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Abstract. Growing vehicle variant diversity, legal requirements to reduce fleet CO, emissions and innovations in the area
of drive train technologies, coupled with the increasing pressure to cut costs, pose new challenges for parties in the automotive
sector. An implementation of optimized development and production processes supports the effective handling of these chal-
lenges. One important aspect includes engineering efficiency improvement by optimizing the entire automotive bodywork
development process and the involved data management. Research activities focus on the data exchange processes between
design, simulation and production engineering within various CAx environments. This concerns constantly changing boun-
dary conditions and requirements in the area of automotive body development, including but not limited to the introduction
of new materials and material combinations and new types of joining technologies. From the viewpoint of an automotive
engineering supplier, additional challenges caused by different customer-related development environments have to be con-
sidered. To overcome these challenges, various data exchange strategies between OEMs (Original Equipment Manufacturer),
automotive suppliers and the use of different data management tools need to be investigated. In this context, the paper pre-
sents an approach of an optimized data exchange process of CAD-based data between different CAD (Computer-Aided
Design) and CAM (Computer-Aided Manufacturing) environments that supports the entire body development, including data
provision for manufacturing engineering. In addition, an optimization of data exchange processes saves development costs
and improves the product quality.

Keywords: CAD-CAM process optimization, data exchange, automotive bodywork development, joining technology

For citation: Kreis A., Hirz M. (2020) Optimized Data Exchange Process between Design and Production Engineering.
Science and Technique. 19 (1), 5-11. https://doi.org/10.21122/2227-1031-2020-19-1-5-11
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Mamepuanot 16-20 Egponeiickozo agmomoduibHozo Konzpecca

OnHMM U3 BaXHBIX ACICKTOB SBIISIETCS IOBBINIEHHE Y(()EKTHBHOCTH MHXKECHEPHBIX PEIICHUH 3a CUET ONTHMH3AILMH BCETO
npolecca pa3paboTKu Ky30Ba M YNpaBieHHs JaHHBIMH. McciemoBarenbckas JeATEIbHOCTh COCPEJOTOUEHA Ha Ipoleccax
oOMeHa NaHHBIMH Ha dTarax IIPOSKTUPOBAHMS, MOJEINPOBAHMS U IIPOU3BOJCTBA B pa3nHUHBIX cpemax CAx. Dto kacaercs
MIOCTOSIHHO MEHSIOLIMXCSl TPAHUYHBIX yCIOBUI M TpeboBaHUi K pa3paboTKe Ky30BOB aBTOMOOMIIEH, BKIIOYas, TOMHUMO IPO-
4ero, BHEAPECHHE HOBBIX MAaTE€PUAlIOB U MX KOMOWHAIMH, a TaKXKe HOBBIX TeXHONOrHH cOopku. C TOUKH 3pEeHHs MOCTABIIHKA
ABTOMOOMJIBHOM TEXHHUKH, HEOOXOINMO YUUTHIBATh JONOIHHUTEIIBHEIE ()aKTOPBI, BEI3BAaHHBIE PA3IMYHBIMU CpeJaMH IIPOBE/e-
HUS pa3paboTKH, KOTOpbIe OOYCJIOBICHBI MOTPEOHOCTAMH MOJIb30BaTeIsl. UTOOBI pEeMIMTh 3TH HPOONEMBbI, HYKHO H3YYUTh
crparernn odmena maHHeIMH Mexny OEM-mpomssomurensimu (OEM — mpon3BOOHUTENs OPUTMHATEHOTO OOOpPYIOBAHHUS)
U MOCTaBIHKaMH aBTOMOOMIIEH ¢ MCIOIb30BAHUEM PA3IMYHBIX HHCTPYMEHTOB. B cTaThe mpeacTaBieH ONTHUMH3UPOBAHHBIN
nponecc oOMeHa JaHHBIMK Ha ocHOBe CAD (koMmBIOTepHOE MPOEKTHpOBaHNe) Mexay pasanuansiMu cpenamu CAD u CAM
(KOMIBIOTEPHOE MPOU3BOJCTBO), KOTOPHIN MOAAEPKUBAET Pa3paboTKy BCEro Ky30Ba, BKIIOYAs NMpeNOCTaBlIeHUE HEoOXoau-
MBIX TOKa3aTeJIed Uil IMPOU3BOACTBEHHOrO IMKiIAa. KpoMe Toro, onmrmmmsamusi HpOIECCOB OOMECHA AAHHBIMH IIO3BOJISIET
YMEHBIINTb 3aTPATHl HA Pa3pabOTKy U yIy4IINTh KAYECTBO MPOLYKIHH.

KiroueBble cj10Ba: onTUMHU3alus Npolecca KOMIIBIOTEPHOTO NPOSKTUPOBAHMUS U IPOU3BOJCTBA, 0OMEH JaHHBIMH, pa3paboT-
Ka aBTOMOOMJIBHOT'O Ky30Ba, TEXHOJIOTHS COCIHHECHHS

Jist uurupoBanus: Kpaiic, A. OnTHMH3MPOBaHHbIH IpolLiecc OOMEHa JaHHBIMH B IIEPHOJ MEXKAY IIPOCKTHPOBAaHUEM H TIPO-
usBozactBoM / A. Kpaiic, M. Xupu // Hayka u mexnuxa. 2020. T. 19, Ne 1. C. 5-11. https://doi.org/10.21122/2227-1031-2020-

19-1-5-11

Introduction

In order to be able to counteract the progres-
sive requirements in the automotive industry, the
development processes must be continuously adap-
ted. An increasingly important aspect for automo-
bile manufacturers and suppliers is the production
of climate-friendly vehicles. Besides others, this
adaptation affects vehicle body development and
manufacturing processes, including all materials
used. For some time now, the so-called “multi-
material body design” has been used. Multi-
material body design is considered in such a way
that a combination of several materials is used
to create the BIW (Body-in-White) with the target
to reduce weight [1, 2].

In addition to these material-heterogeneous ve-
hicle bodies, pure steel bodies (e. g. for low-budget
cars) and pure aluminum bodies (e. g. Audi A8 [3])
are also used, which leads to a wide range of dif-
ferent body architectures and associated material
combinations. The mentioned change in the area of
materials simultaneously leads to a change in the
area of the required joining technologies [4, 5].
While a pure steel body is mainly joined by spot
welds and seam welds, other material combina-
tions, in particular multi-material body design, use
additional types of joining technologies [6].

Besides the application of different types of
joining technologies, the various automobile manu-
facturers (OEMs — Original Equipment Manufac-
turer) also have their design-related preferences.
Since a wide range of joining technologies is used,
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the automotive industry has to face new challenges
in the areas of creating and managing joining tech-
nology data, as well as the exchange of these data
and metadata between different disciplines and
systems of computer-aided design and engineering
disciplines (CAx — Computer-Aided x, where x
serves as a placeholder).

This paper provides an approach of an opti-
mized data exchange process of CAD-based
(Computer-Aided Design) joining technology data
between the engineering disciplines design and
production (CAM — Computer-Aided Manufactu-
ring). Furthermore, this article gives an overview
of the state-of-the-art of body development pro-
cesses and derives the increased requirements for
the management of joining technology data.

Problem statement

Due to the mentioned changes in the field of
automotive joining technology, there are no uni-
form processes for the exchange of joining tech-
nology data. In order to ensure an optimized data
exchange process, the creation and administration
of joining technology data (takes place in CAD en-
vironments), the data exchange process and the inte-
gration of data in target environments (e. g. CAE
(Computer-Aided Engineering), CAM environ-
ment) must be considered.

Joining technology data contain all informa-
tion required for the creation of joining technology
elements in CAD environments. This includes all
parameters and meta information that are required
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in other CAx environments and are, therefore, rele-
vant for the data exchange. Each joining technology
element is assigned a position vector (x-, y-, z-Coor-
dinates), the type of joining technology (e. g. spot
welds, bolts, rivets, adhesives...), the parts to be
connected (e. g. part number, part thickness, mate-
rial...) and additional parameters (e. g. diameter,
normal direction...). The additional parameters are
usually tailored to the joining technology element
(e. g. a diameter of the spot weld, the thickness of
the weld seam, the normal direction for rivets,
thread dimensions for screws...) [7]. In addition,
joining technology data must be distinguished from
geometry data in CAx environments. Geomet-
ry data contain information that describe the com-
ponents (e. g. metal sheets) of the vehicle body
(e. g. geometric dimensions, material, center of
gravity...).

Due to the lack of standards (data formats, data
structure, tools for creation, administration and
distribution) in the area of joining technology da-
ta exchange, there is a gap in the data management
processes. The existing gap in the management of
joining technology data occurs in both, internal and
external data exchange processes.

Internal data exchange processes cover the en-
tire spectrum of data exchange in different CAx
environments of one company (e. g. OEM, suppli-
er...). On the other hand, external data exchange
processes have to integrate at least two separate
data management environments. While OEMs
mainly concentrate on the internal data exchange
process, suppliers have to consider both internal
and external processes.

For automotive suppliers, it is of great im-
portance to record and implement the occurring
boundary conditions for external data exchange
processes effectively. In order to clarify the re-
quirements in data exchange, possible variants
of development projects are subdivided into two
types in view of the exchange of joining techno-
logy data.

The first type includes projects where all
processes are handled internally in one company.
This means that the creation of the joining techno-
logy data and the associated meta information take
place completely in the internally CAD environ-
ment. The data exchange process from CAD to the
target environment is carried out by using internal
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tools and methods. This results in a homogeneous
situation (i. e. path of the data exchange process is
always the same) with regard to data exchange.
Finally, the joining technology data are integra-
ted into the CAM target environment, so that fur-
ther steps of manufacturing engineering are sup-
ported with the required information.

The second project type contains projects
where the creation and administration of joining
technology data take place partially or completely
in an internal CAD environment, while the target
environment is placed at another company exter-
nally. For this reason, one or more CAD environ-
ments (at least one is externally placed) participate
in the entire data creation process. Since joining
technology data can be created in more than one
CAD environment, a heterogeneous data exchange
process may occur in this case. This has an impact
on the used data exchange file formats and data
exchange strategies between the involved compa-
nies. Finally, the externally created joining tech-
nology data must be integrated into the tar-
geted CAM environment.

In order to close the mentioned gap in joining
technology-based data exchange, this paper pro-
vides an approach for an optimized data exchange
of joining technology data for the different intro-
duced use cases.

Automotive body design

As prior stated, the development of automotive
bodies (BIW), including but not limited to the topics
body architectures, crash-, strengths- and durability,
materials and joining technologies, has changed over
the last decades [6, 8]. The change in this field
is mainly driven by the issues of vehicle safety,
weight management and cost reduction. Exemplary
an aluminum vehicle body can save up to 40 %
in weight compared to a steel body, taking into
account similar stiffness and strength values [1, 3].

To enable balanced optimization, the “multi-
material body design” approach has been around
for some time now, as it enables weight sa-
vings, under consideration of material costs targets.
The following Tab. 1 shows the distribution of ma-
terials used in exemplary modern car bodies (ma-
nufacturing year 2016) [9-11].

As can be seen in Tab. 1, modern vehicle bo-
dies can be made of several materials. As a result,
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the field of joining technology has become much
more complex in terms of the use of new types
of joining technology and the number of joining
technology elements applied (Tab. 2) [12].

Table 1
List of BIW materials of exemplary selected cars

Material Volvo V90 | Peugeot 3008 | Aston Martin
[9] [10] DBI11 [11]
Aluminum, % 6 5 53
Standard steel, % 27 27 5
High strength 3
steel, % 67 62
Synthetics, % 65 42
Table 2
List of used joining elements of exemplary selected cars
Type of joining | Volvo V90 [Peugeot 3008|Aston Martin
technology [9] [10] DBI11[11]
Spot welds, pcs. 5250 4157 -
Rivets, pcs. - - 1278
Clinches, pcs. - 14 -
Weld studs, pcs. 247 83 -
Screws, pcs. - - 52
Seam welds, m 93 150.29 -
Adhesive lines, m 79.4 20.22 152

Due to the increasing complexity in body de-
sign, material definition, manufacturing processes
and joining technologies, the complexity and data
volume in the development of automotive bodies
is on the rise. In this context, effective data ma-
nagement processes must be introduced to ensure
that all information between the different CAx en-
vironments is processed and transferred effectively
and without unwanted losses. These exchange pro-
cesses of CAD-based joining technology data in-
clude the usual suitable data formats and tools ap-
plied to support the exchange processes [13, 14].

With the main focus on joining technology da-
ta, information can be exchanged either as native
CAD data (e. g. CATIA [15], NX [16]), or by
using neutral data exchange formats (e. g. list-based,
XML-based [17], JT (Jupiter Tessellation) [18],
STEP (Standard for the Exchange of Product Model
Data) [19], etc.). Above all, interfaces have to be
created for external data exchange (e. g. bet-
ween OEM and supplier), so that the involved data
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exchange file formats can be integrated success-
fully.

Approach

As previously mentioned, it must be ensured
that both internally and externally created CAD-
based joining technology data can be integrated
into optimized data exchange processes (Fig. 1).
Besides geometry-based data in native or neutral
formats, joining technology data can also be avail-
able in neutral list-based formats (e. g. Excel file)
or XML-based formats — depending on the agreed
data exchange strategy of the involved companies.
Because of the different input sources (file formats,
file structure) available and the associated diffe-
rent data structuring, there is a high additional ef-
fort in the preparation of data for the CAM envi-
ronment.

CAD environment CAD environment
(internal) (external)
A
| \ J

CAD CAD
native native

v

Joining Technology Converter

xlsx XML

XML

v

CAM environment
(internal)

Fig. 1. Approach of the optimized data exchange process
for joining technology data

This high expense results from the fact that
the different input data must be prepared manually
on a uniform data structure. Using a uniform data
structure or a uniform data exchange format
has the advantage that the data exchange pro-
cess runs the same at all times. This can reduce
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the preparation time in the target environment sig-
nificantly. Expenses that increase the preparation
time include, among others, restructuring of input
joining technology data and clearing and adjusting
unneeded information and parameters.

A simple example of a joining technology ele-
ment, a spot weld, is used to illustrate these ex-
penses. When creating a spot weld in CAD envi-
ronments, information such as geometrical depic-
tion, coordinates, diameter, height, weight, normal
direction vector and parts to be connected is
created. The target environment (e. g. CAM) only
needs the coordinates, diameter, normal direction
vector and part to be connected. Since further in-
formation is not needed or even undesired (leads to
larger simulation models), the data must be pre-
pared for each joining technology element.

In the present approach, the common data for-
mat XML (Extensible Markup Language) is used
in the optimized data exchange process. XML
combines the advantages of lean design, simple
integrability in different tools and systems of
the target environment as well as simple editabi-
lity (if necessary). A leaner design of the data to be
exchanged results from the fact that unneeded
information and parameters are filtered and thus
not transferred during the exchange, which reduces
the amount and size of exchanged data.

The approach requires the implementation
of an interface, which converts the data from the
source formats into the used data exchange format
(XML) of joining technology data. This interface is
designed in such a way that it is a tailor-made tool,
named “Joining Technology Converter”. This tool
can collect, merge and convert both internally
created data (CAD environment internal — CAD
native) and externally created data (CAD envi-
ronment external — CAD native, XML-based and
list-based). Since neutral geometry-based exchange
formats (e. g. JT, STEP...) are rarely used for
joining technology data, they are not considered
in the approach of the optimized data exchange
process.

In case that some parts of the joining techno-
logy data are internally, and some parts are exter-
nally available (created), the tool “Joining Tech-
nology Converter” offers an additional function.
In this function it is possible to integrate the origi-
nally externally created joining technology data
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(source file either CAD native, list-based or
XML-based) into the internal CAD environment.
Thus, the 3D-CAD model can be completed in ad-
dition to further processing of the joining techno-
logy data in an XML file. Due to the use of this
function, the complete joining technology data are
available both in the internal CAD and CAM envi-
ronment.

Application of the approach

The application of the newly introduced ap-
proach of optimized data exchange for joining
technology data is shown by means of an exemp-
lary data exchange procedure, which can be as-
signed to real projects in the automotive industry.
In this scenario, the CAD-based joining techno-
logy data are exchanged between an OEM and
a Tier 1 supplier. Furthermore, parts of the joining
technology data are created internally (CAD envi-
ronment of the Tier 1 supplier). The production
of the vehicle body takes place after the successful
data exchange and after fulfilling all CAM-engi-
neering — related tasks (e. g. space analyses, acces-
sibility checks for tools to create joining elements,
planning of optimized production processes, cal-
culation of processing time for joining elements,
creation of an optimized joining sequence...) at the
supplier.

Fig. 2 shows the application of the approach
of optimized data exchange process of joining
technology data. As a leverage point it can be as-
sumed that the entire geometry data (e. g. geomet-
rical characteristics, dimensions of the sheets, cen-
ter of gravity, material...) are provided in the inter-
nal CAD environment.

Parts of joining technology data have already
been created by the OEM and are exchanged by
using Excel files. By using the tool “Joining Tech-
nology Converter” the available data are fur-
ther processed into two different data formats. Once
the external joining technology data are con-
verted into an XML file, it can be transferred to
the CAM environment. A further conversion of
the external joining technology data into a native
CAD file is necessary so that the 3D-CAD model
can be extended with the external joining techno-
logy data.

In the present exemplary project, the creation
of the remaining CAD-based joining technology
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data takes place in the internal CAD environment
of the automotive supplier. As soon as the comple-
tion of these joining technology data is finished,
the conversion of these native data into a neu-
tral XML file takes place by use of the tool “Joining
Technology Converter”.

CAD environment CAD environment
(internal) (external)

A
Y easneny Y
CAD CAD xlsx
native native
(internal) (extermal)

e

Joining Technology Converter

Y

CAM environment
(internal)

Fig. 2. Application of the approach of optimized data
exchange for joining technology data in projects
between different companies, e. g. OEM and supplier

Since the complete joining technology data are
now available in XML file format, the data can be
integrated into the CAM environment. As men-
tioned before, the joining technology data are pre-
pared in such a way that they only need to be in-
serted into the corresponding processes. For this
reason, no further data processing steps are neces-
sary. Since the integration of geometry data takes
place parallel to the integration of joining techno-
logy data, all necessary CAM — related engineering
procedures can now be started effectively.

CONCLUSIONS

1. The current existing gaps in the data ex-
change of joining technology data is leading to
increased efforts and expenses in the area of data
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management. These gaps are mainly caused by
missing standards, as well as the high number
of different exchange procedures applied. In this
context, the present paper introduces an approach
to close the gap in data exchange of joining tech-
nology data. Both internal and external data ex-
change possibilities as well as boundary conditions
(e. g. data exchange file formats, data structure...)
are considered.

2. In summary, it can be stated that the intro-
duced approach of optimized data exchange pro-
cesses of joining technology data can be applied to
a large variety of projects. The optimized approach
is flexibly designed so that it is possible to react
quickly to new occurring requirements or boundary
conditions (e. g. additional data exchange file for-
mats, new types of joining technology, new pa-
rameters...).

3. Due to the implementation of process uni-
formity, the amount of information to be trans-
ferred is minimized. The reason for this is that
the interface tool “Joining Technology Converter”
only exchanges data required in the target envi-
ronments. This leads to a shorter preparation time
of data in the target environments and increases
the efficiency in data management [20].

4. The presented optimized joining technology
data exchange process provides a good starting
point for a smart integration of knowledge-based
design methods and design automation into car
body development.

5. In practical investigations in automotive
engineering projects, the application of the opti-
mized data exchange process enabled a time re-
duction of up to 25 % per CAM simulation loop.
The optimization was achieved is mainly due
to the fact that data conversion is used (tool
“Joining Technology Converter”) to reduce data
exactly to the required data level. Thus, the prepa-
ration time of the joining technology data in the
individual CAx environments can be massively
reduced.

6. Since in typical car body development pro-
cesses several optimization loops are performed,
optimized data management enables considerable
time and cost savings, which also supports earlier
market launches of newly developed vehicles and
their derivatives.
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Abstract. The lifetime of traction battery systems is an essential feature of the economy of battery electric urban bus fleets.
This paper presents a model for the analysis and prediction of the lifetime of urban electric bus batteries. The parameterization
of the model is based on laboratory measurements. The empirical ageing model is an integral part of a three-stage battery
model, which in turn is an important component of the methodology for the overall system design, evaluation and optimisa-
tion of battery electric urban bus fleets. In an equidistant closed simulation loop, the electrical and thermal loads of the trac-
tion battery are determined, which are then used in the ageing model to calculate the SOH (state of health) of the battery.
The closed simulation loop also considers the effects of a constantly changing SOH on the driving dynamics of the vehicles.
The model for lifetime analysis and prognosis is presented in the paper, placed in the context of the overall system design and
demonstrated by means of a practice-oriented example. The results show that the optimal system design depends, among other
things, on whether an ageing simulation was used. Taking battery aging into account, system costs in the example presented
can be reduced by up to 17 %.
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CrapeHue aKKyMYJISITOPOB KaK YaCTh CHCTeMbI IPOCKTUPOBAHUS NIAPKOB
rOPOACKHUX aKKYMYJISITOPHBIX 3JIEKTPHYECKUX ABTO0YCOB

M. Ydepr”, B. Bekep”

I)I[pCBZ[CHCKI/Iﬁ TEXHUYECKHA YHHBEPCUTET, [Ipe3eHCKHid MHCTUTYT aBToOMOOMmIecTpoeHus (Jlpe3aeH,
®eneparusnas Pecriybmuka ['epmanms)

Pedepar. Cpok ciyxObl CHCTEM TATOBBIX aKKyMYJIITOPOB HIPAaeT CYIICCTBEHHYIO POJb B BONPOCE 3KOHOMHUH JUIS Iapka
JNEKTPUIECKUX TOPOACKUX aBTOOYCOB. B crarhe mpencraBieHa Mopens A aHalM3a U HMPOTHO3MPOBAHUS CPOKA CITyXkK-
ObI aKKyMYJIATOPHBIX OaTapel »JIeKTPUYECKUX rOpoJCKHX aBToOycoB. [TapamMeTpu3arys Moaenu OCHOBaHA Ha J1abOpaTOPHBIX
HU3MEpEHHIX. DMIIMPUYECKast MOJIENb CTAPEHHs] — HEOTheMJIeMasi 4acTh TPEXCTYNEHYATOH MOJENH aKKyMyJISITOPOB, KOTOpas,
B CBOIO OY€pe/ib, SIBISIETCS BaKHBIM KOMIOHEHTOM METOJIOJIOTHH JUTSl OOIIEro IPOSKTUPOBAHUS CHCTEMBI, OLCHKU U ONTHMH-
3aIUX TTapKa aKKyMYJSATOPHBIX 3JIEKTPUYECKHX TOPOJCKUX aBTOOYCOB. B SKBHIMCTaHTHOM 3aMKHYTOM KOHTYpPE MOJIEIUPO-
BaHUsI ONPEICISIOTCS IEKTPUUECKHE U TEIUIOBBIE HATPY3KU TATOBOTO aKKyMYJISITOPa, HCHIOJIb3YEMbIE B MOJICIIH CTapeHUs JUIs
pacugera SOH (cocrosHms paboTOCIIOCOOHOCTH) aKKyMyJIsITOpa. 3aMKHYTHIH IIMKJI MOJEIHUPOBAHUS TaKKe yIUTHIBAET BIHS-
HHE MOCTOsTHHO MeHstomerocss SOH Ha quHAMUKY BOXICHUS TPAHCIIOPTHBIX cpeAcTB. [Ipemmaraemast MOeTb HCIONB3yeTCs
B KOHTEKCTE OOIIET0 MPOEKTHPOBAHHS CHCTEMBI; IOKa3aH IPHMep IpakTHdeckoro nmpuMeHeHHs. CoOriacHO pe3ynbTaTaM
UCCIICZIOBAHMUS, ONITUMAJIFHOE MTPOCKTUPOBAHHE CHCTEMBI 3aBHCHUT, IIOMHUMO MPOYEro, OT TOTO, UCIIONB3YETCS MM HET MOJie-
JIMpOBaHHe Tporecca crapeHus. [IpuHIMast BO BHUMAHHE CTAPCHUE aKKyMYJIATOpa, CHCTEMHBIC 3aTPaThl B paCCMaTPUBAEMOM
HIpUMepe MOTYT OBITh yMEHBIIEHHI 10 17 %.

KiroueBble c/10Ba: 3/I€KTpUUECKHE aBTOOYChI, MOJICIMPOBAHUE aKKyMYJIATOpa, CTAPEHUE aKKyMyJATopa, HHPpacTPyKTypa
Hpolecca 3apsIKu, ONTUMHU3ALMSA
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Introduction

Driven by the ongoing discussion about clean
air in German cities, many municipal transport
companies are pushing ahead with the conversion
of their bus fleets from diesel buses to electric
buses. In many cities, this is an elementary step
in the pack-age of measures to reduce emissions
and comply with legal limits.

In recent years, various pilot projects have been
launched and completed in various calls for pro-
posals (e. g. Berlin, Hamburg, Dresden) [1].
In Dresden, for example, a 12 m electric bus with
a conductive high power charging system was
extensively tested as part of the “Electric Bus
Line 79” project [2]. The aim of all of these pro-
jects was to test the different systems available
on the market with regard to readiness for use and
to gain initial experience in handling electric buses
and their use in regular passenger service.
An overview of the pilot projects in Germany is
given in [1]. In many of these projects mainly
vehicles were put into operation, which are then
used on specially selected routes — often with low
daily mile-age in order to avoid the range problem.
Only in a few projects was the number of vehicles
procured sufficient to operate an entire line with
electric buses.

In the coming years, the next step towards
switching bus fleets to electric mobility is to be
taken. Many public transport companies are plan-
ning to procure a larger number of vehicles with
which entire lines can then be operated completely
with electric buses. In order to maximise public
awareness, there is often a desire to choose so-
called volume lines. These are lines that have
a high passenger volume and often a high daily
mileage and require a corresponding range.

The vehicles currently available on the market
have very different ranges. The manufacturer’s
specifications range: from approx. 150 km for
a 12 m vehicle [3] to over 300 km for an 18 m ve-
hicle [4]. However, depending on the choice of
line, this range may be too short to ensure safe
operation under all circumstances. In such cases,
charging the energy storage device during opera-
tion is required in order to be able to perform
the daily driving performance. This charging can
be carried out in different ways. The main degrees
of freedom are the location, duration and power
of the charging.
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Switching from diesel buses to electric buses
does not only mean simply replacing the vehicles,
but is to be understood as a way of designing the
system. Today, this design is often based on em-
pirical values. For example, specific mean values
(in kW-h/km) are used to estimate the required
energy content of the traction battery for a certain
distance. For charging, known combinations of
charging location and charging power are then
used, which are often known from the pilot pro-
jects. However, in many cases such a system
design has a rather heuristic character and often
only a few design scenarios are compared with
each other. This procedure is shown exemplarily
in [5, 6]. An optimal design, for example with
regard to the required investment and operating
costs, cannot be determined thereby.

This paper presents a methodology which auto-
matically calculates and evaluates a multitude
of technically possible configurations for a given
route under given boundary conditions. The core
of the methodology is a detailed, multi-stage bat-
tery model, since the traction battery is currently
the most expensive single component of an electric
vehicle [7] and its consideration therefore has
a particularly high priority in system design.

Probably the most important differences bet-
ween electric buses and diesel buses in daily ope-
ration are the limited range and the much more
complex charging process (charging energy sto-
rage vs. refuelling in conventional diesel buses).
Analogous to the refuelling process, charging
the vehicles in the depot during the night break is
the state of the art. The required charging infra-
structure confronts transport companies with great
challenges, especially if a large number of vehicles
are to be charged simultaneously in the depot.
However, the charging process in the depot and the
required hardware will not be examined in detail
in this paper.

The focus of the methodology presented here is
on the choice of a suitable energy storage device as
well as a possibly necessary charging infrastructure
along the route being considered. The following
questions are to be answered:

e What is the power requirement of a vehicle
to cover the considered distance?

e What is the required energy content of the
traction battery?
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» How many charging points are required along
the line and where are they positioned?

e What charging power must be installed at the
charging points?

oIs the stop time planned according to the
timetable at the charging points sufficient?

e How does the intended operation affect the
lifetime of the traction battery?

