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Design Features when Using an Effective Microturbine
as a Range Extending Engine

G. Nadareishvili”, A. Kostyukov", K. Karpukhin"
YNAMI Russian State Scientific Research Center (Moscow, Russian Federation)
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Abstract. The rapid development of electric vehicles stimulates the development of structures related to their operation.
Including the use of the range extending engine for electric vehicles. The use of gas turbine engines for vehicles has always
been of interest. The microturbine in the range extending engine is relevant today. However, the possibility of using a micro-
turbine as part of a range extending engine is possible under several conditions. Microturbine should be successfully mated
with a high-speed generator, and the whole structure should have a high efficiency and be economically advantageous.
To create such a design, it is necessary to develop a simple microturbine with a design, equipped with a highly efficient heat
exchanger, which allows to obtain high fuel and operational efficiency. Microturbine should have low temperatures on the
turbine wheel to maintain high environmental parameters. The use of composite materials is necessary. The results of the
development and technical characteristics of a single shaft microturbine of this class for use with a high-boring generator are
presented, and its applicability as a range extending engine is justified. The main problems solved in the design of micro-
turbines are shown: issues of thermal conditions, optimization of blade machines, flow in gas-air pipes. Power plants, based
on the microturbine and high-speed generator, can be widely adopted on the basis of their simple and high operating charac-
teristics, including the range extending engine as a range extending engine.

Keywords: microturbine, range extending engine, high-speed generator, energy efficiency

For citation: Nadareishvili G., Kostyukov A., Karpukhin K. (2019) Design Features when Using an Effective Microturbine
as a Range Extending Engine. Science and Technique, 18 (6), 447-460. https://doi.org/10.21122/2227-1031-2019-18-6-447-460
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Mamepuanot 16-20 Egponeiickozo agmomoduibHozo Konzpecca

JBHUTATENS C PacHIMPEHHBIM ANANa30HOM CETOAHS BechMa akTyalbHas mpobiema. OfHAKO Takas BO3MOXKHOCTh MMEETCS TIPH
COOJIONEHNN psifia yCIoBUil. MuKpoTypOHHa TODKHA OBITH CONPSDKEHA C BEICOKOCKOPOCTHBIM TEHEPATOPOM, a BCSI KOHCTPYK-
oSt TOJDKHA OBITH 3(QQEeKTHBHON M KOHOMHYECKH BHITOAHOI. UTOOBI cO37aTh Takylo KOHCTPYKIHIO, HYXKHO pa3paboraTb
MHUKpOTYpOHHY, OCHAIIEHHYI0 3()()eKTHBHBIM TEINIOOOMEHHUKOM, KOTOPBIH IO3BOJISIET IOJYYUTh BHICOKYIO TOIUIMBHYIO M
9KCIUTyaTalHoOHHYIO0 3()(heKTUBHOCTE. MUKpOTYypOMHA JOIDKHA HMETh HU3KHUE TeMIIepaTyphl Ha Kojlece, 9TOObI HOAIepKUBATh
HEO0OXOIMMBIE TTapaMeTpHI OKpYKaromeH cpepl. [Ipu 3ToM cirexyeT HCIoIb30BaTh KOMIIO3UTHBIE MaTepuaisl. [IpencraBieHs!
pe3yNbTaThl pa3pabOTKH M TEXHHIECKHE XapaKTePHUCTHUKH OJHOBAIBLHOW MHKPOTYPOWHBI JTaHHOTO KJIacca Ul MPUMEHEHHS
C BBICOKOIIPON3BOJUTENBHBIM TeHepaTopoM. OGOCHOBAHO €€ MCIOJIF30BAaHNE B KAUECTBE JABUTATEINS C PACIINPEHHBIM JHama-
30HOM. OTMeYeHBI OCHOBHBIC NTPOOIIEMEI, PelIaeMble IPH IPOSKTHPOBAHUN MUKPOTYPOHHBI: TEIUIOBOH PEXXNM, ONITHMH3AIIHS
JIOTIACTHBIX MAIIHH, TOTOKM B Ta30BO3AYIIHBIX TPybOax. DIEKTPOCTAHIINH C MUKPOTYPOHUHOH M BHICOKOCKOPOCTHBIM T'eHepa-
TOPOM MOT'YT HaiTH IIHMPOKOE NMPUMEHEHHE B KayecTBE JBUIAaTels C PacUIMPEHHBIM IHalla30HOM Ha OCHOBE MX IPOCTHIX U
BBICOKMX 3KCIUTyaTallUOHHBIX XapaKTEPUCTUK.
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Introduction

At this stage of development of vehicles with
combined engines, one of the development direc-
tions is the possibility of introducing a low-power
gas turbine engine, or microturbine, as a conver-
ter of thermal energy into mechanical energy.
This solution has a large number of positive as-
pects, such as fuel consumption, small size, high-
energy efficiency and a number of performance
indicators. In this case, the vehicle is also equip-
ped with a high-speed generator for converting the
microturbine's mechanical energy into electrical
energy. That ensures the microturbine operation in
a given range on the characteristic of optimal fuel
consumption.

The structure of such vehicle generally in-
cludes: generating unit based on high-speed power
generator and microturbines, the storage system
and electric power storage, microturbine’s fuel sys-
tem and a traction electric drive.

More than ten developments of motor vehicles
using the microturbine as an additional source
of energy for vehicles with traction electric drives
are already known in the world, which was called
MIiTRE (Microturbine Range Extender) [1, 2].
As an example, among the vehicles there are Trol-
za (Ekobus) buses, Delta Hypercar supercar, trucks
such as Isuzu NPR, Mack Truck and Kenworth.

P. L. Klimov and E. A. Razumets [3] give the
definition of the term “microturbine”. The appea-
rance of microturbines in the energy sector of the
economy is also described. An overview analy-
sis of the benefits of using distributed microtube
generation in distribution networks has been made.
For information, the technological process of
a single-axis microturbine is given. Thus, the term
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“microturbine” used in this report can be clearly
defined. It is an autonomous low-capacity thermal
power plant that has an electrical capacity of up to
1000 kW. At the same time, the microturbine is
part of an electric generator that produces an ex-
tremely low level of NO, emissions of —15 ppm,
which allows them to be installed even in housing
estate. The minimum electric power microturbines
starts at 30 kW. Microturbines easily combined
to a cluster, that is, a common energy system to
produce large amounts of electrical power. Also
in the cogeneration mode, the microturbine is able
to solve the problems of heat supply of various
objects. Trigeneration, applied to a microturbine,
makes it possible to convert excess heat energy
into cold, produced by absorption refrigerator.

Practically any kind of liquid or gaseous fuel
can serve as a fuel for microturbines:

* natural gas with any pressure;

* biogas;

» associated petroleum gas with high sulfur
content;

* diesel fuel;

* liquefied gas — propane;

* other fuels.

The conclusions of the article means that
the main advantages of the distributed generation
system based on microturbines are the following
advantages:

* low noise level;

* low vibrations;

* small overall dimensions;

* a small number of moving parts;

* long maintenance intervals;
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* ability to work on various fuels (natural gas,
gasoline, kerosene, naphtha, alcohol, hydrogen,
propane, methane and diesel fuel).

However, it is worth noting that most micro-
turbines used on an industrial scale use natural gas
as a priority fuel.

As part of the work, a microturbine heat ex-
changer is being developed, so it was important to
investigate work on improving the characteristics
of this microturbine part. One of the aggressive
phenomena in the operation of the microturbine
is the thermal load on the heat exchanger. In the
work [4] on reducing the thermal intensity of a ve-
hicle microturbine heat exchanger, the authors
A. A. Andreenkov and A. A. Dementiev consider
a power plant based on a microturbine as part of
a vehicle.

The authors have considered the advantages
of motor vehicles with combined power plants,
which include an electric generator based on a gas
microturbine. The article widely identifies micro-
turbine issues and solutions that positively affect
performance. It was highlighted that priorities were
identified and formulated in the automotive turbine
industry and the ways of their solution were out-
lined, which, with a favorable policy, would allow
transport microturbines to compete with piston
engines, microturbines are especially attractive for
use on heavy vehicles. The effective efficiency
of the microturbine is a function of the ratio of air
pressure behind the compressor and the tempera-
ture of the working gases to the corresponding
parameters at the engine inlet, the efficiency of the
compressor and the turbine, and the thermal effi-
ciency (degree of regeneration) of the heat ex-
changer.

It is noted that the development of micro-
turbines designed for vehicles is impossible wit-
hout their operation together with a reliable, highly
efficient, lightweight and compact heat exchanger.
Using the example of Capstone microturbines,
which heat the air behind the compressor from
205 to 510 °C, it is stated that the specific fuel
consumption has been improved almost 2 times
compared to the cycle without regeneration; the
heat efficiency of the heat exchanger is 0.86, which
for heat exchangers with overall mass parameters
satisfying the layout of the microturbine is a high
value, but far from limiting, when considering
work in the specified conditions of heat exchangers
of other schemes. Therefore, obtaining higher per-
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formance is also the goal of this applied scientific
research.

An overview of current trends in the develop-
ment of high-speed turbogenerators with perma-
nent magnets is given in the study by E. Kachalina
and others [5]. The materials provide an overview
of both microgenerators (with a capacity of 1 kW)
and generators with a capacity of 1 to 10 MW.

The analytical review of microgenerators for
our work is the most relevant. It discusses publica-
tions about turbogenerators with a capacity of less
than 1 MW. It is indicated that microturbine ge-
nerators are called machines with a capacity from
25 to 250 kW, while at the same time, intensive
development and research of microturbine gene-
rators in the range from a few watts to kilowatts
rotating at ultra-high speeds is underway. They are
also called microturbine generators, possibly
due to the fact that they are being developed di-
rectly for installation in a combined microturbine
engine.

The design features are as follows: the rotor of
the electric machine, the compressor and the tur-
bine are located on the same shaft of the micro-
turbine generator. When starting the turbine, the
electric machine operates in the engine mode, then
switching to generator mode. As a generator, as a
rule, a permanent magnet synchronous motor is
used. Microturbine generators with a synchronous
motor with permanent magnets produces: Capstone
Turbine Corp., Elliott Energy (Calnetix), Honey-
well, Bowman Power Systems, Northern Research
and Eng. Corp., Allison Engine Corp., Williams
International (USA), Turbec (Sweden), Siemens
(Germany), Toyota, Nissan, Hitachi, Kawasa-
ki (Japan) and others. The attention of such a large
number of different manufacturers demonstra-
tes the obvious promise of developing high-speed
low-power synchronous motors with permanent
magnets.

As permanent magnets in synchronous motors
with permanent magnets, as a rule, intermetallic
compounds based on rare-ecarth metals — NdFeB
and SmCo are used. Advantages of NdFeB — hig-
her energy than SmCo, low price; disadvantages —
low temperature demagnetization (Curie tempera-
ture), a tendency to corrosion.

The conclusions are as follows.

1. With powers not exceeding 200-250 kW,
high-speed turbo-generators should be carried out
on the basis of synchronous electric machines with
magnetoelectric excitation.

449



Mamepuanot 16-20 Egponeiickozo agmomoduibHozo Konzpecca

2. The experience of using contactless high-
speed supports shows that of the three known
types: gas-dynamic, gas-static and electromagnetic,
petal-type gas-dynamic mount, which are a type of
gas-dynamic mounts, have found primary use.

3. The use of rare earth magnets (NdFeB,
SmCo) provides acceptable magnetic properties of
composite rotors with their low weight and dimen-
sions, which is especially important for high-speed
electric machines.

4. When designing permanent-magnet syn-
chronous motors, considerable attention should be
paid to the configuration of the rotor and the me-
thod of placing the magnets, taking into account
the circumferential linear velocity. Preferred is the
option with surface magnets and bandage.

5.To ensure maximum mechanical strength
with acceptable eddy current losses, it is advisable
to use bandages made of carbon-fiber composites
to hold the magnets.

According to these conclusions, some nuances
can be noted: the use of gas-dynamic petal mounts
does not need an external source of compressed gas,
which is necessary for conventional gas-static
mounts, and, accordingly, does not need an electric
power source that supplies electromagnetic supports.

The article by A. C. Maia Thales and others [6]
presents the experience of developing an electro-
mechanical design of a high-speed generator dri-
ven directly by a turbine, which is made on a tur-
bocharger.

The paper [7] presents the results of the design
of the output axial diffuser of a power turbine of an
automobile gas turbine installation and presents the
results of mathematical modeling of the gas flow.
As a result, the diffuser geometry has been opti-
mized in order to reduce losses in it, which im-
proves the power efficiency of the power turbine
stage, contributing to the achievement of high
effective microturbine efficiency.

The author of the work identifies two aspects in
the development of the output diffuser of an auto-
mobile microturbine.

1) The diffuser is characterized by hydraulic
resistance, the value of which must be reduced so
that the high energy dissipation does not level the
positive effect of the recovery of static pressure.
Increasing the pressure loss in the diffuser requires
a higher total gas pressure at the inlet to the turbine
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stage, which reduces the efficiency of the traction
turbine and ultimately reduces the effective effi-
ciency of the microturbine.

2) Creating efficient diffuser nozzles implies
the freedom to build axially and radially; in the
case of an automobile microturbine, the possibili-
ties are significantly limited by the layout condi-
tions and installation factors.

It is concluded that the output diffuser of an
automobile microturbine should combine compact-
ness and high work efficiency [7].

System description

One of the main reasons hindering the deve-
lopment of the market of power plants with micro-
turbines is their lower electrical efficiency as com-
pared with piston engines. For example, the elec-
trical efficiency (multiplication of the effective
efficiency of the microturbine by the efficiency of
the electric generator) of one of the best micro-
turbine power plants Capstone is 29 %, whereas
for a gas piston engine this parameter is in the
range 34-35 % (for a power of 50 kW).

There are several ways to increase the efficien-
cy of gas turbine engines. This increase in the effi-
ciency of its main elements (compressor, turbine,
heat exchanger), the implementation of the vapor-
gas cycle, increasing the maximum cycle tempera-
ture of the gas turbine engine and carotene cycle
through the introduction of intermediate air cooling
between the compression steps in the compressor
and the additional combustion chamber between
the expansion steps in the turbine.

Fig. 1 shows that increasing the maximum gas
temperature from 960 °C for turbines made of
metals to 1500 °C leads to an increase in the effec-
tive efficiency of the microturbine to 38.4 % (at an
acceptable value of the degree of pressure increase
in the compressor m; = 3.5 for microturbines with
a power of 50 kW), which is 4-5 % more than that
of reciprocating internal combustion engines with a
power of 50 kW. Nevertheless, this way of increa-
sing efficiency still continues to be only promising.
To date, in none of the commercially available
microturbines (including the Ingersoll Rand and
microturbine with a ceramic turbine wheel [8]),
the gas temperature is not increased relative to the
level used in metal microturbines ((900-950) °C).
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Fig. 1. Influence on the effective efficiency
of the microturbine of increasing the temperature
of the gas behind the microturbine combustion chamber
with the degree of regeneration of the heat exchanger 86 %
(m, — pressure ratio)

Components. Bearing unit

Analysis of the review of the scientific and
technical literature showed that centrifugal com-
pressors and radial-axial turbines are most often
used in microturbines (Fig. 2). At low powers of
gas turbine engines, they have unattainably high
efficiency for axial blade machines at high revolu-
tions. Well known for their high strength proper-
ties. The layout of the turbocharger in micro-
turbines is implemented in the cantilever arrange-

ment of the thrust bearing.
/ Ny b1 b2
T c =l |
) = =
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Fig. 2. Console arrangement of the turbine (T)
and compressor (C)

Components. Heat exchanger

Rotary heat exchangers (regenerators) are superi-
or to fixed heat exchangers (recuperators) in terms
of efficiency and overall mass indicators (Fig. 3).
The main problem of regenerators is their seals.
Minimal leakages in seals have disc frame rege-
nerators (1.5-2.0 %) [9].

To reduce the thermal deformations of the
frame and, accordingly, to reduce leaks, as well as
to allow the use of graphite seals (maximum tem-
perature (450-470) °C), the frame is cooled.

[ Hayka
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Fig. 3. Rotor frame heat exchanger

Components. Combustion chamber

The most promising for the microturbine,
which is being developed, with a rotary heat ex-
changer will be a tubular low-toxic combustion
chamber with enriched-lean combustion.

Layouts

The microturbine design (layout 1), made ac-
cording to the scheme of cantilever placement
of blade machines on the turbo-compressor shaft
and with two rotating disk heat exchangers, is shown
in Fig. 4.

Fig. 4. Layout 1. Microturbine with two rotating heat
exchangers, the axis of which is located normally
to the axis of the turbocharger

The microturbine design (layout 2) is made ac-
cording to the cantilever arrangement of blade ma-
chines on the turbo-compressor shaft and with one
rotating disk heat exchanger, the axis of which is
located normally to the axis of the turbo-
compressor shown in Fig. 5.
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Fig. 5. Layout 2. Microturbine with one rotating heat
exchanger, the axis of which is located normally
to the axis of the turbocharger and with a conical diffuser
behind the turbine

The microturbine design (layout 3), made ac-
cording to the scheme of cantilever placement of
blade machines on the turbo-compressor shaft and
with one rotating disk heat exchanger, the axis
of which is located parallel to the axis of the turbo-
compressor is shown in Fig. 6.

\ — R 1)
25 o

Fig. 6. Layout 3. Microturbine with one rotating heat
exchanger, the axis of which is located parallel to the axis
of the turbocharger and with a diffuser behind the turbine

of complex shape

Fig. 7 shows the layout 4. The layout has one
rotating heat exchanger, the axis of rotation of
which is parallel to the axis of the turbocharger.
Compared to arrangement 3, this arrangement
has an elongated turbine diffuser and is made up of
separate modules. The turbocharger module, the
combustion chamber module and the heat ex-
changer module have their own bodies, which al-
lows to reduce the dimensions of the chambers
with high pressure and, accordingly, reduce the
mass of their bodies and the mass of all micro-
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turbine, unload the diffuser behind the turbine and
the turbine cover disk from the gas forces and
thermal deformation forces, simplify assembly and
disassembly and, accordingly, reduce the cost of
overhaul. In addition, the calculated analysis of the
efficiency of the diffuser behind the turbine of va-
rious lengths of the inlet gas manifold showed
a significant advantage in terms of the efficiency
of the microturbine with an elongated diffuser be-
hind the turbine.

Fig. 7. Layout 4. Microturbine with one rotating heat
exchanger, the axis of which is located parallel to the axis
of the turbocharger and with an elongated turbine diffuser

Calculations

To confirm the parameters of the selected
scheme (table 1), the calculation of the thermal
state of the rotor of the designed microturbine was
carried out. Such a calculation is decisive for the
performance of the CCD and the efficiency value.
The temperature state of the rotor was calculated as
a result of solving the heat conduction problem in a
stationary two-dimensional axisymmetric formula-
tion. The solution of the problem can be divided
into 3 main stages:

1) determination of boundary conditions;

2) simulation of the thermal state of the rotor;

3) analysis of the temperature field obtained.

Table 1
Presents the comparative indicators
of the design schemes of the microturbine

Parameter Layout 1 |Layout 2|Layout 3 [Layout 4
Heat exchanger seal B n n n
length
Symmetrical body . 3 a a
elements
Simplicity of design — +— +— +
Efficiency of the dif-
+ + - ++
fuser behind turbine
Modularity design +— +— +— ++
I Hayka
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The results obtained were used to deter-
mine and localize the maximum rotor temperature.
The temperature field was used as a PG for the
subsequent calculations of the strength of parts and
critical rotations of the microturbine.

Boundary conditions
of thermal calculation

The calculation was performed by simulating
thermal conductivity in the rotor assembly in
a non-conjugate formulation, i. e. without conduct-
ing a related flow simulation with heat exchange in
the cavities and on the surfaces of the rotor. This
approach was chosen because of the significantly
lower resource intensity of the mathematical model
and the absence of the need for its complexity,
since for most cavities and rotor surfaces (inclu-
ding wheel surfaces), there are well-studied exper-
imentally criterial dependences in the literature for
calculating heat transfer coefficients. Also availa-
ble were data on changes in temperature and heat
transfer coefficients of the working medium in the
flow parts of the wheels and in the secondary ca-
vities, obtained from aerodynamic modeling
using CFD. It also contributed to the formulation
of sufficiently detailed PG on the surfaces of the flow
parts of the wheels, the rear surfaces of the wheel

Secondary cavity heat
transfer coefficient
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disks and secondary cavities. It should also be no-
ted that this approach made it possible to imple-
ment a model with low computational resource-
intensiveness, which allows for rapid estimates
of the rotor temperature, which is undoubtedly ex-
tremely important during the design iterative work
on engine design.

Fig. 8 shows a sketch of the rotor assembly in
section. The sketch shows the dependencies for
which heat transfer coefficients were calculated
on the external surfaces and surfaces of the internal
cavities of the rotor. Heat transfer on the surfaces
of the rotor was set with the help of 3 type bounda-
ry conditions, which represent the heat transfer
coefficient and the reference temperature of the
external environment. The heat transfer coeffi-
cients were set by empirical dependencies on the
characteristic geometrical dimensions, speeds and
properties of the working medium, type depen-
dences o = f{lL, W, A, ...). For a number of rotor
surfaces, heat transfer coefficients were calculated
by empirical dependencies through similarity crite-
ria such as the Nusselt number, Reynolds number,
Prandtl number and characteristic geometric di-
mensions. These are dependencies like Nu = f(Re,
Pr, L, ...) and oo = (Nu - A)/L. Below boundary con-
ditions are described in more detail.

Nu := 0.47-(Gr-P)’>

3
3¢ D" AT
Gr = —l &

Nu = 1.82-Ra"

wz-r;- (3-AT-Pr

6

Ra:=

Fig. 8. Calculation scheme of the thermal state of the rotor assembly microturbine
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Compressor

The heat transfer coefficients and the reference
temperature of the flow path of the compressor
were also determined from aerodynamic (CFD)
calculations (Fig. 9). The reference temperature in
the flow part of the compressor is also practically
independent of the temperature of the wheel and
has a small gradient in the circumferential direc-
tion. Therefore, the results for the reference tem-
perature and heat transfer coefficient were also
averaged around the circumference, and in the
thermal model of the rotor were set as a function of
the length of the flow part.

Fig. 10 shows the profiles of the heat transfer
coefficient and the reference temperature along the
length of the flow path of the compressor, calcula-
ted from the aerodynamic calculation.

Secondary cavities

By secondary cavities we mean the cavity of
the labyrinth seal and the cavity behind the disk of
the turbine and compressor.

The flow in the secondary cavities is characte-
rized by significantly lower costs compared to the
main engine path and is mainly determined by
the pressure drop between the leak gaps from the
compressor and turbine sides and the labyrinth
seal. Due to the relatively small consumption
and sufficiently developed areas of the surfaces of

Heat Transfer Coefficient
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these cavities, the temperature of the air flowing
through them varies considerably as it moves,
namely, it increases as it flows from the compres-
sor disk to the turbine disk due to intensive heat
exchange with hot parts. Such a character of the
flow requires the determination of PG in some ca-
vities varying along the channel length and depen-
ding on temperature. Simulation of flow in the se-
condary path showed that such a channel is the
cavity behind the turbine disk.

To determine the GI from heat transfer, in the
secondary cavities, flow simulation was also used
using a numerical model used to calculate leakage
through labyrinth seals. This approach is more
preferable for these cavities in comparison with
the use of empirical dependencies, since allows
much more accurately take into account the com-
plex nature of the flow described above.

Thus, by calculating the flow, it was deter-
mined that in the cavities behind the compressor
disk, in the labyrinth seal, and in the cavity bet-
ween the labyrinth and the end spline connection
(Hirt connection), the reference temperature and
heat transfer coefficient vary slightly along the chan-
nel length and depend mainly on the temperature dif-
ference between the channel walls . In the cavity be-
hind the turbine disk, as noted earlier, the reference
temperature and heat transfer coefficient depend both
on the channel length (disk radius) and on the tem-
perature difference between the walls.

Reference temperature
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Fig. 9. The distribution of heat transfer coefficient and the reference temperature in the flow part of the turbine
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Fig. 10. The distribution of heat transfer coefficient and the reference temperature in the flow part of the compressor
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Fig. 11 shows the calculated heat transfer coef-
ficients and the reference temperatures of the cavi-
ty behind the compressor disk, the labyrinth seal
cavity, the cavity between the labyrinth and
the front splines (Hirt connection) depending on
the temperature difference between the surfaces.

Fig. 12 illustrates the calculated heat transfer
coefficients for the back surface of the disk and
the turbine screen, as well as the reference tempe-
rature of the cavity behind the turbine disk, de-
pending on the radius and on the temperature dif-
ference between the walls.

Internal weakly ventilated rotor cavities

The internal cavities of the rotor include the
following cavities:

— the cavity under the end spline connection
(Hirt compound) a;

— the cavity between the turbine disk, coupling
pin and the turbine nut;

— the cavity between the supports, the shaft and
the bearing housing.

The heat transfer coefficient
of the secondary cavities

Heat transfer in such cavities has been studied
quite well and is described by the empirical de-
pendence of the form [6—10]

Nu:=1.82Ra"',
where Nu — Nusselt number; Ra — Rayleigh number,

mzr:BATPr
a=—5t—

S

o — angular frequency; 7, — radius at the periphery;
B — coefficient of thermal expansion; AT — tempe-
rature difference between the walls; Pr — Prandtl
number; p — dynamic viscosity; p — density.

The reference temperature in the cavities was
calculated iteratively in the process of calculating
the thermal model of the rotor, as the average tem-
perature of the cavity walls. The thermophysical
properties of air were also calculated by the ave-
rage temperature in the cavity [6—10].

The reference temperature
of the secondary cavities
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Fig. 11. Heat transfer coefficients and reference temperatures
of secondary cavities depending on the temperature difference between the walls

Turbine disk heat transfer coefficient Turbine screen heat transfer coefficient

Disk reference temperature

300 — 2000 W ™
. _ —
£ ' =
= 1000 5
= L em
T o g o
2 =0
005 006 o 0.08 v ) =
s 006 [l 005 s 006 aar 0.08
Radiug, m Radius, m Radius, m

== AT=80 -~ AT=100 =+ aT=120
—— AT=140 == AT=240 == AT=320

= AT=400

—4= AT=80 == AT=100 == AT=120
e AT= 140 == AT=240 -8~ AT=320

—— AT=400

—t= AT=80 == AT=100 =4 AT=120
—— AT 140 === AT=240 =e= AT=320

—— AT=400

Fig. 12. Heat transfer coefficients and the reference temperature of the cavity behind the turbine disk,
depending on the temperature difference between the walls
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External surfaces of the bearing housing

The heat exchange of the outer walls of the
bearing housing with the external environment is
carried out by natural convection caused by the
temperature difference between the walls and the
surrounding air. This type of heat transfer is well
studied, and for cylindrical and inclined walls there
are empirical dependencies of the form [7-11]

Nu :=0.47(Gr - Pr)**,
where Gr — Grashof number,
_BeD’AT

5B

D — diameter; g — gravitational acceleration.
As the reference temperature, the ambient air
temperature was set at 250 °C.

Gr:

Rotor bearings

On the rotor bearings, volumetric heat emission
sources were specified in accordance with the cal-
culations of heat generation in sliding bearings and
experimental data from the SKF supplier for rol-
ling bearings. In the slide support, heat dissipation
from friction of 2 kW was set; in the rolling sup-
port, heat dissipation from friction of 700 W was
set. Also in the supports were asked volumetric
heat sinks that simulate oil cooling of bearings.
The set power of the heat sinks was selected

in such a way that the temperature of the supports
did not exceed 1000 °C, which is determined by
the allowable working temperature range of the oil
and the material of the supports.

It should be noted that in order to avoid over-
heating of the supports and keeping their tempera-
ture below 1000 °C, practically all the heat (~98 %)
emitted by the bearings during operation should be
removed due to oil cooling.

Thus, the boundary conditions for the thermal
calculation of the rotor assembly were determined.
The heat exchange similarity criteria described
above and the temperature difference between
the walls, depending on which they are calculated,
were calculated iteratively in the process of solving
the thermal model of the rotor.

Thermal resistance of contacts

Contact surfaces in various types of connec-
tions, such as connections with tension, bolted
connections, etc., are not ideal due to the presence
of asperities. As a result, at the contact point of
such surfaces the temperature field has a characte-
ristic jump, i. e. imperfect thermal contact takes
place. Thus, for correct modeling of the tempera-
ture field of the rotor assembly, it is necessary to
determine the thermal resistances of non-ideal con-
tacts (Fig. 13).

The thermal resistance of the contact depends
on the degree of roughness of the contacting sur-
faces, the materials from which they are made, and
the contact pressure, i. e. force of compression
of surfaces.

The air gap in the heat shield is a model
of thermal conductivity. Air is the ideal

Thin air gaps - thermal interfaces with a thin layer
model that includes thermal conductivity. The air in

gas with properties depending on
temperature

with a gap, seals

Thermal contact resistance. Landing|

the stars - the perfect gas.

Thermal contact resistance. .
Landings with tension and thread.
R=15¢* m*K/W

Fig. 13. Thermal resistances of rotor assembly contacts of microturbine
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The thermal resistance of the contact was cal-
culated from empirical dependencies, and also
compared with experimental data available in the
literature [8—13]

Rk = ln )
| L
30, A K
+
nr, d,

where A — reduced thermal conductivity coefficient,

o 2hds
A oAA,

pr — contact pressure; o, — ultimate strength of
softer material at the temperature of the contact
zone T;; n — exponent; A, — air thermal conducti-
vity; K — experimental coefficient; 7, — radius
of the contact patch; 8, — equivalent thickness of
the gap.

Some parts of the rotor are not in direct contact,
but are separated by a thin air gap. Due to the small
size of these gaps, the absence of the difference in
the velocities of the walls and the high-pressure
flow in them, the convective component of heat
exchange can be neglected and only thermal con-
ductivity can be taken into account. Especially for
this kind of “contacts” there are models of inter-
faces with a thin layer, imitating a heat-conducting
medium separating parts. This model was used
to simulate thin air gaps. The air in the gaps was
set as an ideal gas with temperature dependent
properties.

