According to the results of diagnostics of the technical condition of mine gas pipelines and tests of
the conditions of its interaction with the rock mass, it was established that in the areas of the flange
joints of its segments under the impact of rock mass deformations, pipeline deflects and, as a result,
zones of water accumulation, intense corrosion of the inner walls of the pipes and mechanical deposits
of coal and rock dust ocurrs [8, 9].

The research work methodology includes development of a mathematical model for establishing
the corrosion zones of a steel degassing pipeline and modelling the corrosion process in the conditions
of a mine environment. The degassing pipeline is under the simultaneous action of a corrosive
environment and permanent or temporary stresses. This process can be imagined as follows: first, local
corrosion occurs on the surface of the pipe in the form of pittings, which begin to act as stress
concentrators. The maximum stress will be at the bottom of the pittings, which has a more negative
potential than the pipe walls, as a result of which the destruction of the metal will go deep, and the pitting
itself will turn into a crack.

An aggressive environment that causes metal corrosion under normal conditions does not lead to its
destruction, however, under the action of mechanical stresses, it can lead to the formation of cracks (Fig. 1).
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Fig. 1. Metal surface with the corrosion cracking

It should be noted that the process of corrosion fatigue of the steel links of the degassing pipeline is
observed in the conditions of the mine environment. To a large extent, it is similar to how corrosion
cracking occurs when static stresses are combined with corrosion. Corrosion fatigue occurs when cyclic
loads are combined with corrosion. It is expressed in the destruction of metal at a significantly lower
fatigue limit than in non-aggressive conditions.

Real data on the rock deformations of the bottom of the workings and modeling the technical
condition of the mine degassing pipeline with the use of the SolidWorks licensed software complex,
the features of the interaction of the components of the transportation and technological system of
the mine gas pipeline - mine workings "ShG-GV" were established. It has been experimentally
confirmed that the butt joints of the mine gas pipeline links are most susceptible to the rock mass
deformations and mechanical destruction, which provokes a decrease in the output of the gas pipeline
and requires development of new technical solutions for its modernization.

In accordance with the developed methodology for software modeling of mine degassing system
operation modes, the elevation marks of the gas pipeline profile obtained as a result of the surveying
survey became the basis for modeling the linear deformations of the pipeline under the impact of
the crushed rocks of the floor.

According to the recommendations [10, 11], spatial changes of the route of the mine degassing
pipeline take into account the isotropic properties and physical and mechanical characteristics of steel
pipes, which are deformed in all directions equally. In this regard, deformations of the material of steel
pipes in the process of spatial change of the route of the mine degassing pipeline take into account
the impact of the rock mass behaviour.

3. Results

Analysis of the research work [12, 13] enabled to conclude that the operational reliability of mine
degassing pipelines built in underground mine workings is influenced by the change in spatial position
under the impact of deformations of the rock mass. It should be noted that underground water that enters
the mine workings and the created mine space is contaminated with organic and mineral particles of
varying degrees of dispersion, soluble mineral salts (including salts of heavy metals), various types of
bacteria, and in some cases, they have an acidic reaction (pH < 6), and when in contact with moving and
rotating mechanisms, they are contaminated with oil products and provoke corrosion of gas pipelines
(Table 1) [14].

Table 1 shows the analysis of mine waters and their composition in various coal mining enterprises.

It should be noted that two electrochemical reactions take place on the walls of the steel gas pipeline,
namely the oxidation of steel for the anodic reaction and the release of hydrogen for the cathodic
reaction. This is due to aggressive mine waters, which are highly acidic.
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Table 1. Composition of mine water in different mines

s i sisesl e dhartes Results of mine water analysis by a mine
Indicators. "Pavlogradska" t';:; ‘ g'oesrnﬂf,ss-?f Vggztsgg "Blagodatna'*
Suspended substances, mg/dm? 98.80 445.00 308.20 75.1
pH 8.55 7.36 8.09 7.75
Free chlorine, mg/dm? - - - -
General hardness, mg-eq/dm? 36.40 161.79 116.28 45
General alkalinity, mg-eq/dm? 4.8 1.8 2.5 -
Permanganate oxidizability, i i i i
mg/dm
Dry residue, mg/dm? 6703.50 43807.00 28497.00 14136.5
Calcium, mg/dm?3 368.81 1621.15 1175.33 430.62
Magnesium, mg/dm3 218.87 2983.69 700.88 285.89
Total iron, mg/dm? 1.2 0.97 0.4 0.89
Chlorides, mg/dm? 2642.97 22314.94 15351.41 8022.7
Sulfates, mg/dm? 576.36 441.88 365.03 577.17
Petroleum products, mg/dm? 0.75 0.65 0.63 0.8

It is known that the high level of corrosion processes of steel pipelines is the result of the interaction
of the metal, which acts as an electrode, with groundwater as an electrolyte, and the determining factor
of the corrosion process is the soil electrical conductivity. Electrochemical corrosion often has a local
character, that is, it causes areas of corrosion and caverns of great depth on the pipeline, which can turn
into fistulas in the pipe wall. Such corrosion is much more dangerous than continuous corrosion [15, 16].

The initial parameters (Table 1) were included in the mathematical model to determine
the probability of the distribution of corrosion pitting zones for the first model and modeling
the electrical conductivity of the soil under the influence of deformation, which lead to stresses in
the pipelines for the second model.

The first model showed the frequency of development of pitting corrosion, taking into account
the results of the analysis of mine water and foreign materials, which create favourable conditions for
the corrosion process.

The degassing pipeline, which is curved in the profile and consists of 6 sections of pipes with a length
of 4.0 m, diameter of 300 mm and a wall thickness of 4.0 mm, was selected as the tested object.
Degassing pipes supplied to mines are made of typical carbon steel without a special coating.

Let's consider the first model of the formation process of pitting corrosion.

Papers [17-19] proposed the dependence of the formation of pitting corrosion on the content of
chlorine ions in the mine water, which contribute to destruction corrosion of steel. The pitting potential
is calculated using the following expression:

Eyo = AEp, + Ecop, 1)
where:
E,o, — pitting potential, V,
E.,r — corrosion potential, V,

AE,, - basis of pitting resistance.
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Ep,o = b+ a-log|Cl™|, 2)
where:
a,b — constants,
[Cl=| — concentration of chlorine ions.

It should be noted that the coefficients a, b are unknown to us, and their determination required a linear
approximation based on known chloride ion concentrations from the work [20]. As a result, the following value
was set for our initial concentration of CI™ (table 1).

E.or =-1.303 V.
The probability of pitting formation from the moment of starting the model Po(t) is calculated by
the following expression:
Py(t) = Po(r = 1), (3)

Py(t + dt) = Py(t)Py(dt) = Py(t)(1 — Adt), (4)

According to expressions (3, 4), we get that the change in Po(t) depends on the probability of
formation of single pitting A, according to the following recommendations

dP,

E == —APO (t) (5)
By solving equation (5), we get:
Py(t) = exp(—At), (6)
where:
P,(t) — dependence of the probability of pitting formation on time,
t — time since model initialization,
A — probability of formation of single pitting.

The average time of the moment of the beginning of pitting formation 7 is defined as:

fooo texp(=At)dt 1
T=—% = -
Jy exp(=At)dt A

(7)

The obtained values were used as a base of initial data with introduction of relevant equations into the model,
on the basis of which models of the profile of the degassing pipeline were built at different points in time (Fig. 2):
the beginning of the corrosion process, its development and the end of the process. The period of observation
of the sample was 3 months, the length of the cut was 1000 mm.

a - the beginning of corrosion
- : = :
izr%",g TR T ’.B

@0 <00 €0 &0
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pipeline thickness, mm
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Fig. 2. Change in the dynamics of pitting corrosion depending on the time
interval of contact with an aggressive environment
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Modeling the electrical conductivity of the soil under the impact of deformation, which leads to
stresses in pipelines, was considered in the second model. The physical and mechanical properties of
the material of the degassing pipes considered in the generated CAD models are presented in Table 2.

Table 2. Basic properties of carbon steel

Properties Value Unit
Modulus of elasticity 2,1- 101 N/m?
Shear modulus 7,9- 10% N/m?
Mass density 7800 kg/m®
Tensile strength limit 399826000 N/m?
Poisson's ratio 0,28
Liquidity limit 220594000 N/m?
Coefficient of thermal .
expansion 13-10°
Thermal conductivity 43 W/(m-K)
Specific heat capacity 440 Jkg 'K

The simulation was carried out using the Solid Works licensed software complex and the COMSOL
Multiphysics 5.6 product, which made it possible to test distribution of stresses, the corrosion potential,
as well as the anodic and cathodic current densities depending on the size of the corrosion crack and
the longitudinal deformation of the floor rocks (Fig. 3)

pipeline
pipeline corrosion \_
swelling of production rocks
0 5 10 15 20 25 30 35 40

pipeline length, mm
Fig. 3. Geometric model of a pipeline with a corrosion defect

Elastic-plastic stresses in a gas pipeline steel was modelled using the model of plasticity at small
deformations and the von Mises flow criterion [21, 22].

The SolidWorks interface and a user-defined isotropic hardening model were used for modelling.
The function oynarg Was defined as:

0-6
Oyhard = Oexp (Seff) — Oys = Oexp (gp + E) — Oys, (8)
where:
Jep — the experimental stress function obtained from the measured stress-strain curve of steel,
gfr — total effective strain,
gys — theyield strength of steel is 803 - 10° Pa,
& — plastic deformation,
g. — von Mises stress,
E — Young's modulus of elasticity equal to 207-10° Pa,
oe
T elastic deformation.
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In the process of corrosion cracking, two electrochemical reactions take place [23] (and it is assumed
that only the surface of the corrosion crack is electrochemically active):

1. anodic - dissolution of iron (Fe — Fe*+ 2e);
2. cathodic — release of hydrogen (2H,O+ 2e—H; +20H)).

The anodic Tafel expression of the following form was used to model the iron dissolution reaction:
i, = io,a1oz_3 (9)
where:
lo,, — exchange current density (2.353 -10°A/m?),
A the slope of the Tafel curve (0.118 V), and the overvoltage no for the anodic reaction is
a calculated by the following formula:

Nag = s — 1 — Ecq,a' (10)

where:
s, O — electrostatic potential.
and the equilibrium potential of the anodic reaction Ecq,a is calculated from the following formula:

APV, TR (v«
E.,=E ————ln(—e +1), (11)
a0 gp zF AN, P
where:
Ecqo — standard equilibrium potential of the anodic reaction (—0.859 V),
AP, — excesspressure to elastic deformation (2.687 - 108 Pa),
Vm  — molar volume of steel (7.13 - 10 m¥mol),

z — charge number for steel (2),

F — Faraday constant,

T — absolute temperature (298.15 K),

R — ideal gas constant,

v — coefficient depending on the orientation (0.45),
a — coefficient (1.67 - 10 m?),

No  — initial density of dislocations (1- 102 m™).

Tafel's cathodic expression was used to model the iron dissolution reaction, it establishes the local
cathodic current density.

Nc

i, =ig,104c (12)
where:
ioc — exchange current density,
A the Tafel slope (—0.207 V), and the overvoltage nc (V) for the cathodic reaction is
‘ calculated by the formula
Ng = Qs — Py — Ecq,c (13)
where:

Ecc — standard equilibrium potential of the cathodic reaction (-0.644 V).

The exchange current density for the cathodic reaction was determined by the following formula:

0eVin
igc = io,crep108C-Ac) (14)

where:
iocref — eference exchange current density for the cathodic reaction without external stress
(1.457-10 A/m?)
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The simulation was carried out in several stages: at the first stage, the types of physical solvers (solid
mechanics and secondary current distribution) and the type of calculation (stationary) were selected. At
the second stage, the geometric model of the underground pipeline with an elliptical crack (Fig. 3) was
constructed, the model of isotropic hardening, the parameters of the electrochemical corrosion process,
the mechanical properties of the pipeline material, the amount of longitudinal deformation of
the pipeline, etc. were specified. At the third stage, a grid of finite elements was constructed and the von
Mises stress distribution was calculated, as well as the distribution of corrosion potential, anodic and
cathodic current densities along the length of the corrosion crack, depending on the degree of
longitudinal deformation

Impact of longitudinal movements of the soil on the corrosion process of underground degassing
pipelines has been demonstrated using various possible deformations of the pipeline [24, 25]. The Mises
background voltage in the steel pipe, the electrolyte potential distribution, and the direction of the current
in the surrounding soil are shown in Fig. 4.

MY T F T T MP
- 72594 TUTET ¥ g 2 °
- 72578 : 400
- 12562 350
72547 :
72531 300
723.15 250
723.00 .
725,84 200
725,68 150
- 72553

-72537 : : I 100

-72521 0 5 10 15 20 25 30 35 50

= 71506 pipeline length .mm

Fig. 4. Distribution of stress in the pipeline according to von Mises (MPa),
electrolyte potential (mV) and current line in the soil

Fig. 4 presents the Mises background stresses, which increase with the increase of possible
deformations of the pipeline and are maximal in the center of the corrosion defect and reach 300 and
350 MPa.

It should be noted that the electrolyte potential distribution is uneven near the corrosion defect.
Arrows along the lines of current indicate the direction and distribution of current density in the soil.