Simulation framework

The developed framework was especially de-
signed to answer these questions. The aim is to
carry out a system simulation with subsequent
parameter variation within the framework. Thus,
a large number of technical configurations can be
calculated for a specific system and be evaluated in
a post-process. The following variation parameters
are defined for this purpose:

e energy content of the traction battery;

» number and position of charging points in the
network;

e power to be installed at the charging points.

The route to be investigated is first examined
with regard to the possible charging point loca-
tions. All locations that could be used as poten-
tial charging points are marked. Criteria for this
can be, for example, the amount of space required,
the available network connection or a pause in
operation. A Tab. 1 with all possible combinations
is then created. For an example route with two
potential locations, this results in 4 combina-
tions.

Table 1
Combination of charging points
Depot Charging Charging
ID . . .
charging point 1 point 2
(0/0) 1 0 0
(1/0) 1 1 0
(0/1) 1 0 1
(1/1) 1 1 1

It is assumed that depot charging always takes
place so that it is not part of the parameter varia-
tion. Only the combination possibilities of charging
point 1 and charging point 2 are varied at this
point. The variation parameters of charging power
and battery energy content are varied within (user-
defined) limits in discrete increments.
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All possible combinations of variation para-
meters are now calculated within the framework.
The subsequent evaluation of the results is initially
carried out with regard to technical feasibility. Often
not all theoretically possible combinations are
technically feasible. In the second step, the tech-
nically feasible configurations are economically
evaluated and compared with each other. In the
following chapters, the individual models of the
system simulation are presented.

System modelling

The system simulation consists of two main
modules: module 1 determines the power require-
ment of the vehicle during operation on a given
route. The structure and functionality of this mo-
dule are explained in [8] and will not be discussed
in detail here.

In module 2 the dimensioning of the energy
storage as well as the required charging infrastruc-
ture is carried out. The core of this module is a de-
tailed, three-stage battery model. The system simu-
lation is completed by an electrical model of the
charging infrastructure as well as a cost model for
the evaluation of the determined configurations.
The individual models are explained below.

Battery model. The battery model consists
of 3 sub-models (Fig. 1): electric, thermal and
aging model. The sub-models are called serially.

P(t)

Battery Model

Ioate (t)
Electrical Model
SOC (t)
Toatt ()
Thar (t) loa (t.T)
Thermal Model
SOC (t,T)
SOH (t
© Aging Model

l

State of Charge (SOC) = f(t,T)
Temperature = f(t)
State of Health (SOH) = f(t)

Fig. 1. Three-stage battery model

The power curve P(f), which is calculated in
module 1 for the considered vehicle serves as input
to the battery model. In the electrical model, the
battery current resulting from the power require-
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ment and the State of Charge (SOC) are calculated.
Both values are transferred to the thermal mo-
del. Now the battery temperature is determined.
Then the battery current, the SOC and the battery
temperature are transferred to the aging model,
in which the aging of the battery resulting from the
specific load is calculated.

Both the results of the thermal model and the
aging model are fed back into the electrical model.
On the one hand, the battery temperature deter-
mines the maximum permissible current, so that
current limitation (and thus power limitation) may
be necessary. On the other hand, due to battery
aging, the parameterization of the electrical model
must be adapted before a new calculation of the
power curve can be performed.

Electrical model. An equivalent circuit dia-
gram model is used to model the electrical beha-
viour of the battery. Different depths of modelling
are known from the literature [9]. Common to all is
the approach consisting of an open-circuit voltage
source and an ohmic internal resistance. Then, de-
pending on the desired accuracy, one or more RC
elements are connected. As the number of RC ele-
ments increases, the accuracy of the results gene-
rally increases, but the computational and parame-
terization effort increases as well. As a compro-
mise, an equivalent circuit diagram containing one
RC element was chosen (Fig. 2).

Re

Fig. 2. Equivalent circuit diagram of a single battery cell

The equivalent circuit diagram is first parame-
terized for a single cell. Subsequently, an equiva-

a

C-Rate Discharge

Temperature (°C) 40 o soc

C-Rate Charge

lent circuit diagram for the entire battery storage
is drawn up using the known connections to the
series and parallel connection. The following in-
formation is essential for the parameterization of
the cell model:

« open circuit voltage (OCV);

e ohmic internal resistance R;;

e capacity C and resistance value R of the RC
element.

All mentioned components are not constant
quantities and have non-linear progressions, so that
corresponding characteristic diagrams have to be
defined in the simulation.

e OCV. The open circuit voltage depends on
the SOC of the individual cell. In addition, a ca-
pacity is assigned, since a battery cell can only
absorb and release a limited amount of charge.
The capacity of the cell depends on the temperature.

e Ohmic internal resistance. The ohmic inter-
nal resistance depends on both temperature and
SOC.

® RC element. Both components of the RC ele-
ment are temperature and SOC dependent.

Some of the required parameters can be taken
from cell data sheets. Especially the values of the
RC element are rarely given, so that these values
have to be measured in the laboratory. A procedure
for this is explained in [10].

In addition to the parameterization of the indi-
vidual equivalent circuit components, limit values
for battery operation can be stored in the electrical
model. In real operation, these limits are usually
specified in the battery management system (BMS)
and are intended to ensure safe and reliable opera-
tion of the battery. A simple and effective way of
such a BMS parameterization are current charac-
teristic diagrams depending on the battery tempera-
ture and the SOC (Fig. 3).

b

Temperature (C) 40 o soc

Fig. 3. Permissible battery current: a — discharge; b — charge
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Thermal model. In the thermal model, the tem-
perature of the entire battery storage device is
deter-mined. From the literature different model-
ling depths for single cells are known. In [11]
the principal representation of 0D-, 1D-, 2D- and
3D-models is shown. The relationship between
parameterization effort, model complexity, result
accuracy and calculation time is also shown.

For this methodology, a 0D-model is chosen
due to the low parameterization effort and the short
computation times. Analogous to the electrical
model, a model at cell level is first created here as
well. However, the interconnection to the full sto-
rage is not trivial. Often individual cells are
grouped into modules, which in turn are con-
nected in series and parallel to the full storage de-
vice. In order to determine the battery temperature,
the consideration of such a module is essential.

In the 0D-model, a heat flow is injected in the
middle of a rectangular body (Fig. 4a). Part of the
heat is then released across all 6 body surfaces ac-
cording to the thermal cell properties. If seve-
ral cells are connected together to form a module,
the cell does not release the corresponding propor-
tion of heat from the contact surface into the envi-
ronment, but transfers it to adjacent cells.

Thus, the interconnection of 0D cell models re-
sults in a 1D-module model (Fig. 4b), since the
inner cells have a higher temperature due to the heat
transfer from the outer cells and thus a tempera-
ture curve in the x-direction of the module results.
The model used is only valid for rectangular bo-
dies. Accordingly, only prismatic cells and pouch
cells can be simulated. For round cells a differen-
tiated analysis is required.

Aging model. The aging model was developed
on the basis of the institute’s own measurements.
A detailed description of the model structure as
well as the parameterisation and the required work-

0 || g ﬁ:,> Oy

2

A
|

/
/
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flow for the determination of a concrete aging can
be found in [12].

As state of the art, four essential influencing
factors on the aging process of Li-ion batteries are
known:

e battery temperature;

« SOC swing or ASOC;

« battery current (C rate);

« SOC.

All influencing factors mentioned lead to
the aging of the battery with different quantities.
This has the following effects: on the one hand the
usable capacity (reduced range) of the battery de-
creases, on the other hand the internal resistance
increases (lower performance, e. g. regarding ac-
celeration, max. speed or charging time). By defi-
nition, a Li-ion battery reaches its End of Life
(EoL) if at least one of the following two criteria
is met:

e doubling of the internal cell resistance (to
200 %);

e reduction of usable capacity to 80 % of
the nominal capacity.

In [12] it was shown by aging measurements
that both the decrease of the capacity and the in-
crease of the internal resistance can be approxi-
mated by linear functions. On the basis of these
measurements, damage factors S were determined,
which describe the respective share of an influen-
cing factor on the total aging. This results in the
following model equations for the determination
of aging:

C = mrejf,CSTemp,CSASOC,CSSOC,CSC—Rate,CQ +Cys

Ry =m, . 2Sremp #Sasoc.rSs0C.ROC-Rate RO+ Rig>

were Cy — initial capacity; Q — charge throughput;
C; — resulting (reduced) capacity; S — specific
damage factor.

£

v

Fig. 4. Thermal model: a — single cell model; b — module model
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The denominations apply analogously to the
equation of internal resistance.

Model of charging points. A simple approach
is used to model the charging points. They provide
a constant power, which is composed of the charge
voltage and the charge current. A constant effi-
ciency can optionally be used to take conversion
and transmission losses into account. A retroactive
effect on the feeding grid is not considered.
The selected constant charging power represents
the maximum value. Depending on the operating
point of the battery, a derating can be activated.
In this case, the available charging current at the
charging point is higher than the permissible bat-
tery charging current must be limited accordingly.

Cost model. A cost model is to be used to
evaluate the technical configurations determined.
The model does not aim at providing a classical
TCO calculation, as it is done in [13]. Rather,
at this point only the individual technical configu-
rations are to be com-pared with each other. There-
fore, a simple cost model is used here, which only
contains the main cost components of an electric
bus system, in which the considered configurations
differ. Therefore, the term system costs is used
here. The individual components of the model are
shown in Fig. 5. The model is parameterized exem-
plarily for demonstration purposes (Chapter 4).

Conventional diesel buses are usually in service
for 12-15 years. A similar period is also assumed
for electric buses. It is expected that the traction
battery will reach the EoL criteria at least once
during this period and will have to be replaced.
The number of battery replacements thus has a sig-
nificant influence on the lifecycle costs of an elec-
tric bus, which is why the cost share for this is cor-
respondingly two-stage (Fig. 5).

System simulation

In this chapter the functionality of the system
simulation with parameter variation will be demon-

Vehicles i
Traction Battery

Invest Costs
500 EUR/KW-h

Invest Costs
200 TEUR/Vehicle

Re-Invest Costs
500 EUR/KW:h

strated by means of an example. The following

scenario is given in Tab. 2.
Table 2
Operational data and parameter boundaries

Type of vehicle 18 m articulated bus
Type of battery Lithium-Iron-Phosphate
Length of line 38 km
Number of rounds 6
Daily mileage 6 - 38 km =228 km
Cycle time 20 min
Vehicle life cycle 12 years
Max. ASOC 0.9-0.1
Ambient temperature 15°C
Battery voltage 420-710V
Max. charging time CP 1 15 min
Max. charging time CP 2 10 min

The power requirement of the selected vehicle
to cover the considered distance is determined by
means of the approach described in [8] and is
available as a function of time P(¢). The following
limits are defined for the variation parameters de-
fined in Chapter 2 (Tab. 3).

Table 3
Boundaries of variation parameter
Number of charging points 0-2
Position of charging points | At turning points of the line
Charging power 50-400 kW
Energy content of battery 68-377 kW-h

In the system simulation, all possible combina-
tions of the variation parameters within the defined
boundaries are calculated. In this example, the step
size of the charging power is 10 kW. The step size
of the energy content of the battery is 13 kW-h and
results from the fact that the calculation is based on
real cells available on the market.

In a first step, all technically possible configu-
rations within the defined boundaries are deter-
mined. At this point, the evaluation criteria is the
daily SOC curve, at which the lower limit SOC,y,
must not be violated.

Charging Points

Fixed Invest Costs
LP1: 85 TEUR
LP2: 50 TEUR

Comsumption-
dependent Costs
0.20 EUR/KW-h

Power-dependent
Invest Costs
600 EUR/KW/LP

Fig. 5. Cost model including example parameters
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Fig. 6 shows the minimum possible energy
content of the battery, which can be achieved with
the respective combination of number of charging
points and charging power. It can be seen that
no feasible configurations exist for variants of
the charging point combination (0/0). Therefore,
the considered route cannot be operated as a de-
pot charger. The maximum energy content
of 377 kW:h in connection with the defined SOC
boundaries is not sufficient to cover the daily
energy demand of the vehicle. Due to the lower
available charging time (10 min), the charging
point combination (0/1) has fewer feasible configu-
rations than the combination (1/0) with 15 min

Battery Energy Content (kW-h)

IDepot-Charger,
[EmcP o1
[cp 110
Ccpn

1234 Charging Power (kW)

Combination of CP

charging time. The largest number of feasible con-
figurations results consequently from the charging
point combination (1/1).

The next step is to evaluate all calculated vari-
ants using the cost model (Fig. 5). The expected
life time of the traction battery is calculated and on
this basis the required battery replacement during
the defined vehicle life of 12 years is calculated.
In order to avoid a distortion of the results due to
integer rounding, decimal numbers for the neces-
sary number of battery changes are permitted.
Fig. 7 shows the resulting system costs for all calcu-
lated configurations. It can be seen that the lowest
system costs are for load point combination (1/1).

400

Battery Energy Content (kWh)
S o NN @ »
s @ 8 & & a
g8 &8 3 & 8 3

o
3

o

[ Depot-Charger|
on

Combination of CP

Fig. 6. Minimum energy content of the battery as a function of the charging point combination and the charging power

Depot-Charger

System Costs (TEUR)
o
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0
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Fig. 7. System costs of all technical feasible configurations
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The absolute minimum is not directly recog-
nizable due to the very low variance of the results.
The optimum cost can be determined using a mi-
nimum search function:

e charging point combination (1/1);

« energy content of the battery: 122 kW-h;

e charging power: 320 kW.

In order to classify the found optimum, this
is to be compared with the minimum technically
feasible configuration with the same charging ca-
pacity and CP. The minimum possible energy con-
tent of the battery is 81 kW-h (Fig. 6).

In Tab. 4, both configurations are compared
with each other.

Table 4
Predicted lifetime of the traction battery at EoL-criteria

Min. feasible energy content | Energy content of the battery
of the battery acc. to Fig. 6 | at cost minimum acc. to Fig. 7
81 kW-h 122 kW-h
100 % 150 %

1072 days 1822 days
of operation (2.9 years) of operation (5.0 years)
100 % 170 %

2761 TEUR 2300 TEUR

100 % 83 %

The results show that choosing a 50 % larger
battery results in a 70 % increase of battery life.
Ac-cording to the cost model (Fig. 5), the cost of
a single battery set also increases by 50 %. However,
the system costs over the vehicle life cycle can be
reduced by 17 % due to the extended lifetime.

CONCLUSIONS

1. In this paper a methodology was presented
which enables the dimensioning of energy storage
and charging infrastructure of electric bus lines.
Therefore, a framework was developed which
varies the parameters battery energy content,
charging power as well as location and number of
charging points within definable limits. Within this
framework, individual lines can be analysed by
means of system simulation. The core of the sys-
tem simulation is a three-stage battery model con-
sisting of electrical, thermal and aging model.

2. The functionality of the methodology was
demonstrated by an example. In this example, all
technically feasible configurations within the set
variation limits were first determined. A cost mo-
del was used to evaluate these configurations.
It could be shown that an economically opti-
mal combination does not necessarily correspond
to the combination with minimum technical effort.
This is mainly due to the aging of the energy sto-
rage device. In this example, a battery with a larger
energy content leads to a longer service life of the
storage device and thus to a reduction in system
costs over the vehicle life cycle.
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Abstract. Hybrid electric powertrains in automotive applications aim to improve emissions and fuel economy with respect
to conventional internal combustion engine vehicles. Variety of design scenarios need to be addressed in designing a hybrid
electric vehicle to achieve desired design objectives such as fuel consumption and exhaust gas emissions. The work in this
paper presents an analysis of the design objectives for an automobile powertrain with respect to different design scenarios,
i. e. target drive cycle and degree of hybridization. Toward these ends, four powertrain configuration models (i. e. internal
combustion engine, series, parallel and complex hybrid powertrain configurations) of a small vehicle (motorized three-
wheeler) are developed using Model Advisor software and simulated with varied drive cycles and degrees of hybridization.
Firstly, the impact of vehicle power control strategy and operational characteristics of the different powertrain configurations
are investigated with respect to exhaust gas emissions and fuel consumption. Secondly, the drive cycles are scaled according
to kinetic intensity and the relationship between fuel consumption and drive cycles is assessed. Thirdly, three fuel consump-
tion models are developed so that fuel consumption values for a real-world drive cycle may be predicted in regard to each
powertrain configuration. The results show that when compared with a conventional powertrain fuel consumption is lower
in hybrid vehicles. This work led to the surprisingly result showing higher CO emission levels with hybrid vehicles. Further-
more, fuel consumption of all four powertrains showed a strong correlation with kinetic intensity values of selected drive
cycles. It was found that with varied drive cycles the average fuel advantage for each was: series 23 %, parallel 21 %,
and complex hybrids 33 %, compared to an IC engine powertrain. The study reveals that performance of hybrid configurations
vary significantly with drive cycle and degree of hybridization. The paper also suggests future areas of study.

Keywords: hybrid electric vehicle, vehicle performance, emissions, fuel economy, driving cycle, degree of hybridization,
powertrain simulation, conventional vehicle, three wheeler
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pa3IuYHbIE BAPUAHTHI, YUUTHIBAs IIPH 3TOM PACXO0Jl TOILUTMBA U BHIOPOCH! BBIXJIOMHBIX ra3oB. B cTaThe mpeacTaBieH aHanu3
MPOEKTHPOBAHHS aBTOMOOMIBHON TPAaHCMHCCUH, PACCMOTPEHBI Pa3INUHbIe BAPUAHTHI M CUTYALMH, HAPUMED LEIEBOH LUKI
JBI)KCHHS M CTeleHb rubpuan3anuu. Paspaboransl 4eThipe MoAeIH KOHQUIYpalMH TPAHCMHUCCHH (IBUraTelb BHYTPEHHETO
CrOpaHusi, CepuiiHas, napamiesabHas U KOMIUICKCHAsE KOH(QUIypaluy rTHOPUAHOM TPAaHCMHUCCUM) U1l HEOOJIBILIOTO TPAHCIIOPT-
HOTO Cpe/ACTBA (MOTOPHM30BAHHBIM TPEXKOJECHBIH aBTOMOOWMIB) C HCIIOIB30BaHHEM IporpaMMHoro obecmeuenust Model
Advisor. IlepeuncieHnble KOHQUTYPAIMU TPAHCMUCCHH MOJIEIUPOBAINCH C PAa3IMYHBIMA [IUKIAMH JIBIDKCHHS U Pa3HOIl cTe-
NIeHbI0 THOpUAN3anuy. Bo-TepBEIX, BIUSHUE CTPATETHH YIPABICHAS MOIIHOCTHIO TPAHCIIOPTHOTO CPE/ICTBA M OKCILTyaTaI-
OHHBIX XapaKTePHCTHK BCEBO3MOXKHEIX KOHQUTYpanii TPAHCMICCHU HCCIIEAYETCSI Ha OCHOBE aHAJIN3a BEIOPOCOB BBHIXJIONHBIX
ra30B M PACXOJOB TOIUINBA. BO-BTOPBIX, IUKIIBI IBIDKCHHUS MacIITaOHPYIOTCS B COOTBETCTBHY ¢ KHHETHIECKOH HHTEHCHBHO-
CTBIO U OLICHHBAETCS B3aHMOCBS3b MEXIY PACXOIOM TOIUIMBA M IIMKJIAMH JBIDKCHUs. B-TpeThux, paspaboTaHsl Tpyu Moaenn
pacxojja TOIUTMBA, TaK YTO PAcXOJ TOIUIMBA JUII PEATBHOTO IMKJIA ABM)KEHUS MOXKET OBITh CIIPOTHO3MPOBAH B OTHOLICHHH
Ka)J01 KOHGUrypauuu TpaacMuccun. MceaeqoBanust mokasaiy, 4To 10 CPaBHEHUIO C 0OBIYHOM TpaHCMHCCHEN TOTpebaenne
TOIUTUBA MEHbIIIE y THOPUAHBIX TPAHCTIOPTHBIX CPeCTB. VICTIBITAHUS Jaay HEOXKHUIAHHBIN pe3ynbTaT: Gosee BEICOKHE YPOBHU
BbIOpocoB CO y rHOpUAHBIX TPAHCIOPTHHIX cpeAacTB. KpoMe TOro, pacxoa TOIUIMBA BCEX YETHIPEX TPAHCMUCCHUH YKa3bIBaeT
Ha CHUJIBHYIO KOPPENAIHIO CO 3HAYCHUSIMH KHHETUYECKOH MHTEHCHBHOCTH BBIODAHHBIX LHUKIIOB IBHXKEHHS. BBISBIEHO, 4TO
TP Pa3IMYHBIX HUKJIAX BOXKAEHHS B CPEJHEM IMPEANOYTEHHE M0 TOIUTHBY ISl KaKAOTO IMKNA cocTaBuio: 23 % — ans mo-
ClleIoBaTeNbHbIX, 21 % — ans napamnenbHsIX U 33 % — 11 KOMITJIEKCHBIX THOPUIOB B CPaBHEHHUH C TPAaHCMHCCHEH qBHUraTe-
TSI BHYTPEHHETO CTOpaHMs. DKCIIEPUMEHTHI MOKa3alli, YTO HPOU3BOAUTEIEHOCT THOPHIHBIX KOH(UIYpanuid BapbUpyeTcs
B 3aBHCHMOCTH OT IIMKJIa BOXKAEHHS M CTENEHU THOpHAn3anuy. B craTtbe ompeseneHbl NepCreKTHBHBIE HAPaBIeHHs HCCIe-
JIOBaHUU.

KitouyeBble ci10Ba: THOPHAHBIA 3JIEKTPOMOOMIb, paboTa TPAHCHOPTHOIO CPEJICTBA, BHIOPOCHI, IKOHOMHMS TOIUIMBA, IIHKII
BOXKICHUSI, CTEIICHb THOPUAN3ALIMH, MOICIMPOBAHUE TPAHCMHUCCHH, OOBIYHOE TPAHCIIOPTHOE CPE/ICTBO, TPEXKOJIECHOE TPaHC-
HOPTHOE CPEACTBO

Jas nurupoanusi: CpaBHEHHE Pacxo/ia TOIUIMBA M YPOBHS BEIOPOCOB MPH OOBIYHON U THOPUIHBIX KOHPHUTYPALUSIX TPaHC-
MHCCHH C y4eTOM IIMKJIOB IBIDKEHHA U cTeneHu rubpuauzanun / B. Y. Magnymare [u np.] // Hayka u mexuuxa. 2020. T. 19,
Ne 1. C. 20-33. https://doi.org/10.21122/2227-1031-2020-19-1-20-33

Introduction

Hybrid electric technology is of great interest
to users and manufacturers alike due to the tech-
nologies ability to reduce fleet fuel consumption
and emissions [1]. When designing a hybrid
powertrain system particular set of scenarios need
to be considered, and each of these scenarios di-
rectly affects the performance or design objectives
of the final vehicle design, e. g. fuel consumption,
emissions [2]. Solving the design problem of a hy-
brid vehicle implies, identifying the suitable design
parameters, that maximize the design objectives of
the vehicles for a given set of design scenarios.
Design parameters in a hybrid vehicle may be ca-
tegorized into three layers as topology, component
size and control strategy [3]. The present study
examines how the topology parameters in a hybrid
design affect the performance or design objectives
of a hybrid vehicle for varied design scenarios.

Design scenarios are the main set of decisions
considered by a design engineer or a researcher
when developing a hybrid powertrain, such as ve-
hicle type, vehicle application, drive cycle, degree
of hybridization and duty cycle. Design scenarios
set the roadmap for the development of the hybrid
vehicle.
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Present study examines design objectives under
three design scenarios: vehicle type, drive cycle
and degree of hybridization. Firstly, the vehicle
type, a motorized three-wheeler is used as the de-
veloping hybrid vehicle. Three-wheelers are a type
of vehicle that has three wheels in a Delta configu-
ration (1 front, 2 rear), powered by an internal
combustion engine. The current numbers of three-
wheelers globally are approximately 4.5 million.
According to WHO 2017 report, these vehicles
contribute to ground level ozone, particles in the
air and other types of pollution that impact human
health and welfare [4]. Secondly, the drive cycle,
range of drive cycles are used, representing high-
way, country and urban cycle characteristics.
Thirdly, degree of hybridization, three parallel
hybrid powertrains with varied hybridization
values are developed.

Design objectives for a hybrid vehicle design
are derived from the vehicle type (e. g. three-
wheeler, car, bus) and application (e. g. heavy-
duty, comfort, operation cost). In solving the de-
sign problem of a hybrid vehicle, the goal is to
maximize the design objectives by varying design
parameters [5]. This paper considers four design
objectives, i. e. fuel consumption, CO, HC and
NO, gas emissions.
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Nomenclature
Acronym
WHO World Health Organization
IC Internal Combustion
CG Center of Gravity
HWFET Highway Fuel Economy Test
CSHVC City Suburban Heavy Vehicle Cycle
CBD Central Business District
oCC Orange County Cycle
GPS Global Positioning System
SOC State Of Charge
DC Drive Cycle
Us United States
WLTP Worldwide harmonized Light vehicles Test

Procedure

Topology design parameters determine the
components and energy flow of the hybrid power-
train. The top layer of the topology parameters
is the powertrain configuration. Three types of hy-
brid powertrain configurations may be identified as
series, parallel and complex hybrid configurations.
Series hybrid configuration is an extension of the
electric powertrain by introducing an IC engine
in series to the vehicle powertrain. In the parallel
hybrid configuration, both engine and motor are
connected parallelly to the transmission. The com-
plex hybrid utilizes the best of both series and pa-
rallel configurations. By integrating an additional
linkage and a generator between the IC engine
and battery allows the complex hybrid to operate
as both a series and a parallel hybrid. All three
configurations harness from down-slope driving
and braking to recharge the battery [6].

Many studies have been carried on fuel con-
sumption and emissions of hybrid vehicles with
varied design scenarios [7-9]. Y. Huang et al. [1]
study fuel consumption and emissions of a con-
ventional and hybrid vehicle under real driving.
A. Ahmed in [10] examine emissions and fuel
economy of a parallel hybrid and a conven-
tional vehicle for varied drive cycles. M. Karaoglan
in [11] investigated the effect gear ratios (design
scenario) on emission and fuel consumption for
a parallel hybrid. However, a comprehensive study
investigating the effect on design objectives of hy-
brid vehicles with varied design scenarios is yet
to be concluded. Hence, present work investi-
gates how different hybrid configurations performs
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Variable
t Time
h Height
g Gravity
HA Hybrid Advantage
FC Fuel Consumption
EL Emission Level
H Degree of Hybridization
Pey Power of electric motor
Picg Power of engine
KI Kinetic Intensity
% Speed
a Characteristic acceleration
viem Square of aerodynamic speed
D Distance

compared to its counterpart conventional power-
train configuration (IC engine powertrain) with
varied drive cycles and hybridization values.

Contribution of this paper can be elucidated as
follows. First, the fuel consumption and emission
values are examined for series and parallel con-
figurations. Relationship between these factors
is examined with hybridization and drive cycle.
Next, fuel consumption of series hybrid, paral-
lel hybrid, complex hybrid and conventional con-
figurations under various drive cycles are exa-
mined. Thereafter, three fuel consumption models
to predict fuel economy of the hybrid configura-
tions are proposed. Models are tested with a real-
life drive cycle and accuracy of the models are
examined. Finally, Hybrid advantage of the three
hybrid configurations under varied drive cycles is
discussed.

Methodology

Simulation of the four powertrains (i. e. series,
parallel, complex hybrid and conventional power-
trains) with different drive cycle and hybridiza-
tion values are done using the MatLab/Simulink
based ADVISOR software environment. Advance
Vehicle Simulator (ADVISOR) was first deve-
loped in September 1994 by the US department
of energy’s National Renewable Energy Labora-
tory (NREL) [12]. The software was created in
support of the hybrid vehicle subcontracts with
the auto industry and the Department of Ener-
gy [13]. The number of public users of the software
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tool has grown since, with academics and industry
users alike [14].

Software is open-source and used offline. A lot
of users have contributed to libraries of ADVISOR
through new components and data. The robustness
of the model and relevance of the model with other
simulators are crucial for determining the authen-
ticity of the software. NREL has been making
agreements with universities to encompass more
accurate data for models [15].

The model used in the simulation is backwards-
looking. The drive cycle speed is traced by control-
ling the wvehicle speed using a driver model.
Torque, speed and power are propagated back-
wards from the wheels to the engine and battery.
All four configurations share a common driveline
(final drive, wheels and chassis).