The thermal resistances calculated by the given
expression, as well as thermal models of the gaps
are shown in Fig. 13.

Simulation of the thermal state of the rotor

Fig. 14 shows a view of the calculated region
of the assembly and the grid of the thermal model
of the rotor assembly. The heat conduction prob-
lem was simulated in a two-dimensional axisym-
metric formulation. Convective sources and heat
sinks are set by PG of the 3" kind (heat transfer
coefficient and reference temperature), heat dissi-
pation in the supports are set by means of volumet-
ric energy sources, contact details are set using
thermal interfaces (direct conjugation) taking into
account the contact thermal resistance, and also
taking into account the thermal resistance of thin

[ Hayka
wrexHuka. T. 18, Ne 6 (2019)

air gaps, which are taken into account through
thermal interfaces with a thin layer model.

The rotor assembly model consists of several
design areas that describe the details of the rotor
and are combined into an assembly through
boundary conditions and thermal interfaces.

Fig. 14. View of the calculated grid of the rotor model

A computational grid with elements of the
tetrahedral topology was used. The mesh size
of the two-dimensional axisymmetric model
was ~20.000 elements.

The results of the simulation
of the thermal state of the rotor.
Heat flow in the rotor

Fig. 15 shows the scalar and vector fields of the
density of heat flows in the rotor. The vector field
shows in detail the local distribution of heat fluxes
in the rotor and the direction of heat flow through
the parts in the assembly.

350064004

0.0006+000
m"-2]

Fig. 15. Scalar and vector density fields of heat flows
in the rotor

The results show that the main heat load falls
on the turbine wheel from the hot gas in the flow
part. The turbine wheel, being the hot part of the
rotor, causes the main thermal load on the rotor
coupling pin, which in turn, along with the com-
pressor, transfers the heat flux to the rotor shaft.
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The main part of the heat from the turbine wheel is
removed by intensive convection in the cavity be-
hind the turbine disk. Cold air from a compressor
degree leak passes through the labyrinth seal and
enters the cavity behind the turbine disk. Passing
through these secondary channels, air takes heat
from hot parts, including from the turbine wheel,
heating up along the direction of travel, and then
through the leakage of the turbine stage enters its
flow part, mixing with the gas of the turbine path.
Also the heat flux field shows the proper the opera-
tion of the heat shield of the turbine, through which
there is a fairly small heat flux. This prevents the
compressor wheel from heating up, which in turn
improves the strength characteristics and efficiency
of the compressor stage. A significant part of the
heat from the hot gas in the flow section of the tur-
bine passes through the turbine disk into the end
splines (Hirt connection) and through the thermal
resistance of the contact due to heat conduction
enters the compressor wheel. Also, part of the heat
from the flow part passes through the wheel and
the turbine nut into the rotor coupling pin due to
thermal conductivity, also passing through the
thermal resistance of the contact.

The heat flux entering the compressor wheel is
removed from it by intensive convection in the
flow part of the wheel due to significant consump-
tion and the developed heat exchange surface.
Also, a portion of the heat load of the rotor cou-
pling pin is retracted through the air cavity to the
compressor wheel due to convection and then also
carried away by the main current in the flow part
of the compressor. The rest of the heat is removed
from the coupling studs into the rotor shaft through
the resistance of the air gaps and further from the
rotor shaft is dissipated from the developed surfa-
ces of the casing of the input cavity of the com-
pressor and the bearing casing, which are in an
environment of cold outside air.

It is also clearly seen in the figure that, despite
the sufficient oil cooling of the supports taken into
account in the thermal model, a rather significant
thermal load falls on the bearing housing and to
some extent on the rotor shaft from the hydrody-
namic support. This again indicates the need for
effective cooling of the supports.

In general, the heat fluxes from the hot part
of the rotor are sufficiently efficiently discharged
and do not reach to a great extent the rotor shaft
and its supports, which indicates a fairly successful
rotor design in terms of thermal state. Significant
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heat flow comes to the compressor wheel and the
rotor coupling pin in the hot part, however, how
critical this circumstance can be given only by ana-
lyzing the temperature field of the rotor, carried
out below.

Temperature field

Fig. 16 shows the calculated temperature field
of the rotor assembly.

609.59

463.95 /T W

318.30 L
£ 7

172.65 . g) L N

27.01
[c1

mpemurs

Fig. 16. Temperature field of the rotor assembly
of microturbine

It can be seen that the maximum temperature is
localized at the periphery of the turbine wheel, in
the output part of the wheel, and also over the en-
tire contact surface of the hot gas with the flow
part of the turbine wheel. The rear part of the tur-
bine disk turns out to be cooler due to the signifi-
cant heat removal by cold compressor air of lea-
kage into the cavities behind the turbine disk.
It should be noted that this nature of heat transfer
in the turbine wheel causes a significant tempera-
ture gradient over the wheel in the axial direction.
However, the maximum temperature of the turbine
wheel does not exceed 610 °C (Fig. 17), which is a
valid value for the heat-resistant alloy used.

Fig. 18 shows the temperature field of the
compressor wheel. The figure clearly shows that,
despite the significant heat flux coming from the tur-
bine wheel through the Hirt connection, the tempera-
ture of the compressor wheel does not exceed 250 °C
and is localized in the zone of connection with the
turbine wheel. The main part of the compressor
wheel body does not exceed 200 °C. These tempera-
tures are also acceptable for the titanium alloy
used. It should be noted that a significant role in
the heat flow insulation in the Hirt compound, the
thermal resistance of the contact plays, which, in
addition to the non-ideal contact of parts, is also
due to the presence of an air gap between the teeth
of the joint. The thermal resistances of the con-
tacts, taken into account in the thermal model, are
noticeable by gaps in the temperature field at the
interface of the assembly parts.

Hayka
urexHuka. T. 18, Ne 6 (2019)



Proceedings of the 16" European Automotive Congress

L 276.35
[c1

Fig. 17. Field temperature turbine wheels
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Fig. 18. Compressor wheel temperature field

Fig. 19 shows the temperature of the rotor pin.
As described above, the heat flow is quite efficiently
removed from the studs partially into the compres-
sor through the air gap, partially into the rotor shaft
and body parts.

Fig. 19. Temperature field of the rotor coupling pin

In this regard, the heat coming from the turbine
wheel through the turbine nut heats only a part of
the stud located directly under the turbocharger.
The rest of the studs remain cold, which increases
the strength and resource characteristics of the ro-
tor. The maximum temperature of the stud does not
exceed 335 °C, which is quite satisfactory for the
alloy steel used.

Fig. 20 shows the temperature distribution over
the shaft and rotor bearings. As can be seen from
the figure, the temperature of the supports practi-
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cally does not exceed 100 °C, due to the account in
the model of oil cooling of the supports. Due to the
fact that no significant heat comes into the rotor
pin, and the incoming heat is quite efficiently re-
moved, the rotor shaft practically does not perceive
the heat load of the hot part. Therefore, the thermal
state of the shaft is caused by heat flows coming from
the supports, and the shaft remains sufficiently cold.
The temperature of the supports, in turn, is due only
to heat generation of friction and the efficiency of oil
cooling. In other words, the supports also do not per-
ceive the heat load of the hot part. It must be said that
this is a rather important positive aspect of the deve-
loped structure, which undoubtedly contributes to
improving the strength characteristics of the rotor and
its resource.

66.44

Fig. 20. Temperature field of the shaft and rotor bearings

The temperature of the bearing housing is shown
in Fig. 21. As can be seen from the figure, the maxi-
mum body temperature is localized at the landing
sites. The temperature of the body in these places
does not exceed 100 °C. The external temperature of
the body does not exceed 80 °C in the area above the
rolling support and remains fairly low over the rest of
the surface. It can be concluded that the bearing hou-
sing remains sufficiently cold, effectively dissipating
the residual heat generated by the supports into the
external environment.

Fig. 21. Temperature field of the bearing housing

CONCLUSIONS

1. Based on the analysis performed, the fourth
layout of the microturbine appears to be the most
promising design. In general, the temperature field
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of the turbine qualitatively corresponds to the
analysis of the integral heat fluxes described
above.

2. A quantitative assessment of microturbine ro-
tor temperatures shows that the maximum tempera-
ture of the turbine wheel is 610 °C, the maximum
temperature of the compressor wheel is 252 °C,
the maximum temperature of the coupling pin on
the turbine side is 335 °C, and the temperature
of the rotor shaft and bearing assembly does not
exceed 100 °C.

3. Based on the calculated maximum tempera-
tures of the turbine, compressor and shatft, it can be
concluded that the temperature state of the main
parts of the rotor is satisfactory, since at these tem-
peratures, there is no significant reduction in the
strength limits for the respective materials of the
parts. So for the material of the VZhL-12 turbine,
the strength and fluidity limits are significantly
reduced at temperatures above 900 °C; for the ma-
terial of the VT6 compressor, a significant de-
crease in mechanical properties is observed at tem-
peratures above 300 °C [14].

4. The resulting temperature field was used
further as boundary conditions for calculating
the strength and critical frequencies of the rotor.
The use of a microturbine with an electric machi-
ne makes it possible to realize the advantages of
a microturbine and the ability to use the installation
as a Range Extender.

5. Optimum parameters and layout allow for
high efficiency 38.4 % and a miniature micro-
turbine volume.
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Abstract. Electric drive systems consisting of battery, inverter, electric motor and gearbox are applied in hybrid- or purely
electric vehicles. The layout process of such propulsion systems is performed on system level under consideration of various
component properties and their interfering characteristics. In addition, different boundary conditions are taken under account,
e. g. performance, efficiency, packaging, costs. In this way, the development process of the power train involves a broad range
of influencing parameters and periphery conditions and thus represents a multi-dimensional optimization problem. State-
of-the-art development processes of mechatronic systems are usually executed according to the V-model, which represents
a fundamental basis for handling the complex interactions of the different disciplines involved. In addition, stage-gate pro-
cesses and spiral models are applied to deal with the high level of complexity during conception, design and testing. Involving
a large number of technical and economic factors, these sequential, recursive processes may lead to suboptimal solutions since
the system design processes do not sufficiently consider the complex relations between the different, partially conflicting
domains. In this context, the present publication introduces an integrated multi-objective optimization strategy for the effec-
tive conception of electric propulsion systems, which involves a holistic consideration of all components and requirements
in a multi-objective manner. The system design synthesis is based on component-specific Pareto-optimal designs to handle
performance, efficiency, package and costs for given system requirements. The results are displayed as Pareto-fronts of elect-
ric power train system designs variants, from which decision makers are able to choose the best suitable solution. In this way,
the presented system design approach for the development of electrically driven axles enables a multi-objective optimization
considering efficiency, performance, costs and package. It is capable to reduce development time and to improve overall sys-
tem quality at the same time.
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objective optimization
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HpOeKTHpOBaHHe AJNEKTPUICCKUX CUJIOBBIX YCTAHOBOK
IpHA MOAAECPKKE MHOTOIECJIEBBIMHA CTPATErusAMA ONITUMHU3AIIUA

M. Xupul), M. XO(l)IllTeTTepl), . .]IeXJ'lﬂﬁTHepl)
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Pedepar. Cuctemsl 35IEKTPONPHUBOJA, COCTOSIIUE M3 aKKyMYNIsATOpa, HHBEPTOpA, SJIEKTPOJBHUraTesl U KOpOOKH Tepenad,
MPUMEHSIOTCS B THOPUAHBIX MM YHCTO 3NMEKTPHUIECKHX TPAHCHOPTHBIX cpeacTBax. IIporecc KOMIIOHOBKY TaKHX JBHXKHTEIb-
HBIX CHCTEM OCYIIECTBIIETCS HA CHCTEMHOM YPOBHE C YUY€TOM Pa3JIMYHBIX CBOMCTB KOMIIOHEHTOB U MX MHTep(epupyromux
XapakTepucTHK. KpoMe TOro, yUuTHIBalOTCS pa3sHble IPaHUYHBIC YCIOBHS, HAIIpUMeEp TEXHUYECKUE XapaKTepHCTHKH, d(hex-
THUBHOCTH, KOMIUICKTOBAaHHE, CTONMOCTh. TakuM 00pa3oM, mporiecc pa3pabOTKH CHIIOBOH IIepeadyl BKIIIOUAET B ceOs MIMpo-
KU JIAarna3oH BIMSIONIHX TapaMeTPOB U IIepA(PEPHIECKIX YCIOBHI 1 TEM CaMbIM IIPECTABISIET co00i MpobiieMy MHOrOMEpHOH
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ontumu3anui. COBpEeMEHHBIC MPOIECCH Pa3padOTKH MEXaTPOHHBIX CHCTEM OOBIYHO BBIMOJHSIOTCS B COOTBETCTBHH C V-MO-
JIENbI0, KOTOpasi IPENCTaBIsIeT co00i (QyHIaMEHTAILHYIO OCHOBY JUISL YIPABJICHHS CIIOKHBIMHA B3aUMOICHCTBUSMH Pa3iind-
HBIX JHCIUIUTMH. KpoMe TOro, MpHMEHSFOTCS 3TAlHBIE MPOIECCHl M CIIHPAJIbHBIC MOJEIH, YTOOBI CIPABHUTHCS C BBICO-
KHM yYPOBHEM CJIOKHOCTH TIPH pa3paboTKe, NPOCKTUPOBAHUH U TECTHPOBaHHUH. BoBiiekas 00JIbII0E KOTHIESCTBO TEXHHYECKAX
¥ SKOHOMUYECKUX (PaKTOpPOB, 3TH MOCIEIOBATEIbHEIC PEKYPCUBHBIC POIIECCH MOTYT MPUBECTH K HEONTUMAITBHBIM PEIICHH-
SIM, TIOCKOJIBKY TPOIECCHI IIPOSKTUPOBAHMSI CHCTEMBI HEJJOCTATOYHO YIHUTHIBAIOT CIOXKHBIC OTHOIICHHS MEXKITY Pa3THdHBIMHU,
YACTUYHO KOH(IHUKTYIOIMME OOJIACTAMU. B 3TOM KOHTEKCTe HACTOSIIAs MyOIUKAIUSI TIPEACTABIBIET HHTEIPUPOBAHHYIO MHOTO-
[ENEBYIO CTPATETHI0 ONTUMU3ANKH UL 3P (HEKTUBHON KOHIETIHH IICKTPHIECKUX CHIIOBBIX YCTAHOBOK, BKIIFOUAIONIYIO KOM-
IDIEKCHOE PACCMOTPEHUE BCEX KOMIIOHEHTOB M TpeOOBaHM Ha MHOTOLIENIEBOK 0cHOBe. CHHTE3 CHCTEMHOTO In3aifHa OCHOBaH
Ha [TapeTo-onTUMaNbHBIX KOHCTPYKIHAX CO CHEIH(PUIESCKIMHI KOMIIOHEHTAMH C LeJIbI0 obecrieuenus: pabotsl, 3 (heKTHBHO-
CTH, KOMIUTICKTAIIUHU U 3aTPaT, IPEAYCMOTPCHHBIX [T TaHHO# cucTeMbl. Pe3ynbTaTsl oToOpaxarorcst B Buae [lapeto-hpoHTOB
BAPHAHTOB CHUCTEM 3JIEKTPUUECKUX TPAHCMHCCHH, U3 KOTOPBIX JIMIA, IPUHUMAIOIINE PELICHHs, MOT'YT BbIOpaTh Haubosee
noaxojsinee u3 HuX. Takum 00pa3oM, MPEACTABICHHBIH MOIX01 K MPOSKTUPOBAHHUIO CHCTEMBI TS pa3pabOTKH OCEH C JJICKT-
PHUYECKHM MPHUBOJOM 00ECIECUMBACT MHOTOIICJICBYIO ONTHMHU3ALKIO C y4eTOM 3()(HEeKTHBHOCTH, HYHKIIMOHHPOBAHHS, CTOU-
MOCTH M KOMIUICKTaluK. JJaHHBIM MOJX0/1 MO3BOJSCT COKPATUTh BpeMsl pa3pabOoTKH U OJHOBPEMEHHO OOCCICUYHTh YIIydlile-
HHUE Ka4eCTBa CHCTEMBI.

Kawuesbie ciioBa: aBTOMO6I/UIeCTpOGHI/Ie, DJICKTpUYCCKasAs TPAaHCMHUCCHUS, MEXATpOHHAas CHUCTEMa, Mpouecc pa3pa60TKH,
CHUCTCMHOC IMPOCKTUPOBAHUE, MHOTI'OLICJICBAsA ONITUMHU3AILIUA

Joas murupoBanusi: Xupn, M. IIpoekTupoBaHHe SIEKTPHYECKUX CHJIOBBIX YCTAHOBOK IIPU ITOJNEPKKE MHOTOIETIEBBIMU
crparerusmu ontumusanuu / M. Xupu, M. Xodurrerrep, J. Jlexmsiitaep // Hayka u mexnuxa. 2019. T. 18, Ne 6. C. 461-470.
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Automotive development processes
and integration of propulsion systems design

Car development processes are composed of
a number of steps and require complex interaction
of car manufacturer, system- and components sup-
plier as well as engineering provider. During past
decades, an increasing application of virtual engi-
neering provided great potential for reduction of
development time and increasingly supported col-
laboration of the different involved parties. Nowa-
days, a typical full-vehicle development project
has a duration of about 4 years (in case of derivate
development less than 3 years) and the trend is
moving towards further decrease [1]. As one main
module, the drivetrain system plays an important
role in the development of new cars — especially in
case that new, electrified propulsion systems are
going to be designed and integrated into the full-
vehicle architecture. Fig. 1 shows the sequence of
sections of a typical automotive development pro-
cess. In addition to the main process phases, se-
lected development disciplines are added, which

are relevant for the development of propulsion sys-
tems.

In the beginning, the Definition Phase includes
a compilation of characteristics of the new car to
be developed, which comprises market research of
future trends under consideration of customer de-
mands and legislative boundary conditions. In ad-
dition, manufacturer-related strategic aspects are
considered, e. g. integration of the planned model
into existing model ranges or the development
of new vehicle architectures, e. g. electric car plat-
forms. At the end of the Definition Phase, product
specifications are defined, which involves a defini-
tion of requirements for the subsequently per-
formed vehicle development, containing a long list
of prescribed product characteristics. In view of the
propulsion system, this includes performance pa-
rameters, energy/fuel consumption, different types
of boundary conditions, e. g. packaging- and space
requirements, costs and others. In addition, techno-
logical specifications are pre-defined in this phase,
e. g. type, layout and configuration of the power-
train to be developed.

7 S—
§ % Definition “>, Concept \\ Pre- = Series \ Pre-Series &
uc_j = Phase . Phase /" Development / Development / Series Production
% Specifications
2
gl-' ‘ styling
E Full-Vehicle Architecture, Packaging & Ergonoemics
5 Propulsion Technology Systems Engineering
=
% l Components Development
= =
o E | Crass-Domain Integration
]
E | Optimization & Verification
| Wehicle Integration & Application |
| Production Engineering

Fig. 1. Process phases and development disciplines in typical state-of-the-art car development
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The development process itself starts with the
Concept Phase, which includes conceptual design
of the complete vehicle layout including styling,
vehicle packaging and ergonomics, body and com-
ponent development, and of course the propulsion
system. Beginning with initial styling works, the
vehicle architecture is built up and all components
are integrated [2]. Drivetrain modules are taken
over from existing platforms or newly developed,
including new technologies, e.g. electric or hybrid
propulsion systems. Here, it has to be distinguished
between so-called conversion design and specifi-
cally developed electric vehicle platforms. In con-
version design, hybrid- or electric drivetrain tech-
nology is implemented into traditional vehicle ar-
chitecture. In many cases, the car to be developed
is built on an existing vehicle platform that enables
the integration of different types of drive train sys-
tems, e. g. combustion engine, hybrid-concepts and
purely electric drive.

Fig. 2 shows such a vehicle architecture by an
example of the Volkswagen Golf. As a difference,

Standard configuration
with all-wheel drive
(Golf 4motion)

Plug-in-hybrid configuration
(Golf GTE, front wheel drive)

All-electric propulsion
(e-Golf, front wheel drive)

Fig. 2. Different drive train configurations of the Volkswagen Golf [3]

B/C-class,
compactcar
D-class, family car
Fig. 3. Modular electric car platform from Volkswagen [4]
[ Hayk

a
wrexHuka. T. 18, Ne 6 (2019)

Van, compact bus

special-purpose design enables the optimized de-
velopment of vehicle architecture according to the
requirements of a specific propulsion technology.
In this way, the result is optimized regarding the
demands of electric drive architecture, but the fle-
xibility concerning an implementation of different
propulsion technologies is reduced. Fig. 3 exem-
plary shows a modern electric platform design,
which is modular in view of variable wheelbase
and configuration of the driven axles.

The Pre-Development Phase includes a conti-
nuation of concept development under considera-
tion of detailed technological and economical as-
pects. This covers finalization of styling works,
engineering of all components and modules,
as well as far reaching verification and validation.
In addition to virtual development, prototypes
of modules and even vehicles are tested and inves-
tigated on test beds and on road. In this phase,
engineering-, component- and module suppliers are
increasingly involved in the development process.

The Series Development Phase has
a strong relation to production deve-
lopment and supplier integration in-
cluding logistics, assembling processes
and quality engineering. In this phase,
a comprehensive virtual vehicle model
serves as a basis for far reaching inves-
tigations of manufacturing-related pro-
cedures. At the end of this phase, both
the new car model and its production
are completely developed and all inter-
actions with manufacturing facilities
and suppliers are defined.

The final phase of car development
includes Pre-Series & Series Produc-
tion. Final settings of the assembly line
and in the logistics management are
done during the production of initial
pre-series models. This includes final
adjustments of machines and robots as
well as quality related investigations,
e. g. in the paint shop or optimizations
in view of tolerances. After homologa-
tion of the new car in target markets,
series production phase starts.

Electric propulsion systems are
increasingly applied in both hybrid-
and purely electric driven cars today.
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In case of hybrid drivetrain technologies, there are
different topologies available, e. g. parallel, serial
and combined hybrids. Some of these topologies
directly connect the electric motor(s) to the com-
bustion engine or integrate them into the gearbox;
others use electric driven axles. In case of purely
electric propulsion, electric axles come to use.
In this way, electric axle drives represent central
components in a wide range of applications of hy-
brid- and electric driven cars. Fig. 4 shows an
exemplary design of an integrated electric axle
drive, consisting of power electronics (inverter),
electric motor and a gearbox unit, which also con-
tains the differential gear and drive shaft joints.
Not shown in the figure, but essential is the
drivetrain control system that is typically part
of the inverter, consisting of a powerful microcon-
troller and embedded software.

The design process of electric axle drive sys-
tems is of high complexity because of the required

Differential gear

Output flange

requirements
analysis

Electric motor

integration of inverter, electric motor and mecha-
nical gear, which covers three technological do-
mains: mechanical, electrical and software engi-
neering. In this way, a development process for
mechatronics systems is presented, which supports
an effective integration of cross-domain develop-
ment. Initially, the so-called V-model stems from
software development, and was taken over into
other industries during the past decades. Today,
it represents a standardized development process
for mechatronics systems [6].

Fig. 5 shows a typical development process of
automotive mechatronics systems according to the
V-model [6, 7], which represents a special case
of a waterfall model that describes sequential steps
of product development [8, 9].

The process starts at the top end of the left
branch with product specifications that result from
a list of requirements. The entire left branch focus-
ses on product design and is divided into a sequen-
tial chronology with increasing levels
of detail. The System level includes
product main level-related develop-
ment, e. g. vehicle architecture, packa-
ging, technology integration. After ha-
ving defined main characteristics on
System level, the Module level includes
a breakdown of complex systems into
several modules, e. g. vehicle body,
drivetrain, chassis, comfort and driving
assistance modules.

System
acceptance test

System design

Assurance of properties

Systemn
integration

Implementation

Fig. 5. Development process according to the V-model, according to [6, 7]
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The different modules are designed under con-
sideration of their interaction with other modules
and in accordance with full-vehicle related specifi-
cations. Finally, modules are divided into their
components, which are developed in the Compo-
nent level. Cross-domain implementation is per-
formed at the bottom level of the V-model in the
course of component integration. Today, this is
mainly done by product-oriented processes, which
focus on product characteristics and functionalities.

The right branch of the V-model includes inte-
gration, testing and optimization at Component-
Module- and System level. After being tested,
components are built together into modules, which
are integrated and tested according to their specific
functionalities. In the final System level at the top
end of the right branch, all elements are assembled
to a full-vehicle prototype and tested for product
compliance with the initially defined specifica-
tions. Typically for development according to the
V-model is a close interaction of design and tes-
ting. In this way, data and information exchange
between product design (left branch) and integra-
tion & testing (right branch) supports efficient im-
provements and optimization.

Fig. 5 also points to the different domains that
occur in the development of mechatronics systems:
mechanics, and electrics/electronics (E/E). E/E is
divided into hardware and software development.
One key of success lies in the introduction of fle-
xible, interdisciplinary processes, which are able to
consider different domain-specific methodology-
cal, functional and development-cycle-time rela-
ted characteristics with the target of providing all
product- and process-related information for effec-
tive cross-domain development of the mechatro-
nics systems. Besides geometrical, structural, func-
tional and production-related information of me-
chanics and hardware, this also includes softwa-
re-related requirements, structural and functional
information.

In case of highly complex products, e. g. elec-
tric axle drives, the development process is run
through several times, especially on module and
component level. Both duration and complexity
of these development cycles differ significantly in
the three domains, which leads to varying levels
of maturity levels throughout mechanic, hardware
and software development. The different domain-
specific development procedures in combination
with varying cycle frequency lead to a considera-
ble increase of complexity in the development pro-
cesses. This complexity can be handled by use
of so-called spiral models. The spiral model stems
initially from software industry, where it was de-
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veloped to support handling of the complex (purely
virtual) development processes during design
and testing of control algorithms, programs and
IT-applications, [10]. Fig. 6 displays an exemplary
spiral model of mechatronics systems development
processes following the V-model that highlights
the separation of the development processes into
System design as well as Mechanics-Electrics and
Software development. In the example, the subse-
quently performed process phases are shown
in more detail for the System level. The processes
of the three development domains are not shown
in detail but follow the same principle, considering
the specific procedures of mechanics, electrics and
software development. In practical applications,
the V-model is run through repeatedly at the dif-
ferent levels and domains.

The phase of systems engineering plays an
essential role in the development of complex mecha-
tronics products, because it includes the general func-
tional and structural layout. Out of knowledge ga-
thered in the systems engineering phase, the subse-
quently performed domain-specific processes are
supplied with required data and information for suc-
cessful product development. In this way, the sys-
tems engineering phase has to fulfill the task of cross-
domain conceptual design of mechanical, electrics
and software components as well as their integration
into the product to be developed.

In the development of electric propulsion sys-
tems, e. g. electric axle drives, the systems engi-
neering phase includes the conceptual layout,
optimization and integration of all involved com-
ponents. Besides functional development, which
focuses on performance characteristics, energy ef-
ficiency, controller design and embedded software,
the proper selection and layout of electrical and
mechanical components plays a crucial role.
According to the introduced development process
of mechatronics systems (Fig. 5, 6), system design
is placed at the beginning of the V-model, respec-
tively in the center of the spiral model. Conside-
ring the general automotive development process
as stated in Figure 1, the focus of the presented
approach is put on the initial phases, e. g. Defini-
tion Phase and Concept Phase. During these early
layout and design procedures of electric axle
drives, a number of boundary conditions, parame-
ters and influencing factors have to be conside-
red. These factors are partially uncertain because
of early development stages and in addition often
conflicting in terms of system optimization. In this
context, the layout of electric axle drives represents
a multi-objective, multi-criterial task that requires
enhanced optimization methods.
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System

Systems
engineering

Mechanics

Conception
L t
Module

conception

System

acceptance

& testing

Fig. 6. Spiral model of mechatronics systems development processes following the V-model

Multi-objective design optimization
of electric axle drives

Multi-objective design optimization of electric
axle drives comprises the components electric mo-
tor, gearbox including differential gear, and the
power electronics (inverter). The power supply
system (battery, a combination of combustion en-
gine and battery, or a combination of battery and
fuel cell) is an additional important area of deve-
lopment, but this topic is not considered in the pre-
sent work in more detail.

Today, there are two major topologies for elec-
tric axles available, which are basically set by the
gearbox design: offset configuration and concen-
tric configuration (Fig. 7). The offset design is the

Power
Electronics

Differential
Unit
i Offset

iGearbox

/

\
Side Shaft & Joint U C
Joint

Side Shaft &

most common topology in the market, which is
characterized by an axial offset between helical
gearbox input and output shaft [12]. The concentric
design often uses planetary gears and is more com-
pact in general — but axial length restrictions and
ground clearance are more critical, e. g. [13].

Typically applied electric machines are induc-
tion motors (IM, also called asynchronous ma-
chines, ASM) or permanent magnet synchronous
machines (PSM). Both technologies are used as
traction motors and should be considered in the
systems engineering phase. Due to the introduced
drivetrain configurations (Fig. 7), most of the
gearbox solutions have an offset helical gear de-
sign (single-gear, two stage) or concentric designs
with planetary gears.

Side Shaft Fower 822?532“
& Joint Electronics
Differential
Unit
E-Motor / '

\

Side Shaft &
Joint

Fig. 7. Exemplary axle drive designs in offset (left) and concentric (right) configuration [11]

466

I Hayka
urexHuka. T. 18, Ne 6 (2019)
Science and Technique. V. 18, No 6 (2019)



Proceedings of the 16" European Automotive Congress

The gearbox design is adjusted to the mechani-
cal loads induced by the electric motor under con-
sideration of different load conditions. The inte-
grated differential unit is usually a common part
for all variants. Non-shiftable gearbox design is
well established, since the speed range and torque
characteristic provided by the electric motors is
sufficient to cover the vehicle speed and torque
requirements with one fixed transmission ratio.
However, there are also some electric cars with
two-speed gearboxes to enlarge the vehicle speed
range and to improve the longitudinal vehicle dy-
namics behavior.