A comparative analysis of the von Mises stress distribution results by the length of the corrosion
defect for each strain value is shown in Fig. 5 a. It can be seen that the stresses increase with increasing
tensile strain and are maximal in the center of the corrosion defect. For deformations of 2.0 and 2.25
mm, the local stress in the center of the corrosion defect exceeds the yield strength of high-strength alloy
steel (403 MPa). This leads to plastic deformation in the center of the corrosion defect, while in the other
area the corrosion defect remains in the elastic range.

Fig. 5 b shows the distribution of the electrode corrosion potential and the anodic and cathodic
current densities along the length of the corrosion defect.

The graph of the local potential of the electrode along the length of the corrosion defect confirms
that the even distribution changes to an uneven distribution with increasing the tensile strain, and
a greater negative corrosion potential, in absolute value. is achieved in the center of the corrosion defect
unlike at both edges. This effect is explained by the large absolute value of the negative potential of
the equilibrium anodic reaction in the area of plasticity of the defect at the highest possible longitudinal
deformations.

Increase in anodic current density for tensile strains of 2.0 and 2.25 mm is explained by the plastic
deformation observed in the center of the corrosion defect (Fig. 5 ¢). The strongest negative current is
found in the center of the corrosion defect, where the distribution of the cathodic current density is
the most uneven for a tensile strain of 2.25 mm (Fig. 5 d).
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Total current density is a sum of the anodic and cathodic current densities, and for deformations of
2.0 and 2.25 mm, the total current density in the center of the corrosion defect is determined mainly by
the anodic current density, and on both sides of the defect by the cathodic current density. Therefore,
the distribution of the total current density is uneven for large tensile strains, and the direction of
the current near the corrosion defect changes to the opposite.
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Fig. 5. Distribution of electrode’s corrosion potential and anodic and cathodic current densities
along the length of the corrosion defect

The results show that the higher deformations of the pipeline, caused by the deformation of the floor
rocks, which lead to plastic deformation in the zone of the corrosion defect of the steel pipe and thereby
to a greater absolute value of the negative potential of the local electrode and a higher density of
the anodic current increase corrosion of the pipeline. This is one of the reasons for the short service life
of underground degassing pipelines, which are under the constant impact of mechanical and
electrochemical corrosion.

4. Conclusions

The modeling of corrosion failure showed that starting from a crack depth of 2 mm, the process of
plastic deformation of the gas pipeline material at the crack tip starts. As the stress intensity factor
increases, the crack growth rate increases. Starting from a crack depth of 3 mm, the probability of failure
in the form of a mechanical break at an angle of 45° towards the hoop tensile stresses increases. When
a depth of 4 mm is reached, the stress from the inner wall of the gas pipeline will exceed the yield
strength of the material, which can lead to unstable operation with a subsequent accident. Consequently,
safe operation of this gas pipeline is possible when the defect depth is less than 50% of the wall
thickness, depending on the length. Defects with a depth of 50% or more are unacceptable, regardless
of length.

The results of modeling and testing the underground pipelines corrosion process using the software
products such as SolidWorks and COMSOL Multiphysics established that the degassing network of
mines is constantly under the impact of mechanical-electrochemical interaction, which manifests itself
in the longitudinal deformations of the mine floor rocks.
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High intensity of corrosion in underground pipelines is the result of the interaction of the metal,
which acts as an electrode, with groundwater, which acts as an electrolyte, while the electrical
conductivity of the soil and the deformation processes in the pipelines are the determining factors of the
COrrosion process.

The primary corrosion protection of pipelines of underground degassing pipelines can be
the improvement of the methods for control and the technical maintenance of mine degassing pipelines
to eliminate mechanical deformations and impact of aggressive groundwater.
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1. Introduction

According to the European Climate Law, adopted by the European Parliament as part of
the European Green Deal, greenhouse gas emissions should be reduced by at least 55% by 2030 and
carbon neutrality, also known as climate neutrality, or net zero emissions, meaning a balance between
CO; emissions and CO» uptake from the atmosphere, should be achieved in 2050 [1].

Achieving the above-mentioned goals requires taking action to develop clean energy sources,
reduce emissions from the energy sector (fuel combustion is responsible for more than 3/4 of
greenhouse gas emissions in the European Union) and reduce energy consumption.

Simultaneous generation of heat and electricity during the same technological process makes it
possible to achieve efficiencies in excess of 90%, while the efficiency of generating only electricity
does not exceed 40% [2].

Cogeneration units that generate heat and electricity during the same technological process, and
that transfer their surplus electricity to the power grid, are subject to the provisions of the Commission
Regulation (EU) 2016/631 of 14 April 2016 establishing a network code on requirements for grid
connection of generators (NC RfG) [3].

The establishment of the NC RfG Code was aimed at ensuring fair competition conditions in
the European Union's internal electricity market, maintaining security of energy supply and integration
of renewable sources of electricity. Power generating units, including cogeneration units, should meet
the technical requirements of connection to the transmission and distribution system, so that they are
characterized by an adequate response to deviation from the reference voltage and rated frequency, are
immune to disturbance conditions in the system, and enable easy restoration of operation after
a breakdown.

All new generating units, including CHP units, added into operation must meet the requirements of
the NC RfG Code. In order to verify that generating units meet the technical requirements of the NC
RfG Code, they should be certified by accredited certification bodies. Electricity system operators
allow a certified generating unit to be connected to the grid without hindrance. Anticipating the need
for the implementation of the NC RfG code in Poland, the KOMAG Institute has taken measures
resulting in the construction of a research infrastructure, the implementation of research methods
(Applied Research Laboratory) and a certification programme (Attestation Testing Department
Certification Unit), allowing comprehensive testing and certification of generating units.

The KOMAG Institute, as the first organization in Poland, was accredited by the Polish
Accreditation Centre for testing and certification of manufacturing units based on the criteria of
the NC RfG network code.

2. Requirements for CHP units connected to the power grid

According to the NC RfG Code, CHP units, depending on their maximum generating capacity and
voltage level at the point of connection, can be classified into one of four types of power-generation
modules, designated as Type A, B, C and D (Table 1). Proposals for maximum power thresholds for
type B, C and D generation modules are subject to approval by the relevant regulatory authority or, if
applicable, by the member state. In Poland, the values proposed by national distribution system
operators were approved by the President of the Energy Regulatory Office (ERO) - Decision of
the President of the Energy Regulatory Office DRE.WOSE.7128.184.3.2018.Z) dated July 16,
2018 [4].
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Table 1. Voltage level limits and maximum power thresholds for power-generating modules
of types A, B,C,D

Type of generation unit A B c D
(power generation module)

Voltage at the connection point <110 kV <110 kV <110 kV > 110 kV
!\/Iammym power threshold limit 0.8 KW 1 MW 50 MW 75 MW
in Continental Europe

!\/Iaxmum power threshold limit 0.8 kW 0.2 MW 10 MW 75 MW
in Poland

The requirements of the NC RfG code for different types of power generation modules vary.
In practice, cogeneration units that generate electricity and heat from the combustion of gaseous fuel
(biogas, natural gas) or liquid fuel (bioliquids, diesel) can be classified as Type A modules (voltage
lower than 110 kV, power not exceeding 200 kW) or Type B (voltage lower than 110 kV, power not
exceeding 10 MW).

For CHP units categorized as Type A power generation modules, the requirements apply at
the basic level, the achievement of which is necessary to ensure generation capacity with limited
automatic response and minimal regulation by the system operator. The requirements for Type B
power generation modules apply to a broader range of automatic, dynamic response to mitigate
the effects of system events and provide a higher level of regulation by the system operator.

CHP units of type A and type B shall meet the technical requirements listed in Table 2.

Table 2. Requirements for cogeneration units type A and type B

No.

Requirement

NC RfG
Code

Module type

A B

Capability of remaining connected to the network and operate within
the frequency ranges and frequency ranges and time periods specified
in Article 13(1)(a)(i) of the NC RfG Code for the synchronous area -
Continental Europe

Article 13(1)
@)

X X

Capability of staying connected to the network and operate at rates
of frequency change (RoCoF — ang. Rate of Change of Frequency),
df/dt.

Article 13(1)
(b)

Capability of power-generating module of activating the provision
of active power frequency response at a frequency threshold and
droop settings specified by the relevant TSO*

Article 13(2)
(@)()(d)(e)(f)
(9)

Admissible active power generation reduction with a decrease in
frequency.

Acrticle 13(4)

Cease active power output within five seconds following an
instruction being received at the input port (logical interface).

Article 13(6)

Capability of connecting automatically to the network - frequency
ranges within which an automatic connection is admissible, the
corresponding delay time and maximum admissible gradient of
increase in active power output.

Article 13(7)

Regulation of active power output by the relevant system operator
using instructions via the input port (logical interface).

Article 14(2)

Capability to staying connected to the network and continuing to
operate stably after the power system has been disturbed by secured
faults on the transmission system.

Article 14(3)

1TSO — transmission system operator

The following part of the article discusses how testing and certification of CHP units - processes
conducled by an accredited testing laboratory and accredited certification body of the KOMAG
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Institute, whose purpose is to verify compliance with the above-mentioned requirements of the NC
RfG Code, are carried out.

3. KOMAG Institute’s activities with regard to testing and certification of CHP units

The KOMAG Institute has actively engaged in activities aimed at reducing greenhouse gas
emissions, promoting "green" technologies and environmental protection. One of these activities was
the establishment in 2021 of a testing infrastructure at the Applied Research Laboratory, which allows
the implementation of comprehensive testing of power generating units connected to the electricity
grid, resulting from the Commission Regulation (EU) 2016/631 of April 14, 2016. (NC RfG Code).

The testing infrastructure was created mainly with the aim of conducting tests on photovoltaic
inverters, inverters working with hydroelectric and wind turbines. It quickly became apparent that
the laboratory's testing and organizational potential could be successfully used to test CHP units.

The Applied Testing Laboratory was the first laboratory in Poland to be accredited by the Polish
Centre for Accreditation (accreditation certificate AB 665) to perform tests on power generating units
with a rated power of up to 250 kW, in accordance with the requirements of the Commission
Regulation (EU) 2016/631 of April 14, 2016 and the conditions [5] set by the Polish Power
Transmission and Distribution Association (PTPIREE) — an association of the Distribution Network
Operators and the Transmission Network Operator and energy industry employees.

As a natural consequence of the laboratory's extension of the scope of accreditation, the Division of
Attestation Tests, Certifying Body (accreditation certificate AC 023) - a separate certification unit
within the Institute - implemented a certification programme and was accredited by the Polish Centre
for Accreditation.

Certification of power generating units (power generating modules) is carried out according to
the following reference documents:

— Commision Regulation (EU) 2016/631 of 14 April 2016 establishing a network code on
requirements for grid connection of generators - acronym of the document NC RfG [3],

— General Application Requirements resulting from the Commission Regulation (EU) 2016/631 of
April 14, 2016 establishing a network code on requirements for grid connection of generators -
approved by the decision of the President of the Energy Regulatory Authority
DRE.WOSE.7128.550.2.2018.2J dated 2 January 2019 [6],

— Standard PN-EN 50549-1:2019-02 [7].

Certificates of conformity are issued by the Division of Attestation Tests, Certifying Body
primarily on the basis of current measurements of physical characteristic related to the verified
property of the tested power generating unit. The test results that are the basis for the issuance of
a certificate of conformity are documented in the test report, which is made available to
the appropriate network operator upon request.

Certificates of compliance are the basis for including the certified device in the list [8] managed by
the Polish Electricity Transmission and Distribution Association and thus obtaining a permit to
connect the device to the power grid.

4. Testing of CHP units

Testing of CHP wunits is carried out in accordance with the programme established by
the certification body. The programme refers to the technical requirements of the NC RfG Code listed
in Table 2. Part of the testing can be performed by the laboratory's specialists at the manufacturer's
site, using the manufacturer's infrastructure, usually due to the need to provide an adequate amount of
fuel. The test object is a certified product or a sample representative of a series of products.
An example of a CHP unit subjected to testing at the KOMAG Institute is shown in Fig. 1.
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Fig. 1. CHP unit (example)

Testing of CHP units is carried out in the Applied Research Laboratory in the configuration shown
in Fig. 2. Electrical parameters at the point of connection of the unit to the grid (under laboratory
conditions to the grid simulator) are measured and recorded.
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Fig. 2. Schematic of the system for testing CHP units

The values obtained during the tests are recorded and analyzed in terms of meeting
the requirements of the NC RfG Code, General Application Requirements (PSE) as well as PN-EN
50549-1:2019-02.

The charts below show selected sample test results, the object of which was a CHP unit.

a) Tests of power response to increased frequency (LFSM-O).
Requirement: Article 13, paragraph 2 - NC RfG and item 4.6.1 of EN 50549-1:2019-02.

© 2023 Author(s). This is an open access article licensed under the Creative
Commons BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/)

Publisher: KOMAG Institute of Mining Technology, Poland .


https://creativecommons.org/licenses/by-nc/4.0/

e-ISSN 2719-3306 Mining Machines, 2023, Vol. 41 Issue 4, pp. 231-239 -

300 51,6

51,4

250

51,2

51,0

50,8

P (kW]
£ [Hz]

50,6
50,4
50,2

0 300 400 500 600 700 800 900 1000 1100 1 050,0

-50 49,8
t[s]

—P[kw]

Fig. 3. Time diagram of Peyr, feut for active power response tests at increased frequency
(f = 50,2 Hz, fsop = 50,2, s = 5%, Pset > 60% Pn)
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Fig. 4. Time diagram of Peut, feut for active power response tests at increased frequency
(f1 = 50,2 Hz, fsiop = 50,2, s = 5%, Pset > 100% Pn)

b) Cease active power output within five seconds following an instruction being received at the input
port (logical interface).
Requirement: Article 13, paragraph 2 - NC RfG and item 4.6.1 of EN 50549-1:2019-02.