Vehicle model

Vehicle model for the simulation of the present
study is defined with the characteristics of a moto-
rized three-wheeler, based on the BAJAJ RE 205cc
three-wheeler (Fig. 1) [16].

Fig. 1. BAJAJ RE 205cc motorized three-wheeler [17]

The main assumptions in modelling the four
powertrain models are as follows, the road-load
equations considered are for the longitudinal
movement of the vehicle; it is assumed that the
vehicle model is always capable to meet the power
demands of the drive-cycles; tire model assumes
a constant rolling resistance coefficient and a con-
stant tire radius; and the system vibrations are neg-
lected.

Road-load acting on the vehicle is modelled as
a representation of the force balance at the tire
patch. The classical equations of longitudinal ve-
hicle dynamics are considered, i. e. force equals
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mass into acceleration, where among the forces are
rolling resistance, aecrodynamic drag, and the force
of gravity [16].

A common set of powertrain components were
chosen and scaled to meet the vehicle require-
ments. Engine, Motor and Battery of the power-
trains were modelled as quasi-static models (Fig. 2).
Data of powertrain components such as efficiency
maps, torque maps and model specifications are from
the ADVISOR software libraries (Tab. 1) [18].

Table 1
Specifications of the vehicle model

Coefficient of drag [16] 0.44
Frontal area 1.86 m*
CG height from ground 0.4 m
Wheelbase 2m
Rear track 1.3m
Wheel radius 0.2m
Glider mass (without propulsion) 280 kg
Final drive ratio [16] 0.24
Primary ratio [16] 0.88
Rolling resistance coefficient [16] 0.015

a
Engine Generator

0
\Y j Wheels
s>

b
Engine

>| Gearbox Wheels
Battery |[€- - >| Motor

c

Planetary

Engine | < I >| Gear Set
,>| Motor d Wheels

Battery | €~ - -------- >| Motor

Fig. 2. Hybrid configurations: a — series; b — parallel,
¢ — complex configurations

Battery model used is based on the test data
of the 12 V/6 Ah Saft Lithium-Ion battery. Number
of batteries were varied to match necessary vehicle
characteristics in each powertrain.
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Main characteristics of the mechanical compo-

nents are summarized in Tab. 2.
Table 2
Motor and engine characteristics

Peak
Component efficiency, % Remark

Gasoline, spark-ignited,
Geo Metro 1.0 L SI engine

Permanent magnet,
94 top speed 7500 RPM,

Engine 30

Traction

motor max torque 112 Nm
Permanent magnet,
Generator 84 top speed 5500 RPM,

max torque 55 Nm

The transmission used in the conventio-
nal powertrain is a 4-speed manual with gear ratios
7.4, 4.1, 2.7 and 1.8 (final and primary ratio in-
cluded). The gearbox of the parallel transmission is
modelled as a 4-speed automatic with the same
gear ratios. In series and complex hybrids same
final drive ratio was considered, primary drive ra-
tio (between the engine and generator) is consi-
dered as two. The planetary gearbox of the
complex hybrid powertrain is modelled similar
to a Toyota Camry/Prius power split device
with 30 teeth in sun gear and 78 in ring gear [8].

Additional electric load of 300 W was consi-
dered in the four vehicle models for the load
exerted by the accessories.

Control strategies of the four powertrain con-
figurations were taken from ADVISOR libraries,
hybrid control strategies are optimized for a small
car considering a single objective, i. e. fuel con-
sumption. Control strategy for the parallel hybrid
was implemented using the basic power assist con-
trol strategy of the ADVISOR software, series hy-
brid using the power follower control strategy
and complex hybrid with the Toyota Prius hybrid
1999 control strategy.

Vehicle sizing

For the four vehicle models to be comparable,
a set of requirements are pre-defined. Powertrain
components of the four vehicles are sized to meet
the said requirements. The vehicle requirements
are chosen based on the characteristics of a typical
motorized three-wheeler [16, 17, 19]. Vehicle re-
quirements are as follows [8].

e Perform the real world Malabe drive cycle
derived for a three-wheeler indefinitely (indefini-
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tely here means using fuel as the energy source
and, if applicable, operating any electric machine
at or below its maximum continuous torque).

e Reach 0-20 km/h in 6 s and 2040 km/h
in 10s.

e Reach a top speed greater than 65 km/h.

e Sustain 5 % grade at 35 km/h indefinitely.

Powertrain components for each powertrain
configuration differ due to the different power
source combinations.

To calculate the component sizes of the four
hybrid power trains. a sizing routing is carried out
through the automated sizing option available
in the ADVISOR software. All the powertrain
components are sized, the characteristic maps
of the powertrain components are linearly scaled to
match required power levels to achieve the defined
vehicle requirements. Firstly, Battery and electric
motors are sized for the acceleration and ma-
ximum speed characteristics, i. e. 0-20 km/h
in 6 s/(20—40) km/h in 10 s and top speed greater
than 65 km/h. Then the engine is sized to meet
the grade requirements. Then the vehicle is tested
for the Malabe drive cycle. If the vehicle failed
to trace the drive cycle, engine size is increased.
This routine is done for several iterations until
results converge. The characteristics of the sized
vehicles are summarized in Tab. 3. Each power-
train is developed with the same glider mass (Ve-
hicle mass without the propulsion system). How-
ever, the overall weight of each configuration
varies in comparison to the conventional power-
train due to the different powertrain component
combinations equipped in different configurations.

Table 3
Specifications of the four vehicle models
Parallel Com-
anven- Series | configuration | plex
Component tional configu- (degree confi-
configu-1" iion |of hybridization)| gura-
ration .
0.2]03] 04| tion
Engine max
power, kW 8 4 7 6 5 5
Traction motor
max power, kW - 5 2 3 4 3
Generator max
power, kW - 4 - - - 2
Battery, No
of modules - 15 5 6 7 12
Total weight, kg| 438 465 | 452|448 | 448 | 458
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Hybrid advantage

The degree of hybridization explains how much
the electric machine is involved in vehicle pro-
pulsion and it is defined as the ratio of the electric
motor power over the total power of the IC engine
and the electric motor, as shown in the following
equation

H=—Ttou__ (1)

PEM +BCE

Two examples in the extreme are the con-
ventional vehicle with the hybridization value
of 0 and a full electric vehicle with a hybridization
value of 1.

Drive cycles

Several standard drive cycles are chosen for the
simulation with a range of kinetic intensity values,
representing urban, country and highway driving
characteristics. Due to the low-performance cha-
racteristics of the motorized three-wheeler, stan-
dard drive cycles are modified by linearly sca-
ling down. Five standard drive cycles are used, i. e.
Cons (Constant drive cycle), HWFET (EPA High-
way Fuel Economy Test), CSHVC (City Suburban
Heavy Vehicle Cycle), CBD (Central Business
District Segment) and OCC (Orange County
Transit Bus Cycle) [20]. Cons, HWFET to repre-
sent highway conditions, CSHVC to represent
suburban country conditions and OBD, OCC to
represent urban driving conditions.

The real-world “Malabe” drive cycle represents
an unknown drive cycle. Drive cycle data was
found by driving a real-world motorized three-
wheeler in local roads. The exact route followed
is represented in Fig. 3. The speed and time data

represented in Fig. 4 were recorded using the
GPS Module NEO-6M. It should be noted that this
drive cycle only represents the driving characteris-
tics of the route represented. Tab. 4 summaries
the characteristics of the used drive cycles.

Chandrika Blan I\START

Kumarathunga Mawatha

3a Wemd

164 New Kandy Road
WIJAYABA

Fig. 3. Malabe drive cycle route (New Kandy road —
Waliwita road — Chandrika Kumaratunga road)

L e
th & th

Speed, km/h
[ e S I S LT
th O bh O Lh O

]

0 200 400 600 800
Time, s

Fig. 4. Malabe drive cycle speed profile
(from a real-world driven motorized three-wheeler)

Table 4
Characteristics of the drive cycles
Cons HWFET Malabe CSHVC CBD OCC
(modified) (modified) (real world) (modified) (modified) (modified)
Kinetic intensity, 1/km 0.065 0.275 1.33 1.8 2.52 4.45
Duration, s 360 765 800 1700 850 1900
Distance, km 4 8 5.13 6.5 4 5
Max speed, km/h 40 50 40 40 30 30
Average speed, km/h 40 39 25 14 15 10
Max acceleration, my/s> 0 0.71 0.51 0.7 0.36 0.91
Max deceleration, m/s’ 0 -0.73 -1.4 -1.06 -0.63 -1.15
Average acceleration, m/s’ 0 0.1 0.07 0.24 0.29 0.23
Average deceleration, m/s> 0 —0.11 -0.09 -0.29 -0.56 —0.32
Idle time, s 0 6 1 397 159 407
Hayka 25
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Kinetic intensity

Kinetic intensity metrics introduced by
O’Keefe et al. is used to analytically characterize
drive cycles [7]. Kinetic intensity relates well with
the inherent qualities of a hybrid vehicle such as
energy harvesting from brake energy. An apparent
relationship between fuel usage of a hybrid as well
as a conventional vehicle exists for cases where
idle fuel usage and vocational loads are small
compared to the fuel usage consumed to meet the
road load. Kinetic intensity is derived from charac-
teristic acceleration and aerodynamic speed, based
on basic road load equations [21]

KI

_ Characteristic acceleration )

Aerodynamic speed?

Characteristic acceleration (&) and the square of
aerodynamic speed (v2 ) can be calculated for an

aero

entire drive cycle as follows:

N-1
L. (1
z:posztlve(z(vf+1 - vjz.)+g(hj+1 —h, )j
= _ =l - (3
a= >
5 3)
N-1
3
Vi AL
2 _J=l . 4
v, =—
aero D ( )

g‘jpositive(;(vf+1 - vf ) + g(hj+1 —h, )j

KI =22 .(5)

N-1

3
DV A

Jj=1

Present study uses the kinetic intensity metrics
to characterize the drive cycles assuming that idle
and vocational load fuel consumption is negligible
compared to the fuel consumed for the road load.

Simulation results and discussion

A two-fold approach is followed to assess the
effect of design scenarios on traditional hybrid
configurations in terms of design objectives. Firstly,
the impact of drive cycles and hybridization is as-
sessed in regard to fuel consumption and vehicle
emissions for three different powertrain configura-
tions. Secondly, the fuel consumption of four dif-
ferent powertrain configurations is investigated
with five drive cycles.

Powertrain models are developed with simi-
lar characteristics, thus operational behaviour may
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be compared. Four powertrain configurations
(i. e. series, parallel, complex and conventional)
are modelled with the same vehicle characteristics,
powertrain components and drive cycle, elimina-
ting the effect of vehicle configuration, driving
behaviour and initial conditions from the perfor-
mance comparison. In general, motorized three-
wheelers in the consumer market are not equipped
with any emission control technology. Hence,
powertrains were modelled without an emission
control technology such as a catalytic converter
to represent the actual characteristics of a moto-
rized three-wheeler.

Vehicle emissions and fuel consumption

Generally, a hybrid vehicle is designed with the
design objective as either fuel consumption or ve-
hicle emission levels. In some cases, both factors
are considered, approaching the design problem
with multiple objectives. Solving the design of
a hybrid is complex, with two objectives. Under-
standing the behaviour of emissions and fuel rate
with operational characteristics of the engine
simplifies the design problem. In general, literature
considers the fuel consumption as the sole design
objective, assuming fuel consumption level as an
adequate comparator for emission levels.

Present work assesses the fuel consumption rate
and emission gases: CO, NO, and HC rates with
series hybrid, parallel hybrid and conventional
powertrains. Moreover, Parallel configuration
is further investigated with three different degrees
of hybridization. The effect of drive cycle and hy-
bridization on fuel consumption and emissions un-
der different powertrain configurations is examined.

Fig. 5, 6 compare the fuel consumption values
and emission values of series and parallel confi-
gurations against a conventional powertrain.
The three powertrain configurations are simulated
on the modified HWFET drive cycle.

Fig. 5 compares the fuel consumption, CO, HC
and NO, emissions for the three vehicle configura-
tions. Fig. 6 compares the hybrid advantage in each
hybrid vehicle design compared to the conven-
tional powertrain using the following relationship

A:FC or EL.pp.,, —FC or EL

o100 %. (6)
FC or EL.

Conv
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Fig. 5. Fuel consumption and emission values for series,
parallel and conventional vehicles: [[] — fuel consumption;
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Fig. 6. Hybrid advantage (HA) of series and parallel
powertrains for fuel consumption (FC),
CO, NO, and HC emissions:
[] — HA (series); [[]—- HA (parallel)

Fig. 5, 6 indicate even though a reduction in
fuel consumption may be expected in a hybrid ve-
hicle, a reduction of emissions cannot be expected
conclusively. Series and parallel configurations
show a clear advantage in fuel consumption com-
pared to conventional powertrain with 24 % fuel
saving with series and 18 % fuel saving with the
parallel configurations. Though, in terms of emis-
sion levels only HC and NO, levels has a hybrid
advantage. Both configurations show surprisingly
higher CO emission levels with a 175 % increase
with series configuration and a 183 % increase
with parallel configuration compared to the con-
ventional powertrain. However, results reinforce
the findings from [1], Yuhan Huang et al. investi-
gates the emission levels with a real-world hybrid
car and a conventional car using a portable emis-
sions measurement system. Similar to the present
study, consistently higher CO emissions were ob-
served with the hybrid vehicle.
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Higher emission levels may be caused by the
following two reasons. Firstly, the engine opera-
ting conditions. Engine operation conditions are
different with a hybrid vehicle compared to a con-
ventional vehicle. The higher amount of engine on
and off frequency and higher engine power fluc-
tuations may be a contribution for the increased
emissions. Secondly, more power is required of
a hybrid configuration due to the higher weight
of the vehicle from the relatively smaller IC en-
gine, with the engine of series 50 % and paral-
lel 25 % smaller than the size of the convention
vehicle. In order to understand the effect of engine
operation and power requirement with the drive
cycle and the effect on fuel consumption and emis-
sion levels, through Fig. 5—7 fuel rate and emission
rate is investigated.

Fig. 7 compares the fuel consumption rate
of the IC engine against CO emission rates, Fig. 8
against HC and Fig. 9 against NO, emission rates
for series, parallel and conventional powertrains
under 100-425 s of the modified HWFET drive
cycle. To understand the effect of engine operation
in response to the drive cycle, the fuel rate and
emission rates are plotted against the drive cycle
(as km/h) after scaling, so that drive cycle charac-
teristics can be shown against other parameters.
Energy management strategy dictates the operation
characteristics of the engine. Battery State of Charge
minimum (SOC min.) point indicated is the mini-
mum SOC level allowed. After this point, the power
management strategy increases the power of IC en-
gine to accelerate recharging of the battery.

Results from Fig. 7 indicate the fuel rate of se-
ries and parallel powertrains are relatively low
compared to a conventional powertrain. With the
series configuration, before SOC min. point indi-
cated CO levels are lower, however after the SOC
min. point power of the engine will be increased
considerably by the power management strategy.
Thus, increasing the CO emission rate. With the
parallel configuration, the fuel rate indicates
a higher fluctuation of the engine operation points
than the conventional powertrain and a resulting
increase in CO emissions. Similar to the series
powertrain, after the SOC min point engine power
is increased in the parallel hybrid resulting an in-
crease in CO emission levels.
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Even though CO emissions are increased, NO,
and HC emissions are lower compared to the con-
ventional powertrain. HC and NO, levels for the
drive cycle are respectively 32 % and 61 % lower
with series hybrid and 13 % and 59 % lower with
the parallel hybrid. Both hybrids significantly re-
duced NO, emission levels. With HC emissions,
the series hybrid has the highest advantage, which
may be caused due to the stable operation of the
series IC engine compared to the parallel hybrid.
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Fuel rate of the parallel hybrid indicates that with
fluctuating engine operation, higher HC emissions
are resulted compared to a series hybrid.
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Similar to powertrain configuration, hybridiza-
tion affects the fuel consumption and emission le-
vels for a hybrid vehicle. Fig. 10 indicate the fuel
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consumption and emission levels of CO, NO, and
HC for three parallel hybrid powertrains with
varying degrees of hybridization against a conven-
tional powertrain. Four powertrains, i. e. conven-
tional, parallel (0.2), parallel (0.3) and parallel (0.4)
are simulated on the modified HWFET drive cycle.
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Results indicate, although fuel consumption is
decreased with hybridization, CO emissions have
increased significantly. Note that a catalytic con-
verter is not modelled in the simulation. All three
parallel configurations showed a significant hybrid
advantage in fuel consumption with P (0.4)
with 32 %, P (0.3) with 18 % and P (0.2) with
12 %. However, CO emissions increased by 88,
183 and 479 % in P (0.2), P (0.3) and P (0.4) re-
spectively. This may be due to the power demand
from the engine. Higher the hybridization, smaller
the IC engine in a parallel hybrid. The power de-
mand of the vehicle is approximately constant
while the IC engine is sized smaller. Thus, increa-
sing the power demand from the engine. Results
reinforce the previous hypothesis; CO emissions
increase may be caused by the higher power de-
mand requested from a relative smaller engine.

Effect of drive cycle, hybridization and power-
train configuration on fuel consumption and emis-
sion levels is a complex relationship. Amount
of data is inadequate to conclusively state that, CO
emissions increases in a hybrid vehicle compared
to its counterpart conventional vehicle due to the
engine operation strategy and power demand.
However, present study clearly shows that a reduc-
tion in fuel rate cannot be taken as an indicator for
a reduction in emission levels for a hybrid vehicle.

Fuel consumption and drive cycle

A drive cycle provides a concise, repeatable
sequence of vehicle operation over a time pe-
riod [7]. A general drive cycle consists of second
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by second values of speed, some literature includes
elevation and time-based information of the ve-
hicle as well [7]. Drive cycles are valuable for
the design process, as cycle data may be used to
understand the vehicle behaviour in a target appli-
cation. Depending on the target application (drive
conditions) fuel characteristics of different hybrid
powertrain configurations may vary conside-
rably [3]. Present study examines the effect of
drive cycle characteristics on the fuel consumption
for different hybrids (i. e. series, parallel and com-
plex hybrids) against its conventional counterpart.

The wide range of drive cycles makes the ana-
lysis a challenge. Most well-known characteriza-
tion of drive cycle is by urban, country and high-
way. However, this assessment is highly objective
as the route and the drive conditions are highly
varying with vehicle uses and their lifestyle. Hence
in order to understand the effect of the drive cycle
on the energy usage of a hybrid, an analytical cha-
racterization of drive cycle is necessary. To better
assess the drive cycles, the kinetic intensity may be
defined using two-cycle metrics based on the road
load equation: aerodynamic speed and characteris-
tic acceleration [7]. Present study uses kinetic in-
tensity to characterize drive cycles, and the fuel
consumption is assessed against the kinetic inten-
sity of the drive cycles.

Fig. 11 represent fuel consumption against ki-
netic intensity for the developed four powertrains,
1. e. series, parallel, complex hybrid and conven-
tional powertrains. Five standard drive cycled are
analyzed for kinetic intensity. Fuel consumption
values for the five drive cycles are plotted against
kinetic intensity values of the drive cycles. Results
show that with varied drive cycles; series, paral-
lel and complex hybrids have an average fuel
advantage of 23, 21 and 33 % compared to an IC
engine powertrain. Moreover, the trendline for
the five drive cycles are plotted, and linear regres-
sion value is calculated for the trendlines.

Strong linearity is present with all four power-
trains in terms of fuel consumption and kinetic in-
tensity values of the drive cycle. Thus, linear trend-
line may be used to analyze overall fuel consump-
tion behaviour in different hybrid configurations
and predict fuel consumption values for unknown
drive cycles. A uniformly strong linear correla-
tion (R* values <0.9) is evident between cycle ki-
netic intensity values and the simulated fuel con-
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sumption values. However, it must be noted that
data is insufficient to accurately examine and pre-
dict fuel consumption in hybrid vehicles.
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Fig. 11. Fuel consumption against drive cycles
(scaled by KI factor) for conventional and hybrid powertrains

A methodology to predict hybrid fuel saving
in an application is highly informative. However,
finding fuel consumption values through simula-
tion or by experimentation is a complex and te-
dious task that requires expert knowledge. The pre-
sent study proposes the best fit linear curves of the
three hybrids be adopted as fuel consumption
models to approximately predict fuel consumption
for an unknown drive cycle.

Proposed fuel consumption models are tested
with a real-world drive cycle in Fig. 12. Three power-
trains are simulated with the “Malabe” drive cycle.
The “Malabe DC” points represent fuel consumption
values from the simulation for the three hybrids.
These points are compared with the predicted fuel
consumption from the three hybrid fuel consump-
tion models. Models predicted the fuel consumption
values for the series, parallel and complex hybrids
with 7, 12 and 7 % error percentages respectively.
Tab. 5 summaries the predicted fuel consumption
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values by the best fit curve of Fig. 10 and actual
fuel consumption values from the developed power-
train models in MatLab/Simulink ADVISOR.
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Fig. 12. Actual (simulation results from ADVISOR)
and predicted (linear best fit curves) fuel consumption (FC)
for the Malabe drive cycle of the three hybrid configurations

Table 5
Predicted and actual fuel consumption
for the Malabe drive cycle
Predicted FC | Actual FC Error
(17100 km) | (/100 km) | percentage, %
Series hybrid 3.0 3.3 7
Parallel hybrid 3.1 3.6 12
Complex hybrid 2.6 2.9 7

Results from Fig. 12 indicate that the appro-
ximate fuel consumption values can be pre-
dicted with reasonable accuracy (error percen-
tages <12 %) using the proposed models. Only
the parallel hybrid fuel consumption model shows
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a higher percentage level than 10 %. Both series
and parallel hybrid models are able to predict wi-
thin a 7 % error percentage.

The study proposes that fuel consumption le-
vels with kinetic intensity metric can be used to
predict approximately how a series, parallel and
complex hybrid perform in an unknown drive
cycle in terms of fuel consumption. However, fur-
ther real-world drive cycle data is necessary to
conclusively state hybrid models are capable of pre-
dicting fuel consumption values for any unknown
drive cycle.

Fig. 13 represent the hybrid advantage of the
three hybrid configurations against kinetic inten-
sity. The hybrid advantage is the percentage reduc-
tion in fuel consumption of a hybrid vehicle over
a conventional vehicle, calculated by equation (6).
Hybrid advantage of each hybrid for different drive
cycles are a good metrics to determine the perfor-
mance characteristics of each vehicle. Hybrid ad-
vantage and kinetic intensity values were found for
the same five standard drive cycles. The best fit
line for the three data sets are plotted and linear
regression values are calculated for each data set.
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Fig. 13. Hybrid advantage of hybrid configurations
against the kinetic intensity
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While the linear correlation between the hybrid
advantage and kinetic intensity of the drive cycles
are weaker compared to fuel consumption and ki-
netic intensity, a linear correlation exists with R
values less than 0.65. Both complex and paral-
lel hybrid has a linear regression value higher
than 0.7. Trendline of all three hybrids is with
a positive gradient as expected. Parallel hybrid
has the highest gradient with a value of 0.054.
Both series and complex have a gradient of 0.0254
and 0.0365. The kinetic intensity is a good repre-
sentation of brake energy in a drive cycle, the
study proposes that gradients of the three graphs
may be used as an indication of the ratio between
the brake energy harnessed out of the available
energy of a hybrid.

CONCLUSIONS

1. Simulation of four powertrains (i. e. series,
parallel, complex hybrid and conventional power-
train configurations) was carried out in MatLab/
Simulink ADVISOR environment. This paper
assesses the emissions and fuel consumption of
hybrid configurations under varied hybridization
values and drive cycles.

2. The analysis of emissions independent of the
fuel consumption showed that even though both
series and parallel hybrids showed a decrease
of fuel consumption by 24 and 18 % respectively,
CO emissions increased significantly in both hy-
brid vehicles (series 175 % and parallel 183 %).
Similarly, with higher hybridization values fuel
consumption have decreased and CO emission
has increased. Note that a catalytic converter is not
modelled in the simulation. Results of the study
elucidate that a decrease in fuel economy is not an
accurate comparator to predict the emission levels.
In some instances, while fuel consumption is de-
creased, emission levels can be higher than a con-
ventional powertrain.

3. When fuel consumption is assessed with ki-
netic intensity, a strong correlation was seen for
both hybrid and conventional powertrains. More-
over, the proposed fuel consumption models were
able to predict the fuel economy of an unknown
drive cycle within an error percentage of 12 %.
Results show that models can be used to predict
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the fuel consumption of an unknown drive cycle to
an approximate value.

4. Present work reveals, for a particular light
vehicle, the fuel and emission performance of hy-
brid configurations significantly vary with dif-
ferent drive cycles and degrees of hybridization.
The study considered many variables and the fol-
lowing points were not included, but could be ad-
dressed in future research papers. First, the control
strategy used for the complex hybrid powertrain
was taken from the Toyota Prius 1999 and efforts
to obtain a later version need to be investigated to
assess any improvements. Secondly, the con-
trol strategies of the three hybrid configurations
are optimized for a small car considering a single
objective, i. e. fuel consumption. Other objectives
or vehicle types could be considered to assess their
impact. Thirdly, the study focusses on CO, HC,
and NO, emissions. The globally important CO,
emission levels should be planned for the next
evaluation. Finally, the WLTP (Worldwide harmo-
nized Light vehicles Test Procedure) could be rea-
lized in a future drive cycle assessment.
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Abstract. The paper presents test methods (mechanical, electrical and optical) for the fuel spray research in combustion en-
gines. Optical methods, imaging and non-imaging can be used in laboratory and engine tests. Imaging methods include flash
photography and holography. Their use is limited to testing droplet dimensions larger than 5 pm. Imaging methods have an
advantage over non-imaging ones because they allow the droplet to be seen at the point and time where its measurement is
required. Non-imaging methods can be divided into two groups: the first, which counts and measures, individual droplets one
at a time, and the second, which measures a large number of droplets simultaneously. Exemplary results of research of droplet
size distribution in fuel sprays are shown. In tests of atomized fuel spray, in conditions reflecting the conditions of the internal
combustion engine, the size of droplets, their distribution in the spray and the velocity of individual droplets are presented.
To determine the quality of the fuel spray, two substitute diameters Sauter (Ds,) and Herdan (D,;) were selected, the first
of which refers to heat transfer and the second to combustion processes. Laser research equipment including Particle Image
Velocimetry laser equipment (PIV), Laser Doppler Velocimeter (LDV) and Phase Doppler Particle Analyzer (PDPA) were
applied for testing fuel spray distribution for two kind of fuel. The atomization process from the point of view of combustion
and ignition processes, as well as emission levels, is characterized by the best substitute diameter Dy;, which value is close
to the median volume. The most harmful droplets of fuel in the spray are large droplets. Even a few such droplets significantly
change the combustion process and emission of toxic exhaust components, mainly NO,.
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Pedepat. B craTbe npencraBiaeHs! METOBI HCIIBITAaHUH (MEXaHUYECKHE, IIEKTPUIECKHE W ONTUYECKHE) IS MCCIICIOBAHUS
pacHbUICHUS TOIUINBA B IBUTATEISIX BHYTPEHHETO cropaHus. ONTHYeCKHe METO/Ibl, TEXHUYECKasl BU3yalH3allysl, CHCTEMBI 03
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MOTOMY YTO OHH TIO3BOJITIOT BHJETH KAIlUTIO B TOH TOUKE U B TO BpeMsi, KOrja TpeOyercs NpOM3BECTH ee M3MepeHue. MeTomsl
0e3 0ToOpaXKeHNsI eI MOJKHO Pa3elIUTh Ha JIBE TPYMIIBL: TIepBasi, KOTopast 32 OJMH pa3 MOJACUNUTHIBACT U U3MEPSeT OTACIbHbIC
KaIlli, U BTOpasi, KOT/a OHOBPEMEHHO MPOM3BOAUTCS M3MEpEHHE OOMBILIOTO KOJIMYECTBA Kamelb. B cTaThe MoKa3aHbl THIIOBBIE
pe3yNbTaThl HMCCIICJIOBAaHUH paclpese]eHns Kalenb 0 pa3MepaM B PacIbUINTENX ToIUMBa. [Ipu mpoBeneHWH MCIBITAaHUIMA
TI0 PACTIBUIEHHIO TOIUIMBA B YCIOBHAX pabOTHI IBUTATENs BHYTPEHHETO CTOPAHHs YUUTHIBAIICH Pa3MepPhI Karesb, X pacrpesene-
HHE B PaclbUIATENIe, a TAKKe IPHHAMAIACh BO BHUMAaHIE CKOPOCTh OTACNIBHBIX Kalelb. JJst onpeeNneH st KadecTBa pacibUICHHS
TorUIMBa ObUTM BHIOpaAHBI [1Ba MOACMEHHBIX quamerpa Suter (Dsp) u Herdan (Dy3), mepBblii U3 KOTOPBIX OTHOCUTCS K TPOLIECCY
TerI000MeHa, a BTOpoi — K Iporieccy cropanus. JlazepHblii Hay4qHO-HCCIEI0BATEIbCKUN KOMILIEKC, BKIIIOUAIOLIHI B ceOs J1a3ep-
Hoe obopymoBaHue Ml n3MepeHus ckopoctu yactuil (PIV), masepusiii goreposckuit m3mepurens ckopoct (LDV) n dazosbiii
JoriepoBckui aHamm3arop yactur (PDPA), ncrone3oBaincs 11 IpOBEIECHHS UCIIBITAHUI N0 pacIpe/ieNIeHHIO PACTIbUICHHS IBYX
THIIOB TOIUINBA. Pacnbuienne, ¢ TOYKY 3peHNsI IPOIIECCOB TOPEHMS U BOCIIAMEHECHS, a TaKXKe YPOBHEH BEIOPOCOB, XapaKTepH3y-
€TCsl JTy4IIUM CMEHHBIM AUaMeTpoM D3, 3HaYeHHE KOTOPOro odeHb ONM3KO K cpeaHelt Bemiunne. Hanbosee BpeqHbIMU KamumsiMu
TOIUIMBA B a9P030JIe SIBIIIIOTCS KaIUTH KPYMHOTO pasMepa. Jlaske HECKOJIBKO TAKUX Kallellb 3HAUYUTENIBHO BIIISIIOT HA IPOIIECC Io-
PeHUs 1 BEIOPOC TOKCUYHBIX KOMIIOHEHTOB, IMTaBHBIM 00pazoM NO,.

