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MECHANICAL TESTING OF HLAW WELDED JOINTS IN ACCORDANCE
WITH EUROPEAN STANDARDS — THEORETICAL APPROACH

Martin Petreski, Aleksandra Krstevska, Zoran Bogatinoski

Faculty of Mechanical Engineering, “Ss. Cyril and Methodius” University in Skopje,
P.0.Box 464, MK-1001Skopje, Republic of North Macedonia
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Abstract: Hybrid laser arc welding is a relatively new welding process, whereby combining the advantages
of two different processes, laser beam welding and gas metal arc welding, represents an excellent substitute for con-
ventional welding processes, but has not yet been sufficiently elaborated and researched. Additional research should
be carried out in terms of hybrid welding technologies, this leads to the creation and development of new standards and
procedures that would confirm their validity. The mechanical tests that could be destructive and non-destructive are the
primary indicator of the quality of the welded joint and the qualification of the welding technology. This paper presents
the current procedure for mechanical testing of welded joints performed by hybrid laser arc welding and the design of
the test specimens that depends on the type of the testing method and conditions in the relevant application standard.
In the final part, general conclusions are drawn regarding the standards covering the welded joint quality performed by
hybrid laser welding.

Key words: hybrid welding; test specimens; mechanical testing; standard; procedure

MEXAHMNYKO NUCITUTYBAIBE HA 3ABAPEHU CITIOEBHU N3BEJEHU CO XUBPUJIHO 3ABAPYBAIBE

COT'JIACHO CO EBPOIICKUTE CTAHJAPIN —- TEOPETCKHU INTPUCTAII

A 1mcTpaxkT: XuOpuaHO 3aBapyBame CO JIACEPCKH 3paK U eJIEKTPUUCH JIaK € PeIaTHBHO HOB MPOILEC Ha 3aBa-
pyBame K0j IpeKy KOMOWHHpPAamke Ha MPETHOCTUTE Ha [Ba PAa3INYHU IIPOLECa, 3aBapyBarbe CO JIACEPCKH 3PAK U MOTy-
aBTOMATCKO 3aBapyBambe CO TOILUTMBA €IEKTPO/IHA JKUIIA ITO] 3alITUTEH rac, MPEeTCTaByBa OJJIMYHA 3aMEHA 32 KOHBEH-
IMOHAIHHTE TPOIIECH Ha 3aBapyBare, HO ¢ YIITe HE € IOBOJHO eabopupaH 1 UcTpaskeH. Tpeba fa ce M3Benar A0moi-
HUTEITHN UCTPaXKyBamba IMOBP3aHHU CO TEXHOJIOTHATE 32 XHOPHIHO 3aBapyBame, MITO AOBEIYBa JI0 CO3/1aBaAE U Pa3Boj
Ha HOBU CTaHAAPM U MPOLEAYypH KO OM ja MOTBPAMIC HUBHATA BATMIHOCT. MeXaHMYKHTE HCIINTYBamka c€ OCHOBEH
MOKa3aTell co KOj Ce ONpeieTyBa KBAJIMTETOT Ha 3aBAPEHHUOT CII0j M KBamM(UKallija Ha TEXHOJIOTHjaTa Ha 3aBapyBambe
U THE UCTIUTYBamha MOXKAT JIa Ce U3BEAT CO pa3opyBame 1 0e3 pasopysame. OBoj TPy ja enmabopupa TeKOBHATA MOC-
TalKa 3a MEXaHUYKO HCIUTYBambEe Ha 3aBApCHU CIIOEBU U3BEIEHH CO XUOPUIHO 3aBapyBambe CO JIACEPCKU 3paK U eJIeK-
TpHYEH JIaK, KaKo U AN3ajHOT Ha ENPYBETUTE KOj 3aBUCH O] BUIOT Ha HCIHTYBAKETO U yCIOBHTE Ha MpuMeHa. Hakpaj
ce M3BEJICHN TeHEPATHH 3aKJIydOIM BO OJHOC HA CTAaHJapAWTE KOW IO MOKPHUBAAT KBAIHUTETOT Ha 3aBapeHUOT CIIOj
M3BEJICH CO XHOPHIHO 3aBapyBambe CO JIACEPCKH 3PAK U IEKTPHIEH JIaK.

Kayunu 360poBu: XHOpuIHO 3aBapyBambe; CNPyBETH; MEXaHWYKO UCIIUTYBabe; CTAHAAP/IM; IIPOLEAYPH

1. INTRODUCTION

Today's globalization is characterized by an
accelerated process movement of capital, resources,
products and services, resulting in a completely new
world trade structure, economic and financial flows,
internationalization of production, and acceleration
of technical and technological development. As a

part of mechanical engineering, the welding have
not been lagging in technological development, new
welding techniques and technologies are constantly
being introduced, which would result in reduced
production costs and improved technical charac-
teristics of the welded joints [1].

Hybrid laser arc welding (HLAW) is a relati-
vely new welding process, whereby combining the
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advantages of two different processes: laser beam
welding — LBW, and semi-automatic welding
processes such as gas metal arc welding — GMAW,
and flux-cored arc welding — FCAW, represents an
excellent substitute for conventional welding pro-
cesses [2, 7].

The implementation of new welding tech-
niques and technologies leads to the creation and de-
velopment of new standards and procedures that
would confirm their validity.

Mechanical tests are a primary indicator that
determines the mechanical properties of welded
joins, and they can be done destructively or non-de-
structively. The tests give results that, if within pre-
determined needs and criteria, guarantee the safety
of the welded structure, but if the results prove to be
‘poor’, they indicate defects in the welded joint and
require corrective actions to meet the required crite-
ria.

The mechanical testing of the welded joints
can be performed in two ways, on a fully welded
structure or test pieces — test specimens made from
a part of the welded structure, and the second way,
laboratory test specimens prepared and made under
the general conditions of welding in production,
which they shall represent.

Depending on the required criteria, the me-
chanical testing of the welded joint can be per-
formed on:

— Test specimens are entirely made of weld
metal (made in molds). The obtained results
will define the weld metal's mechanical pro-
perties without considering the base material
influence;

— Test specimens are made of welded joints
where the base material has been melted and
with a certain percentage mixed in the molten
mixture during the welding process. The per-
centage of participation of the base material in
the weld metal depends on the welding proce-
dure and welding parameters such as the weld-
ing current, voltage, diameter of the electrode-
welding wire, welding speed, welding posi-
tion, etc.

In this paper, the current procedure for
mechanical testing of welded joints performed by
hybrid laser arc welding HLAW is presented. The
procedures for the preparation of test specimens for
mechanical testing have been elaborated in detail
depending on the welded joint as well as the type of
mechanical testing (tensile test, bending, toughness
test, etc.).

2. PRODUCTION OF TEST PIECES — WELDED
SPECIMNES

The production of the test pieces — welded
specimens, must be carried out in accordance with
the prescribed norms and standards for the welding
procedure as well as the type of material which is
welded, while taking care that they are fully pre-
pared and made under conditions that correspond to
the production or assembly of the welded structure.

In order to determine the quality of the welded
specimens and their mechanical properties and thus
qualify the welding technology, it is necessary to
carry out destructive and non-destructive testing
after the welding process. The following types of
tests are mainly performed to determine the quality
of the welded specimens:

¢ Non-destructive testing of welded specimens:
— Visual and dimensional control.
— Liquid penetrant testing.
— Magnetic particle testing.
— Ultrasonic inspection.
— Radiographic inspection.
¢ Destructive (mechanical) testing of welded
specimens:
— Tensile test.
Bend test.
Impact testing.
— Hardness testing.
Metallographic inspection of the weld and
HAZ.

The testing procedures for welded specimens
performed by hybrid laser arc welding — HLAW,
must be performed in accordance with the standard
EN ISO 15614-1, more precisely with standard EN
ISO 15614-14 — Specification and qualification of
welding procedures for metallic materials — Welding
procedure test — Part 14: Laser-arc hybrid welding
of steel, nickel and nickel alloys [3, 4].

This standard proves the validity of the weld-
ing technology of the test piece and a welding
procedure qualification record (WPQR) is issued
based on it. For the purpose of complete inspection,
the test piece should have sufficient size to ensure
good heat distribution and sufficient surface area to
be able to produce all the required test specimens.
The rolling direction should also be marked on the
welded specimen for caution when the test speci-
mens are produced from the heat-affected zone [3].

In addition, the operator of the welding equip-
ment should be certified according to the standard
EN ISO 14732, while the welding parameters

Mech. Eng. — Sci. J., 41, 1, 5-13 (2023)
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should be in accordance with the preliminary weld-
ing procedure specification — pWPS [5, 6].

The dimensions and shape of the welded spec-
imens depend on the type of the weld, for a butt
weld the following dimensions are required (Figure
1):

7z

Fig. 1. Dimensions of a test piece for a butt joint in plate

with partial or full penetration [4]
1 — Preparation of the groove and positioning in accordance with pwWPS;
t — material thickness; a — minimum 150 mm; b — minimum 350 mm

3. EXAMINATION AND TESTING OF TEST
PIECES — WELDED SPECIMENS

Welded specimens after the welding process
are tested with destructive and non-destructive tests
in order to determined the quality of the welded
joint. Depending on the type of weld, the test pieces
should be in accordance with Table 1.

3.1. Location and taking of test specimens

Before being cut out of the test piece, test spec-
imens should be marked into several locations de-
pending on how many and what types of test speci-
mens are needed to test the mechanical characteris-
tics of the welded joint.

The test specimens shall be cut out, wherever
possible by a mechanical process, and machined to
the required dimensions. If the test specimens are
cut from the test piece by a thermal process, they
must be wide enough to ensure that the heat-affected
zone can be completely machined off.

Maw. undic. nayu. ciuc. 41 (1) 5-13 (2023)

Tablel

Examination and testing of the test pieces [4]

Test piece Type of test Extent of testing Footnote

Butt joint with

) 0 )
full penetration Visual 100 %

Radiographic

. 100 % a
or ultrasonic
gurfac_e crack 100 % b
etection
Transverse 2 specimens B
tensile test P
Transverse 4 specimens c
bend test P
Impact test 2 sets d
Hardness test ~ Required e
Macroscopic 1 specimen -
examination
Tgointwith o) 100 % f

full penetration

Branch connec- Surface crack
tion with full 100 % band f

penetration detection
Ultrasonic or

0,

radiographic 100% afandg
Hardness test ~ Required eand f
Macroscopic 2 specimens f
examination

Fillet welds Visual 100 % f
Surfac_e crack 100 % b and f
detection
Hardness test Required eand f
Macroscopic 2 specimens f

examination

2 Ultrasonic testing shall not be used for t <8 mm and not for material
groups 8, 10, 41 to 48.

P Penetration testing or magnetic particle testing. For non-magnetic
materials, penetration testing.

¢ For bend tests, see 7.4.3.

¢ 1 set in the weld metal and 1 set in the HAZ for materials > 12 mm
thick and having specified impact properties. Application standards
may require impact testing below 12 mm thick. The testing tempera-
ture shall be chosen by the manufacturer with regard to the applica-
tion or application standard but not be lower the parent metal speci-
fication. For additional test see 7.4.5.

¢ Not required for parent metals: sub-group 1.1. and groups 8, 41 to 48.

f Tests as detailed do not provide information on the mechanical
properties of the joint. Where these properties are relevant to the
application an additional qualification shall also be held, e.g. a butt
weld qualification.

9 For outside diameter < 50 mm no ultrasonic test is required.
F For outside diameter > 50 mm and where it is not technically possible
to carry out ultrasonic examination, a radiographic examination shall

be carried out provided that the joint configuration will allow
meaningful results.
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The test specimens for mechanical testing
should be taken after all non-destructive testing has
been carried out and which has passed the relevant
inspection criteria. If the test piece has imperfec-
tions within the acceptable tolerance for non-de-
structive testing, it is acceptable to take the test
specimens from locations not provided within the
standard.

The location for the test specimens depends on
the type of the weld, for a butt weld it should be in
accordance with Figure 2.

3

1. Discard 25 mm.

7 / 2. Welding direction.
3. Area for:
7 — 1 tensile test specimen,
I o B — bend test specimens.

4 Area for:
/

— impact and additional test
specimens if required.

5. Area for:
_— 5

| —] — 1 tensile test specimen
— bend test specimens.

6. Area for:

1)33)333))3373733737333339)] )
\

™~ .
\ — 1 macro test specimen;
1 — 1 hardness test specimen.

Fig. 2. Location of test specimens for a butt joint in plate [4]

3.2. Tensile tests

The tensile test is the most widely applied
static test that provides a lot of information on the
mechanical characteristics of the material under
test. The tensile test is carried out to determine the
tensile strength (Rm), breaking strength, contraction
and elongation, yield strength (ReH), young’s mod-
ulus and proportional limit stress [9].

The basic principle in the design of the welded
structures is that the weld strength should be equal
or higher than the base material strength. The test
specimen must be made of the same material as the
structure, while separating the test specimens from
the base material, care should be taken for structural
changes that would affect the final test results.

Tensile test specimens can be technical or
standardized. The technical test specimens are
tested in the state of application of the product, with-
out special machining of the measurement length.
On the other hand, the standard tensile test speci-
mens should be made in accordance with standard
EN 1SO 4136, and they can have a cylindrical or
prismatic cross-section [8].

The standard allows the test specimens to be
taken from locations with minimum imperfections
acceptable in non-destructive testing.

The symbols and abbreviated terms to be used
for the tensile test specimens are specified in Table
2 and represented in Figure 3.

The test specimen should be taken transversely
from the welded joint, which after machining, the
weld axis should be in the middle of the parallel
length (Lc) of the test specimen [8].

Additional heat treatment shall not be applied
to the welded joint or to the test specimen unless
previously specified, in case of heat treatment, any
details shall be recorded in the test report. If the test
specimens are cut from the welded plate with a ther-
mal process, cuts should be made at a minimum dis-
tance of 8 mm from the surfaces of the final parallel
length (Lc) of the test specimen [8].

Table 2

Symbols and abbreviated terms for tensile test
specimens [8]

Symbol Terms Unit
b Width of the parallel length mm
b1 Width of shoulder mm
d Diameter of the plug mm
D Outside diameter of the pipe mm
Lc Parallel length mm
Lo Original gauge length mm

Ls Maximum width of the weld after machining ~ mm
Lt Total length of the test specimen mm
r  Radius of shoulder mm
t  Thickness of the welded joint

ts  Thickness of the test specimen mm

- g» . '4 / J

. 4 |
I ‘ > ] / o B
L / /
. ( . 1 s ', LR

b) Multi specimen test

Fig. 3. Location of test specimens depending on the thickness
of the welded joint [8]

Mech. Eng. — Sci. J., 41, 1, 5-13 (2023)
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In general, the thickness of the tensile test
specimen (ts), should be equal with the base material
thickness near the welded joint (Figure 3a). If the
base material has thickness >30 mm and the appli-
cation requires testing of full thickness, several test
specimens should be produced from different levels
to cover the full thickness of the welded joint (Fig-
ure 3b).

The dimensions and shape of the test specimen
shall be in accordance with those given in Table 3,
with reference to the symbols in Figure 4 and Table
2. The thickness of the test specimen should be con-
stant along the parallel length (Lc) [8].

Fig. 4. Tensile test specimen for a butt joint in plate [8]

Table 3

Dimensions of the tensile test specimens
for a butt joint [8]

Denomination Symbol Dimensions

Total length of the test To suit particular testing

specimen Lt  machine
Width of shoulder bt b+12
12 forts<2
plates b
25 forts>2
Width of the
parallel legth 6for D < 50
pipes b 12 for50 < D < 168,3
25 for D > 168,3
Parallel length 2P Lc >Ls+60
Radius at shoulder r >25

3.3. Bend test

The bend test aims to check the deformation
capabilities of the welded joint, and it is a part of
technological tests, while the bending strength rep-
resents the essential characteristics of resistance to
bending. This test should be in accordance with
standard 1SO 5173.

The standard specifies 9 types of bend test
specimens made transversely and longitudinally to

Maw. undic. nayu. ciuc. 41 (1) 5-13 (2023)

the welding direction. Usually, there are made test
specimens for transverse root and face bend tests of
butt welds, but depending on the base material
thickness, lateral test specimens are made for side
bend test in such a way that after machining the
weld axis will remain in the center of the test
specimen [10].

The symbols and abbreviated terms to be used
for the bend test specimens are specified in Table 4
and represented in Figures 5 and 6.

Table 4

Symbols and abbreviated terms for bend test
specimens [10]

Symbol  Description Unit
A Min. elongation after destruction
depending of the material %
b Test specimen width mm
d Internal roller diameter (presser) mm
| Distance between the rollers mm
Lt Starting distance between the roller
contact and the weld axis mm
Ls Maximum weld width after treatment mm
Lt Test specimen total length mm
r Test sample edges radius mm
t Welded sample thickness mm
Ts Test specimen thickness mm
o Bending angle 0

b

r— 7

Fig. 6. Transverse root bend test specimen for a butt weld [10]
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Heat treatment shall not be applied to the
welded joint or the test specimen unless previously
specified, if a thermal process is used to extract the
test specimen from the welded plate, the cuts shall
be made at the minimum distance of 3 mm from the
test specimen [10].

The test should be carried out by placing the
test specimen on two parallel supports, where the
weld will be in the middle and is bent by applying
force from an upper roller. The bending takes place
continuously until a 2 mm crack appears, after
which the bending angle is measured. Otherwise,
the bending takes place until the test specimen sides
are parallel, up to a bending angle of 180°.

In general, the test specimen thickness for
transverse root and face bend test (t;), shall be equal
to the thickness of the base material near the welded
joint (Figure 7a). If the base material thickness is
greater than 10 mm, the test specimen thickness
shall be machined from one side to a thickness equal
to 10 £ 0.5 mm, while the root or face of the weld
shall be in tension zone. When the application
requires testing of a full thickness >10 mm, several
test specimens shall be taken in order to cover the
full thickness of the welded joint (Figure 7b). The
same procedure shall be for the side bend test.

b

E  BE
b ;] ;I i
[y ) =g
(4

Fig. 7. Root and face bend test specimens for a butt weld [10]

In terms of the dimensions, the width (b) of the
test specimen for transverse root or face bend test
shall be 4t; or greater, unless otherwise specified in
the relevant application standard. The total length
(Ly) of the test specimens shall be equal to the re-
quired value, i.e. from 250 mm to 450 mm for test
specimen thickness up to 30 mm, on the other hand,
the dimensions are related to the diameter of the up-
per roller and distance between supports [10, 11].

3.4. Impact test

The purpose of this test is to determine the
toughness of the weld and HAZ, therefore the test
specimen with V or U-notch shall be used, accord-
ing to standard ISO 9016 (Figure 8).

b = 1d¥
55 206 b
———— —_ —— -
| i -
ey It =
%?E;_ ' & “"}_SI
A
[a52:2°
A = So0e
- 5506 . 10 =01
| | .
Jr0gy i porerd B
o) =

Fig. 8. Impact test specimens with V or U notch [12]

The Charpy impact test is performed on a
Charpy pendulum, which should be constructed and
installed according to standard EN 10045-2.

The test shell be carried out at the specified
temperature, usually 23°C + 5°C. If the test should
be performed at high or low temperatures, the test
specimens must be placed in an environment that
will ensure the required temperature. The test spec-
imen should be examined immediately afterward
within 5 seconds.

The locations for making the test specimens
and the temperature at which they will be tested
should be in accordance with standard 1SO 15614,
while the dimensions and the test principle should
be in accordance with standard EN 1SO 9016 [4].
However, the test temperature, type, location and
size of the test specimen, and notch orientation shall
be in accordance with the required application.

Impact test specimens should have the follow-
ing characteristics:

— 1st character U: Charpy U-notch.
V: Charpy V-notch.

— 2nd character W: Notch in the weld metal;
the reference line is the centre
line of the weld at the position
of the test specimen.

H: Notch in the heat affected zone;
the reference line is the fusion
or the joint line (notch will
include HAZ).

— 3rd character S: Notched face parallel to the sur-
face.
T: Notch through the thickness.

— 4th character a: Tthe distance between the notch
and the reference line.

— 5th character b: The distance between the weld
joint face to the nearer face of
thetest specimen.

Mech. Eng. — Sci. J., 41, 1, 5-13 (2023)
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In order to test a fully welded joint, the stand-

ard 1SO 15614-14 requires the test specimens with

VWT and VHT marking. From each specified loca-
tion, each set shall be comprised of three specimens

(Figure 9).

Fig. 9. Locations of the impact test specimens

Table b

The test specimens with Charpy V-notch shall
be used and sampled from a maximum of 2 mm be-
low the surface of the base material and transverse
to the weld.