The test is designed to verify the functionality of the CHP unit to stop active power generation after
receiving the applied command on the available logical interface. Testing is performed for all
available logical interfaces, such as binary input or MODBUS protocol, based on RS485
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(MODBUS ASCII or RTU) and Ethernet (MODBUS TCP) interfaces. The condition that confirms
proper operation is the cessation of active power generation (phase current decay) within five
seconds of receiving a command.
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Fig. 5. A diagram illustrating the time to stop active power generation after accepting
a command at the input port (logical interface)

c) Regulation of active power output by the relevant system operator using instructions via the input
port (logical interface).

Requirement: Article 14, paragraph 2 - NC RfG and item 4.11.2 of EN 50549-1:2019-02.
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Fig. 6. A diagram illustrating the regulation of active power by the logic
interface up to 40% of rated power
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Fig. 7. A diagram illustrating the regulation of active power through the logic
interface to 80% of rated power

5. Conclusions

The KOMAG institute's activities under the provisions of the Commission Regulation (EU)

2016/631 of April 14, 2016, establishing a network code on requirements for the connection of
generating units to the grid (NC RfG) have led to the fact that producers of generating units can have
them subjected to the necessary testing and certification at a national unit offering its services under
the accreditation of the Polish Centre for Accreditation. This also applies to CHP units, the use of
which is growing steadily, due to the significantly higher efficiency of heat and electricity generation
during the same technological process, as well as the possibility of using biogas and biofuels.

The experience gained during the testing of CHP units, selected results of which are presented in

this article, confirm the desirability of subjecting these products to testing and certification. These
activities reassure manufacturers and power system operators about the characteristics of power
generating units offered on the market, including CHP units.

References

[1] Reduction of greenhouse gas emissions: European Parliament. Article dated 31.10.2023.
20180305ST0O99003

[2] Modern district  heating.  Cogeneration:  more  energy  without increased  emissions.
https://nowoczesnecieplownictwo.pl/kogeneracja/ [accessed: 31.10.2023]

[3] Commision Regulation (EU) 2016/631 of 14 April 2016 establishing a network code on requirements for
grid connection of generators - Official Journal of the European Union 27.4.2016 L 112/4

[4] Decision of the President of the Energy Regulatory Office DRE.WOSE.7128.184.3.2018.2J dated July 16,
2018, approved by the President of the Energy Regulatory Office (ERO)
https://www.pse.pl/documents/20182/31216853/20180806_decyzja_ure/717e22be-85b2-4aa3-b006-
c365ae577f05?safeargs=6461776e6c6f61643d74727565 [accessed: 31.10.2023]

[5] Requirements and procedures for the use of certificates in the process of connection of power generating
modules to power grids, version 1.2 effective from 21.04.2021. - A study by the Polish Power Transmission
and Distribution Association

[6] General Application Requirements resulting from the Commission Regulation (EU) 2016/631 of April 14,

2016 establishing a network code on requirements for grid connection of generators - approved by the

© 2023 Author(s). This is an open access article licensed under the Creative

Publisher: KOMAG Institute of Mining Technology, Poland
Commons BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/)



https://creativecommons.org/licenses/by-nc/4.0/

e-ISSN 2719-3306 Mining Machines, 2023, Vol. 41 Issue 4, pp. 231-239 -

decision of the President of the Energy Regulatory Authority DRE.WOSE.7128.550.2.2018.2J dated 2
January, 2019
https://www.pse.pl/documents/20182/31216853/20190102_decyzja_wymogi_RfG.pdf/1ledc511f-14f3-4280-
aaba-f6d9cf36c8f6 [accessed: 31.10.2023]

[7]1 Polish Standard PN-EN 50549-1:2019-02 Requirements for generating plants to be connected in parallel
with distribution networks - Part 1: Connection to a LV distribution network - Generating plants up to and
including Type B

[8] http:/iptpiree.pl/documents/opracowania/kodeksy _sieci/lista/2023-10-31-wykaz-urzadzen-akceptowanych-
p0o-01.05.2022.pdf [accessed: 31.10.2023]

© 2023 Author(s). This is an open access article licensed under the Creative

Publisher: KOMAG Institute of Mining Technology, Poland
Commons BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/)



https://creativecommons.org/licenses/by-nc/4.0/

e-ISSN 2719-3306 Mining Machines, 2023, Vol. 41 Issue 4, pp. 240-247 -

https://doi.org/10.32056/KOMAG2023.4.3

Modernization of the VSVEM-1140
electro-mechatronic system for testing
the asynchronous motors

Received: 28.12.2023
Accepted: 24.01.2024
Published online: 30.01.2024

Author’s affiliations and addresses:  Oleksandr BESHTA, senior "= ¥, Serhii KHUDOLII & ¢,

1 Dnipro University of Technology, Roman DJUR !, lllia PELTEK 1t
av. Dmytra Yavornytskoho, 19,
49005, Dnipro, Ukraine

Abstract:

* .
Correspondence: The article is devoted to the description of practical experience in testing

e-mail: beshtaa@nmu.one the alternating current electric machines. The results of combining

tel.: +38 0672578962 Fhe capak_)ilities_ of digital systems for c_ollecting and processing
information with a powerful electromechanical system are presented.
It is the combination of two systems of different purposes that enables
creating the state-of-the art diagnostic installations combined into one
electro-mechatronic system. Practical results of electric machine tests
contain clear explanations of fundamental principles and provide
a comprehensive assessment of the condition of electric machines. They
use methods of direct charging the electric machines with the possibility
of recuperation of electric energy during tests. Thermal state of electrical
machine nodes is monitored using the thermal forecasting technologies.
Both the methods for various types of tests and means for their
implementation are described in detail. This article is intended for
engineers involved in designing, manufacturing and testing the electric
machines.

Keywords: testing and charging stations, high-voltage alternating current
electric machines, energy recovery in braking modes, electro-
mechatronic system, thermal diagnostics of electric machines

Publisher: KOMAG Institute of Mining Technology, Poland
© 2023 Author(s). This is an open access article licensed under the Creative
Commons BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/)



https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-4648-0260
https://orcid.org/0000-0003-2342-1556

e-ISSN 2719-3306 Mining Machines, 2023, Vol. 41 Issue 4, pp. 240-247 -

1. Introduction

According to regulatory documents, every manufactured electric machine must undergo control tests,
the main one - a heating test on a special stand, where its load is assumed to be in the nominal mode.

Different methods are permissible for charging the asynchronous motors when testing them
regarding warming up; the simplest of which are various brakes (pad, tape, etc.), as well as load by
a generator operating on a rheostat [1-3]. When using these methods, the energy spent during the tests
is irretrievably lost.

There are the warming-up test schemes in which most of the energy used is returned to the grid [4-8].
Naturally, these schemes are better, but the test devices become more complicated and expensive,
therefore, in the test schemes of electrical repair companies, such installations are rarely used.

When it became necessary to create a test station to improve the quality of repaired mine electric
motors for driving coal harvesters and increase the period of their trouble-free operation, it was proposed
to create a new complex test station, on the basis of which it is possible to conduct the entire set of tests
defined by standards [8-10].

To increase the efficiency of the test station and save electricity during tests, this station implemented
a load mode with a reverse operation scheme using an asynchronous generator controlled by the power
grid. In addition to testing electric motors for warming up, loading them in the nominal mode, state-of-
the-art electronic devices were developed and manufactured for the test station ion all the necessary
stages of testing, which are provided for by current national and international standards, i.e.:

1. TestEM FR "TestFron" - a device for testing the electrical strength of the body insulation of
rotating electric machines with a voltage of up to 1140 V relative to the body of the machine and
between the windings, and burning of the body insulation with alternating or constant voltage
(=5/=7.5kV),

TestEM Tesel-5 - a device for testing the insulation of bulk windings (5 kV, 6.6 kHz);
TestEM Sentor SR3 - a device for testing the insulation of rigid sections (8-16-26 kV, 50 Hz);
TestEM AN1 Actron - a device for testing the steel - to determine specific loss of steel;

TestEM IR Intor - rotor tester - a device for detecting malfunctions and damage in rotors with
short-circuited rods during their manufacture, repair or preventive inspection without limiting
their power;

6. TestEM ST Shast - a device for monitoring the insulation of the sheets of active steel;
7. Vibration spectrum analyser 795M107Vi;
8. Thermal imager Flir E8-XT.

The test program, methods and scope of tests, methods and devices for measuring electrical and non-
electrical quantities, and methods for determining the nominal parameters of rotating AC electric
machines meet the requirements of current national and European standards [9-12].

a bk~ N

A set of devices for post-operational tests, together with a stand for loading electric motors and
the necessary power and measuring equipment, operating in automatic mode under the control of
a microprocessor system, made up, as a result, the first version of the complex electro-mechatronic
system VSVEM-1140.

This version of VSVEM-1140 enabled control tests of mine explosion-proof asynchronous three-
phase electric motors of type SG7W 490L-4 manufactured by Dombrovsky Plant of Electric Machines
Damel (Poland) with power of 220 and 250 kW. When testing these electric motors with a load power
of the test machine of 220 kW, about 195 kW of electrical energy was returned to the grid.

Fig. 1 shows a screenshot of the SCADA system screen, which displays the active power of the drive
motor (blue colour - average power of about 200 kW) and the motor under test (red colour - average
power of about 175 kW). In this case, the efficiency of VSVEM-1140 is approximately 87.5%.
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Fig. 1. Active power curves of motors during testing

Prior to the commissioning of VSVEM-1140 in the mines, due to the short life of the electric motors
driving the coal harvesters and the need for their frequent replacement, it was not possible to form
a sufficient reserve of serviceable repaired engines, which interfered with the rhythmic work and
threatened to disrupt the production program. The operation of VSVEM-1140 has shown its high
efficiency - the life span of repaired electric motors that have successfully passed thermal tests has
increased several times - from several days and weeks to many months.

After analysing the results of the 1.5-year operation of VSVEM-1140 system, it was decided to
modernize it to enable testing the mine explosion-proof asynchronous three-phase electric motors with
a power of up to 315 kW, voltage of 1140 V and a rotation frequency of 500, 1000 and 1500 rpm. This
second version of the electromechatronic system has got the name VSVEM-1140 500-1500.

In the new VSVEM-1140 500-1500 system, all the functions of the first version have been preserved
with minor additions, which mainly concern the display of service information (another screen has been
added) and the algorithm for calculating the efficiency and torque of the tested electric motor. The main
difference of the modernized version is the expansion of the speed range of the motors tested while
maintaining the maximum power up to 315 kW. For this purpose, the drive motor 2SGS-355L4, 315
kW, 1140 V, 1500 rpm of the electromechatronic system is rewound to an operating voltage of 380 V
at a speed of 1500 rpm to the maximum possible power in the 2SGS-355L4 enclosure, but not lower
than 315 kW.

Thus, the modernized electromechatronic system VSVEM-1140 500-1500 is designed for testing
the motors with a power of up to 315 kW, a nominal voltage of 1140 V and a different number of poles
corresponding to type series 4, 6, 12.

There is a problem of determining the nomenclature of asynchronous motors that can be tested in
a long-term load mode by the VSVEM-1140 500-1500 system in the speed range of 500...1500 rpm
with a power of up to 315 kW and voltage of 380 V.

The main components of the station are presented in Fig. 2.
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Fig. 2 VSVEM-1140 test station: FC — frequency converter; M1 — loading machine;
M2 — tested machine; TV1 - transformer

The load device is represented by the FC frequency converter [13] and the M_1 motor, which brings
the test machine into regenerative braking mode. Technical data of the frequency converter are presented
in Table 1.

To reduce electricity consumption, the load on the test motors is applied in the generator mode of
electricity recovery to the grid. For this, the machine M., with a supply voltage of 1140 V, different
power up to 315 kW and different ideal idle speeds of 500 rpm, 1000 rpm and 1500 rpm are connected
via a coupling to the electric motor M_1, and it accelerates to the idle speed (i) and then to the ideal
idle speed of the corresponding electric machine M. After that, the machine M. is connected to
the 6kV, 50Hz network through the transformer TV1. For machines of the M, type, acceleration from
the idle speed m,j to the ideal idle speed w(o,j occurs already at a frequency of the supply voltage of
the motor M1 greater than 50Hz. Next, by increasing the speed of the motor M1, the machine M
enters the regenerative braking mode and accelerates to the speed o), when the torque of the machine
Mg,y will be equal to the nominal M, (Fig. 3).