KunroueBble ci10Ba: ABUTATENb BHYTPEHHETO CTOPAHHs, YCTPOUCTBO A7 BAYBaHHs TOIJIMBA, PACIblICHNE TOILUINBA, JIA3EPHBII
METO/, BRIOPOCHI ABUTATEIIS

I[.]'Iﬂ HUTHPOBAHUSA: J'Ia3epHoe HCCJICAOBAHUE ITPOLECCa paCHbUICHUS TOIUIMBA JIBUT aTenen BHYTPEHHETO CropaHus / I1. Cren-

xuukuii [u np.] // Hayxka u mexnuxa. 2020. T. 19, Ne 1. C. 34—42. https://doi.org/10.21122/2227-1031-2020-19-1-34-42

Introduction

The fuel injection system is one of the key
elements that are the subject of numerous experi-
mental and theoretical works necessary for the
development of modern combustion systems in
both spark-ignition and Diesel engines. The direct
fuel injection system into the engine’s combustion
chamber is one of the most advanced solutions and
has to implement at least two or even more diffe-
rent engine modes. Parameters not related to the
atomization process itself with regard to fuel sup-
ply systems include, among others, opening time,
closing time, needle stroke, durability, stream
range, noise level, power consumption, leaks and
operating pressure range.

Fuel injection systems are dominant in spark-
ignition and Diesel engines [1, 2]. These systems
allow for accurate metering of fuel and feeding
it to the combustion chamber [3]. They also allow
for the appropriate shaping of the injection process
for the shape of the spray, the dimensions of drop-
lets, and the dosing of the amount of fuel. The use
of optical methods using lasers to measure drop-
lets’ diameters and speed allow for significant pro-
gress in this field of research. In tests of atomized
fuel spray, in conditions reflecting the conditions
of the internal combustion engine, the size of drop-
lets, their distribution in the spray and the velocity
of individual droplets are possible to determine [3].
Droplets in the spray have different diameters,
depending on the discharge conditions and fuel
properties. From the point of view of the econo-
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mics of the combustion engine operation and the
emission of toxic exhaust components, differences
in the size of droplets should be within a narrow
range [4, 5]. To determine the quality of the fuel
spray, two substitute diameters Sauter (D;;) and
Herdan (Dj;) were selected, the first of which
refers to heat transfer and the second — to combus-
tion processes. The stream parameters include the
average diameters of the fuel droplets of the main
stream and the surrounding spray, as well as the
associated statistical parameters that result from
the droplet size distribution. Important stream pa-
rameters include stream cone angles, both start
and end angles, stream skew, penetration speed
of the stream end and maximum speed, dripping
after injection and fuel distribution within the
stream. Additional stream parameters are related
to the variability between individual fuel injec-
tions. The conducted research tests allow assessing
the occurrence of dripping after the injection and
its influence on the characteristics of the fuel ato-
mization process. Dripping is particularly disad-
vantageous for fuel jets with small droplet sizes.
The common rail injection system allows full
monitoring and computer injection control by the
time and pulse length, as well as by adding addi-
tional fuel pulses or multiple injections for one
engine cycle [6]. The average injection pressure
increases steadily up to 10 MPa, and in some
applications up to 12 and even 20 MPa. There is
insufficient data yet to assess the impact of such
pressure increases on wear processes and average
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durability of supply systems. Such data could ulti-
mately reduce the tendency to increase fuel injec-
tion pressure for spark-ignition engines.

Work on back-up injectors, which at very low
injection pressure (0.6—1.0 MPa) offer comparable
levels of fuel atomization with multi-hole vortex
injectors, which are characterized by over 10 times
higher injection pressures. This type of injectors,
however, requires the use of two separate injection
control systems; moreover, it requires individual
two controllers for one injector with different cha-
racteristics regarding pulse duration. It also re-
quires the supply of compressed gas and air, which
somewhat complicates the solution of the power
supply system, e. g. a compressor is required. This
system uses one system to control the fuel supply
to the combustion chamber and another system
synchronously to introduce the appropriate amount
of compressed air [7].

Test methods for the fuel spray process
in combustion engines

Various methods are used to test fuel atomiza-
tion processes, which can be classified into three
basic groups: mechanical, electrical and optical
methods.

Mechanical methods for example include col-
lecting droplets on a glass surface with a suitable
coating to stop settling droplets, collecting fuel
droplets for dishes with a liquid that does not dis-
solve fuel droplets, using molten wax.

The electric methods include the method of
electrically charged wire, which removes the
charges depending on the droplet dimensions, and
the hot wire method, which consists in the fact that
fuel droplets settling on the pipe evaporate and
cool it. When there are no droplets on the wire,
its electrical resistance is large and uniform along
the length. When the droplets settle on the duct,
its resistance decreases locally, in proportion to
the droplet dimensions. The latter method is how-
ever an invasive method.

Optical methods can be used in both laboratory
and motor tests. These imaging methods include
flash photography and holography. Their use is
limited in practice to testing droplet dimensions
larger than 5 pm. Imaging methods have an ad-
vantage over non-imaging ones because they allow
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the droplet to be seen at the point and time where
its measurement is required.

Non-imaging methods can then be divided into
two groups, the first, which counts and measures
individual droplets one at a time, and the second,
which measures a large number of droplets simulta-
neously. It is important to know both the drop size
and the speed for an accurate result. Some devices for
the non-imaging methods can provide both infor-
mation regarding dimensions and velocity.

Many optical research methods can be used to
analyze the process of fuel atomization. However,
they all have an important attribute, because they
allow measurements without disturbing the stream
of sprayed fuel. Optical research methods include:
high speed photography, video stream analyzer,
holographic analyzer, single particle counters, scat-
tered light interferometry, non-axial scattered light
detection, Particle Image Velocimetry (PIV) [8],
Phase Doppler Particle Analyzer (PDPA), Laser
Doppler Analyzer Speed (LDA).

Laser research equipment.
Particle image velocimetry laser equipment

Laser PIV equipment allows determining
the distribution of the velocity of fuel droplets.
PIV equipment allows simultaneous measurements
of 12000 points, has a very high resolution, and
guarantees high accuracy of measurements, ena-
bles visualization of flows, including turbulent
flow structures. An important advantage is the abi-
lity to determine turbulence and Reynolds stresses.
In addition, it ensures fast operation in an automa-
tic cycle. Fig. 1 shows a diagram of PIV equip-
ment, and Fig. 2 shows a view of PIV equipment.

il
| &
Laser head

Laser power suply

Synchroniser

Camera

Fig. 1. Scheme of the PIV optical system
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Fig. 2. Block scheme of the laser measuring system

PDPA and LDV laser research equipment

In tests of the atomized fuel stream, in condi-
tions reflecting engine conditions, it is also impor-
tant to know the size and distribution of droplets
in the fuel stream. In engine conditions, the drop-
lets have different diameters, depending on the
discharge conditions and fuel properties. For the
purposes of analyzing the stream creation process,
it is better to use not a set of droplets of different
diameters, but a droplet with a constant diameter,
characteristic of given flow conditions. Several
such conventional diameter droplets are specified
in the literature. These include, among others, the
average diameter of Sauter (Dj,), arithmetic (D),
surface (Dy), volumetric (D3) and Herdan (Dj,).

The tests were carried out using the LDV (La-
ser Doppler Velocimeter) and PDPA laser equip-
ment, with a 5 W laser cooled with water. The block
diagram of the laser measuring system is shown
in Fig. 2. The measurements are carried out in the
measuring space, which is determined by the inter-
secting two laser rays, zero and Doppler from each
transmitter. This space occurs in the optical focus
area of the laser transmitter and has the shape of
a rhomboidal body whose maximum dimensions
in the tuned optical system were 1.76x1.4x1.4 mm.
The diameter of the laser beam was 1.4 mm;
the distance between zero and Doppler rays
was 39.74 mm, the focal length was 250 mm.
The dimensions of the measuring space can be
changed by means of the optical system of the
transmitter (focal length), which should be selected
for the expected range of droplet diameters occur-
ring in the sprayed fuel stream. Droplet dimensions
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that can be measured are in the range from 0.5
to 2.0 mm, and when changing the parameters of
the optical system, even up to 3.822 mm, except
that the best results are obtained when choosing
the optical system adapted to the sprayed fuel,
in whose maximum droplet size is about 300 times
larger than the minimum. The measuring range
depends on the optical system and the type of
the RSA (Real Time Signal Analyzer) processor,
whereby laser phase shifts from 30 to 3500 can be
recorded. In any case, the optical system should be
arranged in such a way that the maximum droplet
size is smaller from the smaller diagonal of
the diamond section perpendicular to the fuel jet
velocity component, while the minimum droplet
size that can be recorded is 0.5 pum or is the one
whose phase shift of the laser beam is 30 or
greater. The PDPA system for measuring droplet
dimensions is calibrated, while the LDV system
for measuring speed does not require calibration.
The measuring system of the apparatus allows the
measurement of velocity in three directions (3D),
and the principle of measuring the velocity compo-
nent is to register a change in the frequency of
the laser beam, which is proportional to the velo-
city of the fuel droplet. The velocity component
may be determined from the following relationship

4 |
N asind M

where v; — droplet velocity component; f, — modu-
lated frequency of the laser Doppler beam; fo —
zero beam frequency; ® — intersection angle of
zero and Doppler beams.
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The measuring system allows the use of three
different laser rays: green with a wavelength of
514.5 nm, blue with a wavelength of 488 nm and
purple with a wavelength of 476.5 nm. Measure-
ment of droplets consists in registering the devia-
tion of the laser beam when passing through the
droplet, which is proportional to its size. A droplet
of fuel is observed from 2 detectors with two dif-
ferent distances AB 10.79 mm and AC 32.15 mm.
In relation to the PDPA system, five diameters
were selected to determine the stream parame-
ters: Dyg, Do, D3, D3, D4s. The differences in the
dimensions of individual droplet diameters are
a measure of the uniformity of dimensions of the
fuel stream. The droplet size is determined based
on the relative modulation of the laser signal by the
droplets flowing through the measurement area.
The droplet size is determined from the following
relationship:

]max _ Imin

M = "maxmin
Imax +Imin

2

where M — intensity parameter; /.y, Imin — maxi-
mum and minimum intensities.

The relationship between the value determining
the intensity of the M laser beam measured by the
measuring system and the droplet size is deter-
mined by equation

oy = 2, (xD/?)

YT 3)

where J; — first type first order Bessel function;
D — droplet size; & — distance between interference
fringes.

Placing optical systems to measure velocity
components in the combustion chamber is not pos-
sible in an orthogonal system. An oblique coordi-
nate system is used, which requires the use of
transformation to transition to the orthogonal sys-
tem. The best results are obtained when the laser
scattered light receiver is placed at an angle of 30°
to the direction of the beam of the transmitter.

Fig. 3 shows the 3D-measuring laser and
the Bragg cell. Fig. 4 shows the system of sig-
nal analysis, acquisition and presentation of re-
sults. Fig. 5 shows a constant volume test cham-
ber for research the atomization and combustion
process.
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Fig. 4. View of the signal analysis system,
acquisition and presentation of results

Fig. 5. Test chamber for testing
the atomization and combustion process

Test results

Tests with the use of PIV apparatus [9] were
carried out on the stand enabling the implementa-
tion of a single injection for different injection
pressure values for two fuels (Fig. 6-8) with the
properties presented in Tab. 1.

Table 1
Values of tested fuels
Dynamic Density, | Surface tension,
viscosity, mm?/s kg/m3 Im?
Fuel No 1 4.7 803.53 359107
Fuel No 2 1.7 826.04 36.8-107

Tests using PIV apparatus allow determining
the structure and distribution of velocity in the
stream. The tests revealed velocity discontinuities
and change of directions in individual areas of the
stream, with the stream image significantly diffe-
rent for fuels with different viscosities. It should be
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noted that PIV velocity field measurements pro-
vide excellent illustrative material illustrating
the velocity field. In most cases, the test results are
rather qualitative.

Fig. 6. Vector distribution and velocity fields for fuel No 1
for an injection pressure of 50 MPa

Fig. 7. Vector distribution and velocity fields for fuel No 1
for 100 MPa injection pressure

Fig. 8. Vector distribution and velocity fields for fuel No 2
for 100 MPa injection pressure

The laser equipment (PIV-PDPA) allows mea-
surements of droplets in the range from 0.5 pm
to 2.0 mm, and for the change of optical sys-
tem (500 mm focal length) parameters even up
to 3.822 mm.

Tests were carried out on the special stand
shown in Fig. 5. The results of the droplet velocity
tests that were made using the LDV laser appara-
tus are shown in Tab. 2. Examples of measure-
ments were made in the injector axis at a distance
of 65 mm from its hole in the fuel injection into the
atmosphere. The results of testing the dimensions
of fuel droplets using PDPA laser equipment are
presented in Tab. 3.
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Table 2
Results of velocity tests at measuring point 1 (LDV)
Injection
pressure, MPa Vi, M/S | Vo, M/S | Vg, M/s | Vays, m/s | Fuel
100 0.66 0.36 0.663 1.628
No 1
70 1.23 0.73 1.235 3.681
100 0.50 0.39 0.501 1.266
No 2
70 1.31 0.39 1.312 2.847
Table 3
Test results for the diameter of the droplets
at measuring point 1 (PDPA)
Injection
pressure, DlO? D20a D}O? D325 D435 Fuel
MPa pm pm pm pm pm
100 4.426 | 5.117 | 5918 | 7.915 | 10.07 No |
o
70 5.109 | 6.086 | 7.183 | 9.990 | 12.97
100 4.451 | 5.241 | 6.171 | 8.554 | 11.04 No 2
o
70 6.388 | 7.441 | 8.807 | 11.52 | 14.72

Test results of the sprayed fuel stream regar-
ding the droplet diameters for small droplet sizes —
D3, = 13.8 pm, Dy = 1538 pm are shown
in Fig. 9, 10. Fig. 11 shows the combustion process
in a constant volume chamber for a fuel stream
with the properties presented in Fig. 9, 10 (A = 1).

Exemplary results of studies of droplet size
distribution in a homogeneous spray are shown
in Fig. 12, and in a spray with a dispersion of drop-
lets — in Fig. 13. Fig. 12, 13 indicate that the Sauter
diameter is 18.41 um/20.99 pum, respectively and
the Herdan diameter — 20.4 um/25.94 um.

The differences between the Herdan and Sauter
diameters are respectively 1.99 pum/4.95 um, which
are 9.7 %/19.1 %. The smaller the average diame-
ters between diameters, the greater the homoge-
neity of the fuel stream. An important role in
assessing the fuel injection stream has a volume
median of droplets, which is 20.14 pm/24.94 pm
respectively, which is 99 %/94 % of the Herdan
diameter, respectively.

The most harmful droplets of fuel in the spray
are large droplets. Even a few such droplets signi-
ficantly change the combustion process and emission
of toxic exhaust components, mainly (NO,) [9-11].
The atomization process from the point of view
of combustion and ignition processes, as well as
emission levels, is characterized by the best substi-
tute diameter D,3;, which value is close to the me-
dian volume.
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Fig. 9. Test results of the sprayed fuel stream regarding droplet diameters
for small droplet sizes — D3, = 13.8 um, Dy3 = 15.38 pm

Yalume Distribution PYC EErEDH]
Storane [oaonk pb 7 Leve[eubranged | Run[52] Channel 1 Acn. Status User aborted
Size Fit Cumulative Size Fit High Woltage (V) 501
% 100 Parcant Percent Percent Cumulative Burst Thresh {m\/) 0.9
Mixer (MHz) 36
Sample Rate (MHz) 20
Filter (MHz) 10

Date Rate {Hz)
Run Time {sec][ 02249

Wel. Mean (mis)[ 00557
Wel. RMS (mis)__ 1.478)

el Valid Court 3229
Size Valid Count|___ 2@64]

Diameter Distribution PVC
010 G688 Volume Flux__(.00041
// \ D20[_8.261 Volume Median[___16.20
0.8 & 030 9.757 Volume 10 81872
0.6 5 3 32 . \olurme 0 23455
rel 21 WG (gim’)—_237]
v i ) Size Fit
Rosin-Rommler
0.2 {1-WCumm]=exp{-[D’X)q)
z parameter
0 0 i 15 2965
0 5 10 15 20 25
Yolume Distributicn 1 d 13.217

Fig. 10. Test results of the sprayed fuel stream regarding droplet diameters
for small droplet sizes — D3, = 13.8 um, Dy3 = 15.38 pm
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Fig. 11. The course of the combustion process in a constant volume chamber for the fuel stream
with the properties presented in Fig. 9, 10 (A= 1)
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Fig. 13. Diameter distribution in fuel spray with dispersion

The main reasons for excessive fuel consump-
tion and the emission of toxic exhaust components
are inaccurate metering of fuel and improper pre-
paration of the mixture. For proper fuel, metering
as well as fuel preparation the fuel atomization
process has the main influence. For the evaluation
of the fuel apparatus, measurement of the Herdan
diameter (D4;) should take place along the length
of the stream at a distance of 2/3 of the spray range
from the injector and 2/3 of the stream radius value
from the spray axis.

CONCLUSIONS

1. The PIV test method allows the structure
and distribution of velocity to be determined in
a stream. It allows for qualitative rather than quan-
titative assessment.

2. PDPA and LDV laser methods allow determi-
ning droplet diameters, their velocity and dispersion.

3. The atomization process from the point of
view of combustion and ignition processes, as well
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as the level of emissions is best characterized by
a substitute diameter D43, whose value is close to
the median volume.

4. Directions of development of mix formation
processes are aimed at obtaining streams with
small droplet sizes. This applies not only to the
homogeneous combustion process strategy, but
above all to the cold start strategy, where it is
necessary to use small-sized droplets.

5. Fuel viscosity, density and surface tension,
depending on fractional composition, crude oil
processing and additives, have the greatest impact
on the physical stream formation processes.

6. Droplets in the large stream of fuel are the
most harmful. Even a few such droplets definitely
change the combustion process and the emission
of toxic exhaust components, mainly (NO).

7. With increasing injection pressure, the diame-
ter of the droplets decreased; the Sauter diameter
of the droplets with pressure increase from 70
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to

130 MPa decreased by 47 % for fuel No 1 and

by 41 % for fuel No 2.

8. During tests of the ignition and combustion

process for elevated pressures in a constant volume
chamber (up to 1 MPa) at large droplet sizes, when
Dy is greater than 30 pm, ignition is not pos-
sible, even with a significant increase in pressure

in

the combustion chamber. Fuel dispersion has

a significant impact on ignition in cold combustion
chamber conditions.
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Abstract. During the early development of a new vehicle project, the uncertainty of parameters should be taken into consi-
deration because the design may be perturbed due to real components’ complexity and manufacturing tolerances. Thus,
the numerical validation of critical suspension specifications, such as durability and ride comfort should be carried out with
random factors. In this article a multi-objective optimization methodology is proposed which involves the specification’s
robustness as one of the optimization objectives. To predict the output variation from a given set of uncertain-but-bounded
parameters proposed by optimization iterations, an adaptive chaos polynomial expansion (PCE) is applied to combine a local
design of experiments with global response surfaces. Furthermore, in order to reduce the additional tests required for PCE
construction, a machine learning algorithm based on inter-design correlation matrix firstly classifies the current design points
through data mining and clustering. Then it learns how to predict the robustness of future optimized solutions with no extra
simulations. At the end of the optimization, a Pareto front between specifications and their robustness can be obtained which
represents the best compromises among objectives. The optimum set on the front is classified and can serve as a reference for
future design. An example of a quarter car model has been tested for which the target is to optimize the global durability based
on real road excitations. The statistical distribution of the parameters such as the trajectories and speeds is also taken into
account. The result shows the natural incompatibility between the durability of the chassis and the robustness of this durabi-
lity. Here the term robustness does not mean “strength”, but means that the performance is less sensitive to perturbations.
In addition, a stochastic sampling verifies the good robustness prediction of PCE method and machine learning, based on
a greatly reduced number of tests. This example demonstrates the effectiveness of the approach, in particular its ability to save
computational costs for full vehicle simulation.
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XapaKTePHUCTHK MOJBECKH, TAKMX KaK JOJTOBEYHOCTH U KOM(MOPTHBIE YCIOBHS BO BPeMs JBIDKCHUS, JOJDKHA IPOBOJHUTHCS C
ydeToM (akTopoB ciiydalHOCTH. B crarbe mpejuiaraercst IpUMEHSITh MHOTOLICJIEBYIO METOMOJIOTHIO ONTHMHU3ALMU, KOTOpast
paccMaTpuBaeT HaJeKHOCTb clelMpHUKaLUK B Ka4eCTBEe OJHOM M3 3a1ay. C IeNbio MPOrHO3UPOBAHUS KOHEUHOTO Pe3y bTaTa
Ha OCHOBAaHWH 3a[JaHHOTO Ha0opa HEOINpeAeNeHHbIX, HO OrPAaHHYCHHBIX apaMeTpoB, IpeUlaraéMbIX B IPOIECCe ONTUMU3a-
IUOHHBIX MTEPAIHH, MCHONIB3yeTCsl alalTHBHOE MOJIMHOMUAIBHOE XaOTHYHOE paclIMpeHne Il o0beANHEHHs JOKaJIbHOTO
HPOEKTHPOBAHUS SKCIIEPUMEHTOB M IJIOOAIBHBIX MOBEPXHOCTEH OTKIMKAa. Kpome TOro, 4roObl yMEHBLINTH KOJIMYECTBO
JIOTIOJIHUTEIbHBIX TECTOB, KOTOPBIE HEOOXOJMMBI [Isi MOCTPOCHUS MOJHHOMHANIBHOTO Xa0TUYHOTO PACIIHPEHUS, UCTIOIb3Y-
€TCsl AITOPUTM MAaIIMHHOTO OOy4YeHUs, OCHOBAHHBI Ha MEXKIIPOEKTHOH KOPPEISIMHOHHONW MaTpHIE, IS MPOBEASHUS KJlac-
cu(UKALUK TEKYIIHX MPOSKTHBIX TOYEK C IMOMOIIBI0 HHTEIUICKTYaJIbHOTO aHaln3a JaHHBIX W Kiactepu3aiuu. Takum obpa-
30M, TOSBJISIETCA BO3ZMOXKHOCTh IPOrHO3MPOBATh HAZIEKHOCTh pa3pabaThIBaeMbIX ONTUMHU3UPOBAHHBIX PEIIeHHH 0€3 UCIOb-
30BaHUS JOMOJTHUTENBHBIX Mozenei. [1o 3aBepiieHnn mporecca ONTUMH3AINN MOXKET OBITh TmoiydeH ¢poHT [lapeTo Mexmy
crerMGUKAMIMH U UX HaIeXKHOCTBIO, KOTOPBIM HpeCTaB/sieT HaWIydllee KOMIIPOMHCCHOE pElIeHHEe C ITOCTaBICHHBIMU
neasMu. OnTuManbHBINA HAOOp Ha JaHHOM (QPOHTE KIACCU(PUIMPYETCS U MOJKET SIBISITBCS OPUSHTHPOM ISl TPOSKTHPOBAHUS.
[IpuMepoM 3TOro MOXKET CIY)KUTh TECTUPOBAHHE MOJEINM aBTOMOOHIIS C IENbI0 ONTHMHU3ALUK €ro r100aJbHON J0JIroBed-
HOCTH Ha OCHOBE JOPOXXHBIX cuTyaruid. IIpm 3ToM craTHCTHYecKoe paclpereneHre MapaMeTpoB, TaKHX KaK TPAeKTOPHH
M CKOPOCTH, TOXKE IPUHUMAETCSI BO BHUMaHHe. Pe3ynbTaTsl HCCIeJOBaHUH MOKa3bIBAIOT HECOBMECTUMOCTD MEXKY JIOJITOBET-
HOCTBIO IIACCH U HAJEKHOCTBIO 3TOTO MapaMeTpa. B maHHOM ciyuae TEPMHH «HAJEKHOCTb» HE O3HAUaeT «IIPOYHOCTHY.
B cTarbe 3TOT TEpMUH IpeaIonaraet, 4To (GyHKIIMOHUPOBAHUE SIBISIETCS MEHEE TyBCTBUTEIIBHBIM K KaKIM-THOO OTKIOHEHH-
aM. Kpome Toro, croxactiudeckast BBIOOpKa MOATBEPKAAET NMPABHIBHOCTH IIPOTHO3a HAJEKHOCTH METOIOM IIPUMEHEHHS I10-
JIMHOMMAJIBHOTO XaOTHYHOTO PACIIMPEHHs M MAIIMHHOTO OOYUYCHHs, B OCHOBE KOTOPOTO JISKHUT 3HAYMTEIILHOE YMEHbBLICHHE
Konu4ecTBa TecToB. [TokasaHna 3¢ deKTHBHOCTD MpeIaraeMoro rnojxojaa, B YaCTHOCTH OTMEYAeTCsl BO3MOXKHOCTh SKOHOMHHU
pacUeTHBIX 3aTpaT Ha Pa3pabOTKy MOAENEH TPAaHCTIOPTHOTO CPEACTBA.

KiroueBble cj10Ba: JONTOBEYHOCTD MIACCH, aHAIN3 AAHHBIX, MAIIMHHOE 00y4eHHe, MHOTOIIENEeBas ONTUMH3ALHS, TOJTMHOMH-
aJIbHOE Xa0TUYHOE PACIIUPEHUE, HAIe)KHAST KOHCTPYKIIHS

Jas uutupoBanus: HanekHas KOHCTPYKIUS MOJBECKU C MOJMHOMHAIBHBIM XaOTUYHBIM PACIIMPCHHEM W MalNIHHHBIM
obyuenuem / X. ['ao [u ap.] // Hayxka u mexnuxa. 2020. T. 19, Ne 1. C. 43-54. https://doi.org/10.21122/2227-1031-2020-19-

1-43-54

Introduction

The robustness of vehicle specifications is
given more and more attention in Renault because
original designs during the development can be
perturbed by many uncertain sources: actual road
charges, manufacturing tolerances, aging of mate-
rials, etc. As a result, sometimes the validation of
important specifications such as chassis’ durability
may take a lot of time and resources to ensure
the design is robust enough and can be satisfied all
through the vehicle’s life cycle [1].