The absorbed energy shall be in accordance
with the appropriate base material. The average
value of the three specimens shall meet the specified
requirements. For each notch location one individ-
ual value may be below the minimum average value
specified, provided that it is not less than 70 % of
that value [4].

The impact test specimens are made by ma-
chining from the middle part of the welded plate,
Figure 2 zone 4, while the dimensions and its toler-
ances shall be in accordance with standard EN 1SO
9016 (Table 5).

Dimensions and tolerances of impact test specimens [12]

U-notch test specimen

V-notch test specimen

Term (description)

Nominal Machining Nominal Machining

dimensions tolerances dimensions tolerances
Length 55 mm +0.60 mm 55 mm +0.60 mm
Heigth 10 mm +0.11 mm 10 mm +0.60 mm
Width
— standard test specimen 10 mm +0.11 mm 10 mm +0.11mm
— rediced thickness test specimen / / 7.5 mm +0.11mm
— rediced thickness test specimen / / 5mm +0.06 mm
Notch height 5mm +0.09 mm 8 mm +0.06 mm
Notch radius 1 mm +0.07 mm 0.25 mm +0.025 mm
Notch angle / / 45° +2°
Distance between the notch axis and the ends
of the test specimens 27.5 mm +0.42 mm 27.5mm +0.42 mm
Angle between the planes of the welded sample
and the test specimen 90° +2° 90° +2°

3.5. Hardness test

According to the standard 1SO 15614-14, the
welded joint performed by hybrid laser arc welding
is not subject to a hardness test, unless otherwise
specified in the relevant application standard. If the
hardness test is required should be done according
to standard EN 9015-1 [4].
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The hardness of the welded joint should be
measured by Vickers method by applying a load of
98N (HV 10) on polished and etched test specimens
whose test face is perpendicular to the weld axis.
Normally, the test shall take the form of rows of
hardness measurements, one for fillet welds and at
least two rows for butt welds, the first one in the root
area, and the second one in the cover pass area [11].
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Hardness values should be determined for the weld
metal, HAZ and base material in order to evaluate
the range of hardness values across the welded joint
[3].

The number of rows depends not only of the
type of the weld, but also on thickness of the base
material. For material thickness < 5 mm, only one
row is performed at a depth of <2 mm below the

upper surface of the welded joint. For a base mate-
rial thickness over 5 mm, two rows should be per-
formed at a depth of <2 mm below the lower and
upper surfaces of the welded joint [4]. Should this
be insufficient for an adequate assessment of the
welded joint hardness, additional rows shall be per-
formed in the area between the root and cover pass.
The arrangement of the rows of hardness measure-
ments shall be as shown in Figure 10 [4, 11].

\

hO) distance from the surface

hG distance from the undersade

hW distance of the row of hardness
mcasurcments for the root arca

from the surface

Fig. 10. Hardness testing with rows of hardness measurements [11]

For hardness test, certain guidelines should be
met, for each row, the measurements should be done
in three zones, the weld (3), the HAZ (2), and the
base material (1), and at least 3 individual indenta-
tions should be taken in each area (Figure 11). In the
HAZ the first indentation shall be placed as close to
the fusion line as possible [4, 11, 14].

Fig. 11. Location of the indentations in butt welds in ferrous
metals [13]

4. CONCLUSION

The introduction of new welding techniques
and technologies leads to creation and development

of new standards and procedures that confirm the
quality of the welded joint.

Hybrid laser arc welding — HLAW, is a rela-
tively new welding process that provides several ad-
vantages over conventional welding processes but
has not yet been sufficiently elaborated and re-
searched. For a better understanding of the hybrid
process, additional research should be carried out in
the field of welding technology, and the only way
for verification is the production and testing of test
specimens according to the prescribed norms and
standards.

The test specimens used to prove the quality
and mechanical characteristics of the welded joint
performed by HLAW process are very similar to the
test specimens of the conventional welding pro-
cesses. However, there are certain deviations and
additions that are prescribed in standard 1ISO 15614-
14: Specification and qualification of welding pro-
cedures for metallic materials — Welding procedure
test — Part 14: Laser-arc hybrid welding of steels,
nickel and nickel alloys. According to standard ISO
15614-14, the mechanical tests that can be destruct-
tive and non-destructive are the primary indicator of
the quality of the welded joint and the qualification
of the welding technology.

The test specimens for tensile test of the
welded joint are prescribed in standard 1SO 4136

Mech. Eng. — Sci. J., 41, 1, 5-13 (2023)



Mechanical testing of HLAW welded joints in accordance with European standards — theoretical approach 13

and they can be technical or standardized, the sec-
ond type can have a cylindrical or prismatic cross-
section, heat treatment shall not be applied to the
welded joint or to the test specimen unless previ-
ously specified.

The bend test aims to check the deformation
capabilities of the welded joint and should be per-
formed according to standard ISO 5173, the dimen-
sions of the test specimens depend on the base ma-
terial thickness. Heat treatment shall not be applied
to the welded joint or the test specimen unless pre-
viously specified.

The impact test of the welded joint is per-
formed by the Charpy method on square cross-sec-
tion test specimens with a V' or U-notch and manu-
factured according to the standard 1SO 9016.

The locations for making the test specimens
and the temperature at which they will be tested
should be in accordance with standard 1SO 15614-
14, more precisely, from each location set of three
test specimens with marked VWT and VHT should
be made.

According to the standard ISO 15614-14, the
welded joint performed by hybrid laser arc welding
is not subject to a hardness test, unless otherwise
specified in the relevant application standard. If the
hardness test is required should be done according
to standard EN 9015-1, in the form of rows of hard-
ness measurements in the weld metal, HAZ, and
base material.
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Abstract: Today we are involved in the fourth industrial revolution which aims towards autonomous working
smart factories operating in smart manufacturing of smart industry. In this paper is discussed about Industry 4.0 and
the influence of this new technological revolution in welding engineering. Smart factories are aiming for smart
production using humanles and paperless technologies and accordance to that is analyzed the influence on welding
engineering. Interconnectivity among welding power sources, software, and manufacturing decision-makers makes
possible the integration of Industry 4.0 in welding environment. Working together with the “Internet of Things” and
“Industry 4.0” the possibility for implementing sensor technology to provide real-time welding process monitoring and
high-quality production has been met.

Key words: Industry 4.0; welding engineering; weld monitoring

BJINJAHUE HA NTHAYCTPUJATA 4.0 BP3 3ABAPYBAIETO
— TEOPETCKHU ITPUCTAII -

AmncTpaxT: JleHec cMe HHBOJIBUPAHHU BO YETBpTaTa MHAYCTPUCKA PEBOJIyILIHja KOja ce CTPEMHU KOH aBTOHOMHH
nameTHH (GaObpuKH Kou paboTaT BO MTAMETHO MPOM3BOJICTBO HA MaMEeTHA HHAYCTPHja. Bo 0BOj TPy € AUCKYTHUPAHO 32
Wnnycrpujara 4.0 ¥ HEj3MHOTO BIWjaHHE Bp3 3aBapyBameTo. [lamMeTHHTE (haOpUKK ce cTpeMaTr KOH IaMEeTHO MPOH3-
BOJICTBO KOPUCTEjKU TEXHOIOTHH 0e3 JTyfe U XapTHja i COOJBETHO HA TOA CE aHATM3UPA BIIMjaHUETO BP3 3aBaPyBAETO.
MeryceOHaTa MOBP3aHOCT Ha M3BOPHUTE Ha CHEPIHja 3a 3aBapyBame, COPTBEPOT M OUTYKHTE MOBP3aHU CO IPOU3-
BOJICTBOTO TO OBO3MOXH MHTETpupameTo Ha MHnycrpujata 4.0 Bo obiacta Ha 3aBapyBameTO. 3aTHHYKOTO KOPHUC-
Tewe Ha “MHTepHeT Ha HemTata” u “HHnyctpuja 4.0” ja 0TBOpa MOKHOCTA 32 IMILIEMEHTHPAE Ha CEH30pHATa TEXHO-
JIOTHja BO CIIEJICHETO Ha 3aBapYBAYKUOT IPOLIEC BO PEATHO BPEME, a CO TOA M 3a/I0BOJIyBabe Ha MOTpedaTa of1 3aBap

CO BHUCOK KBaJIUTCT.

Kayunu 36opoBu: Unnycrpuja 4.0; 3aBapyBame; MOHUTOPUHT Ha 3aBap

1. INTRODUCTION

This paper discusses about the technological
industrial revolutions especially about the fourth
industrial revolution and its emphasis on welding
engineering. All of the industrial revolutions are
defining the process of change from a handicraft
economy to one dominated by industry and machine
manufacturing. These technological changes intro-
duced new ways of working and living and funda-
mentally transformed society. Every industrial rev-
olution indicates the technical progress of industry.

Welding presents a major joining process in
modern manufacturing, primarily used for the crea-
tion of metal structures and components, as well as
maintenance and repair operations. It is playing a
significant role in manufacturing, especially in in-
dustries that use complex metal components and
structures.

Until now, little importance has been given to
Industry 4.0 and its impact on welding engineering.
Recent developments in welding engineering have
shown the need for an automated weld monitoring
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system and as result of that it brings digital connec-
tivity to the welding engineering. The role of the au-
tomated weld monitoring system is to deliver a di-
agnosis of weld guality, so needs to be able to track
welding parameters: current, voltage, gas flow rate,
wire feed speed, and take multiple measurements
every second. Using patented algorithms to analyze
the real-time welding data, modern weld monitoring
measurement systems can detect when a problem
arises [1].

2. REVIEW OF THE INDUSTRIAL
REVOLUTIONS

The historical timeline of technical progress is
presented in Table 1 [2]. All these four revolutions
significantly affected on the organization of work in
companies and influenced on the development of
civilization and the quality of peoples life.

Tablel

History of technical progress [2]

Industrial . )
ey e ey
First 1784 —mid  Water and steam — powered

19" century  mechanical manufacturing

Second Late 191 Electric — powered mass

century — production based on the division
1970s of labor (assembly line)
Third 1970s — Electronics and information

today technology drives new levels
of automation of complex tasks

Fourth Today Sensor technology,
interconnectivity and data
analysis allow mass
customization, integration
of value chains and greater

efficiency

Industry 1.0 was established in England at the
end of the 18" century and mid of the 19" century,
to 1840, and is related to the mechanization of
production and vast usage of steam power. The
revolution impacted the textile industry, mining and
agriculture marking the first major transition from
handicraft economy to one involving the use of
machines in the manufacturing processes.

The second industrial revolution (2.0) began in
the late of the 19th century, around 1870s, also known
as the “Technological Revolution Era”, involving

industrial processes that used machines powered by
electrical energy. In this second revolution Henry
Ford, known as the father of automotive mass man-
ufacturing, was the first to bring the idea of mass
production. Starting from using conveyor belts for
pigs to implementing these principles into the pro-
duction of automobiles and creating a system where
all vehicles are produced step by step on a conveyer
belt.

The third industrial revolution started in 1969
where programable logic controllers were imple-
mented on programable digital machines [3]. Start
of digital revolution that marked the history of hu-
manity. This revolution period introduced digitali-
zation of production, computing devices and the use
of new energy harvesting sources.

The fourth industrial revolution was initiated
with its official use in 2011 as a name for a digital
manufacturing project at the Hannover Messe, and
today we are witnessing this Fourth Industrial Rev-
olution. The fourth industrial revolution, also known
as Industry 4.0, indicates the present phase of tech-
nical progress as a result of progress in information
technology.

These technological revolutions and the transi-
tion from one period to another did not happen sud-
denly. In the second half of Industry 3.0 the progress
of artificial intelligence is noted which is integral
part of the following Industry 4.0 as a foundation for
entering in the next technological industrial revolu-
tion.

3. INDUSTRY 4.0

The most used technical terms in the past years
as “Internet of Things” and “Industry 4.0” are
defining the new industrial revolution. The Industry
4.0 aims towards autonomous working smart factor-
ies and this is done by equipping almost everything
with information and communications technologies
of modern PCs. The last step is to connect them to a
cyber-world, the internet. With the 10T all the manu-
facturing informations are stored in cloud. Intelli-
gent software tools manage and control manufactur-
ing processes and organize the supply chain. The
end product will be produced on demand by additive
manufacturing [4].

Production tools and manufacturing equip-
ment as physical objects need to be digitally con-
nected with the virtual world. Bauernhansl et al. [5]
identified three key areas which will raise the eco-
nomic benefit:
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Influence of Industry 4.0 in welding engineering — theoretical approach 17

— The use of 10T and the digital services within
the whole value chain.

— The change in hardware design from mecha-
tronic to cyber-physical systems to make a
comprehensive industrial-based network pos-
sible.

— Data generation, real-time “Big Data” analysis
and development of prediction models for op-
timization control systems within the value
chain.

The new fourth revolution gives the founda-
tion of “smart factory” where we are witnessing the
transformation from manufacturing industry. Not
only automation and data exchange in manufactur-
ing technologies, but beyond that, it is oriented to-
wards the chain between the end points, including
storage, logistics, recycling, energy systems, etc.
With the implementation of cyber-physical systems,
intelligent networks, intelligent logistics promote
the establishment of smart factories operating in
smart manufacturing of smart industry.

Industry 4.0 is based on nine technological pil-
lars (Figure 1) [2] and aims to creation of digital

Table 2

production companies based on humanless and pa-
perless technologies.

P

.&‘\

-
3 Ly
“—
Autonomous
' robots
-
Big data Simulation
and analytics
@
Industry 4.0
Augmented Horizontal and vertical

reality system integration

- "

Additive The Industrial
/

manufacturing )\/ SLUPH internet of Things
2 \ /
~ .
\ / & P

The cloud Cybersecurity

Industry 4.0 is the vision of the
industrial production of the future

Fig.1. Technological pillars of Industry 4.0 [2]

On Table 2 are given nine technological pillars
of Industry 4.0 and how they are implemented in
this new era of the fourth technological revolutions.

Technological pillars of Industry 4.0 [2]

Autonomous robots

Autonomous, cooperative robots, intelligent operation, standardizes interfaces

Simulation
systems

Horizontal and vertical system
integration

The Industrial Internet of Things
network members

Cyber-security
system into a network

Cloud based systems
manufacturing systems

Additive manufacturing
Augmented reality

Big data and analytics
optimization.

Simulation of value networks, optimization of real-time data originated from intelligent

Complete enterprise data-integration based on data transfer standards, preconditions for
establishing a fully automated value chain (from the supplier to the customer, from
management to the workshop)

The network of machines and products, multidirectional communication between the
Operation in networks and open systems, organizing intelligent machines, products and

The management of large amount of data in open systems, real-time communication between

3D printing for producing prototypes and individual components
For maintenance, logistics, various standardized operation processes, display

The full evaluation of available data, the support of real-time decision making and

As a result of manufacturing automation, bet-
ter utilization of assets and efficient stock manage-
ment is reduced manufacturing time and is noted
growth of productivity. With the implementation of
robots is expected improvement of flexibility and
with real-time quick interference in case of errors

Maw. undic. nayu. ciuc. 41 (1) 15-21 (2023)

with the help of advanced sensor technology and ar-
tificial intelligent is improved quality. Thanks to the
advanced simulation devices and solutions effi-
ciently fulfilling to the customers needs is reduced
the lead time between plans and their realization [6].
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4. INDUSTRY 4.0 IN WELDING
ENGINEERING

The fourth industrial revolution impacts also
on welding engineering. One of the developments in
Industry 4.0 is the robotization of welding by imple-
menting sensor technology, application of artificial
intelligence, the development of standardized robot
interfaces, interface for open-source programming,
remote diagnosis via the Internet, maintenances, in-
telligent forecast of the need for part replacement
[7]. Industry 4.0 represents “smart factories” where
industrial welding robots are connected to a network
and exchange information to improve their work. In

Industry 4.0 are implemented cyber physical sys-
tems, systems that can connect the digital world
with the physical world and optimize results thanks
to continuous data analysis.

Welding parameters must be digitalized, and
that means that welding machine needs to be equi-
pped with hardware and software that will play the
key role of the welding machine. This will arise ul-
trahigh speed data communication within the wel-
ding machine, but also the internet and the devel-
opment of strategies for securing data and cyber-se-
curity. The influence of all four industrial revolu-
tions on welding is shown on Figure 2 [12].

Ancient
manufacturing
.
1
.
(@) +(® >
(,I) ' ? '\TJ v(.l)
Era Industry 1.0 Industry 2.0 Industry 3.0 Industry 4.0
"""""" >  Endof 18" century lo End of 16th century Started at the mid of 21t century
beginning of 19" century 19th cenlury (2014 cnwards)

Industrial
frans formation

Mechanization,
and sieam power

Welding

pProcesses u sed

-----------

* Forge welding

|

Electrical energy,
mass production,
assembly line, elc,

* First electrc arc

* Welding of lead plates
using carbon elect:ode
» Welding with bare metal

|

Automation, compuler
eleclronics etc.

« SMAW

* Resisiance spot welding
« Flash butt weiding

* Seam wealdng

* Projection welding

|

Intemet of Things, cyber
physical system, cloud
computing etc.

= Intaligentized robots for welding

= Cloud-enabled communication for
tele-monitoring and contrel

« Data aralysis for predictive
maintonance

electrodas

Advancements in welding

* Thermite welding

* lhvention of atemating current
« GTAW

« GMAW

+ Carbon dicxide gas welding

« Plasma arc welding

« Electron beam welding
« Laser beam welding

* Friction weiding

* FSW

Fig 2. Evolution of technological revolutions and welding [12]

The developments of welding equipment influ-
enced by Industry 4.0 contributed to the improve-
ments in welding environment. Working together
with the industrial internet of things and the cloud-
based systems for data transfer, the following bene-
fits can be observed: guaranteed and increased qual-
ity, increased productivity, cost reductions, man-
agement [8].

Interconnectivity among welding power sour-
ces, software, and manufacturing decision-makers
makes possible the integration of Industry 4.0 in

welding environment. The connection between
intelligent power sources, robots, data collection,
storage systems and weld monitoring software need
to be integrated together so that can define the
whole welding process. The software needs to track
the whole welding procedure specification: wire
feed speed, amps, volts, weld duration and heat in-
put, and the monitoring software needs to record the
prescribed welding parameters. The software for
welding machines is designed to increase welding
efficiency whether is done by a robot or a human
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operator. By implementing Industry 4.0 all the hu-
man experience and the knowledge needs to be dig-
italized, between material selection, welding proce-
dures, interaction with the heat source, metallurgy
and joint properties. The welding machines need to
be equipped with powerful microprocessor where
the electronics will have to operate in a very harsh,
dirty and dusty industrial surrounding.

The control of welding parameters needs real
time response and powerful hardware. The use of
real-time monitoring allows avoiding defects and
producing high quality joints. To illustrate, the use
of arc sensors in GTAW system with automatic
voltage control system is shown on Figure 3 [9]. The
arc sensor controls the arc length with an automatic
voltage control system as it can measure the position
of the electrode over the joint groove.

Seno Welding
motor torch Shielding
v /-\ gas
ref —p
| |
|
Varc i l | |
TTT Tungsten + T
Shielding _f. ) electrode | I |o
B Constant
.| [ I
gas vl / Jb—g current
| Water power
______ coolant 9 souree
L
ZE____ A

Workpiece

Work
clamp

Fig. 3. GTAW system with automatic voltage control system

9]

When discussed about weld monitoring sys-
tem, optical sensing systems have been developed
to monitor and sense welding processes. One system
that uses optical sensors is the stroboscopic video

Angled probe Ultrasonic
\ sensor
A\ S P
\ Weld pool | ¥ ¢ > %
. \' y f \ . . 3
\ . ’
L 3
‘\\ ,/1
\ p
N /
N\ 7 NS 5
N |

camera system (Figure 4) who can capture a video
image from the process and it is designed for high
temperature conditions such as welding processes.
The stroboscopic video camera system consists of a
laser unit, camera unit, and system controller [10].
The system can measure a two-dimensional weld
pool boundary. Figure 4 shows the designed mea-
surement system diagram, where the camera obser-
ves the weld pool at an angle to the direction of the
weld and the laser is projected in the opposite
direction [10].
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Fig. 4. Stroboscopic video camera system [10]

Another method is the ultrasonic technigue in
online weld monitoring for monitoring the welding
process in real time and determining the weld joint
penetration and joint tracking. On Figure 5 is shown
the weld pool depth measurement using two shear
wave probes asymmetrically disposed around the
electrode center line. On Figure 5 is also given sche-
matic diagram of the signals generated due to ultra-
sonic beam spread, where A is the penetration con-
trol signal, B is joint tracking signal, and C is the
possible quality indication signal [11].

Ultrasonic
angle
probe

Welding
direction

Fig. 5. Ultrasonic method for online weld monitoring [11]
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With the ultrasonic method can be detected all
existing welding defects in real time by a multifunc-
tional ultrasonic sensor at real welding speed. The
technology provides a real non-contact and remote
access approach for real-time welding monitoring
which plays an important role in development the
next-generation intelligent welding machine [1].