A power electronics (inverter) unit supplies the
electric machine with corresponding voltage and
current and consists of semiconductor technology
and controller area. There are two variants of in-
verter placement, remote and attached. Remote
inverters are placed remotely from the electric ma-
chine and connected by phase cables, whereas at-
tached inverters are directly mounted on the elec-
tric machine. For the latter, there are variants with
a single flat circuit board as well as with a seg-
mented circuit board, e. g. [14], to achieve a better
package integration into the electric machine.

Due to the fact, that in electric drivetrain de-
velopment the phase of systems engineering plays
a major role, several works have dealt with multi-
objective optimization of electric propulsion sys-
tems. Eghtessad [15] investigates different power-
train topologies, component technologies and
component parameters of battery-electric vehicles.
Schulte-Corne [16] describes the dimensioning of a
hybrid architecture including electric axle drives
with an integrated consideration of the hybrid ope-
ration strategy. Meier [17] uses a statistical design
of experiments (DOE) as a means of establishing
optimal hybrid powertrains. A major contribution
has been developed by Hofstetter, who integra-
tes packaging-related aspects of the vehicle, buil-
ding-block system-related considerations of the
drivetrain components as well as cost-related fac-
tors into the optimization approach [18, 19]. This
approach is elaborated more detailed in the follo-
wing section.

In general, systems design optimization targets
the best fulfillment of requirements, which are de-
fined in accordance to related evaluation criteria.
For an axle drive layout, this includes perfor-
mance, package and costs aspects. In this context,
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a multi-objective optimization process has to han-
dle the trade-offs between different objectives, re-
spectively evaluation criteria. The evaluation crite-
ria themselves are derived from vehicle-related
system requirements (Fig. 5).

Performance-related criteria include the re-
quired axle torque, power and efficiency at diffe-
rent operating points under specified power supply
conditions. These requirements can be derived by
analyses of vehicle dynamics and operation condi-
tions, e. g. by use of longitudinal vehicle simula-
tion, while also considering influences of the elec-
tric energy supply. In this way, torque, power and
efficiency characteristics are derived by expert
software tools for a specific motor type, based on
analytical motor theory [20]. These information
servers as a basis for conceptual layout of the elec-
tric machine. More demanding requirements, such
as continuous power ratings and thermal manage-
ment, are derived by use of 1D- or 3D-thermal
simulation tools, e. g. [21]. The generated parame-
ter sets can be used for more detailed electric ma-
chine design, e. g. by use of specified electric si-
mulation software, e. g. [22].

Package criteria include the installation space
provided by the vehicle architecture. They are de-
veloped in correlation with geometrical full-
vehicle design and include geometrical restrictions
caused by different aspects, e. g. wheelbase, track
width, ground clearance, rear seats, trunk size
or exhaust system. In conceptual development,
the installation space available for electric axle
drives is described as geometrical model. Evalua-
tion of the axle model packaging is enabled by use
of volume models created within computer-aided
design (CAD) environment considering the main
geometrical extensions, e. g. [23]. Besides the ex-
tensions of the main volume elements, also specific
shapes, such as the corridors for the two side
shafts, can be included. Fig. 8 shows the conceptu-
al volume model of an exemplary electric axle
drive, including inverter model (orange), electric
motor model (yellow) and gearbox model (grey).
The provided installation space, which is derived
from the vehicle packaging model, is displayed in
turquoise color. During geometrical optimization,
the perfect positioning of all involved components
within the pre-defined available volume is deter-
mined. This process also includes variable geomet-
rical extensions of the components, e. g. variable
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length and diameter of the electric motor, variable
gearbox configurations and dimensions.

Fig. 8. Conceptual volume model variations
of an axle drive system in offset-configuration [19]

Costs-related criteria consider material, sup-
plied components, production effort and expenses
of development. The material costs are calculated
based on object lists in combination with CAD
data. The production effort is assigned to specific
component technologies and their manufacturing
processes. Development costs are considered by
favoring carry-over-parts over new product deve-
lopment if beneficial. In a more general approach,
common parts of different electric axle configura-
tions may also be taken into account, as proposed
by [24]. All these influences are considered in cost
estimation models covering the most important
cost drivers. A maximum cost requirement may be
set for the axle drive to allow only solutions below
a certain cost level. Another example is to assess
the best solutions achievable with limited deve-
lopment costs, which implies the existence of a
higher carry-over-parts level, but might also co-
me along with compromises in performance or
package.

The electric axle layout is evaluated in the three
criteria domains, whereby in each domain multiple
objectives have to be defined, which are measured
by metrics. The objectives define if a higher or
lower metric is beneficial. In addition, pre-defined
requirements are set, demanding a specific mini-

mum or maximum value of an objective (which
corresponds to a metric). The intersection of the
requirements on the three domains (performance,
package, costs) sets up the feasible design space, as
illustrated in Fig. 9.

Numerous solutions may exist within the pre-
viously described design space. Every solution is
evaluated with respect to the pre-defined objecti-
ves. It is thus not possible to determine a unique
best solution in general terms, since these objecti-
ves may be conflicting. The outcome of the multi-
objective optimization are the Pareto-fronts, which
show the trade-offs between multiple and possibly
conflicting objectives. For each criteria domain
(performance, package, costs) numerous metrics
are used to quantify the degree of compliance. For
example, there are three different kinds of perfor-
mance domain metrics (power, torque, efficiency)
for several operating points. For each of these met-
rics, a compliance measure is applied to quantify
the degree of compliance.

The proposed computer-aided optimization
process is based on a library of available compo-
nent technologies, which can contain parametric as
well as non-parametric component models. The un-
derlying models describe the component properties
regarding performance, package and cost (Fig. 9).
First, a preselection process is applied to cut down
the number of possible component candidates.
In this process, all those components are discarded,
which obviously do not meet the axle drive re-
quirements in any arrangement (component filter).
For example, the peak power requirement elimi-
nates all components that are not capable of pro-
viding or transmitting this peak power. The re-
maining components are combined to functional
axle drive assemblies in a fully factorial way and
those assemblies, which are obviously not capable
of meeting the performance or cost requirements
are discarded (performance/cost assembly filter).

Performance Cost Package

requirements require require-
-ments

= /8

i Pareto-fronts
Potential
system based
configu- 0 Moﬁ evaluation
raﬁons Bont 4 Pareto-Fron e
f{x) % JL‘
i i :'
. - Parformancs

Pre-selection process

Multi-objective optimization (MOO)

Fig. 9. Optimization process
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The remaining configurations are tested against
the package restrictions, also considering degrees
of freedom in the package assembly (package as-
sembly filter). Finally, the remaining assembly
candidates contain the component candidates in-
cluding all parameters that are used to determine
the package-related parameter search ranges for the
multi-objective optimization. The multi-objective
optimization explores these parameter ranges as
well as additional internal parameters, which are
not essential for the package check, but do affect
other properties (for example the number of turns
per notch in an electric motor do not affect the out-
er dimensions, but change the torque-over-speed
characteristics). The component parameters are
applied to expert software tools, which genera-
te the resulting component characteristics for
the electric motor, the gearbox and the inverter.
The assemblies of these components are then eva-
luated on system level to generate the performance
and cost metrics, while the package metric can be
obtained from the pre-processing evaluations by
use of the pre-defined CAD models.

The system synthesis concept is based on a se-
quential optimization of the three main compo-
nents Power electronics, Electric machine and
Gearbox (Fig. 10). Finally, the computation re-
sults represent the trade-offs between the multi-
ple objectives, which are depicted as Pareto-fronts
and computed according to the pre-defined evalua-
tion criteria.

Power Electric

. F " Gearbox
electronics “. machine .

System
solution

Fig. 10. System synthesis concept
of the optimization approach [19]

In this way, the Pareto-fronts provide a multi-
dimensional representation of the result of the multi-
objective optimization process. As known from
Pareto-fronts, the optimal result is not unambi-
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guously defined, but depends on a trade-off as a
function of the evaluation criteria [25]. In this way,
it is up to the involved engineers and experts to
select the final system configuration. The intro-
duced approach supports decision making by pro-
vision of suggested, optimal design solutions con-
sidering the main criteria efficiency, performance,
costs and package. Fig. 11 shows an exemplary
optimization result, displayed as 3D-Pareto front,
which contains the evaluation criteria Package
metric, Relative costs and Losses, respectively
drivetrain efficiency. Each dot in the diagram rep-
resents one found optimal solution. The best possi-
ble trade-offs between package metric and costs
are displayed as circles.
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Fig. 11. Exemplary optimization result:
3D-Pareto front showing the evaluation criteria
package metric, relative costs and efficiency [18]

CONCLUSIONS

1. The layout process of electric axle drives
is performed on system level by involvement of
component characteristics and their integration
under consideration of pre-defined development
targets, e. g. performance, efficiency, packaging
and costs. In addition, various boundary conditions
have to be incorporated, e. g. customer demands,
legislative aspects and vehicle-related factors.
In this way, the development process involves a
broad range of influencing parameters and peri-
phery conditions and thus includes a multi-dimen-
sional optimization problem.

2. The present work introduces a systematic
implementation of electric axle drive development
into state-of-the-art development processes in the
automotive industry and points to the importance
of the early design phases in propulsion system
layout and optimization. Integrated into the stan-
dardized processes of mechatronics systems deve-
lopment, an approach for multi-objective optimiza-

469



Mamepuanot 16-20 Egponeiickozo agmomoduibHozo Konzpecca

tion is introduced, that supports the handling of the
occurring complex interactions of various design-
related parameters. The introduced systems engi-
neering synthesis is based on component-specific
Pareto-optimal designs with the target to optimally
handle performance, efficiency, package and costs
for given system requirements. The results are dis-
played as Pareto-fronts of electric axle drive sys-
tem designs variants, from which decision makers
are able to choose the best suitable solution.

3. In this way, the introduced approach pro-

vides a methodological procedure to support deci-
sion making starting in the early layout phase with
the target to improve effective systems engineering
in electric axle drive development processes.
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Contactless Automated Express Evaluation
of Damages to a Car Body by Visual Parameters
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Abstract. Explosive development of computer technologies and their availability made it possible to extensively focus nowa-
days on emerging state-of-the-art technologies, digitalization, artificial intelligence, and automated systems, including in the
field of road safety. It would be reasonable to implement some technical devices in this respect to remove human factor and
automate some procedures completed at the scene of a road accident. Automatically filled up road accident inspection records
and, mainly, diagrams of the accident will reduce time required for the examining inspector and remove human factor. Ulti-
mately, an automated road accident data sheet is suggested to be established. To tackle the issues above requires
a technique to determine whether the produced damages to the car body result from the same road accident. The fact remains
that there are circumstances when even vehicle trace examination would not do the job, in case of multiple corrosive damage
to the body. In view of the above, a technique designed to determine whether the damages produced are caused at the same
point of time gains its ground. A technique for a time-related corrosion examination is offered herein to cut expenditures for
diagnostics and expert examination of road accidents. That will also eliminate the matters of argument with respect to the road
accident evaluation in court. Among added benefits of the technique are that it is simple, quick to implement, and requires
no human involvement. It is a well-established fact that each chemical element or a mixture of substances has its own time-
invariant color attributes which allows to determine availability of one or another substance during corrosion of metal surfa-
ces, by emission from the surface in question.

Keywords: road accident expert examination, artificial intelligence, color, corrosion, deformation of car body, RGB, car,
vehicle, road safety
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aBToMaru3uposanHoro nacrmopra JTII. Jns pemeHust Takux BOIPOCOB NMPOCTO HEOOXOJMMO CO3IaHHE METOAMKH, KOTOpast
TIOMOJKET ONpPENCIIUTD, SBIAIOTCA JIU IIPEICTaBICHHbBIC IOBPEKACHUS Ky30Ba pe3dyiabratoM ognoro HATIL. Bexnp maxe mpose-
JeHHE TPAHCIOPTHO-TPACOJIOTMIECKOH 3KCHEPTU3Bl HE MOMOXKET B CIIydae MHOXKECTBEHHBIX MOBPEXJIECHHH Ky30Ba KOpPpO-
3uel. Mcxons U3 3TOro mpHoOpeTaeT akTyaldbHOCTh pa3paboTKa METOJMKH, KoTopas OyAeT ompenensTh OJHOBPEMEHHOCTh
BO3HUKHOBEHHMs TTOBpeskAeHui. [IpearaeTca MeToarKa BpEMEHHOH OIIEHKH TPOIEcca KOPPO3UH, UTO TTO3BOIUT C3KOHOMUTH
Ha JUAarHOCTHKE U IKCIEPTH3E JIOPOKHO-TPAHCIIOPTHOTO MpoucuiecTBUs. [Ipn 3TOM CHHUMYTCS CHOPHBIE BOMPOCH! OLEHKU
JTII B cyneGHBIX MHCTAHIMAX. [IOTIOMHATENEHBIMA NTPEUMYIIIECTBAMH JTAaHHOH METOJMKHM MOKEM CUHTATh MPOCTOTY M CKO-
pPOCTb MPOBEIEHUS IKCIEPTU3BI, OTCYTCTBUE y4acTHs 4eloBeka. He cekperT, 4To KaKAbli XMMUYECKUH 3JIEMEHT WU CMeCh
BEII[ECTB HMEET CBOM I[BETOBBIE OCOOEHHOCTH, HE M3MEHSIONINEeCs BO BpeMeHH. Hanmdne Tex nim MHBIX BEIECTB B Ipoliecce
KOPPO3UH METAIMYECKUX [TOBEPXHOCTEH OIPEAEIeTCs 10 U3Iy4EHHIO OT PaCCMaTpUBAEMON IIOBEPXHOCTH.

KumoueBsbie cioBa: skcneprusa JTII, ncKyccTBEHHbINH MHTEIUIEKT, [[BET, KOPPO3Hs, Aehopmarus Ky3oBa aBromoouisi, RGB,
ABTOMOOMJIb, TPAHCIOPTHOE CPENICTBO, OE30IIACHOCTD JOPOIKHOTO JIBHKEHHUS

Jas uurupoBanusi: TapacoBa, M. A. beckoHTakTHas aBTOMAaTU3UPOBaHHAs 3KCIPECC-OLIEHKA MOBPEXICHUHN Ky30Ba aBTO-
MO0 10 BU3yanbHBIM mapamerpaMm / M. A. Tapacosa, H. M. ®unbkus, P. A. FOprukos / Hayka u mexuuxa. 2019. T. 18,

Ne 6. C. 471-475. https://doi.org/10.21122/2227-1031-2019-18-6-471-475

Introduction

All road safety-related challenges are covered
by the Federal Targeted Program “Enhanced Road
Safety in the Years of 2013-2020” [1] aimed at
provision of the measures to reduce number of
road accidents and used for comprehensive ap-
proach thereto.

However, it is too early to suggest that the issue
can be settled to the fullest extent. Prompt visit to
the scene of road accident and immediate actions
taken by a group of highway patrolmen allow to
clear the traffic way quickly and efficiently, which
in its turn directly contributes to recovery of the
road traffic capacity. The key element in this case
is to capture the scene of accident. Well-establi-
shed inspection of the scene as performed by the
officials improves efficiency of investigative activi-
ties. However, it might be difficult to inspect the sce-
ne of road accident to the highest standard due to a
number of factors, including traffic flow density, road
conditions, the fact that the scene may take a large
portion of the traffic way, climatic conditions, time of
day, availability of technical devices for comprehen-
sive inspection and study of the traffic way, and,
mainly, human factor. Performance of inspectors at
the scene of road accident impacts investigation fin-
dings and defines the need to call for one or another
technical vehicle expert examination.

Given the global development of state-of-the-
art technologies, an increasing attention is paid
nowadays to emerging technologies, as well as
artificial intelligence and automated systems. Road
safety ranks high as well. That is the area where
use of technical devices for automation of certain
procedures completed at the scene of road accident
is as relevant as ever and allows to remove human
factor from the chain. This requires development
of so called automated road accident data sheet,
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including automatically filled up road accident in-
spection records, which saves time of the exami-
ning inspector and gives an objective account of
the situation.

There is a lot of techniques that can be used to
determine whether a number of damages to the car
body pertain to the same accident or there is a de-
ceit under way. Alternatively, a vehicle trace ex-
pert examination might be considered. However,
some factors, such as rust, might make the exert
examination difficult. In view of the above, a tech-
nique designed to determine whether the damages
produced are caused at the same point of time
gains its ground.

The theoretical groundwork for the article is
based on a number of studies dealing with road
safety and technical expert examination of a car
body [2-6], as well as atmospheric corrosion pro-
cesses that take place therein [7, 8]. The studies
that deal with color reproduction and image analy-
sis [9], as well as color of rust spots and con-
version of color channel vector for digital pho-
tos [10—12] can also be highlighted.

Having analyzed all available scientific litera-
ture and periodicals, it can be safely assumed that
the evaluation as to whether corrosive damage to
the car body is caused at the same point of time is
poorly covered.

Body

Moisture sets corrosion of metal surfaces in
motion. As soon as condensate contacts with a
metal surface, its rusting begins. Its color and struc-
ture in the points where the metal surface is exposed
to water change. A spongy rough red or even brown
film appears which means that hydrated ferric oxide
or, in common terms, rust has formed.
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It is atmospheric corrosion that is the primary
cause of damage to protective coating of a car
body. The corroded surface is subjected to some
processes that occur with time, resulting in change
of ratio between hydrated iron compounds and oxi-
des. Herewith, the layer corroded through and
through changes its color which contributes to de-
fining the corrosion stage and, therefore, time of
the car damage.

Typical color changes in corrosion spots are co-
vered in [13]. Comparing the color code of initial and
corroded surfaces allows to find corrosion spots. As
time passes, corrosion expands, additional spots ap-
pear, and the surface gains on color of corrosion
products. To determine start-of-corrosion time, it is
required to find a pattern in the way the color code
changes between the initial and corroded surfaces.

Fig. 1 shows main corrosion products that are
formed on surface of a car body. The additive color
model RGB used illustrates that each chemical ele-
ment has its own color.

Corrosion results in such substances formed on
the surface, which combination is responsible for
final color of the corroded surface. The color spec-
trum has a wide range, from yellow and orange to
brown and even black. That poses a problem of
finding a relation between the chemical substances
formed on the surface, their concentration, and
color of the corroded surface.

Among main corrosion chemical components
are FeO(OH), Fe(OH);, Fe,O5 and Fe;O,4. There is
no point to discuss others due to their high chemi-
cal reaction rate.

The above mentioned RGB color model is
based on additive color mixing, meaning that it
describes color synthesis. There are only three
channels (red, blue, and green) that are used to ob-
tain a wide range of color shades.

The technique is as follows. An image sensor
of a camera device, having a form of a grid made of
individual pixels, acts as a sensing element. Each
pixel has three separate elements (channels) to cap-

ture amount of light that strikes it and passes through
red, green, and blue filters. Each channel features
monochromatic perception, whereas its state varies
from zero light perceived (0 %) to complete exposu-
re (100 %). In particular, depth of the color perceived
has 8-bit gradient, from black (0) to white (255).
Therefore, color of an individual pixel can be defined
based on combination of primary color gradients.

The sources [14, 15] suggest that color of the
corroded surface of a car body changes with time.
It means that different color of two spots of rust
that is taken from the same metal surface but oc-
curred at different times will bear evidence that
different corrosion spots appeared in different cir-
cumstances, and it would be correct to say that the
damages are caused under different conditions.

Accuracy of the system used is such that it will
easily determine difference in time of the inflicted
damages. It might be several days or even seve-
ral years. The technique for processing the images of
damaged elements of a car body is provided in [14].
Fig. 2 shows image expansion in color channels.

As can be seen from the above, establishing the
time dependency of corrosion color may be used
to determine time when the surface got damaged.
The following technique will be quite of use. Let’s
carry out an experiment which will help define
dependency of change in color of chemical ele-
ments and their mixtures on their concentration.
Having provided identical illumination, main cor-
rosion products with different concentrations are
captured with a digital camera. A color mark with
18 % of grey is used as a marker. This is so called
grey card that will be used to provide the condi-
tions required for exposure during taking photos in
specific circumstances, involving setting of cor-
rected white color balance under the conditions of
mixed lighting so that the image will be further
used as a white-grey color standard.

Now, let’s distribute the obtained density va-
lues between three main channels of the objects
under study (red, blue, and green).

Chemical R R G B Chemical R G B
element Color element Color
FeOQ 0 0 0: - FeO(OH) - 148 | 158 | 56
Fe(O
(OH); 218 216 113 Fe, 04 - 141 104 63 -
Fe(OH), 165 | 138 | 109 FesO, - 0 0 0 -
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Fig. 1. Main corrosion products
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Initial image of the specimen under study

Green channel

Fig. 2. Image expansion in three color channels

It can be concluded that color of corrosion
products incrementally changes with time, which
is accompanied by the change in density of color
shades and, consequently, light reflected from cor-
rosion products. This suggests that the damages
inflicted are caused at the same point of time pro-
vided that color shades of corrosion spots and color
density of rust in the damaged areas are identical.

Summing it up, a set of the evidences above
can confirm whether damages to the car body are
caused at the same point of time. This set can also
be called a general population.

If corrosive damages to the car body pertain
at least to two general populations, it can be said
that rust did occur at the same time.

Now, let’s discuss the case when two samples
pertain only to one general population in more de-
tails. To do so, it is required to compare their mean
values. Let’s assume that both samples are inde-
pendent and take the variant from among all ad-
missible and possible ones where both variances
are unknown but supposedly equal to each other.
The selected variances of the first and the second
populations will be used as an evaluation criterion.

S and S35 are sample variances that are estima-

tes of the same variance of the population o”.

There are good reasons to take critical values
of the Student’s distribution equal to 0.975 to
ensure reliable results. Therefore, all damages to the
car body, having such reliability will be confirmed to
be inflicted as a result of the same road accident.

The procedure for determination as to whether
damages to the car body are inflicted at the same
point of time is provided below.

The areas of interest of the car body are cap-
tured with a digital camera. Their density gradient
of primary colors is determined and added up.
These resultant four color density samples (general
populations) are processed so that sample mean
values and sample variances are found for each
general population. Two samples are formed for
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each general population, the first containing the
values lower and the second containing the values
higher than that of the respective general sample
mean value. Then, sample mean values and samp-
le variances are determined for all the samples ob-
tained. A Student-Fischer test is used to check
equality of sample mean values for each pair and
that of sample variances. If the condition that the
critical values corresponding to Student and Fisher
distributions, determined from size of each samp-
le and evaluation reliability, are higher for all re-
spective pairs of sample populations is fulfilled,
it can be concluded that the damages are caused
at the same point of time.

Taking the proposed hypothesis and the tech-
nique as a basis, an express evaluation as to whet-
her the damages are inflicted at the same time is
developed.

Fig. 3 shows a flow chart for the express evalu-
ation under discussion [16]. This method considers
a car as a physical object, meaning that both da-
mage spot and car model are taken into account.
So are weather conditions (climate) and technical
features of the vehicle.

During the examination, the object is captured
with a camera, the corroded area is isolated with
the use of software, and its color attributes are
studied. After all color attributes are subjected to
analysis, a conclusion as to whether the damages to
the car body are caused at the same time is made,
which allows to reveal deceit as a result of the ex-
pert examination and analysis of the road accident.

The technique is implemented with the speci-
al-purpose software intended for identification
of time of damages. The result is taken as a basis
of the judgment as to whether the damages pertain
to the road accident under examination.

This software evaluates color shades of the
damaged surface, which contributes to identifica-
tion of corrosion spots and concluding about time
of the damages (whether they are caused at the
same point of time).
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Fig. 3. Flow chart for express evaluation of corrosive damages to the car body
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CONCLUSIONS

1. A technique for express evaluation is deve-
loped to be used during technical analysis of a car
to determine whether the damages to the car body
subject to corrosion are caused at the same point
of time. This technique allows to define whether
corrosion started at the same time, based on change
in color of corrosion products. It may be used to
reveal deceit during evaluation of consequences
of road accidents.

2. An experiment was carried out to check effi-
ciency of the technique for determination as to
whether corrosion spots appeared on a car body at
the same point of time. Herewith, experimental
analysis shows that its accuracy reaches 95 %.

3. The key advantages of the technique are that
it is simple, quick to implement, and requires no
human involvement. Neither steel grade, atmos-
pheric composition, nor other similar factors that
would reduce accuracy of other corrosion evalua-
tion methods impact investigation results.

This publication has been developed within the frame-
work of the project 15.06.01/18FNM “Wheeled and Tracked
Vehicles” executed on the basis of Order of Rector of Federal
State Budgetary Educational Institution of Higher Education
Kalashnikov Izhevsk State Technical University No 1493
dated December 29, 2018 “About Grant-Based Support
of Priority Research by Scholars of Kalashnikov Izhevsk State
Technical University” with the financial support from Federal
State Budgetary Educational Institution of Higher Education
Kalashnikov Izhevsk State Technical University.
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Abstract. More than 10 million people are directly employed by the transport industry in Europe, accounting for 4.5 %
of total employment and representing 4.6 % of Gross Domestic Product (GDP). This fact, combined with the rapid develop-
ments and changes of the sector, makes imperative the need to create, attract and retain appropriate staff. As the overall trend
is to increase automation, the sector will depend more and more on specialised equipment and products. Future jobs will
therefore require new and advanced skills in engineering as well as in back office operations, but at the same time, the gro-
wing interdisciplinary elements of transport activities will also require transport professionals with developed skills in safety,
security, logistics, IT, behavioural sciences, marketing and economics. The European Research project SKILLFUL has deve-
loped a structured foresight into the vocational and academic qualifications in the Transportation sector of the future and has
proposed training schemes and their supportive business models that could ideally be adopted European-wide, to enhance
employability and sustainable industrial development in the transportation sector in Europe. The identification of future
requirements constituted the basis of the project. The impact of new technologies and game changers, as well as emphasis
on intermodality and interdisciplinarity on employability and future worker skills, have led to the development of relevant
scenarios on future jobs knowledge and skills requirements, regarding the road transport in Europe. This has led to the identi-
fication and design of proper and specific curricula for training (with emphasis on middle-skilled professionals and lifelong
learning), while also to the introduction of six novel concepts of business actors, expected to facilitate the training process and
enhance the transport-education chain. The project goes a step beyond by addressing also critical issues towards a Pan-
European master curriculum on transport.
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HaBbiku 1 TpeOOBaHUSA K 00y4EeHUIO
C LeJIbI0 o0ecnevyeHus OyylIero TPAaHCIOPTHOro cekTopa EBponbi

9. Beknapuc”, M. JIykea"

UI'peueckuii eHTp MccleI0BAHMI 1 TEXHONOTMH, [ peueckuii HHCTUTYT TpaHcropTa (CanoHHKH,
I'peueckas PecryOvika)

Pedepar. B Espone 6osnee 10 MUIITHOHOB YENIOBEK 3aHATHI HEMIOCPEACTBEHHO B TPAHCIIOPTHOM OTpaciu, 4To cocTaBiseT 4,5 %
ot oOmelt 3anaToctH (4,6 % BamoBoro BHyTpeHHero mpoxykra (BBII)). Ota cratuctuka B codeTaHMH ¢ OBICTPBIM Pa3BUTUEM
Y M3MEHCHUSMH B JAHHOM CEKTOPE SKOHOMHKH IPEJIIONaraeT HeoOXOAMMOCTb 00y4YEHHUs, IPUBICUCHHUS U COXPAHEHUS KBAJIU-
(uimpoBanHoro nepconaia. ITockonbKy oOmias TEHIEHIMS 3aKII0¥aeTcs B yBEIMYECHHMH HpOLEcca aBTOMAaTH3aLlMH, JaHHOE
HarpapJIeHHe SKOHOMUKH OyzieT Bce OOJIbIIe 3aBHCETh OT CHEIMaIM3UPOBAHHOTO 000PYI0BaHMS U HpHCIocoOIeHuid. IToaTomy
Ha HOBBHIX pab04Mx MecTax IMOTpeOYIOTCS HOBBIC KBAIM(HMKAINK M HABBIKH, NIEPENOBIC TEXHOJOTUH B OCYIICCTBICHUN HHXeE-
HEPHO-TEXHIYECKHUX PaboT, a Takke B BEACHUH TEXHUIECKON JOKYMEHTAIUH; B TO )K€ BPEMs YCIIICHHE POJIH MEXKANCIUILIHAD-
HBIX DJIEMEHTOB TPAHCIIOPTHOH JIEATENFHOCTH TaKkXkKe MOTpeOyeT NpHBIeUEeHHs MPo(ecCHOHANI0B B 00JIAaCTH TpaHCIopTa, obma-
JIAIOLINX BBICOKMM YPOBHEM 3HaHMil M HaBBIKOB B chepe Ge30macHOCTH, OXpaHbl, JJIOTUCTUKH, HMH)OPMALMOHHBIX TEXHOJIOTHH,
OMXEBHOPUCTUKH, MapKeTHHIa W 3KOHOMHKH. B pamkax peanmsarmu EBpomneiickoro Hay4HO-HMCCIIEIOBATENbCKOrO MPOEKTa
SKILLFUL 6511 BBIpaOOTaH CTPYKTYPHUPOBAHHBIM NPOTHO3 OyAyIINX Mpo¢ecCHOHATBHBIX H aKaJIEMHUUECKUX KBaTU(UKAIIMH
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B CEKTOPE TPAHCIIOPTA, & TAKKE MPEITI0KEHBI CXeMbl 00yUCHHUS U TOJIEPKUBAIOIINE X OU3HEC-MOJICITH, KOTOPHIE HCaTbHO
MOJIXOMAT U MOTYT OBITh NPUHATHI B MacmTade Bcedl EBpombl. DTO OKHO MOBBICHTH BO3MOXKHOCTH TPYIOYCTpOICTBA U
00ecIeunTh YCTOWYHBOE Pa3BUTHE TPAHCIIOPTHOTO cekTopa B EBpone. OmpenencHue HOBBIX TPeOOBaHMIA U JIETIIO B OCHOBY
JTAHHOTO MPOCKTa. BIHsTHNE HOBBIX TEXHOJIOTHI M HAJIMYKE PEIIAOIINX (aKTOPOB, KOTOPBIC KapAWHAIBHO MEHSFOT CHTYaIlUIO
B chepe TpaHCIOPTA, BHIIBKEHUE B KATETOPUIO MMPHOPUTETHBHIX HHTEPMOAATBHOCTH U MEXKIUCIUILUTHHAPHOCTH B BOIIPOCAX
TPYIOYCTPONCTBA U pa3BUTHA B OyIyIIeM HOBBIX HABHIKOB MPHUBEIH K pa3pabOTKE COOTBETCTBYIOIINX CIIEHAPHEB C IEIBIO
(hopMupOBaHUS HOBBIX 3HAHWI W HABBIKOB JJIsI HOBBIX pabovHX MecT B cepe aBTOMOOMIBHOTO TpaHcopTa B EBpone. B cs3u
C 9TUM OTIpeNeNIeHbl M pa3paboTaHbl HaIUIeKAIIHE CIICHaIbHbIC yueOHbIE TPOrpaMMEl (0c000€ BHIMAHHE yIENEHO ITOATO-
TOBKE CIICIIAJIICTOB CPETHETO 3BEHa, BOIPOCAM OPTaHM3aIlii 00pa30BaHMS Yepe3 BCIO JKU3HB), a TAK)KE BHEAPCHUIO IIECTH
HOBBIX KOHIIETIINI OU3HEC-aKTOPOB, YTO JOJDKHO CIIOCOOCTBOBATH OPTaHU3AUH YU4eOHOTO TpoIiecca U MPOABIKCHUIO TPaHC-
MOPTHO-00pa30BaTeIbHOM ceTH. PaccMaTpuBaeMblil MPOEKT BBIXOIUT 33 PAMKH CBOMX CICIM(DUUCCKUX 3a1ad, peias Mmpu
9TOM M BaKHEHIIIME BOIPOCHI, KOTOPbIE CBS3aHbI C 00IeeBPOIEiiCKOl OCHOBHOHM y4eOHO! IIPOrpaMMOii 110 TPAHCIIOPTY.