Table 1. Frequency converter FCh5-S0-630/380/50-O70-V00-UHL4

Nominal parameters Value
Nominal current, A 630
Nominal output voltage, V 380
Nominal output power, kVA 415
Power factor, no less 0,90
Efficiency coefficient, not less, % 95,0
The range of three-phase output voltage change, V 0-380
The range of output voltage frequency change, Hz 0-200

In addition to the standard protection systems of the frequency converter, the control and protection
system of the VSVEM-1140 test station additionally includes hardware and software protections, such
as protection of the load and test motors by current, power, overheating, temperature, flow and pressure
of the coolant, etc.
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Fig. 3. Mechanical characteristics of tested machines:
i=2 — 1500 rpm; i=3 — 1000 rpm; i=4 — 500 rpm

2. Materials and Methods

The mechanical characteristics of the test machines (Fig. 2) are determined by the simplified Kloss
formula in the case when the active resistance of the stator windings of electric machines can be
neglected [4, 6, 14]:

M _ 2Mk,i
AL S/ Ski+Ski/Si

D)
where M, is the moment on the shaft of the i tested electric machine, Nm; S; — sliding; My — critical
torque, Nm; Sy — critical slip.

My = AiMan; , 2)

where M, is the nominal torque on the shaft of the it tested electric machine, Nm; A; is its ability to
overload.

S, = (u) @3)

Wo,i

where (o, is the ideal idling speed, rad/sec.; wi is the current angular speed of the i test electric
machine.

For the generator load mode, from formula (3) we have the corresponding slip value.

Sgu = (22), @

Wo,i

If we consider the working part of the mechanical characteristics of the tested electric machine, where
is its nominal working point (corresponding to the points wn,2, n3, @na4in Fig. 2, that is, when S;<«< Sy,
then equation (1) is further simplified

2My ;S
Md,i = % (5)
ki
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From the formula (5) we have the nominal mode of the testing machine
My,
Ski = 2Sn, (M—k) = 24;Sn - (6)
dn,i
Considering that in the recovery mode there should be a nominal load torque Man,iy On the tested
machine during sliding S, from the formula (5) we get:

_ ZMk'ng,i

M an,i — ’ (7)

Mdn,i = Pdn,i/wn,i’ (8)
where Pg,, ; — nominal power of the tested motor, W.

Sk,i

Substituting formulas (2), (4) and (6) into formula (7), we have
Wg,i = 20Wg; = W ;. ©))

Realization of the torque Mn,iy Of the tested machine must be secured by the motor M1. To do this,
it will create an active torque Man,i at speed of ® (i), that is, it will realize the following power:

Pa1i = Man,iwg;- (10)

To ensure this power, the motor My receives energy from the FC frequency converter with an
efficiency of n, i.e.

Py = \/§V111'icos<p1n1, (11)

where V1, cose1, n1 - linear supply voltage, power factor and efficiency of the motor My, respectively;
I, is the linear current of the motor M1, which corresponds to the loading moment Mgyi).

Thus, from the formulas (9), (10) and (11), the current of the loading motor M is determined:

__Maniwg;
Il’l - V3Vicospin,’ (12)

where o, IS found according to formula (9), M, is according to formula (8), and the parameters

Pan.iy, ®(,i), ®(n.iy are from the catalogue data of tested motors; V1, cos@i, 11 - M1 motor parameters.

The recovery mode current I of the tested machine is determined for the power according to
formula (10), but taking into account the efficiency factor n; of this machine in generator mode
_ Man,iwg,ini
li = V3Vnpicosp (13)

where V,;i,cosei,n; are respectively the rated voltage, power factor and efficiency of the tested motor
M.

3. Results

According to the above formulas, calculations were made for the motors of different power and
speed. The results are presented in Table 2.

Columns 1...10 of Table 2 present catalogue data of electric motors. As a result of using the suggested
method, the load currents 11 of the motor M; in the VSVEM-1140 test station and the possible long-
term load current Ig; of the motor being tested were obtained.

Since it is planned to use a motor rewound from 1140 V to 380 V as the drive motor My,
the assessment of its loading current is important from the point of view of overload due to a significant
increase in stator currents. After rewinding, the drive motor must have a nominal current proportionally
increased in relation to the decrease in the nominal voltage, i.e. assuming the power, efficiency and
power factor are maintained at the previous levels, an increase in the current of the stator windings of
the drive motor M to the level of 829 A should be expected. From column 14 of Table 2 we can see
that the currents of the driving motor do not exceed 588.4 A.
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4. Conclusions

Testing the possibility of maintaining the long-term current load of the motors presented in Table 2,
using the VSVEM-1140 electro-mechatronic system with a drive motor after rewinding from a voltage
of 1140 V to a voltage of 380 V, showed the following:

- motors with a rated power of up to 315 kW, inclusive, with any speed in the range of 500...1500 rpm
can be tested at the VSVEM-1140 station with the rated load for these motors in a long-term mode.

- the ratio between the currents of the motor M; and the tested machine M _i varies within 2.1...3.5;

- the range of currents 2.1...2.5 is typical for motors with a speed of 500 rpm, and the range 3.2...3.5 -
for motors with a speed of 1000 rpm and 1500 rpm, i.e. an increase in speed of the driving motor
causes an increase in its current load and losses;

- acceleration of the tested motor in the recovery mode should be carried out with monitoring
the current acceleration of the M; motor.

Thus, the VSVEM-1140 500-1500 electro-mechatronic system can be used to expand the range of
the motors with power up to 315 kW in the speed range of 500...1500 rpm to test their load power in
long-term operation.

Table 2. The results of calculating the load on the M, engine when testing engines
with a voltage of 1140 V

Pani| Mo | Vi | T | Sni | M | €COSQPi | @y | @o; | @Wgi | Man; | Ig; I
kW |r/min| V A % rad/s | rad/s | rad/s | Nm A A
1 2 3 4 5 6 7 8 9 10 11 12 13
7,5 5 3.4 10875 | 086 | 151.7 | 157.0 | 162.3 | 495 4.1 14.7
11 72 | 39 | 0875 | 0.87 | 150.9 | 157.0 | 163.1 | 72.9 6.1 21.8
15 101 | 25 0.9 0.84 | 153.1 | 157.0 | 160.9 | 98.0 8.6 28.9
18,5 = 123 | 2.6 0.95 0.85 | 152.9 | 157.0 | 161.1 | 121.0 | 11.0 35.7
22 |8 14 24 10891 | 0.83 | 153.2 | 157.0 | 160.8 | 143.6 | 125 42.3
30 187 | 24 0.9 0.85 | 153.2 | 157.0 | 160.8 | 195.8 | 16.9 57.6
75 49 1 0.922 | 0.89 | 155.4 | 157.0 | 158.6 | 4825 | 40.1 | 140.1
90 58 1 0.925 0.9 155.4 | 157.0 | 158.6 | 579.0 | 47.8 | 168.1
45 29 15 | 0916 | 0.87 | 103.1 | 104.7 | 106.2 | 436.5 | 24.7 84.9
55 36.3| 15 | 0922 | 0.87 | 103.1 | 104.7 | 106.2 | 533.5 | 30.4 | 103.8
75 § 48.1| 15 | 0932 | 0.86 | 103.1 | 104.7 | 106.2 | 7275 | 42.4 | 1415
90 - 56.3 | 1.8 | 0.934 | 0.87 | 102.8 | 104.7 | 106.6 | 875.6 | 50.7 | 170.8
315 2 189 1 0.954 | 0.88 | 103.6 | 104.7 | 105.7 |3040.0| 176.4 | 588.4
75 b 49 1.8 | 0922 | 085 | 154.2 | 157.0 | 159.8 | 486.5 | 42.7 | 1424
110 705 | 1.8 0.93 0.85 | 154.2 | 157.0 | 159.8 | 7135 | 63.2 | 208.8
132 § 84.4 | 18 | 0.932 | 0.85 | 154.2 | 157.0 | 159.8 | 856.2 | 76.0 | 250.5
160 - 104.7| 1.9 | 0933 | 0.83 | 154.0 | 157.0 | 160.0 | 1038.8| 94.6 | 304.3
200 130.8| 1.4 | 0934 | 0.83 | 154.8 | 157.0 | 159.2 | 1292.0| 117.2 | 376.6
45 | 500 57.6 2 0.825 | 0.48 51.3 52.3 534 | 877.4 | 40.8 85.8
132 | 1500 88.6 | 1.7 0.91 0.83 | 154.3 | 157.0 | 159.7 | 855.3 | 75.8 | 250.0
55 | 500 67.5 2 0.826 0.5 51.3 52.3 53.4 |1072.4| 479 | 104.8
160 | 1500 1026 1 0.93 0.85 | 1554 | 157.0 | 158.6 |1029.4| 90.4 | 298.9
65 | 500 76.1| 2.1 | 0.838 | 0.52 51.2 52.3 53.4 |1268.7| 55.3 | 124.1
200 | 1500 1265 1.1 | 0932 | 0.86 | 155.3 | 157.0 | 158.7 | 1288.1 | 112.2 | 374.3
85 | 500 855 | 28 | 0.84 0.6 50.9 52.3 53.8 |1671.0| 63.7 | 164.6
250 | 1500 1529 2.1 | 0931 | 0.89 | 153.7 | 157.0 | 160.3 | 1626.5| 138.1 | 477.4
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1. Introduction

For over 60 years, the European industry has produced impregnated wooden poles in accordance
with industry guidelines and national standards as well as specifications of the Wood European
Institute (WEI). These standards are changing gradually, as knowledge about the harmfulness of
the chemicals used for impregnation increases. These regulations in the past allowed the use of wood
preservatives/impregnators containing hazardous chemicals. Three main chemical wood preservatives
are as follows:

— creosote,

— pentachlorophenol,

— arsenate (copper-chromium-arsenic, i.e. CCA),
— copper naphthenate (alternative agent) [1, 2].

In 2001, the European Union severely restricted the sale and use of tar. In January 2003,
the European Union announced a ban on all industrial uses of CCA, except for a limited number of
special cases. Creosote was phased out in Poland temporarily in 2013, and finally from April 2018.
Restrictions related to the use of chemical wood preservatives are the subject of ongoing discussion [2, 3].

FRP composite materials are materials made of a polymer matrix reinforced with fibres. The most
commonly used fibres are glass, carbon, aramid, basalt and mixed fibres, e.g. basalt-carbon. Epoxy,
polyester or vinyl ester resins are most often used as matrices [4, 5].

Due to a number of advantages, including: low density, high anti-corrosion and chemical
resistance, as well as high strength, stiffness and durability, the above-mentioned. materials have
found wide application. Unfortunately, the main advantages of composites such as durability are at
the same time their disadvantages. Even though various methods of processing the composite
materials are known (pyrolysis, solvolysis, mechanical methods). Although various methods of
processing the composite materials are known, only a small amount of waste is recycled [6, 7].

1.1. Impregnated wood in railway sleepers

Impregnation is a technology used in manufacture of railway sleepers (Fig. 1) to increase
the durability and resistance of wood to weather conditions, as well as to protect it against biological
organisms. Creosote is one of the frequently used impregnating agents, but other chemicals are also
used, such as petroleum oils and heavy metal salts [8, 9].

Fig. 1. Impregnated wood in railway sleepers [10]
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Based on data from 2018, the number of railway sleepers intended for recycling or neutralisation in
Poland is over 20 million pieces. With an average weight of one sleeper of approximately 80 kg, it
gives 1,600,000 Mg of impregnated wood waste [11].

1.2. Impregnated wood in poles

In Poland, impregnated poles (Fig. 2) are commonly used in various sectors of industry, such as
power, telecommunication, in road infrastructure, etc. Impregnation of poles is intended to increase
their durability and resistance to weather conditions and insects, fungi and other factors that may cause
wood degradation [12].

1

Fig. 2. Impregnated telecommunication pole [13]

Orange Polska S.A. as well as Tauron Polska Energia S.A. have about 2 million pieces of wooden
poles impregnated with carcinogenic substances. Due to their toxicity, they should be replaced as soon
as possible. The technology suggested further will allow for elimination of the above-mentioned
hazard [14].

Both wooden and composite components is the waste which, from the point of view of the circular
economy model and should be used as a raw material in subsequent manufacturing stages.

Division of electric, telephone, street and parking (lighting) poles in the world, depending on
the type of material used, is presented in Table 1 [15].

Table 1. Division of poles in the world, depending on the type of material used [15]

Pole material
Place Wood | Concrete | Steel | Composite | Total
Number of pieces [mil.]

Europe 133 48 77 4 262
CIS 78 34 18 1 130
Near East 2 13 34 0 50
North Africa 22 9 10 1 42
Sub-Saharan Africa| 43 6 8 0 58
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Pole material

Place Wood | Concrete | Steel | Composite | Total

Number of pieces [mil.]

Asia-Pacific 157 421 125 8 710
Latin America 96 28 39 2 165
North America 202 20 51 4 277
Total 732 579 362 21 1,694

Based on the data presented above, it can be concluded that there are a very large number of
wooden poles in the world that will be recycled in the future. Table 2 shows the total weight of
wooden poles, assuming a pole weight of 160 kg [15].

Table 2. Division of wooden poles in the world, with estimation of their weight [15]

Wooden poles
Place

pl?lelf:?sb[?; |(|)f || Beent g
Europe 133 21 280 000
CIS 78 12 480 000
Near East 2 320 000
North Africa 22 3520 000
Sub-Saharan Africa 43 6 880 000
Asia-Pacific 157 25120 000
Latin America 96 15 360 000
North America 202 32 320 000
Total 732 117 280 000

In Poland there is 2 mil. poles with weight of 320 000 Mg [14].