In this paper, the term of robustness is defined
as system’s ability of tolerating outside perturba-
tions. The robustness is an opposite notion of sen-
sitivity where the least variation of vehicle perfor-
mance is searched within the random input para-
meters. Instead of analyzing the impact of each
parameter on the final output, the robust optimiza-
tion focuses on minimizing the overall variations
while the statistic characters of input are pre-
defined. Meanwhile, these two notions can easily
be transformed after the result of a design of expe-
riments is obtained.

There are several numerical methods to calcu-
late the robustness of one given set of parameters
under perturbation.

44

e Monte-Carlo analysis is to generate random
samples in uncertain spaces according to their dis-
tributions. The method is easy to integrate and re-
liable but it requires a huge number of samples
to eliminate the random effects of sampling. Other
similar methods such as Latin Hypercubic Sam-
pling (LHS) or orthogonal design of experiments
are proposed to reduce the total number of tests but
are still expensive when the simulation itself
is very heavy.

e Min-Max analysis is to run simulations with
the combination of upper and lower bounds of un-
certain parameter intervals to estimate the worst
case under perturbation [1]. It needs less tests
compared to random sampling and the result is
reasonable as long as the effects of parameters are
linear or quasi-linear. However, the statistic cha-
racters of the systems cannot be obtained when
only the bounds of interval are considered and
the robustness estimation may put too much em-
phasis on the case of which the possibility can be
neglect able.

¢ Analytical methods such as Taylor expansion
or direct interval analysis [2] are very efficient
because only partial differential equations of the
systems are needed instead of a large amount of
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simulations. However, the mathematical expres-
sions in the industrial problems are difficult to ob-
tain while simplifying a complex system into an
academic model may raise the problem of repre-
sentativity.

One of the targets during project development
is to integrate the robustness into the optimization
procedure where the optimum of vehicle specifica-
tions and their robustness are searched at the same
time. It becomes even more important to reduce
the additional simulation number. In this article,
an approach based on polynomial chaos expan-
sion (PCE) is applied where only a limited local de-
sign of experiments is need for each design point.

The Hermite polynomial chaos was first intro-
duced by Wiener [3] to model stochastic response
of a system under Gaussian distributed parameters.
Then it has been extended into other type of or-
thogonal polynomial bases according to diffe-
rent probability distributions [4, 5]. In this study
Chebyshev polynomials of the second kind have
been applied, which fits better real industrial un-
certainties.

The target of polynomial chaos expansion is to
establish a relationship between a system output
and parameter inputs based on a given series of
polynomials. Once the coefficient in front of each
polynomial is calculated, system can be described
and the robustness can be calculated. For a black
box system additional tests are needed in order
to decide the maximum order and important inter-
active terms of polynomials included in this
expansion.

This paper proposes a multi-objective optimi-
zation plan with the integration of adaptive-sparse
polynomial chaos expansions. The polynomial
chaos expansion is calculated by a projection
method which reuses response surfaces constructed
in the optimization process. To further reduce
the additional tests, a machine learning algorithm
based on data mining is applied to justify by ad-
vance the quality of response surface before run-
ning the local design of experiments.

Section II of this paper introduces the construc-
tion of polynomial chaos expansion as well as its
integration into the optimization strategy. In sec-
tion III a data mining and machine learning algo-
rithm is presented which aims to further reduce
sample numbers but keep the accuracy of robust-
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ness prediction. Section IV demonstrates the opti-
mization of a quarter-car example with the pro-
posed approach.

Robust optimization with PCE

Introduction of polynomial chaos expansion
and Chebyshev polynomials of the second kind.
An N-dimensional random variable vector

x=(x,x,,...,x,) is considered. For each input

variable x; e I',, whereI'; is a one-dimension ran-
dom space, its probability density function (PDF)
can be defined by p, (xl. ) Assuming that all the ran-

dom variables are independent, the overall PDF P(x)
can be defined as

P(x)zp1 (xl)p2 (xz)...pN(xn)
in'=II,...T',. (1)

The system at one set of parameters x an be
written as a converged series of polynomial basis

Lmnzi (5(x )%%+2zywxﬁ X))+
+ZiZmW( )& (¥)+ @

+ZZZZMﬂW

J3=li=1i,=1i3=1

x).&, (x).8, (%)) + -

where é(x)z{él (x).&,(x), ..., €, (x)} — set of
ran-dom variables obtained by normalization of x
according to known mean values and the standard

deviations; ¢/ (c‘,(x)) — n-dimension chaos of or-
der j in terms of &(x).

The inner product of two orthogonal poly-
nomial basis can be expressed as

(00;) =8, (¢), (3)

where 6, — Kronecker delta, 5, =1 when i =/ and
0, =0 when i # j.

To simplify the expression, the equation (2) is
truncated to maximum order M and it includes only
univariate and bivariate terms, which can be re-
written as
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M n

3 0 (60x) =+ X314 (5 ()

Ji=li=1

/(%)

M n l|

PIDILAC (& (0.8, (x) @

Ja=li=li=1

The form of the polynomial basis ¢, is defined

by the distribution types of random parameters.
Chebyshev polynomial of the second kind is ap-
plied in this study. As its probability density func-
tion corresponded is Wagner semicircle distribu-
tion defined in (Fig. 1) [-1.1]. The semicircle law

is more suitable to industry problems where the
parameters have more weights around the design
values and will never go to infinity. The polyno-
mials can be defined by a recurrence method:

Ui (Z}l ) =2xU, (éz ) -U,, (éz )’

for n>1
with U, (&,)=1; U,(&,)=2¢, ()
and & e[-1.1],

where &, — respects a Wagner semicircle distri-

bution.

The distribution function is normalized to make
sure the integration in [-1.1] equals to 1, so in fact
it becomes a semi ellipse

w(e)==y1-8. (©6)

The equation (3) can be expressed as for two
one-dimension polynomials

1

<UmUn> = IUn1 (éi)Un (éi)w(&i)dx =

-1

0, if i#J;
— b b (7)
L if i=.
A pix)
» X
Lower Design Upper
tolerance value tolerance

In equation (4) coefficients s; are unknown
and need to be calculated. For a black-box system,
two non-intrusive methods exist to calculate s;.

e Regression method: the order and the terms
of the expansion are assumed a priori. The coeffi-
cients are then calculated by linear regression
method based on the samples around the reference
point. By iterations the algorithm will decide
whether to add or remove terms from the expan-
sion until all the important terms are included [6].

e Projection method: an analytical expression
has been pre-defined used to represent the black-
box system. Then based on this expression, each
coefficient is calculated one by one according to
orthogonal projection. Additional samples are also
necessary to justify if the expansion order has been
converged [7].

In the optimization process expressed in Sec-
tion III, the analytical expressions for the result
outputs have already been calculated. The projec-
tion method will be introduced in detail and ap-
plied. Another advantage for the projection method
is that the accuracy of robustness estimation de-
pends more on the quality of analytical expressions
but is less sensitive to the number of samples com-
pared to the regression method.

Assuming f{x) is a performance function de-
fined in the design space, one can obtain by multi-

plying ¢, (&) to both sides of (4):
(@) (Sen @) ®
5, =R )

where <¢j (§)2>— constant; <f(x)¢j (<“,)>— calcu-

lated by multi integration.

A wi(&)

:D/

Fig. 1. Transformation of a real design parameter to a normalized random variable of Wagner semicircle distribution
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The reference [8] has proposed a decomposi-
tion method of f(x) and the numerator of equa-

tion (9) can be expanded into univariate and biva-
riate terms

‘(”‘l)f(“)<¢j( k)>) f(xk,uk)¢,(ék)>

R <¢j . )2> . (10)
()8 (Ees)
jij <¢j1/‘ (&8 )2>
{Z o)
(0, (58))
. ~(n- 2)2:’:1f(xi,“i))¢jlj (& )> .
(0, (08))
L e,
<¢_/l_f (&6 )2>
:<f(xpxpuw)¢m(abgﬂ>’ 1n

(4, (&e8))

where sf — coefficient for the /" order univariate

polynomial term of E’;(xk); sfljl — coefficient for
the j order bivariate polynomial term of &(x, )
and &(x;) (7" order for &(x,) and (j—j)™ or-
der for &(x,)); (xi,ui) — vector that replaces all the
random variables by its reference value except x;;
(xl.l,xl.z,uil 0 ) — vector of reference values exclu-
ding x,,x,; f(n)— function value when all the

variables are equal to the reference ones.
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It can be noticed that equations (10) and (11)
require only one- or two-dimensional integrations.
The higher order interaction terms are neglected
because of the weak non-linearity in mechani-
cal systems, which saves greatly the computational
resources.

One determination coefficient R* is calcu-
lated to justify the correlation between the PCE
and test results

LS e) )

2

VI )y X))
(12)

where J — order of the PCE; x’ — I sample of local
experiment design; £, (x’ ) — test result of this

R*(J)=1

b

sample.
It can be seen that the quality of prediction is im-

proved with R’ (J ) approaching to 1.
When the PCE order is increased by iterations,

the PCE is converged if the difference of R* bet-
ween two orders is smaller than a threshold g
which means including new terms has nearly zero
impact on the expansion

R*(J)-R*(J -1)<e,. (13)

Furthermore, as 2D-integration is usually more
expensive to calculate, another indicator is de-

fined to justify if the bivariate terms of &(x, ) and

&(x,) for PCE have converged before the total
expansion

(S e (e

N €rss

<e,. (14)

If the equation (14) is satisfied it means the
contribution of /" order bivariate terms of &(x,)

and &(xl) is negligible with respect to the expan-

sion and for the next order this term will not be
calculated. A summary of the procedure of calcula-
tion of PCE around one reference solution can be
seen in Fig. 2.

Once the PCE is constructed, the mean value and

standard deviation of f'(x) can be estimated by:
_ M
Fs)={r ()=o) =ns 19
i=0
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o(f(x))= (ﬁ:sid%jz :ésf. (16)

PCE starts

i

A given design design point x
and a performance function f(x)

l

Calculate a local DOE
around x

i

Calculate i order
uni-coefficients |

)

i 1)" bivariate terms
has converged to ¢

i=i+1

Calculate i™ order
bivariate coefficients

No

RG)-R(i—1)<¢g

Calculate the robustness of x

PCE ends

Fig. 2. Summary of PCE calculation by PCE method
for one reference solution

Multi-objective optimization. Chassis systems
has multiple demands on durability, ride comfort
and handling, etc. while each of them is often in-
compatible with the others. Therefore, during the
design phase, the optimization of chassis system is
naturally multi-objective where the best compro-
mises are searched.

The robustness of objectives included in the
optimization plan are also integrated and listed as
the objectives for optimizing. This step tends to
make the objectives even more incompatible be-
cause empirically the optimums are less robust
compared to the less good solutions. Thus, this
study aims to find the relationship between the ob-
jectives and their robustness and to propose the
optimums which are less sensitive to perturbations.

48

The mathematical expression of multi-objective
optimization can be expressed as:
— minimize:

F(x)={f(x). (%), ... £u(x)}; (7

— under the constraints:
h(l.(x)=0,j=1, s 5
g (x)<0,k=1, ..., p; (18)

x™<x<x™ r=1,...n,

where x — nx1 vector of design parameters which

in

forms a design space; x™, and x™ — lower and

upper bounds of the design space; F(x) — mx1
vector of objective functions for minimizing;

h; (x) - (x) — equality or inequality constraints

of the system.

Instead of summing all the compositions f{x)
in F(x), the optimization will treat each objective
separately. As a result, the optimization plan will
propose a set of compromised optimums instead
of only one solution, which will form a Pareto
front [1, 9, 10]. The definition of one Pareto opti-
mum is one which is not dominated by any other
solutions. There may exist one or more solutions
which have better performances in some objec-
tives, but they must have worse solutions in other
aspects than those of Pareto optimums.

Another characteristic of industrial problems
is that the systems are usually black-box models
and the mathematical expression of F(x) does

not exist. Therefore, a Meta-model F,,,, (x) will
be constructed before the optimization iterations
begin [11, 12]. F,,,(x) consists of several re-

sponse surfaces which describe the black-box sys-
tem with different combination of polynomials.
The equation (17) can be replaced by as:

(s, (%), fis, (). fis (%)}
P (8)= 118 (5). i, (61 B, () 19)
{f]gs3 (x), f]gs3 (x)fzéisz (x)},

where ijs (x)|(j:1...ll.) — ™ response surfa-
ces for f;(x) constructed from an initial design
of experiments (DOE) in the design space; /;, — total
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number of response surfaces configurated for fi(x);
1 135_ (x) —new response surfaces for fi(x) who sums

all the response surfaces regarding to their quality
by cross validation [13].

The meta-model can then replace the black-box
model and be used with the genetic optimization
algorithm NSGA-II [14, 15].

For the robustness objectives, the calculation of
PCE is based on the Meta-model constructed in
this step. As the Meta-model has several expres-
sions to represent the system, several estimations
of PCE can also be made. The final robustness
is a weighted sum of these estimations according
to the quality of response surfaces:

1 .
== —2rolfs (x): @0
Zi:Opj J=0 ( ; )

P = 1 e

(11 ()

o( /(%))

where G( fis (x)) — /™ PCE robustness estimation

for f;(x) based on the projection of its /" model

1

fis (x);

coefficient for c( f,{S,.(x)) when the PCE is con-

R} ( fis (x)) — final determination

verged to g, (see (13)); p, — weight indicator

which judges the quality of i response surface by
comparing it with 1.

The procedure of robust multi-objective opti-
mization is summarized in Fig 4. By iterations, the
potential optimums can be proposed by the genetic
algorithm based on the objectives’ response sur-
faces. The proposed solutions and their robustness
will then be validated by real numerical simula-
tions, of which the results are reused to improve
the quality of response surfaces. If the optimization
is converged, the solutions proposed will form
a Pareto front.

It should be noted that although both the res-
ponse surfaces and PCEs are in the form of poly-
nomials, the domain of these polynomials are dif-
ferent. For response surface, the variables can
cover any values in the design space while for PCE
the variables are limited in the neighbourhood of
one design value. PCE describes the local behavior

Hayka
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of a specific point on the response surface. That’s
why the global quality of response surface has
a great influence on the robustness estimation.

Application of data mining
and machine learning

The calculation of PCE by projection method
requires much fewer tests compared to purely ran-
dom sampling methods such as Monte-Carlo,
which has been shown by the example in Section IV.
However, the integration of robustness into the
optimization requires hundreds of PCE calculation
which is still expensive even if the number of tests
required to compute the robustness at one point has
been greatly reduced. Two approaches have been
applied at the same time to further reduce the
number of samples tested for each point.

The first approach is called inherited design
of experiments referenced in [13]. The simulations
will stock in a data base and be reused in the local
DOE for future calculation of PCE if there already
exist test results in a new coming point’s neighbour-
hood. With the enrichment of the data base, the extra
number of simulations tends to be reduced.

The second approach is to exploit further the
data base with a data-mining algorithm and to learn
to construct the PCE without extra samples. In the
procedure of PCE calculation by projection method
in Section II, the local DOE is used to converge
the projected terms and orders in PCE by analyzing
the quality of approximation between the PCE
response surfaces and the simulation results. Unlike
the regression method, where the coefficients of
polynomials are calculated directly from the DOE
results, the projection method depend mostly on
the modelling quality of meta-model. If one can
predict the weighting factor in equation (20) of
each response surface of meta-model on the point
to be studied, there will be no need to run extra
simulations for PCE calculations.

The data-mining strategy referenced in [10]
which is firstly used for post-processing of Pareto
front starts firstly by calculating the normalized
correlation distances of different information
between each pair of design points i and j:

| -~|

,t,s=1...N),

Di=1- (22)

max(”x’ —-x*
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] |7 F|
D =1- . (23)
max(”F’ —-F*|, t,s =1...N)
Dl =1- HPi _ Pj” (24)
! max(HPf P, 4, 5= 1...N)’

X F P : : :
where Dy, D;, D, — distance of input variables,

objectives and weighting factors of design points i
and j; N — number of existing simulations in

the data base; x' — i™ vector of input parameters;
F' — vector of objectives defined in equation (17);

P’ — vector of weighting factors calculated when
combining the estimations from response sur-
faces in (21).

According to the definition, the correlation
between two designs will be good when D, — 1.

The inter-design matrix D", inter-objective mat-

rix D" and weighting factor matrix D” are sym-
metric matrix and can be used to analyze
the correlation of each pair of points in the data
base (Fig. 7, 8). Another mixed matrix M can be
defined to show the correlation of both input and
output between two designs:
My =(D;)" (D7 )"
(25)
c,tep =1,

where ¢, ¢, — coefficients of mixture defined

between 0 and 1.

In order to make the matrix more readable,
a bipolarization algorithm cited in [10] will used to
arrange the order of design point according to their
resemblance level. The algorithm starts with
finding the two most different design point in M;
and grouping their neighbors based on a re-
semblance threshold s. This operation is looped for
the rest of non-grouped points until all the points
are arranged. The algorithm schema is shown
in Fig. 3.

An example of the result after bipolarization is
shown in Fig 3. It is a process similar to clustering
method in data mining which also regroups
the existing solutions according to several fea-
tures (in this study the parameters and objectives).
The typologies of the database can be exploited as
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a post-processing to find the orientation of multi-
objectives in each group. The grouping result will
also serve as a base for learning in the next steps.

Bipolarization starts
Y
A mixed correlation matrix My
and an simular threadhold s

TR

[ 8z, = mincat™)

1e
J

No

Groupy, = find(M,:k > 5)
k= 1.size(M™)

I

[M”‘“: Delete Group, from M”'J

}

Groupms =find(M,$:' > 5) ]

m=m+2

k = l.size(M™")

!

[ M"™2: Delete Groupm,) from M1 }7
ﬁ/Remm Groupg, k = 0...(m + 2)/

Bipolarization ends

Fig. 3. Algorithm schema for bipolarization method
of data mining

Fig. 11 shows D; in the groups obtained

by mixed design-objective matrix M in Fig. 10.
It shows that for the resembling design points,
the weighting factors tend also to be alike. It is rea-
sonable because the points in the same group also
tend to be neighborhood in the meta-model, where
the modelling quality of response surfaces is simi-
lar in this area. The neighbourhood has been dis-
placed for a different group thus the modelling
quality of each response surface has also changed.
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The principle of learning is that if the new design
points of which the robustness is to be calculated
fall into one existing group, the quality of estima-
tion of each response surfaces can also be learned

based on the D,f information in the group. As a

result, the calculation needs no extra simulation.
The algorithm of learning for a new coming de-
sign point can be summarized as following:
1) a new line/column is added into the correla-

tion matrix D*, D" to make two (n+1)(n+1)

matrix by calculating the correlation distances
from the new point to the data base;

2) the minimum correlation distance is to be
found between the new point and each existing
group. A pre-defined threshold will judge if the new
coming point belongs to any group in the data base;

3) if no groups can be referenced. The robust-
ness will be calculated by the local DOE method
in Section II. If there exists at least one group
that can include the new design point, the vector P
of weighting factors can be learned from those in
this group. The combined PCE estimation can be
obtained without running simulations.

Example with a quarter car model

A quarter car model has been applied to
demonstrate the robust multi-objective optimiza-
tion strategy proposed in this paper. The model has
been shown in Fig. 5: m; — unsprung mass which
sums the mass of the wheels and a part of half
suspension; m, — sprung mass of a quarter of the
car body; k,, ¢, — tire stiffness and damping rate;

k,, c, —suspension vertical stiffness and damping

rate; x, — coordinate of the road profile; x,, x, —
vertical displacements of the unsprung/sprung
masses.

In this example it is assumed that the masses
m,, m, and the properties of tire k,, ¢, are given
and the target is to optimize the properties of sus-
pension parameters: k, and c,. The non-linearity
of damping ratio ¢, has been considered and thus

it consists of four values which define different
slopes of force/velocity at high & low velocity and

compression & rebound phases (c,;, i =1...4).

esign space |x™in, x™ax]
and objectives

l

Run a initial DOE for objectives and
generate the response surfaces (RS)

}

Run PCE calculations for objectives
and generate the RSs for robustness

}

Update the

Generate the optimized points by
multi-objective optimization NSGA-II

responses surfaces l

‘ Validation by simulation for objectives

Yes

Calculate the PCE by learning ‘

he point can be grouped
by bipolarisation?

‘ Test database for
robustness

No Archive

‘ Calculate the PCE by local DOE

Pareto front is converged?

Yes

Optimization ends

Fig. 4. Summary of the optimization procedure with the integration of PCE calculation and learning algorithm
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X3
___ ] m,
iR
X kz \_‘J Co (4 parameters)
[ P 'nf-[1
oy |
______ Vref
A

Fig. 5. A quarter car model with its definition of parameters

The objective in optimization is to minimize
the equivalent damage force on the m; when x is
passing a Belgian blocks test track. The definition
of equivalent damage force is based on Basquin
fatigue low

=K

Just

1
Zdlni B 26)
ax 2N >

where F,;, — equivalent damage force; F,, — ma-

ximum force in Basquin model when total da-
mage D = 1; N — number of cycles corresponding
to D = 1; d;, n; — cumulative damage and its repeti-
tions in the force signal in the simulation which are
obtained by rainflow-counting algorithm; B — con-
stant number of the Basquin model.

The second objective is the robustness of F,,
due to the uncertainty added in the system: the va-
riation of k, and c¢,;, i=1...4, to represent manu-

factory tolerances and aging during usage accom-
panied with passing velocity and road amplitudes
as validation process perturbations.

The non-dominated design points between two
objectives are shown in Fig. 6 with the PCE me-
thod and learning algorithm. The optimum solu-
tions in durability have relatively worse robustness
due to perturbations. Tab. 1 shows the comparison
between a much larger sampling size (1000 tests)
with Latin Hypercubic method, the local DOE with
only 8 tests and learning algorithm without tests
for 3 design points. The reference point is the de-
sign point when the optimization starts. Optimized
point 1 is one of the optimums orientated to ro-
bustness and optimized point 2 is one oriented to
durability. It can be seen that the PCE method suc-
ceeded in produce the closed estimations as ones
from a larger sampling especially for the first two
points. Estimation for the design points oriented to
durability is less good but it still shows the ten-
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dency of the relationship between the objective and
its robustness.

¢ Starting point

Pareto front alter 2 iteration
- - -Pareto front alter 6" iteration
..... Pareto front alter 9" iteration
___Pareto front alter 12" iteration

Robustness of Foy

PR PR
Normalized Fey
Fig. 6. Evolution of Pareto front between normalized
equivalent damage force and its robustness
(The damage force of starting point is 1)
Table 1

Comparison of PCE estimations obtained
by different methods for 3 points

Ref. point |Opt. point 1|Opt. point 2

k, N/m 20500 10250 10250
¢21, Ns/m 250 790 260
€21, Ns/m 2220 4440 1100
¢21, Ns/m 2360 4720 1220
€21, Ns/m 2360 4710 1180
F., N 2252 2413 1192
PCE by data mining

(0 test), % - 5.34 8.42
Local DOE (8 tests), % 7.45 5.15 7.39
LHS (1000 tests), % 7.73 5.07 6.56

The matrix of D", D", M regrouped M and D"
in each group are shown in Fig. 7-11 after 12" ite-
ration. It can be seen that the existing design points
can be distributed into several small groups where
the weighting vectors tends to resemble each other.
This offers a good learning basis for new coming
design points.

In this optimization totally 113 potential design
optimums of robustness have been proposed during
meta-model’s construction and optimization itera-
tions, which means millions of simulations of dura-
bility objectives need to be run if all the robustness
is validated by a Monte-Carlo sampling. The size
of one local DOE for PCE calculation is set to 8.
If a PCE method without either inherited DOE
nor learning method has been applied, about 1000 si-
mulations would need to be run theoretically. With
the integration of inherited DOE, the total number
of simulations can be reduced to 802.

The learning algorithm permits to reduce further
22 % amount of simulations to 628 and the robust
estimation keeps the same level. The gain is encou-
raging when one single simulation takes a long time.
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No. Test (j)

Test (j)

No. Test (j)

No. test(j)

s
25 ¢g-);
R
30 o
z

No. Test () No. Test (i)
| |
) 02 CEN 0 ] 0 02 o e 0s :
i € i
Fig. 7. Inter-design correlation matrix D* Fig. 10. Group result for the matrix M in Fig. 9.
for 91 design vectors by bipolarization algorithm with ¢, = 0.95

No. Test (/)

No. Test (i)

o 02 04
D

o
F 0.1
y €

Fig. 8. Inter-objective correlation matrix D
for 91 objective vectors

Fig. 11. Weighting matrix D" in the group of Fig. 10
(black lines mean the groups found in M)

Fig. 12 shows the comparison of the Pareto
front between a robust optimization with learning
and one without learning. It can be seen that there
are some local differences between two strategies,
but the tendency of durability objective and its ro-
bustness are close. Fig. 13 shows the number of de-
sign points suitable for learning algorithm and ave-
rage additional samples for one PCE calculation
according the optimization iterations. The curves
have oscillated at the beginning and become stable
; 2 o, e o 1 from 7" iteration. Most of design points are

" groupable from 7" iteration which means the test

No. Test ()

Fig. 9. Mixed design-objective matrix M for Fig. 7, 8 data base is complete especially at the region close to
with ¢, = 0.6, cp = 0.4 the Pareto front.
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Robustness of Foy

Percentage of groupable points

be
of

010~
\ o Reference point
009 L ——Pareto front alter 12" iteration with learning
! - - -Pareto front alter 12" iteration without learning
008 |
¢
007 |
006 |
005 |
0.04 L L L L L L |
0.5 0.6 0.7 0.8 0.9 1.0 1.1 12
Normalized Foy
Fig. 12. Comparison of Pareto front between
the optimization with or without learning
100 % F=—= = ¢
\\
oy N\
80 %/ \ s
o A
60%} NN z
\ ]
40 %| \—A—— Percentage of groupable E
| points H
—e—— Average of additional test | » E
20 %t v for one point £
\\ /A\ §
0 , o o "o —o - 40 %
0 2 4 6 8 10 12 14 3
No. Iteration
Fig. 13. Evolution of number of groupable numbers
(in triangles) and additional tests (in circle)
per point with iteration
CONCLUSION
In this paper a robust optimization method has
en proposed which aims to reduce the number

tests during the optimization and gives a global

view on the relationship between the design objec-
tives and their robustness. The integration of

a

learning algorithm based on data mining per-

mits to further reduce the necessary simulations.
The example shows the data mining plan is
suitable for small size data bases and once it is
constructed the estimation of robustness needs no
more simulations.
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Improving the Brake Control Effectiveness of Vehicles Equipped
with a Pneumatic Brake Actuator
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Abstract. This paper proposes a way to determine a rational connection between a two-section or three-section brake valve
and the main brake system circuits of a wheeled vehicle equipped with simplex or duo-duplex brake gears. The aim is to de-
termine a rational option to connect main brake system circuits with a brake valve to guarantee the maximum effectiveness
of an emergency brake system if any device of the brake actuator of a multiaxle wheeled vehicle is out of order, using
the methods of combinatorics. The feature of the proposed way, determining the rational connection of a brake valve with
the main brake system circuits of a multiaxle wheeled vehicle, is the application of combinatorics methods, taking into ac-
count the features of a brake valve design. New mathematical interconnections between the quantities of the connection points
of circuits and simplex and duo-duplex brake gears enable us to determine the rational scheme of the application of the brake
gear circuits of a multiaxle wheeled vehicle. Mathematical expressions that enable us to compute the number of possible con-
nection points of two-section and three-section brake gears and simplex and duo-duplex brake gears, which are installed on
the axles of a multiaxle wheeled vehicle, have been determined. It is proposed to use a universal mathematical dependence
to determine the number of rational options to connect the brake actuator circuits of a multiaxle wheeled vehicle. The diagram
of the calculated scheme of the connection between circuits and the two-section or three-section brake valve of simplex or
duo-duplex brake gears is presented. It simplifies the determination of the number of rational options to connect brake actua-
tor circuits with the brake gears and brake valve of a multiaxle wheeled vehicle. In review the analysis of requirements to be
fulfilled in accordance with international standards is provided and the evaluation of the effectiveness of the emergency brake
system of some wheeled vehicles is carried out. The general concept to determine the rational layout of the emergency brake
system of a multiaxle wheeled vehicle on the basis of the arrangement schemes of the connection between two-section or
three-section brake valves and simplex and duo-duplex brake gears is proposed.