KnroueBbie ciioBa: EBporneiickuii TpaHCTIOPTHBIM CEKTOP, EPCIIEKTHUBHBIE TPEOOBAHUS K HaBBIKaM, 00yueHHe, TPYAOYCTPO-
CTBO, pOJib OHU3HECa

Jas murupoBanusi: bexuapuc, O. HaBbiku u TpeOoBaHMs K 00y4eHHIO C IIENBI0 00ecIedeHHsl OyIyInero TpaHCIOPTHOTO
cexropa EBpomnsr / O. bexnapuc, M. Jlykea // Hayka u mexuuxa. 2019. T. 18, Ne 6. C. 476-481. https://doi.org/10.21122/2227-

1031-2019-18-6-476-481

Introduction

Labour markets around the world are expe-
riencing significant changes, within the transport
sector having a leading role due to the constant
technological development and the new business
schemes. Moreover, social and demographic chan-
ges affect the field, as in ageing societies workers
are retiring later, while labour mobility, immigra-
tion, and labour market integration contribute sig-
nificantly to economic growth in many countries,
causing, however, challenges that need to be ad-
dressed.

The specific challenge occurring from this,
concerns the identification and assessment of fu-
ture requirements for skills and training tools/me-
thods across transport modes and systems, in order
to improve the potential of the workforce but also
improve the gender balance in the field of transport
(as only a rate of 22 % represent women working
in the transport sector) [1]. This creates particular
challenges for those working in the transport sec-
tor, now and in the future, in terms of upskilling,
training and qualifications.

Attracting and retaining skilled professionals in
the transportation sector will require significant
investment in training to address existing skill
shortages and further adapt to the evolution of the
sector and its developments. Training investments
can be provided by different sides of the transport
sector. Companies may decide to invest in training
to address the specific needs of their activity.
However, they would do so only if they are able to
seize the return of this investment, by retaining
their workers and offering them opportunities to be
promoted. Where this is not possible, the skill
shortage requires government intervention.
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Across the different transport modes, the labour
issue plays out in different ways. For example,
a shortage of pilots exists in most regions of the
world, while in the rail sector, skill requirements
were traditionally of a technical nature, but are be-
coming more and more service-oriented, implying
a shift in focus towards commercial and business
competencies. Another important challenge for all
sectors is also to acquire the necessary skills de-
manded by the integration of information techno-
logies.

Within this context, and with regard to the
transport sector, SKILLFUL identifies the needs
and requirements for the user groups, which range
from low to high skilled workers, across transpor-
tation modes and for multimodal chains and for all
levels/types of works (blue collar, white collar,
managers, operators, researchers, etc.).

The SKILLFUL project

The SKILLFUL project (http://skillfulproject.cu/)
is a European funded Research project that aims
to identify and present the necessary skills and
competences for the transportation workforce of
the future, in three different horizons (short-term
in 2020, medium term in 2030 and long term
in 2050), and to suggest the appropriate training
schemes that will be required to address these
needs. More specifically, the aim of the project is
threefold:

e to critically review the existing, emerging and
future skills requirements of the transportation sec-
tor professionals;

e to structure the key specifications and com-
ponents of the curricula and training courses,
in order to meet these challenges;
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e to identify and propose new business roles
in the transport and education chain, in order to
achieve European wide competence development
and take-up in a sustainable way.

The project analyses the emerging and foreseen
trends in future transport, considering the whole
transportation chain in Europe (including all trans-
portation modes) and all different levels and types
of transport professions (blue collar, white collar,
managers, operators, researchers, etc.). The project
also assesses existing training and education pro-
grammes of transport across Europe and suggests
a number of University and Vocational training
schemes the future transport needs, defining also
the competences of their trainers and trainees.

Furthermore, six novel business roles are intro-
duced and suggested for the education and training
chain related to the transportation sector that are
considered necessary for the effective future trai-
ning provision throughout the European transporta-
tion sector.

Overview of SKILLFUL methodology

The whole project process can be divided into
three major categories/steps:

» Step 1. Identification of Future Trends/
Needs & Best Practices;

> Step 2. Development of Training Schemes &
Definition of Profiles and Competences;

» Step 3. Verification and Optimization of
training schemes.

In a nutshell, the first step lays the necessary
foundations for the implementation of the appro-
priate educational/training programs and relevant
curricula, methodologies and tools and for configu-
ring also their wider context, while also includes
the identification of future trends and the impact on
jobs that are likely to affect the European Trans-
portation system (WP1). Following on from this,
training methodologies and approaches have been
identified and developed to meet the emerging and
future needs of transportation professionals (WP2).
This first part of the project is the one that has
identified the needs existing in the whole chain
system of Transport and education, with the identi-
fication of: a) the factors that will affect the
transport system over the next years and in differ-
rent time frames (short-term until 2020, mid-term
until 2030 and long-term until 2050), whereas
game changes, new and evolving technologies,
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new services and business schemes etc.; b) how
this is going to be done (i. e. what factors will bring
what changes); ¢) which professions jobs is fore-
seen to be mostly affected and what news ones are
expected to emerge, resulting to lists with 28 spe-
cific professions and/or positions.

This prioritisation has acted as a “feeder” for
the next SKILLFUL activities and main outcomes
of the project; indicatively the following ones:

e connection of emerging training needs to the
existing educational systems, noting and tackling
further educational needs and gaps;

e suggestion and development of new training
schemes in order to address the aforementioned
training needs and gaps;

e identification of requirements and competences
both for trainers and trainees and for each training
module/scheme developed within SKILLFUL;

e identification and description of the six new
business roles, proposed for the education and
training chain related to the Transportation sector,
expected to change the future training provision
of the transportation sector and become the catalyst
for its sustainability.

Expected changes in the human capital
of the transportation system in Europe
and suggested training schemes

The analysis made within the SKILLFUL pro-
ject, as described above, provided some interesting
outcomes about the technological and business
trends that are already affecting or are expected to
affect the European transportation system in the
near and long future. The main trends that are ex-
pected to influence transport in Europe and its em-
ployability, as identified by the project are listed
below:

« globalisation;

« digitalisation and connectivity;

« greening of transport (electrification, alterna-
tive fuels, propulsion systems);

e automation (robotics, autonomous and un-
manned transport systems);

e smart transport (tracking, predictions, big da-
ta, efficient logistic and transport chains);

« mobility as a service, sharing/combined trans-
port systems, multimodality;

» new transport vehicle systems adopting future
needs of the customers regarding on demographic
and climate change and needs;

Hayka
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« safe and secure transport;

» employability and sustainable employment.

During the interviews that have been conducted
within the first phase of SKILLFUL, participants
have been asked to highlight the professions, jobs
and occupations that they foresee to be most af-
fected or may disappear by also defining the time-
frame of these changes, while also suggest the new
occupations that are expected to arise in the same
timeframes, in order to cover the emerging and
future needs of the transport system in Europe and
worldwide. For the justification of all these estima-
tions, direct correspondence between each one of
the future changes in the occupational sector with
specific driving forces has been made, while also a
description of the responsibilities and competences
for the altered and emerging jobs has been provi-
ded. Thus, according to the outcomes of SKILLFUL,
28 occupational fields of the transportation sector
have been defined, concerning the professions that
are expected to be mostly affected by the present
and future changes and developments of the Euro-
pean transportation system (13 professional fields
for jobs/positions to be changed or eliminated and
12 groups for jobs/positions to be emerged) [2].

Development of the training courses
and schemes

One of the project objectives was to propose
and develop future training curricula and schemes
both for the university education and the vocatio-
nal training of the transport sector’s workforce, as
well as to identify critical issues to be addressed
in order to meet the future needs of the field.
Proposed future training curricula and courses in-
cluded information on course content, objectives
and learning outcomes. At the same time, the trai-
nees’ minimum requirements together with trai-
ner’s competences for each course have been de-
fined and described by their developers. The trai-
ner’s competence was understood as a capability
including knowledge, skills, attitudes and experi-
ences to perform or carry out defined tasks in a
particular context of training. It was set in the wi-
der context of the EU’s work in transport field to
be able for future development and flexible to the
needs of practice. A full list of requirements for
trainer’s competences for each training scheme
was based upon a conceptual framework and on
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relevant outputs of previous project work, inclu-
ding literature review and a wide consultation of
stakeholders (internal and external to the Consorti-
um of the project), who have been identified as
experts either in the field of transport or educa-
tion/training or both.

In addition, a detailed analysis was performed
for each course, in order to identify the correlations
between the emerging and future trends in the
transport sector to be covered on the one side and
with the most promising training methodologies
of the future. These correlations were retrieved
in for each course in order to ease readability and
interpretation of the identified expected changes
and additional needs for the future. The most rele-
vant training methodologies and tools that have
been identified are listed below:

» Training methodologies

e E-learning.

e Virtual/augmented reality.

e Gaming environment.

¢ Human led individualized training.

¢ Blended learning.

o Peer led/ mentoring learning programme.

e Traditional lecture.

e Networked learning (e.g. social media net-
working).

e Smart learning technologies: personalised
learning processes and schemes based, for example
on big data, machine learning and Al

e Scenario/story based learning.

e Training on the job/experiential learning.

e Informal learning.

» Training tools and technologies
e Portfolio.

e Smart learning technologies.

e Virtual Learning Environment.

¢ Educational robotics.

e Podcasting.

e Game-based learning.

e Virtual/augmented reality.

» Settings

e Distance (D-)/Mobile (M-)/Ubiquitous (U-) —
Learning.

o Flipped/inverted Classroom.

e Work-based learning.
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e Collaborative/team-based learning.

e Informal learning.

¢ Networked learning (social network techno-
logies).

¢ Pedagogical model.

e Heutagogy/E-heutagogy.

o Active/Authentic learning.

e Observation/Discovery-based learning.

Within SKILLFUL 34 training courses have
been suggested and described and 17 of them have
been also fully developed and evaluated through
the realisation of pilots, including real users.
SKILLFUL courses have been clustered in the fol-
lowing categories.

e Courses for transport infrastructure opera-
tors addressing the requirements for new skills
and competences to catch up with emerging tech-
nologies.

o Lifelong training schemes for low — to mid-
dle-skilled segments of transport professionals.

o Interdisciplinary thematic courses on key
technologies, services, and trends that focus on
issues proven to have a transferable character
among modes.

e The Young Researchers Seminar, which is
a joint initiative of ECTRI, FERSI and FEHRL
organised every 2 years in a different European
city. Within SKILFLUL two seminars have been
organised focusing on the issues and trades identi-
fied by the project and with the participation all
researchers from all modes.

SKILLFUL has also suggested and designed a
first core syllabus towards a Pan-European Trans-
port Engineering master, together with the deve-
lopment of several modules, in accordance again to
the requirements that have emerged by the out-
comes of the SKILLFUL project.

New business roles in Transport Education
and Training chain

During the second phase of the SKILLFUL
project new business roles have been identified and
proposed for the education and training chain re-
lated to the Transportation sector. The promotion
and adoption of these business roles could dramat-
ically change the future training provision of the
transportation sector and ensure in a great extend
its sustainability. For example, as energy aggrega-
tors have paved the way for new and more efficient
schemes for the reduction of energy consumption
Europewide; “knowledge aggregators” may equal-
ly become the catalyst for a sustainable and ad-
vanced VET/CVET quality in the transportation
area. Furthermore, some of the suggested roles,
such as the ones of “training certifiers” and “train-
ing promoters” could also help the expansion of
training schemes from local/national level to Euro-
pean and, thus, strongly facilitate the mobility of
the European workforce

Based upon the outcomes of the SKILLFUL
project, as indicatively described above, six new
roles of business actors have been identified and
suggested (Tab. 1).

Table 1

Suggested business roles by SKILLFUL project [3]

Transport Knowledge Aggregators |Transport Knowledge Aggregators are entities that collect and analyse information on emer-
ging technologies and services in the transport domain from different sources. Their mission is
to aggregate them, connect them and produce training courses to offer to the greater Transport
Education and Training Ecosystem

Transport Lifelong Training
Promoters

Lifelong learning promoters in Transport are actors that support financially, institutionally or by
other means the continuous re-skilling (usually upskilling) of Transport workforce , in order to keep
on pace with emerging job needs and enhance employability of the existing workforce

Transport Training Certifiers

sector Europewide

Transport training certifiers are entities that have the authority of de jure or de facto certifying
key knowledge and skills in the Transportation sector that are then acknowledged across the

Transport Training Infrastructure |Transport Training infrastructure providers are entities that open to third parties (with various
business models) big infrastructures for the purpose of training and skills creation of transport

Providers
professionals

Collaborative passion arenas
in Transport

Collaborative passion arenas in Transport refer to the equivalent of open source development
communities for skills’ creation. It concerns signified communities that create and share
knowledge in Transport, collaboratively developing alternative knowledge and self-
organising/recognising it between them; through Hacathlon or equivalent competitions. They
are based on social communities and co-creation spaces

In vivo Altschool social networks |In vivo Altschool social networks in Transport can be defined as training/skills development
environments on Transportation issues within the living society, with emphasis on mutual
training and real life skills creation

in Transport
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Business roles and professional titles like “ag-
gregators”, “promoters”, “certifiers”, “infrastruc-
ture providers” and “collaborative arenas”, have
been already met in different business domains.
The Information and Communication Technolo-
gy (ICT) sector has largely contributed to new
ways of conducting business through the forms
that services have taken, i. e. products or services
are not sold as used before, but are rather “rented”
or paid for during their use by the customer. Wi-
thin SKILLFUL, such roles are transformed and
instantiated for promoting future skills in the
Transport sector.

CONCLUSIONS

1. The transport sector is going through major
changes, as global challenges and megatrends like
automation and digitalization, together also with
safety and security concerns, are affecting the fu-
ture of the whole transport system and its human
capital. These constant technological and business
developments and the growth of the transport sec-
tor also make the need for continuous education,
training and qualification of transport professionals
imperative. In this context, one of the main chal-
lenges for the European transport sector is also
whether it would be able to attract but also main-
tain that are properly skilled and able to cope with
the new needs of the sector.
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2. Considering the importance of such employa-
bility and education/ training issues for the whole
Europe, the EU funded research project SKILLFUL
has been working on the identification of the lea-
ding relevant scenarios on employability enhance-
ment in the future, as well as towards the identi-
fication of key educational and training sche-
mes for all levels and types of transport occupa-
tions, training approaches, and transport modes,
in order to meet the future needs of the sector.
The SKILLFUL project aims to generate a struc-
tured foresight into the vocational and academic
qualifications in the transportation sector of the
future that could be adopted European-wide, and to
enhance the future employability of the European
transport sector.
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Abstract. The article presents the results of the study of the road traffic safety on the automobile roads of the Republic of
Kazakhstan. We performed the analysis of the main indicators, specifying the state of the road traffic safety on the automobile
roads of the republican significance of the Republic of Kazakhstan. In many regulatory acts, such as “The Priority Action Plan
for Improving the Road Traffic Safety of the Republic of Kazakhstan for 2017-2020”, developed with the support of the
Asian Development Bank, and in the “National Concept of Road Traffic Safety” project as well , developed by the Interde-
partmental Research Institute called “The Academy of Law Enforcement Agencies” of the General Prosecutor’s Office of the
Republic of Kazakhstan, the urgent need to improve road traffic safety is clearly pointed. At the same time, it is necessary
to have the information about the extent of the existing problem in the field of road traffic safety, which is ensured by the
constant consideration and analysis of the statistical indicators, as well as by planning appropriate measures aimed at correc-
ting the situation and achieving planned indicators in the framework of, for example, the national concept of road traffic sa-
fety. Currently, statistics on road traffic accidents, occurring in Kazakhstan, are published by the Committee on Statistics of
the Republic of Kazakhstan and the Committee on Legal Statistics and Special Accounting. However in the current situation,
this is not enough, especially since the ARC MIID of the Republic of Kazakhstan outlined the program of actions aimed at
eliminating the existing shortcomings in the field of the road traffic safety and significant improving its indicators. The analy-
tical investigation of the status of the road traffic safety on the roads of the Republic of Kazakhstan was carried out. This will
become a kind of starting point in the consistent work in this direction, which will provide the interested parties, first of all
the experts, with the high-quality and reliable information about the main figures, characterizing the state of safety of the road
users. Based on objective accident data, it is possible to take the effective measures aimed at improving the situation on
the roads of the Republic of Kazakhstan.
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pa3paboTaHHOM IpH MOAJEPKKe A3HaTCKOro OaHKa pa3BUTHS, a TakKe B poekTe «HaruonansHas KoHIenws 6e30macHOCTH
JIOPOKHOTO JIBIDKEHHSD», MOATOTOBICHHOM MeXXBEIOMCTBEHHBIM HayYHO-HCCIIE0BATEIbCKIM HHCTUTYTOM «AKaJeMHUs Ipa-
BOOXPAHUTENILHBIX OpraHoB» I'eHepainbHON nmpokyparypsl PecriyOnuku Kasaxcran, 4eTko yka3aHa ocTpas HEOOXOIMMOCTh
MIOBBIIIEHUST 0€30ITIaCHOCTH JOPOXKHOTO JBIKEHHUS. B To jxe Bpems HE00X0AMMO UMETh MH(GOpMALUIO 0 MacmTabax cyie-
CTByIoLIEeil MPO0GIeMBI B 001aCTH 0€30IIaCHOCTH JJOPOXKHOTO JIBHIKEHHUS, 4TO 00ECIIeurBaeTCs IIOCTOSHHBIM H3YUYCHHEM U aHa-
JM30M CTAQTUCTHYECKUX IIOKa3areseil, a Takke INIAHUPOBAHHEM COOTBETCTBYIOLIMX MeEp, HANpPABJICHHBIX HA HCIPABIICHHE
CUTyallUN W JOCTIDKEHHE 3aIIaHNPOBAHHBIX TIOKa3aTelell B paMKkax, HampuMmep, HannoHaabHON KOHIENIMH 0e30MmacHOCTH
JOPOXKHOTO JBIKEHMS. B HacTosiIee BpeMsl CTaTHCTHKA JOPOXKHO-TPAHCIIOPTHBIX MPOUCIIECTBUH, MPOUCXOAAIINX B CTPaHE,
my6mukyercs Komurerom mo craructuke Pecry6Omuku Kasaxcran u KomuteToMm 1o nmpaBoBoi CTaTHCTHKE W CHENUATIBHOMY
ydery. OfHaKO B CIOXKUBIIEHCS CHUTYallMH 3TOTO HEJOCTATOYHO, TeM Oosee 4To MUHNCTEPCTBO MHAYCTPUH M UHPPACTPYK-
TypHOro passutus Pecny6unkn KazaxcraH HaMeTHIIO TporpaMMy ACHCTBHMN, HAalPaBJICHHYIO HA YCTPAHCHHE CYIIECTBYIOLINX
HEZ0CTAaTKOB B 00JaCTH 0E30I1aCHOCTH JOPOXKHOTO JBM)KEHHS M 3HAYMTENBHOE YIydllleHHe ee nokasatene. [IpoBeneHo aHa-
JUTHYECKOE HMCCIIE0BAHUE COCTOSHMS OC30IACHOCTH JOPOXKHOTO JBMIKEHHS. DTO CTAHET CBOETO POJA OTIPABHON TOYKOH
B IIOCJIEZI0BATENIbHON paboTe B JaHHOM HalpaBJICHHH, KOTOPask IPEAOCTABUT 3aMHTEPECOBAHHBIM CTOPOHAM, B HEPBYIO OYe-
penp dKCIepTaM, Ka4eCTBEHHYIO M JOCTOBEPHYIO MH(GOpPMAIHIO 00 OCHOBHBIX ITOKA3aTENX, XapaKTepPHU3yIOIINX COCTOSHUE
0€30MacCHOCTH YJaCTHHKOB JIOPOJKHOTO JBIKEHHs. Vcxost n3 00beKTuBHEIX aHHbIX 0 JITII, MokHO npuHATE 3 exTHBHEIE
MepbI, HallpaBJIeHHbIEC HA YITy4IIeHue CUTyallny Ha goporax PecryOmmku Kasaxcran.

KiioueBble ciioBa: 6e30macHOCTh JAOPOKHOTO ABUKEHUSA, NOPOKHO-TPAHCIIOPTHOE IPOUCIIECTBUE, PEATIBHOE ITOJIOKCHUEC,
CTaTHUCTHKA, ITOKA3aTCIIN COCTOSHUA HOpO)KHOﬁ 0e30macHOCTH

Jns nuTHpoBaHuMsi: AHAIU3 COCTOSHUS OE30MACHOCTH JOPOXKHOTO JaBIKeHHs B Pecryomuke Kasaxcran / K. U6Gpaes [u ap.] //

Hayxa u mexnuxa. 2019. T. 18, Ne 6. C. 482-489. https://doi.org/10.21122/2227-1031-2019-18-6-482-489

Introduction

Various international organizations collect,
analyze and publish statistics on the road traffic
safety on roads. These are, for example, WHO,
the World Bank, the European Commission, the
OECD, and others. Some countries also publish
their national reports on the road safety, including
the world leaders in improving the road safety such
as Australia, Great Britain, Sweden [1-3] and
some others. This, once again, testifies to the im-
portance and seriousness of the problem of impro-
ving the road traffic safety on auto roads. This ap-
plies to the Republic of Kazakhstan as well.

The most scaling statistical analysis of the road
traffic accidents in the context of various countries
of the world is carried out by WHO. Currently, two
such studies are known that were carried out
in 2009 [4] and 2013 [5]. The main indicator of the
road safety according to WHO is the number of
deaths in the road accidents per 100.000 people of the
country. So, the average world indicator (as of 2013)
is 18.0 deaths in the road accidents / 100 thousand
people, while in Europe — 8.7 deaths in the road acci-
dents / 100 thousand people, in Kazakhstan 24.2
deaths in accident / 100 thousand people [5].

The experience of compiling and analyzing
of such summarized information about the acci-
dents on the road network shows that such perio-
dic reports not only hold up-to-date information,
but also capture the relevant trends, which in its
turn, helps to make reasonable management deci-
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sions, allowing, to some extent, to control the overall
situation in the field of the road traffic safety.

The WHO data for 2009 [4] and 2013 [5] show
that there are countries that are better than others
in solving the task of minimizing the consequences
of the road accidents, which allows us to hope to
improve the situation at the national level. For this,
first of all, it is worth to turn to the analysis of the
foreign experience.

According to the indicator called as “the traffic
fatalities per 100.000 people”, Sweden is the safest
country with an indicator of 2.8 people per year
(as of 2013), the UK — 2.9 people who died in
road accidents / 100 thousand people, Germany —
4.3 deaths in traffic accidents / 100 thousand peo-
ple, the USA — 10.6 deaths in traffic accidents /
100 thousand people, Australia — 5.4 deaths in traf-
fic accidents / 100 thousand people, Canada —
6.0 fatalities in road accident / 100 thousand peo-
ple [5]. This indicator for Belarus is 13.7 deaths
in traffic accidents / 100 thousand people, for the
Russian Federation — 18.9 deaths in traffic acci-
dents / 100 thousand people [5].

In relation to the Republic of Kazakhstan, we
considered four groups of data, which include:

— general and detailed information about the na-
ture, causes and consequences of road accidents as
a phenomenon in the Republic of Kazakhstan as
a whole and by regions over the past five-year period,

— the information characterizing the place and
the time of the accident in the Republic of Kazakh-
stan for the previous year;
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— the general and detailed information, quanti-
tatively and qualitatively characterizing the parti-
cipants of the accidents in the Republic for the last
reporting period,;

— the reference information characterizing the
network of the republican highways and the fleet
of vehicles required for the comparative analysis.

For the analysis we used the information from
the official website of the Committee on Statistics
of the Ministry of National Economy of the Repub-
lic of Kazakhstan. The graphs below are based on
the information contained therein.

The road traffic safety
of the National auto roads

According to the statistics, the peak in the
number of accidents in Kazakhstan falls on 2013.
In subsequent years, there has been a significant
improvement in the generalized indicators charac-
terizing the road traffic safety (Fig. 1).
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—+— — Death rate in road traffic accidents/1 mln transport facilities

—<o— — Death rate in road traffic accidents/100000 of population

Fig. 1. Dynamics of the changes
in the road traffic safety indices in Kazakhstan
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Currently, this tendency is not so pronounced,
in particular, on the network of the republican
roads there was no significant improvement in in-
dicators characterizing the state of safety in 2018.
The positive tendencies in some areas are offset by
negative dynamics in others. Only in one region
of Kazakhstan — East Kazakhstan — in the last two
years there has been a consistent decrease in both
the total number of accidents and the severity
of their consequences: in comparison with 2016,
the number of accidents recorded in 2018 de-
creased by 31 %; the fatalities in road accidents
decreased by 26 %; the number of injured was re-
duced by 30 %.

In absolute terms, the situation is least favo-
rable in the Almaty region: the largest number
of recorded accidents, fatalities and injuries — 802
accidents (+46 % by 2017), 206 fatalities (+20 %)
and 1255 injured (+46 %), respectively. When
considering the road traffic safety from the per-
spective of accident indices, the negative accents
affect not only Almaty, but Zhambyl and Akmola
regions as well. The accident rate in these regions
had the greatest impact on the average value of the
number of accidents per 100 thousand of the po-
pulation of Kazakhstan, which in 2018 amounted
to 18.1 for the republican roads (Fig. 2). Taking
into account that in the remaining eleven regions
this indicator is three to four times lower than the
national average, the close attention should be paid
to these regions when planning the work to im-
prove the road traffic safety.
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Fig. 2. The traffic fatalities in 2018 on the republican auto roads per 100 000 of the population
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The reasons and the circumstances
of the road accidents

The results of the numerous studies conducted
around the world show that the non-compliance
with the speed limit significantly increases the risk
of the traffic accidents [6]. The relationship bet-
ween the speed and the road traffic safety is not
just statistical, but it is causal as well [7]. The con-
tinuous authoritative research only confirms these
provisions [8].

In Kazakhstan, as well as in the whole world,
the main cause of the accident is the non-
compliance with the speed limit (Fig. 3), specified
for this section of the road — 38 % of the total
amount (923 accidents). At the same time the most
adverse outcome is observed in an accident in
which the vehicle enters an oncoming lane (head-
on collision): in 71 out of 100 cases, this type of
accident is fatal for one of the participants, while
another 247 people are injured. Despite the fact
that the total number of such accidents slightly ex-
ceeds 10 % of the total amount, the death rate in them
is 20 % of the total, and almost every six wounded
received injuries during the reporting period precisely
when leaving for oncoming traffic.

Driving under the alcohol influence in the
world practice [9] is recorded as the most mali-
cious way of neglecting the public order, and at the
same time, this way is the most dangerous from the
point of view of social consequences. The statistics
of the accidents on the republican roads of Ka-

zakhstan indicate that drug intoxication (including
alcohol) is not so common (Fig. 3), and mortality
in such accidents is about 21 %, which is the
eighth cause of death in road accidents. In Kazakh-
stan, in 2018, the legislation regulating the inspec-
tion of drivers and the procedure for determining
their alcohol intoxication changed. Under the new
rules, the blood alcohol content of the driver should
be more than 0.5 per mille in order to record the fact
of driving under the alcohol intoxication.

The minimum number of road traffic accidents
in 2018 occurred in the shortest month of the year —
February: 123 road accidents, one in three of
which were fatal (Fig. 4). The maximum number
of road accidents occurred in November — 259 road
accidents. At that, the most negative month in this
series was August, when more than 10 % of all
road accidents were recorded, of which almost eve-
ry second road accident ended with the death
of one of its participants. It can be noted that such
a breakdown of road accidents by months corre-
sponds to data obtained in other countries [10],
so this may indicate a possible existence of some
regularity.

The most dangerous, and this should be re-
membered by all road users, is the evening time
and the twilight period (Fig. 5). In total, almost
half of all accidents occur during the day period
with insufficient natural lighting for auto roads. At
that, the greatest number of deaths occurred in the
period from 18 to 24 hours — more than 30 %.

over speed

923 accidents

lost control of the ste,
109 accident

car malfunctio
11 accident:

non-observance of
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overwork (sleep
driving)
67 accidents

10 pgople
250 people

300 people

4 people
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168 people, oncoming lane
36 accidents
drunk driving

47 accidents

other reasons
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Fig. 3. The reasons of the road traffic accidents
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Fig. 5. Statistics of road accidents by the time of the day

The typical traffic violator , the culprit of every
third accident, is a driver of 25-35 years (Fig. 6).
In 2018, the drivers of 40—45 years posed the mi-
nimum danger to the life and health of road users.
The highest index of injured is observed in the road
accidents with participation of the young drivers un-
der the age of 20: 271 people per every 100 road ac-
cidents. Novice drivers should be more attentive and
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responsible towards other road users, in particular
towards their passengers and fellow travelers.