In Industry 4.0 a step forward is done with au-
tomation of friction stir welding processes by utility
of data in online process monitoring and control.

Meghamala

Cloud
computing Database
L
4

¥ -
Data transmission A A
(Tele-welding) . - .
f

Control panel -
for FSW | ,,,‘ FSW
machine machine

No change in parameters

Data processing script for
\ computation of D1 coefficients

Real-time feedback to welding
machine for weld quality control

The data from the welding process is used for online
prediction of weld quality and control of the weld,
presented on Figure 6 [12]. With implementation of
the pillars of 14.0 to friction stir welding a weld
quality can be predicted: tensile strength of the weld
in real time and control of quality. For all the quality
measuring parameters are used different signals so
the utilization of sensors and proper signal pro-
cessing techniques is the foundation of implement-
ing Industry 4.0 in welding processes.

Reference tensile
strength

Y
» ML(1): predicts the /M,’:n\)M
N\ /

tensile strength
N/

Yes, deviation
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reference and
predicted values

v
ML(2) : predicts the
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>

Fig. 6. FSW schematic diagram for real-time weld quality prediction and control [12]

5. CONCLUSION

The fourth industrial revolution has influenced
welding engineering. It has become important to
achieve efficiency in production, transparent plan-
ning, quality management, final costing, and effec-
tiveness of the company. By intelligent weld moni-
toring the factory will provide documentation of the
welding parameters, real-time parameter monitor-
ing on the welding machine, and precise specifica-
tions from component management. With the weld
management a consumption values for power, shiel-
ding gas, welding consumables and welding time
are recorded to recognize potential savings and can
influence on cost reductions.

The impact of Industry 4.0 in welding engi-
neering is resulting in advanced welding technology
helping factories to improve their efficiency and
productivity. Advanced welding technology plays
an essential role in creating lean manufacturing pro-
cesses. It is important not only to achieve efficiency

in production but also to obtain appropriate effec-
tiveness of the factory. With the right type of tech-
nology, it can be eliminated workflow delays and
duplications and accelerate entire processes through
the automation of individual tasks.
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Abstract: Asaresult of continuous technological development, repetitive manual tasks can be performed by
automated systems which are required to meet the challenges and requirements of the modern world. An ordinary lock
can be upgraded with programmable components so that it can be controlled by electrical power. This kind of lock
would also allow a higher level of flexibility when dealing with multiple users of an object. This paper proposes a
combination of electronic components and a mechanical lock controlled by an Arduino controller. There are three main
subsystems: an authentication system, an output system (locking mechanism), and an alarm system. The proposed
standard password authentication can be performed by both, physical input on a keypad or through bluetooth commu-
nication via a mobile application. The alarm subsystem allows additional safety from unauthorized access. The locking
mechanism is driven by a servo motor and can be implemented on several types of access points such as doors, drawers,
safes, and so on.

Key words: automation; safety lock; alarm; design; Arduino controller

JAU3AJH U UMIIVIEMEHTALIMJA HA ABTOMATHU3UPAH BE3BEJHOCEH CUCTEM
3A 3AKJIYYYBAIBE CO IIOBEKE ABTEHTUKAIINHU U 3AHITUTEH AJTAPM

A ncTpaxkT: Kako pe3yirar Ha MOCTOjaHHOT TEXHOJOIIKH Pa3BUTOK, IIOBTOPJIMBUTE MaHYEITHH aKTHBHOCTH
MOJXAaT JIa Ce U3BPILYBaaT cO MOMOLI HA aBTOMAaTH3UPaHU CUCTEMM KOM UMaaT 3a Liel Jla TH COBJIaJaaT MoTpedbute u
MIPEM3BULINTE Ha MOJEPHHUOT cBeT. CHcTeMOT Ha 0Om4yHa OpaBa MOXKe Zla Ce HaArpaayl cO MPOrpaMabHiIHA KOMIIO-
HEHTH ¥ Ha TOj HAUWH Taa J1a MOKe Jla ce YIpaByBa CO TIOMOINI Ha elIeKTpUYHa eHepruja. BakBara OpaBa ucto taka Ou
Omwra nmogekcnOWITHA BO ClIy4yaj] Ha TOBeKe KOPHCHHIM Ha HEKOj 00jekT. Bo 0BOj Tpyxn ce mpemiara au3ajH Ha
aBTOMaTH3MpaHa OpaBa KOj KOMOMHHpA €IeKTPOHCKH KOMIIOHEHTH M MEXaHUYKH CHCTEM 3a 3aKJIy4yBame yIpaByBaH
o ApaynHoB KoHTpousiep. Ce cOCTOM Of TPH TJIaBHU MOTCUCTEMH: aBTEHTHKAIMCKU CHCTEM, M3JIe3eH CUCTeM (MeXa-
HHM3aM 32 3aKIy4dyBame) U cUCcTeM 3a ayapM. [IpeutoxxeHara npoBepka Moxe aa Ouje u3BeieHa co HU3MUKH BHEC HA
JIO3MHKA HA TacTaTypa WIM NpeKy KoMyHukauujata ,Dbluetooth” co moGunHa ammikanuja. AJTapMHHOT CHCTEM
0BO3MOXKYBa Jio/laTHa 6€30€IHOCT 01 IPHUCTAIl Ha HEOBJIACTEHH JIMLa. MEeXaHU3MOT 3a 3aKIIydyBabe € yIpPaByBaH O
CEpBOMOTOP M MOXKE J1a ce IPUMEHHM Ha Pa3IMYHH BUAOBHU MPUCTAIIHU TOYKH, HA IPUMeEp BpaTH, QHUOKH, ce(hOBH UTH.

Kuayunu 36opoBu: aBromMaru3anuja; 6e30e1HOCHO 3aKIyqyBabe; alapM; AU3ajH; ApIyHHOB KOHTPOJIEP

1. INTRODUCTION

User authentication is a useful tool for ensur-
ing limited access to a device by verifying the user’s
identity. Only the user(s) that know the password
can enter the access point. The motivation behind
this idea comes from the necessity of an automated

lock system that allows the privacy of user authen-
tication within a physical domain. It enables easier
control of the desired access point (door), without
the concern of where someone has left their keys.
There are diverse designs that allow automatic door
authentication and access. I. Yugashini et al. [1]
proposed a complex algorithm of face recognition


https://doi.org/10.55302/MESJ23411660023p

24 S. Premceski, D. Korunoski, A. Ignjatovska, D. Pecioski

using a magnetic door. If the user were to be recog-
nized, the controller would send a signal to unlock
the door. The system incorporates a GSM (Global
System for Mobile communication) modem that
sends a message to the host if the face of the person
trying to enter has not been recognized. The system
ranges from home appliances to large-scale installa-
tions. Its drawback is the rare use of GSM applica-
tions and the cost of the algorithm. O. Doh and I. Ha
[2] proposed a digital lock system controlled by a
Raspberry Pi computer. The validation of the user
can be achieved through a standard password, blue-
tooth communication or facial recognition. If an in-
truder tries to open the door with an impact, the sys-
tem can detect it, take a picture of the intruder, and
send it to the server through wireless communica-
tion. The computer serving as a controller is much
more powerful, but also less cost-effective. P. Bhu-
shan et al. [3] proposed a complex door lock system
that incorporates a server installed on the door. Au-
thentication is done by combining RFID (Radio Fre-
guency ldentification) and biometrics. The server
controls the digital lock and communicates with the
smartphone. Its downside is using a whole server
just to control a door which is not effective. S. Gos-
wami et al. [4] proposed a door lock system con-
trolled by an “8051 controller”. In this paper, the
proposed system is powered by AC (alternating cur-
rent) voltage. The authentication is performed by in-
putting a password through a 7-segment display. T.
H. Thoung and Dr. Z. Ma Ma Myo [5] proposed a
system that is implemented on university entry
counters. A PIR (passive infrared) sensor detects a
person’s motion and opens the entry with the use of
a stepper motor. This paper, however, does not fo-
cus on safety and authentication. A more elegant
and more complex approach was proposed by T.
Adiono et al. [6], whose paper revolves around the
idea of smart home application. The main controller
is a Raspberry Pi computer, where the validation of
the user is performed over a smart application that
connects to the controller through cloud storage. It
is GPS (Global Positioning System) based, meaning
that the phone sends its coordinates to the user. The
lock serves as an on/off solenoid switch that re-
ceives a signal from another controller through the
main host. This kind of system has two controllers
and GPS is rarely used for safety lock applications.
H.-S. Lee and L.-C. Hsieh [7] proposed a design of
a mechanism for car-door opening. The actuator for
this design is a DC (direct current) motor. Its motion
is converted to linear with a worm gear, which then
transfers its output motion to a screw pair. This en-
ables linear motion of the screw slider, which

matches the kinematic requirement of a car-door.
This paper does not focus on the control of the mo-
tion, but rather on the motion itself. Downs et al. [8]
designed a residential door opener that enables mo-
tion with a wire and set of pulleys. Their concept
also includes detailed technical documentation and
dynamic analysis as proof of concept. The motion is
performed by a motor which is controlled by an Ar-
duino controller. This paper focuses on the motion
of the mechanism, rather than the safety of the ob-
ject.

A review of relevant literature shows that dis-
tinct types of systems have their own deficiencies,
which mainly revolve around complexity and cost-
effectiveness. This paper, which is a part of a bach-
elor’s degree thesis, proposes a design of an auto-
mated safety lock with an equivalent safety level
while keeping low costs and simplicity.

2. METHODOLOGY

Developing a safety system that is reliable and
grants a high-security level, which is low-cost and
effective, is the aim of this paper. Such a system re-
quires automatic actuation and control, as well as
real-time information sharing. In this regard, low-
budget equipment has been chosen for the prototype
of this system. In the proposed system, the required
manual task for unlocking a mechanical lock is sub-
stituted with an electrical signal from an Arduino
controller. Figure 1 shows a block diagram of the
overall system architecture and its levels of commu-
nication. The locking mechanism will be presented
more specifically in the next section. The user could
cross the access point over two different and inde-
pendent ways of authentication. The first authenti-
cation is standard, by inputting a previously memo-
rized password. The user could enter the password
on a keypad, and once the password is confirmed by
the controller, the access point would automatically
unlock. The system has indicators of the state of the
access point. There would be two indicators, one
showing the locked state and the other one showing
the unlocked state.

The second authentication can be achieved via
Bluetooth communication. The proposed system in-
corporates wireless access which can be achieved
by a smartphone application through another previ-
ously memorized password. When the password is
confirmed and the connection is established, a sim-
ple command on the smartphone would unlock the
access point.

Mech. Eng. — Sci. J., 41, 1, 23-28 (2023)
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Fig. 1. Integrated architecture of the proposed system

Output

The alarm subsystem works only when the ac-
cess point is locked. Alarm sensing would be placed
on every possible place that could be a subject of a
violent and unauthorized break-in. The sensing is
performed with a thin ultrasound layer from the top
to the bottom of the access point, constantly meas-
uring the distance. If an intruder were to pass, the
detected distance would change. Then, a sound re-
action would automatically be triggered. The alarm
subsystem can be turned off by a command on the
application or by typing the correct password on the
keypad. The proposed architecture also includes an-
other capability (button) found on the inside of the
access point. This button allows (un)locking of the
access point and could only be performed from the
inside of the object.

Figure 2 shows a block diagram of the Blue-
tooth communication part of the authentication sub-
system. As long as the connection is established,
each command performs an adequate operation.

I User H Messages

Bluetooth
Terminal

‘ Lock I } Unknown ‘ ’ Alarm ON | I Alarm OFF

Fig. 2. Architecture of the subsystem for wireless
communication
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3. DESIGN OF THE SYSTEM
a) System architecture

The chosen components and their features are
shown in Table 1. The system consists of eight com-
ponents:

o Arduino which controls the system,
e diodes that show the state of the lock,
e an actuator that enables lock control,

e a button that allows control of the lock from
the inside,

¢ a Bluetooth module that is used for wireless
communication,

¢ an alarm subsystem that consists of an ultra-
sonic distance sensor and a buzzer; multiple
sensors could be used to cover all possible en-
try points,

¢ a buzzer that generates a high-frequency sound
in case the sensor detects an intruder.

Table 1

Electrical components and their features

Component Specification Function

Diodes Red and green Shows state

Button 3 terminals Inside-control
Keypad HC-543 4x4
Motor SG90 Servo

Controller Arduino MEGA 2560 Controls the system

Authentication

Mechanism control

Bluetooth Authentication and

; HC-05 module
device control
Alarm HC-SR04 ultrasonic .
. Intruder detection
sensor distance sensor

Buzzer Active 5v digital Alarming

b) Design of the mechanism

The proposed mechanism is controlled by a
SG-90 model servo-motor. The most suitable type
of mechanism is the slider-crank mechanism. The
functional part of the lock is designed to be of a cyl-
inder type. The whole mechanism is assembled in a
box that can be mounted on or inserted into the ac-
cess point. The internal view of the assembly is
shown in Figure 3 and the length and legend of the
mechanical components is given in Table 2.
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Fig. 3. Internal view of the designed mechanism

Table 2
Mechanical components and their length

Component Length (mm)  Legend
Crank 26 1
Connecting rod 36 2
Slider 75 3

4. ANALYSIS OF THE SYSTEM

a) Kinematic analysis

The kinematic analysis is performed to verify
the reliability of the proposed model. Figure 4
shows the kinematic diagram of the proposed
model.

Fig. 4. Schematic diagram of the mechanism

A Simulink model is built using the schematic
diagram of a crank mechanism with one degree of
freedom. Kinematic analysis of the mechanism is
performed using Simulink and the obtained results
are shown in Figure 5 which shows the position
change of the locking cylinder with one degree of
movement freedom.

Fig. 5. Change of position of the slider

Within Figure 6 the relative change of position
of the cylinder slider shown on the y-axis is approx-
imately 21 mm (p = 21 mm). The total time for
which the simulation takes place is shown on the x-
axis and itis 0.075 s. These results have been achiev-
ed for a change of angular position of the motor
shaft of 45° (0. =45 ).

154,092
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_ 115,569
_ 102,728
LT
| TT046
| 64205
| 51,364

_ 38523

25,682
l 12,841
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Fig. 6. FEA analysis results

b) Dynamic analysis

After the combination of design and kinematic
analysis, a dynamic analysis is essential to check the
stress strength of the mechanism. Consider a case
when an intruder is trying to open the door by force.
To check if this is possible, FEA (finite element
analysis) using the SolidWorks Simulation module
is performed. The break-in force is an input to the
analysis, while the highest stress value is an output
and a result of the simulation. The input force is ob-
tained according to the fastest recorded acceleration
generated by a human being [9, 10]. The obtained
result is:

azlosﬂz. @

This would be a theoretical case because a per-
son cannot achieve this acceleration when hitting a
door with the whole body. A person with a mass
equal to 100 kg would generate a force of:

F =ma=1000N. )

The results from the analysis are shown in
Figure 6. From the analysis, the highest stress value
using the Von Mises principle for calculation is 154
MPa. The stressed part would be designed of a low-
carbon structural steel (S185). The value of the
maximum stress allowed for the used material for
the mechanism is 185 MPa.

The safety factor can be calculated as a propor-
tion of the maximum stress value allowed and the
highest stress value of the analysis. For this analysis,
it has a value of:
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s="2x~12. (3)

oob

Since S > 1, the mechanism can withstand the
projected impact force, hence the dynamic analysis
is successful and completed.

5. EXPERIMENTAL RESULTS
AND DISCUSSION

The experimental results are defined by 4
cases:

1. Correct keypad password.

2. Incorrect keypad password.

3. Wireless unlocking and alarm commands.
4. Illegal break-in.

Figure 7 shows the experimental setup of the
designed safety lock system. The mechanism is
locked by default, and the red diode is turned on.

PROTOTYPE OF THE

MECHANISM 7
Fa=t |

Y ] J
Fig. 7. Experimental model of the safety lock system

In the first case, the user enters the password
from the keypad. When the password is confirmed,
the mechanism unlocks, while the green light turns
on. The user can enter the access point, and then
simply press the button from the inside to lock the
mechanism.

For the second case, if the password is incor-
rect, the red-light blinks and the buzzer beeps three
times as a warning. The password automatically re-
sets.
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The third case is represented by pressing the
commands on the phone app. Previously, a connec-
tion must be established via Bluetooth, which also
requires a password. The mechanism is controlled
by pressing the commands “OPEN” and “CLOSE”.
There are also commands for the alarm control.

In the fourth case, the experiment included a
purposeful unauthorized break-in. When the sensor
detects intrusion, the response is automatically trig-
gered. The alarm can be turned off in two ways: By
inputting the correct password through the keypad,
or by pressing the command “AL OFF” on the in-
terface of the phone application, as can be seen in
Figure 8.

Bluetooth Terminal HC-05
Connected to HC-05

ASCll ¢

CORRECT PASSWORD - DOOR OPEN
BUTTON PRESSED - DOOR CLOSED
BUTTON PRESSED - DOOR OPEN

*

KEY ** PRESSED - DOOR CLOSED
SENSOR ALARM ON

ALARM OFF
DOOR OPEN VIA BLUETOOTH
DOOR CLOSED VIA BLUETOOTH
SENSOR ALARM ON
ALARM OFF
0
ascie 3

Enter ASCI| Command

Send ASCII
m CLOSE | ALON | AL OFF

Fig. 8. Display of the smartphone application interface
over bluetooth connection

In Figure 8, the display of the interface of the
application is shown with multiple experiments and
their corresponding messages.
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6. CONCLUSION

In this paper, an automated safety lock system
with multiple authentications and alarm protection
has been designed. Its purpose is to improve the us-
ability and security of an everyday repetitive man-
ual task. The techniques used for its design are
standard and cost-effective, so it can easily be com-
mercialized.

The proposed system has all the features that
the established solutions on the market do. The
combination of the lock with the alarm is considered
a great advantage since most of the existing solu-
tions come independently of each other. Its down-
side is the inability to check whether someone has
tried to hack the passwords. To improve it, a server
that can save the messages from the module has to
be added. The server would also have to be able to
resend the messages to the host. Future efforts can
improve safety while keeping the effectiveness and
usability.
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Abstract: The concept of energy harvesting systems allows sustainable energy sources, such as mechanical
energy, to be harvested from the environment. The feature of piezoelectric material to generate voltage as a result of its
deformation characterizes them as an energy harvesting tool, due to their robustness and efficiency characteristics. This
paper shows numerical modeling of an energy harvesting cantilever beam using the Euler-Bernoulli method. The FEM
simulations of the cantilever beam have been created in order to determine the optimal position of the piezoelectric
transducer along the beam. Furthermore, these conclusions have been used to develop the mathematical model in
MATLAB in order to investigate the effect of the geometry characteristics of the beam and the piezoelectric transducer
on the output parameters. The impact of the dimensions and effective area of the piezoelectric transducer and its location
on the cantilever beam as well as the effects of the dimensions of the beam have been studied in order to obtain an
optimal energy harvesting model in terms of its efficiency. Once the modeling phase has been completed, the output
results regarding the generated voltage and power from the energy harvesting system have been compared and models
have been validated.

Key words: energy harvesting; piezoelectric materials; cantilever beam; modeling and simulation

AHAJIMTNYKO MOJAEJINPAIBE U CUMYJIAIIMU HA KOH30JIEH CUCTEM
3A COBUPAILE EHEPTNJA CO METOAOT HA KOHEYHHU EJIEMEHTH

AnctpaxkT1: KoHIEenToT Ha cHCTeMH 3a cOOMpame eHeprija 0BO3MOXKYBa COOMPArbe Ha SHEpTHja 01 OJIPKIIMBU
W3BOPH, KaKBa IITO € MEeXaHWJKaTa eHepruja. [lne3oeneKkTpuyHNTe MaTepHjany TeHepupaaT HaloH Kako pe3ysTaT Ha
HUBHATa JepopMalyja, MpH MITO ce KapaKTepU3UpaaT co BIHCOKAa POOYCHOCT U €(PHKACHOCT, IIITO OBO3MOXKyBa HUBHA
IIpUMEHa KaKo ajJaTKa 3a cOOMpame eHepruja. Bo 0Boj Tpy 1 € M3BPIIEHO HYMEPHIKO MOAEIHPAhe Ha KOH30JIEH CHCTEM
3a cobupame eHepruja Kopucrejku ro meronot Ha Ojnep-beprymn. Cumynanunte Kou ce 0a3upaHd Ha METOIOT Ha
KOHEYHH €JIEMEHTH Ha KOH30JIEH CHCTEM Ce M3BEIEHH CO IEJl ONpeaelyBamke ONTHMAIHA MON0k0a Ha MHe30eleK-
TPHKOT 110 IOJDKMHATA Ha KOH30aTa. [JoHaTaMy OBHe 3aKJIy4OIM ce HCKOPUCTEHH 3a Pa3BOj HA MaTeMaTH4KU MOJIEI
Bo MATLAB, co nen aHanusupame Ha BIMjaHHETO Ha T€OMETPUCKUTE KapaKTePUCTUKH Ha KOH30JIaTa M MUE30eJIeK-
TPUKOT Bp3 U3JIe3HUTE MapameTpu. [IpoyueHo e BIujaHHeTo Ha AUMEH3HHUTE U e(peKTHBHATA MOBPILIHHA Ha MHE30eIIeK-
TPUKOT M HEroBara JOKalija Ha KOH30JaTa, Kako M e(ekTuTe o] IMMEH3MUTE Ha KOH30JaTa, CO el JU3ajHUpahe
ontuMalieH edukaceH Mozen 3a cobupame enepruja. OTkako (a3zara Ha MOJEINpPabE € 3aBpIIeHa, TOOHNEHHTE pe3yIl-
TaTH BO OAHOC Ha TEHEPHPAHHUOT HATIOH U MOKHOCT O] CHCTEMOT 3a COOMpame eHeprija ce CIOPEAeHH 1 MOJIEIUTE ce
BATHTUPAHH.