Therefore, the aim of the task is to develop a concept of technology for manufacturing
the composite products from the waste wood, e.g. from the railway sleepers and the power poles.
The developed concept will be used, in the next stages, to produce structural components for
the power industry, e.g.: state-of-the-art composite poles.

2. Materials and Methods

The most popular method of "utilizing"” impregnated wood from power poles or railway sleepers is
to store and burn them.

The disposal of old wooden components of power and transport infrastructure, such as power poles
and railway sleepers are important from an ecological, social and safety perspective. Old wooden
components are aging, which may lead to weakening of the wood structure, to its damage caused by
weather conditions as well as by insects and fungi. This may contribute to the loss of stability of
the power pole and, consequently, breakage of electrical cables. Moreover, these components are
covered with carcinogenic substances that are harmful to humans and the environment. To minimize
the negative impact of old wooden poles on the environment and society, it is necessary to develop
appropriate disposal processes.
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Disassembly is the first stage of disposal. Used wooden power poles are removed from their
original installation place. This process requires special equipment and technical knowledge to avoid
damage and hazards to workers and the environment. Disassembly can be manual or using
the machines such as cranes or special vehicles. It is important that this process follows the safety
regulations and industry standards.

Then, the next important step is transporting the wooden poles to the processing site. Timber can be
transported by truck or other means of transport.

Wood that cannot be recycled or reused is burned to produce heat or electricity. The process is
becoming increasingly popular in some regions as a way to extract energy from materials that would
otherwise end up in a landfill.

Disposal in a controlled landfill is another option that requires monitoring and management to
avoid environmental contamination. According to the currently applicable regulations, disabled power
poles can be stored for up to 3 years. Then they must be processed or sold [16].

There are the following alternative approaches to removing the hazardous substances from wood:

— Mechanical removal: This is one of the basic methods. It involves manual grinding, planeing or
scraping of the wood surface to remove the contaminated layer.

— Sandblasting: This is a more advanced method of mechanically removing substances from wood.
It involves applying a stream of sand grains under pressure to the wood surface, which helps to
remove contaminants more effectively.

— Chemical removal: Special chemicals are used that dissolve or soften chemicals present on
the wood surface, such as sealers or paints. Then the impurities are removed mechanically.

— Thermal stripping: This involves heating the wood to a high temperature, which can help evaporate
or break down chemicals. This is particularly effective in removing certain sealers.

— Ozonation: Ozone is a strong oxidant and can be used to remove chemicals from wood. This
process involves the impact of ozone on saturated wood, which reacts with pollutants, leading to
their decomposition.

— Microwave stripping: This method uses microwave waves to heat chemicals present in the wood,
which can help break them down.

— Enzymatic method: Uses enzymes that have the ability to break down chemicals. This is
a relatively new technology that is becoming more and more popular.

— Biodegradation: Uses microorganisms such as bacteria or fungi to naturally break down chemicals [17].

All stages of the disposal of wooden power poles must be in accordance with the applicable
regulations and standards regarding environmental protection, health and safety.

To sum up, the disposal of old wooden power poles or railway sleepers is a complex process that
aims to minimize the negative impact on the environment and society. Appropriate disassemble,
transport, processing, recycling and energy recovery are crucial for the effective use of wood after its
original function has ended. A deep knowledge of local regulations and the use of sustainable disposal
methods are the foundations of this process, contributing to better protection of our environment.

Research work in Poland and abroad in the scope of a discussed problem

Recycling of the impregnated wood is a complex task due to the presence of chemicals used during
the impregnation process.

Therefore, wood recyclers must use special methods to safely remove or neutralize these
substances. In only a few regions and countries there are the companies specializing in recycling
the impregnated wood. However, the activities of this type of companies are much less common than
in the case of recycling the typical wood [18].
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Engineers from Belgium and Finland have introduced innovative solutions that are alternative to
the traditional waste storage. The solution uses reactors enabling gasification and simultaneous
neutralization of poisonous hydrocarbons. Moreover, one of the promising technologies for creosote
neutralization is the biodegradation method, which is based on the biological decomposition of oily
substances by the specially selected microorganisms. This innovative method is not only safe for
the environment, but also eliminates waste, which makes it relatively economical [19].

In the biodegradation method, there are the following key elements of removing creosote from
wood:

— Selected microorganisms: The creosote biodegradation process uses microorganisms capable of
decomposing chemicals contained in creosote. These microorganisms are carefully selected and
adapted to the conditions in which the process will be carried out.

— Biological degradation: Microorganisms used in biodegradation have the ability to metabolize
poisonous chemicals contained in creosote. As a result of this process, creosote is transformed into
more stable, less toxic compounds, what means its neutralization.

— Optimal conditions: For the biodegradation process to be effective, it is necessary to maintain
optimal conditions such as temperature, pH, humidity and nutrient availability. Microorganisms
function most effectively under specific conditions that must be controlled during the process.

— Monitoring and control: The biodegradation process requires monitoring and control to ensure
effectiveness and environmental safety. Parameters such as chemical composition and amount of
creosote before and after the process are monitored and process conditions are adjusted as
necessary [20, 21].

Tests also included the use of lactic acid bacteria Lactobacillus bulgaricus and Streptococcus
thermophilus, allowing for the extraction of up to 93% of copper, 86.5% of chromium and 97.8% of
arsenic after 8 days of fermentation (Fig. 3) [20].

Before: After-

Untreated-wood

Treated-

wood

Fig. 3. Use of lactic acid bacteria for the degradation of wood preservatives. Milled treated and
untreated wood sample before or after bioprocessing treatment [20]

Fungi also have the ability to degrade molecules contained in preservatives such as creosote.
The use of fungi has shown good results, especially when this method is combined with a citric acid.
Nevertheless, positive results have been obtained on a laboratory scale, but the physiological
mechanisms implemented by microorganisms are still poorly understood [20].

It is worth emphasizing that the effectiveness of the biodegradation method may depend on many
factors, including the chemical composition of creosote, the type of microorganisms used in
the process and the process conditions. Disadvantage of the method is the need to adapt it to a specific
case and the proper biodegradation time [20, 21].
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3. Results

Based on the analysis of the literature and available information on the characteristics of
impregnated wood, the initial concept of the system for its reuse was developed. The conceptual
system for the production of new products from waste wood assumes using the processes from
disassembly, through grinding, to obtain a new product (Fig. 4). The rest of the article describes in
detail each stage of the conceptual technology for recycling the wood waste. The concept was
developed on the example of recycling the power poles.

Disassembly

!

Separation —>{ Impurities

!

Wooden pole

!

Cresote removal

Distillation ‘ Pyrolysis Extraction Chemical processes ‘
| | |
Y

Wood processing

!

Quality control

!

Manufacturing of
new products

Fig. 4. Conceptual path for manufacturing new products from waste wood

Disassembly:

Power poles are first disassembled from their original location. This process requires special
equipment and appropriate safety procedures because crested wood is treated as a hazardous material.
Dismantling is carried out using simple construction equipment (saws, ropes, safety elements, etc.).
The waste in question is then transported to a dismantling point, where it is subjected to the process of
removing any insulating materials, such as wires or cables, that may be attached to them.
Alternatively, the process can be expanded to include the use of vibrating screens to remove unwanted
elements [22].
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Removal of creosote:

Removing the creosote is one of the key steps in recycling impregnated wooden poles. There are
various methods that can be used to remove creosote from wood. Future laboratory tests will analyse
the most advantageous method for removing the creosote. The methods to analyse are as follows:

— Distillation: distillation process involves heating the wood in special furnaces to evaporate
the creosote. The creosote vapor is then condensed and collected, then processed to obtain pure
creosote. Distillation is a complicated and energy-intensive process that requires temperature and
pressure control.

— Pyrolysis: Pyrolysis is a thermal process in which wood is subjected to high temperatures in limited
air access. As a result, creosote and other chemicals break down into simpler compounds. Pyrolysis
products, including gas and oil, can be collected and processed.

— Extraction: In this method, creosote is extracted from the wood using chemical solvents.
The wood is soaked in an appropriate solvent that removes creosote. The extract is then processed
to separate the creosote.

— Chemical processes: There are also chemical processes that can be used to neutralize the creosote
contained in the treated wood. Using the proper chemical reagents, creosote can be converted into
less toxic compounds.

Processing of wood:

After the creosote is removed, the wood is chipped into smaller pieces and transferred into various
wooden products such as boards, beams and fuel. Cutting a pole into boards uses variety of tools,
depending on available resources and preferences. Once you have finished cutting, clean the edges of
the boards to obtain a clean and smooth finish. Boards prepared in this way are the ready-made
commercial product.

The material resulting from cutting and processing, as well as scraps of the pole remaining after
cutting the boards, are subjected to additional processes. The sections of the pole are crushed in
a branch shredder. In the shredding process, it is important to obtain evenly shredded material with
a granulation similar to the waste generated during cutting and processing the boards [23].
The obtained material can be used as fuel, construction material or as input for the production of
composite materials.

Quiality control:

Once processed, the wood can be subjected to testing and quality control to ensure it has no
residual toxic substances and is safe for further use.

Manufacturing the new composite products:

One of the uses of fine wood chips is to make new composite products from them. Manufacturing
the composite materials from harvested wood involves combining wood with resin or other polymeric
materials to create a durable and versatile product. The manufacturing process assumes
implementation of the stages shown in Fig. 5.

The following devices, which forms part of the system for the production of composites from waste
wood, has been selected on the basis of our own experience of waste recycling and guidelines
provided by the manufacturers of the devices. The estimated capacity of the system is in the range of
400-500 kg per day.
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Wood preparation
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Polymer preparation

|

Mixing the ingredients
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|
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Y
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Fig. 5. Manufacturing the new composite products

— Wood preparation - wood crushed into fine fibres, chips or powder is dried in a condensing dryer
for wood (Fig. 6) to reduce the water content, which improves the durability of the composite. We

suggest the use of a condensation dryer with a capacity of 14m?3, which will allow the drying of
wood at a temperature of around 70° C.

Fig. 6. Condensing dryer for wood — Eberl TC6WP [24]

— Polymer preparation — the polymer is selected to create the composite matrix. Thermoplastic

polymers such as polypropylene, polyethylene or PVC, or thermosetting resins are used for this
purpose.
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— Mixing the ingredients - wood and polymer are mixed in the required ratio. The process can take

place in a wet or dry form (Fig. 7). We propose the use of a mixer with a capacity of 500 kg,
equipped with a 3 kw motor.

Fig. 7. Mixer for dry process of multi-component feed mixture - Aluhaus MDS 500 [25]

— Additives - strengthening additives, dyes or antioxidants should be added to the mixture to improve
the composite properties.

— Moulding process - the mixture of wood and polymer is formed using various technologies such as
extrusion, injection (Fig. 8). In the case of extrusion, the mixture is passed through a forming die to
create an extruded mould, which is then cooled and cut to appropriate lengths. The injection
process involves injecting a mixture of wood and polymer into a mould, where it hardens under
heat and pressure. Once the material has solidified, the mould opens and the finished product is
removed. We recommend the use of a plastic injection molding machine with a power of 13 kW
and an injection mold size of 480 x 280 mm.

Fig. 8. Plastic injection machine - CAN YANG MACHINERY CY-500C [26]

Cooling and post-processing - composite products are cooled to obtain their final form. They can
be subjected to additional processing, such as cutting, milling or grinding, to obtain the desired
shape and surface finish.
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— Testing and quality control — the products are tested to check their strength, durability and other
important properties. Quality inspections help ensure compliance with industry standards.

The effectiveness of the suggested operations aimed at removing creosote and related to
the production of composite products should be confirmed by the laboratory tests.

It should be noted that all stages of processing of creosoted wood must be in accordance with
applicable safety and environmental regulations. Employees involved in this process must be properly
trained and equipped with appropriate protective equipment. The recycling process can also generate
waste such as creosote residue. This waste must be properly disposed in accordance with the
regulations for hazardous waste.

4. Discussion

Recycling of impregnated wood has advantages and disadvantages. Below there is analysis of its
advantages and disadvantages. A detailed analysis will be possible after testing the effectiveness of
creosote removal and manufacture of the composite material.

Advantages:

— Reducing the waste material: Recycling the impregnated wood reduces waste, contributing to
sustainable resource management.

— Conservation of resources: Recycling allows wood to be reused, which helps conserve natural
resources and reduces deforestation.

— Cost reduction: In the long term, recycling can help reduce costs associated with purchasing new
materials and production.

— Environmental protection: Effective recycling can reduce the environmental impact of
impregnation chemicals through controlled removal of these substances and minimizing emissions.

— Regulatory compliance: Companies that recycle impregnated wood are typically required to
comply with environmental regulations, which contributes to sustainability.

Disadvantages:

— Difficulty in removing chemicals: The recycling process may not be fully effective in removing or
neutralizing the chemicals used in impregnation, which poses a potential risk to the environment.

— Technology costs: Advanced technologies necessary for effective recycling of impregnated wood is
associated with high costs, which affects the project profitability.

— Lack of standardization of processes: Lack of standardization of recycling processes on a global
scale may lead to a lack of uniform quality of recyclates and hinder their subsequent use.

— Potential for toxic emissions: Improper management of the recycling process may lead to
accidental emissions of toxic substances into the environment.