Assessing the situation on the republican roads
in indices per 100 km of the road network in 2018
(Tab. 1) and in the previous years, we can note
a positive tendency towards a decrease in the road
accident rate and the severity of the consequences
of the road accidents (Fig. 7).
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Fig. 6. The road accident statistics by the age category of the drivers

Table 1
Consolidated indices of the state of the road traffic safety on the republican roads of Kazakhstan in 2018
. RTA quan- | Fatality, peop- | Injured/ . RTA quan- |Fatality, peop-| Injured/
Region tity/100 km | 1e/100km | 100 km Region tity/100 km | 1e/100km | 100 km
Almaty 28.4 73 445 Karaganda 43 3.5 7.6
Akmola 83 2.6 12.8 Kzyl-Orda 4.4 1.9 8.6
Aktobe 5.9 2.4 10.4 Kostanay 5.1 1.7 53
Atyrau 3.9 2.9 6.7 Mangistau 5.7 34 10.0
Eastern Kazakhstan 4.0 1.4 7.1 Pavlodar 5.5 24 8.1
Jambyl 27.5 6.1 54.1 Northern Kazakhstan 33 2.0 5.5
Western Kazakhstan 7.1 3.1 10.3 Turkestan 32.0 9.9 47.8
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Fig. 7. Consolidated indices of the state of the road traffic safety per 100 km
of the republican roads of Kazakhstan

Road accident tendencies
in the Republic of Kazakhstan

The analysis of the absolute values associa-
ted with the road traffic accidents within a short pe-
riod (1-3 years) does not provide a complete under-
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standing of the tendencies in the accidents. The con-
sideration of historical data, including the use of
some relative data, is of significant interest [11].
Fig. 8 presents data on the number of road acci-
dents and fatalities in them over 15 years, as well as
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the change in the number of cars over the same time.
Studying the graphs in Fig. 8 allows to make some
interesting observations. In the period from 2003
to 2007 there was a certain dependence of the growth
in the number of deaths in the road accidents from
the increase in the number of cars. At the same time,
in the period of 2007-2013, there was no relationship
between the number of the road accidents and the
number of cars. However, after the number of cars
exceeds 200 units per 1000 people (2011-2013),
a gradual annual decrease in the number of the road
accidents, as well as the deaths in them, is observed.
This tendency, especially in relation to the number of
road accidents continues to the present.

25
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\-O-Cars per 100 people =l Fatalities, th

d people =&—Accidents, thousand \

Fig. 8. Road accidence in the Republic of Kazakhstan
in 2003-2018

Here we should recall the studies of R. Smeed,
conducted in 1949. Smeed linked the road accident
statistics with the level of motorization in the coun-
try and showed that the mortality rate in the road
accidents per unit of the car fleet decreases as the
motorization continue to grow [12, 13]. The de-
pendencies proposed by him, called the “Law
of Smeed”, were subsequently specified and re-
peatedly tested in many countries. At that, in the
developed countries, the actual road accident rates
lie below the Smeed curve, in Africa, Brazil, India,
China — above the curve. However, the general re-
gularity of the model remains in all countries [12].

If we compare the transport risks in the Repub-
lic of Kazakhstan with the world trend according
to Smeed, we get the following picture (Fig. 9).
You can see that from the level of 200 cars/1000
people the transport risks situation in the Republic
of Kazakhstan looks more like the situation typical
for the developed countries.
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Fig. 9. Transport risks in the Republic of Kazakhstan
and the world trend: A — Republic of Kazakhstan, 2003-2017;
—— —world trend according to R. Smeed

It is known together with the growth of the
automobilization of the country, the nation’s
transport self-education process takes place, as a
result of which the road accident rate may be de-
creased even without regard to specially taken
measures. The process of self-education of the na-
tion takes place simultaneously with the formation
of the road network that meets the transport needs,
as well as the continuous improvement of the
parameters of active and passive car safety,
as J. Adams spoke about in the 1980 [14].

In terms of the transport risks, the situation in the
Republic of Kazakhstan is far from satisfactory.
Fig. 10 shows the possible trend of this indicator in
comparison with the average value in the developed
countries. The figure shows that the transport risks
are getting closer to the limit that is significantly
higher than in the developed countries.
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Fig. 10. Possible trend of the transport risks:
— Republic of Kazakhstan; —A— — average value in developed countries
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The significant improvement in the road acci-
dent situation requires the targeted systematic ac-
tions throughout the country. If we consider
the immediate actions that can be taken at the level
of the road authorities, then it makes sense to as-
sess the risks of traffic on auto roads, for example,
according to the IRAP method.

CONCLUSIONS

1. The foreign practice indicates that the prepa-
ration of the detailed reliable statistics on the road
accidents is a good way for authorized bodies to
demonstrate to the citizens their openness, respon-
sibility and care for them in the field of exercising
their powers.

2. For 12 months of 2018, we see that on the
roads of the republican significance in Kazakhstan
the long-term tendency of reduction of the number
of road accidents and the number of injured per-
sons remained.

3. In the period from 2016 to 2018 only three
(East Kazakhstan, Kostanay and Turkestan) out
of eleven regions of Kazakhstan show the rise of
the main accident rates, in the remaining areas
there was a downfall, which had a negative impact
on the process of improving the road traffic safety
in the country in whole.

4. The most dangerous time of the day in 2018
was the period from 20 to 22 hours, the most dan-
gerous month was August. The most frequent rea-
son for the accident in 2018 was the excess of the
permissible speed of the vehicle, and the greatest
danger to the life and health of road users was
crossing into the oncoming lane (front collision
of the vehicles).

5. In 2018, the number of dead and injured as
a result of the traffic violations by drivers under
the alcohol intoxication decreased. At the same
time, the analysis shows the significant setback of
the Republic of Kazakhstan from developed coun-
tries in terms of the road traffic safety. Improving
the accident situation requires the targeted syste-
mic actions throughout the country.
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Abstract. In the XXI century, when environmental awareness is growing and the impact of human activity on the planet
is more and more noticeable, striving to minimize energy consumption seems to be a necessary direction in the development
of technology. This development cannot take place without an initial understanding and describing the relationships influen-
cing specific technologies. It also needs empirical verification of assumed theories. Modern trams play an important role in the
functioning of urban transport. Being one of the oldest modes of environmentally friendly transport, in European capitals they
are currently perceived as one of the most convenient means of transport. This is due, among other things, to the high velocity
of transport along the route. The energy consumed by trams indirectly depends on the driving characteristics, i. e. speed,
acceleration and stops on the route, which are also caused by stopping at traffic light controlled junctions. This paper presents
the results of an experiment showing the change in the level of electric energy consumption depending on the applied method
of traffic light control. This article presents the conditions influencing the power consumption in trams, describes the possible
strategies of traffic lights control and their consequences for other traffic participants. The research was carried out in real
conditions in everyday traffic, measuring the level of electricity consumption in case of both fixed-time and actuated signaling
with full priority for trams. On the examined section there were both modern asynchronous-drive as well as traditional resis-
tor-drive vehicles. The conclusions drawn from the survey confirm the validity of introducing modern solutions and may be
useful for estimating investment costs.
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OIIpeeIseTCs] KOIMIECTBOM YCKOPEHHH, TOPMOXKCHUI M OCTAaHOBOK, B TOM YHCJIE HA PETYIUPYEeMbIX IepeKpecTKax. B myo-
JIMKAIMHU TIPEICTaBICHBl Pe3yIbTaThl HKCIICPHMEHTA, LEIbI0 KOTOPOro ObLI aHAIN3 M3MEHEHUs JJIEKTPHUECKOW MOIIHOCTH,
Tpelylommeiicss TpaMBalo U IPOXOXKAEHUS TPACCHL, B 3aBUCHMOCTH OT BBIOPAHHOTO CIIoco0a yIpaBJICHUs] CBETOBOW CHTHAIIH-
3arueil. ChopMyIHpOBaHEI YCIOBUS, KOTOPBIE BIUSIOT Ha BEIMYHHY pacxoja sHepruu. IIpeacTaBieHbl BO3MOXKHBIC CTpaTe-
THH yIpaBJICHUS CBETOBOI CHTHANM3AIMEll HAa MEPeKPecTKax ¢ yJacTHeM TPaMBaeB U MX ITOCIEACTBHS UL IPOYNX yIaCTHHU-
KOB JIBIDKeHUS. McciienoBaHns BRIIONHSIINCH B PEXKIME JISHCTBYIOMIEH TPAHCIIOPTHOM CETH B yCJIOBHAX padouero mHs. Beima
TIPOBEAEHA PeTHCTpanysl KOJMIECTBA Pacxo/a SHEPTUH IS Pa3HbIX CTPATETHH YNPABICHHS CUTHATM3AINEH: C IIOCTOSHHBIM
BpPEMEHEM IIEPEKIIIOUEHNS, a TAaK)Ke aKKOMOJAIIMOHHOM ¢ MaKCHMaJIbHBIM MPHOPUTETOM JUIS TpamBaeB. McciaenoBaHus Kaca-
JIMCHh BCEX BUJIOB TPaMBaeB (KaK COBPEMEHHBIX C aCHHXPOHHBIM JBUTATENIEM, TaK U C TATOBBIM MPUBOIOM), KOTOPEIE MPOCIIe-
JIOBAJIM TI0 BHIOPAaHHOMY YYacTKy TpaMBaHHBIX ImyTed. Pe3ynbTaTsl McciieoBaHnil TOATBEPKAAI0T 000CHOBAHHOCTH BHEJpE-
HHS COBPEMEHHBIX CTpaTerMid yIpaBiIeHHs ABWKEHUEM TpaMBas U MOTYT HaWTH IPUMEHEHHE B TOM UHCIC IPU IIAHUPOBaA-

HHUH HOBBIX I/IHBeCTHLIPIﬁ B Pa3BUTUEC TpaMBaﬁHle MapupyToB.

KiroueBbie cji0Ba: TpaMBaii, pacxo 3JIEKTPUUECKOIT SHEPIUH, CBETOBAs CUIHAIN3ALMSA, IPHOPUTET TPAMBast

Jaa nurupoBanus: Yepenunkuii, A. AHanu3 pacxoja 2IEKTPUYECKON SHEPIUU TPaMBAaEM B 3aBUCHMOCTHU OT UCIIOJIb3yEMO-
TO THMA CBETOBOI curHanm3anun / A. Yepermukuii, A. I'ypka, 5. lllycrek // Hayxa u mexnuxa. 2019. T. 18, Ne 6. C. 490-494.
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Introduction

In the XXI century, when environmental awa-
reness is growing and the effects of human activity
on the planet are more and more perceptible, stri-
ving to minimize energy consumption seems to be
the only right and necessary direction in the deve-
lopment of technology. Modern trams play an im-
portant role in the functioning of urban transport.
Being one of the oldest modes of environmentally
friendly transport, today in European capitals they
are often seen as one of the most convenient means
of transport in metropolitan areas.

The highest velocity is achieved by trams on
separate tracks, in tunnels or flyovers which do not
collide with other infrastructure, so called fast
trams. Unfortunately, this is not possible to create
fast trams in a dense network of urban buildings,
so the element of infrastructure, which is most
often used is traffic lights allowing for tempora-
ry provision of a protected “tunnel” for the tram.
The way of controlling this signaling has a signifi-
cant impact on the efficiency of public transport.

The energy consumed by trams indirectly de-
pends on the driving characteristics, i. e. speed,
acceleration and stops on the route, which may be
caused by the need to stop at traffic-light con-
trolled intersections.

The aim of the research presented in this article
was to examine the consumption of electricity de-
pending on the type of traffic light control used.

Types of traffic light signaling

Crossroads controlled by traffic lights can be
divided into fix-timed controlled and actuated,
which means that they depend on the current traffic
conditions. In such control it is possible to give
priority to selected groups of participants, which
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is most often used for public transport. Following
the Poznan idea [1], were can adopted three priori-
ty levels for trams: full, high and low, and they are
distinguished by the criterion of average time loss.
A full priority ensures lossless crossing at an inter-
section, a high priority ensures an average loss
of time of up to 10 s and a low priority applies to
other cases above 10 s. Moreover there are limits
on the maximum duration of prohibitive signals
for non-preferential traffic flows that may cause
a short-term reduction in priority level. For this
reason, an absolute tram priority similar to that of
railways is not introduced, as this would be detri-
mental to the functioning of the city, causing long-
term blockage of intersections without any respect
for other road users. In addition, a lack of priority
or negative priority can be distinguished, i. e. the
deterioration of tram traffic conditions due to de-
sign errors — usually a detection deficit or incor-
rectly accepted coordination offsets.

In Warsaw (the capital of Poland), it was de-
cided to introduce adaptive traffic lights ensuring
priority for trams.

The main demonstrated benefit of the priority
for trams is the increase in the speed of travel by
this means of transport, which reduces the travel
costs of passengers and contributes to the increa-
sed use of public transport. The experience of
Warsaw Trams shows an increase in travel speed
by 15-30 % for complex projects covering all in-
tersections over a longer distance. Increasing
the speed of the journey goes hand in hand with
a reduction in the demand for rolling stock, which
results from a reduction in the duration of full
tramway brigade cycles. As a result, the same
timetable can be achieved with fewer trains.
The third benefit of the tram priority is the im-
provement of safety at junctions by eliminating
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the dilemma zone at entrances with no stops.
The standard 3-second length of the yellow signal
equivalent of the tram is not sufficient to guarantee
safe stopping of the tramway. National regulations
do not allow this signal to be extended [2], because
such action could increase the risk of rear-end col-
lision of the second train set and cause the dilem-
ma zone phenomenon.

Another benefit of the priority is the impact on
electricity consumption. Only the generally men-
tioned correlation [3, 4] has been found in the lite-
rature, but no studies carried out in real conditions
have been reported. Therefore, it is possible to
identify a certain research gap in this field. Addi-
tionally, in view of the increasingly frequent argu-
ments concerning the need to increase energy
efficiency and decarbonization of transport [5],
it seems appropriate to determine the scale of
the phenomenon.

Literature contains numerous references to the
optimal driving style (theoretical acceleration
curve) [6] and simulation tools modelled on rail-
way solutions for determining the energy con-
sumption during the tram ride [7, 4]. However,
no studies presenting the scale of occurrence of the
phenomenon in uncontrolled conditions have been
found.

Obtaining the ideal runs for the electricity con-
sumption postulated in the literature [6] is not
achievable — at least until autonomous trams or
cabin control systems are introduced, following the
model of the ETCS level 3 system used on rail-
ways. Where the driver receives information about
the speed at which he should go to avoid stopping
by means of a cab signaling.

Definitely the most common solution is to give
priority to trams in signalling, i. e. to match traffic
lights to the smooth passage of the tram, ra-
ther than the driving behaviour of the drivers to the
displayed signals. The savings achieved in this way
can reach up to several percent regardless of the
driving style of the driver and without introducing
additional, expensive systems.

In Warsaw conditions, the priorities for trams
are usually designed as accommodation algorithms,
coordinated and open to equipment. The company
Warsaw Trams Ltd. in cooperation with the Mu-
nicipal Roads Administration, runs its own invest-
ment and research and development programme.
It uses tools for microscopic simulations at the
stage of designing and programming drivers and
remote monitoring of traffic lights in the post-imp-
lementation period. The full priority, ensuring loss-
less tram passage, operates in Warsaw at 34 inter-
sections, the high priority (average tram loss of
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less than 10 s per warehouse) — at 25 intersections,
and the low priority (other cases) — at 43 intersec-
tions.

The priority in traffic lights affects the level
of energy loss by minimizing the likelihood of a
tram stopping or braking at a location other than
a stop or speed limit. It follows from the above that
only tram entries where no stops have been built
have an impact on the energy balance. The optimal
situation from the energy point of view is to ensure
a full priority there. Moreover, shortening the tra-
vel time reduces the energy expenditure on the ve-
hicle's own needs, independent of the momentary
speed, such as: air-conditioning, air conditioning,
ventilation, passenger information displays.

Full priority is achieved by blocking the possi-
bility of simultaneous arrival of the tram and trig-
gering a collision phase (in relation to to tram).
Using the local priority, the tram must be detected,
and the operation of the control process must be
modified in advance of the given formula

Ly =tppr-ky T tminky T lppk-r) T4 + Eth’ (D

where tppr_x) — duration of the phase-to-phase tran-
sition leading to the collision phase; #mink), — mini-
mum duration of the collision phase; #prx-r — du-
ration of the phase-to-phase transition until tram
groups are switched on; ¢, — driver response time;
t, — braking time.

Energy losses occur as tram traffic increases.
Since collision phase blocking is limited by the
maximum acceptable duration of prohibitive sig-
nals for non-priority streams, there may be several
a number of trams without reserves in the signaling
cycle. The second source of loss, which should be
considered as a design error, is the lack of suffi-
ciently distant detection, especially when the tram
has to trigger a signal.

The issue of energy losses can also be consi-
dered for the passive preference of trams in the
coordinated traffic lights, not necessarily accom-
modative. The priority for trams in coordination
requires that the width of the coordination beams
in the signaling cycle be maximized. These beams
are time windows within which the tram can
smoothly and without wasting time through suc-
cessive intersections. The wider the beam, the lo-
wer the level of time loss for trams, but to mini-
mize energy loss it is also necessary to elimina-
te the cases of prematurely giving a permit signal
for trams before the start of the coordination beam.

There are some similarities here to the coordi-
nation of signaling for vehicles. There are few
works in which the conditions for integrated tram-
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vehicle coordination were described, such as the
works of M. Kaczmarek [8]. Automation of com-
putational processes in this area is practically una-
vailable at present. The results obtained based on
the Transyt method available on the market [9],
tested on the example of one of the designed tram
routes, turned out to be unsatisfactory, so at present
it is not possible to give up the “manual” work per-
formed by the designer in this area.

Research method

A series of 8 crossroads on a 2600-metre sec-
tion of Marymoncka Street, where full priority was
applied, was selected as a testing ground. The level
of the road is mostly flat with the exception of the
crossroad with Zabtocinska Street, which is located
in a hollow.

The street has a profile of 2x2 lanes with ex-
tensions at the entrance and a fully separated track
on the eastern side of the road. It conducts individ-
ual traffic of the intensity of 1000—1100 PCE (Pas-
senger Car Equivalent) in each direction in each
direction. Two tram lines with numbers 6 and 17
running parallel to each other make 10 departures
per hour in each direction except for the peak and
15 in the peak. Priority is given to trams at local level
over and above coordination plans, which have been
optimized for individual vehicle traffic in the absence
of effective tram-vehicle coordination. The obtained
priority for trams is full and provides a travel speed
of 25.9 km/h in rush hour. Disturbances to the coor-
dination beams due to the vehicle priority are minor
and cover about 20 % of the cycles.

Giving priority to trams takes place at the local
level over coordination plans, which have been
optimized for vehicular traffic only. In the analy-
zed section tramcars with asynchronous drive
type 120 Na (Pesa Swing) and 20-metre 134 N
(Pesa Jazz) operate as well as with resistor-drive
types (23.2 %).

The experiment consisted in temporarily
switching off all active tram privileges and swit-
ching to fix-time control according to emergency
programs with 80-second cycle. Since the coordi-
nation of signaling did not consider the preferences
of trams, such signaling working conditions ref-
lected a situation in which a tram accidentally
gains or loses out on an individual traffic-oriented
signaling system.

The study was carried out on a weekday
from 11:00 a. m. to 8:00 p. m., so that both the
inter-peak period and the afternoon peak were
measured. The obtained results were compared to
identical periods of the day from two other days
when the weather conditions were analogous.

Hayka
wrexHuka. T. 18, Ne 6 (2019)

In none of the days were unusual situations or traf-
fic stoppages on the surveyed section recorded.

Data acquisition was carried out basically with
the use of energy consumption recorders installed
in the traction substation supplying the section
of Marymoncka Street. The data were aggregated
in 15-minute intervals. Supplementary measure-
ments were carried out by means of recorders in-
stalled in trams type 134 N.

Energy consumption for traction purposes de-
pends not only on fixed elements such as: route
profile, inter-stop distances and location of stops,
maximum speed, but also on vehicle load and
start-up method [10, 11]. However, because the
measurements were carried out in real conditions
(different drivers and constantly changing vehicle
filling), it was assumed that the total differences
in these parameters are small and have negligibly
little influence on the results of the experiment.

Results

The obtained results unequivocally indicate
a significant relationship between the allocation
of full priority in traffic lights and electricity con-
sumption, which is illustrated by the diagram of
accumulated hourly electricity consumption given
in kW-h (Fig. 1). The continuous line in the graph
shows the energy consumption on the day of pri-
ority switch-off. During the entire period of priori-
ty shutdown, i. e. 10 h, an increase in power con-
sumption of 340 kW-h compared to the average
consumption in the corresponding period on the
remaining days was recorded, which represents
an increase in energy consumption of 13.5 % over
the entire period under investigation. The increase
in the number of passing trams has a strong impact
on energy consumption, but the relationship be-
tween these parameters is not unknown. The Pear-
son correlation coefficient was 0.68.
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Fig. 1. Cumulative hourly electricity consumption
for three consecutive days
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The greatest deviation from the average values
was recorded during the departure of additional
brigades from the depot around 14:00, the peak of
the afternoon peak and the exits to the depot after
20:00. It could be assumed that the relationship
between the impact of the local priority on electri-
city consumption and the intensity of tram traffic
on the route exists, but is not linear.

The increase in energy consumption can al-
so be seen from the level of a single vehicle.
The speed run shows additional stoppages before
traffic lights and two stoppages and the energy
consumed during this time. Data from the recorder
in the vehicle indicate that the tram during one run
in the tested sequence consumed about 2 kW-h of
energy more than in the case of similar runs during
the operation of the full priority. It should be re-
membered, however, that some of the energy con-
sumed during braking is transferred to the network,
and its amount is difficult to estimate. This energy
can only be consumed on an ongoing basis if there
is a second vehicle on the network that can receive
it, otherwise it “escapes into the air”. According
to the manufacturer’s data, recuperation covers up
to 30 % of the energy consumed for braking.

However, regardless of the number of stoppa-
ges or brakes, in individual cases data from substa-
tions show real values and generalized to one-hour
periods, so they also contains the energy taken
from the recuperation instead of the network.

CONCLUSIONS

Although the pilot experiment did not cover
the whole day, the analysis clearly showed that
there is a close and important link between the full
priority for traffic lights and the energy consump-
tion of the tramway. The reading of the total ener-
gy consumption of trams in the form of traction
substation showed an increase of 13.5 %, what
means approximately 40 euro gross for the ana-
lyzed section (within 10 hours of measurement).
By estimating energy consumption for the whole
year — by introducing full priority in traffic lights
on the tested track annually — the Company saves
approximately 15 600 euro only from energy used
to drive vehicles. In addition, it should be remem-
bered that including the priority also means shorter
tram journey times, i. €. shorter time of consuming
the remaining 25 % of energy used for own needs
(heating, air conditioning, displays). The experi-
ment should be repeated by modifying it in such
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a way as to determine the relationship between
the low and medium priority and energy consump-
tion. In addition, consideration should be given to
whether it is justified to omitted parameters such as
driving style, type of rolling stock or vehicle fil-
ling. The relationship between the impact of a local
priority on electricity consumption and tram traf-
fic volume on the route exists but is not linear.
In order to verify the thesis and find other factors,
more detailed studies should be carried out and an
attempt should be made to link the variables with
each other and the way of control at the crossroads.
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Abstract. In recent years the urbanization to affect many countries of the world has made the significant changes to the mate-
rial flow at all levels of the supply chain. The last mile logistics operating in the urban area has also changed notably. An in-
crease in the volume of material flow within cities has led to a growth in the number of deliveries and the freight turnover,
accordingly. The above-stated processes greatly reduce the sustainability of cities, which while keeping the urbanization trend,
can lead to the serious negative results of the social and environmental nature not only for the cities, but also for the countries.
One way to solve this problem is to create the green supply chains from the multi-echeloning principles. In the paper,
the authors have presented a two-echelon green supply chain using the zero transport emissions within the second echelon.
A multi-criteria function has been developed to assess the rational location of a transfer point in order to reduce the negative
environmental impact from the transportation system. With the PTV Visum software product, a simulation has been conduc-
ted to evaluate the alternative scenarios for generating a green supply chain.
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Pedepar. IIpoueccsl yp6aHu3aunu, KOTOPbIE B MOCICAHUE TOABI 3aTPOHYJIM MHOT'ME CTPAaHbl MHpPa, BHECIH 3HAYUTENIbHBIC
U3MCHEHHS B NPOJBIDKEHHE MaTEPHANIbHBIX IIOTOKOB Ha BCEX SILEIOHAX Leny rnocraBku. OcoOble H3MEHEHHUs IpeTepriena
JIOTUCTUKA TOCJIETHEH MUIIM, KOTOpas BBINOJHSCTCS HEIOCPEACTBEHHO HAa TOPOJACKON TEPPHUTOpHH. YBenHdeHHe oObema
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Introduction

The system of material support for cities with
a tendency toward the population urbanization [1]
requires a review of the main strategies for buil-
ding the urban supply chains. In recent years, the
number and frequency of deliveries to urban ag-
glomerations have sharply risen resulting in a se-
ries of problems in the last mile logistics. The con-
centration of material flows without adapting the
supply chain to the processes above can cause
an increase in the goods final cost [2, 3], traffic
flow deterioration [4] and, as a result, have a ne-
gative environmental impact on the urban territo-
ry [5, 6]. Removing the negative impact of freight
transportation is possible with the efforts to change
the delivery time, to make the off hours delive-
ries [7] or to create the two-echelon structures of
urban material supply systems [8, 9].

So, the study considers the problem of building
a two-echelon green supply chain to cut the nega-
tive transportation impact on the urban environ-
ment.

Literature review

Under the conditions of strict environmental
protection and the increased business social re-
sponsibility, the need to implement the logistic
functions determines the relevance of studying
the green logistics. The paper [10] states the effi-
cient green logistics operation through an interac-
tion of its elements — warehouses, vehicles, intel-
ligent transportation systems and financial mecha-
nisms. In the research [11], there were the groups
of techniques to increase a freight transportation
decision making. These were the “air pollution-to-
traffic congestion” correlation evaluation, oft-hour
freight deliveries and resource reallocation models.
According to the author, the approaches are useful
to minimize a negative environmental impact ori-
ginated from the supply chain functioning. From
the viewpoint of supply chain management, in or-
der to convert the chain into green one, it is neces-
sary to use the circular economy (CE) prin-
ciple [12]. CE consists in improving the economic
development while alleviating environmental and
resource challenges. Within the CE levels (micro,
meso and macro), the resourcing, purchasing, pro-
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duction, reprocessing are designed to consider en-
vironmental performance and human well-being.

The authors [13] consider the green logistics as
the optimal combination of heavy duty, delivery
truck and diesel rail CO, and PM emissions and
transportation costs.

The authors of the study [14] suppose that the
proper functioning of green logistics is possib-
le only with the use of the present day software
due to the complexity of the system organization
(coordination of a large number of process partici-
pants, vehicles, considering the road and environ-
mental conditions, delivery size etc.). This is to
make this type of logistics flexible and applicab-
le to successful supply task solution.

At the same time, the efficient supply chain
operation is impossible without the participation of
various transportation modes, among which the
road transport is of great significance because of
a series of advantages (high mobility, transporta-
tion speed, different carrying capacity etc.). Howe-
ver, the supply of this transportation mode is ac-
companied by a significant negative environmental
impact to be decreased under the green logistic
principles.

In this aspect, the multi-echelon supply chain
organization is of great interest. In this field, litera-
ture refers to supply chain and inventory problems
without studying the transportation system to op-
timize from the environmental viewpoint. In most
recent works, the reduction of environmental pol-
lution is towards to the problem of vehicles routing
within the supply chain. The paper [15] deals with
the routing issue to decrease the environmental and
noise pollution in the first echelon through the
Flow simulation product to generate a rational ve-
hicle path. In the research [16], the routing prob-
lem consist in a vehicle assignment to serve
the consumers in different echelons. M. Soysal
et al. [17] consider a time-dependent routing prob-
lem and combine different objectives like distance
traveled, travel time, vehicles and emissions in one
weighted objective function. H. Li et al. [18] deal
with a time constrained routing problem occurring
in linehaul-delivery systems and consider an objec-
tive function consisting of different parts.

In recent years numerous papers have focused
on environmental criteria as an additional objective
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in routing problems. These papers consider either
emissions or fuel consumption [19-22].

Besides, external social criteria (noise, conges-
tion, disturbance) are considered as a further objec-
tive by P. Nolz et al. (2014), B. Sawik et al. (2017)
and J. Grabenschweiger et al. (2018) [23-25].

Thus, the above studies only partially reveal the
problem of the functioning of supply chains. In the
approach below, an attempt has been made to
comprehensively estimate the technological (total
vehicles’ mileage in the supply chain) and social
(emissions of harmful substances into the atmos-
phere) consequences from the green logistic prin-
ciples in time of the urban supply chain operation.

Mathematical problem statement

The rational location of the transshipment point
should guarantee the integrated efficiency of the
transportation process at two levels of the supply
chain. In this regard, it is suggested to determine
the rational placement of the local depot from
a multicriteria assessment:

RP =

= opt{(minVLiG) A (minVVKG ) A (minVTiG )}, (1)

where RP — local depot rational placement; L —
two echelon vehicle mileage, km; W;.Gf two eche-

lon freight turnover, t-km; 7. — two echelon goods

delivery time, h; i is the local depot placement op-
tion;

A K
D =D"+D*=>d*+>d;", 2)
Jj=1 h=1

D', D** — vehicle total mileage within the first

and second echelons, respectively, km; d', &* —
transportation cycle length within the first and the
second echelons, km; A, K — number of the trans-
portation cycles required to serve the freight flow
in the first and the second echelons, units.