Keywords: multiaxle vehicle, pneumatic brake actuator, brake gear, effectiveness factor

For citation: Bogomolov V., Klimenko V., Leontiev D., Ryzhyh L., Smyrnov O., Kholodov M. (2020) Improving the Brake
Control Effectiveness of Vehicles Equipped with a Pneumatic Brake Actuator. Science and Technique. 19 (1), 55-62.
https://doi.org/10.21122/2227-1031-2020-19-1-55-62

K Bonpocy o noBpimenun 3p(peKTHBHOCTH YIIPABJIEeHUA TOPMO3aMHU
TPAHCHOPTHBIX CPEICTB, OCHAIICHHBIX ITHEBMATHYECKHUM TOPMO3HBIM IIPUBOIOM
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Pedepar. B crathe npemnaraercst crocod omnpenenaeHus: parMoOHAIBHOTO MOIKIIOUEHHUs IBYX- HIIH TPEXCEKLIHOHHOTO TOP-
MO3HOT0 KpaHa K KOHTypaM paboueil TOpMO3HOI CHCTEMBI MHOTOOCHOTO KOJIECHOTO TPAHCIIOPTHOTO CPEICTBA C TOPMO3HBIMHU
MEXaHU3MaMH THIIA «CUMIUIEKC» HIIH «Iyo-IyIUieKcey. Llens 3akimrodaercs B TOM, YTOOBI ONPENEINTh PAIMOHAIBHBIN BapHaHT
HOJIKJIIOYEHHSI KOHTYPOB paboueil TOpPMO3HOM CHCTEMBI K TOPMO3HOMY KpaHy Uil oOecredeHus HauBbiciel 3¢ GpeKTuBHOCTH
JEUCTBUSI 3aIIaCHOM TOPMO3HOI CHCTEMBI IIPH BBIXOJIE U3 CTPOSI KAKOT0-IMOO yCTPOMCTBA, BXOAAIIETO B COCTaB TOPMO3HOTO
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MIPUBOIa MHOTOOCHOTO KOJIECHOTO TPAaHCHOPTHOTO cpecTBa. OCOOEHHOCTBIO pacCMaTPUBAEMOTO CIIoco0a SIBISIETCS IpHMe-
HEHHE MeTo/la KOMOMHATOPUKH C YY€TOM OCOOEHHOCTEHl KOHCTPYKLHMH TOPMO3HOro kpaHa. Hannune MareMaTHYeCKUX B3aH-
MOCBsI3eH MEXIy KOJIMYECTBOM TOYEK IMOAKIIOYEHHS KOHTYPOB K TOPMO3HBIM MEXaHH3MaM THUIA «CHUMIIIEKCY» MM «Iyo-
JYIUIEKC» M03BOJISIET HAWTU palMOHANBHYIO CXEMY MCIONB30BaHUs KOHTYPOB TOPMO3HOIO IIPUBOJIA MHOTOOCHOI'O KOJIECHOIO
TPAHCIOPTHOro cpeacTBa. OnpeeneHbl MATEMaTUYECKUE BBIPAXKEHUS, C IIOMOIIBIO KOTOPBIX MOKHO PacCYUTaTh YUCIO BO3-
MOKHBIX TOYEK MOJCOEANHEHHS IBYX- U TPEXCEKIIMOHHBIX TOPMO3HBIX KPAaHOB K TOPMO3HBIM MEXaHH3MaM «CHUMILIEKC) WU
«IyO-IyIUIEKC», YCTAHOBIEHHBIM Ha OCSIX MHOTOOCHOTO KOJIECHOTO TPaHCHOPTHOTrO cpejacTsa. s onpeneneHus KOIU4ecTBa
panMoHaIbHBIX BAPHAHTOB IOAKIIOUEHHS KOHTYPOB TOPMO3HOTO IMPHBOJIa MHOTOOCHOTO KOJIECHOTO TPAHCIIOPTHOTO CPEICTBA
MPEIOKEHO UCIIONB30BaTh YHUBEPCAIBHYIO MATEMaTHIECKYIO 3aBUCUMOCTh. B rpaduueckoM BH/E MpeCTaBlIeHa pacyeTHas
cXeMa MOJAKJIIUEHHS KOHTYPOB K ABYX- WJIM TPEXCEKIMOHHOMY TOPMO3HOMY KpaHy TOPMO3HBIX MEXaHHU3MOB «CHMII-
JIEKC» WM «IyO-AyIUIEKC», UTO YIPOIIAeT 3afady ONpPENENeHHs KOJIMYECTBA PAlMOHATIBHBIX BAPHAHTOB ITOJKIIIOUCHUS.
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Introduction

International standards require that the brake
control of a wheeled vehicle should include a main
brake system and a parking brake system as well as
an emergency brake system. According to interna-
tional standards, the system is effective if it pro-
vides a minimum deceleration rate of 2.2 m/s’
for vehicles of categories N2 and N3 and 2.5 m/s’
for vehicles of categories M2 and M3. The stan-
dards also emphasise that in case the pneumatic
circuit of a brake actuator has any failure, the re-
maining effectiveness of a main brake system must
have a minimal braking deceleration as follows:

— for loaded vehicles of categories M2 and
M3 - 1.5 m/s’;

— for loaded vehicles of categories N2 and
N3 - 1.3 m/s%

— for unladen vehicles of categories M2 and
N3 - 1.3 m/s%

— for unladen vehicles of category M3 —
1.5 m/s’;

— for unladen vehicles of category N2 —
1.1 m/s>.

A percentage of the total effectiveness of
a main brake system is as follows:

— for loaded vehicles of categories M2 and
M3 —30 %;

— for loaded vehicles of categories N2 and N3 —
26 %;
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— for unladen vehicles of categories M2 and
N3 - 26 %;

— for unladen vehicles of category M3 — 30 %;

— for unladen vehicles of category N2 — 22 %.

A main operational brake system must provide
a minimal deceleration rate of 5 m/s” for a vehicle
of categories N2, N3, M2 or M3. In percentage
terms of the total effectiveness of a main brake sys-
tem, the effectiveness of an emergency brake
system must be minimum:

— for vehicles of categories N2 and N3 — 44 %;

— for vehicles of categories M2 and M3 — 50 %.

So, if the effectiveness of an emergency brake
system is 50 % minimum of the total effectiveness
of a main brake system for vehicles of categories
N2, N3, M2 and M3, we will meet all international
standards in terms of the effectiveness of the bra-
king of a wheeled vehicle for both an emergency
brake system and a main brake system in case any
device of a brake actuator is out of order.

Literature review

One of the main requirements for a wheeled
vehicle is stable braking without skidding. There-
fore, this paper does not deal with a so called
“diagonal” scheme of the separation of the circuits
of main and emergency brake systems. Close atten-
tion is paid to the distribution of a brake system
circuits along a wheeled vehicle axles to organise
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an emergency brake system on the basis of a main
brake system. International standards allow such
a layout of circuits. The layout is frequently used
in the brake control of a vehicle of categories N2,
N3, M2 and M3.

We will consider an emergency brake system
of a two-axle vehicle. The emergency brake system
is designed on the basis of a two-circuit main brake
system (Fig. 1).

.

4 j\_ .

Fig. 1. Scheme of a two-circuit main brake system
of a wheeled two-axle vehicle equipped with a pneumatic
actuator with simplex brake gears: 1, 2 — front and rear
simplex brake gears; 3, 4 — brake chambers of the front
and rear axles of vehicle; 5 — pipelines; I — section of a brake
valve that is connected with point 4 where a brake circuit
is connected with the corresponding brake chambers of axle;
II — section of a brake valve that is connected with point B
where a brake circuit is connected with the corresponding
brake chambers of axle; 4, B — sequence places where
a corresponding circuit is connected with brake
chambers 3 and 4 of a front and rear axles

In general, the effectiveness of a main brake
system of a vehicle has to meet the condition

R R
jo=m T 51 (1)

m

a

where R, R, — total braking forces of the cor-

responding front and rear axles of a wheeled ve-
hicle, H; m, — mass of a wheeled vehicle, kg;

[[/]=5m/s* — permissible minimum deceleration
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of a braking wheeled vehicle when applying
a main brake system.

In order to guarantee 50 % effectiveness of an
emergency brake system, if any device in the cir-
cuits of the front or rear axles of a wheeled vehicle
1s out of order, we will meet conditions:

R
Ju=—L>25 m/s%; (2)
ma
R
Ju =m—x2 >2.5 m/s’. (3)

a

Expressions (2) and (3) show that generally the
decelerations that are available when a wheeled
vehicle is braking can be unequal

jel * je2 (4)

that’s, if we take into account expression (1),
it looks as follows:
Ju=nj,>2.5 m/s’, (5)

where n; — so-called effectiveness factor of the i
circuit that is involved in the braking of a vehicle.

Like expression (4), (5) means that, for example,
for a wheeled two-axle vehicle the values of the
effectiveness factors of the i circuit are not equal
in general case, that’s, there is inequality

n #n, (6)

then, in a particular case if j, =5 m/s’, expres-
sions (1)—(3) clearly indicate that we will meet the
condition

n=05<n, (7

therefore, the effectiveness of an emergency brake
system is the minimum value of effectiveness fac-
tors n; and a corresponding deceleration j,,.

The practice of the brake control design for the
vehicles of categories N2, N3, M2 and M3, for
example, of special purpose or specialised ones,
indicates that it is difficult to meet the condi-
tion (7). As a rule, it is due to controversial re-
quirements that are stated in Annexes 4 and 10 of
the international rules No 13 [1].
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For example, computation shows that the agri-
cultural vehicle KAZ-4540 [2] has the following
ratio of the effectiveness factors of a front and
rear axles:

n, =0.6; n, =0.4. )

It is obvious that condition (7) is not valid for
such a vehicle.

According to the analysis of the research that is
conducted at the Department of Vehicles named
after A. B. Gredeskul in Kharkov National Auto-
mobile and Highway University, in case of (8),
in order to meet requirement (5), it is necessary
to guarantee the main brake system minimum
effectiveness of 6.25 m/s” at the expense of con-
structive decisions that often complicate and raise
the price of brake systems. For example, it is pos-
sible to improve the main brake system effective-
ness due to the replacement of the simplex brake
with the duo-duplex brake (Fig. 2) [3] as it is done
in the design of the main brake system of
the LiAZ-5256 [4] (Fig. 3).

a b c d
e 2 L 30 L
Ay {_}“‘-\(\ . > "\“\V/ ¢ \\‘ e "u"-\_ O
ANY // \\ /7 \‘_
{ \ f vy [ Y
. ) I )

Fig. 2. Schemes of drum brake gears: a — simplex scheme
with a pneumatic actuator and a wedge; b — simplex scheme
with a hydraulic actuator; ¢ — duo-duplex scheme
with a pneumatic actuator and a wedge;

d — duo-duplex scheme with a hydraulic actuator; 1 — wedge;
2 — main brake cylinder; 3 — brake shoe

According to Fig. 3, if one of the two circuits
of the main brake system fails, the brake gears of
a wheeled vehicle start operating as a simplex
scheme instead of a duo-duplex scheme; it gua-
rantees a wheeled vehicle braking effectiveness at
the level of 68 % minimum of the total effective-
ness of a main brake system.

Condition (5) exceeds the minimum value as
the effectiveness factors are n, = n, = 0.68.

One more way to improve the effectiveness
of a main brake system is to increase the number
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of brake actuator circuits, for example, from two
(Fig. 4) to three (Fig. 5). The implementation of a
three-circuit main brake system is expedient for
vehicles that have three axles minimum and three
places minimum to connect corresponding circuits
with brake chambers (Fig. 5).

Fig. 3. Scheme of a dual circuit main brake system
with a pneumatic actuator for a two-axle wheeled vehicle
with duo-duplex brake gears; 1, 2 — duo-duplex front and rear
brake gears correspondingly; 3, 4, 5, 6 — brake chambers
of the front and rear axles of a vehicle; 7 — pipelines;

I — brake valve section that is connected with places 4 and C
where a brake circuit is connected with the brake chambers
of front and rear axles; II — brake valve section that
is connected with places B and D where a brake circuit
is connected with the brake chambers of front and rear axles;
A, B, C, D — sequence places to connect a corresponding
circuit with the corresponding brake chambers 3, 4, 5, 6
of front and rear axles

The analysis of scientific and technical litera-
ture [2, 3, 5] shows that a three-circuit brake sys-
tem becomes possible to use after the Public Joint-
Stock Company Volchansk Aggregate Plant (the
town of Volchansk, Kharkiv region, Ukraine) has
put into serial production a three-section brake
valve (Fig. 6) that was designed by the Research
and Production Enterprise Avtoagregat (the city
of Kharkiv, Ukraine).
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Fig. 4. Scheme of a dual circuit main brake system

with a pneumatic actuator of a two-axle wheeled vehicle:
1 — duo-duplex front brake gear; 2 — simplex rear brake gear;

3,4, 5 — brake chambers of vehicle front and rear axles;
6 — pipelines; I — brake valve section that is connected
with places 4 and B where a brake circuit is connected

with the brake chambers of a front axle;

II — brake valve section that is connected with place C
where a brake circuit is connected with corresponding
brake chambers of a rear axle; 4, B, C — sequence places
to connect a corresponding circuit to the brake
chambers 3, 4, 5 of front and rear axles

Fig. 6. Cross-section of a three-section brake valve
that is manufactured at the Public Joint-Stock
Company Volchansk Aggregate Plant
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Fig. 5. Scheme of a three-circuit main brake system
with a pneumatic actuator for a two-axle vehicle: 1 — duo-duplex
front brake gear; 2 — simplex rear brake gear; 3, 4, 5 — brake
chambers of the front and rear axles of a vehicle; 6 — pipelines;
I — brake valve section that is connected with place 4 where
a brake circuit is connected with the brake chambers of a front
axle; II — brake valve section that is connected with place B
where a brake circuit is connected with the brake chambers
of a front axle; III — brake valve section that is connected
with place C where a brake circuit is connected with the brake
chambers of a rear axle; 4, B, C — sequence places to connect
a corresponding circuit with the brake chambers 3, 4, 5
of front and rear axles

The use of several circuits enables us to im-
prove the effectiveness of an emergency brake sys-
tem due to the simultaneous use of two circuits of
three ones available if one of the main brake sys-
tem circuits is out of order.

Calculations show that for the scheme in Fig. 5
the effectiveness factor of the first and second cir-
cuits, which take part in the braking of a wheeled
vehicle, is 0.41; the effectiveness factor of the third
circuit is 0.4, according to (8).

Therefore, supposing that the first circuit is out
of order, the two others left (2™ and 3™ circuits)
guarantee 81 % of a minimum vehicle braking ef-
fectiveness. The same is true if the second circuit is
out of order.

If the third circuit is out of order, the first and
second circuits are operational and the effective-
ness of an emergency brake system is 82 % mini-
mum. It reliably guarantees the minimum decelera-
tion of a wheeled vehicle due to an emergency
brake system and it meets the requirements in
terms of the effectiveness of an emergency brake
system.
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Aim and problem statement

Taking into consideration the above-men-
tioned, the aim of the paper is to determine the
regularities of the emergency brake system effecti-
veness change of the wheeled vehicles of catego-
ries N2, N3, M2 and M3 when we vary the fol-
lowing parameters:

— the number of circuits (two or three) that
compose a main brake system;

— the number of wheeled vehicle axles (k) [6];

—types of brake gears: simplex and duo-duplex.

Analysis of emergency brake system
effectiveness change

To determine the number of the most rational
options of the component arrangement of emer-
gency brake system circuits, the experiment plan-
ning theory can be used [7, 8]. The total number
of the rational options of the component arrange-
ment of circuits can be calculated using this
equation

Nr — kmfk’ (9)

where k& — number of the circuits of a main brake sys-
tem (numbered by Arabic numerals in Fig. 2, 3);
m — number of possible points to connect circuits
(lettered in Latin in Fig. 1, 3-5).

The number of possible combinations to con-
nect circuits and brake gears can be determined,
taking into account a type of a brake valve, on the
basis of these expressions:

— for a two-section brake valve

N=2"-2; (10)
— for a three-section brake valve
N=3"-3.2"+3. (11)

For further analysis of possible variants to con-
nect circuits and corresponding brake chambers,
the following designation will be applied:

— for a dual circuit brake system

I-11; (12)
— for a three-circuit brake system
I-1I-1IL (13)

In expressions (12) and (13) Roman numerals
designate a brake valve section number, which cor-
responds to a circuit number.

Each section of a brake valve can be connected
with several points of brake chambers 4, B, C, D
etc. So within one section of a brake valve (I, II or
IIT) they will be designated as a fraction, for
example, in accordance with Fig. 4, the designation
of section I will be as follows:
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I— A/B,

and designation of II correspondingly
n—cC.

Taking into consideration the above-mentioned,
we will consider the rational options of circuit com-
ponent arrangements under possible combinations
of the points of connection with a brake valve.

For example, for dual circuit main brake sys-
tems that have two points to join circuits (Fig. 1)
expressions (9) and (10) give the following results:

N =2""=1;

N=22-2=2.

So one possible rational option of a circuit
component arrangement has two possible combina-
tions of connection, namely, according to (12), we
will write A—B or B-A having the effectiveness
factor n; = n, =0.5.

Under connection shown in Fig. 4, we will get:

N =272=2;
N=2-2=6.

So there can be two options for a rational cir-
cuit component arrangement and six combinations
of connection, namely:

1) A-B/C or B/C-A, or option (4—-C/B or C/B-A);

2) A/B—C or C-A/B.

Options B/A—C or C—B/A have no sense as the
points of connection 4 and B belong to the same
duo-duplex brake gear, in accordance with the
scheme in Fig. 4.

In case the connection is made as in Fig. 3, we
will get:

N, =27 =4
N=2%-2=14.

There are only four options of a rational circuit
component arrangement and fourteen combinations
of connection, according to the scheme in Fig. 3:

1) A/B—C/D or C/D—A/B;

2) A/B/C-D or D-A/B/C, or option (4/B/D-C
or C—A/B/D);

3) A/C/D-B or B-A/C/D, or option (B/C/D-A
or A-B/C/D);

4) A/C-B/D or B/D-A/C, or option (4/D-B/C
or B/C-A/D).

The other options for the scheme in Fig. 3 have
no sense as the points of connection A/B and C/D
belong to corresponding duo-duplex brake gears.
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When connecting a three-axle vehicle equipped
with simplex brake gears and a two-section brake
valve, we will have a scheme of a rational circuit
component arrangement as for the brake actuator
scheme in Fig. 4:

N =2"2=2

N=2-2=6.

So there can be two options of a rational circuit
component arrangement and six connection com-
binations:

1) A—B/C or B/C-A, or option (B—A/C or A/C-B);

2) A/B—C or C—-A/B.

Other options have no sense as the rearrange-
ment of axles that are united in one circuit does not
change their effectiveness.

Changing from dual circuit systems to three-
circuit ones, according to (9) and (11), a three-axle
vehicle has the results:

N, =37 =1;

N=3-3.2°+3=6.

So there is only one option of a rational cir-
cuit component arrangement and six schemes to
connect axles and a brake valve, namely: 4—B—C or
A—C-B, or B—A—-C, or B—C-A, or C—B-A, or C—A-B.

When a three-axle vehicle having a three-
section brake gear has four points of connection,
the number of rational circuit component arrange-
ment and the connections between axles and
a brake valve are as follows:

N, =3 =3;
N=3*-3.2*+3=36.

So there are three options of a rational circuit
component arrangement and 36 schemes to connect
the points of corresponding axles with a brake valve.

When there are five points to connect a three-
axle vehicle with a three-section brake valve, ac-
cording to (9) and (11), the results are as follows:

N =37=9;
N=3"-3.2°+3=150.

The calculation shows that there are nine op-
tions of a rational circuit arrangement and 150 op-
tions to connect axles and a brake valve.

As we can see, the increase of the number
of circuits and vehicle axles has the regularities
of combinatorics. Therefore, the increase of com-
binations results in the increase of computation
efforts.
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As of the brake system effectiveness factor, ac-
cording to international requirements [1], for three-
axle wheeled vehicles, we will have the following
results:

n =0.4; n, =n, =0.3. (14)

For vehicles that have more than three axles or
more than three points to connect circuits with the
brake chambers of corresponding axles, accor-
ding to scientific and technical literature [6, 9—12],
the brake system effectiveness factor can be calcu-
lated as follows:

1
n,=—, (15)
J km

where 1 — share of the /™ axle effectiveness in the
total effectiveness of a main brake system; &, —
number of wheeled vehicle axles.

On the basis of the /™ axle effectiveness share in
the main brake system total effectiveness, it is easy to
determine the effectiveness factor of the /™ circuit that
is applied to brake a wheeled vehicle if we add
the effectiveness shares of the axles that are con-
nected with corresponding circuits of a vehicle.

The analysis of scientific and technical litera-
ture [6] has shown that further computations can
involve axles 2, 3,4, 6, 8,9, 12 only.

Thus, if we model a failure of a brake actuator
circuit, the proposed approach can easily determine
a wheeled vehicle braking effectiveness.

For example, let’s compute the scheme in Fig. 4
and the results of the computation are provided
in Tab. 1 to make the analysis easy. Tab. 1 shows that
the most acceptable arrangement option is the con-
nection scheme A/B—C that corresponds to the circuit
connection (1-1-2) as this scheme meets the condi-
tion (7) if any circuit is out or order.

Table 1

Possible variants of the rational circuit component

arrangement effectiveness factors
for a wheeled vehicle emergency brake system

No connection Effectiveness
point Failure Failure factor

4181 ¢ of 1% circuit |of 2™ circuit| of an emergency
brake system

1 2 1 0.34 0.84 0.34

1 1 2 0.50 0.50 0.50

1 2 2 0.84 0.34 0.34

Similarly, we can compute possible variants
of the effectiveness factors of the rational emer-
gency brake system circuit component arrange-
ments for vehicles with more axles. For example,
the effectiveness factors of the accepted axles are
in Tab. 2.
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Table 2

Possible variants of the effectiveness factors of the rational circuit component arrangements
of an emergency brake system on the basis of a dual circuit and three-circuit main brake system

Emergency brake system effectiveness factors

Dual circuit main brake system

Three-circuit main brake system

\}?{hleeleci Combination Combination
vehicle axics All simplex of simplex brake |All duo-duplex| All simplex of simplex brake | All duo-duplex
brake gears |gears and duo-duplex| brake gears brake gears | gears and duo-duplex | brake gears
brake gears brake gears
Two 0.5 0.50 0.68 = 0.50 0.680
Three 0.4 0.57 0.68 0.600 0.60 0.770
Four 0.5 0.59 0.68 0.500 0.67 0.760
Six 0.5 = 0.68 0.667 = 0.787
Eight 0.5 = 0.68 = = =
Nine = = = 0.667 = 0.786
Twelve 0.5 " 0.68 0.667 7 0.787

:*lmpossible variants.
Options are not computed.

CONCLUSIONS

1. Emergency brake system effectiveness de-
pends on the distribution of brake forces along
the axles of a wheeled vehicle and does not depend
on the quantity of axles.

2. Emergency brake system effectiveness in-
creases as the quantity of main brake system cir-
cuits increases by 23 % on average if simplex
brake gears are used.

3. Emergency brake system effectiveness in-
creases if the quantity of main brake system circuits
increases by 27 % on average when using duo-duplex
brake gears instead of simplex brake gears.
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Abstract. The paper describes the process and results of the development of the light commercial electric vehicle. In order to
ensure maximum energy efficiency of the developed vehicle the key parameters of the original electric motor. The article also
presents the results of power electronic thermal calculation. For the mathematical model of the vehicle, the driving cycle pa-
rameters of the electric platform were determined in accordance with UNECE Regulations No 83, 84. The driving cycle was
characterized by four successive urban and suburban cycles. The mathematical model also takes into account the time phases
of the cycle, which include idling, vehicle idling, acceleration, constant speed movement, deceleration, etc. The model of the
electric part of the vehicle was developed using MatLab-Simulink (SimPowerSystems library) in addition to the mechanical
part of the electric car. The electric part included the asynchronous electric motor, the motor control system and the inverter.
This model at the output allows to obtain such characteristics of the electric motor as currents, flows and voltages of the stator
and rotor in a fixed and rotating coordinate systems, electromagnetic moment, angular speed of rotation of the motor shaft.
The developed model allowed to calculate and evaluate the performance parameters of the electric vehicle. Technical solu-
tions of the electric vehicle design were verified by conducting strength calculations. In conclusion, the results of field tests
of'a commercial electric vehicle are presented.

Keywords: electric vehicle, thermal analysis, electric drive, mathematical simulation, strength calculation
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Pa3paboTka JIerkoro KOMMep4ecKoro 3JJeKTPOMOOHIIS
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DHuskeropoackuii rocy1apcTBEHHBIN TeXHHUecKuii yauBepenter nvmenn P. E. Anexceesa (Hwxnuit Horopos,
Poccuiickas ®@enepariusi)

Pedepar. B cratbe onucanbl npouecc U pe3yJIbTaThl CO3JaHHs JIETKOro KoMMepyeckoro aekrpomoomia. C nenbio obecre-
YEeHHSI MaKCHUMAaJbHOW 3Hepro3QexTUBHOCTH pa3pabdaThIBAEMOIr0 TPAHCHOPTHOTO CPEACTBA ONPEIENCHBI OCHOBHBIC Hapa-
METpPBI OPUTUHAIBHOTO 3JIeKTpoaBHraTens. [IpeacTaBieHsl pe3yabTaThl TEIIOBOTO pacueTa CHJIOBON AIEKTpOoHUKH. [l Ma-
TEeMaTHYECKOM MOJENHN TpPaHCIOPTHOTO CPEACTBAa ONIpeeieHbl MapaMeTphl €30BOr0 IHKJIA IEKTPUYECKOH IIaThopMbl
B cootBercTBHU ¢ [IpaBumamu Ne 83, 84 EDK OOH. Llukia ABMKEHUS XapaKTEpU30BAJCAd YCTHIPHMs MOCIEA0BATEIbHBIMU
LMKJIAMH TOPOJICKOTO U MPUIOPOAHOTO PEKUMOB JIBIKEHUA. MaTeMaTnueckas MOJENIb TAKXKE YYUTHIBACT BpeMEHHbIE (a3bl
IIUKJIA, KOTOPBIC BKIIIOYAIOT XOJIOCTOM XOJ TPAHCIIOPTHOTO CPE/CTBA, YCKOPEHHE, JBIKEHHE C MOCTOSIHHOIM CKOPOCTBIO, 3a-
MeJJICHUE U T. JI. Mozielb 2JIEKTPUIECKOil YacTH TPaHCIIOPTHOT'O CPEACTBa pa3paboTaHa ¢ ucnoss3oBanueM MatLab-Simulink
(6ubnuotexka SimPowerSystems) B AOMOJHEHHE K MEXaHMYECKON YacTH JJIEKTPOMOOMIIS. DIEKTpUYEcKash 4acTh BKJIIOYANa
ACHHXPOHHBIA 3JIEKTPOJBHUIaTEIb, CUCTEMY YIPABICHUS IBUTATENIeM W MHBepTOp. JlaHHAs MOJENb Ha BBHIXOJE MO3BOJSET
TIOTYYUTh TAKUE XapaKTEPHCTHKU DIIEKTPOJIBUraTelsl, KaKk TOKH, IOBEJACHUE MarHUTHOTO I10JISI, HANIPSDKEHMS CTaTopa M POTO-
pa B HEMOJBI)XHOH M BpallalolelCs CHCTEMaX KOOPAMHAT, IEKTPOMArHUTHBII MOMEHT, YIJIOBasi CKOPOCTb BpallleHHs Baja
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neurarens. PaspaGoTaHHas Mozens MO3BOJMIIA PACCUNTATh M OLICHHUTH IAapaMETPhl IPOU3BOAUTENHHOCTH 3IIEKTPOMOOH-
1s1. TeXHUUEeCKHe PelleHus] KOHCTPYKIUH 37IeKTPOMOOMIsA ObUTH MPOBEPEHbI HAa MPOYHOCTH MyTeM pacueToB. [IpencraBinens

pe3yIbTaThl MOJIEBBIX UCTIBITAHUH KOMMEPUYECKOTO 3IEKTPOMOONIIS.
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Introduction

Road transport electrification is currently one
of the main trends in the development of the glo-
bal automotive industry (Along with the trends
of increasing autonomy, shared use and inclusion
in the information environment) [1]. Despite the
fact that in 2015 the share of electric vehicles
in the global fleet was insignificant — about 0.1 %,
according to forecasts, this share will grow rapidly
and will be about 10 % by 2030 and about 40 %
by 2050 (in the estimates of the International
Energy Agency only such types of electric vehicles
as PHEV and BEV were taken into account) [2].