— Limited markets: Lack of widespread understanding and acceptance of recycling the impregnated
wood may limit markets for recyclates.

5. Conclusions

As part of the research work, wood impregnation and its use in railway and telecommunication
infrastructure were analysed in literature. Wood impregnation in telecommunications poles and
railway sleepers are mainly used to protect wood against weather conditions, insects, fungi and other
pests. Chemical-based impregnations were widely used in Poland. Due to their toxicity, they are
carcinogenic, so they should be removed as soon as possible.
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Moreover, a concept of a system for recycling the impregnated wood was suggested, including
the development of an effective and sustainable process that allows the reuse of this material with
minimal impact on the environment. As part of the concept, individual stages of the technology system
were developed, allowing for the removal of toxic substances and the production of a new product.
The scope of work also included the selection of devices and determining the scope of preliminary
laboratory tests. These tests will aim to determine an effective method for removing creosote and
verify the assumptions regarding the concept of the production system of composite materials
containing impregnated wood waste.

When recycling the impregnated wood, it is crucial to strive for continuous process improvement to
minimize disadvantages and maximize advantages. Moreover, development of innovative technologies
and increasing public awareness of the benefits of impregnated wood recycling can contribute to
improving the situation in this field.
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Abstract:

A compact electric vehicle was simulated utilizing the Advanced
Vehicle Simulator (ADVISOR), a MATLAB/Simulink-based program.
The primary power source for the vehicle was a 200W small Proton
Exchange Membrane (PEM) fuel cell, complemented by AA-type
Nickel Metal Hydride (NiMH) batteries serving as backup energy
sources. Each NiMH battery had a voltage of 1.2V and a capacity of
1.9Ah. The performance of both the PEM fuel cell and the NiMH
batteries was evaluated using an electronic load to meet the power
requirements of the hybrid vehicle. The hybrid vehicle operated in three
distinct modes: Starting Mode, Accelerating Mode, and Steady Mode,
each with its specific configurations. Simulation results revealed that
the batteries successfully initiated the drivetrain in the Starting Mode,
while the fuel cell provided support during the Accelerating Mode.
In Steady Mode, as the battery state of charge decreased, the PEM fuel
cell seamlessly supported the battery and powered the load
simultaneously. Various matching schemes were analyzed to meet
the dynamic performance requirements of the vehicle and achieve
the optimal synergy between the fuel cell and NiMH battery. The study
aimed to identify the most effective configuration to ensure efficient
energy management and dynamic performance in different operational
modes of the hybrid vehicle.

Keywords: hybrid vehicle, PEM fuel cell, NiMH battery, energy
management strategy

Publisher: KOMAG Institute of Mining Technology, Poland
© 2023 Author(s). This is an open access article licensed under the Creative

Commons BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/)



https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0003-3256-2393
https://orcid.org/0000-0001-5599-3183

e-ISSN 2719-3306 Mining Machines, 2023, Vol. 41 Issue 4, pp. 261-273 -

1. Introduction

In the realm of transportation, the escalating global demand for petroleum has driven
the automotive industry to enhance power generation systems for more efficient transportation. Fuel
cells have become a focal point for researchers, industries, and governments due to their capacity to
generate power without emitting greenhouse gases. Widely recognized as a highly favorable and clean
alternative for power generation in both mobile and stationary applications [1], fuel cells harness
energy through the chemical reaction of hydrogen and oxygen from the air, tapping into an abundant
resource. Among various types of fuel cells, PEM fuel cells stand out for small electronic devices,
attributed to their lower operating temperatures and quicker startup times.

PEM fuel cells hold appeal for the automotive sector due to their superior energy conversion
efficiencies compared to internal combustion engines (ICE), coupled with their compatibility with
hydrogen. By utilizing hydrogen as fuel, fuel cells produce power and water exclusively, without
emitting harmful gases into the environment. On a parallel note, batteries present an alternative energy
source, offering advantages over conventional ICE vehicles, including high energy efficiency and zero
pollution [2]. The optimal strategy for mitigating greenhouse gas emissions in the transportation sector
involves combining fuel cells and batteries, leveraging their high energy efficiencies and minimal
emissions.

Fuel cell hybridization enables the reduction of fuel cell size by incorporating a battery or
an alternative power source. During periods of high-power demand, such as operating under heavy
loads or during acceleration, the battery provides additional power, enhancing the overall efficiency of
the fuel cell system. The utilization of the battery facilitates swift start-ups and the storage of
regenerative energy. However, hybridization introduces challenges, including increased vehicle
system complexity, added weight, and additional costs associated with the battery [3].

Various hybrid powertrain structures are currently available, encompassing load-following and
load-leveling structures, as well as energy and power hybrid structures [4, 5]. In this study, a battery
bank system was chosen to initiate energy production, followed by the utilization of hydrogen by
the fuel cell to generate energy. The hybrid small vehicle under investigation incorporated a 200 W
PEM fuel cell stack and a pack of 40 AA nickel-metal hydride batteries. This study involved
the construction of vehicle models, fuel cells, batteries, and motors, with energy vehicle control
strategies established using ADVISOR software [6]. Simulation tools prove valuable for designing and
optimizing vehicle performance, aiding in the refinement of innovative models that incorporate
multiple power sources and drive systems.

2. Materials and Methods

This research delves into the performance assessment of a compact electric vehicle propelled by
a proton exchange membrane fuel cell (PEMFC) and nickel metal hydride (NiMH) battery, aiming to
explore the practical applications of automobile technology. The work focuses on a fuel cell/battery
hybrid car, specifically featuring a 200W PEM fuel cell stack and 40 AA type NiMH batteries. Each
battery in the configuration possesses 1.2 volts and 1900 mAh.

The main goal of this research is to formulate an energy management strategy that optimally
balances environmental impact, fuel efficiency, and dynamic vehicle performance. Leveraging
ADVISOR as a fundamental tool for the initial design of fuel cell-battery hybrid vehicles, the study
seeks to identify a strategy that minimizes environmental impact, lowers fuel consumption, and fulfills
the dynamic performance criteria of the vehicle. The research expands upon the groundwork
established in the master's study conducted by Harahap [7].

2.1.  Drive train configuration

The drive train of a vehicle comprises components responsible for transmitting power to the driving
wheels, excluding the engine or motor that generates this power. While the engine or motor and
the drive train collectively form the powertrain, their distinct roles are noteworthy. The powertrain's
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primary function is to establish a connection between the power-producing motor and the driving
wheels, converting generated power into mechanical force.

Given that the operating speeds of the engine and the wheels differ, maintaining optimal
performance necessitates precise synchronization achieved through the application of the correct gear
ratio. It is imperative to ensure that the engine operates at an approximately constant speed,
irrespective of fluctuations in vehicle speed, to facilitate efficient performance. This synchronization
may be achieved through automatic adjustments or manual interventions as required.

Several drivetrain configurations and energy storage technologies are employed by fuel cell vehicle
developers in their cars (Fig. 1). In practice, there are four power source arrangements, each with its
own set of advantages and disadvantages, depending on factors such as vehicle performance, operating
conditions, control complexity, development cost, and fuel economy potential. Fig. 2 illustrates the
fuel cell drivetrain arrangements and the control strategy schematically considered in this paper.

A power control strategy has been suggested to uphold overall system efficiency and monitor
the state of charge (SOC) of the battery, providing insight into energy flow. The performance of
the fuel cell, including power, voltage, and current over time, as well as hydrogen consumption (fuel
economy), is intricately linked to the strategy employed for distributing power between the fuel cell
and the battery during vehicle operation across diverse driving cycles [8].

In (a) Starting/Normal Mode, the car utilizes energy from the batteries to provide full power to
the motor, as the power demand falls within the operating range, and the battery SOC remains high. In
the low-speed mode (b), the fuel cell charges the battery if its SOC is below a specified threshold,
simultaneously serving as the main power source for the motor. Once the power demand reaches
maximum output, the battery kicks in to supply energy to the motor, supporting the fuel cell. In this
mode (c), the fuel cell and the battery operate efficiently, collaborating to deliver ample power to
the motor. The Steady/Charging Mode (d) involves the fuel cell exclusively charging the battery when
the vehicle is stationary, requiring no power for motor generation, and when the battery SOC is low.

/ Battery \

Motor 1 Fuel H>
Power Control Unit Cell | _ Tank
- FC Controller Stack

- DC/DC Converter
- Auxiliary Device

)

Assist FC when power vehicle at » Cycle requirement
high battery SOC Y q
——— Recharge battery when needed — — & Hydrogen and Air flow

Fig. 1. Configuration of a Fuel cell hybrid vehicle
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Fig. 2. FCHYV drivetrain configuration control strategy

2.2.  Energy Management Strategy

The control strategy, essentially an algorithm, dictates the power generation distribution between
the fuel cell systems and the energy storage system during each sampling interval. Its primary goal is
to maintain a power balance between the load power and the various power sources [9, 10].
Themanner in which this power split is executed can influence the minimization of hydrogen
consumption. Various control techniques, addressing minimization problems, have been explored to
achieve an optimal global solution.

Vehicle energy consumption occurs across three distinct modes: starting/normal mode, accelerating
mode, and steady mode. The fuel cell's operating range for maximum power was constrained to
40-60%, allowing power withdrawal from the NiMH battery to maintain the fuel cell within its high-
efficiency domain. Despite the low fuel efficiency, operating the fuel cell at high current density and
power was necessary to propel the vehicle. Parameters such as the maximum rate of increasing fuel
cell converter power (180 W/s) and the maximum rate of decreasing power (-280 W/s) were defined.

Under specific conditions, when the required vehicle power is below 20% of the fuel cell's
maximum power, the battery supplies all necessary power, and the fuel cell shuts off. Conversely, if
the required power exceeds the fuel cell's maximum capacity, the battery steps in to balance the power.
The fuel cell activates when the battery State of Charge (SOC) reaches its low limit at 40%, and
the highest desired battery SOC is set at 80%.

2.3. Determining vehicle components

The simulation employed the open-source software ADVISOR, which also supports offline usage.
Widely adopted by automotive manufacturers, university researchers, and the industry, this program
utilizes a MATLAB/Simulink module for modeling, simulating, and conducting dynamic system
analysis. It accommodates instant, linear, non-linear systems in time domain systems, or hybrid
systems through its backward and forward-facing simulation attributes [11]. The simulation process
begins by configuring the vehicle model, defining driving cycle conditions, and specifying power
schemes, followed by the computation of parameters within the software. Fig. 3 illustrates the
ADVISOR-vehicle data settings, and additional vehicle dynamic performance parameters, including
the fuel converter, energy storage, motor, transmission, wheel/axle, accessories, and powertrain, are
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configured on this page. These components and associated files can be saved individually, allowing
for future analysis.
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Fig. 3. ADVISOR vehicle input page

2.3.1. Fuel cells

A 200W PEM fuel cell stack was utilized to generate electricity for the motor. After testing,
the stack exhibited an open-circuit voltage of 30V, with a maximum current output of 10.49 A,
resulting in a peak power of 176 W at 16.8 VV (Fig. 4). The system was configured with an open-
cathode design, comprising a stack of 40 cells, each featuring an active area of 19 cm?2. The pertinent
parameters are detailed in Table 1 for configuration within the Advisor software.

200W Stack Performance Curve
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=20 120 E
@ 100 @
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Fig. 4. Fuel cells polarization curve
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Table 1. PEMFC main parameters

Parameter Index Unit
Number of cells 40 cell
Hydrogen pressure 0.45 bar

Flow rate at max output 2.6 L/min
Rate performance 24 V

Fuel cell power 200 Watt
Fuel cell efficiency at peak (24V) 40 %
System weight 2.63 kg

2.3.2. Energy storage systems

The energy storage system employed in this vehicle comprises a series of NiMH batteries capable
of storing electrical energy generated by the fuel cell during low system load conditions and assisting
the fuel cell during high system load conditions. ADVISOR provides four distinct battery models:
resistive-capacity model, internal resistance model, basic lead-acid model, and neural network model
[12]. The battery specifications are detailed in Table 2 and were further defined by specifying
parameters like open-circuit voltage (OCV), internal resistance over temperature, and state of charge
(SOC). Data for the modeling process were obtained from an analysis of an existing Panasonic
Eneloop NiMH battery type AA, conducted using a Maynuo Electronic Load. Fig. 5 shows
the experimental results from the electronic load use to measure the battery performances from 0.1A to
10A. From the experiment, battery performance at 5A was chosen which shows the battery voltage at
1.18V (~1.2V) with the battery capacity is 1.72 mAH and can be used for 157 s.

Volt

1,50

Table 2. Specifications of NiMH Batteries

Parameter Index Unit
Average voltage module 48 Vv

Module capacity 1900 mAh
Module mass 0.54 kg
Number of battery in series 40 pcs

1,45
a0
L35 1[
1,30 >
N
1,25
-
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Fig. 5. Discharge curve of Eneloop BK-3MCC
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2.3.3. Vehicle body specification

The vehicle was conceived based on a compact fuel cell hybrid electric vehicle (FCHEV), derived
from the prototype of a pure electric vehicle. The external dimensions of the prototype remain
unaltered, while the powertrain undergoes a transformation, integrating a hybrid electric powertrain
consisting of a fuel cell and batteries. The vehicle's configuration aligns with the ENE1-GP
requirements for racing competitions in Japan [13]. This configuration ensures precise positioning of
the center of mass halfway between the two axles, with traction force applied exclusively to the rear
wheels. The visual representation of this vehicle is depicted in Fig. 6. Key parameters of the vehicle
are succinctly summarized in Table 3.