Similarly to (2), for each alternative local depot
placement, an assessment of the total freight turno-
ver and the delivery time should be made:

A K
We=we+w*=>w+>we, (3
Jj=1 h=1

where W', w*
in the first and second echelon supply chain, t-km;

— vehicle total freight turnover
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w' — first echelon vehicle freight turnover, t-km;

w?¢— second echelon cargo bike total freight tur-
nover, t-km;

A K
TO=T+T* =1+ 1, 4)
h=1

J=1

1'%, ¥ — transportation cycle duration in the supply
chain first and second echelons, h;

Research object mathematical model

The local depot operates as a “from trucks-to-
cargo bikes” transshipment point. Within the first
echelon, these are the vehicle deliveries. In the
second echelon, the delivery system is originated
from the small lot supply technology. Due to this,
the second echelon transportation cycles are crea-
ted on the principle of multistop delivery routes.
In the study, the generation of transportation cycles
is performed according to the Clark and Wright
algorithm in the second echelon.

The two-echelon green supply chain system
should be presented as follows

GSC=(P,T), 5)

where GSC — green supply chain; P — supply de-
mand; 7 — supply transportation system.

Transportation demand describes the goods
average daily need of each consumer. From this,
in the GSC equation it is of the following form

P=({L}. {0.}). (6)

where [/ — consumer’s location at the service area
(graph vertex); O — customer’s delivery amount, t;
¢ —number of customers at the service area, units.

The transportation system, in turn, consists of
the following subsystems

T=(G, L, FV, CB), (7)

where G — transportation network; L — local de-
pots on the urban transportation network; FV —
freight vehicle subsystem; CB — cargo bike sub-
system.

The transport network graph is presented ac-
cording to the widely used approach to creating
a road network two-dimensional model [8, 26]:
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G = ({e,}, {n}), ®)

where e — graph apex described from the two-
dimensional coordinate system; v — graph arcs
described by length, number of lanes, free flow
velocity and road capacity; g — number of graph
vertexes in the transportation network model,
units; X — number of graph arcs in the transporta-
tion network model, units;

L=<eRP’ St CL>§ ©

L=RP, (10)

epp — vertex of the local depot rational placement;
S, — local depot area, m*; C; — local depot capa-
city, t.

The truck subsystem is as a connecting trans-
port element between the shipper and the local de-
pot subsystem.

In the first echelon, the use of simple transpor-
tation cycles does not improve the transportation
process efficiency through the routing procedure.
In this regard, one of the ways to increase the effi-
ciency of transporting goods is to choose a rational
rolling stock.

From the above-stated, the FV subsystem mo-
del is of the following form

Fr=({a:}, {u}. {ni}), (11)

where ¢“ — vehicle carrying capacity, t; s — num-
ber of alternatives for the vehicle capacity, units;
u — number of vehicles for each s™ alternative,
units; p — vehicle body type with a characteristic
difference in the unloading technique and the
equipment used; £ — number of vehicle body types,
units.

The cargo bike subsystem provides the services
to end consumers in the second echelon. Last mile
logistics chain ends with the cargo bike delivery
under the trip chain supply technology.

In the local depot, the shipment deconsolida-
tion is made under the condition that its total vo-
lume remains unchanged. In this case, the cargo
bike subsystem should create the necessary ship-
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ment discreteness to fulfill the condition (1). This
is achieved by combining the number of cargo bi-
cycles of various carrying capacities when genera-
ting the transportation cycles. So, the cargo bike
subsystem is presented as follows

cs=({a;}: {z.)): (1)

where ¢”— cargo bike carrying capacity, t; g — se-
ries of cargo bike ranked by carrying capacity; z —
number of cargo bikes of g™ type, units.

The models developed are the basis to create
the alternative delivery systems, the efficiency
of which is evaluated according to (1). The main
components of functional (1) are presented in
models (3)—(4) in a general form. To use them
in experimental studies, it is necessary to provide
the explanations on finding the model compo-
nents (3) and (4). The results are presented below

M

ie  __ (m-1)—-m m
Wity = Zdj(h) Ol (13)

m=1

where m — customer serial number in (/)" trans-
portation cycle; M — total number of customers
served in the j(h)™ transportation cyc-

le; d;%l)fm — truck (cargo bike) distance tra-

velled between the adjacent customers in one

transportation cycle, km; i — echelon number.
Under a m =1 condition, the delivery is done

between the shipment point and the first custo-

mer at a d?{ hl) distance, which corresponds to half

the length of the /" transportation cycle in the first
echelon.

The duration of transport cycles is determined
in relation to the vehicle mileage and road speed.
Obviously, in the second echelon, the delivery
speed will be lower than in the first one. In addi-
tion, due to differences in the creating the transpor-
tation cycles at different levels of the model, the
duration of transportation cycles will differ.

In model (14), the components being common
for two echelons are represented as j(%), while the
components assigned only to the second echelon
are described with the index 4
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M
ie _ (m-1)—-m M-0 load
Uiy = 2050 " i i+
m=l1

(14)

M
unload m
thm Tt zthidwelh
m=1

(m=1)—m

where 1, — loaded truck (cargo bike) tra-

vel time between the (m—1)—m customers, h;

t_%,;)o — empty truck (cargo bike) travel time when

moving back to the departure point, h; Zjo(‘,’f; — loa-

unload

ding time per one transportation cycle, h; ;)" —
unloading time per one transportation cycle, h;
U awer — additional cargo bike technological

downtime for customer service in the second eche-
lon, h.

From the models and criteria presented, at the
next stage of the study, an experimental assessment
of the GSC system alternatives will be done.

Research object experimental study

Experimental studies on the creation of a GSC
system rational option have been fulfilled on the
example of town of Brovary, Kiev region (Uk-
raine).

The urban area is 34 km’ the population
is 107000 people. To create the GSC system,
the delivery of dairy products through the urban
retail network has been chosen. The echelon sys-
tem 1s created as follows: in the first echelon, the
dairy products are transported by refrigerated vehi-
cles with a carrying capacity of 1.5 t. The iso-
thermal boxes of cargo bikes with a capacity of 0.2
and 0.3 t are used in the second echelon.

Using the local depot transshipment system
should generate the sustainable effect and reduce
the negative consequences of the transport industry
operation.

When constructing the two echelon GSC struc-
tures, the main task is to find a rational local depot
placement on the urban core borders.

Alternative local depot options are indicated
with the green triangles in Fig. 1.

Potential consumers (35 facilities) are located
in the cultural and historical town core and are pre-
sented as the red dots in Fig. 1. In the first echelon,
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the goods shipping point is indicated with the yel-
low circle in Fig. 1.
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Fig. 1. Transportation network design

According to the criteria developed (1)—(4),
to evaluate the local depot rational distribution,
it is necessary to simulate the alternative options
for the supply of goods within the second echelon.
Each alternative second echelon system will be
characterized by a set of delivery routes and
a combination of the cargo bike types involved.
Route modeling is performed from the Clark and
Wright algorithm, which is resulted in a distance
gain matrix. In this regard, it was decided to build
a transport network local graph for displaying
the road network of the urban core. The results of
the construction are presented in Fig. 2.
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e o — Graph vertex:
0 o o @ — Local depot;
@ @ o — Lines:
@ @ — Weight line, m.

Fig. 2. Urban core network graph
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The creation of the transportation volume data-
base has been done using the apparatus of simula-
tion modeling based on a preliminary assessment
of the end consumers’ delivery volume distribu-
tion. It has been established that this indicator is
distributed according to the exponential law with
a mathematical expectation of 0.02 t.

Upon completion of the simulation procedure
for the three alternative supply systems in the se-
cond echelon, the first echelon transportation cy-
cles have been added to each of the GSC systems.

The systems have been obtained from the pro-
posed local depot placement options (green trian-
gles in Fig. 1) and the main shipper stationary loca-
tion (yellow circle in Fig. 1). The first echelon
transportation cycles have been formed from the
optimal shipper assignment procedure using mini-
mal transportation links to consider the traffic con-
ditions on the urban road network.

The results to obtain the alternative GSC sys-
tems are presented in Tab. 1. The alternative local
depot options are given as LD1, LD2 and LD3.
The numbers of the delivery points correspond to
the numbers of the graph vertexes on the road net-
work of the urban core (Fig. 2).

Table 1
Alternatives for green supply chain systems
GSC Transporta-
system Routes .
. tion mode
options
Supplier—LD1-Supplier Truck
LD1-6-27-25-26-1-15-31-35-
34-LD1 Cargo bike 2
1 |LD1-12-11-24-14-8-9-10-16-23—
22-20-LD1 Cargo bike 2

LD1-13-2-3-4-5-28-7-30-32-LD1 |Cargo bike 2

LD1-19-18-33-17-21-LDl1 Cargo bike 1

Supplier—LD2—Supplier Truck

LD2-6-28-5-7-27-25-26-1-29-LD2 |Cargo bike 2

LD2-22-10-12-11-4-3-2-13-9-8-

2 14-24-1L.D2 Cargo bike 2
LD2-31-15-30-32-16-23-20-21- 19—
18-17-33-LD2 Cargo bike 2
LD2-34-35-LD2 Cargo bike 1
Supplier—LD3—Supplier Truck
LD3-1-LD3 Cargo bike 1

LD3-2-3-24-9-8-14-4-11-12-5-LD3|Cargo bike 2

3 |LD3-21-17-16-10-23-22-20-19-18-

33-34-35-31-LD3 Cargo bike 2
LD3-25-13-29-30-32-15-7-6-28—
27-LD3 Cargo bike 2

LD3-26-LD3 Cargo bike 1
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At the next stage of finding a rational GSC op-
tion, the road network load has been simulated in
case of goods delivery by cargo bikes. The simu-
lation has been done in the PTV Visum software.
For this, each end-user was allocated to a separate
transport area. In the case of proximity, the cus-
tomers were merged into one area.

The task of compiling the freight destination
matrices (demand model) was solved by adding the
volumes of goods moving from one transport area
to another area.

The size of the resulting matrix is 28x28, whe-
re 27 transport areas with customers and one area
that correspond to an alternative local depot
placement were allocated.

The freight flow simulation results are presen-
ted in Fig. 3-5.

Fig. 3. The second echelon GSC freight flow chart,
1* option

Fig. 4. The second echelon GSC freight flow chart,
2" option
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In the first delivery model, when using cargo
bikes the maximum network load was 692 kg, in the
second model — 939 kg, in the third model — 573 kg.
It should be noted that an increase in the concen-
tration of freight traffic on the road network does
not lead to an increase in the negative effect of the
transport use. This is due to the cargo bikes opera-
tion in the second echelon.

A graphical interpretation of the network load
according to the three alternative GSCs made
it possible to conclude that the GSC No 2 is pre-
liminary effective, since for this system option the
density and compactness of the cargo flow distri-
bution over the network is the highest.

It has been suggested that this state of the ob-
ject under research should guarantee the minimum
freight turnover of cargo bikes. To test this hy-
pothesis, the system performance indicators have
been calculated using the models (13), (14), fol-
lowed by consolidation into general system indica-
tors according to (2)—(4). From the obtained va-
lues, an assessment of the rational local depot
placement has been made by function (1).

The assessment results the under models (2)+4)
are presented in Fig. 6-8. On the data obtained,
a matrix of rational options of local depot place-
ment has been generated and its most effective lo-
cation has been determined (Fig. 9).

Thus, according to the results presented, it is
possible to make a conclusion that the most effec-
tive local depot placement is the GSC option No 2.
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Fig. 8. Alternative GSC total delivery time

GSC options
Criterion 1 2 3
Rational local depot position
D° Rational
we Rational
T° Rational
RP Opt

Fig. 9. Rational local depot placement matrix

Evaluation of the research results

The purpose of the GSC is to ensure the viabi-
lity of urban centers in the context of sustainable
urban development. Achieving this goal is possible
by the mileage reducing and, as a result, the
amount of harmful emissions through rational
placement of local depot in the first echelon as
well as their complete elimination by using the
green mode of transportation in the second eche-
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lon. In order to evaluate the presented GSC from
the environmental efficiency viewpoint, a compari-
son should be made with the previous supply mo-
del, when the distribution of goods is performed
only by trucks.

The technique [27] was used to calculate the
reduced value of emissions of harmful substances
released during the internal combustion engine
operation. Reducing the mass of emissions is used
to reflect the danger of atmospheric pollution in
a comparable way with the weight coefficients

M:i@% (15)
i=1

where M — reduced mass of the annual emission
by motor vehicles, conv. t/year; n — total amount
of impurities that are released into the atmosphere
per year; 4; — indicator of the relative impurity ag-
gressiveness of the i" type (Tab. 2); m; — annual
emission mass of the /" impurity into the atmos-
phere, t/year.

Table 2
Values of 4; for substances released into the atmosphere
by trucks with a carrying capacity of 2 t

Index of relative impurity
aggressiveness

Carbon monoxide — CO 1

Nitrogen oxides 4.1
(by weight) — NO, )
Hydrocarbon gas vapours 15
(by carbon) — CH '

Substance

These substances are known to be dangerous
for humans — carbon monoxide prevents the blood
oxygen transfer, nitrogen oxides lead to irritation
and damage to the mucous membranes, and hydro-
carbon gasoline vapors are of a significant narcotic
effect. In addition, they negatively contribute to an
increase in atmospheric temperature and water and
soil pollution.

The mass of the annual emission of the i im-
purity into the atmosphere is calculated by the de-
pendence

m, =m.DK,K,K, 10, (16)

where m;« — specific emission of i impurity per
1 km, g/km (Tab. 3); D — vehicle annual mileage,
km; K, K,, K5 — influence coefficients of the roll-
ing stock average age, technical state, environmen-
tal and climatic conditions, respectively (Tab. 3).
For the existing consumers and suppliers’
network the goods distribution is along the route:
Supplier—1-27-29-15-31-35-34-33-17-18-19—
21-20-10-22-23-16-32-30-7—-6-28-5-12—-11-
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4-9-8-14-24-3-2-13-25-26-Supplier, in this case
D =19.127 kim/day. The dairy products are assumed
to be delivered every day, then D = 6981.36 km/year.
Thus, the calculated value of the reduced mass of
emissions of harmful substances into the atmosphere
will be equal 2.42 conv. t/year (Fig. 10).

Table 3
Values of m;+, K, K, K; for internal
combustion engine trucks
Substance ;s K K, K;
CO 26.80 1.33 1.80 1.20
NO, 5.10 1.00 1.00 1.20
CH 2.70 1.20 2.00 1.20
CH;
3.75%

Fig. 10. Reduced mass of truck annual emission

With the selected rational local depot placement
for the GSC No 2 option, the value of the reduced
mass of pollutants will make 1.11 conv. t/year.

CONCLUSIONS

1. According to the research, it possible to
make a conclusion that a two-echelon system of
urban material supply should be created from the
viewpoint of the sustainable urban development.

2. As a criterion for determining the local depot
rational placement, it is advisable to use a compre-
hensive indicator to provide a simultaneous as-
sessment of the freight turnover, delivery time and
the vehicles' total mileage within two echelons.
The three alternative systems of the urban supply
chain have revealed a trend in the freight turnover
when providing services with cargo bikes to end cus-
tomers in the second echelon. From the distribution
of freight flows over the network (within the second
echelon), it has been established that the minimum
freight turnover of cargo bicycles corresponds to the
greatest load on the road network. At the same time,
the use of freight bikes eliminates the congestion and
guarantees the delivery of goods to end consumers
with a minimal time window.

3. The study has also substantiated that the
two-echelon green supply chain provides a signifi-
cant reduction in the road transport negative envi-
ronmental impact. It has been determined that even
for an area of 3.88 km’, the replacement of the in-
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ternal combustion engine trucks with the cargo
bikes can lead to an annual decrease in harmful
emissions of 2.42 conventional tons (reduced CO,
CH and NO; units).

—
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Abstract. The goal of this paper is to analyse the collected data on energy efficiency of electric vehicles from researches done
by other authors and also to summarise all the factors affecting it. The majority of data available are obtained through simula-
tions — therefore the emphasis in this paper will be placed on experimentally acquired data. The results of the analysis will be
used for the planned e-bus eco-driving project for the purpose of Belgrade’s public transportation system. Currently there are
only 5 (ultracapacitor type) e-buses operating in Belgrade city public transport, which makes only 0.2 % of all vehicles
in rolling stock (making 16 % together with other electric-powered vehicles — trams and trolleybuses), but there are plans
to acquire new 80 electric buses. With the rise of the number of electric vehicles, appropriate training of drivers is gaining
more and more importance, and the results of the presented analysis make the basis for such training. This will hopefully
increase the range of the buses used and help save the energy spent by public transportation, thus giving a little contribution to
global fight for cleaner planet.
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AHaJIN3 MMEIOIIMXCH JAHHBIX M0 3HepPro3GeKTHBHOCTH YJIEKTPOMOoOUIeH,
KOTOpbIe OYAYT HUCNOJIb30BATHCHA
AJIsl pa3padoTKH NMPOEKTA IKOJOrHYeCKOro BOKACHUS

M. Ma.m,lconnql), . CTaMeHKOBM‘II), H. BnaroeBnql), B. onosuu”

YBenrpanckuit yausepeurer (Benrpan, Pecry6iika Cep6us)

Pedepar. Llenbro paboTs sBIsIETCS aHAIN3 COOPAHHBIX paHee pa3HBIMH HCCIIENOBATEIIMH JaHHEIX 00 HeproddhexTuBHO-
CTH 2JIEKTPOMOOMIIEH, a Takxke 0000IeHne Becex (aKTOpoB, BIMSIOINX Ha Hee. Bobinas 4acTe U3 HUX MOTy4YeHa C IIOMOIIBIO
MOJZENUPOBAHNUS, MOATOMY 0C000€ BHUMAHHUE B 3TOH CTaThe yAENsAeTCs SKCIEPUMEHTAIbHO YCTAHOBIECHHBIM XapaKTE€PUCTH-
kaM. Pe3ynbraThl aHanu3a OyayT HCTIOIb30BAaHBI B PAMKaxX 3alIaHMPOBAHHOTO MPOEKTA M0 MPUMEHEHUIO SKOJTOTHYHOTO JJIEK-
TpoOyca B cucteMe oOIecTBEHHOTo TpaHcnopra benrpana, rae B HacTosimee BpeMs (GyHKIIMOHUPYIOT TOJIBKO IISITh JIEKTPO-
OycoB (yIbTPAaKOHACHCATOPHOTO THIA), YTO cocTaBisieT Bcero 0,2 % OT Yucia BCeX TPAHCIIOPTHBIX CPEACTB ITOJBIXKHOTO
cocraBa (16 % BMecTe ¢ IPYyrHMH JIEKTPOMOOWISIME — TpaMBasIMH 1 TpoJuIelOycamn), HO IutaHupyeTcs: npuodpectn 80 HO-
BBIX TEKTPoOycoB. C pOCTOM KOJHMYECTBA 3JIEKTPOMOOMIIEil Bce Oolibliee 3HAUCHUE TPUOOPETAeT COOTBETCTBYIOIIAS TO0-
TOBKa BOAMTENEH, U PE3YJIbTAThI IIPEICTABICHHOIO aHAIM3a CIIy>KaT OCHOBOM TaKOW NMOATOTOBKHU. JIaHHBIA MOAXO. MO3BOJIUT
pacHmupuTh aCCOPTUMEHT HCTIOJI3YEMBIX aBTOOYCOB M COKOHOMUTD SHEPTHUIO, 3aTPadNBAEMYI0 OOIIECTBEHHBIM TPAHCIOPTOM,
YTO BHECET OMNpeJIeNICHHBIH BKJIAJ B ITI00ANBHYI0 O00pEOY 32 YHCTYIO IUIAHETY.

KiroueBble cjioBa: 31eKTpOMOOHIIB, YHEProd(pHEeKTUBHOCTD, TOTPEOIICHIE SHEPTHHU, SKOBOXKICHHE, OOIECTBEHHBIH TPAHCIIOPT
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Introduction

By looking at Tab. 1, it can be seen that cur-
rently there are only 5 electric (ultracapacitor type)
buses operating in Belgrade public transportation
system, with 80 new e-buses planned. It is ex-
pected that this trend will continue [1], so it is very
important to take all the advantages of electric bu-
ses usage. In order to make it possible, a new eco-
driving project is planned. As a preparation for this
project, a research on energy efficiency of electric
buses needs to be conducted. There are many fac-
tors affecting it [2], and this paper will try to sum-
marise them.

Table 1
Belgrade public transportation system rolling stock
Buses 2000
Trolleybuses 119
Electric buses 5 (80 new planned)
Trams 247
Total 2371 (2451)

The analysis

Two hundred electric vehicles (3 models made
in the same factory and sharing the same platform)
were driven by 741 drivers travelling more than
two million kilometres during two years to explore
the effects of weather conditions, travel distance
and vehicle speed on the energy consumption [3].
The results show that winter period increases the
consumption by 34 % compared to summer period,
reducing the autonomy by 25 %. The outside tem-
perature of 14 °C was found to be the most sui-
table.

The effects of ambient temperature and vehicle
auxiliary loads (air conditioning, heating and venti-
lation) were investigated in another study [4], col-
lecting data from 68 electric vehicles in Japan for
one year period, showing that the temperatu-
re range of 21.8 to 25.2 °C is most favourable to
energy efficiency of the vehicle. Another important
conclusion is that about 10 % of energy can be
saved by minimising unreasonable auxiliary loads.

Technical Research Centre of Finland (VTT)
conducted a research in their laboratory using dif-
ferent driving cycles (Tab. 2) [5].

The research showed that 23/-20 °C tempera-
ture drop, with cabin heater turned off, will shor-
ten the range by 20 % (30 % in worst case).

Hayka
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The results for each cycle are shown in Tab. 3.
The use of 4.5 kW cabin heater can shorten the
range for more than 50 % in urban driving cycles
and by approximately 20 % on open road (Tab. 4).

Table 2
The main parameters of driving cycles used

. Fverage|Maximum| Stops | Run
Cycle Dlsliirllce’ speed, | speed, |during| time,
km/h km/h |cycle| s

EURO 11.007 33.6 120 12 | 1180
ECE15 4.052 18.7 50 4 780
EUDC 6.955 62.6 120 0 400
Helsinki city 6.600 19.1 55 17 | 1360
Artemis urban 4.488 17.6 58 19 993
Road, FIN 24.8300 81.3 120 1 1370
Artemis road,
EV" 16.641 60.3 111 1 981
Artemis mo-
torway, EV" 23.793 | 105.6 130 0 736

Table 3
Estimated range for each driving cycle
Estimated range Difference
Cycle +23°C, | -20°C, | —20vs+23,
km km %
EURO 124 88 -29
Helsinki city 125 106 -15
Artemis urban 99 74 —26
Road, FIN 91 70 -23
Artemis road, EV” 113 90 -20
Artemis motorway, EV” 72 53 -26
Average, all cycles 100 79 -21
Table 4

The impact of cabin heater use for each driving cycle

Ar20°C asiw | Lo O e ranee st
heater cycle Wh | kWoh km %
EURO 0.134 | 0.334 53 —40
Helsinki city 0.236 | 0.402 44 -59
Artemis urban 0.256 | 0.494 36 =52
Road, FIN 0.055 | 0.307 57 -18
Artemis road, EV” 0.075 | 0.270 65 -28
Artemis motorway, EV* | 0.043 | 0.371 47 ~11

One research showed that the most economical
average vehicle speed is between 45 and 56 km/h
(Fig. 1), and that electric vehicles are more energy
efficient for longer trips [3].

In another research, converted electric vehicle
was driven for five months in real-world condi-
tions [6]. The results showed that electric vehicles
are more efficient in urban driving conditions than
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on highway, owing it to lower speeds and more
frequent recuperation. However, this advantage
cannot be always used, because the regenerati-
ve braking is not in function when battery is in
high state of charge or when battery temperature
is high [7]. By comparing several electric vehicles
in 16 different driving cycles [8], it was shown that
in urban conditions, a vehicle with a higher weight
can benefit more from regenerative braking.

3004
2504

2004 e

Energy consumption,
W/km

1501

0 10 20 30 40 50 60 70 80 90 100
Average speed, km/h

Fig. 1. The effect of average vehicle speed
on the energy consumption

The results of another research [9] show that
speed lower than 40 km/h and ambient temperature
about 20 °C are optimal in terms of energy effi-
ciency of electric vehicles. The researches founded
that in some specific driving conditions auxiliary
systems can reduce vehicle autonomy by 50 %.
They also found that about 1 % of energy is con-
sumed by light and signalling devices.

Tab. 5 shows the impact of auxiliary systems
on energy efficiency of electric vehicles [10] ob-
tained by the Idaho National Laboratory. Again,
cabin heater is identified as most influential, lea-
ving air conditioning device closely behind.

The research conducted in laboratory condi-
tions on 3 different electric vehicles tested in few
driving cycles in accordance with SAE J1634
showed that autonomy at —7 °C is reduced by
approximately 20 % in comparison with 20 °C,
with cabin heater reducing it for additional 25 %.
At -20°C the autonomy is reduced by 60 %
with cabin heater turned on [11].

A project [12] sponsored by the French Envi-
ronment and Energy Management Agency and
conducted with the help of few vehicle manufac-
turers also gave some conclusions on electric vehi-
cle energy consumption influencing factors, based
on simulation results, validated through certain
driving cycles performed on chassis dynamome-
ter. It is stated that auxiliary systems consume
about 15-40 % at average speed of 20 km/h
and 5-15 % at average speed of 60 km/h. Regene-
rative braking also has a great (positive) influen-
ce on energy consumption with efficiency of about
50 % at 20 km/h and about 30 % at 60 km/h.
The study also showed that economical dri-
ver (0.38 m/s* mean acceleration) can save appro-
ximately 40 % of energy at low speeds and 10 %
at high speeds, compared to aggressive driver
(1.03 m/s* mean acceleration).

Researchers at the Aalto University performed
simulations using several driving cycles (Tab. 6) in
different operating conditions and for two different
electric bus configurations, the first (EV1) with
77 kW-h battery and second (EV2) with 373 kW-h
battery [13].

Table 6

Table 5 Simulated driving cycles
Impact of auxiliary systems
on electric vehicle energy consumption BR | El1 |H550| H3 [L51B{ MAN
Impact of equipment on EV performance Time, s 1740 (1548|3384 | 902 [4283| 1089
Accessory ﬁ;agcet Comments Distance, km 109 [10.2]28.7 (103 |[16.1| 3.3
Highly dependent on Maximum speed, km/h| 58.2 |58.4|74.9|71.7[59.0| 40.5
. e o, |ambient temperature Average total speed,
Adr conditioning U 1030% cabin temperature, and kmv/h 22.5(23.8/305 [41.2]13.6] 109
: air volume Average speed, km/h | 30.1 [27.9]36.0(48.4|202] 17.1
Heating Up to 35 % |Highly dependent on
ambient temperature and| StOpS per, km 2.7 1.8 1.3 09 |43 6.1
: cabin temperature Aggressiveness, m/s’ |0.235(0.152{0.206]0.195(0.281| 0.306
Power steering Climbing gradient,
Power brakes m/km 0.00 |5.75| 6.80 | 0.00|7.27| 0.00
Defroster - -
Other Upto 5% Descending gradient,
X . m/km 0.00 +5.83|-6.64/0.00 -7.26| 0.00
lights, stereo, phone, Depending on use
power-assisted seats, Number of buses
windows, locks in a fleet 7 7 13 5 16 5
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Simulations were performed for vehicles loa-
ded with half of passenger capacity and with con-
stant power demand (6 kW) for auxiliary systems.
Energy loss distribution for EV1 is shown in Fig. 2.
It can be seen that main impacts on the energy con-
sumption come from auxiliary systems, transmis-
sion and tyres. It can be seen that energy loss co-
ming from rolling resistance is almost constant for
all driving conditions. Aerodynamic drag also
takes big part in energy loss at high speeds. Energy
losses caused by auxiliary systems and in transmis-
sion are higher in driving cycles characterised by
higher number of stops and lower average speed.
The impact of vehicle weight due to passenger load
is shown in Fig. 3. Again, this impact is more pro-
nounced in driving cycles with lower average
speed and higher number of stops. Fig. 4 shows the
results of the same study and it shows that a higher
aggressiveness increases the impact of passen-
ger load on energy consumption in electric bus.
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Fig. 2. EV1 energy loss distribution
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Fig. 3. Passenger load impact on energy consumption
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CONCLUSIONS

1. There are steps that can be taken in design
process [14] to make wvehicles more efficient.
However, the authors found three main factors, not
relating to the vehicle itself, affecting the energy
efficiency of electric vehicles — ambient tempera-
ture (as a trigger for auxiliary loads), traffic condi-
tions (urban vs. extra-urban) and driving style.

2. There is a little that can be done to lower the
effects of ambient temperature. The fact that elec-
tric vehicles are more economical in city driving
conditions, primarily due to the regenerative bra-
king, is advantageous for public transportation.
The biggest contribution to more efficient usage
of electric vehicles can be made by changing
the driving style, which is the goal of the future
eco-driving project that will hopefully taught the
drivers to avoid high speeds, accelerate moderate-
ly, drive in anticipatory manner, minimise the auxi-
liary loads (within the limits), use regenerati-
ve braking more often and coast whenever pos-
sible [15].

3. Future research will incorporate the real-
world tests to confirm the findings and make the
best possible input for the mentioned eco-driving
project.
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Increasing the Quality of Transient Processes in the Vehicle Transmission
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Abstract. The paper shows results of an experimental and theoretical study of dynamic processes in the vehicle transmission
after kinematic alignment of elements during gearshifts. The purpose of the research is increasing the quality of transient
processes in the vehicle transmission. Applying an analysis of experimental results obtained through looking into dynamics
of a 3-ton vehicle transmission and studying literature sources it was established that dynamic loading of the transmission
after the kinematic stage of shifting (i. e. synchronizing speeds of driving and driven elements in the gearbox) is influenced by
oscillations which are in the single-node mode. Solving the task of increasing transient processes is achieved by applying
a method of control power redistribution. By employing simulation models a number of methods were used to regulate power
redistribution. Results of computations made it possible to determine that the efficiency of power redistribution are closely
related to initial conditions of the process under the study. In the progress of the research a method for identifying the initial
conditions was developed. This method is based determining signatures of the torque and its derivatives. In accordance with
the research results it turned out that it is appropriate to apply the ZVD (zero vibration derivation) algorithm of power redistri-
bution for low gears (below 4") from point of view achieving better overshoot and robustness characteristics and
a satisfactory response rate level. For higher gears it is recommended that the Ramp algorithm (linear increase in the control
input) be used for the cases when the response rate is not longer than period of the single-node mode of oscillations occurring
in the dynamic system during a gear shift. Application of the proposed algorithms allows to bring down dynamic loading
of the transmission and also to improve the comfort in vehicles.