Knyunu 360poBu: cobupame eHeprija; MMe30eNeKTPUIHI MaTepHjai; KOH30J1a; MOACIUPAEe U CHUMYJIAIliH

1. INTRODUCTION and researchers are constantly trying to develop sus-
tainable solutions in order to fulfill energy demands.
The energy crisis is one of the main problems Therefore, technologies that use renewable energy

facing humanity today as a result of which science sources such as solar energy, kinetic energy, thermal
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or bio-energy noticed rapid progress. Apart from the
macro-energy harvesting technologies which in-
clude renewable energy plants, recently, continuous
development has also been made in microenergy
harvesting technologies. Micro-energy harvesting
technology is focused on the alternatives to con-
ventional batteries and uses energy from mechanical
vibration, mechanical stress and strain, which gene-
rate low-level power expressed in mW or uW [1].
The piezoelectric energy harvesting technique has
been widely researched due to its high energy
conversion ability from mechanical vibration. This
technique uses the properties of piezoelectric mate-
rials to generate voltage under the influence of a
mechanical force.

Most research papers in the energy harvesting
area, present the harvester as a cantilever beam with
one or more piezoelectric layers, which is excited
harmonically at its fundamental natural frequency in
order to obtain maximum electrical output [2]. This
is due to the fact that compared to other structures,
the cantilever beam has a lower resonant frequency,
and provides higher stress and strain with less
ambient vibrational force [3]. There are various
methods for modeling an unimorph beam, or a beam
with a single piezoelectric transducer mounted on
its surface. Depending on the purpose of the model,
one has to determine which method is optimal. For
example, Belhora et al. [4] use the pin-force model
to develop a model that predicts the energy har-
vesting capabilities of an electrostrictive polymer
composite. Various papers [5, 6, 7] compare the
most used methods for analytical modeling: the pin-
force model, the enhanced-pin force model which
expands upon the pin-force concept, and the Euler-
Bernoulli model. The Euler-Bernoulli method has
been proven to be the most accurate representation
of a real energy harvesting system out of the three
methods, and for this reason it has been used in this
paper. On the other hand, the finite element method
has been widely used as an analysis tool for conti-
nuous systems with a finite number of concentrated
masses. The discretization of the continuous sys-
tems of a finite number of elements or concentrated
masses simplifies the mathematical apparatus or
analytical solutions to the dynamics of the elastic
structure from partial differential equations to a sys-
tem of ordinary differential equations [8]. Uddin et
al. [9] use the finite element method in determining
natural frequencies, modes, and stresses along a
cantilever piezoelectric energy harvesting beam.
Kumar et al. [10] use the finite element method for
coupled piezoelectric energy harvester in order to
discretize the electromechanical coupling phenome-

non between mechanical and electrical domains.
They optimize material properties that determine
the performance of piezoelectric energy harvesters
such as dielectric constant, piezoelectric strain
coefficient, electromechanical coupling coefficient,
Young modulus, density, and electrical and mecha-
nical quality factors [10]. An area in energy harves-
ting that opens up a wide research space is the
optimization of the design of the energy harvesting
system in order to generate maximal voltage.

In this paper, an optimization of the cantilever
piezoelectric energy harvesting beam concerning
the position of the piezoelectric transducer, the
position of the excitation force, and the geometrical
characteristics of the piezoelectric transducer and
the beam have been conducted. A combination of
two different modeling methods has been used: ana-
Iytical modeling using the Euler-Bernoulli method
and the finite element method.

2. MATHEMATICAL MODELING
a) Mathematical modeling of the beam

Continuous systems are mechanical systems
with continuously distributed mass and theoretically
have infinite degrees of freedom. In order to obtain
an analytical solution for the dynamics of these sys-
tems, certain approximations and simplifications
have to be adopted. In order to be able to use the
Euler-Bernoulli equation, the assumptions concern-
ing the material homogeneity of the beam and its
ideally constant width are adopted. Using these as-
sumptions, partial differential equations with cons-
tant coefficients are obtained. The solutions to these
partial differential equations represent the natural
frequencies of the system and the modes of oscil-
lation of the elastic structure.

The differential equation of motion of a conti-
nuous beam according to the Euler-Bernoulli meth-
od is represented with the following relation:

ELZYED - piy ) — paZ2ED (21

axt a2

where y is the deplacement of the beam, its density
is pp and Ay is its area of the cros-section, whereas
2 4

Py gg't) is kinetic energy, E, 1, 2 gg't) is po-
tential energy, and f (x, t) is the excitation force.

If the excitation force is a harmonic function,
the differential equation can be rewritten as:
Eblb 643’(95, t) azy(x! t) _ FO
ppAp  Ox* a2 p,A

sin(wt) §(x — Ly)
b
(2.2)
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where w is the frequency of the excitation force and
Ly is the distance from the clamped end to the point
where the excitation force is applied.

The general solution of the equation (2.2) can
be expressed as:

y(x,t) = X2, T; ()Y (x) (2.3)

where T;(t) is the i-th model coordinate of shape
and Y; (x) is the i-th mode shape of the beam.

Inman et al. [11] state that the first 3 modes (i
=1, 2, 3) in equation (2.3) are sufficient for genera-
ting the mode shape equation of the cantilever
beam.

By replacing expression (2.3) in (2.2), the
following differential equations can be obtained
[12]:

Y@ -2y () = 0, (2.4)
T(t)+w,2T(t) = 0. (2.5)

The solution of the first characteristic equation
depends only on the x coordinate:

Y (x) = Asin(Bx) + Bcos(Bx) +
+ Csinh(Bx) + Dcosh(Bx) (2.6)

where g is the wave number [11] and is expressed as:
B = w,2 L2 2.7)

T Eplp

where w,, is the natural frequency of the system.

In the order to obtain maximal deflections of
the beam, the frequency of the excitation force has
to be equal to the first natural frequency of the beam.
Constants A, B, C and D can be calculated using the
boundary conditions for clamped-free configuration
[11]. At the clamped end, for x = 0, slope and
deflection must be zero, while at the free end, for x
= |, shearing force and bending moment must be
equal to zero.

Finally, the general mode shape equation for a
cantilever beam could be expressed as:

Y, (x) = cosh(fB;L,) — cos(B;L,) —
Sinh(ﬂl’Lb) - Sin(ﬁil‘b)
~ cosh(B;Ly) + cos(BiLy) .
+ [sinh(B;Lp) — sin(B;Ly)],  (2.8)

where L, is the total length of the beam.

Solutions for B; (Figure 1) are calculated from
the characteristic equation:

cos(B;Ly) cosh(B;L,) = —1. (2.9)
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(4.694,0) (10.996,0)

Fig. 1. Graphical representation of solutions
to characteristic equation (2.9)

For the adopted value beam’s length of 0.561 m.
the first five natural frequencies (Table 1) can be
calculated using the following expression:

_i(BiLb)z Eplp
fi= 2 /—pbAb. (2.10)

The solution of equation (2.5) can be expressed
as a convolutional integral:

T() = ! _ e~ $@nit j Fy(x)e~%@nit sin(wy; (t — 7)) dr
“ 2.11)
where: w, is damped natural frequency,
¢ is damping ratio.
Table 1
First five natural frequencies of the beam

i BiLy Natural frequencies of the beam (Hz)

1 1.875104 3.8881

2 4.696409 24.3668

3 7.854757 68.2277

4 10.995540 133.6991

5 14.137168 221.0143

The beam curvature can be calculated as:

p(x,t) = "Z;g'” (2.12)

or average beam curvature:
o) = ifoLPp(x, t)dx (2.13)

where L, is the total length of the piezoelectric
transducer.
The applied moment acting on the beam can be
expressed as:
M(t) = Eplpp(t) (2.14)

b) Mathematical modeling of PZT

A general model for the piezoelectric trans-
ducer which presents the relationship between the
moment of the beam and generated voltage as a
function of time is:
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Ejt t
6g3lﬂ(1+_b)

V() =—

Eptp tp
2
Eptp tp
byt 1+(—) -(_
pp{ Eptp/ \tp

where g5, (V : E) is the voltage constant E,, (V . ﬁ)
is Young’s modulus of the material of the beam,
I, (m*) is the axial moment of inertia of the beam
and Ej, (%) is Young’s modulus of the piezoelec-
tric material. Concerning the geometry of the sys-
tem, t,(m) is the beam's thickness, t,(m) and
b, (m)are the thickness and width of the piezoelec-
tric transducer, respectively.
The generated power can be calculated as:

PO =V -1(t) (2.16)
I6) = Cp- (2.17)
d31-Ap

where I(t) is the current expressed as a function of
time, Cp is the capacitance of the piezoelectric
transducer, A,, is the effective area of the piezoelec-
tric transducer, and ds; is its piezoelectric strain
coefficient.

Based on these mathematical models of the
cantilever beam and piezoelectric transducer, ana-
Iytical modeling and simulations in MATLAB and
FEM simulations have been performed in order to
analyze this energy harvesting system in detail.

3. RESULTS AND DISCUSSION

Analytical modeling and FEM simulations
have been conducted in order to analyze the impact
of several input parameters on the generated output
power. The following properties have been studied:
position of the piezoelectric transducer along the
beam, position of the excitation force, length ratio
and thickness ratio of the beam and piezoelectric
transducer, respectively. Obtained optimal values
have been used as an input and an identical har-
monic excitation force has been applied to both
models. The analytical and FEM model have been
validated by comparison of the obtained results
concerning output voltage and power.

a) Position of piezoelectric transducer

Firstly, FEM simulations have been performed
in order to determine the optimal position of the
piezoelectric transducer along the beam, which

2
) +2

SM(b), (2.15)

Eptp
Eptp

2
t t
2+3—b+2(—b) ]}
tp \tp

would generate maximal power. According to re-
sults from FEM simulations (Figure 2), the maximal
output power is generated when the distance bet-
ween the clamped end of the beam and the piezo-
electric transducer equals zero. One may deduct that
by increasing this distance, output electric power
decreases. Therefore, optimal position of the piezo-
electric transducer is next to the clamped end of the
beam.

ok — — —
3 31 3.2 3.3 3.4 35 36 3.7 3.8 3.9 4
freq {Hz)

a) PZT is placed next to the clamped end

12T

L1 —— machanical power in (mW) |

—— alactric power out [mW)

0.9} ||
0.6
0.7}
0.6}
05}
0.4
0.3f
0.2
0.1

a 31 3.2 33 3.4 35 36 37 3B 19 4
freq (Hz)

b) PZT is placed at the center of the beam

0.12F

na1f n

0.1}
0.09f H

o.08f
0.07f
0.06f
0.05F
n.oaf
0.03f
0.0z

o.01f

2 2.08 11 218 12 13 235 14 345 15

trog (2
¢) PZT is placed on the free end of the beam

Fig. 2. Output electric powe (mW)
Three different positions of the PZT

b) Position of excitation force

Output electric power is expected to change
when position of the excitation force is varied. In
order to discover optimal placement of excitation
harmonic force, which generates maximal output
electric power, analytical modeling in MATLAB
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has been performed. By increasing the distance
from the clamped end of the beam to the line of
action of the excitation force, the applied moment to
the beam amplifies. As the obtained results from the
simulation (Figure 3) show, the optimal position of
the excitation force is at the free end of the beam.
The excitation force can be defined with the follow-

ing function:
F(t) =0.35-sin(2r - w, - t) =
= 0.35-sin(2m - 3.88 - t) (3.2)
1.6
14
12
% 1
=08
06
=%
04
02
0

11% 20% 29% 38% 47% 55% 64% 73% 82% 91% 100%

Distance from clamped end to line of action of excitation force (%)
Total length of the beam

Fig. 3. Output electrical power as a function of the position
of excitation force

In the optimized model the excitation force is
placed at the free end of the beam and follows the
function shown in (3.1).

c) Length ratio

Another parameter that has to be optimized is
the length of the piezoelectric transducer in relation
to the beam’s length. Analytical simulations in
MATLAB have been performed in order to deter-
mine optimal length of the piezoelectric transducer
which enables maximal power generation. Results
(Figure 4) show that when 47% of the length of the
beam is covered by a PZT, maximal power is
generated. Until certain value for the length of the
piezoelectric transducer is reached, output power
increases by increasing the length.

1

0.9
0.8
g 0.7
E 0.6
'g 0.5
g 0.4
P03
0.2
0.1

0

11% 20% 29% 38% 47% 55% 064% 73% 82% 91% 100%

Length of PZT (%)
Tength of beam

Fig. 4. Output electrical power as a function of length ratio
of PZT and beam
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For values of the length higher than the cros-
sing point, overall characteristics of the system get
affected and the effective cross-section, Young’s
modulus and natural frequencies change. Adverse
effects are caused by reducing beam strain and
deformation, and overall generated electric power.

d) Thickness ratio

Last parameter that has been optimized is
thickness ratio of piezoelectric transducer and
beam, respectively. Obtained results from MAT-
LAB simulations (Figure 5) show a peak value of
generated power for thickness ratio of 33%.

0.8
07
0.6

Eos

=

g

5 04

4

5 03

(-9
02
0.1

0

0% 7% 13% 20% 27% 33% 40% 47% 53% 60% 67% 73% 80% 87% 93% 100%

Thickness of PZT (%)
Thickness of beam

Fig. 5. Output electrical power as a function of thickness ratio
of PZT and beam

For values of the thickness ratio of the piezo-
electric transducer and the beam, respectively, the
generated power decreases by increasing the value
of thickness ratio.

e) MATLAB and FEM simulations
of optimized model

Analytical modeling and simulations and FEM
simulations of the optimized model (Figure 6) have
been performed and output results have been com-
pared. Identical input parameters which match cal-
culated optimal values, concerning the dimensions
and properties of the beam and the piezoelectric
transducer (Table 2) have been used. The frequency
of the excitation force matches the first natural
frequency of the system (Figure. 6).

F(t)

A

[
Ll

Fig. 6. Energy harvesting cantilever beam with PZT
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Table 2
Parameters of the beam and PZT

Parameter Not. Value Unit
Beam Length Ly 0.561 m
Width by, 0.04 m
Thickness t, 0.0015 m
Density Pb 7850  kg/m®
Young’s modulus  E,  2-10% Pa

PZT (PZT-5A) Voltage constant g3, —11.3-10° V-m/N

Dielectric constant  d3; —190-102 m/V
Young’s modulus  E,  3-10° Pa
Length L, 0.263 m
Width b,  0.04 m
Thickness t,  0.0005 m
Density pp 7950  kg/m?
Resistance R 1000 kQ
250
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150
g 9()
p 50
®0
§ 50
-100
-150 Vv V U
-200
-250
< v <
) o —_
2.00
1.50
1.00
2 0.0
£
5 0.00
% -0.50
(o
-1.00
-1.50
2.00
o g S
=) o -

Output results from the analytical modeling
and simulation in MATLAB (Figure 7) show that
voltage of 202.63 V and electrical power of 1.34 mV
have been generated in 3 seconds, at the first natural
frequency of the system. The highest values for the
generated voltage and power are achieved at the first
natural frequency of the system and therefore the
system was excited only on that frequency.

Obtained results from the FEM simulations
(Figure 8) show that in 3 seconds, voltage of
190.32 V and electrical power of 1.74 mW have
been generated at the first natural frequency of the
system. In the FEM simulations, until the first
natural frequency has been reached, the system is
excited by the excitation force given in expression
(3.1). After that, the frequency of the excitation
force is changed in order to excite the second natural
frequency of the system (24.37 Hz). Results show
that maximal output is achieved at the first natural
frequency as firstly stated.

W Q lf: <o
v— ol ol o
Time (s)
W, (- v =
—_ ol 1 e
Time(s)

b)

Fig. 7. Generated a) voltage (V) and b) electrical power (mW) from analytical simulations in MATLAB
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Fig. 8. Generated voltage (V) and electrical power (mW) from FEM simulations

Over a certain period of time, the generated
voltage and electric power are stored and their value
increases. In this paper, change of stored voltage
and electric power for a period of 3 seconds has
been plotted (Figure 7) and calculated (Figure 8).

Validation of the models has been performed
by comparison of the obtained output results con-
cerning the generated voltage and electrical power.
Acquired results from both models using two dif-
erent modeling methods have similar values and
therefore model is valid. Thus, model can success-
fully predict power generation from a cantilever
unimorph vibrating beam.

Maw. undic. nayu. ciuc. 41 (1) 29-36 (2023)

4. CONCLUSION

Analytical modeling based on Euler-Bernoulli
theorem and FEM simulations of energy harvesting
cantilever beam have been made. Optimal paramet-
ers of the model have been determined, concerning
the position of the piezoelectric transducer, position
of the excitation force, length and thickness ratio of
the piezoelectric transducer and the beam, respecti-
vely. Maximal electric power has been generated
for: location of the piezoelectric transducer next to
the clamped end of the beam, location of excitation
force on the free end of the beam, length ratio of
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0.47 and thickness ratio of 0.33 between the piezo-
electric transducer and the beam. Once the optimal
parameters have been defined, they have been used
as input parameters for the model. Based on an exact
model, simulations in MATLAB and FEM simula-
tions have been performed in order to determine
output voltage and electric power. Since obtained
output results for the identical model using two dif-
ferent techniques match, a deduction can be drawn
that the model is valid.

Although, this paper is purely theoretical, the
authors have also been working on an experimental
setup which is based on the obtained results from
the conducted software analyses. On that way,
created theoretical models would be validated by an
experiment. Also, an energy harvesting unimorph
beam, or a beam with a single piezoelectric trans-
ducer mounted on its surface is modelled in this
paper. In future work, using the proposed concept,
the model could analogically be upgraded in two
ways in order to generate higher voltage and electric
power. First way is by creating a bimorph energy
harvesting beam, by placing two PZT on the top and
bottom surfaces of the beam. The second approach
implies placing multiple PZT on the surface of the
beam, which would enable achieving the optimal
calculated length ratio of 0.47. Nevertheless, whi-
chever approach would be chosen, proper analyses
must be conducted, and adequate models must be
created.
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DESIGN OF AN ENERGY HARVESTING SYSTEM
USING PIEZOELECTRIC MATERIALS

Damjan Pecioski, Anastasija Ignjatovska, Dejan Siskovski, Simona Domazetovska,
Maja Anac¢kova

Faculty of Mechanical Engineering, “Ss. Cyril and Methodius” University in Skopje,
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A bstract: Energy harvesting by using piezoelectric materials is one of the most widely used techniques for
conversion of waste energy into useful. Using this technique, generated vibration energy from machines can be
converted into useful electrical energy. In this paper, an energy harvesting system that supplies power for low-power
consumption devices has been designed. The experimental model consists of a rotating machine that generates
mechanical vibrations that actuate a cantilever beam and a piezoelectric transducer as a sensor for energy harvesting.
The aim is to generate greater power as an output, which could be achieved by obtaining maximal strain for the given
frequency range of the vibration source. The frequency range of the vibration machine is variable and multiple
frequencies have been used. Using the Euler-Bernoulli method, the beam dimensions have been calculated so that its
natural frequency matches the operating machine frequency. By reaching the resonant point of the cantilever beam, the
maximal power from the designed energy harvesting system can be generated.