Fig. 6. Appearance of the hybrid vehicle

Table 3. The main parameters of the vehicle

Parameter Index Unit
Vehicle glider mass 26 kg
Vehicle full load total mass 90 kg
Cross-sectional area of the frontal vehicle 0.53 m?
Drag Coefficient 0.19 -
Coefficient of rolling resistance 0.004 -
The tire radius 0.7 m
Maximum speed 72 km/h
Air density 1.2 kg/m?®
Drag Force 649.5 N
Drivetrain Rear-wheel -

2.3.4. Electric motor

The vehicle is outfitted with an in-wheel motor, specifically the Mitsuba model M0124D-V,
commonly employed in lightweight electric vehicle competitions. These motors enable the direct
application of torque to the wheels, precisely where it is needed, while occupying minimal space
within the vehicle. The motor's performance was assessed using 48V to measure maximum torque,
speed, RPM, and efficiency, with the results depicted in Fig. 7.

Table 4 shows the parameters of the motor. The motor/controller model was modified from an
existing permanent magnet motor model with the average controller efficiency was set up to 90%.
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Mitsuba M0124D-V at 48V

Torque T[kgem] efficiency[%]  =@=Rotational SpeedN[rpm]

Fig. 7. Mitsuba motor performance at 48V

Table 4. Mitsuba in-wheel motor main parameters

Motor Parameter Index Unit
Nominal voltage 48 \Y
Rotational speed 1288 rpm
Nominal power 960 W
Maximum torque 8.11 Nm

Efficiency 84.5 %

Mass of motor 3.4 kg
Controller Parameter

Nominal voltage 24 Vv

Voltage range 6-32 \Y

2.4. Model Parameters

The driving range stands out as a pivotal metric for electric cars, as a longer range enhances
the car's overall utility. In this work, among the 59 driving conditions in ADVISOR, the Extra-Urban
Driving Cycle (EUDC) was specifically chosen for analysis. The pertinent data regarding driving
conditions is outlined in Table 5. In addition to these conditions, a customized driving profile can be
incorporated, allowing for analysis of unconventional driving scenarios. The selection of the EUDC is
grounded in its ability to provide a more accurate representation of real-world driving behavior,
a crucial factor for competitive evaluation. The distance to be covered and the average speed serve as
essential parameters to achieve optimal performance.

Fig. 8 illustrates that the test procedures necessitate a continuously variable speed. Notably,
the EUDC incorporates a substantial segment characterized by extreme accelerations, reaching speeds
of up to 80 km/h. It's important to note that the EUDC cycle has a maximum speed of 120 km/h, with
a restriction for low-powered vehicles set at 90 km/h [14]. Information from Table 5 provides
a succinct overview of driving cycle parameters, detailing test duration, distance, and target speeds.
The cycle configuration was accomplished through the ADVISOR software, allowing users to either
select a predefined driving cycle from the list or create a new one using MATLAB. The Simulink
diagram depicted below illustrates the step-by-step process of conducting the simulation. Fig. 9
showcases the model for the fuel cell/battery hybrid vehicle within Simulink.
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Table 5. EUDC driving condition parameters

Parameter Index unit
Duration 400 S
Idle time 39 S
Simulated distance 6.955 km
Maximum speed 120 km/h
Average speed 62.6 km/h
Maximum acceleration 0.83 m/s?
Average acceleration 0.354  m/s?

— A excae |
total fuel used (gal)/

Interactive Graphics

HC, CO,

i) .

I

Fig. 9. The Simulink block diagram of a Fuel cell/ battery hybrid vehicle

2.5.  Presenting the Analysis Findings

The ADVISOR reveals the outcomes of the analysis through graphical representations (Fig. 10),
offering a comprehensive overview of vehicle performance both throughout a cycle and
instantaneously at any cycle point. Summary results, including fuel economy and emissions, are
presented on the right side of the window, while the left side displays detailed time-dependent results.
The information displayed on the left can be dynamically adjusted to reveal various details (e.g.,
engine speed, engine torque, battery voltage, etc.) using pull-down menus in the upper right section of
the window [15].

ADVISOR generates 150 distinct graphs post-analysis to observe the impact of the fuel cell on
vehicle performance. Following the simulation, one can analyze the results as a whole or obtain
subsystem-specific results separately. During the simulation, both individual data points and
comprehensive data sets can be accumulated and compared. Crucial graph results from ADVISOR
include fuel consumption, fuel emissions, average acceleration and speed, and maximum distance to

© 2023 Author(s). This is an open access article licensed under the Creative

Publisher: KOMAG Institute of Mining Technology, Poland
Commons BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/)



https://creativecommons.org/licenses/by-nc/4.0/

e-ISSN 2719-3306 Mining Machines, 2023, Vol. 41 Issue 4, pp. 261-273 -

travel. These results, aligned with dynamic vehicle performance, contribute to the fundamental design
of fuel cell-battery hybrid vehicles.

emissions
&

100 150 200 250 300 50 400 Back L]

Fig. 10. Advisor results page

3. Results and Discussions

Key results were derived from ADVISOR simulations, featuring plots illustrating the velocity
profile and state-of-charge (SOC) variation throughout a lap in the EUDC driving cycle. If the battery
SOC falls below the desired level, the battery storage necessitates charging, and the charging power is
provided by the fuel cells. Fig. 11 illustrates the SOC graph of the drive-train in this operational mode,
while the vehicle's hydrogen consumption will be showcased in Fig. 12.

In Fig. 13, the average motor controller efficiency surpasses 80% during driving performance,
suggesting highly favorable simulation outcomes. Beyond the ADVISOR results, the subsequent
figures depict acceleration and gradeability tests aligned with EUDC driving requirements. In Fig. 14,
the vehicle attains a peak acceleration of 5.8 m/s?, traversing 33.9 meters in 5 seconds. Additionally,
the simulation indicates that the vehicle covers a distance of 0.4 km within 26.1 seconds during
the acceleration test. The vehicle's gradeability is determined to be 3.5%, affirming its ability to ascend

sloping roads.
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Fig. 14. Simulation results of acceleration and gradeability test
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4. Conclusions

In this study, an analysis of a 200W PEM fuel cell was conducted using ADVISOR. The remaining
vehicle components, including the drivetrain and the Panasonic Eneloop NiMH AA-type battery
selected for vehicle energy storage, were also stabilized for the analysis. The Extra-Urban Driving
Cycle (EUDC) was chosen for simulation due to its suitability in replicating electric vehicle driving
performance. This driving cycle closely aligns with key parameters such as distance, maximum speed,
and average speed, making it comparable to other available cycles in the software.

The EUDC was utilized not only for analyzing the performance of the fuel cell hybrid car but also
for internal combustion and electrically powered vehicles. The vehicle demonstrated the ability to
navigate sloping roads with a 3.5% gradeability, achieving a fuel consumption of approximately
40.6 L/100 km over a distance of 100 km. Accelerating to 33.9 m took 5 seconds, while covering
0.4 km required 26.1 seconds. The simulation effectively illustrates the dynamic system and control
strategy embedded in the software, providing a comprehensive evaluation of the power and fuel
economy performance of the fuel cell-battery electric hybrid vehicle. The results from the vehicle
prototype simulation further confirm its adherence to design requirements.
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1. Introduction

R&D work based on the "Mid-Term Report" of the project "Increase of mines efficiency and health
protection through the innovative transport system based on BUSDUCT" [1] is discussed. The project,
led by ITG KOMAG in 2019-2021, was carried out in a consortium of 5 partners, whereas three of
them from Poland i.e. KOMAG, BECKER-Warkop and PGG, one from Germany i.e. RWTH Institute
and BARTEC company from Slovenia. Completion was expected in 2022, but the project was
terminated, as a result of doubts related to market demands for the proposed solution
in the context of mine closures. Additionally the experts supervising the project also had doubts about
the safe use of the proposed solution in the conditions of methane mines.

The idea of the BUSDUCT project resulted mainly from the situation of the mining industry in
Poland, where the transport routes are becoming longer in a result to reach the next coal seams, which
are more and more distant from the shaft, whereas building new shafts in terms of the policy of
reducing the importance of coal as an energy source is unjustified. An efficient mine transportation
system was perceived as very important for the effective functioning of currently operating mines.
The commonly used, diesel powered locomotives are onerous due to exhaust gases and heat emission
in confined space. Limited speed extends the exposure time of miners to exhaust gases and results in
a significant shortening of their effective worktime. The development of the innovative mine
transportation system based on a three-phase busbar, for powering the suspended locomotives,
complies with the EU Directive [2] ATEX 2014/34/EU [3], standards [4-6] was a project purpose.

According to the Polish legislation, mine workings are divided into three categories: "a", "b" and
"c". In mine workings "c", despite active ventilation, the methane concentration may exceed 1%.
The main goal of the proposed innovation was the possibility of using such a system in all mine
workings even those with the highest risk of methane explosion. The planned transport system offers
the following advantages:

— Health protection of miners by elimination of diesel exhaust gases from the underground
atmosphere, improvement of work comfort due to limitation of temperature increase in mine
workings.

— Higher mine profitability due to increased disposable work time of miners, constant availability of
the electrically powered suspended locomotives, with no refueling breaks.

— Up to 65% energy savings and energy recuperation during downhill transportation.

— Possibility of parallel operation in the same time of several locomotives with no danger of
exceeding CO concentration in mine workings.

The above advantages could be achieved when the prototype, ready-to-be-produced for
the transport system is launched, what was expected as the result of the project, however as
mentioned, the project was earlier terminated. Nevertheless, the prototype of the nitrogen generator
and the developed dedicated current collector is innovative and technically interesting that the authors
decided that it is worth presenting it in the article to share the acquired knowledge in the field of
nitrogen separation from air and the method of current collector’s brushes inertization.

2. Planned transportation system and its safety case assumptions

Two current collectors (CC) were decided to use for the planned suspended machine. Each current
collector has four brushes, working by contacts with the 3-phase busbar at the speed of up to 4 m/s,
which results from the assumed maximum speed of the suspended machine. The unavoidable sparking
of the brushes creates a huge risk of initiating an explosion. To ensure the safe operation of the current
collectors of the planned suspended monorail machine an inertization of brushes contact area was
planned. It was also necessary to take into account the maximum speed of air of 8 m/s in the workings.

At the beginning the consortium chose the type of busbar, taking into account the practical aspects,
mainly economic, so that for long routes the cost is acceptable to future users. The selected busbar
offered by the Conductix company [7] is shown in Fig. 1.

© 2023 Author(s). This is an open access article licensed under the Creative

Publisher: KOMAG Institute of Mining Technology, Poland
Commons BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/)



https://creativecommons.org/licenses/by-nc/4.0/

e-ISSN 2719-3306 Mining Machines, 2023, Vol. 41 Issue 4, pp. 274-284 -

Fig. 1. View of the selected type of busbar [7]

The standard for the explosion protection method “pressurized enclosure” EN-IEC 60079-2 [5] is
used as a technical rule, however the standard cannot be applied directly to the mobile devices. Due to
possible sparking, the contact zone of the brushes and the busbar lines has to be isolated from the mine
atmosphere, which can contain explosive concentration of methane. For that purpose inertization of
the current collector working zone, by injecting nitrogen, resulting the overpressure inside the brush
collector, separated from the atmosphere by a special aggregate subassembly, were developed.
Furthermore, to ensure a safe operation, nitrogen injection to the current collectors should be
controlled by a series of sensors. The scheme of the concept of the inertization system is illustrated in
Fig. 2.

Busduct lines

(/ Brushes %

Nitrogen
Nitrogen
1S NG
Nitrogen . ) . _
distribution Nitrogen Air Ar | Ar
to CC's separator treatment | compressing

l permeate
(mainly Oxygen)

Fig. 2. Block diagram of the brushes inertization [1]

The following sensors were used to control the inertization system:

— Pressure measurement devices to control the minimum overpressure inside the single brush
collector,

— Volumetric flowmeters to monitor the nitrogen supply to each brush collectors.

ATEX certification of the type: | M1 Ex ia | Ma is a main requirement for all sensors to be installed
in the prototype.
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The scheme in Fig. 2 presents an overview of the blocks of the NG nitrogen generator and the IS
inerting system. The NG uses a membrane technology, which was chosen as the most advantageous
due to necessity of meeting the requirements of the ATEX directive and the requirement of mobility.
As the separation of gases to produce nitrogen takes place at the molecular level [8, 9], the air supplied
to the separator must be specially treated. The requirements are related to the content of moisture,
solid particles and oil aerosols, that got into the air during its compression. The residual oil content
must be below 0.01 mg/m?. The ambient (atmospheric) air is compressed, carefully filtered, and then
passed through a series of separation modules consisting of thousands of membrane fibres. The fibres
separate nitrogen from air. The separation follows the principle of selective gas permeability through
the membrane walls. Smaller gas molecules (water, carbon dioxide, oxygen and argon), which have
high permeability, pass faster through the membrane fibres than the larger, less permeable molecules
of gases such as nitrogen and methane. The purity of the nitrogen obtained by this method ranges from
95 to 99.5% but a higher purity results in a lower nitrogen output. According to preliminary
calculations, it was possible to design a generator with a separated nitrogen -efficiency
of approximately 3 I/s in a given size. Since 8 brushes were assumed to be inerted, this efficiency for
one brush guaranteed 0.375 I/s of nitrogen.