Keywords: vehicle, gearshift, control, process, power redistribution
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IToBbIIEeHHE KaYeCcTBA MEePEXOAHBIX MMPOLECCOB B TPAHCMUCCUH aBTOMOOMJIA
A. Taparopkun", B. Jlepsxancknii"?, A. Taparopkun"

DdenepanpHoe rocyaapcTBeHHOE GIOKETHOE yUpekIeH e HayKi MHCTHTYT MaIHHOBEICHUS
VYpanbsckoro otnenenus Poccuiickoit akanemun Hayk (ExatepunOypr, Poccuiickas ®@eneparus),
PKyprauckuii rocyapctsennsiii yuusepeuret (Kypran, Poccuiickas deneparus)

Pedepat. B craTbe nznararorcs pe3yabTaThl 3KCIIEPUMEHTAIBHOIO U TEOPETUUECKOr0 UCCIEA0BaHUs JUHAMUYECKUX IIPOLeC-
COB IIPU IEPEXOJHBIX PEKUMAX B TPAHCMHICCUH TPAHCIIOPTHOIO CPEJCTBA HA CTaJUU IOC/IE KUHEMAaTHUECKOTO BbIPaBHUBAHUS
BEJYIIUX M BEJIOMBIX 2JIEMEHTOB BKIIIOUaeMoil nmepenaun. Llenbro uccienoBaHus sBISETCS MOBBIILIEHUE KAUECTBA MEPEXOAHBIX
MPOLECCOB B TpaHCMHCCHU aBTOMOOMIs. Ha ocHOBe aHanm3a SKCIIEpUMEHTAIbHBIX JAHHBIX, MONYyYEHHBIX MPU MCTBITAaHUSIX
aBTOMOOHJI MacCcOi TPH TOHHBI, yCTAHOBJIEHO, YTO XapaKTep JUHAMHUUYECKOTO HArpy>KeHUs! TPAaHCMHUCCHUH MOCIEe KHHEMATH-
YeCKOMN CTaJuu MEepeKIoueHus (T. €. MOCle OKOHYaHUs CHHXPOHHU3ALUK CKOPOCTEN BEAYIINX U BEIOMBIX 3JIEMEHTOB B KOPOO-
Ke TIepenad) COOTBETCTBYET HU3IIEH, OJHOY3IoBoH (opme konebaHuil. HoBH3Ha pe3ynbTaToB HCCIIEIOBAHMS 3aKIIOYAETCS
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B NMPHMEHCHHH METOIa IepPEepaclpeeiCHs] CHIOBOrO YIPABISAIOLIEr0 BO3ACHCTBHSI MPH OGOCHOBAaHHH Croco0a HaeH-
THGUKAIMA HAYaNbHBIX YCIOBHI [0 CHUTHATYpaM KpPYTSAIIEr0O MOMEHTa M €ro MNpoM3BOAHBIX. 1l0 pesymbraTam pac-
Y4ETHO-OKCIEPHMEHTAIBHOTO HCCIISIOBAHNS YCTAHOBIICHO, YTO VIS HU3IIKMX mepenad (Hike 4-i) 1enecooOpasHo IPUMEHSTH
ZVD-anroput™m (zero vibration derivation) nepepacnpe/eneHus ynpasisioniero Bo3aeiictaus. OH MO3BOJSIET TOCTUYD JIyd-
IIHX XapPAaKTEPUCTHK MEPEeperyIupoBaHis U POOACTHOCTH MPH YAOBIETBOPUTEILHOM YpOBHE GbIcTponeiicTust. st Gonee
BBICOKUX II€pE€ad PEKOMEHAYETCS HUCIOJIB30BATh AJITOPUTM JIMHEHHOT'O0 U3MCHCHHUS (HHHeﬁHOe YBCIIMUCHHUE YIPABJIAIOMICTO
BO3/ICHCTBHS) IS CITyYaes, KO BPeMst JOCTIDKEHHS «YCTaBKM» PaBHO WM GOJbIIE MEPHOAA OJHOY3IIOBOH (GopMbl Koneha-
HUIl Ha BKJIIOUaeMol nepenaue. IIpuMeHeHHe NpeUIoKEHHBIX aJTOPUTMOB MO3BOJSET CHU3UTh AMHAMHUYECKYIO HArpys3Ky
B TPAHCMHCCHH, a TaK)Ke MOBBICUTH YPOBEHb KOM(DOPTAGEIbHOCTH TPAHCIIOPTHOTO CPEICTRA.

KinioueBble ci10Ba: ynpapJieHHe, POLIECC, NEPEKIIIOUCHUE ITepeiad, TPAaHCIIOPTHOE CPEACTBO, IIepepacipeiesieHIe yIpaBis-
IOIIEr0 BO3IEHCTBUS

Jns murupoBanusi: Tapartopkus, A. [ToBbleHne KauecTBa MEPEXOJHBIX MPOLECCOB B TpaHcMuccun aBromooms / A. Tapa-
topkuH, B. lepxauckuii, Y. Tapatopkun // Hayka u mexnuxa. 2019. T. 18, Ne 6. C. 509-518. https://doi.org/10.21122/2227-

1031-2019-18-6-509-518

Introduction

Application of modern high-torque engines re-
sults in generating intensive vibrations in the
transmissions of vehicles when they starts to move
and when gears are shifted. It reduces the riding
comfort. Low-frequency oscillations in the trans-
mission are quite natural; they are generated when
the driving torque in a dynamic system rises sharp-
ly at its lowest natural frequency, which is in fact
the first single-node oscillation mode. This pheno-
menon made a full-scale manifestation as a 3-ton
transportation vehicle fitted with a hybrid power
plant, which contained a 650 hp eight-cylinder en-
gine, was subjected to an experimental study.
When the dynamic load of the vehicle was estima-
ted, it was established that low-frequency torsional
oscillations in the transmission initiate intense lon-
gitudinal vibrations of the vehicle’s body with the
acceleration ranging from 2 to 4 m/s>.

Analysis of low-frequency oscillations
occurring in transient processes while

a vehicle is beginning to move from rest
and gear are shifted

Kinematic and power parameters were mea-
sured which describe the dynamics of the power
plant and of the vehicle. Fig. 1 shows an oscillo-
gram characterizing the dynamics of an engine-
transmission system in the process when the vehi-
cle accelerates. The figure also shows variations of
the gearbox input shaft rotation speed, the vehicle
velocity, and the longitudinal acceleration of the
vehicle’s body.

Fig. 1 shows that changing gears from the first
gear to the fifth one results in initiating low-
frequency oscillation in the transmission. Alongside
with it, the torque amplitude reaches the values
of 1.3—-1.5 of the maximum engine torque. At the

510

same time, the longitudinal accelerations of the vehi-
cle’s body are 2—4 m/s>. It should be noted that the
parameters of the transient process are considerably
influenced by variations of the natural frequency
of the dynamic system which is related to the en-
gaged gear in the transmission. When the number of
the engaged gear goes up, the natural frequency in-
creases from 1.6 to 6.9 Hz (Tab. 1, line 4). Insignifi-
cant mismatching between calculated and experi-
mentally derived values of the natural frequency (for
example, from 2.1 to 2.5 Hz at the second gear)
might be caused by a nonlinearity of the dynamic
system, the changing weight of the vehicle depen-
ding on its load (number of passengers, amount of
fuel, oscillations of the sprung mass), temperature,
pressure in the tyres, etc. At the same time, changes
of the natural frequency values depending on which
gear is in are related to the values of the equivalent
moment of inertia of the engine to the vehicle
weight. Thus, the effect of varying natural frequen-
cies should be taken into consideration when the
algorithm for oscillation damping is to be developed,
and it should be estimated by making use of the
robustness parameter of the dynamic system.

It is worth mentioning that according to the re-
sults of numerical modeling and experimental data
equalizing the angular velocities of sliding fricti-
on elements is also accompanied by torque varia-
tions at higher frequencies but with lower amplitudes
(Fig. 1 — from 37.5 to 38.8 s, from 40.6 to 41.5 s,
from 43.2 to 43.8 s). It is related to the ambiguity of
the structural condition of the dynamic system du-
ring the slippage of friction elements when the
equivalent moment of inertia is significantly lower.
These oscillations do not influence as much the dy-
namic load and the comfort (longitudinal accelera-
tions) in the vehicle due to their higher frequencies
and insignificant amplitudes of the torque. This type
of oscillation damping needs further research.
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Fig. 1. Fragmented oscillogram illustrating the ways the movement parameters changed
when the vehicle moved from rest and accelerated
Table 1
Natural frequencies of the system
Gear 1 2 3 4 5 6 7 8 9
Gear ratio 5.72 3.02 2.05 1.51 1.20 1.00 0.86 0.75 0.66
Experimental frequency, Hz | 1.5-1.8 | 2.1-2.5 | 32-34 | 3944 | 4448 | 4650 | 50-5.6 | 55-6.1 | 6.7-7.0
Estimated frequency, Hz 1.6 2.3 33 4.2 4.8 5.1 5.9 6.3 6.9
Referring to researching into the transient pro- tion (g = 9.81 m/s’); 8, — rotary inertia coef-

cesses occurring at the beginning of the motion and
when gears are shifted, the regulation action can be
regarded as a unit function because at the time

ficient with j-gear engaged.
Hence, when a vehicle accelerates in the first
gear at an acceleration of 2.5 m/s’, the relation

when a vehicle is accelerating after the angular f
velocities of control elements are equalized the is 22=9.45, in other terms, the required regula-
required specific moving force is calculated ap-
plying the following formula ting action exceeds the rolling resistance torque by
. nearly ten times. The response of the system to this
1= A fin regulating action may be regarded as a response to
d; a unit regulation function.

The most intensive generation of these oscilla-

where f,, f, — specific driving force and tractive tions can be observed when the fuel feed goes up

resistance respectively; v — required vehicle ac- quickly in the kick-down mode. This assertion
celeration, f, = 0.02; g — gravitational accelera- is well defined in the graphs in Fig. 2.
[ Hayka 511
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When the vehicle is moving with the first gear
in, the quick increase in fuel supply at the 78"
and 82™ seconds results in changing the torque
at the transmission output shaft with an amplitude
of up to 1760 N-m. This process goes together
with longitudinal oscillations of the vehicle body
at an amplitude of 4.5 m/s’ its frequency being
f= 1.6 Hz: it corresponds to the first single-node
mode. Thus, analyzing the experimental results it
was discovered that dynamic and inertial loads
in the required frequency range are created in cor-
respondence with the single-node oscillation mode
with the node in the axial shaft area.

This phenomenon is the Bonanza effect and is
described in the book by Robert Fischer et all (see
below). The energy of these oscillations is propor-
tional to the squared torque divided by the double
value of the angular rigidity of the system. As gear
shifts occur (lower gears in particular) in the
transmission of a transportation vehicle, the current
torque is at its maximum while the equivalent an-
gular rigidity is limited. It leads to an intensi-
ve accumulation of oscillation energy with low
natural frequencies in the shifts at lower gears.
The energy and amplitude of these oscillations can

be reduced by varying the parameters of the system
that would increase the natural frequency. Any-
how, it can hardly be achieved in real structures.
The closest approach to it, regarding its techni-
cal essence and achievable results, is the method
of damping oscillations detailed in [1] (Fig. 2.28,
p. 78). This method implements damping of low-
frequency oscillations in transportation vehicle
transmissions at the stage following kinematic
equalizing of velocities of driving and driven com-
ponents by creating an antiphase regulating action
at the natural frequency of a dynamic system.
It also implies estimating the quality of transient
processes, i. e. overshoot and duration based on
modeling the dynamics of the system in which
a unit regulating action is applied (quick applica-
tion of the engine torque). In other words, the pa-
per mentioned above proposes to alter the function
of the regulating signal (in this particular case the
regulating signal of the torque): to make it ramp-
like (RAMP — a gradual increase of the engine
torque in terms of time) or step-like, correlating
the duration of the stages of the regulating function
with the period (frequency) of the natural oscilla-
tion of a dynamic system.
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Fig. 2. Oscillogram fragment showing changing parameters during the motion at a minimal velocity in the first gear

when the motion was periodically accelerated by quick shifts of the gas pedal from 0 to 100 %
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This engineering solution, based on the idea of
oscillation damping by means of generating regu-
lating pulses that are antiphase to the oscillations,
1. e. by means of redistributing the regulating input
in terms of time and relating it to dynamic proper-
ties of the system, is implemented by the method
which is known as Input Shapers [2—6]. This
method is widely used in various commercial ap-
plications, and it has resulted in improving perfor-
mances of various units: satellite systems [7], disk
drives [8], cranes [9-11], coordinate measuring
machines [12, 13], remotely piloted planes [14],
milling machines, etc.

At the same time, if to speak about transport
vehicles, these regulating algorithms have not been
widely applied. To evaluate the possibility of uti-
lizing this well-formalized method in vehicles for
the purpose of improving the transient processing
of shifting at the stage following the kinema-
tic equalizing of angular velocities the resear-
chers [15] performed a comparative estimation
of how efficient different algorithms of torque re-
distribution are. To do it a two-mass mathema-
tical model is used. In addition to it, these papers
present a list of indicators that show the efficien-
cy of various algorithms for torque redistribu-
tion and their applicability related to the criterion
of optimizing gear shifts: acceleration intensity
of vehicles, comfort when in motion, minimi-
zing dynamic loads, etc. These indicators are in
fact overshooting, rapidity of action and ro-
bustness.

Estimating the effectiveness of the proposed
method by applying the extended
multi-mass model of the dynamic system

To estimate the efficiency of input regulators in
application to the research subject a more compli-
cated simulation model was developed; it is pre-
sented below. In this model components are
grouped in two major unities.

The first one is shown in Fig. 3; it describes
how the following transmission elements interact:
the engine, the double-clutch, the gears and shafts
in the gearbox (even and odd branches, the cardan
shaft and the axle shafts. It also contains a separate
component simulating the vehicle body.

In the mathematical model the internal combus-
tion engine is modeled as a 3D dependence of the
torque on the rpm of the engine crankshaft and
the fuel feed percentagewise (Fig. 4). This depen-
dence allows modeling the engine in the traction
mode employing external and partial characteris-
tics and in the braking mode.

The second unit of the elements describes the ope-
ration of the gearbox controller and that of the engine
controller. The control logic of the gearbox is imple-
mented by two actuating mechanisms; they actuate
the gearbox control unit and the doubled clutch fric-
tion regulating unit. The gearbox control unit ma-
kes use of the current values of the mechanical model
of the gearbox (the gear shifted in, the selector posi-
tion, the current velocity of the vehicle) to generate
a request for a gearshift as per the gearshift pattern.
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Transmission Control System
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Fig. 3. Model elements describing mechanical components of the transmission
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Fig. 4. Dependence of engine torque on crankshaft speed
and fuel supply

The doubled clutch regulator defines the re-
quired condition of the friction elements for diffe-
rent stages of gear shifts. Five conditions of the
friction elements are implemented: engaged (open),
a linear increase of the friction torque at the stage
of passing the rotational toque from the friction
clutch of the gear being disengaged to the friction
clutch of the gear being engaged (torque ramp up),
a linear increase of the friction torque at the stage
when there is a kinematic change in the gear ratio
in the gearbox (torque ramp up), fully engaged
(close), a linear decrease of the friction torque
at the stage of passing the rotational toque from
the friction clutch of the gear being disengaged
to the friction clutch of the gear being engaged
(ramp down).

Fig. 5 illustrates the way the rotational torque
changes in the friction elements when gears are
being shifted. The employed logic allows perfor-
ming a gearshift by dividing the shift process into
a force phase and a kinematic one. The logic of the
engine control covers the switching of the modes
of its operation comprising three conditions of the
fuel feed control: the driver’s mode, electronic
maintenance of the torque, transferring the fuel
feed control from the electronic unit to the driver.
When the engine is controlled by the driver, the
fuel is fed depending on the position of the acce-
lerator pedal. The mode of maintaining the torque
is actuated at the time when gears are being shif-
ted; it time when specific conditions for a gear
shift are needed. With the existing systems in ope-
ration the driver hardly feels when a short-time
switchover of the control mode from the driver to
the electronic unit takes place. At the same time,
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it helps to economically use the computational
resources of the electronic gearbox control unit.
The signal for switching modes is generated by the
gearbox control unit when the torque is switched
and when the kinematic equalizing occurs.

—— Offgoing clutch Close
---- Oncoming clutch

Ramp down

- " Kinematik ramp up

Torque ramp up .~ <

Frictional torque in clutches

Time

Fig. 5. lllustration of torque change in friction elements

To transfer the controls of the engine from
the electronic unit back to the driver, there exists a
transit mode which operates according to a certain
law. This control law can be applied when a gear-
shift is completed or when the driver quickly
changes the position of the acceleration pedal and
when there is a substantial longitudinal accelera-
tion of the vehicle body accompanied by oscilla-
tions of the vehicle body. To put this law into prac-
tice a ZV-shaper, a ZVD-shaper and a linear ramp
of various duration equal to period fractions (772,
T, 1,5xT) can be applied as is shown in Fig. 6.

A full-scale model of this system is implemen-
ted in the LMS Imagine. LAB Amesim. Softwa-
re. Fig. 7 illustrates the results of modeling ap-
plying the Tip-in and Tip-out modes and utilizing
the ZV-shaper and the ZVD-shaper. As is shown
in the chart, the gearbox control unit makes use
of the shapers if the driver has to quickly change
the position of the acceleration pedal. Together
with it, an electronic pedal mode is actuated; this
mode follows the algorithm of redistributing power
of the control torque depending on which shaper is
in operation. Analyzing the results proves that the
redistribution of the gearshift torque power is effi-
cient (see the graphs in the upper part of the Fig. 7).

The graphs in the lower part of Fig. 7 show
how efficient the results are. From analyzing the
results of the modeling it can be derived that the
ZVD-shaper manifests the highest efficiency in
setting limits for the redistribution at acceptable
values of response time and robustness. In general,
the analysis proves that the redistribution of torque
power during gearshifts is efficient.
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Somehow, the modeling of an extended multi-
mass model of the dynamic system also showed
that applying the input shapers as is to be done in
compliance with the method detailed by R. Fischer
is efficient only in the initial zero conditions.
In real systems, which maintain control over gear-
shifts in transportation vehicles, the initial condi-
tions occurring after equalizing the speeds of the
driving and driven elements are not zero condi-
tions; they evolve at random being related to a
combination of factors determined by the engine
toques, tractive resistance together with oscilla-
tions of the dynamic system.

To further improve the efficiency of synthe-
sized shapers an algorithm was developed within
the framework of this research to identify the ini-
tial conditions to make use of the value of the
engine torque and its derivatives as a reference.
The essence of the method that is being proposed
is as follows: employing the signatures of the first
and second derivatives of the torque it is to be
found in which of the quarter of the period of the
natural oscillation (quartile) the oscillatory mo-
tion of the dynamic system takes place (see table
in Fig. 8). For example, if the process occurs in the
first quartile, the signature of the first derivative
is positive and that of the second derivative is ne-
gative. If the process occurs in the second quartile,
the sign of the first and of the second derivatives
are negative. And if the process takes place, the
signs are positive. Data for the correlation are gi-
ven in Tab. 1 (lines 1-4). Meanwhile, the time,
when the shaper is actuated, is also established by
the meanings of the signatures (changes of their
signs) of the corresponding derivatives of the tor-
que (in Tab. 1, lines 5-7). For instance, when the
process is in the first quartile, the time to actuate

the shaper (gj is determined by the zero value of

the first derivative (the derivative’s sign changes
from positive to negative); in the second quartile

the actuation time for the shaper (n) is defined by

the zero value of the second derivative (its sign
changes from minus to plus); in the third quarter of

the period the actuation time for the shaper (3775)

is determined by the zero value of the first derivative
(its sign changes from minus to plus); and in the
fourth quartile period the actuation time for the sha-

per (2m) is determined by the zero value of the se-

cond derivative (its sign changes from plus to minus).

After determining the shaper actuation time the
control system that being proposed in this paper ope-
rates following the developed algorithm. In addition
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to it, the control program provides for finding the na-
tural frequency of the system as a function of the
number of the gear which is engaged and an ar-
rangement for actuating driving axles.
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Fig. 8. Identification chart for the initial phase
of the torque oscillations; the torque applies load
to the transmission after the stage
for kinematic equalizing of the driving
and driven transmission components is completed

Also, the relative angular speed of the driving
and driven elements and this allows identifying
the completion of the kinematic equalizing stager.
After the kinematic equalizing Aw =0 is done,
the measuring control system (MCS) of the vehicle
generated an inquiry for the required engine tor-
que M,,, a computational torque is determined as
a response to the unit regulation action. Then, a pro-
cedure is done to compare the overshoot ¢ and
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the acceptable value. If the overshoot exceeds
the acceptable value, a calculation procedure is
performed to determine the parameters defining
the power redistribution of the control signals 4;
and ¢; (amplitudes and their duration) for the shaper
type (shaper-filter) that would produce the required
value of the priority parameter which is to provide
for the quality of the transient process (overshoot,
rapidity of action and robustness). To find the func-
tion of the torque (measured torque) corresponding
to the first single-node oscillation mode filtering is
done by applying a rejection filter at the natu-
ral frequency o, of the system with the pass band
+(A%)o,. In this expression A% allows for

a possibility of varying the natural frequency of
the system and determines the priority of the selec-
ted shaper regarding the degree of its robustness.
For example, the results of the modeling show that
for the first gear of a 3 t vehicle, for the ZV-shaper
with the overshoot set to 10 % the pass band
is A% =+5, for the ZVD-shaper with the over-
shoot set to 10 % the pass band is A% ~ (£20) %,
and for the for the ZV-shaper with the overshoot
set to 10 % the pass band is A% =F5; for
the ZVD-shaper with the overshoot set to 10 %
the pass band is ZV-shaper with the overshoot
set to 10 % the pass band is A% =~F5; for
the ZVDD-shaper with the overshoot set to 10 %
the pass band is A% =~ (£30) %.

Further on, making use of the signatures of the
obtained (filtered) torque, its first and second
derivatives the number of the current quartile of

[null] =108
125

the oscillation process and its time boundaries are
found. The right boundary of the interval helps to
determine the time for the control action of the syn-
thesized shaper to be applied. After it, the parameters
of the synthesized shaper are transmitted into the sys-
tem controlling the fuel feed rate. At this stage the
operation of the algorithm is completed.

Fig. 9 presents the results of modeling the dy-
namics of the system under the control of the three
shapers.

The results of the modeling illustrate the efficien-
cy of the synthesized shapers for damping low-
frequency oscillations. The graphs in Fig. 9 prove
that the ZVD algorithm brings about the highest effi-
ciency in restricting the overshoot under acceptable
values of rapidity and robustness. On the whole,
the analysis of the results proves that the redistribu-
tion of the control torque at gearshifts is efficient.

At the same time, from the results of the mo-
deling the dynamics of the power plant installed
in the object under research it can be inferred that
in the case of the first three gears it is appropriate
to employ the ZVD-shaper. If a higher rapidity action
is needed, usage of the ZV-shaper is possible. Re-
garding the engagement the fourth and higher gears,
it is appropriate to utilize the RAMP algorithm.
If it is so, the time of the control action ramp
should match the natural frequency period of the
selected gear. Application of the control action
within the time which is shorter than the period
duration leads to poorer indicators of overshoot
and robustness.
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Fig. 9. Results of modeling the dynamics of the system with different control versions to illustrate the efficiency
of the synthesized shapers designed to damp low-frequency oscillations
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Application of the control action within the
time exceeding the period duration of natural oscil-
lations results in declined acceleration dynamics,
and it is unacceptable.

CONCLUSIONS

1. Hence, in the process of performing the pre-
sent research a method was devised for damping
low-frequency oscillations in transmissions of
transportation vehicles at the stage following kin-
ematic equalization of speeds of driving and driven
components; to do so an antiphase control action
was developed that would operate at the natural
frequency of dynamic systems which is in the low-
est single-node oscillation mode.

2. The novelty lies in synthesizing a shaper on
the basis of computing parameters for redistrib-
uting in time the control action under the following
algorithms: ZV (Zero Vibration), ZVD (Zero Vi-
bration and Derivative), ZVDD (Zero Vibration
and Double Derivative), RAMP, etc. The ampli-
tude and the duration of the stages as well as the
stage when an algorithm begins to function are
derived from the initial conditions of the oscilla-
tion process in dynamic systems; these conditions
are identified with the help of the signatures of the
first and second derivatives of the torque. The type
of a regulator (shaper filter) is selected depending
on the choice of the priority parameter that charac-
terizes the quality of the transient process — over-
shoot, rapidity of action or robustness.

3. It was established that to damp low-
frequency oscillations related to the gear shifting in
the transmission of a transport vehicle the ZVD-
algorithm yields the highest efficiency in restric-
ting overshooting at acceptable values of the rapid-
ity of action and robustness. When a more rapid
action is required, the ZV-shaper can be used. It is
also adequate to apply the RAMP-algorithm if the
value of the natural frequency of the lowest single-
node oscillation mode is equal to 4 Hz or higher.

4. On the whole, the analysis of the achieved
results proves that the redistribution of the power
control action at the stage after kinematic equali-
zing in the process of gear shifting in transmissions
of transport vehicles is highly efficient.

5. The efficiency of the proposed method re-
sides in damping oscillations in transmissions of
transport vehicles when gear shifting is in progress
following the stage of kinematic equalizing. The
proposed method brings about better service prop-
erties such as the acceleration rate, comfort, etc.
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Abstract. Predictive maintenance has become important for avoiding unplanned downtime of modern vehicles. With increa-
sing functionality the exchanged data between Electronic Control Units (ECU) grows simultaneously rapidly. A large number
of in-vehicle signals are provided for monitoring an aging process. Various components of a vehicle age due to their usage.
This component aging is only visible in a certain number of in-vehicle signals. In this work, we present a signal selection
method for in-vehicle signals in order to determine relevant signals to monitor and predict powertrain component aging
of vehicles. Our application considers the aging of powertrain components with respect to clogging of structural components.
We measure the component aging process in certain time intervals. Owing to this, unevenly spaced time series data is prepro-
cessed to generate comparable in-vehicle data. First, we aggregate the data in certain intervals. Thus, the dynamic in-vehicle
database is reduced which enables us to analyze the signals more efficiently. Secondly, we implement machine learning algo-
rithms to generate a digital model of the measured aging process. With the help of Local Interpretable Model-Agnostic Expla-
nations (LIME) the model gets interpretable. This allows us to extract the most relevant signals and to reduce the amount
of processed data. Our results show that a certain number of in-vehicle signals are sufficient for predicting the aging process
of the considered structural component. Consequently, our approach allows to reduce data transmission of in-vehicle signals
with the goal of predictive maintenance.
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IIpeaBapure/bHbIl BHIOOP CUTHAJIA 111 MOHUTOPHUHIA
U IPOTHO3MPOBAHUS CTAPEHUSA KOMIIOHEHTOB
CIJI0BOII mepeaayu aBTOMOOMJIA

A. Vo Cacc”, 9. Icaréeiiorny”, T. AsBepkc”
YAO «®onbrcraren» (BomsdcOypr, Peneparusnas Pecry6uka [epmarus)

Pedepar. [Iporno3noe TexHUUECKOE 0OCITYKMBAHUE SBISIETCS] BXKHBIM JJISI IPEIOTBPAICHIS He3aINIAaHUPOBAHHBIX IIPOCTOEB
COBPEMEHHBIX TPAaHCHOPTHHIX cpeacTB. C pacmmpeHneM (YHKIHOHAIBHOCTH OJHOBPEMEHHO IIPOMCXOJHUT OBICTPHIA POCT
oOMeHa JaHHBIMU MEXy IeKTPOHHBIMHU OJOKaMH yIpaBieHHUs. bonbiioe KoaM4ecTBO OOPTOBBIX CHIHAJIOB MO3BOJISIET OCY-
MIECTBIIATH MOHUTOPHUHT TIpoliecca ctapeHus. CTapeHne KOMIIOHEHTOB aBTOMOOMIIS 3aBUCHUT OT TOTO, KaK OHU HCIONb3YIOTCS.
OneMeHThl CTapeHUsl BBISBIISIOTCS Oiarofapsi HATMYMIO psifia OOPTOBBIX CHTHANOB. B faHHOM CTaThe NMPEAToKeH METOM BbI-
6opa GOPTOBBIX CUTHAJIOB C LIENBIO ONMPEAENICHUS] COOTBETCTBYIOMIMX I MPOBEACHUS MOHMTOPUHIA M HMPOTHO3MPOBAHMS
CTapeHUs] KOMIIOHEHTOB CHJIOBOH Iepellauu TpaHCIOPTHBIX cpeAcTB. Ilpouecc crapeHus paccMaTpuBaeTCsl Ha OCHOBE CTelle-
HU 3aCOPEHUS KOHCTPYKTUBHBIX 3JIEMEHTOB. V3MepeHue npouecca CTapeHus: KOMIIOHEHTOB OCYLIECTBIISIETCA B OIIPEACICHHBIC
IPOMEXYTKH BpeMeHH. biaronapsi TakoMy MOAXOJY JaHHBIE, IIOJIy4YCHHbIE B HEPABHOMEPHO PACIPEAECICHHBIE IPOMEKYTKU
BpEMEeHH, IIpeBapUTEIILHO 00pabaTeBatoTCs U1 GOPMHUPOBAHHS CPAaBHUBAEMBIX OOPTOBEIX IOKa3areineil. Ha mepBom srarme
arperupyeM JaHHBIE B ONpeEIETeHHbIe HHTEPBATbl. TeM caMbIM JUHAMUuecKas 0a3za OOPTOBBIX JAHHBIX YMEHBILNAETCS, YTO
no3BouisieT Gosnee 3G(PEKTUBHO aHATM3UPOBATH CUTHANBL. Takke HCHOJIb3YeM ITOPUTM MAIIMHHOTO OOYYeHHS C LIEJbIO CO-
3aaHus MQPOBOH MoaenH Ui U3MepeHHs nporecca crapeHus. C MOMOIIBIO METOAOJIOTHH JIOKAIBHBIX HHTEPIPETHPYEMbIX
MOJIETTEHO-arHOCTHYECKUX OOBSICHEHNI MOJENb CTAaHOBUTCS MHTEPIPETHPYeMOH. DTO MO3BOJISET W3BJIEKaTh Hanboliee pe-
JIeBaHTHBIE CHTHAJIBI M TEM CaMBIM COKpamiaTh 00beM 00pabaThIBaeMbIX JaHHBIX. [loiydeHHBIC pe3ysbTaThl ITOKA3bIBAIOT,
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Introduction

A massive amount of information is transmitted
in a modern vehicle. This information is used for
communication between various Electronic Con-
trol Units (ECU). These information are transmit-
ted via the Control Area Network (CAN) bus in
form of signals, which can be triggered by diffe-
rent ECUs (e. g. vehicle speed, outside tempera-
ture, turn signal status). Due to the utilization and
prioritization of the CAN bus, the signals cannot
be transmitted in real-time. Because of more safe-
ty functions, more driver assistant systems and a
higher in-vehicle entertainment the complexity of
such vehicles grows rapidly.