Key words: energy harvesting; piezoelectric transducers; vibrations of rotating machine; cantilever beam

JAU3AJH HA CUCTEM 3A COBUPAILE EHEPI'MJA
CO KOPUCTEILE IMUE3OEJIEKTPUYHUA MATEPUJAJIA

AmncTtpaxkT: CoOnpameTo eHepruja co IpuMeHa Ha TMe30eJICKTPIHYHHA MaTepHjali € €IHa O] HajKOPUCTECHHUTE
TEXHUKH 32 KOHBEP3HWja Ha TeHEepHpaHaTa HEMCKOPHCTEHA eHeprija Bo KopucHa. KopucTejku ja oBaa TexHUKA, TeHE-
pHupaHarta eHepruja o BHOpaliuTe Ha MAlIMHUTE MOXE JIa C€ MPETBOPH BO KOPHCHA eJIEKTPUYHA eHepruja. Bo 0Boj
TPYZ € IU3ajHUpaH CHCTEM 3a COOMpame CHEpruja Koj Moke Aa 00e30ear eHepruja 3a ypean co Majia MOTPOLIryBayka
Ha eHepruja. EkcriepuMeHTaIHIOT MO/IeNT ce COCTOM O POTHpavKa MalllHa KOja FeHeprpa MEXaHHYKH BHOpaLuK KOU
aKTUBUPAAT KOH30JIEH HOCay ¥ MHE30eJIeKTPHYEH MaTepHjall Kako CeH30p 3a cobupame eHepruja. Llenta e na ce re-
Hepupa IorojieMa U3JIe3HA MOKHOCT, LITO MOXeE J1a Ce MOCTUTHE €O N00HMBabe MAaKCHMAIHO HAIpErame 3a JaJeHHOT
oricer Ha ()peKBeHIIMja Ha U3BOPOT Ha BHOparmu. Oncerot Ha ppeKkBeHINMK Ha MalllMHATA 32 BUOPAIMU € IPOMEHIINB
U ce KopucTaT moBeke ¢pekBeHIMU. Kopucrejku ro meronor Ha Ojnep-bepHynn, mpecMeTraHn ce TUMEH3UHTE Ha
KOH30JIHAOT HOCa4 Taka HeroBara MpUpoIHa (peKBEHIIMja 1a ce CoBIara co (peKBeHIrjaTa Ha pabOTHATa MAIIHHA.
Co nocTuUTHyBame Ha PE30HAHTHATAa TOYKA HA KOH30JIaTa Ce IMIOCTHTHYBa TeHEpHpame Ha MaKCHMAalHA MOKHOCT OJf
TIM3aJHUPAaHHOT CUCTEM 3a COOHMpame eHEeprHja.

Kayunu 360poBu: coOnpame eHepryja; MHe30eNeKTPUIHN MaTepHjain; BUOpalMy Ha pOTHpaYKa MallIuHa,

KOH30J1a
1. INTRODUCTION in order to replace traditional fossil fuels, which
harm both the environment and public health [1, 2].
Over the last decades, green manufacturing has Clean energy can be achieved by using the waste
attracted a great deal of attention worldwide. The energy from the ambient environment such as solar,

use of different types of renewable energy is studied acoustic, wind, and vibrational energy. In the fol-
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lowing Table 1, a comparison of power density
generated from different ambient sources has been
shown. All values are normalized by volume and are
reported as pW/cm? its high energy conversion abi-
lity from mechanical vibration. This technique uses
the properties of piezoelectric materials to generate
voltage under the influence of a mechanical force.
The experiments done by [3, 4] show vibrations as
a good source for energy harvesting, secondly only
to solar energy in ideal conditions.

Table 1

The power density of different energy sources [3, 4]

Power density (LW/cm?3)
15 000—direct sun/150—cloudy day
6 — office desk

Energy source

Solar (outdoors)
Solar (indoors)

Vibrations (piezoelectric
conversion) 250

Vibrations (electrostatic
conversion) 50

0.003 at 75 dB, 0.96 at 100 dB
15 at 10 °C gradient

Acoustic noise

Temperature gradient

Energy harvesting on a global macroscale is
studied with the goal of replacing fossil fuels with
clean energy, while on a microscale with the goal
differs. With the recent advances in wireless and
micro-electromechanical systems (MEMS) techno-
logy, the demand for portable electronics and wire-
less sensors grows rapidly. These sensors are por-
table and because of that, they require their own
power supply which is usually secured by a conven-
tional battery. However, due to their finite lifespan,
problems can occur. For portable electronics or
electronics within systems that are hard to physic-
ally reach, replacing the battery is problematic and
extremely time-consuming activity since the elec-
tronics could fail at any time. For such systems,
harvesting mechanical vibrations using piezoelec-
tric materials are one of the best alternative sources
of energy due to their implementation in various
environments.

Many researchers have studied the vibration
problems of piezoelectric structures, and some
achievements have been made. Liu et al. [5] studied
the dynamic analytical solution of a piezoelectric
stack utilized in an actuator and a generator based
on the linear piezo-elasticity theory. Parashar et al.
[6] studied the nonlinear shear-induced flexural

vibrations of piezoceramic actuators. Mukherjee
and Chaudhuri [7] demonstrated the effect of large
deformations on piezoelectric materials and struc-
tures under time-varying loads. Chen et al. [8] stu-
died the natural vibration and transient response of
a functionally graded piezoelectric material (FGPM)
curved beam with a numerical method. Dong et al.
[9] discussed the influence that piezoelectric mate-
rials exert on the vibration behavior of a stepped
cantilever beam with surface bonded or embedded
piezoelectric materials. Kim and Tadesse [10] stated
that the generated power density of the piezoelectric
transduction is more than three times greater than
the power density of electrostatic and electromag-
netic transducers. Jeon et al. [11] found that the
highest power density from piezoelectric material
subjected to the external vibrational source was 37
UW/mm3. For the electromagnetic effect, Saha et al.
[12] showed that a value of 4.375 uW/mm? could be
generated from the electromagnetic-based generator
subjected to the vibrating beam. Despesse et al. [13]
built a system to convert the surrounding mecha-
nical vibrations into electrical energy using the elec-
trostatic transducer. The research within this field
shows piezoelectric energy harvesting as an energy
source alternative for conventional batteries.

In this paper, an experimental model is pre-
sented, where a piezoelectric transducer is used to
harvest energy of mechanical vibration from a rota-
tory machine. The piezoelectric material is placed
on a cantilever beam and coupled together with an
energy harvesting module.

2. MATHEMATICAL MODELING

a) Vibration of a cantilever beam

Mechanical systems which have a continuo-
usly distributed mass are referred to as continuous
systems. These systems theoretically have infinite
degrees of freedom. An analytical solution to the
dynamics of these systems is possible only for simp-
le cases with an approximation of homogeneous
material as well as constant width along the length
of the system. Using these approximations, partial
differential equations can be employed with cons-
tant coefficients to solve the problem. The solutions
to these PDEs represent the frequency of the system
and the modes of oscillation of the elastic structure.
One of the most used methods for modeling conti-
nuous systems and the one which will be used in this
paper is the Euler-Bernoulli method.

Mech. Eng. — Sci. J., 41, 1, 37-42 (2023)
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The Euler-Bernoulli method takes into account
the bending energy of the structure and the kinetic
energy of the transversal movement of the beam.
The differential equation of motion of a continuous
beam according to the Euler-Bernoulli method is the
following mathematical dependency:

o* t 6 ,t
Ely 258 = fx,0) - pA 2252,

2.1)

where pA =222 Y( )i the kinetic energy, EIya y(x 2

the potentlal energy, and f(x,t) is the actuatlon of
the system.

A full description of the modeling of a canti-
lever beam has been developed in greater detail by
Mineto [14] and Siskovski [15].

b) Piezoelectric modeling

The piezoelectric effect exists in two domains:
the first is the direct piezoelectric effect that descri-
bes the material’s ability to transform mechanical
strain into electrical charge; the second form is the
converse effect, which is the ability to convert an
applied electrical potential into mechanical strain
energy. The direct piezoelectric effect is responsible
for the material’s ability to function as a sensor
which is used in this paper. The mechanical and

3. EXPERIMENTAL SETUP
a) Model description

The experimental setup shown in Figure 2 con-
sists of a rotational shaft whose frequency can be
controlled using a frequency regulator. Coupled to
the base of the machine is a cantilever beam with an
attached piezoelectric transducer (P1-876-A12). The
piezoelectric transducer is placed as close as pos-
sible to the clamped end, as seen in Figures 1 and 2,

Maw. unoic.— nayu. ciauc. 41, 1, 37-42 (2023)

electrical behavior of a piezoelectric material can be
modeled by two linearized constitutive equations.
These equations contain two mechanical and two
electrical variables. The direct effect and the con-
verse effect may be modeled by the following mat-
rix equations:

— direct piezoelectric effect:

{D} = [e]™{S} + [«*{E}

— converse piezoelectric effect:
{T} = [c*I{S} - [e]{E}

where {D} is the electric displacement vector, {T}
is the stress vector, [e] is the dielectric permittivity
matrix, [cF] is the matrix of elastic coefficients at
constant electric field strength, {S} is the strain vec-
tor, [a®] is the dielectric matrix at constant mecha-
nical strain, and {E} is the electric field vector. The
matrix form of the equations for the direct and con-
verse piezoelectric effect for a piezoceramic material
which is polarized on the 3™ axis are given in the
equations (2.2 and 2.3).

A full description of the piezoelectric effect
and its modeling is beyond the scope of this paper.
However, a significant number of published papers
have developed these equations in greater detail
such as Mineto [14].

01

& 00 0 0 dy
& S21 S22 S23 0 0 O 02 0 0 ds E,
& S S S o
3| _ 31 32 33.0 0 O 3 n 0 0 dis E, (2.2)
& 000 0 Saa 0 0 fI723| |0 dpy Of|p
&g o 0 0oO 555 0 T31 d15 0 0 3
&6 0 0 0 0 0 2(Sz—S12)1712 0 0 0
01
o
D, 0 0 0 0 dy O G; ey 0 0]k
D,|=|0 0 0 d,, 0 0 Oa +10 €% O0]]|E (2.3)
Ds d31 d3; dizz 0 0 O o 0 0 ed|LEs
O¢

in order to achieve maximum deformation. The
experimental setup is the following: the cantilever
beam is designed at a length of 240 mm, width of 40
mm, and height of 1.5 mm. The excitation frequen-
cy of the machine is varied in order to achieve reso-
nant conditions of the cantilever beam. In this setup,
a different mass is added to the free end of the
cantilever beam and the change in frequency, as
well as the voltage output of the harvester, are mea-
sured. All the elements used for this experiment are
shown in the Figure 2.
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Y L

Fig. 1. Cantilever beam with attached PZT sensor

Piezoelectric material
(PI-876-A12) -~

Cantilever beam Structural steel

[Frequency regulator |

with L=240 B=40 H=1.5 mm

Energy harvesting module
(PI-E-821.00)

Fig. 2. Experimental model setup

b) Energy harvesting circuit

The piezoelectric strip generates electricity
while being deformed, but if this power is not being
used or stored, it will be dissipated with no utiliza-
tion. Having a piezoelectric energy harvester requi-
res a rectifier circuit in order to convert the AC wave
from the harvester to the DC voltage, which is sui-
table for energy storage.

Ready

ilk REF
1. GND

a)

4. RESULTS AND DISCUSSION

In the experimental setup the dimensions of the
beam are length (L = 240 mm) width (W = 40 mm)
and height (H = 1.5 mm) and the angular frequency

The used energy harvesting module is PI-E-
821.00, and its electronic circuit is shown on Figure
3. Figure 3 shows a full-wave rectifier with a diode
bridge. On one side the piezoelectric material is
connected and on the other the output towards the
battery or sensor. The harvester has two capacitors
each of 100 puF and an output voltage of 3.3 V or
5V.

b)
Fig. 3. a) Electronic circuit of PI-E-821.00. b) Energy harvester PI-E-821.00

of the machine is varied. A mass is added to the end
of the cantilever and the changes in the frequency
and output voltage as well as the amplitude of the
vibrations are measured. On the Table 2 the results
of the measurements are shown.

Mech. Eng. — Sci. J., 41, 1, 37-42 (2023)
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Table 2 Looking at the information of the Table 2. As
Experimental variables the point mass increases the natural frequency of the
beam decreases, as well as the amplitude of vibra-

Frequency of Output Amplitude .
Mass resonance el of vibrations tions that can be _seen._On the other hand, the output
(@) (Hz) V) (mmls) voltage behaves in a different manner. These results
0 18.5 6.2 3.62 are presented on the Figure 4.
5 17.4 6.6 3.4
10 17.9 6.39 3.1
15 16.7 6.25 2.8
6,7
6,6
< 65
2
v 64
(@)
©
2 63
(@]
> 62
6,1
0 2 4 6 8 10 12 14 16
Mass (g)
a) Voltage vs Mass
19
< 18,5
L
(&]
S
o 175
o
(5]
Y
16,5
0 2 4 6 8 10 12 14 16
Mass (g)
b) Frequency vs Mass
6,7
6,6
2 65
(5]
& 64
S 63
6,2
6,1
16,5 17 17,5 18 185 19
Frequency (Hz)
c¢) Frequency vs Voltage
Fig. 4. Experimental results
Looking at Figure 4a, it can be seen that having rial compared to an empty cantilever beam. This
a point mass on the end of the cantilever beam in- behavior is noted up until a mass of 5 grams, further
creases the energy output of the piezoelectric mate- increase of the mass lowers the output energy. As

Maw. unoie.— nayu. ciuc. 41, 1, 37-42 (2023)
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expected, the addition of a mass to the end of the
cantilever beam lowers the natural frequency of the
cantilever beam which can be seen on Figure 4b.
Having the natural frequency of the cantilever beam
lowered means that in order to have a resonant con-
dition, the frequency rotation of the machine also
needs to be lowered. Having the frequency lowered
affected the output voltage of the energy harvesting
as can be seen on Figure 4c. Lowering the frequency
of rotation of the machine correlates to lower am-
plitudes of vibration. These lower vibrations corres-
pond to lower deformations of the cantilever and
lower energy output of the piezoelectric material. It
can be concluded that an optimal variation would be
to have a point mass on the end of the cantilever
beam which is in the range of 3-5 grams. Further
analysis of this behavior is necessary to declare
whether the point mass added is correlated to the
overall mass of the beam, its length, or its width.

4, CONCLUSION

Within this paper, a proof of concept has been
designed for the possibility of harvesting vibrational
waste energy and converting it into useful electrical
energy. Within the experiment, the system has been
modeled as a unimorph cantilever harvester mean-
ing, only a single piezoelectric transducer has been
used, while the use of a bimorph harvester will yield
doubled output power. The generated power can
then be used to provide continuous and uninter-
rupted electrical power to low-power devices. It was
seen that the introduction of a point mass to the sys-
tem increases the deformations achieved in re-
sonance, hence increasing the energy output of the
piezoelectric material. The experiments were made
in the frequency range of 16-19 Hz. It has been
measured that the amplitudes of the vibrations in-
crease as the frequency of rotation of the machine
increases showing that for machines operating at
higher frequencies more power can be obtained.

One of the major limitations of research within
this field is the fact that the power generated by
piezoelectric materials is too small to power most
electronics which is the reason that in these circum-
stances only low-power sensors are used. Knowing
this, the research focuses on new and innovative
methods of accumulating the harvested energy as
well as methods of further increasing the amount of
energy the PZT material can harvest. Furthermore,
the efficiency of the power harvesting circuit must

be maximized in order to allow the full amount of
energy generated to be transferred to the storage
medium.

REFFERENCES

[1] Jacobson, M. Z.; Mark A. D. et al. (2017): 100% clean and
renewable wind, water, and sunlight all-sector energy
roadmaps for 139 countries of the world. Joule 1, No. 1,
pp. 108-121.

[2] Heard, B. P.; Barry, B. W.; Wigley, T. M. |.; Bradshaw, C.
J. A. (2017): Burden of proof: A comprehensive review of
the feasibility of 100% renewable-electricity systems.
Renewable and Sustainable Energy Reviews 76, pp. 1122—
1133.

[3] Cao, S.; Li, J. (2017): A survey on ambient energy sources
and harvesting methods for structural health monitoring
applications. Advances in Mechanical Engineering 9 (4),
https//doi:10.1177/1687814017696210

[4] Roundy, S.; Paul, K.; Wright, P. K.; Pister, K. S. J. (2002):
Micro-electrostatic vibration-to-electricity converters. In:
ASME International Mechanical Engineering Congress and
Exposition, vol. 36428, pp. 487-496.

[5] Liu, X.; Jianjun, W. (2018): Dynamic analytical solution
of a piezoelectric stack utilized in an actuator and a gene-
rator. Applied Sciences 8, No. 10.

[6] Parashar, S. K.; Von Wagner, U. (2005): Nonlinear shear-
induced flexural vibrations of piezoceramic actuators: ex-
periments and modeling. Journal of Sound and Vibra-
tion 285, No. 4-5, pp. 989-1014.

[7] Mukherjee, A. B.; Chaudhuri, A. S. (2005): Nonlinear dy-
namic response of piezolaminated smart beams. Com-
puters & Structures 83, No. 15-16, pp. 1298-1304.

[8] Chen, M.; Chen, H. (2018): The isogeometric free vibra-
tion and transient response of functionally graded piezo-
electric curved beam with elastic restraints. Results in
Physics 11, pp. 712-725.

[9] Dong, X. J.; Meng, G. (2005): Vibration analysis of a step-
ped laminated composite Timoshenko beam. Mechanics
Research Communications 32, No. 5, pp. 572-581.

[10] Kim, H.; Tadesse, Y. (2009): Piezoelectric energy harvest-
ing. Energy Harvesting Technologies, pp. 3-39.

[11] Jeon, Y. B.; Sood, R. (2005): MEMS power generator with
transverse mode thin film PZT. Sensors and Actuators A:
Physical 122, No. 1, pp. 16-22.

[12] Saha, C. R.; O'Donnell, T. (2006): Optimization of an elec-
tromagnetic energy harvesting device. IEEE Transactions
on Magnetics 42, No. 10, pp. 3509-3511.

[13] Despesse, G.; Jager, T. (2005): Fabrication and characteri-
zation of high damping electrostatic micro devices for
vibration energy scavenging. In: Proc. Design, Test, Inte-
gration and Packaging of MEMS and MOEMS, pp. 386—
390.

[14] Mineto, A.; Braun, M. P. (2010): Modeling of a cantilever
beam for piezoelectric energy harvesting. In: 9th Brazilian
Conference on Dynamics, Control and Their Applications,
Sao Carlos, Brazil, pp. 599-605.

[15] Siskovski, D. (2016): Active adaptive vibration control of
beam using an electromagnetic actuator. Master thesis,
Faculty of Mechanical Engineering, Skopje.

Mech. Eng. — Sci. J., 41, 1, 37-42 (2023)


https://doi.org/10.1177/1687814017696210

Mechanical Engineering — Scientific Journal, Vol. 41, No. 1, pp. 43-50 (2023)

Number of article: 663
Received: April 9, 2023
Accepted: April 22, 2023

In print: ISSN 1857-5293

On line: ISSN 1857-9191

UDC: 7.05:621.985]:[004.896:004.356-023.5
https://doi.org/10.55302/MESJ23411663043m

Original scientific paper

DESIGN PROCESS OF COMPLEX PRODUCT SHAPE
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A bstract The aim of this paper is to present the design process of creating complex product shapes in
industrial design with lattice Voronoi’s structure using CAx tools. Complex product shapes have often been used in
industrial design. Nowadays, the creation of products with complex shapes is possible using modern software package
Fusion 360, using CAx tools and Additive Manufacturing (AM) technologies for rapid production and verification of
prototypes. In this context, this paper focuses on a design process which incorporates the lattice Voronoi’s structure as
a topology optimization technique. The AM technology with Fused Filament Fabrication (FFF) 3D printing was chosen
due to its ability to create products with rapid prototyping technology, as well as the complexity of the product shape.
The design process includes conceptual design, 3D modeling and parametric design, preparation for production with
3D printing as well as testing to verify the product design. For prototyping of the product design an open-source system
is used. The product model is designed and prototyped by the students with the use of 3D printing FFF technology.