The main motivation for the spread of electric
vehicles is associated with improved environmen-
tal performance and with a number of consumer
characteristics: no noise motor, dynamic characte-
ristics, etc. It is worth noting that the commercial
transport has a significant impact on the environ-
ment because of constant operation with minimal
downtime.

The key barriers to the spread of electric ve-
hicles are:

— high cost of batteries/fuel cells;

—relatively low power reserve on a single
charge;

—underdevelopment of infrastructure, first of
all — charging stations.

Because of the barriers listed above, electric
vehicle developers face an important and time-
consuming task. It is to develop an energy-efficient
electric drive system. This problem can be solved
by an integrated approach to modeling the key com-
ponents of the electric drive, the development of an
adequate mathematical model of the electric car.

The object of the research

The GAZ Group is the leader on Russian mar-
ket of commercial vehicles and holds about 70 %
in the LCV category and 65 % in the LDT cate-
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gory [3]. The electrification was considered as the
priority method to improve the environmental
safety of this manufacturer products.

To implement the mentioned technologies,
employees of the NNSTU, with the support of en-
gineers from the Joint Engineering Center of
the GAZ Group and specialists from PJSC GAZ,
are working to create an electric platform for a
light commercial vehicle (LCV) (Fig. 1). The chas-
sis of the light commercial vehicle GAZelle NEXT
was chosen as the object of research.

e

o p a—

Fig. 1. The object of the research

Brief technical characteristics of the vehicle are
presented in Tab. 1.

Table 1
Brief technical specifications of LCV GAZelle NEXT
Wheel arrangement 4x2
Drive type Rear
Gross weight, kg 3500
Curb weight, kg * * * 2520

Load distribution of the vehicle total
weight on the road through

the tires, front wheels rear 1960
wheels, kg 3745
Base, mm 3145/3745

Ground clearance
(under the crankcase

of the rear axle at full weight), mm 170

Minimum turning radius along

the track of the outer front wheel, m 5.7/6.5

The maximum car speed on a hori-

zontal section of a flat highway, km/h 130
Hayka
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Motor

The fundamental component of any electric drive
is an electric motor. Thus, the energy efficiency of
the electric vehicle as a whole will depend on how
optimally the electric motor was selected. For this
purpose, it was decided to develop an original electric
motor for the developed electric platform.

As it is known, the mechanical characteristic
of the motor has two distinct zones: a constant
torque zone and a constant power zone. The ratio
between the sizes of these zones significantly af-
fects the choice of transmission ratio and dynamic
characteristics of the vehicle [4]. The developed
electric motor is designed to operate in two modes
with different values of mechanical torque and du-
ration. By preliminary traction calculation target
mechanical characteristics of the electric motor
were determined (Tab. 2, Fig. 2).

Table 2
Motor characteristics
Characteristic Value
Motor type Asynchronous
Number of phases 3
Rated voltage, V 400
Maximum revolutions, rpm 10000
Maximum power, kW 47

Cooling system Liquid type

The type of construction
in accordance with IEC 600034-7 |IM BS

Maximum height of use above sea |Not more than 2500
level according to IEC 600034-1, m|without power reduction

Insulation temperature class H
according to IEC 600034-1
Protection degree in accordance IP65

with IEC 600034-5

Radial shaft run-out class according|N
to DIN 42955

Noise level according 75dB+3dB
to DIN EN ISO 1680
The level of vibration according Level A

to IEC 600034-14
Ambient temperature

From —40 °C to +70 °C

400
g 350 —S2, 1 min
Z 300 —S2, 60 min

0 2000 4000 6000 8000 10000
Speed n, 1/min

Fig. 2. Mechanical characteristics
of the electric motor
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At the initial stage of the motor design the optimal

configuration of the rotor and stator slots were deter-
mined (Fig. 3).

N

Fig. 3. Shape of stator (a) and rotor (b) slots

The stator has semi-open for laying the
winding. The stator is made of electrotechnical
steel plates with a thickness of 0.27 mm. Rotor is
made of electrical steel plates the same as the sta-
tor. The rotor has closed oblong shape slots for
the placement of short-circuited winding roads.
The short-circuited winding is performed by pouring
the rotor set with aluminum under pressure. Struc-
turally, the winding is made of soft multi-strand Litz
wire and placed in the stator slots. A winding is
a group of coils connected in a star pattern, herewith
such a winding cannot be considered as containing
two parallel coils in each phase, since the middle
points of the coil groups are not combined.

During the design of the electric motor, several
prototypes were created to test the assumptions
inherent in the calculation models [5, 6].

In the process of the electric motor model pre-
paring the boundary conditions were given. The outer
contour of the magnetic system is specified as a first
class boundary condition, magnetic potential & = 0.
The rest of the boundary conditions were determined
automatically by the numerical simulation system in
accordance with the materials and current-carrying
areas. After setting the boundary conditions, a finite
elements grid was constructed. Triangles were used
as grid elements (Fig. 4).

During the calculation process, the solver auto-
matically rebuilt the grid to achieve the specified
accuracy of the solution. In the process of solving,
6 grid rearrangements were made. As a result,
the number of grid elements was increased
from 14.734 to 56.574. The error in determining
the magnetic field energy at the last iteration
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of the solution was 0.009 %. In the process of
solving the distribution of the magnetic field in the
motor parts material was obtained. Fig. 5 shows
the distribution of magnetic induction in the motor
parts. The maximum value of the magnetic field
induction was 1.7105 T.

As a result of modeling, the greatest electro-
magnetic losses in absolute value caused by an
alternating electromagnetic field were determined.
Losses in absolute value are the sum of losses that
are different in nature:

— losses in the winding wires determined by the
Joule — Lenz law;

— hysteresis losses;

— eddy current losses.

Maximum losses were 6391 W at speeds from
2100 rpm to 3900 rpm.

Despite the total loss of almost 6.4 kW, the mo-
tor has an efficiency of 95 % in this range (Fig. 6).
The efficiency is reduced in the zone of lowest
speed and in the constant power end zone after
4000 rpm. In the high revs from 6000 rpm the
motor torque and its efficiency are significantly
reduced. Operation in this speed range is not
recommended. The current distribution has a ma-
ximum of 219 A at the end of the constant torque
zone. The maximum power of the electric motor
was 81 kW (Fig. 6).

a

Efficiency

Output power

Speed, 1/min

8000 10000

375
250+
€
z
[
3
g
S 1257
0 2000 4000
375
£ 2501
z
[
3
g
S
F 125
0 2000 4000

Speed, 1/min

8000 10000

Fig. 6. Efficiency (a) and power (b) distribution
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Thermal modeling

The objects of thermal modeling were the elec-
tric motor and the battery subpack.

The information about the heat release in the
motor parts was transmitted from the results of
the electromagnetic calculation obtained earlier.
The boundary conditions for the thermal calcula-
tion of the electric motor were adopted as follows:
the ambient temperature of 55 °C and the heat
transfer coefficient of 5 W/(m?-deg). The assumed
value of the heat transfer coefficient corresponds to
natural convection in cramped conditions in the
absence of external airflow. These conditions are
obviously worse than the operating (maximum
operating temperature of the motor is 40 °C).
The geometric model of the electric motor liquid
circuit and the results of thermal calculation are
presented in Fig. 7.

Fig. 7. Geometric model of the motor liquid circuit
and the results of thermal calculation

Table 3
Calculated thermal-hydraulic parameters
Parameter Unit
Maximum stator temperature, °C 55
Maximum temperature of stator windings, °C 55
Maximum rotor temperature, °C 55
The maximum temperature of the rotor
closed-loop winding, °C 55
Maximum coolant temperature, °C 55
Coolant temperature at the outlet of the cooling
channels, °C 55
Pressure drop between inlet and outlet of cooling
channels, °C 10000

To calculate the thermal state of the battery
subpack elements, it is necessary to specify the
heat sources and heat transfer conditions between
the subpack structural elements. The main sources
of heat are battery cells, with the heat release of
38830 W/m’. On the outer surfaces of the battery

[ Hayka
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subpack elements, the convective heat exchange
condition similar to that of an electric motor was
set. The geometric model of the battery subpack
and the thermal calculation results are presented
in Fig. 8.

Surface: Temperature, °C

Fig. 8. Geometric model of the battery subpack
and thermal calculation results

In calculation process the temperature distribu-
tion in the battery subpack elements (Tab. 4), the
coolant temperature at the outlet of the cooling
system channel, the coolant pressure drop between
the inlet and outlet of the cooling system channels,
as well as general information about the nature
of the coolant flow in the cooling channels were
obtained.

Table 4
Calculated thermo-hydraulic parameters

Parameter Unit
Pressure drop between inlet
and outlet of cooling channels, Pa 11125
Coolant temperature at the outlet
of the cooling channels, °C 23.9
Maximum battery cell temperature, °C 332
Average battery cell temperature, °C 28.4

The maximum temperature of the cell
was 33.2 °C. This value was higher than the upper
value of the battery cell operating temperature
equal to 30 °C. These temperature values are in an
area that is poorly cooled by the radiator coolant
since the radiator channel does not cover the entire
heat exchange surface with L-shaped radiators.
It is recommended to either reduce the number
of cells in the radiator, or extend the flow of the
radiator in such a way as to provide a more uni-
form cooling of the battery cells.

Mathematical modeling

The process of mathematical modeling of the
electric platform was divided into three technical
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parts: mechanical, electrical and motor control
parts. For the mechanical part, a model has been
developed to calculate the necessary amount
of power required to drive at a given speed, in
which the resulting power is due to the sum of all
the resistance forces to the electrical platform
movement, the same approach will be applied to
the evaluation of the recovery energy returned
to the battery by braking the vehicle.

In the electrical part, the general circuitry of the
electric vehicle including its main parts is consi-
dered: an asynchronous motor, an inverter and
a battery. It will make it possible to estimate the
total run-out of the vehicle in a given driving
mode. This unit has a direct connection with the
mechanical part. Each part will be assembled sepa-
rately according to the automobile mathematical
equations theory and the theory of electric ma-
chines. All created subsystems interacted with each
other in the process of modeling the car move-
ment-braking. The calculation was performed
in one-dimensional design environment by means
of Matlab Simulink block package.

To assess the possibility of the car move-
ment, it is necessary to analyze the scheme shown
in Fig. 9, which shows the main forces involved in
the car movement. These forces include the driving
force realized on the driving wheels in the form
of traction torque and forces that create resistance
to movement [7].

Fig. 9. Forces and torques acting on the car in the general case of motion

A general equation characterizing the rectili-
near motion of the car with a trailer in general was
written down

68

EU_F\V_F};_Fa:O’

where F, — traction force on the driving wheel;
F,, — road resistance force: the wheel rolling re-
sistance force and of resistance force to rise; Fj —
resistance force of the incoming air flow during
the car movement; F, — inertial force or resistance
force to translational motion.

Traction force on the car driving wheels

F = Teutrntr _ ("{6716 + Je)geutrntr
to }"d }"d B

where T, — engine crankshaft torque, N-m; u, —
transmission ratio; 1, — vehicle transmission effi-
ciency; r;,— wheel free radius, m.

Road resistance force

F, = f,G,cosatG,sina,

w = a

where f,,, — road resistance coefficient; G,— vehicle
force weight, N; a — lifting gradient angle, deg.
Air resistance force

E? = O‘SCprAbvir,

where ¢, — vehicle drag coefficient; p, — air den-
sity; 4, — midsection area, m’ v, — vehicle
speed, m/s.

Inertial force

F =6m,a,,

where m, — vehicle weight, kg; a, — vehicle
acceleration, m/s*; & — rotating masses co-
efficient

- 2,2 .
d=1+ouu,; +o0,;

u; — transmission ratio; u, — gear ratio of
the additional gearbox;

2
_ (’YeTe + Je)uontr .
G, = ;
m,ryty
2
c, = .
m, Tyt

For most vehicles, values are taken in
the following ranges o; = 0.03-0.05; o, =
=0.04-0.06 [7].

To obtain an adequate mathematical model of
the electric platform, it is necessary to choose the
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most typical picture of the speed changing process
and acceleration of the vehicle in question, taking
into account the movement regional specifics in
different conditions. This process must contain
both the urban movement cycle and the suburban
driving cycle. Such an evaluation regime can be a test
cycle according to GOST R EN 1986-1-2011 [8]
(analogue of the European driving cycle — NEDC
(New European Driving Cycle) used to assess the
toxicity of vehicles [9]).

At the same time, the urban cycle itself is cha-
racterized by the duration of 195 s and includes the
following time phases (Fig. 10):

—idling for 60 s;

— vehicle idling for 9 s;

— gear change time, lasting 9 s;

— acceleration, lasting 36 s;

— driving time at a constant speed of 57 s;

— deceleration, lasting 25 s.
Recuperation
- v
Driving by motor

55
45

35

25 )
15

20 40

Velocity v, km/h

60 80 100 120 140 160 180 200

Timet, s

Fig. 10. Diagram of a simple urban cycle

In this cycle, the vehicle must travel with
four main speed limits: 15 km/h (4.17 m/s),
32 km/h (8.9 m/s), 35 km/h (9.72 m/s) and 50 km/h

(13.9 m/s); five main positive acceleration limits:
1.04 m/s’, 0.69 m/s’, 0.79 m/s’, 0.51 m/s’,
0.46 m/s*; and the following main negative acce-
leration limits: —0.83 m/s’, —0.81 m/s’, —0.52 m/s’,
—0.97 m/s”.

Fig. 11 shows the speed dependence of the
suburban cycle. For this cycle, the average speed
is within 62.60 km/h and the distance covered
is 6956 m.

The country cycle is characterized by duration
of 400 s and includes the following time phases:

— stop for 40 s;

— acceleration, lasting 109 s;

— constant speed driving time 209 s;

— deceleration, lasting 42 s.

In this cycle, the vehicle must travel with four
main speed limits: 50 km/h (13.9 m/s), 70 km/h
(19.4 m/s), 100 km/h (27.8 m/s) and 120 km/h
(33.3 m/s); six main positive acceleration limits:
0.69 m/s’, 0.51 m/s’, 042 m/s’, 043 m/s’,
0.24 m/s*, 0.28 m/s*; and the following main nega-
tive acceleration limits: —0.69 m/s>, —1.04 m/sz,
~1.39 m/s’.

Fig. 12 shows the assembled circuit of the elec-
tric platform mechanical part calculating the con-
sumed-renewable power for the selected driving
cycle. In this case, the model takes into account
all the technical features of the designed electric
platform: transmission ratios and its efficiency.
Also, the calculation model includes parameters
such as the gross mass involved in the calculation
of the resistance forces to movement and the Mid-
section coefficient, which characterizes the car
cross-sectional area.

120 s
A
121 A 15
100 »
11
e
= 80
g 6 10 | / VE
~ -
S0 5 \ 9
g , g \
[0
= 40
17
3
20
1 18
o T T T T
50 100 150 200 250 300 350 400
Time, s

Fig. 11. Suburban cycle diagram
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Fig. 12. Mixed cycle diagram for a vehicle with a gross weight of up to 3.5 t

For the convenience and simplicity of modeling
the electrical part of the electric platform, blocks of
the SimPowerSystems library containing all the
necessary electrical part components of the de-
signed electrically powered vehicle were used.
This approach can reduce the design time of com-
plex electrical parts, increase the computational
model performance, simplifying the calculation
and reducing the calculation time. Thus at the de-
sign stage and the effectiveness evaluation of the
developed electrical platform it can significantly
reduce the time to run test models.

To model an asynchronous machine with
a squirrel-cage rotor, the standard asynchronous
machine unit is used. It can be applied in two
modes: as an electric motor and a generator [10].

To create a model of an inverter that converts DC
to AC, a “universal bridge” block from the stan-
dard library SimPowerSystems Simulink application
is used. This unit allows to create a number of semi-
conductor devices (diodes, thyristors, ideal keys,
as well as fully controlled thyristors, IGBT and
MOSFET transistors shunted by reverse diodes) [10].

The battery was simulated using a standard bat-
tery pack, which can also be found among Sim-
PowerSystems applications in a Simulink envi-

ronment. This model contains the main types of
self-discharging batteries that are currently the
most common in technical equipment. This unit
contains four types of batteries with different phy-
sical and chemical properties, taking into account
different parameters, from the initial charge of the
battery to the temperature modes of charge and
self-discharges. This device is suitable for quick
efficiency evaluation of the power supply and
allows evaluating the various advantages of each
of the presented battery types.

Fig. 13 shows the equivalent scheme of the bat-
tery pack under consideration.

Fig. 14 shows the assembled electrical part cir-
cuit of the electrical platform. This scheme consists
of a standard asynchronous motor unit, which
is fed to the design torque obtained in the mecha-
nical part of the mathematical model. The induc-
tion motor is powered by a three-phase voltage
generated in the inverter. The signal for the inver-
ter is a control unit that regulates the angular ve-
locity calculated in the model mechanical part.

There is a battery in the circuit diagram of the
electric part unit. In this case, a Nickel-metal hy-
dride battery with a voltage of 400 V and a capacity
of 140 Ah is shown.

t

First order

J ]
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M el E::
+ 1 (Charge) o+

Exp(s) A
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Echarge = M(it.i* Exp, BaitTvpe)
Edischarge = J2(it.i*. Exp. BattType)
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Internal
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—
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Fig. 13. Battery equivalent circuit
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Fig. 14. Electrical part of electric platform with engine speed control unit

By connecting the mechanical and electrical
parts of the electrical platform a general mathe-
matical model of the developed vehicle, shown
in Fig. 15, is obtained.

The developed model will allow calculating
and evaluating the efficiency parameters of the
traction electric drive of electric platforms.

To assess the effectiveness of the electric plat-
form, a review of batteries in the modern market
was conducted, since, as previously noted, it is the
power sources that are one of the main elements
of the electric vehicle traction system. This ele-
ment directly determines both the car traction and
speed characteristics, and its full power reserve.

Based on the given technical parameters of the
cells, several possible power sources of the elec-
tric platform for the calculating case are formed.
The most common voltage in electric commercial
vehicles is 400 V. Blocks consisting of the basic
power sources (cells) connected in series to each
other and batteries are formed and summarized
in Tab. 5.

To analyze the energy efficiency, 4 models of the
battery are formed. For each of the considered battery
the desired amount of energy required to move a
given speed, according to the selected mode of the
elementary urban cycle with duration of 195 s is cal-
culated according to GOST R EN 1986-2011.
The calculation determined the values of the re-

quired energy for movement in the elementary
cycle. On the basis of the designed electrical plat-
form where was a mathematical model of the bat-
tery discharge the following predicted values of the
reserve shown in Tab. 5 were obtained. It is worth
noting that in these calculation models were not
taken into account additional power sources, such
as air conditioning, external and internal lighting,
etc., which can reduce the total mileage.

Table 5
Expected power reserve of the electric platform
Battery Quantity Exp.e(.:ted
Battery specifications | on the prototype cruising
range, km
V=400V
1 C=36 Ah 2 108
m =207 kg
V=400V
2 C=40 Ah 2 120
m =200 kg
V=400V
3 C=35Ah 2 105
m =150 kg
V=400V
4 C=40 Ah 2 120
m =200 kg

Based on the above, it is recommended to use
battery No 2 as a power source for the electric plat-
form as an effective option among the considered
batteries.

i — e |

il I\
« AN A AN
I

) o Vg g PR P—r T —

Motion mode

Mechanical part of the electroplatform

Electrical part of the electroplatform

Fig. 15. Electric platform model
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Strength calculation

At the design stage of the electroplaters light
commercial vehicle it was required to analyze the
comparative stiffness of the middle suspension bat-
tery for basic configuration and for the variant with
the welded corners reinforcement inside and out.

Fig. 16 shows the design diagram for the two
variants of the electric vehicle battery suspension.

Basic construction

Modified version

Internal reinforcement

/

External
reinforcement

External
reinforcement

Fig. 16. Structural diagrams of battery suspension options

Four design options were considered:

— basic configuration;

— option where interior and exterior corners are
added on both sides;

— the same, but the outer corners of the “flat”
side are missing;

— option only with outer corners on both sides.

To determine the stiffness in the transverse direc-
tion to the structure forces were applied (Fig. 17):

1000 N at the lower midpoint (point 4);

300 N at the upper midpoint (point B).

In addition, the structure was loaded with its
own weight.

The calculation results are summarized in Tab. 6.

Battery
m=151kg

A

Fig. 17. Force application diagram

According to the results of the calculations,
with the use of full reinforcement (inside and out-
side on both sides), the transverse rigidity of the
battery suspension structure of the electric vehicle
increases by about 8 times. At the same time
the eigen frequency of the structure increases in
the transverse direction.
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Table 6
Calculation results
Movement Movement
1% eigen with 1 kN with 300 N
frequency, | force applied | force applied
Hz at the bottom | at the upper
point, mm point, mm
Basic version 6.47 1.42 1.56
The option with
the outer corners
of one side + 0.29 0.34
internal corners 17.4 (490 %)" (459 %)"
The option with
the outer corners
on both sides + 0.16 0.20
inner corners 22.9 (888 %) (780 %)"
Option with outer|
corners on both
sides, but without 0.23 0.29
inner corners 20.1 (617 %) (538 %)
*In parentheses there is percentage increase in stiffness
compared to the base case.

Additionally, the strength calculation of the
electric vehicle frame was carried out.

Fig. 18 shows a structural diagram for the cal-
culation of the light commercial electroplater
frame.

Battery
&power _—
electronic
b Support for

motor, gearbox
~~and inverter

———Suspension
for
batteries

Fig. 18. Structural diagram of the frame calculation

The nominal weight of the loaded electric plat-
form was assumed to be equal to 3.5 t. The cargo
weight (1.2 t) was evenly distributed over 3 euro
pallets 1200x800 mm, fixed to the body floor.

In the context of work 2 design cases were dis-
cussed: triple vertical overload and front wheel
hanging.

In the case of a triple vertical overload, a triple
gravitational load was applied to the model in the
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vertical direction with acceleration equal to 3g =
=3-9810 = 29430 mnvs.

In the case of the front wheel hanging the
torque was applied to the front axle midpoint

M, = Gbc ,
2(a+b)

where G = mg — gross vehicle weight, m — to-
tal weight, t; ¢ = 1750.2 mm — front chassis base
(distance between the wheels); a, b — see the dia-
gram in Fig. 19.

Thus a = 2220.06 mm; b = 1418.64 mm;
m=4,05t; M, =1.354 - 10’ N-mm.

L

Fig. 19. Mass center position of the model relative to the axes

Calculation results

1. Case of triple vertical overload

The calculation results are shown in Fig. 20.
The maximum equivalent voltages (564 MPa) will
be in the rear pallet corrugation zone.

a
VonMises strems=360 MPa

VonMises stress =564 MPa

VonMiscs stress= 544 MPa
VonMises stress=331 MPa
"

VonMises stress—461 MPa

Fig. 20. Equivalent stresses according to Mises, MPa,
triple vertical acceleration: a — rear part; b — front part

[ Hayka
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2. Front wheel hanging case

The calculation results are shown in Fig. 21.
The maximum equivalent stresses (450 MPa) will
be in the area of the junction of the front crossbar
under the battery with the spar.

e

Fig. 21. Equivalent stresses according to Mises, MPa,
front wheel hanging case: a — rear part; b — front part

Running tests

The purpose of the tests was: to set the power
reserve for the developed electric light comer-
cial vehicle, to fix the mileage of the vehicle as
the charge level of the traction battery decreases.

The GAZ Group’s motor range in the Bere-
zovaya Poima settlement was used as the test site.
The test conditions correspond to the normal cli-
matic conditions specified in paragraph 5.2 [11]
(T5-temperate climate). The actual ambient tem-
perature was 27 °C.

The vehicle was weighed in running order,
then the vehicle was loaded to the full weight
of 3.5 (Fig. 22).

The vehicle was installed on a flat horizontal
surface. The CAN adapter PCAN-USB X6 CAN-FD
(hereinafter referred to as the CAN Adapter)
was connected to the vehicle’s on-board network,
the Racelogic VBOX 3i RTK multifunction speed
meter kit was installed and connected.

The following parameters were recorded during
the test:

—the coordinates of the vehicle location
(speed);

73

Science and Technique. V. 19, No 1 (2020)



Mamepuanwt 16-20 Esponeiickozo agmomoounbHozo Konzpecca

— battery charge level;

— fixing the maximum and average speed on
the track;

— vehicle mileage until the battery is fully dis-
charged;

— the voltage level in the traction battery;

— current consumption and current recovery;

— time.

'2000.91.81 ©0:08:88
765 kg

Fig. 22. Vehicle weighing in running order

The first type of the test is traffic simulation in
the city.

The tests were carried out at the vehicle test
site (50 % of the time) and on straightforward
sections of the asphalt road (Fig. 23). Maximum
speed 50 km/h (5), the average speed for the en-
tire run was at least 22 km/h.

In the process and according to the test results,
the following values were recorded:

— average and maximum speed on the track;

— mileage at battery discharge from 90 to 60 %;

— mileage reach time 50 km.

At the beginning of the tests, the charge level
of the traction battery was 92 %, and the voltage
on the battery was 379 V.

To determine the indicators, the test driver was
driving at a speed of not less than 22 km/h and not
exceeding 50 km/h. According to the test results,
the average speed on the track was 24 km/h,
the maximum — 55 km/h. Results are presented
in Tab. 7.

The second type of test-driving cycle.

The vehicle was tested in cycles. One cycle
includes: acceleration to 10 km/h, movement at
a speed of 10 km/h for 1 min, stop. Repetition of
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acceleration and movement with speeds multiple
of 10 up to 60 km/h. According to the test results,
the following parameters were determined:

— the total number of cycles during the test
before the battery is fully discharged;

— maximum speed during tests;

—vehicle mileage before full battery dis-
charge (10 %);

— vehicle mileage at a charge level of 90 to 10 %,
in increments of 10 %.

Fig. 23. Test location

Table 7
Vehicle movement parameters. The first type of test
Batte Voltage .
chargef};ﬁ on battergy, v Mileage, m
90 394 2495
80 385 16417
70 371 32894
60 371 48722

At the beginning of the tests, the charge level
of the traction battery was 98 %, the voltage on the
battery was 397 V.

To determine the total number of cycles during
the test, the test driver accelerated the vehicle
to a speed of 10 km/h and moved at this speed
for 1 min. Then it stopped completely. The acce-
leration and the movement were repeated at speeds
that are multiples of 10 to 60 km/h. The total num-
ber of cycles during the test until the battery dis-
charge to 10 % was 22 cycle. This test was carried
out 1 time. The vehicle was accelerated to a maxi-
mum speed. The maximum speed of the vehicle
during the tests was 102 km/h.

I Hayka
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According to the data presented in Tab. &,
the vehicle mileage was 112.9 km at battery dis-
charge from 98 % to 10 %.