The nitrogen generator pumps nitrogen to the pressure tank in the inertization system IS consisting
of two units, composed of several parts, including pressure reducing valve and pressure sensors.
The unit shown in Fig. 3 distributes nitrogen to the four brushes of the one current collector (CC-1)
and the same second unit distributes nitrogen to the second current collector (CC-2). Each current
collector has 4 brushes. First, nitrogen is directed to the reducing valve, where the pressure is reduced
to aconstant level (set at the start-up). Nitrogen of the reduced pressure is directed through
the flowmeter to the distributor, where it is distributed to each brush of the current collector.

Pressure sensor -,
(inerting zone)

Flow meter ﬂ\ \

Pressure — \
reducing valve

Nitrogen output
with nozzle (x8)

Nitrogen —
inlet \\ 2 ——Nitrogen pressure

measurment line (x4)

\

‘- Pressure sensor
(line after reducing
valve)

L Manifold

Fig. 3. Nitrogen inertization system unit [1]

3. Testing and results

The initial solution of the inerted brush, is shown in Fig. 4. The main idea was to use sliding
scrapers (2) on both sides of the brush (1) due to the bidirectional sliding of the brush on the busbar
line (7). The sliding scraper's task was to initially isolate the brush from the atmosphere. The scrapers
(2) have channels with nozzles (4) at the end, that supply nitrogen to the brush working zone,
delivered from the nitrogen inertization system unit (Fig. 3) through the thin tubes (5). In addition
the longitudinal side covers (3) and typical brush cover (6) were taken into consideration.
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Fig. 4. Model of the solution of inerted brush [1]

Further, a CFD calculation model was developed to determine the assumptions of the nitrogen feed
rate regarding the assumed maximum nitrogen efficiency 3l/s i.e. 0,375 I/s per one brush.
The simulations, an example of which is illustrated in Fig. 5 show, that building up an overpressure
inside the each brush collector is possible with the given seals. However, they also show that it is not
yet possible to reach the minimum overpressure at every location inside each brush collector of
the present design of the brush collector. That is why the additional sealing was needed.

¥
=
2

Fig. 5. 2-dimensional overpressure contour result of the CFD simulation on the single brush
with using a nitrogen nozzle diameter of 1.0 mm and a 0.15 I/s inlet of nitrogen [1]

The additional wheels with rubber tire, before the scrapers on both sides of the brush, was
proposed. The advantage of using the rotating rubber tire is that it better adapts to the shape of
the electric track and therefore provides better sealing. As it can be seen in Fig. 6, CFD calculations
with such additional rubber tyres give the positive impact. The tire reduces ingress of external
atmosphere to the brush to dozen or so percent. The effect of double protection was achieved, which
can be compared to the double door windbreak system. As a result the final solution of inerted brush,
shown in Fig. 7 has been accepted by the consortium.

© 2023 Author(s). This is an open access article licensed under the Creative

Publisher: KOMAG Institute of Mining Technology, Poland
Commons BY-NC 4.0 (https://creativecommons.org/licenses/by-nc/4.0/)



https://creativecommons.org/licenses/by-nc/4.0/

e-ISSN 2719-3306 Mining Machines, 2023, Vol. 41 Issue 4, pp. 274-284 -

Contour Plot 1: DAMES\HyperWorks\BUSDACT\#\model.3.Log
Velacity(Mag) Flow Solution : Time = 1.200000e+00 : Frame 120
Analysis system

5 1.500E+01
l 1.333e+01

1.167E+01
— 1.000E+01

= 8333E+00
— 6.667E+00

+ 5.000E+00
3.3336+00
1.667E+00

0.000E+00

Max = 3.944E+01
Nodes 26409
Min = 0.000E+00
Nodes 152

Contour Plot 1: DAMES\HyperWorks\BUSDACT\A\model.3.Log
Velocity(Mag) Flow Solution : Time = 1.200000e+00 : Frame 120
Analysis system

5 1.500E+01
l 1.3336+01

1.167e+01
1.000E+01

8.333E+00
6.667E+00

5.000E+00
3.333e+00
1.667E+00

0.000E+00

Max = 3.944E+01
Nodes 26409
Min = 0.000E+00
Nodes 1

Fig. 6. lllustration of CFD modelling of inertization results- air speed map [1]

Fig. 7. Model of the final solution of inerted brush retrofitted with additional wheels
with rubber tyres on both sides [1]

The next R&D proceeding was to check inertization of the brush efficiency in practice. It was
decided to test the brushes during their inertization in the explosive atmosphere. For this purpose
it was decided to use a hydrogen mixture, which is reliably explosive at various concentrations, unlike
methane mixtures, therefore, the certainty of the experiment was essentially 100%. The special,
transparent, two-compartment hydrogen mixture container (HMC) was designed. The hydrogen
mixture could move in this container in a closed circuit in the upper and lower compartment thanks to
three small fans with adjustable rotational speed up to 20,000 rpm illustrated in Fig. 8 installed inside
the upper compartment of the container. The speed of the mixture up to 8m/s was used to reflect
the maximum air speed in the mine workings [10].
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Fig. 8. The transparent two compartment container HMC (on the left), three fans with adjustable speed
up to 20,000 rpm installed inside the upper HMC compartment [1]

The trolley equipped with brushes moved along a C-section route placed on the floor. In Fig. 9 it
can be seen the route, the trolley equipped with two brushes installation and two busbar lines over
the trolley. A speed of the trolley ranging from 0.78 m/s to 4 m/s was used during the tests to reflect
the possible speed of the suspended locomotive.

Fig. 9. The trolley with two brushes installation on C-section route on the floor (left), the brushes
applied to the busbar lines during nitrogen pressure testing (on the right) [1]

Two busbar lines have been passed through the lower compartment (Fig. 10) Each trolley pass
experiment required sealing the lower compartment of the HMC using stretch foil to keep
the hydrogen mixture inside before the trolley’s pass.

Fig. 10. View of the transparent container, two busbar lines running across,
the trolley on the C-section route below [1]

In Fig. 11 the scheme of the test stand is presented. The brushes on the trolley were electrically
connected, so the circuit of the 55 kW dyno-motor was closed through the two lines of busbar and
brushes on the trolley. Thus assured that the electric current in the busbar and brushes was adequate to
the current in the planned system.
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Fig. 11. Scheme of the test stand for inertization efficiency testing [1]

With the help of a high pressure nitrogen cylinder, this gas was fed to the brushes via a 20 m hose.
A valve reducer was used to control the nitrogen supply. The first part of the test process dealt with
the determination of suitable hydrogen concentrations to enable controlled explosions inside
the hydrogen mixture container (HMC). An iterative approach was chosen for determining this
concentration. In the experiments, hydrogen-air mixtures with a variable hydrogen content were
ignited. Experiments with hydrogen-air mixtures containing 40-50 vol.% of hydrogen lead to
explosions that exerted too much mechanical strain on the container, however its loose covers well
contributed to dissipation of the explosion energy. The impact of the explosion is given in Fig. 12.
The top covers of the HMC were thrown to height of several centimeters.

Fig. 12. View of the effect of the explossion, when nitrogen was not used for the brush
inertization and the hydrogen concentration was around 30% [1]

Literature analysis [11] and testing the hydrogen mixture concentrations gave the following
cognizance. Hydrogen concentration of 20 vol.% proved to be too low as an ignition of the mixture
did not reliably occur. A hydrogen-air mixture with 30 vol.% of hydrogen proved to be suitable.
No visible damage on the container could have been observed and explosions occurred reliably.
The top loose covers of the HMC container were thrown upwards typically by approximately 15 cm,
however it happened even by several dozen centimeters, during the explosion.

In the next step, it was decided to test the pressure in the area of the inertized brush in a dynamic
way, while the trolley is moving on the test stand. A pressure sensor [8] was installed to one of
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the brushes through a vertical hole drilled in the middle of the brush. The sensor used to measure
overpressure gives a feedback voltage which is proportional to the measured pressure. To determine
the amount of nitrogen flowing to one inertizated brush, reference was made to the planned capacity of
the nitrogen generator i.e. 3 I/s. This amount of nitrogen is designed for two CCs, i.e. 8 brushes,
thereby the amount of nitrogen per one brush is 3: 8 = 0.375 I/s, which makes 22.5 I/min. It was also
assumed that the actual amount of nitrogen supplied to a single brush may be slightly lower than
the nominal one, therefore the inertization efficiency tests were carried out for the flow of 20 I/min and
15 I/min. Two graphs for both amounts of supplied nitrogen are shown below. Graphs of relatively

low driving speeds were selected due to the most visible characteristic points of the route. The graphs
are shown in the Fig. 13 and Fig. 14.

Speed of ride- 0,78 m/s
Nitrogen flow on single brush - 20 I/min

Time befqgre ride Ride Time after stopping|
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Fig. 13. Graph of pressure of inerting zone — 0,78 m/s & 20 I/min [1]

Speed of ride - 1,97 m/s
Nitrogen flow on single brush - 15 I/min
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Fig. 14. Graph of pressure of inerting zone — 1,97 m/s & 15 I/min [1]
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The graphs show the difference between the pressure at the start and end points of the driving
cycle. This is visible in all tests for various speeds. This may be the result of shifts between
the busduct lines components. During the driving cycle, the inertization pressure is kept in a relatively
stable range. The pressure drops on the busduct connectors are clearly visible. The first - the largest
drop is shown by the connector without the use of seals. The next ones present various types of seals,
ranging from plastic inserts, through self-adhesive EPDM sponge, ending with the combination of
EPDM with polyurethane foam. The tests show that with the use of seals on rail connectors,
the inertization pressure remains within satisfactory limits.

Subsequent tests determined the necessity of spark excitation inside the cover for triggering
an explosion. The container was filled with a hydrogen-air mixture containing the previously
determined 30 vol. % of hydrogen. During the tests, even without inertization, no explosions occurred.
This indicated that spark excitation between brushes and busbar lines was necessary. The spark
excitation was realised by applying 8 cm long insulating strips to the single busbar lines. The strips
cause a temporary loss of electrical contact. When the electrical contact is restored sparks occur as
planned.

After preparing the test stand with the mentioned insulating strips, three experiments were
conducted without inertization. Every one of the three tests led to an explosion. Another preparatory
test was to check if the explosive mixture inside the container stays explosive for the preparation time
of the test bench. The preparation time for one test is 30 s. This is the time the testing team needs to be
ready for conducting a test.

To check if the explosibility can be ensured after 30s, 3 tests were conducted with a spark
generator. 30 s after the container is filled with the flammable hydrogen-air mixture sparks are
generated inside it to trigger an explosion.

During testing the crew of six persons was involved with the following tasks:

1. Operating the dyno test stand to supply 500V voltage and loading to the phase connected to
the single bus duct lines,

Operating the rope pull device to drive the trolley,
Operating the nitrogen supply system,

Operating the hydrogen supply,

Operating the rotational speed of fans inside the container,
Supervising the activities.

o gk~ N

Due to the risk of electric shocks and the explosion of the hydrogen mixture, the testing stand was
under special supervision. Persons not involved in the tests had no access to the area of the test stand.
Every time after passing through the HMC and braking the trolley was retracted manually. During this
operation, the power supply of the busbar lines was turned off. The tests were realized for the speed of
the CC of 1 m/s, 2 m/s and 4 m/s and for the mixture flow speed of 4 and 8m/s, what makes 3 x 3 =9
speed variants. The basic assumptions to confirm the efficiency of inertization for each speed variant
were as follows:

1. explosion was result in each test when nitrogen for inertization was not used
2. there was not explosion in each test result when nitrogen for inertization was used.

If a positive evaluation for the above is achieved, the inertization system is considered efficient.

The tests were realized with the developed sealing set of the brushes manufactured by KOMAG by
using 3D printers of FDM technology. ABS and PLA filaments were used in the manufacturing
process. The tests were realized for two variants of CC speed: 1 m/s and 4 m/s. The mixture speed
inside the cover was 8 m/s for all experiments. All completed tests confirmed good efficiency of
the proposed inertization system as all experiments with inertization resulted in lack of explosion
while all experiments without inertization resulted in an explosion.
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4. Conclusions

The tests on the inertization efficiency of the current collector brushes at the KOMAG test stand
confirmed the reliability of the inertization system in combination with the brush seals. This means
that all tests with use of inertization did not cause an explosion when nitrogen was supplied and all
attempts resulted in an explosion when no nitrogen was supplied. This testing procedure gives
confidence that the inertization is effective. It should be emphasized here that the explosive mixture
was prepared not using the methane but using hydrogen, which strengthens the credibility of the test
results and provide the basis for the planned transportation system.

Although the system has not been fully implemented due to the earlier termination of
the BUSDUCT project, the use of the inertization system in other solutions for devices operating in
potentially explosive atmospheres cannot be ruled out. A nitrogen generator, which is not the subject
of this article, with an output of 3 I/s, has also been successfully implemented and can be used in other
R&D work.
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