Key words: design process; complex product shape; CAx; Fused Filament Fabrication (FFF)

IMPOIEC HA TU3AJHUPAIBE CJIOKEHH OBJIMIIA HA ITPOU3BO/
CO PEHIETKABU BOPOHOUEBU CTPYKTYPU U YIIOTPEBA HA AJIATKUTE CAx

AmncTpakTt: llenra Ha 0BOj TPYA € 1a ce MPE3EHTHPA MPOLECOT Ha AU3ajH 3a KPEUPAHE CI0KEHH OOIULH BO
WHIyCTPUCKUOT IHU3ajH cO yrnoTpeda Ha perreTkaBa BopoHounesa cTpykrypa co ymorpeda Ha anatkute CAX. CiiosxeHn-
Te 0OJIHIM HA TPOU3BOIUTE YECTO CE YNOTPeOyBaaT BO HHAYCTPHCKHOT U3ajH. JleHec KpeHpameTo Ha IIPOU3BOAHU CO
CIIOKEHH OOJIHIIN € OBO3MOXEHO O yrmoTpeba Ha MoaepHUOT codTBepekn maket Fusion 360, amatkure CAX u aguTu-
BHHUTE TEXHOJIOTHH 32 Op30 MPOU3BOJICTBO U BepH(UKaIHja Ha MPOTOTHITUTE. BO TOj KOHTEKCT, 0BOj TPy X ce Gokycupa
Ha JI3ajHUpamke Ha MPOLIeC KOj BKIIydyBa penieTkaBa BopoHoneBa cTpyKTypa Kako TOMOJIONIKA TEXHUKA 33 ONTHMH-
3anuja. TexHomorujara 3a aJuTUBHO MPOHU3BOACTBO co 3] meuarewe co crnoenu ¢unamentu (FFF) e nzbpana kako
MOTO/IHA J1a C€ KpenupaaT IPOU3BOIHU CO TEXHOJIOTH]a 32 OP30 NPOTOTHITHPAE, KAKO U IIOPA/IH CI0KEHOCTa Ha 00IUKOT
Ha pou3BoJI0T. [IpoliecoT Ha JU3ajHUPambe BKIIydyBa KOHIENTYalleH 113ajH, 3] MoJeupame 1 mapaMeTapcKy JU3ajH,
MTOJITOTOBKA 32 TIPOU3BOJCTBO co 3 /] mevaTeme, Kako U BepH(HUKyBambe Ha TU3ajHOT Ha MIPOU3BOJOT. 3a MPOTOTHITUPA-
€ Ha JIU3aJHOT HA MIPOM3BOJOT CE KOPUCTH OTBOPEH CHCTeM. MOZENOT Ha MPOU3BOJOT € JU3ajHUPaH M NPOU3BENICH
OJ1 CTyZIEHT co KopucTeme Ha 3 /] nmedateme co FFF TexHomornja.

Kiyynu 360poBu: npolec Ha Au3ajHUpambe; clokeH otk Ha npoussol; CAX; 3/ neuareme co CIoeHH

¢unamentn (FFF)

1. INTRODUCTION

The complex shape of products with VVoronoi
structure inspired by nature has long been employed
in the field of architecture, but today are employed
in industrial design. The barrier for application of
Voronoi structure in area of industrial design were
software packages for 3D modeling and production

technology of complex shape and surface. Today
with the use of a several software packages such as
Fusion360, Rhino & Grasshopper, Blender, nTopol-
ogy, and others, as well as with application of addi-
tive manufacturing (AM) technology with FFF 3D
printing, the product with complex shape can be
easily fabricated. The software packages Fusion 360
and nTopology with its methodology is one of the
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best for generation of lattice and porous structure for
different application areas. In this research software
package Fusion 360 for 3D modeling of product
with Voronoi structure is used. For fabrication of
product the FFF 3D printing technology with Ender
3 V.2 printer and SuperSlicer software is used.

An interesting and useful way of improving the
product design shape is by using the lattice VVoro-
noi’s structure. The Voronoi pattern can be imple-
mented to reduce the mass of products while keep-
ing the other product functionalities intact, to reduce
the manufacturing time consumption and overall
cost. Additionally, thanks to the unique and interest-
ing nature of the VVoronoi pattern itself, the aesthetic
design of the product’s shape will be increased,
which will contribute to improving the overall prod-
uct quality.

Recently, 3D printing FFF technology has
emerged as an effective method to produce complex
structures layer by layer [1, 2]. Reducing mass of
products, material and time consumption problems
are still challenges for 3D printing. Creating reliable
and lightweight products can be obtained by replac-
ing solid infill materials with VVoronoi porous struc-
tures.

The AM technologies supported by advanced
3D modeling of complex shapes have opened a lot
of new possibilities for product designing, creativ-
ity, ergonomics, custom design, aesthetics, and effi-
ciency in the industrial design process. Product de-
signs with aesthetic and complex shapes can be de-
veloped, prototyped, and fabricated. To benefit
from the concurrent application of these technolo-
gies in the design process, industrial designers
should be educated and trained in parametric design
thinking and cooperation with computer program-
mers and production technology experts. On the
other hand, the design process itself is highly de-
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pendent on personal creativity, sensory perception
of form and material, and understanding of con-
sumer product trends [3].

Nowadays, the CAx systems and CAX engi-
neering applications are an inseparable part of in-
dustrial design. CAXx tools such as: CAD, CAM,
CAE, PLM, etc., are more significantly relevant in
the development process of new products and indus-
trial design. CAX tools significantly reduce the time
and costs of a new product development and fast
launching the product to the market [4-6].

In summary, FFF technology enhances the de-
sign freedom in creating complex shapes of prod-
ucts, with improved aesthetics and modern design
while keeping intact the other product functionali-
ties, compared to the traditional manufacturing pro-
cesses. When properly designed for FFF technol-
ogy, parts with complex shapes can be prototyped
and/or produced directly. The power and adaptabil-
ity which 3D printing provides can be used to create
innovative and useful products.

2. BACKGROUND

Geometric Form/Organic Matrix is an AWOL
trend based on lattice VVoronoi’s structures, which is
a specific method of achieving dynamic balance be-
tween rational and natural worlds. Geometric form
based on a primitive, such as a cube or rectangle,
often defines an absolute outer boundary volume of
which a cellular matrix of internal structures fills in
the interior void. Nowadays, this technique has been
primarily used in architecture and furniture (see
Figure 1), with some inroads into the product cate-
gory. Also, this trend is highly related to Organic
Forms/Geometric Matrix, which inverts the rela-
tionship between form and interior structure [7].

@ SUBITTED BY. JA0L DOMMYY

M AR XYTTANIN, TRABEOLLA

Fig. 1. Geometric Form/Organic Matrix [7]
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Complex shapes and structures include com-
plex surfaces, complex geometries, porous and lat-
tice structures, etc., which are common in the
natural environment. The most natural structures are
complex structures with holes and porosities or
irregular surfaces. These structures can be used as a
lightweight infill, porous scaffolds, energy absorb-
ers or micro-reactors. The novel rapid prototyping
technology with 3D printing and application back-
ground is suitable to answer the current design
methodologies in order to produce complex product
shapes [8].

The product designers today have the possibil-
ities to design complex geometries which can be
produced with AM technology, considering there
are less technological limits than before. In the re-
search [9], Piros and Trautmann presented a new
structure with complex geometries called Light-
weight VVoronoi Scaffold which is tested with multi-
axial load case. The arrangement of Voronoi scaf-
fold is not regular, random sampling-based Monte
Carlo method is applied in order to provide proper
distribution of generation of geometric instances.
Piros et al. presented Lightweight VVoronoi Scaffold
which is compared to some common regular beam
lattices, and results show that Lightweight VVoronoi
Scaffold was lighter in each case, which may open
new opportunities in the field of additive manufac-
turing. Multilevel design for the interior of 3D fabri-
cation is presented in the paper [10]. The aim of this
work is to create lightweight 3D fabrications with
lighter interior structures to minimize printing mate-
rials and supplementary to strengthen thin parts of
objects. The approach allows for the composition of
sparse and dense distributions of patterns of interior
3D fabrications in an efficient way, so users can
fabricate their own 3D designs. Porous structures
such as bone-like porous structures [10], porous Ti-
based alloy prostheses [11], developed a density-
aware internal porous supporting structure to im-
prove the structural soundness of 3D fabrications
[12]. The research of lattice Voronoi’s Structures are
widely used for interior design supported with 3D
print, due to its properties such as stress sustainable,
lightweight, and cost-effectiveness.

The application of lattice VVoronoi’s structure
method to construct controllable porous scaffolds is
presented in the research of Wang et al. [13]. Their
method was successful in obtaining the porous
structures geometries, after which the specimens
were prepared by selective laser melting technology
for manufacturing and the specimens were tested
with quasi-static compressive test. In the research of
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Lu et al. [14], Voronoi mesh is applied in order to
reduce the material cost and weight of a given ob-
ject, while providing a durable printed model that is
resistant to impact and external forces.

Availability of AM technologies today has in-
creased the application and popularity of 3D model-
ing of products with complex shape in industrial de-
sign to create parts with complex shape, structure,
pattern, porous and lattice structures. AM technolo-
gies have applications in many areas, such as rapid
prototyping and manufacturing of parts, orthopedic
personalized devices [15] and others. Preparation
time for AM production of parts with complex ge-
ometry is relatively short. Many industrial designers
choose AM technologies as a tool for prototyping,
especially for prototyping products with complex
shapes such as Voronoi shapes implicated into prod-
uct surfaces.

The main goal of this research is to present the
design process which incorporates the lattice Voro-
noi’s structure into the product complex shapes and
the use of AM technology for prototyping of com-
plex shapes. The design process includes identifica-
tion of market needs, conceptual design, 3D
modeling and parametric design, preparation for
production with 3D printing FFF technology as well
as testing to verify the product design. The
applicability of this research is presented through
illustrative example.

3. DESIGN PROCESS METHODOLOGY

The design process of a product is a complex
process which consists of several phases [16]: iden-
tification of market needs, project planning, product
definition or definition of the product engineering
specifications, conceptual design and developing
the product using CAD models, calculations, selec-
tion of materials, making technical drawings for the
prototype production and defining all necessary in-
formation for manufacturing.

3.1. Identification of market needs, product
definition and project planning

The project started at the Faculty of Mechani-
cal Engineering in Skopje, in the study program in
Industrial design. The project description was clear-
ly defined with the set of general requirements. The
project task was defined as a design of modern vase
with application of AM technology and lattice
Voronoi’s structure. It was proposed the decorations
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of the vase to be focused on small led lights, pow-
ered by a battery. Additionally, in order to under-
stand the design problem translation of customers’
requirements into a technical description of what
needs to be designed was made. The development
of clear requirements is a key feature for an effec-
tive design process. The customers’ requirements
need to be translated to engineering specifications
and the design team needs to understand the prob-
lem in order to write a good set of engineering spec-
ifications. The market research showed that there
are already a lot of examples of 3D printed vases
with lattice Voronoi’s structure. They are designed
with different shapes, functions, shell thickness,
holes density, etc., intended for decoration with
ambient light, others intended for office equipment,
others for arranging and planting flowers. In Figure
2 vases with different lattice VVoronoi’s structures
from many designers available on the market are
presented.

Fig. 2. a) Math Décor by Dizingof [17]. b) The Wire by lvan
Zhurba [18]. ¢) Knitted Vase Designlibero [19]

3.2. Conceptual design

A concept is an idea that is sufficiently devel-
oped to evaluate the physical principles that govern
its behavior [16]. The concept of a vase with lattice
Voronoi’s structure is created with application of
the software package Autodesk Fusion 360. Fusion
360 is CAx software for development of products
with complex shapes and includes the module for
creating lattice VVoronoi’s structures with an overall
control of the mesh. The complex shape of the vase
with lattice VVoronoi’s structures is created by the
tools tessellate, reduce and pipe, incorporated in the
Voronoi module. The created 3D model is paramet-
ric and the parameters which can be adjusted are
Voronoi mesh, density, schedule of geometrical
forms and diameter of mesh. The software Fusion
360 is not the simplest for creating lattice VVoronoi’s

structure, but our requirements were fully satisfied.
The product is intended for people who want a
multi-functional eco product that can simultane-
ously be used as a decoration, ambient lighting, and
flower vase. One concept of modern vase with lat-
tice Voronoi’s structure and complex shape was
generated and is shown in Figure 3.

\/
'« Polygonal
structure

Lattice
Voronoi’s
structure

Polygonal
structure

Assembly box
with led light

Fig. 3. Concept design of modern flower vase

3.3. Product development

The inspiration for the shape was a glass bottle,
according to which the shape was modeled. The
glass bottle inserted as an inner part of the vase with
intention to achieve multi-functionality. The glass
bottle in the vase serves as a flower vase.

The other function of the glass bottle in the
vase is the excellent transparency and dispersion of
light through the lattice VVoronoi’s structure. In the
lower part of the vase electronics with led lights are
inserted which serve as ambient lighting. The pro-
duct design phase is focused on refining the concept
into a hight quality product. The product’s design is
evaluated for its performance, robustness, quality,
and cost. After all the important aspects were consi-
dered, such as performance, robustness, quality and
cost, a novel design of a modern vase with lattice
\Voronoi’s structure was created.

The vase was modeled with application of the
Fusion 360 software, using the following modules:
part, assembly, surface modeling, tessellate, reduce,
Voronoi mesh, etc. Figure 4 presents the steps of
creation of the modern vase 3D model with lattice
Voronoi’s structure using the Fusion 360 software.
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3.4. Prototyping

The prototyping of the presented example,
shown in Fgure 4, is with FFF 3D printing technol-
ogy. For fabrication of the prototype the 3D printer
Ender 3 V.2 was used, the G-code was created in the
software SuperSlicer and PLA material was chosen
as a prototype material. In the SuperSlicer a few pa-
rameters were adjusted, such as: printing orientation
is vertical, infill is 20%, supports were used, and
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layer height is 0.2 mm. Printing time was 17 hours
and 28 minutes.

Figure 5 presents the steps of the prototyping
process: a) creating the g-code with the help of the
software SuperSlicer, b) 3D printing process, ¢) 3D
printed assembly and supports, d) the electrical
circuit, and e) lower assembly with led light. The
prototype of the final product of a modern vase with
lattice VVoronoi’s structure is shown on Figure 6.

" ‘;;‘\’\
N

Fig. 4. Creating the 3D design of the vase with Fusion 360 in several steps: a) sketch, b) revolve, c) tessellate,
d) reduce, e) create solid body, f) divide the body into 3 parts, g) lattice Voronoi’s structure, i) section view
of assembly, j) electronic plastic box, k) section view of vase, I) 3D model of vase assembly
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+1.5V +1.5V +1.5V

d) e)

Fig. 5. Prototyping: a) creating g-code in super slicer, b) FFF process, c) the product and supports,
d) electrical circuit, e) lower assembly with led ligh

Fig. 6. Final prototype of modern vase designed with lattice \Voronoi’s structure
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4. RESULTS AND DISCUSSION

The applicability of the design process of cre-
ating complex product shapes with lattice Voronoi’s
structure, using CAXx tools and fabrication with 3D
printing technology is presented through an illustra-
tive example. The overall design process of creation
and verification of product is presented in a few
steps, such as: identification of market needs, prod-
uct definition and project planning, conceptual
design supported by handmade sketch of a product
design (see Figure 3), product development using
CAD and CAX tools for 3D modeling and analysis
of model (see Figure 4), and rapid prototyping of
product using 3D printing technology (Figure 5).
The goal is for industrial designers to predict, eva-
luate, and improve owner designs as early in the
design stage as possible by using CAx tools and
rapid fabrication process with 3d printing techno-
logy. The final prototype of product modern vase
designed with lattice Voronoi’s structure is pre-
sented on Figure 6 in daily and night usage with
ambient led light.

5. CONCLUSIONS

This paper presented the design process of cre-
ating complex product shapes with lattice Voronoi’s
structure in industrial design using CAXx tools.
Design process stages such as identification of
market needs, product definition, project planning,
conceptual design, product develop-ment, and pro-
totyping, based on selected case study are described.
The new design of the modern vase implements the
use of lattice Voronoi’s structure, decoration ele-
ments, and ambient led lighting. The complex shape
is made by using the modern software package
Fusion 360, CAXx tools and 3D printing technologies
for rapid production and verification of prototype.
The verification of the prototype provides evidential
proof of efficiency of the design process. The design
process supported with AM fabrication and proto-
typing is aimed to encourage the industrial design
students to fabricate their designs early in the design
process, to evaluate and present their designs in a
relatively short time.
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Abstract: With the development of the Internet of Things and the Smart infrastructure, simulating the traffic
is not purely a mathematical question anymore, but also entails the vehicle dynamics as an important factor, due to the
constant data sharing between the vehicles and the highly automated systems which control the behaviour of the
vehicles. This paper aims to upgrade the traditional traffic flow model based on the Cellular Automata theory, by
incorporating the positions and velocities of the vehicles, as well as introduce a longitudinal vehicle dynamics model,
in order to determine the accuracy of the pure traffic model in a simulation environment (Python).

Key words: Internet of vehicles; traffic model; longitudinal dynamics; bottleneck merge

CIIOPEJIBA HA PA3JINYHU HAYNHU HA MOJEJIMPAILE YIIPABYBAIBE
CO BP3UHATA HA BO3MJIO ITPA CIIOJYBAIBE HA JIBE COOBPAKAJHHU JIEHTHU BO EJJHA

A mnmcTpaxkT Co pa3BojoT HA MHTEPHETOT HA HElITaTa M MaMeTHaTa UHQPACTPYyKTypa, CUMYJIHPAKETO Ha
€c000pakajoT MOBeKe HE € caMO MaTeMaTHYKH Mpo0JieM, TYKy ja MOBJICKyBa W TUHAMHKATa HA BO3MJIAaTa KakO OWTCH
(axTop, mopaan NocTojaHaTa pa3MeHa Ha MOAATOLH IoMely BO3WiIaTa M HalpeAHUTE aBTOMATH3UPAHU CUCTEMU KOU
yIpaByBaaT CcO OJHECYBameTO Ha Bo3wiara. Llenrta Ha OBOj TPyJ € TPaJMIMOHAIHHOT MOJEN Ha COOOpakaeH Tek
0a3upaH Ha TeopHjaTa Ha MOOWIJIHM aBTOMATH, Ja C€ HaATPaad cO BKIIyJyBamke Ha O3UIMjaTa U Op3WHATa Ha BO3MIOTO
BKJIy4yBajKM IO W HETOBHOT Ha/IOJDKCH MHAMUYKH MOJEII, CO IIeJ OIpelyBabe TOYHOCT Ha YHCT COOOpakaeH MoJes
BO cuMyJiHpaHa okonmHa (Python).

K.]'ly‘-ll-ll/l 360p0BH: HUHTEPHET Ha BO3UJIaTa, coo6paf<aeH MOACI; HAAOJKHA JUHAMHWKA,
cnoija}Le Ha JIBC JICHTHU BO €aHA

NOMENCLATURE
loV  Internet of Vehicles m mass of the vehicle
CA  Cellular Automata Fnr, For - normal force on front and rear axle
Xnew  Calculated vehicle position in the next time step | wheelbase
Xeurrent CUrrent vehicle position Vx vehicle longitudinal velocity
Ax  calculated vehicle displacement in the next time step Fy, Fx  longitudinal tire force of front and rear axle
At time step Lyf, 1,y Moment of inertia of front and rear wheel
Veurrent CUrrent velocity of the observed vehicle Wf, Wy front and rear wheel speed
Ts, Tr input torque on front and rear wheel Fair air resistance
re  effective tire radius U longitudinal friction coefficient
Fr rolling resistance Is, Iy distance from center of gravity to front and

rear axles
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1. INTRODUCTION

With the development of the Internet of Things
and the Smart infrastructure, the idea of intercom-
nected vehicles in the form of loV is slowly becom-
ing a reality. This entails the need of new models for
traffic flow simulation, as well as models describing
the behaviour of various automated vehicle systems
that depend on the surrounding road traffic partici-
pants.

Regardess whether the observed subjects are
autonomous or human-driven vehicles, one of the
most common problems in the traffic flow nowa-
days is the traffic bottleneck situation. Merging it-
self is a pretty complex mathematical problem, with
many possible modelling approaches, as discussed
in [1]. Many authors [2, 3] suggest using the Rule
184 fuzzy cellular automation as a mathematical
model of traffic flow [4]. However, this model does
not take the vehicle dynamics into account, but ob-
serves the vehicles as moving points. Due to the fact
that the CA modelling approach has been proven to
be sufficient for traffic flow simulations, there are
some authors suggesting the vehicle velocities and
accelerations accompany the points in the model,
using basic vehicle dynamics equations [5].

The abovementioned models could be taken
one step further, by assuming that the observed ve-
hicles are interconnected and share data via the loV.
Thus they would all be able to adjust their respective
velocities in order to achieve smoother merging into
a bottleneck section, as discussed in [6].

Analyzing the suggested modelling methods,
the question arises whether the dynamics of the ob-
served vehicle should necessarily be considered
when simulating a bottleneck section of intercon-
nected vehicles. The possibility exists that it is suf-
ficient to just apply the CA model with a custom
ruleset and have a discrete velocity change with a
bigger time-step, i.e. that the model could capture
the dynamical capabilities of a real vehicle on the
road. Throughout this paper, the traffic model with
the custom ruleset as well as the longitudinal vehi-
cle dynamics model, will be presented. Further-
more, the way those two models are combined will
be explained. Lastly, the simulation results will be
discussed.