Our goal is to provide component aging indica-
tors for the use in a health management or in sense
of predictive maintenance. Therefore, we identify
relevant groups of signals concerning an obser-
ved physical aging process. With the help of this
approach, the transmitted in-vehicle signals can be
reduced to a small group of relevant signals. Due
to the massive amount of data and complex aging
process (the selected physical aging process cannot
be identified by using only one signal), a manually
identification of aging-relevant signals is not suita-
ble. The analyzed prototypes transmit hundreds
of signals in a day. After preprocessing, the trans-
mitted data of a prototype’s signal contains up to
65 mio. value samples. Therefore statistical fea-
tures are extracted out of the raw information to
reduce this massive amount of data.

This paper is structured as follows. In the sec-
tion 2 we briefly present some of the related work
and background information. Afterwards, we descri-
be the analyzed data and the preprocessing step for
generating suitable datasets in section 3. In sec-
tion 4 our approach for preselecting relevant
in-vehicle signals is presented. In section 5 our
results are given and evaluated. To the end, sec-
tion 6 concludes this paper and we give an outlook
of future work.
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Background

In this section, we provide background infor-
mation and related works. Different commercial
vehicles are equipped with CAN loggers to save
the in-vehicle signal streams, including sensor
readings, actuator readings and internal parameters
of control models. With the help of these loggers,
hundreds of in-vehicles signals can be recorded.

In our work we estimate a degree of aging of an
Exhaust Gas Recirculation (EGR) cooling system.
This aging value can be used for further predictive
maintenance approaches. Some authors used spe-
cial sensors to detect faulty state of the obser-
ved component [1-3]. As described in section 1,
the amount of information is massive and has to
be aggregated to filter the important information.
H. Guo et al. shows an approach, to reduce the
transmitted information with the help of a cloud [4].
Common feature extraction is a widely used me-
thod to keep the amount of samples in a suitab-
le way [5, 6].

The examined prototypes with diesel engines
have in common, that the EGR cooling system is
observed in various time periods in workshops.
With the help of this information, a health status of
this component aging is given. The recirculated
exhaust gas of the engine back into the intake tract
is set from the EGR valve. Due the combustion of
sulfur-containing diesel fuel, different types of
emissions are released. The EGR rate determines
the proportion of exhaust gas mass flow based on
the total mass flow filling the engine cylinders. By
changing the EGR rate the emissions can be influ-
enced positively [7, 8]. Though, a too high EGR
rate causes a fouling in EGR coolers [9, 10].

In addition to the given explanation of the
physical aging process, the quality of Machine
Learning models for predicting fault diagnosis or
health states are related to the quality of input data.
In order to increase the quality of the models and
to reduce the computational complexity a feature
selection is necessary. K. H. Hui et al. present an
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approach for selecting a subset of features for pre-
dicting machinery faults by using vibration sig-
nals [11]. In the first iteration step the best feature
is selected. Furthermore, in the next iteration step
all other combinations of this feature are tested.
The best combination of this iteration is selec-
ted. This is repeated until all features are selected.
In the end, a subset of feature combinations with
the best accuracy and the lowest number of fea-
tures is selected. The approach shows a accuracy
improvement from 74 % to 81 % selected by the
features [11].

R. Prytz et al. implement an approach to identi-
fy dependencies between on-board signals in
a truck [12]. First, the external influences are se-
parated from the internals. In the next step, im-
portant relations are found by using Least Absolute
Shrinkage and Selection approach (LASSO) and
Recursive Least Squares approach (RLS). Zhang
et al. select different features for predicting the
Remaining Useful Life (RUL) of rolling element
bearings [13]. Different statistical features are cal-
culated from the origin monitored signals by pro-
cessing time domain, frequency domain and time-
frequency domain. The features are evaluated by
different goodness metrics, such as correlation,
monotonicity and robustness. The signals are se-
lected by calculating the weighted linear combina-
tions of the several goodness metrics.

A. Mrowca et al. identify groups of signals in
in-vehicle network traces [14]. In this approach,
redundant signals are discovered to reduce po-
tentially identical information on the bus load.
The authors of this work distinguish between cate-
gorical and numerical signals. In order to represent
the signal behavior, various features are extracted
with respect to the overlapping windows. Further-
more, the feature subset with the best prediction
quality is found. With the help of the most im-
portant feature subset, the signals can be clustered
in several groups [14].

J. A. Crossman et al. analyze signal fault analy-
sis of vehicle engine data in order to find rele-
vant signal features [15]. In a first step the input
data is segmented in several dynamic windows.
These windows are used to generate signal fea-
tures. The algorithm ranks the features according
to the linear separability of these features. For the
current features set the error rate is calculated.
In order to reduce the feature set, the backward
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selection algorithm eliminates the lowest ranked
feature until the best error rate. The authors show,
that classification accuracy rises from 61.92 %
to 83.84 % by reducing the selected features [15].

Besides the signal reduction, machine learning
methods are also implemented to predict an observed
target value. M. J. Kane et al. shows in the work, that
the Mean Squared Error can be improved with a
Random Forest approach for prediction of avian in-
fluenza outbreaks [16]. The Support Vector Regres-
sion (SVR) is used for predicting the urban air quali-
ty of Beijing and cities next to Beijing.

In our paper, we implement a signal pre-selec-
tion to reduce the whole signal variance by using
Local Interpretable Model-agnostic Explanations
(LIME). M. T. Ribeiro et al. present an algorithm
to interpret complex classifiers or regressors in a
faithful way [17]. In order to achieve this, the algo-
rithm has to be interpretable for humans and the
results should be similar to the origin prediction
locally. The explanation is defined as following

&(x)zargnGlinﬁ(f, g, nx)+Q(g),

where x — origin representation of an instance
and x' the binary vector of its interpretable instan-
ce; G — class of potentially interpretable models;

Q(g) — measured complexity [17].

For the representation randomized samples
around n are used and with the distance weigh-
ted. The fidelity function A approximates the
global function locally. Furthermore, LIME tries
to minimize the complexity and to maximize
the quality.

Besides the relevance of a signal, different
samples of a signal can cover various amount of
the whole database. In order to identify the sam-
ples with the highest coverage, LIME has imple-
mented a submodule pick algorithm [17].

Data description

For the further analytics the vehicle inter-
nal network traces from the CAN-bus are applied.
This network traces consists of a various signal
variety of sensors/actors readings and internal pa-
rameters of control models. The given prototy-
pes are analyzed regarding their EGR cooler aging.
This aging-value is observed for every prototype
in certain intervals in workshops. We use these
values as training set target value (ground truth).
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The in-vehicle signals from the internal net-
work traces include high frequent and unevenly
spaced time-series. It is necessary to transform this
data in a analyzable form. First, the time-series are
cleaned from invalid values. Afterwards, the time-
series are synchronized to a 100 ms raster. Instead
of interpolating the values, only the associated
timestamps of each value-time-pairs are changed to
a unified and equidistant time raster. With the help
of this method it is ensured, that no measured value
is changed and the signals keep its origin behavior.
For each recording a trigger signal defines the start
and end time. All signals for that recording are cut
regarding the length of the trigger signal. There-
fore, all signals have the same length within the
recordings. Afterwards, for every signals the re-
cordings are merged to a coherently dataset.

The data is segmented regarding several time pe-
riods. The associated target value is averaged for that
given time period. As mentioned in our previous
work [18], a too high dynamic in the dataset will pre-
dict an aging-value with a less quality. In order
to decrease this dynamic and to reduce the amount
of samples, we calculate statistical features directly
from the original equidistant signal for a given time
period of 9 h. We use similar statistical features as
mentioned in [15] as basic features to aggregate the
signals: arithmetical mean, 25™ and 75" percentile
and the standard deviation of the values in each time
period. The Fig. 1 shows the signal segmentation and
aggregation. This approach is done for the whole ve-
hicle lifetime and for all signals.

! [ l h l signal 1
e [ A 1
i i | signal 2
i 1 lJ It [ -l signal 3
i ! i | ; aulIN
T =~ 1 - J U
> x hours

signal segmentation

signal 1
-> -> signal 2
signal 3
SO oS T =4 T
> x hours

signal aggregation

Fig. 1. Example for the signal segmentation
and signal aggregation for the synchronized time-series
of the vehicle lifetime
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Signal preselection

In this section we present our approach to pre-
select a small amount relevant signals from the
whole dataset. First, a machine learning model
is used to predict the observed aging-value of the
component with the help of the calculated signal
aggregations. The focus of our work is the prese-
lection of the signals, for that purpose we use the
Random Forest Regression as default model.

As described in the previous section, the final
datasets have the same length for all signals. Thus,
the dataset is split into a training (2/3) and test da-
taset (1/3).

Different representative samples of the trained
model are picked to explain the model locally. For
that purpose we apply the LIME algorithm [17].
As a result we get the weights for explaining the
signal relevance locally. To show the local re-
levance heatmaps are created for every sample.
The heatmaps include local scores for the used fea-
tures (arithmetical mean, 25" and 75™ percentile
and the standard deviation) of the signals.

Finally, the global score ¢ is created from the
local heatmaps of every signal regarding all statis-
tical features. In order to calculate the score o;, /
is defined as the amount of heatmaps, the amount of
feature for every signal is n and the processed signal
s of all signals S. s; is defined as local weight of a
feature j from the signal s within the heatmap i.
The score calculation is defined as follows

n Si'
, 24-100

I ()
(pY :ZHTVS esS.

After determination we sort the results regar-
ding the global score (relevance).

Results

In this section, we present our results for prese-
lecting in-vehicle signals of a powertrain aging
component purpose. The determined in-vehicle
signals are evaluated with the help of the root
mean square error (RMSE) regarding the predicted
aging-value.

The Fig. 2 shows the score map of the top ten
in-vehicle signals regarding the relevance (global
score) for predicting the aging-value for a selec-
ted prototype.
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Sample

Fig. 2. Score map of the top ten in-vehicle signals regarding the relevance (global score) for predicting the aging purpose
for a selected prototype, the x-axis shows different samples with the highest coverage regarding LIME

Different samples cover a various amount of
the analyzed database. The submodule pick algo-
rithm identifies the samples with the highest co-
verage regarding the aging purpose. The colored
boxes in a row represent the local score of each
signal in the given sample. Each local score is de-
termined by using the four statistical features.
The following Tab. 1 shows the description of the
determined signals in Fig. 2.

Table 1

Description of the relevant signals for predicting
the aging purpose for a selected prototype

Signal number Description
39 Information about activity on CAN bus
60-63 Different log information
97 Mass of ash in particle filter
100 Mass of soot in particle filter
103 EGR mass flow
150 Oil level information
170 Temperature in EGR valve

In order to evaluate the calculated signals, we ap-
ply the RMSE to calculate the goodness of the mo-
del. A tuple of ten signals is used to predict the
aging-value, for that prediction the RMSE is calcu-
lated. The Fig. 3 shows the RMSE, which result
from the tuples of signals. The error of the trained
models increases with the selection of the worse
rated signals. Some outliers do not fit into the
global trend. These outliers can be caused dif-
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ferently. On the one hand, the score calcula-
tion based on the four statistical features of the
signal. If a signal has only a single highly relevant
feature and another signal has four semi-relevant
features, the resulting score can be the same. For
this reason, a lower rated signal could return bet-
ter results than a higher rated. On the other hand,
LIME uses different models as explanations.
In order to keep the origin signal behavior, the
analyzed statistical feature from the signals are
not normalized.

=
Q
a
=
—
N
o
o
=

Top 220-230
Top 230-240
Top 240-250
Top 250-260

Fig. 3. Overview of the RMSE regarding the in-vehicle signals
to predict the aging-value, ten signals (sorted by global score)
are combined to calculate the error

When using a linear model, a feature with a very
high absolute value could be represented from a low
factor in the linear model, although the influence
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of that feature is very relevant. Because of using fea-
tures in a similar range, this behavior appears only in
exceptional cases. Despite the outliers, the figure
shows well weighted scores in order to explain their
relevance regarding the physical aging process.

CONCLUSIONS

1. In this work we analyzed dynamic in-vehicle
signals and predicted the aging value. The recor-
ded network traces are cleansed and synchronized.
After that, the time series of the signals are seg-
mented and aggregated to equidistant datasets.
With the help of LIME a small group of rele-
vant signals are preselected for further analytics.
The whole amount of analyzed data is compressed
multiply by comparison the origin network traces
to the preselected aggregated datasets. Our goal is
to deliver component aging indicators for the use
in predictive maintenance. With the help of our
approach, a selected physical aging process can be
assigned to a unique group of relevant signals.

2. In the future, unknown aging processes can
be identified by using the assignment of preselect-
ed signal groups and the aging processes. A cloud
can save various signal groups and aging type con-
figurations and transmit it to all the vehicles within
analyze cluster. In this case, an expensive aging
observation must be only for one vehicle done and
the resulting signal groups can be used for all
the other vehicles. Furthermore, an aging model of
all known aging processes can be used to imple-
ment in a health management by using the rele-
vant signal groups and can inform the customers
in sense of predictive maintenance.
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Abstract. In the latest study conducted by the National Highway Traffic Safety Administration in 2018, it was published that
human error is still considered the major factor in traffic accidents, 94 %, compared with other causes such as vehicles, envi-
ronment and unknown critical reasons. Some driving scenarios are especially complex, such as highways merging lanes,
where the driver obtains information from the environment while making decisions on how to proceed to perform the maneu-
ver smoothly and safely. Ignorance of the intentions of the drivers around him leads to risky situations between them caused
by misunderstandings or erroneous assumptions or perceptions. For this reason, Advanced Driver Assistance Systems could
provide information to obtain safer maneuvers in these critical environments. In previous works, the behavior of the driver
by means of a visual tracking system while merging in a highway was studied, observing a cognitive load in those instants due
to the high attentional load that the maneuver requires. For this reason, a driver assistance system for merging situations is
proposed. This system uses V2V communications technology and suggests to the driver how to modify his speed in order
to perform the merging manoeuver in a safe way considering the available gap and the relative speeds between vehicles.
The paper presents the results of the validation of this system for assisting in the merging maneuver. For this purpose, the
interface previously designed and validated in terms of usability, has been integrated into an application for a mobile device,
located inside the vehicle and tests has been carried out in real driving conditions.
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MOJIOXKECHUSIMU U BoclpuaTueM. VIMeHHO 1o 3TOH NpHYMHE PEKOMEHAYETCsl MCIONb30BaTh HEPENOBYI0 BCIIOMOIATEIbHYIO
CHCTEMY BOXKIEHHS, KOTOpasi MPeJOCTaBIAET HHPOPMALIUIO IS IPOBEAEHNS OE30MaCHBIX MAaHEBPOB B KPUTHUECKUX CUTYya-
max. B mpensigymux pabotax moBefeHHE BOJUTENS] B MOMEHT BbE3/a B TMOTOK JBMXKYIIMXCS aBTOMOOMIIEH Ha aBTOCTpaze
H3Yy9aJoCh C IIOMOIIBI0O BU3YaJIbHON CHCTEMEI CIISKEHUS, IIPU 3TOM HalIofanach KOTHUTHBHASL Harpy3Ka BCIIEICTBHE OIPOM-
HOU CTENeHH BHUMaHHS, KOTOPOTo TpeOyeT HMPOBEICHHE TOTO WM MHOTO MaHeBpa. [lo3ToMy M mpeularaercs NpHUMEHSTh
BCIIOMOTATEIbHYIO CHCTEMY BOXIEHHMS, KoTopas Haubonee >((eKkTHBHAa B MECTaX CIMAHHS aBTOMOOWIBHBIX IIOTOKOB,
UCHOJIb3YeT KOMMYHHUKAILMOHHBIE cHCTeMbl V2V u mpenocTaBiseT MHGOPMALMIO BOJUTEIIO0 O KOPPEKTUPOBKE CKOPOCTH
C IIENBI0 MPOBEACHMS 0E30MacCHOT0 MaHEeBpa B MECTaX CIUSHUS aBTOMOOMIBHBIX MOTOKOB. IIpH 5TOM Takke aHANMU3UPYIOTCS
paccTosiHie MEXIY TPAaHCIIOPTHBIMHU CPEICTBAMH M UX CKOPOCTH JIBIDKeHMA. JlaHHas paboTa npencTaBiseT pe3yabTaThl, MoJI-
TBeprkAarole 3pGeKTUBHOCT NPUMEHEHHS ITOW CHCTEMBI B Clly4ae CIHSHHUS aBTOMOOWIBHBIX MTOTOKOB. PaHee CKOHCTpYH-
POBaHHBII M WCHBITAaHHBIN HHTEp(EHC WHTErPUPOBaH B MOOMIFHOE YCTPONCTBO, KOTOPOE IPOILIO TECTOBBIE HCIBITAHHS
B pEaIbHBIX YCIOBUAX BOXKICHUS U YCTAaHOBJIEHO BHYTPHU TPAHCIIOPTHOIO CPEJCTBA.
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Introduction

Reducing the number of traffic accidents is an
issue that has been a social concern for quite some
time. Today, thanks to the new technologies im-
plemented in the automotive sector, it has been
possible to alleviate the number of fatal accidents
on the roads, but traffic accidents are still consi-
dered one of the leading causes of death worldwide
according to recent studies by the World Health
Organization [1].

According to the latest study carried out by
the National Highway Traffic Safety Administra-
tion in 2018 [2], 94 % of serious accidents are due
to human errors related to the decision, such as
performing illegal maneuvers, driving too fast,
overconfidence or misjudgment of another car.

The increasing development of Advanced
Driver Assistance Systems (ADAS) technologies
helps to improve these situations because they as-
sist the driver in making decisions in risky situa-
tions and suggest actions that favor not only the
safety of the driver himself but also that of those
around him.

However, some complex scenarios such as
highway merging, which is the subject of this
study, involve a high mental load for the user due
to the large amount of information that must be
processed while performing the merging maneu-
ver. Timely decision making is crucial in this con-
text since if it takes too long to enter the main road,
the driver will reach the end of the acceleration
lane without speed, assuming a risk of entering
at a low speed on the highway.
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That is why in previous studies [3, 4] a driver
assistance system was proposed for the merging
maneuver on highways. The following study is
a continuation of the same one, in which the sys-
tem design and its validation in real driving are
presented.

State-of-the-art

ADAS offers great potential for further impro-
ving road safety, in particular by reducing dri-
ver error. Examples include adaptive cruise cont-
rol (ACC), which permits maintaining a constant
speed in accordance with road conditions and
keeping a predetermined safety distance, pedest-
rian protection systems (PPS), capable of alerting
the driver and acting autonomously to reduce
the hit speed, and blind-spot detection (BSD),
which indicates the existence of another vehicle or
object in a blind spot in the rear detection area.

However, there are still many complex scenari-
os where human error is present due to the high
amount of information that the driver has to pro-
cess while making the right decision for the ma-
neuver. Merging situation is one of the most criti-
cal scenarios that occur on the road because to per-
form a safe maneuver, the driver depends not only
on the variables of his vehicle and the environment
but also on the relative speed and position of adja-
cent vehicles.

Several authors have dedicated their studies to
this situation, such as [5] which studied accidents
in situations of lane change and merging, [6] which
analyzed the time needed to perform a mer-
ging maneuver between young and elderly drivers
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or [7], which performed a realistic multi-driver
merging simulation, where several driving simula-
tors were connected to each other in order to have
a more naturalistic behavior. This last study com-
pares an ADAS cooperative system for mer-
ging situations in two conditions, single-driver
simulation and multi-driver simulation, in which
all drivers are warned of the maneuver that the ego
vehicle is going to perform.

However, most of the studies carried out are in
the field of simulation and very few in real driving,
due to the cost and risk involved in performing
tests, especially if there is dense traffic. In the
study carried out by [8], real driving tests were
carried out with 10 subjects, analyzing the effect
of traffic density on the state of the driver’s eye.
From the results, he supported the need for a dri-
ving assistant that could suggest to the driver to
accelerate or decelerate the vehicle depending on
the gap necessary for merging. A study that serves
as a precedent to ours is [9], which developed
a merging system on highways, which provided
a visual warning on a Google map on a smartphone,
verified in real driving. Unlike ours, this article had
three vehicles connected, indicating the need to
accelerate, brake or enter the gap by means of three
sentences according to the calculations of the algo-
rithm until the end of the lane, in addition to being
a more complex algorithm than ours.

This paper validates an application of merging
assistance in real driving, based on cooperative sys-
tems, which have already been used in previous stu-
dies applied to the merging maneuver as for examp-
le [10] and [11]. Thanks to this technology the vehi-
cles share internal variables of position and speed,
proposing a more affable and safe environment.

Assistance system design

Previous work

In previous studies [3, 4] the influence of
the merging situation on the cognitive behavior
of the driver depending on traffic density was ana-
lyzed. The tests, carried out with several subjects
in real driving using an eye-tracking system, con-
firmed that pupil diameter is a sensitive indicator
of this type of situations. The fixations were also
analyzed, whose duration was affected during the
maneuver due to the amount of information to be
processed in a single glance to the rear-view mir-
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ror. The frequency of mirror looks was also increa-
sed by 30 % with respect to the baseline in normal
driving. In [12] the fixations were also analyzed by
means of heat maps, noting that there was a common
hot zone in both rear-view mirrors when the mer-
ging maneuver was performed in most driving tests.
This area, located in the upper-inner part of the rear-
view mirror, is considered adequate for the placement
of the assistance system to be developed later.

System development

The proposed assistance system uses coopera-
tive systems (C-ITS) based on Vehicle-to-vehic-
le (V2V) communication, where vehicles share
information on speed and position. This technolo-
gy used in several experiments such as [13, 14]
makes the environment safer and less hostile to
adjacent vehicles, thanks to knowing the internal
variables of the vehicles.

The variables of speed and position are the in-
puts of the mobile application that supports the
assistance system. For the system interface, a sim-
ple bar design has been chosen (Fig. 1), based on
previous ADAS development studies [15], where
an intelligent speed adaption system was deve-
loped. The bars show in qualitative terms, how
much to brake or accelerate once the vehicle starts
to merge to the main road, guiding it to acquire an
optimal speed.

e #1651 AM

[
/A
[ A
C—
—
| W—|
| W
| W
—

Fig. 1. Bar interface design

The main premises in the algorithm are:
1) the safety margin between vehicles must not
be less than two seconds;
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2) the maximum speed of the road in the acce-
leration lane must not be exceeded in any case;

3) the assumed acceleration and decelera-
tion limits to reach are 2 and 4 m/s” respective-
ly [16, 17].

The reason for defining a safety margin in
terms of time is because more speed requires more
distance to brake. Numerous studies report that
a driver reacts, in the worst case, with a reaction
time of 1.5 s to a surprise event, as an object that
moves suddenly on the driver’s route [18]. This is
why in a conservative way two seconds of time is
chosen as the safety margin, so this variable can
be applied to any scenario due to its dependence
on speed and space.

On the algorithm are shown two main condi-
tionals, the vehicle merge in front of the vehicle
that is already in the main road, if safety conditions
permit, or the vehicle merge behind the vehicle
of the main road, either because it exceeds the
maximum speed of the road or because the acce-
leration need is excessive.

The algorithm used, which is based on mo-
tion equations, is more intuitive and simple than
the one presented in [19], where a decentralized
algorithm for highway merging system was deve-
loped, which only indicated the need to accelerate,
brake or enter.

The code written generically with the variables
is attached below, as well as a flowchart (Fig. 2) to
improve understanding:

ifal <amax & vfl < vmax #acceleration loop

ifal >0
level = round (al/amax)
else #brake loop
iftl>t2+T
ifvl <v2
level =2
else

level = round (dec1/decmax)

dl = distance from vehicle 1 merging to the
lane end point

d2 = distance of vehicle 2 from the road to the
end of lane

t2 = time it will take for vehicle 2 to reach end
of lane

tfront = Time limit for vehicle 1 to pass in front

tbehind = Time limit for vehicle 1 to pass be-
hind

T = safety time, used 2 s

v1, v2 = velocities of both vehicles
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level = amount of acceleration or braking
vmax = Maximum track speed in m/s

amax = Maximum acceleration, using 2 m/s>
decmax = Maximum deceleration, using 4 m/s”
al = Instantaneous acceleration of 1

decl = Instantaneous deceleration of 1.

May |
accelerate?

level =+ 1
(I'm OK)

¥

N level = round (al/amax)
© (Accelerate)
evel = + 1
Yes No eve
@ @ ) (I'm OK)
No Yes
-- d
level = round
level = 2

(dec1/decmax)
(Deccelerate)

(Accelerate slightly)

Fig. 2. System operation schematic

System validation in real driving

Three merging maneuvers were carried out
along the M-45 highway in Madrid, Spain. Two
On-Board Unit (OBU) G5 communication mo-
dules embedded in each of the vehicles, send in-
formation to the application through the wireless
network, which generates only visual warnings
based on the speed information and the positioning
collected by the Global Navigation Satellite Sys-
tem (GNSS) on a digital map (Fig. 3).

Fig. 3. Interface of merging assistance system
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The GNSS is an integrated satellite navigation
receiver GLONASS + GPS + GALILEO + SBAS,
whose sampling frequency for the position and
speed values of each vehicle is 200 m/s and which
are the inputs to the control algorithm of the mer-
ging assistance interface (Fig. 4).

Fig. 4. Communications module and GNSS

The communication modules are connected
to two external antennas each one located on the roof
of the vehicle, 2.4 and 5.0 GHz bandwidth (Fig. 5).
The GNSS receiver are also fixed to the vehicle
roof in order to obtain the best signal possible.

Fig. 5. Vehicles equipped
with communications modules and GNSS

The driver will perform the three merging ma-
neuvers supported by the visual warnings provi-
ded by the assistance system. The cognitive load of
the task is studied examining the pupil diameter and
the fixations by means of an ocular tracking system.

Results

Considering the environmental difficulties in-
volved in performing a real driving test, the results
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obtained in the merging maneuvers have been sa-
tisfactory. The position, velocity and acceleration
values for each maneuver were analyzed, as well
as the levels shown in the application. A total
of 13 subjects between the ages of 25 and 45,
instrumented with an eye-tracking, performed
the circuit. The fixations can be seen in a heat map
below, performing a merging maneuver (Fig. 6).

Fig. 6. Heat map of the merging maneuver

As you can see, the driver looks mainly at the
road and the merging assistance application, as
well as the vehicle and control panels. Also shown
in the following graph as an example, are the inter-
nal data with which the application works and the
levels of warning it generates, the positive level
is the need to accelerate and the negative, the need
to brake.

In the graphs, it can see to the left the velocities
of each vehicle and to the right the distances to the
lane end. The level is a dimensionless measure that
indicates in the positive part the need to accelerate
and in the negative part, the need to brake. As can
be seen in Fig. 7, vehicle 1 is warned of the need to
accelerate because, although it is closer to the lane
end than vehicle 2, at first it starts with a speed
of less than 2, and they will probably end up at the
lane end. In this case vehicle 1 passes in front
of vehicle 2 in the merging. In Fig. 8, the merging
maneuver is very similar to the maneuver in Fig. 7,
observing how the application warns of the need to
accelerate at first, as it gives time to pass in front
of vehicle 2. There is a negative peak downward in
a particular instant because the speeds of the vehi-
cles are equalized and vehicle 1 must accelerate
if he wants to maintain its position with respect
to vehicle 2. In Fig. 9, it can see the warnings at
first but due to acceleration by vehicle 2, the appli-
cation suggests passing behind the vehicle.
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In the Tab. 1 times and distances have been
summarized, in which the application gives nega-

tive warnings, that is to say to brake and the-
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refore pass behind the vehicle that is within the
main road.

Table 1
Times and distances from the first negative warning
to the lane end

Merging 1 Merging 2 Merging 3
Distance, m 252.25 258.72 347.82
Time, s 9.2 10.4 10.6
Level -20 -20 -20

These values are considered important, because
if the driver does not react quickly and there is
a situation of not having enough time to proceed
to brake safely.

As can be seen from the results, there are no
sharp level peaks, but the application suggests
starting to brake gradually from level 20. Time and
distance are values of similar range in all incorpo-
rations, which indicates that it would not show
warnings to accelerate when the driver is in a criti-
cal situation near the lane end.

CONCLUSION

In this paper, a merging assistance system
based on V2V communications has been deve-
loped with the aim of making the maneuver safer
for the driver. In view of the results obtained, it can
be concluded that the application has had a good
performance in the real driving tests. In the heat
maps, it has been observed that the system is the
second point that has more fixations when the ma-
neuver is carried out, behind the fixations to the
own lane. This result is very coherent, given that
for the driver the final point of the lane is the most
important, and he has to arrive at this point with
sufficient foresight to be able to merge. On the
other hand, seeing the data shown in the graph
above and the operation of the application, the
merging assistance system is validated in real dri-
ving conditions. It has been proven that the system
in no case would suggest the driver accelerate near
the lane end, which makes it considered a con-
servative and reliable system in terms of safety.
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