Table 8
Vehicle movement parameters.
The second type of test
Batter Voltage .
charge,}‘;ﬁ) on batte;gy, A% Mileage, m
90 385 11539
80 371 25921
70 368 40673
60 353 55270
50 349 67862
40 334 78705
30 331 93314
20 323 102090
10 331 112977
CONCLUSION

According to the results of the tests, it can be
concluded that the battery charge of the developed
electric vehicle, with a total weight of 3500 kg,
is enough to overcome the distance of more
than 100 km, at a temperature of 20 degrees
and above. The discrepancy between the values
of the mileage obtained experimentally and theo-
retically was less than 6 %. Thus, we can talk
about the adequacy of the developed mathematical
model of the electric vehicle. The results of this
work will be a good starting point for the deve-
lopment of energy-efficient electric commercial
vehicles.
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Abstract. With the large-scale application of electric vehicles (EV) in the world and also in China, the contradiction between
the EV and charging stations has become more and more prominent. People always cannot easily find the charging stations or
when they find them finally found they do not work. To connect the vehicle, charging station/pile and end-users for making
the charging simple, convenient, efficient and visible is becoming very important. People need a platform to tell them where,
when and how to charge for their EV. Matrix Mobility is focusing on realizing this comprehensive charging solution together
with OEM, charging point operator (CPO), electric power company and parking lots by using big data analysis. Matrix Mobi-
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tion into OEM’s own APP with opening API to help end-users increase their charging experience.
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Kak cnenartp 3apsaKy 3J1eKTPOMOOMIISI IPOCTOi, YA00HOH M 3¢ PeKTUBHOI

Y. lleﬂrl), H. Ban”

DMMexuuckas MaTPUKC MOGHIHTH TeXHONOMKH Komnanus, Jiuvurug (ITexun, Kutaiickas Hapoauas PecryGruka)

Pedepat. [lo npruuHe MIMPOKOTO MCIIOIB30BAHUS 3JIEKTPOMOOMIIEH BO BCeM MHUpe, a Takke B Kurae Bce Oonee akTyanbHOM
CTaHOBUTCS pelIeHHEe MpoOIeMBbl IEKTPOMOOMIIEH 1 3apsiAHBIX cTaHUMi. B HacTosIIee BpeMs He Bcerja JIerko HalTH 3apsii-
HBIE CTAaHIIMH, a KOTJa, HAKOHEIl, HAXOAHUIIb HX, TO 0OHAPY>KHBaeIllb, YTO OHU He paboTaroT. [loaToMy 1i1st TOTO, YTOOHI Clie-
JIaTh TPOLECC 3apsAKA MIPOCTHIM, YAOOHBIM, 3()(EKTUBHEIM U 3aMETHBIM, HEOOXOJUMO 0OECIICUNTh B3aUMOJIEHCTBUE MEXIY
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Introduction

Environmental pollution is becoming a headache
for the entire world. Global temperature increasing,
greenhouse gases, air pollution and acid raining are
only part of those negative phenomenons. And bet-
ween all different contributors to the pollution, the
vehicle emission is the primary cause. Switch from
traditional engines to electric vehicles is the main
effective way to reduce the pollution. This demand
leads to the growing application of electric vehicle
(EV) and plug-in hybrid electric vehicle (PHEV)
technologies because of their reduced fuel usage
and greenhouse emissions, and this is also accepted
worldwide. While current charging experience for
end-users are still not good, for example:

a) bad charging time — it takes 1-3 hours to
fully charge the vehicle comparing to 1-3 minutes
for fuel adding;

b) bad charging infrastructure — it’s not easy to
find a charging station when you need it, the distri-
bution density is too low to charge;

¢) bad charging system — it takes long time for
end-users to start charging successfully and have to
install too many APPs due to every CPO has their
own system. And even worse is that those systems
are not good;

d) bad payment system — not convenient for
end-user to pay via credit card or back account,
it takes too many fussy processes to successfully
finish payment;

¢) bad information — nor accurate information
about charging points, it happens when end-user
find a charging point after long time looking for
and finally see a charging point, while when he
goes for charging found out it was not usable due
to damage or not under operation;

f) bad surrounding — charging points are not
aligned with parking lots, the charging area can
not park which will increase the complaint from
end-users.

To stimulate the usage of EV and PHEV, the
most important way is to let the end-users feel
comfortable with the electric vehicles, which
means those vehicles should get charged as simple
and convenient as traditional vehicles. The best
way to realize it is to work out a comprehensive
charging solution together with OEM, charging
point operator (CPO), fleets, electric power com-
pany and parking lots by using big data analysis to
improve the quality of charging experience. Take
China as example, there are around 3 million EV
and PHEV running on the road, but charging is
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still the most painful point for end users who’s
using new energy vehicles (NEV including EV
and PHEV).

From the following figure (Fig. 1), you can see
there are hug amount of demand for electricity —
300 billion kW-h by 2030, this requires a very
simple and efficient charging solution for the EVs.

Charging-energy demand for electric
vehicles in the four regions studied could
reach 300 billion kilowatt-hours by 2030.

Total energy demand, billion kilowatt-hours

304

. India

Note: Annual mileage per
private electric vehicle
estimated at 18,100 km for

US, 15,000 km for EU, and 139
11,000 km each for India
and China with no growth
estimated for future years.
Note: Battery efficiency -
considered to be ~20
kilowatt-hours per 100 km.
79
105
EEN European
a4 Union
25 53
20 United

States

2020 2025 2030

Fig. 1. Electricity demand till 2030

From Fig. 2 you can see the demand of pub-
lic charging occupies a high portion of overall
charging scenarios.

This paper analyzed the high qualified big
data of EV running (including battery data
from BMS), charging behavior, charging sta-
tions, power grid localization, battery usage to
work out a charging solution which works better
for OEM, CPO (charging point operator), fleets
and end users.

Comprehensive charging solution study

Regarding the EV charging eco-system, we can
see there are OEMs, Telematics suppliers, Internet
suppliers, Big Data analyzers, Public Charging Sta-
tion, Wall-box charging, Mobile Charging and the
EMSP (e-mobility service provider). The EMSP is
the bridge and liaison between the downstream end
users and the upstream OEM and CPO. It collects
all the data from different parties and analyze, op-
timize and integrate them to be fit for the parties
inside the ecosystem (Fig. 3).

To build the charging platform need to inte-
grate the big data capabilities of Cloud Data Plat-
form, incorporate the data and services of CPOs,
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connect the navigation, charging and peripheral
services, and refine operation and management
capabilities through Big Data analysis (Fig. 4).
Take Matrix Mobility as an example, they have con-
nected more than 97 % of the public charging

points with the overall number is about 430 K
charging points together with cloud provider,
OEMs like BMW and Daimler and also fleets.

To realize the overall charging solution, we can
divide it as 5 phases.

There are home- or public-based scenarios for electric-vehicle charging
by region.
Energy demand, public-centered scenario, % of kilowatt-hours?

United States

I44

11
Work 15 2

Long distance 7

European Union

N
@

Home 51

@
(S}

N
(e}
R
o]
A
e8] )
n
O-I-
)
o
a
©

Public .28 33
2020 2030

Energy demand, home-centered scenario, % of kilowatt-hours’

United States European Union

Home 64

11
oo el o [
ong distance g 7

puone HEG -

2020 2030

(]

=y
®
~
IN
N
O-I-
@
o

N
Q
nN
o
LT

Fig. 2. Charging scenarios by region
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Fig. 4. EV charging platform
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Phase 1. Integrate the charging service into
vehicle units that is synchronized to the mo-
bile APP (Fig. 5).

Fig. 5. Vehicle head unit integrated

Phase 2. Integrate the public charging services
of 3" party CPOs, combine with map, navigation
and route planning, to provide public charging
standard solutions. Since each CPO only has their
own network and service, which limits the ser-
vice number of CPOs for end-users who only use
the service from one of those CPOs. It will cause
inconvenience and reduce the satisfaction of end-
users. To create one platform, which integrated all
of the CPOs, is very necessary from of the point
of serving end-users better (Fig. 6).

Fig. 6. Combined public CPOs

Phase 3. Aggregate individual charging point
resources and build P2P sharing economy through
the 3" party sharing service and charging operation
platform (Fig. 7). Upgrade the unconnected indi-
vidual charging points with 4G-model to connect
the static and dynamic data to the data center, then
share the individual points to public who need to
charge. From the statistics we can see that the
number of individual charging points are much
higher than public CPOs, which means if we can
share them, the end-users will have much more
choice for charging.

Fig. 7. Individual charging point
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Phase 4. Integrate the 3™ party services of the
butler, providing high-level butler charging ser-
vices covering the core cities of the whole country.
E.g. parking and charging for customers (Fig. 8),
customer can stop and go for their own arrange-
ment, when he/she comes back the vehicle has
been charged.

Fig. 8. Parking and charging for cusotmer

Phase 5. Integrate the resources of mobile
charging service operators to achieve services such
as mobile charging or charging rescue when emer-
gency happens (Fig. 9). This is also one of the
main way for reusing the vehicle battery after
several years usage in the vehicle. It is called ‘cas-
cade utilization’ of battery.

Fig. 9. Movable charging station

Phase 6. Provide charging point operation
management platform for exclusive charging station,
small charging pile operators, personal charging piles
as operation trusteeship support (Fig. 10). Those
charging methods need an efficient connected plat-
form to manage all charging points for operators to
reduce the cost of management and maintanence.

Fig. 10. Exclusive charging station

Supporting above phases, we need to collect and
fuse data from map provider (Fig. 11), CPOs
and OEMs, store them at cloud platform, do analysis
and send them to customers with different applica-
tions including static and dynamic data of CPOs.
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Map data
CPOs data

Data fusion

(

UGC feedback

Static data
Dynamic data

EV

Charging
solution

OCHP

Fig. 11. Framework of data

Among all the different data, CPO data is the
base and foundation for an EMSP to provide quali-
fied service to end-users (Fig. 12). In order to en-
sure the data you provide is qualified, EMSP need
to do field check after they get data from CPOs due
to the data from CPOs sometimes are not so ac-
curate, for both static and dynamic information.
In addition, those data check job should be updated
real time to make sure it is the freshest data.

With the integration of many CPOs’ charging
service, EMSP can provide many convenient ser-
vices to end users (Fig. 13). Such as:

— financial convenience — help OEM do finan-
cial settlement with CPO including payment, pre-
payment and the invoice process;

— risk management — set the security and risk
control of the payment process, and also predict
the cost of charging;

— flexible payment — support pre-pay and post-
pay mode and provide marketing promotion plat-
form to support packages, coupons, etc.;

— multi-brand support — integrate CPOs in the
platform for the end users have the right to choose
different service from different CPOs.

To ensure the charging process be efficient, we
need to do following jobs (Fig. 14):

— CPO Identification: encoding information
transfers to the platform through scanning QR
code, according to the rules of encoding infor-
mation, the platform automatically matches the
different CPOs and establishes the connection;

— charging point data check. After establishing
the connection, the platform will acquire the in-
formation of the corresponding charging point,
automatically detect whether the device can be
controlled or not. If the control can be realized,
the dynamic and static information of the device
will be acquired to feedback the user to verify the
equipment information;

— charging Start/Stop: after the user sends the
start/stop instruction, the EMSP transmits the in-
struction to the CPO platform, receives the feed-
back of the execution of the instruction, CPO plat-
form will remote the charging point and synchro-
nously starts/stops the state to the user;

— charging process monitoring: in the charging
process, continuous docking between EMSP and
CPO platform, receiving or actively grabbing dy-
namic charging information feedback from CPO
platform and synchronizing it to user.

cRos CPOs data management
cPOL
croz Raw Data
—
LS
CRO... U‘ -

-

FAST UPDATA

'17 Ml Data

[ §ib} cowdsourcing ]

Data computing center —

Big data computing eliminates

l

Quality
FSSUrAnCE

—

=1 _ L H .

s=a| Field Collect R ) .
e’ Static data processing

Dynamic data processing Quick
release
NI EV Charging
GB--->Ml Specifications
GB--->EV Charging Specifications
Daily update
Fig. 12. CPO data management
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Fig. 13. EMSP order process

Charging Piles

Fig. 14. Charging synchronizing process

Regarding the charging payment process
(Fig. 15), users without unpaid orders could send
charging control command through the front-end
of OEM to start charging process.

After the user sends the charging stop order,
the bills generated by CPO platform are first
pushed to the backend of EMSP, and then pushed
to the frontend of OEM.

Users can choose the appropriate payment
method (Wallet/ WeChat/ Alipay/ Credit card, etc.)
to pay their charging bills with different tariffs may
include time-based fees, energy-based fees which
should not exceed the CPO public prices or flat
rates. The financial center will record the payment
details of all the bills and generate the reconcilia-
tion statement.

Online payment service platform supports a va-
riety of flexible transaction payment methods,

[ Hayka
MTeXHVIK)&ll. T.19, Ne 1 (2020)

including Pre-pay, Post-pay, Package, Coupons,
etc. (Fig. 16).

Pre-pay and Post-pay are the supporting func-
tions of standard charging service platform. The
realization of Storage card, Packages and Coupons
can be realized by building a marketing promotion
platform parallel to charging service platform.

We recommend standard payment schemes in-
cluding Pre-pay and Post-pay.

In case there is bad debt happens, the system
will limit the service to users. Once the direct-pay
mode failed or pre-payment is not enough, users
have to finish all payments before opening a new
charging order. To avoid or reduce the lost due to
above situation, a 3" party financial monitoring
platform can be introduced into the process such as
Alipay or Paypal.

In order to provide more support for OEM’s
marketing activities after SOP, EMSP need to
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provide a marketing platform independent from the
basic charging service platform (Fig. 17). These
two platforms act different responsibilities and
provide many support to each other.

The purpose of the marketing promotion plat-
form is to encourage the users to like using EVs
and charging for EVs, to do from providing free

1 Scan OR code

L

I ,
Ye |
—ﬁ Unpaid bills? :

EMSP i
| J'No :
| H

i Start Charging
i
i
i

Stop Charging

i | Order Center |
, Inffo./Bills sync I
—}b Orders and Bills l H

charging to route planning and usage reports, users
will love to travel with EVs (Fig. 18).

In order to make the process and status more
visible, the charging platform can provide custo-
mers with behavior analysis, service status, finan-
cial reports, call center, charging points status, de-
mand prediction, etc. (Fig. 19).
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Fig. 16. Payment modes
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82

[ Hayka
urexHuka. T. 19, Ne 1 (2020)

Science and Technique. V. 19, No 1 (2020



Proceedings of the 16" European Automotive Congress

‘\» -

Plan with

HEZEAT S availability forecast.

‘ w}“

= ! think apogy - . - e
Get 12 months free charging anEnvk ‘buy?ﬁgn___‘ |= 7 willravel.

3
= / Just plug&charge
ﬂ;ﬂ in the vehicle

Get usage reports. -
IS Pay monthly with

one invoice. _.--~ \
|

Use your existing contract
across networks

Fig. 18. Charging marketing promotion

Statisti
cs

Save

Log

Monitor Q

Charging

Service

Fig. 19. Visible charging platform

CONCLUSIONS

1. This paper studied from the overall environ-
mental situation, EV market status, demand, cur-
rent EV and charging solutions, did analysis based
on those data, combined the real demand from end-
users, we suggested a comprehensive charging so-
lution which integrates OEMs, CPOs, Power Grids
and also users. This charging solution we call it
EMSP, it can not only provide service to OEMs,
CPOs, Power Grids, but also can serve to end-users
from indicating where is the charging point, how to

charge to the payment of charging — one stop
charging solution. It can also keep the solution as
a visible platform for all different users with pro-
viding them various reports including charging his-
tory, behaviors, demand prediction, cost analysis
and prediction, etc.

2. We believe this charging solution will bring
a big benefit to the whole EV industry, to accele-
rate the development of industry, to make people
love to drive EVs, to reduce the emission of ve-
hicles and to make our world much cleaner and
more beautiful.

Step 1: charging demand forecasting Step 2: charging behavior influencing

“Dear Chris, you will have to charge your vehicle on
the way. DCS has selected two charging locations
with minimum wait time for you Please seled one of
them as

71

a-eroo high utilization
aﬁMedlum utilization

“Dear Chris, you can leave with a 50% charged

battery from home. There is a charging station
= station

on your way that has no waltlng time.”

OEM and DCS have to combine vehicle
data and utilization heat map to derive a

recommendation for the best charging

Fig. 20. Make EV running on the way
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Imitating a Safe Human Driver Behaviour
in Roundabouts Through Deep Learning
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Abstract. Roundabouts provide safe and fast circulation as well as many environmental advantages, but drivers adopting un-
safe behaviours while circulating through them may cause safety issues, provoking accidents. In this paper we propose a way
of training an autonomous vehicle in order to behave in a human and safe way when entering a roundabout. By placing
a number of cameras in our vehicle and processing their video feeds through a series of algorithms, including Machine Lear-
ning, we can build a representation of the state of the surrounding environment. Then, we use another set of Deep Learning
algorithms to analyze the data and determine the safest way of circulating through a roundabout given the current state of the
environment, including nearby vehicles with their estimated positions, speeds and accelerations. By watching multiple
attempts of a human entering a roundabout with both safe and unsafe behaviours, our second set of algorithms can learn
to mimic the human’s good attempts and act in the same way as him, which is key to a safe implementation of autonomous
vehicles. This work details the series of steps that we took, from building the representation of our environment to acting
according to it in order to attain safe entry into single lane roundabouts.

Keywords: deep learning, Neural Networks, driver behaviour, roundabouts, imitation learning
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BHUJICOTIOTOKOB C TIOMOIIBIO Psijia AITOPUTMOB, BKIIFOYAsl U MAIIMHHOE 00yYCHUE, MOKHO MOJIYYUTh TPEICTABICHUE O COCTOS-
HUHM OKpYXKarmlield cpedbl. 3aTeM HCIONB3YyeTCs APyrod Habop alropHTMOB TIIIyOOKOTO OOYYEHUs Uil aHainM3a JaHHBIX
W OompezeNeHus Hanbosee 0e30MacHOr0 IyTH KPYrOBOTO ABHIKCHHUS C YUETOM TEKYIIETO COCTOSIHHUS OKDPYXKArOMIeH Cpelbl,
BKIIOYasi OJIDKAWIINe TPAHCIOPTHBIE CPEACTBA C WX IPEANOIAraéMbIM MECTOIOJOXEHUEM, CKOPOCTBIO M YCKOPCHHUEM.
AHaMM3Mpys MHOTOYHCIICHHBIC IPIMEPHI 0€30MIacHOTO M OMACHOTO MOBEICHUS BOJUTEIS BO BPEMs ABHKCHUS 110 KOJIBIICBOI
TPaHCIIOPTHOH pa3Bs3Ke, MpeAaraeTcsi BTOpOi HabOp arOpUTMOB, KOTOPBIH MMO3BOJISIET MOJICTTHPOBATh MPABUIIEHOE TIOBEIE-
HUE BOJUTEIS, YTO U SBJIACTCS TIIaBHBIM yCIOBHEM O€301acHOTO MPUMEHEHHs aBTOHOMHBIX TPAHCIIOPTHBIX CPEICTB. B cra-
The MOJAPOOHO OIMUCHIBAIOTCS BCE dTAIbl PaOOTHI, HAYMHAS OT IMOCTPOCHUS pacCMAaTPHBAEMOI OKpPYKaIOIIeH Cpeabl U 3aKaH-
YUBas COOTBETCTBYIOIIMM IIOBEICHHEM B 3aBUCHMOCTH OT CHTYAaIlMH, YTO IO3BOJISIET 00ECHEYHTh O€30MacHOe ABHKCHUE
B KOJIBIIEBOM pa3Bsi3Ke ¢ OJHON MOJIOCOM JBUKEHUSI.

KiroueBbie cjioBa: riryOuHHOE 00y4deHHE, HEHPOHHBIE CETH, TOBSCHUE BOAUTEIIS, KOJIbLIEBAs TPAHCIIOPTHAS pa3BA3Ka, MH-
TalMOHHOE 00y4YeHue

Jas uuTupoBanusi: MonenupoBanue 6€30II1aCHOTO MOBEICHUS BOAUTEINS Ha MEPEKpecTKax ¢ IMOMOIIBIO INIyONHHOTO 00yde-
aust / A. C. X. Cepsepa [u np.] / Hayka u mexuuxa. 2020. T. 19, Ne 1. C. 85-88. https://doi.org/10.21122/2227-1031-2020-

19-1-85-88
Introduction

Computer Vision is a field that is undergoing
a tremendous evolution. Over the last few years
Artificial Neural Networks (from now on will
be referred also as ANN or NN) are being used to
process images due to their high accuracy and fast
performance, easily outperforming more traditional
approaches in benchmarks, while being relatively
easy to implement and reusable.

The goal of this investigation is delivering
a system capable of determining whether or not is
it safe to enter a roundabout given the current traf-
fic conditions. In order to achieve that, we use the
footage from a single camera installed in our ve-
hicle instead of relying on LIDAR (Light Detec-
tion and Ranging) data, which would be a more
traditional approach.

LIDAR is a surveying method that used a series
of laser beams to measure the distance to a target by
tracking the time the light takes to bounce back to the
sensor. Having one of these sensors on top of our
vehicle spinning multiple times per second (normally
at a rate of 20 spins per second), creates a 3D-scan
of the environment in real time. The downside to this
approach is that this kind of sensors are expensive
and not as common as a regular camera (although
prices are coming down in recent years).

Traditional cameras are very common type of
sensor, so being able to rely on its data and leaving
aside the expensive LIDAR, will enable future inves-
tigation and implantation in autonomous vehicles to
become much more approachable. Doing this task
should be feasible as a human subject is capable of
performing the same task using just one eye, relying
on years of experience perceiving environments.

From the images recorded by this monocular
camera (which we will call “red-green-blue images,
or rgb”), we use multiple Artificial Neural Networks
to perform various operations, including vehicle de-
tection, distance estimation, environment recreation

86

and motion tracking to obtain their relative speeds
and accelerations. All this work has been done using
Carla Simulator [1] for the testing environment and
Keras as the Deep Learning Framework.

Environment perception
with Neural Networks

Artificial Neural Networks are systems that re-
semble the biological neural networks in our brains
(although they’re not identical). These systems can
“learn” how to perform a task given a correct de-
sign (called architecture) and a learning process
(commonly referred to as training). When these
systems complete their learning process, they build
a model that we can use to perform the task that
they were created for.

Their usage in image recognition is becoming
popular in the last ten years. They can be used for
trivial tasks like, for example, analyzing a series
of images and detecting which ones contains dogs.
They are widely used in ways out of the scope
of this investigation, such as spam detection, shop-
ping recommendations, voice recognition, photo en-
hancement and creating complex virtual assistants.

In this project, we are using various Neural Net-
works working together to attain our goal. First, we
feed each of the frames captured by the camera
through an object detection network. Instead of de-
signing a network architecture from scratch, we’ve
decided to choose YOLO (version 3 [2]) as our
object detection system. The reasons for this are:
YOLO [3] usage is very extended throughout nu-
merous projects and it has been proved to provide
a good ratio between accuracy and performance.
Keep in mind that this system is going to be used in
real time on a reduced hardware environment,
so high performance is absolutely necessary. In our
test, using images of size 416x416, we can do the
object detection task at 28 frames per second, which
is well above our target 20 frames per second.

Hayka
urexHuka. T. 19, Ne 1 (2020)


https://doi.org/10.21122/2227-1031-2020-19-1-
https://doi.org/10.21122/2227-1031-2020-19-1-

Proceedings of the 16" European Automotive Congress

There are plenty of datasets available to use
with YOLO, even pre-trained models freely available
to use. In order to maximize its performance and
minimize the error of the predictions, we have crafted
a custom dataset using images extracted from
Carla, some examples can be seen in Fig. 1.

Fig. 1. Sample car images taken from our dataset

The dataset contains just four classes (types of
objects that we want to identify): vehicles (inclu-
ding cars, buses, trucks, bikes and motorbikes), traf-
fic lights, traffic signs and pedestrians, which is much
less than the twenty general-purpose classes used in
the default dataset. Fine tuning the dataset and model
to our needs creates a smaller, lighter model which
results in faster and more precise predictions. Keep in
mind that the only class relevant to this project is the
“vehicle” class, the rest of the classes are included in
the dataset just for future use.

This is the first and most important NN in our
system. The raw data from the camera is passed
through it and the process begins. The network
detects the objects in the current frame and returns
the list of the detected bounding boxes. A bounding
box has the following attributes: the coordinates of
the object’s upper left and lower right corners in
the image, the object’s class (vehicle, traffic light,
traffic sign or pedestrian) and the confidence level
of the prediction. We set a minimum confidence
level threshold to validate the predictions and store
all the detected bounding boxes above that threshold
to further analyze them.

Our next step is motion tracking. There are two
possible scenarios for each object in the frame:
being a new object or being an object previously
detected on another frame. We check for con-
sistency between the new bounding boxes and
the bounding boxes we had already detected.
A process of trying to pair each new object with an
object from the previous frame begins here: we
check every bounding box of the current frame
against the ones we had from the previous frame
and try to pair the ones that offer the best overlap.
For each object, if the best overlap ratio is lower
than a threshold, we consider that the new bounding
box was not on the scene before this frame, which
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means that the object is new, so we add this object to
the scene. Conversely, if the overlap meets our
threshold, the object might be one that we are already
tracking. The next step to decide if it’s a new object
or not is to check color consistency between the two
objects, the new one and the candidate from the pre-
vious frame. Only if the colours are similar we con-
sider them to be the same object.

Here’s when a second Neural Network starts
to work. As we saw earlier, one important step
of the process is to estimate the distance between
our vehicle and the rest of the vehicles. Doing this
with LIDAR would have been much easier, as it
gives you the distance to all surrounding objects with
a high precision and low error rate. Getting that
measurements with a stereo camera setup is also fea-
sible, as that is the way the human brain can estimate
the depth of the different points of the surrounding
environment. The challenge is getting this data with
just one camera image as we lack a lot of the infor-
mation that makes the estimation possible.

A lot of the work done on this step is based on the
work done in this project [4], but we are using ano-
ther network architecture to try to speed up the pro-
cess while losing the minimum possible precision.

We built a dataset consisting on standard pic-
tures captured with a camera and their correspon-
ding depth maps. In the real world, you would
need a LIDAR to get the actual measurements, but
Carla provides us with tools to get this data. After
getting more than two thousand pairs of standard
and depth images, we train a new network to con-
struct a depth map from any given image. Using
a mean squared error metric, we get an error
of 0.0058 on the training set and 0.0087 which
means that our predictions should be, by average,
within a 9.73 % margin of the real value.

Fig. 2 shows an example of an image, its real
depth map and the predicted depth map created by
our network.

Having this second network creating the neces-
sary depth map makes possible the next step: estima-
ting the distance between our vehicle and each one of
the detected bounding boxes. This is a straightfor-
ward process: first, we get the bounding box of each
object (the bounding box contains the pixel coordi-
nates of the top-left and bottom-right corners of the
object in the rgb image), we then get the average
colour for that region in the depth map, (discarding
atypical values in order to reduce error). Then using
linear regression, we map that pixel’s rgb value
to a numeric value corresponding to the distance.
Every object in the scene contains the history of
the object’s estimated distances as well as their
associated timestamps.
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Fig. 2. Real and predicted depth maps comparison

If this is not a new object, we should have an
old distance estimate accompanied by the
timestamp of that measurement. Having this, we
can calculate the delta distance and the elapsed
time between the two instants and estimate the cur-
rent relative velocity of the object (related to our
vehicle). In the same way, we can estimate the cur-
rent relative acceleration if we have multiple ve-
locities recorded for the object.

Decision making
with a Neural Network

Once our system is able to generate all the data
we need, we can put it together into our practical
case: determining whether is it safe or not to perform
the incorporation into the roundabout. As we ap-
proach the roundabout, we are gathering information
about the rest of the vehicles. This is where the last
NN begins doing its job, but first we have to train it.

The training process is as follows: a human driver
watches the environment through the camera feed
and, he inputs to the training data if a incorporation
would be safe given the conditions in that instant.
This time, the output of the network would be
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a simple “yes” or “no”. The user’s elections are
recorded with their time stamps, as well as the video
feed from the camera. Then we use this data as
training data, feeding it into our NN. Given enough
data and time to compute it, out network can asso-
ciate scene features to one of the output labels
(yes/no) and learn how to make the predictions.

CONCLUSIONS

1. We have created a reusable framework that
sets the foundation for future projects. As this sys-
tem requires no specialized hardware aside from
a regular camera and a computer, we can easily
replicate the job done in the simulator in the real
world, without the need of spending money on ex-
pensive sensors or performing irreversible modifi-
cations in a vehicle.

2. We have achieved depth estimation and
3D-point reconstruction with a mono camera with
sufficient precision, but further refinements to the
system will be done. Right now, it doesn’t take into
account important factors such as camera FOV, and
camera height. Taking these factors into account will
improve our estimations and allow us to put the sys-
tem to work on different configurations, which is
impossible right now without losing accuracy.

3. Object recognition will continue to improve.
Future versions of current architectures or newly
developed architectures from now on will benefit
this project, as its modular nature allows us to easily
swap and integrate components into our system.

4. Motion tracking should be improved in the fu-
ture, as it is key to speed and acceleration estima-
tions. Using stereo cameras doesn’t add much cost to
the required hardware and will give us a boost in
accuracy, which will improve the data gathered by
the system, although, in its current state, we can rep-
licate the desired behavior safely.
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