2. MATHEMATICAL MODELS

The main model consists of two incorporated
models, one describing the behaviour of vehicles
when approaching a bottleneck section, and the

other describing the longitudinal vehicle dynamics.
The programming language Python was used for
this purpose, with the utilization of the pandas, Mat-
plotlib and NumPy libraries.

a) Single lane traffic model

As mentioned earlier, the idea behind the CA
model will be adopted for describing the traffic
flow. However, without any modification this ap-
proach is limited, out of the scope of this research,
due to the fact that it can only describe the behaviour
of the vehicles in one lane. In this case, two lanes
need to be observed simultaneously, since the ve-
locity and position of the vehicles is crucial for de-
termining the expected behaviour of the vehicles be-
hind them.

First, a new ruleset for vehicles behaviour
must be developed. It is necessary that the used al-
gorithm takes the positions and velocities into ac-
count, meaning that a plain CA ruleset implemented
on an array consisting of 0’s and 1’s will not suffice.

The first step in creating the traffic model
would be getting a section of certain length (length
of 300 meters is adopted throughout this paper), di-
vided in equally long sections (3 meters each). An
average length of a vehicle is considered 3 meters,
due to the variety of vehicles with different geomet-
ric characteristics that can be found on the road. It
is assumed that each vehicle can only take up one
cell at each given moment.

The next step is populating the road, using a
random function returning only 0’s (empty slot) or
1’s (populated slot), with a probability of 25%. Af-
terwards, looping through the slots of the lane takes
place, assigning a random velocity in a certain range
for every slot that contains a vehicle, as shown in
Figure 1. The results are saved in a list of dictionar-
ies, each containing two key-value pairs: one re-
garding the randomly assigned velocity, and the
other one regarding the position (the index of the
slot where the vehicle is placed).

sot 54 2 3 4
index

l1{of1[1]o0

wioeiies 8 [ 0] 6 [10] 0]
Fig. 1. Steps of populating a lane

For the purpose of the simulation, a time-step
of 0.5 seconds has been adopted. After each time-
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step the new position of the vehicle should be cal-
culated as a function of the velocity, using the fol-
lowing expression:

Xnew = Xcurrent T AX, (1)

where Ax is the number of the slots the vehicle
passes in the given time and is calculated according
to the following expression, rounded to the closest
integer:

Ax = %. 2)

The same logic can be applied when introduc-
ing the second lane, as shown in Figure 2.

0 1 2 3 4
lane1 | 8 | 0| 6 |10| O ——
tane2| 01141 O 5 9 —

Fig. 2. Introducing a second lane to the model

However, the actual displacement of the vehi-
cles depends on outside factors as well, such as the
velocity of the vehicle in front of it, whether or not
the vehicle is ready to merge or is still not in the last
slot, and the situation in the neighbour lane. The al-
gorithm for determining the new position of the ve-
hicle is shown in Figure 3.

vehicle
[velocity, position]

is slot next
to it empty?

> enter boitleneck

is velocity
greater?

stay in same slot

calculate new
position

# new positio
in lane range?

adapt velocity and
move to last
available slot

# new positio
occupied?

move to new slot

Fig. 3. Traffic flow simulation algorithm

Mauwi. unore. nayu. ciiuc. 41 (1) 51-58 (2023)

It is important to note that when introducing
the second lane, the slot with index 0 from the first
lane is not randomly assigned as either 1 or 0, but is
always occupied by the observed vehicle, whose dy-
namics should be simulated with the help of the dy-
namics model. Furthermore, there is a function ad-
justing the vehicle velocity to the one in front of it,
in case of slower movement of the vehicles in the
next slots of the lane and the inability to overtake,
as shown in the algorithm.

If the two lanes are not observed separately, a
separate function looking for the next vehicle in
both lanes is to be called, and the adjusting velocity
function should be called afterwards in order to slow
down the vehicle, so that is could match the velocity
of the vehicle which should merge before it. Doing
this additional step will provide a smoother merging
and traffic flow.

b) Longitudinal vehicle dynamics model

For the purpose of this simulation, a section
with two straight lanes is observed. The vehicles in
both lanes do not have the ability to overtake, nor to
switch lanes, and the only time the direction of
movement changes is exactly at the time of merg-
ing, which is not of interest in the simulation and is
therefore neglected in the models and results. For
that reason, a longitudinal dynamics model is suffi-
cient for describing the behaviour of the vehicles in
the given situation.

The longitudinal model can be applied to de-
scribe the dynamics of braking and accelerating,
along with the grade angles, not considering the lat-
eral dynamics. Moreover, the left and right wheels
of the vehicle can be combined into one wheel, due
to the insignificant difference between their respec-
tive wheel speeds.

The used longitudinal dynamics model can be
presented with the following equations [7]:

m:- v, = xf+Fxr_Fr_Fair
lop - wp = 2T =7q " Fyy 3)
Ly @ = 2T — 7 Ey

The script of the model consists of three sepa-
rate classes:

1. Vehicle class, which includes the necessary
vehicle parameters, such as the wheelbase, location
of the centre of gravity with respect to the front and
rear axles and its height, the total mass, as well as
its distribution among the axes and the parameters
needed to calculate the air resistance force.
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2. Tire class, consisting of the necessary tire
parameters, as well as functions for calculating tire
slip and tire speed.

3. A Simulation class, which gets the time-
step, input torque and the needed vehicle and tire
parameters, in order to calculate the components de-
scribing the longitudinal behaviour of the vehicle.

The initial conditions of the vehicle dynamics
simulation are shown in Table 1.

Table 1
Vehicle simulation initial conditions

Symbol Physical quantity Initial value  Unit

x,  Initial position 0 kg

inherited from

x, Initial velocity traffic model m/s
X, Initial acceleration 0 m/s?
to  Initial time 0 s
F,r Frontaxle normal force w N
F,. Rearaxle normal force M N
Fyf, Fyr Longitudinal forces 0 N
Sp 5 Ir(égrgi:;:]deier}al slip on front and 0 B
wr, wy Front and rear wheel speed i—’: rad/s
T¢, T Frontand rear wheel torque 0 Nm

As shown in (3), the longitudinal force, which
appears as a result of the input torque, needs to be
calculated in order to determine the longitudinal ac-
celeration of the vehicle. That can be achieved using
the following equation:

Fyi = Fy - . 4)

As can be noticed from the equation (4), the
longitudinal force directly depends on two factors:
the normal force, which has to constantly be re-eval-
uated as a function of the longitudinal acceleration,
and the longitudinal friction coefficient, which de-
pends on the longitudinal slip, i.e. the relative dif-
ference between the vehicle and the tire longitudinal
velocities, and cannot be expressed empirically.
There are many models describing the longitudinal
behaviour of a tire, based on experimental data. In
this model, the Burckhardt method is used. Coeffi-
cients used in the tire model are shown in Table 2,

and the longitudinal slip-friction coefficient relation
is represented by the curve shown on Figure 4.

Table 2
Coefficients used in the tire model

Symbol Physical quantity Value  Unit
ry  Effective tire radius 0.3 m
¢  Wheel adhesion coefficient 0.8 -
fo  Rolling resistance coefficientatv=0 0.015 -
I, I Wheel moment of inertia 0.8 kgm?
a 1.28 -
b ale;)rﬁ;r;?;cjt coefficients for dry 23.99 a
c 0.52 -
08
06
04
02
0.0
-0.2
-0.4
-0.6
-0.8

-1.00 -0.75 -0.50 -025 000 025 0530 075 100

Fig. 4. Longitudinal friction coefficient in function

of the wheel slip, according to the Burckhardt model

(horizontal axis — wheel slip, vertical axis — friction
coefficient)

c) Incorporated model

In order to be able to run the final simulations
and get the necessary results, the two models de-
scribed above need to be combined into one model,
which runs according to the algorithm shown in Fig-
ure 5.

As demonstrated in the algorithm, the adopted
time steps for this simulation are 0.01 seconds for
the vehicle dynamics model, and 0.5 seconds for the
traffic model. It is assumed that the controller gets
the needed values from the surrounding vehicles
twice per second, and the vehicle acts accordingly.
The first check of whether the controlled vehicle is
still in the lane is done by checking if the values of
all the cells in lane 1, which entails our vehicle, are
null. In a positive case, the observed vehicle has al-
ready gone into the merge and the simulation can be
stopped, since the already presented traffic model
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assumes there are no vehicles behind it, i.e. that is
the last vehicle of our interest in the lane.

[ update traffic lanes ]

v

is my vehicle
in lane 17

calculate vehicle
dynamics quantities

Fig. 5. Incorporated model algorithm

The outputs after every time step are stored in
two separate pandas data frames, one regarding the
traffic model results and the other regarding the ve-
hicle dynamics quantities of interest, after each sim-
ulation time step.

The torgue in the separate vehicle dynamics
model needed to be hardcoded for each simulation,
in order to imitate the behaviour of the driver. How-
ever, due to the random population of the lanes, it is
impossible to know the traffic situation, and thus the
needed torque, beforehand. That is why a logic for
determining whether or not the torque should be in-
creased, i.e. decreased, in the next time step and by
how much, needs to be implemented. It is important
to note that, in order to simplify the model, it is as-
sumed that the vehicle has a non-zero input torque
at any given time during the simulation. The veloc-
ity corrections will be done exclusively by adding a
positive or negative torque, which will possibly re-
sult in unnecessary velocity dilatations that would
not provide a comfortable ride, but are sufficient for
the purpose of this research.
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The target torque for the next time step can be
calculated right after reading the velocity and posi-
tion values of both the controlled vehicle and the
one in front of it. Regardless of whether it is located
in the same lane or not. The 2-second rule is fol-
lowed in this model, meaning that if the distance be-
tween the two vehicles is greater than 2 seconds at
the current velocities, the target torque should be
2000 Nm, which is achievable by most vehicles and
still provides a smooth acceleration, thus allowing
the vehicle to close the gap until it reaches a 2-sec-
ond distance.

In case the first requirement is met, the next
step should be adapting the velocity of the con-
trolled vehicle with regards to the data gathered
about the vehicle in front of it. Namely, the needed
acceleration or deceleration can be calculated by
simply implementing the following equation:

__ Vtarget—Vcurrent
a = —HEE S, (%)
where a is the target acceleration, Viarget i the target
velocity (the velocity of the vehicle in the front),
Veurrent 1S the current velocity of the controlled vehi-
cle and At is the traffic model time step. Knowing
the acceleration value, the inertial force Fi can be
easily calculated. Furthermore, the air and rolling
resistance forces can be calculated at target velocity.

Given the nature of the longitudinal dynamic
vehicle model, the needed torque can be calculated
by balancing the forces along the longitudinal axes,
thus getting the following equation:

Ttarget = i(Fi +F + Fair) “Ta- (6)

Once the target torque is known, in order to
achieve a smoother transition, provided we know
the input torque from the last time step of the previ-
ous simulation cycle, Tyrev, a slightly modified ver-
sion of the Sigmoid function [8, 9] can be used:

Ttarget—Tprev
sig = % + Tprev- (7

Given that the majority of the cars are front-
wheel drive, but break using all four wheels, it is
safe to adopt the same logic in this model. However,
this entails the need to incorporate a brake torque
distribution model between the front and rear axles.
First of all, it needs to be determined whether the
torque is increasing or decreasing, i.e. whether the
vehicle is accelerating or braking. This can be done
with the following check:

{ Trarget < Tprey => braking
Trarget > Tprev => accelerating

(8)
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If it is determined that the vehicle will be ac-
celerating in the following time step, the needed
torque as a whole should be applied to the front axle,
whereas the rear axle gets a torque of 0. On the other
hand, if the brakes need to be applied, the distribu-
tion among the axles should follow the following
rule:

T — Tsig'an
front 9.81-m , (9)
Trear = Tsig - Tfront
where Tsig signifies the input torque from the Sigmoid
function at the current time step.

3. SIMULATION

In this section, the simulation results will be
presented and discussed.

a) Analysis of the vehicle dynamics model output
in comparison to the gathered loV data

As mentioned earlier, one of the goals of this
simulation is to check if the vehicle on the road can
follow along with other vehicles presented as simple
points, in terms of dynamics. That is why two sim-
ulations with different velocity ranges have been
run and only the velocity comparison between the
controlled vehicle and the one in front of it will be
presented, as it is the only quantity of interest.

The first simulation entails vehicles distributed
among two traffic lanes, as explained in-depth in the
previous section, with velocities in the range be-
tween 14 and 28 m/s, to simulate traffic flow on a
motorway (Figure 6), whereas velocity range in the
second simulation is between 4 and 14 m/s, to
simulate city traffic (Figure 7).

20.0 4

175 A /

25 { = My vehicle velocity
Vehicle in front velocity

0 5 10 15 2 %
t(s)
Fig. 6. Velocity comparison on a motorway

11 4 —— My vehicle velocity
Vehicle in front velocity

t(s)
Fig. 7. Vehicle comparison on city road traffic

The same can be said about the second simula-
tion, whose results are shown in Figure 7. Nonethe-
less, it is important to note that, due to the assump-
tion that the vehicle has an input torque at any given
time, as mentioned in the previous section, slight di-
latations in the vehicle velocity can be noticed. One
of the main reasons is the fact that the traffic situa-
tion in this instance is such that the vehicle in the
front has a constant speed throughout the whole
simulation, which is almost the same as the starting
velocity of the controlled vehicle.

b) Comparison between the vehicle dynamics
model outputs and the behaviour of the same
vehicle in the traffic model

Itis also of great significance to check whether
is it really essential to incorporate the longitudinal
dynamics model, given that it significantly burdens
the simulation as a whole and is thus a far more ex-
pensive process. It can be determined whether the
dynamics model could be omitted without disturb-
ing the validity of the simulations, by simply com-
paring the results of both models (one considering
the vehicle dynamics, and the other one only con-
taining the traffic model, regardless of the dynam-
ical capabilities of the vehicle) and checking if they
are similar enough to suffice for the given purpose.

In order for this conclusion to be drawn defi-
nitely, the comparison needs to be done on a setup
with more variable requirements, i.e. the velocity of
the vehicle in the front should be changing fre-
guently and thus, the response of the system can be
evaluated more accurately. For this reason, a simu-
lation where the velocity of the vehicle in the front
is decreasing over time, has been chosen.

As can be noticed from the results presented on
Figure 8, the controlled vehicle, due to the nature of
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the traffic model, immediately adapts the velocity
according to the one of the vehicle that should mer-
ge before it, and follows that velocity throughout the
whole simulation. On the other hand, the model on
Figure 9 presents a slightly different behaviour.
Namely, the velocity of the vehicle in the front is
also followed throughout the whole simulation, but
that process does not happen immediately, due to
the dynamical characteristics of the vehicle.

91 - My vehicle velocity
81 Vehicle in front velocity
71
n 8]
~
E s
=7 N
> 49
34
2 <4
1 4
0 5 10 15 20 25

t(s)

Fig. 8. Comparison between the velocities of the controlled
vehicle and the one in the front, drawn from the model without
the longitudinal dynamics logic

~— My vehicle velocity

8 Vehicle in front velocity
— 6
vl
— < 3
E.
S

2

0

0 5 10 15 20 25
t(s)

Fig. 9. Comparison between the velocities of the controlled
vehicle and the one in the front, drawn from the model
including the longitudinal dynamics logic

If both results are compared, such as in Figure
10, the conclusion can be drawn that, even though
the first results are not as dynamically accurate and
do not reflect the real behaviour of the vehicles as
the second one, both curves still have clashing
points throughout the whole simulation, and only
differ in terms of the paths leading to those points.
This leads to the conclusion that, if one is only in-
terested in the behaviour of the vehicles in this par-
ticular traffic situation, and how they interact with
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each other if interconnected via the loV, then the
pure traffic model would suffice and does not need
to be burdened with the unnecessary dynamics
model. Nevertheless, if the exact behaviour of the
vehicle is of significance, the results show that this
way of modelling and running the simulations is
necessary.

-~ My vehicle velocity

8 Vehicle in front velocity
_— 6
7]
— = 2
Ea
-

2

0

0 5 10 15 20 25
t(s)

Fig. 10. Comparison between the velocities of the controlled
vehicle, drawn from both models

4. SUMMARY AND CONCLUSIONS

The modelling and simulation of the control
and behaviour of a vehicle, interconnected with the
other vehicles on the road via the loV, on a traffic
section with an upcoming bottleneck merge, was
shown in this paper. The modelling included both a
mathematical description of a traffic flow behav-
iour, on the basis of the CA method, but with a new
ruleset, as well as a longitudinal dynamics model for
describing the behaviour of the controlled vehicle in
particular.

There were mainly two points of focus, the
first one being whether the vehicle is able to follow
the changes introduced discretely by the traffic
model, in terms of vehicle dynamics, and the second
one whether this step is crucial or can it be omitted,
without affecting the accuracy of the simulations.

Given the results in the last section, it can be
concluded that, depending on the needs of the sim-
ulation, a pure traffic model based on the CA theory,
but with a ruleset incorporating the positions and ve-
locities of all vehicles in all given times, as well as
for updating the lane cells appropriately, could be
sufficient. Nevertheless, for vehicle control pur-
poses, where many physical quantities are crucial
and need to be knows at all times, the longitudinal
dynamics model can be implemented, without intro-
ducing disturbances in the traffic model.
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VEHICLE HANDLING ENHANCEMENT EMPLOYING FOUR-WHEEL
INDEPENDENT STEERING SYSTEM USING SLIDING MODE CONTROL
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Abstract: The demand for safer vehicle transportation and future automated vehicles will open the possibility
for implementation of steer-by-wire (SbW) vehicle steering system. Application of this system would not be exclusive
only for the front axle, but for the rear axle as well. Current four-wheel steering (4WS) systems are designed and applied
using Ackermann steering geometry. Due to the vehicle designs requirements, an ideal Ackermann geometry is never
achieved and steering kinematics may result in two instantaneous centres of rotation during vehicle cornering. To avoid
this, a control strategy for a four-wheel independent steering (4WIS) is proposed where the four independently steered
wheels attempt to achieve single instantaneous centre of rotation using sliding mode controller (SMC). As a reference
model a 2DOF nonlinear vehicle bicycle model is used. The 4WS and 4WIS two-track vehicle models are created using
MATLAB/Simulink and tested with manoeuvres defined by the standard 1SO 7401.

Key words: 4WIS; sliding mode control; steer-by-wire; Ackermann geometry

MHOAOBPYBAIBE HA YIIPABJINMBOCTA KAJ BO3UJIATA CO CUCTEM 3A HE3ABUCHO
YIIPABYBAIE HA YETUPU TPKAJIA CO IPUMEHA HA CTPATEI'JATA
CO JIN3T'AYKA IMOBPIINHA

A ncTpacx T Ilorpebara o mode3deneH TpaHCIIOPT M aBTOMAaTH3WPaHK BO3MJIAa BO MJIHMHA Hajara MMILIe-
MEHTal}ja Ha CHCTEMH 3a YIpaByBame NMPEKy CUTHAIM, 0e3 MeXaHWYKH Bpcku. [IpuMeHara Ha oBHe CHCTEMH He OH
Omna camo Kaj MpeAHara, TyKy M Kaj 3agHara ocka. CeramiHuTe CHCTEMH 3a yNpaByBame Ha YSTHPUTE TpKajla ce
KOHCTPYHPaHHU U IPHMEHETH KOpUCTejKu AKepMaHoBa reomerpuja. [lopaan KoHCTpyKTHBHHTE Oapama Kaj BO3WIIATa,
npaeanHaTa AkepMaHOBa FeOMETPHja HUKOTAIll He Ce TIOCTUTHYBAa M KWHEMaTHKAaTa Ha YIPaByBaYKHOT MEXaHU3aM MOXKe
Jla pe3yaTupa co JBa UCTOBPEMEHH I10J1a Ha POTalHja IpH JBIDKEHE Ha BO3MIOTO BO KpUBHHA. 3a Jla ce N30erHe Toa,
ce mpejyiara cTpaTeryja Ha yrpaByBarbe o JIM3rauka MoBpIIHHA Ha CHCTEM 3a HE3aBHCHO yIpaByBambhe Ha TpKajaTa, 3a
CHTE YeTHpH TpKana Ja OMaT ynpaByBaHH HE3aBHCHO CO Il Ja CE MOCTUTHE €JIMHCTBEH MOMEHTAJCH IOJ Ha
poranmja. Kako pedepeHTeH Momen € MCKOPUCTEH HEJIMHEeapeH MOEN-BEJIOCHIIC] Ha BO3WIIO CO [Ba CTeleHa Ha
cnobosa. Mozenute Ha BO3WiiaTa co ynpaByBambe Ha YETUPUTE TPKaja U CO HE3aBUCHO YIPaByBamke Ha CEKOE TPKAJIo
ce kpeupanu co nomorn Ha MATJIAB/CuMyYJIHUK 1 ce TECTUPAHU CO MaHEBPHU JeUHUPaHH COTIIACHO CO CTaHIApIOT
1SO 7401.

Kiyunn 360poBH: cucTeM 3a HE3aBUCHO YNPaByBamke Ha UETUPU TPKana, yIpaByBame CO JU3radyka MOBPIINHA,
yIpaByBambe MPEKy CUrHAIN; AKEpMaHOBa reOMeTpHja

NOMENCLATURE B Pacejka tire model stiffness factor
a Distance between instantaneous centre and front b Distance between instantaneous centre and rear
axle axle
a, Lateral acceleration by Front track width

b,  Rear track width
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c Pacejka tire model shape factor

Crp Pacejka tire model stiffness

Cqr Front wheel cornering stiffness

C,- Rearwheel cornering stiffness

D Pacejka tire model peak factor

d Distance between the instantaneous centre
of rotation and vehicle longitudinal axis

d;  Distance between the instantaneous centre
of rotation and vehicle inner wheels

d, Distance between the instantaneous centre
of rotation and vehicle outer wheels

E Pacejka tire model curvature factor

e Sliding mode error function (j =1, 2, 3, 4)

E,  Vertical force

F,om Nominal vertical force

F,; Fronttire lateral force

F,.  Rear tire lateral force

g Gravitational constant

h Distance between link and axle lateral axis
h.  Centre of mass height

I, Material moment of inertia

i Inertia radius

k Maximum value of the signal that the SMC

controller can produce (j=1, 2, 3, 4)
K 4WS proportional control strategy constant
l Wheelbase
lg Distance from centre of mass to front axle
L, Distance from centre of mass to rear axle
Front and rear axle link length (j =1, 2, 3, 4)
m Mass of the vehicle
R Turning radius

1. INTRODUCTION

Increased demands for improved overall vehi-
cle performance along with needs for safer and more
sustainable transportation lead to development of
new advanced vehicle systems.

Regarding vehicle steering system, Acker-
mann steering geometry is still the most used steer-
ing principle in modern vehicles. Beside many ad-
vantages, throughout the whole cornering process,
the ideal Ackermann geometry with single centre of
rotation during turning is rarely achieved. Neverthe-
less, this principle with mechanical linkage is still
used in classic and automated steering systems, such
as the Active Front Steering (AFS) and the Active
Rear Steering (ARS) in 4WS or AWS vehicles.

Authors in [1] present improved vehicle dy-
namics and handling by implementing fuzzy-logic
controller in coordinated control involving AFS and
vehicle yaw control system. Feng et al. present co-
ordinated chassis control [2] where the AFS system
is integrated with traction control and differen-tial

Sliding mode surface function (j =1, 2, 3, 4)
SMC controller output (j = 1, 2, 3, 4)
Ueq SMC desired output signal of the controller
in stationary conditions
Longitudinal velocity
Lateral velocity
Front wheel side slip-angle
;. Front inner wheel side slip-angle
as, Frontouter wheel side slip-angle
asror Reference front wheel side-slip angle
a, Rear wheel side-slip angle
a,; Rear inner wheel side-slip angle
a,, Rearouter wheel side-slip angle
a,.r Reference rear wheel side-slip angle
B.  Sideslip angle
8  Front steering steered angle
dr;  Frontinner steered wheels angle
dr,  Frontouter steered wheels angle
Orrer Reference front steered wheel angle
&,  Rear steered wheels angle
6,; Rear inner steered wheels angle
6,, Rear outer steered wheels angle
0, Reference rear steered wheel angle
Front and rear axle angle between links
A Constant which multiplies the error in SMC
controller
¢ Thickness of the boundary layer of the sliding
surface in SMC controller
® Road surface friction coefficient
w, Vehicle yaw rate

braking. Doumiati et al. suggest a phase plane
approach [3] that shows improvement in vehicle
handling. As AFS control strategy, model predictive
control (MPC) is used by Falcone et al. [4]. Ding et
al. suggest sliding mode control (SMC) [5], while
authors in [6] combine SMC and extreme learning
machine. Another machine learning method is pro-
posed by Huang et al. [7] where a neural network
controller is implemented.

Authors in [8] present comparison between in-
tegrated AFS and vehicle stability control (VSC)
and integrated ARS and VSC, controlled by SMC
using co-simulation. Hiraoka et al. [9] and authors
in [8] present the idea of using reference 4WS bi-
cycle model to improve 4WS vehicle performance.
In [10] Ferrara presents the application of SMC in
broader spectrum of vehicle systems.

Most of the previously mentioned research pa-
pers point out the advantages of using AFS and ARS
systems which significantly improve the vehicle dy-
namics. These systems, together with the current
type approval legislation requires a mechanical
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linkage between the steering wheel and the steered
wheels. In order to avoid the disadvantages of the
mechanical linkage, many researchers are focused
on developing a Steer-by-Wire (SbW) systems. The
Steer-by-Wire system would free up more space,
lower the weight of the vehicle and most im-
portantly could potentially lead to improved vehicle
dynamics and could provide steering correction in
case of unwanted driver’s command and need to sta-
bilize the vehicle.

In [11] Chen et al. propose four-wheel inde-
pendent steering (4WIS) control strategy based on
wheels minimum load. Authors in [12] and [13] pre-
sent improved vehicle stability of a prototype 4WIS
and four-wheel independent driving (4WID) vehicle
using several control algorithms. Improved vehicle
manoeuvrability is also presented in [14] and [15].
Liu et al. present application of SMC in 4WIS sys-
tem in [16]. Using yaw moment control method,
Yim [17] makes a comparison between AFS, front
wheel independent steering (FWIS), 4WS and
4WIS. The paper had shown that 4WIS offers the
best vehicle performance. Nah and Yim present a
combined method between VSC, 4WIS and 4WID
[18].

Development of a 4WIS represents state-of-
the-art in terms of vehicle steering and handling
among researchers and engineers. The application
of this system in vehicles would decrease the gap
between theoretical and real steering systems per-
formance, thus significantly improving vehicle hand-
ling and stability. Unfortunately, the biggest current
problem represents the legislation limitations and
the lack of redundant mechanism(s) in case of
system failure.

To analyze the characteristics and the perfor-
mance of the 4WIS system, in this paper a nonlinear
4WIS vehicle model is compared with a nonlinear
4WS that uses proportional rear wheel steering con-
trol algorithm. As [8] suggests, a reference nonlin-
ear all wheel steering (AWS) bicycle model is cre-
ated where the rear wheels are steered using linear
control strategy to achieve vehicle side-slip angle
value of zero in steady and transient state.

This study aims to analyze the potential of the
SMC controllers on vehicle stability when em-
ployed to generate correction of the desired wheel
steer angles in order to achieve single instantaneous
centre of rotation. The correction is based on the dif-
ference between the wheels steer angles and the
wheels side-slip angles because that difference de-
fines the vehicle traveling direction and the corner-
ing radius of the vehicle.
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Therefore, by focusing on overcoming the im-
perfections of mechanical steering mechanism and
implementation of SMC controllers in independent
all-wheel steering, a control strategy concept is pre-
sented which allows more precise determination of
the instantaneous centre of rotation, increased vehi-
cle stability, smaller off-tracking and tire defor-
mation.

2. VEHICLE MODELS

The presented concept of 4WIS is based on the
aim to achieve single instantaneous centre of rota-
tion, while maintaining the desired wheels’ side-slip
angles. It would increase vehicle stability, while de-
creasing tire wearing and loads. As a reference mo-
del for the 4WIS, a 2DOF nonlinear bicycle model
is used. An additional 4WS model was created, in
which both axles have Ackermann steering geo-
metry derived from real vehicle with mechanical
linkage. The geometry was chosen because it is still
most widely used in passenger vehicles. The effects
of implementing four-wheel independent steering
are analyzed and presented by comparison between
the 4WS and 4WIS vehicle model using standard-
ized test procedures accordingly to the standard 1ISO
7401.

Figure 1 shows a schematic overview of the
proposed concept. The driver commands different
front wheel steering angles to both vehicles in order
to complete the standardized manoeuvre according
to ISO 7401. This is presented in greater details in
the results section.

While the front wheel steer angles of the 4WS
vehicle depend solely on the driver’s command, the
final values of the 4WIS front wheel steer angles de-
pend on the driver’s command and the correction of
the SMC controllers.

On the other hand, the 4WS rear wheels are
controlled using a proportional control strategy,
while the 4WIS uses control strategy which at-
tempts to achieve vehicle side-slip angle value of
zero during steady and transient state. In this case
that would not be literally possible because nonlin-
ear vehicle model is being used, while the particular
strategy is derived from a linear bicycle model.
However, it significantly lowers the values of the
vehicle side-slip angle. Beside the input from con-
trol strategy, an additional correction is being ap-
plied by the SMC controllers. The strategies used
and the vehicle models are described in detail in the
following subsections.
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Fig. 1. Schematic overview of the presented concept

a) Bicycle reference model

As a reference model, a nonlinear all wheel
steering (AWS) bicycle model (Figure 2) is used.
The model has 2DOF, lateral velocity and yaw rate,
while the longitudinal velocity is assumed to be con-
stant. The tires are modelled using the Magic Tire
Formula of Pacejka described by equations (1) and
(2). Furthermore, the parameters of the reference
model, 4WS and 4WIS vehicles are chosen to rep-
resent C vehicle segment as one of the most com-
mon vehicles. The vehicle parameters and the
Pacejka model coefficients are presented in Table 1.

Fyr= Dsin{Carctan[Baf - E(Baf - arctan(Baf))]}
1
F,, = Dsin{Carctan[Ba, — E(Ba, — arctan(Ba,))]}

(2)

Fig. 2. 4WS bicycle vehicle model

Instead of 2WS bicycle model as a reference
model, a 4WS was chosen since 2WS model has
slower dynamic response and would force the 4WIS
vehicle to mimic the performance of 2WS vehicle.
These conclusions are presented in [8]. As, a control

strategy for rear wheels, a linear control strategy is
chosen which requires vehicle side-slip angle value
of zero during the steady and transient state. Alt-
hough the real value would never be zero, because
a linear strategy is applied on a nonlinear model,
nonetheless the performance of the reference model
and the desired values are more favourable than
some other strategies. The equations of the linear bi-
cycle model, from which the strategy is derived, are
presented in equations (3) and (4), while the control
strategy itself is described by equation (5).

Table 1l
Vehicle bicycle model parameters

Mass (m): 1400 kg
Wheelbase (l): 2600 mm
Distance from centre of mass

to front axle (If): 1200 mm
Inertia radius (iz): 1150 mm

Front wheel cornering stiffness

(Car): 50000 N/rad
Rear wheel cornering stiffness
(Car): 50000 N/rad
B Crp/(CD)
Fn
Crp K,sin {(2 arctan ( )}
Fnom
1.2
PF,
0
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b) Four-wheel steering (4WS) model using
Ackermann geometry with proportional
control strategy

Figure 3 presents the Ackermann geometry of
one axle. The 4WS vehicle is modelled to have iden-
tical front and rear axle, with the same geometry, the
only difference being the maximum steer angle of
the wheels of the front and rear axle.

Y11 [ Yiz

Fig. 3. 4WS vehicle’s front and rear axle

Cos Car
- 6 + - o 3

Cafly _ Carlr
1,Vy L Oy, O “)
MVZ+Cqafly—Corly (5)

Z
CtIT Vx

For this vehicle, a proportional control algo-
rithm is chosen and presented in equation (6), as one
of simplest control strategies, combined with input
delay of 0.1s in the rear wheels reaction. This delay
is implemented to gain faster response from the
vehicle.

0, = K& (6)
where K = 0.2. The relation between the inner and
outer wheel is presented by equations (7) and (8).
While it must be pointed out that the parameters of
the vehicle are identical with the ones of the ref-
erence vehicle, except for the tire cornering stiffness
which is assumed to be half the size of the cornering
stiffness of the bicycle model. The Ackermann’s
geometry parameters are presented in Table 2. The
values for the front and rear axle are identical.

. lig—lyr—l3frsin(y —lzf¢sin(y +lyrsin(ya1r+0f;
8p0 = 22 — arcsin (275 (r11)=larsin(yaar)+lar sin(yaar+6ri) R
lyf
. liy—lyy—l3ysin —l3,sin +14y sin +8,i
67”0 =y22r—arcsm(" 2r—lzr sin(y11y) 3rl (Y12r)+lar sin(ya1r ‘I"l)) 8)
ar

Table 2
Ackermann geometry — parameters

ly: 1500 mm
ly: 950 mm
l3: 240 mm
Iy 130 mm
h: 160 mm
Y11, Y12, (in straight ahead wheel position): 81.48°
Y21, Y22, (in straight ahead wheel position): 16.84°

In Figure 4 the turning process of the 4 WS ve-
hicle is presented during higher velocity motion.
Assuming only the steering angles of the wheels, or-
thogonal lines are drawn from the front wheels that
intersect in point O and in the same way the orthog-
onal lines relative to the rear wheels intersect in Or.
The values Rsand R, represent the distances between
the corresponding centre points and the vehicle’s
centre of mass. The value Dr represents the distance

Mauwi. unore. — nayu. ciuc., 41, 1, 59-70 (2023)

between those points. It must be pointed out when
wheels side-slip angles are considered, the vehicle
has single instantaneous centre of rotation. It’s loca-
tion is found in the distance between the points Of
and O,. Smaller distance Dr means more precise
positioning of instantaneous centre of rotation, whi-
le the vehicle’s off- tracking, tire wear and tendency
to stability loss would all be lower.

Dy

o,

Fig. 4. Existence of two instantaneous centres of rotation
using mechanical linkage of the front and the rear wheels
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c) Four-wheel independent steering (4WI1S) model

Last of the presented vehicle models is the
4WIS model (Figure 5). The vehicle has 4 wheels
which can be steered independently. The input sig-
nal for the front wheels is the front wheel steering
angle of the reference vehicle bicycle model. After-
wards, that value is modified using equations (9)
and (10), in order to achieve the desired single in-
stantaneous centre of rotation. Equation (9a) is de-
rived from Figure 5 using triangle O12, while using
triangle O34 equation (9b) is derived with assump-
tion that the wheels’ side-slip angles are negligible.
By combining (9a) and (9b), the value of the inner
front wheel steering angle is derived in eq. (10a).
With the same approach, equation (10b) and rear
wheels steering angles (11a and 11b) are derived.

tan (8r.5) = a/d (9a)

tan (Sfl) = a/di (9b)

8r; = arctan <§tan(6fref)); (10a)
= arctan tan(Sfref)> (10b)

é,; = arctan <ditan(6rref)> (11a)

d
8,0, = arctan <d_o tan (8, re f)> (11b)

—
==
=

<

Fig. 5. 4WIS vehicle model

The variable d is obtained from the driver’s
command of the vehicle bicycle model and together
with the values for d; and d, are calculated during
the simulation in each integration step.

The wheel side-slip angles are taken into con-
sideration in the SMC controllers which correct the
driver’s command. There, the real values of the pa-
rameters d, d; and d, and the turning radius are also
calculated during the simulation in each integration
step, but they are obtained from the 4WIS model.
Those relations are presented in equations (12) and
(13) and are used for the calculation of the value Dr.

b
tan(5f1 afj) - d—wzs tan(Srj - arj) = owrs

(12)

R = /x%+ (I, + b)? (13)

At the end, the wheel steering angles are cor-
rected based on the error between the reference
value from the bicycle model and the actual value
of the 4WIS vehicle model. The values that are com-
pared represent a difference between the steering
angles of the wheels and the wheels’ side-slip an-
gles. Those values were chosen for the sliding mode
control because in practice the traveling direction of
the vehicle is determined by the difference between
the wheel steering angles and the wheels side-slip
angles, due to the lateral deformation of the tires.

The front and rear wheels side-slip angles of
the four-wheel vehicle model are presented in equa-
tions (14) and (15). Also, these equations are used
to calculate the desired reference values of the bicy-
cle model.

Vy—=lrw Vy—=lrw
y~ %z y—f%z
ft= 5 ye—05brw,” 1O T TS0 vit0sbrw,
(14)
Vy—lLrw Vy—lrw
Api = Opi _u; App = 67"0 Yy Tz
Vx=0.5brw, Vx+0.5b,w,
(15)

The control strategy of SMC controllers is pre-
sented in the next section, while the comparison be-
tween the 4WS and 4WIS is presented in the results
section.

It is important to mention that in both two-
track vehicle models, the vertical load distribution
of the wheels is taken into account. This distribution
is calculated using equations (16) and (17) and it is
used in Pacejka tire models.

0.5mgl, |, 0.5mayhc
Foro = + 16a
zfo 1 by ( )
0.5mgl 0.5mayh
Frri=— - — bfy < (16b)
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0.5mgls 0.5mayh.
Fpro =——+ . (17a)

0.5mgly n 0.5mayh.

F,; =
zri 1 b,

(17b)

3. DESIGN OF THE SLIDING MODE
CONTROLLERS IN THE 4WIS MODEL

For the sliding mode control the sliding surface
is defined by equation (18), while as mentioned
above, the error is defined as subtraction between
the actual and the reference value of the difference
between the wheels’ steering angle and the wheel
side-slip angles (19). The control output, which is
responsible for the final steering angle of the wheel
is not solely dependent on the output command of
the SMC (20), but also depends on the commands
given by the driver. By combining equations (10),
(11) and (20) the final values for the wheels’ steer-
ing angles are calculated using equations 21 (21a
and 21b) and 22 (22a and 22b).

si=é+ e (18)
i = (8jrer — Ajrer) — (6; — @) (19)
;= ktanh( 1)+ ugq (20)

where k = 1, while ¢ = 10, 1 = 50 and u,, = 0.

The values are chosen on basis of several con-
ducted simulations.

d efl-
8f; = arctan Etan(Sfref) + ktanh <E)
l
(21a)
d efo
= arctan | —tan(8s,ef) | + ktanh (—)
do ¢
(21b)
<i tan(5 )) + ktanh ( )
d rref
(22a)

Z-tan(8yre f)> + ktanh (%2).
(22b)

6,; = arctan

6,; = arctan

4. SIMULATED MANOEUVRES
AND RESULT ANALYSIS

Vehicles were tested using two manoeuvres
described in the Standard 1SO 7401. For the corner-
ing manoeuvre, both vehicles are steered to achieve
4 m/s? of lateral acceleration in steady state, as re-
quested by the standard, while traveling with con-
stant longitudinal speed of 80 km/h. As recom-
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mended by the standard, the vehicles are tested for
the step-steer and the single lane change manoeuvre.
The road surface has friction coefficient of ¢ = 0.6.

The following comparative results of the 4WS
and 4WIS vehicles are presented: steering angles,
wheels’ side-slip angles, lateral acceleration, yaw
rate, vehicle side-slip angles, trajectory and radius
error.

Step-steer

In the first manoeuvre, the different values of
the steering angles of the 4WS and 4WIS can be ob-
served in Figures 6 and 7, which also results in dif-
ferent wheels’ side-slip angles presented in Figures
8 and 9. Lower values of wheel side-slip angles for
the 4WIS vehicle indicate higher capability of the
vehicle to withstand lateral forces.

35

3

o N

Stesred wheals angle (dsg)

0 1 2 3 4 5 6
Time (s)

Fig. 6. Front and rear wheels’ steering angles — 4WS vehicle

5

-

Steered wheels angle (deg)
o

1 2 3 4 5
Time (s)

Fig. 7. Front and rear wheels’ steering angles — 4WIS vehicle
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i
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Fig. 8. Wheels’ side slip angle — 4WS vehicle
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Fig. 9. Wheels’ side slip angle — 4WIS vehicle

In the Figure 10, the value of the lateral accel-
eration is 4 m/s? in steady state, thus fulfilling the
Standard 1SO 7401. Also, it can be observed that the
4WIS has faster response than the 4WS vehicle. The
same conclusion can be derived from Figure 11 with
regard to the yaw rate, where the 4WIS reaches
steady state after 1.5 seconds of the manoeuvre, just
after driver’s command reaches maximum value,
while the 4WS settles after the 4™ second.

—4WS Vehicle
=4WIS Vehicle

Lateral acceleration (m/s?)
= . ra o
s & - B e B e &

=3

o
=3
ro

3 4 5 6
Time (s)

Fig. 10. Lateral acceleration
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Yaw rate (degs)
@

] 1 z 3 4 5 3
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Fig. 11. Yaw rate

The biggest advantage of the proposed strategy
can be noticed in the values for the vehicles side-

slip angle (Figure 12), where the 4WIS achieves sig-
nificantly smaller values. Therefore, it allows better
driver perception and handling and increased safety.
Because of the identical values of the lateral accel-
eration and yaw rate, the trajectory is almost identi-
cal (Figure 13). In Figure 14 the Dy parameter value
is shown, where it can be observed that more than
30 mm in the transient period of the 4WS, while
4WIS possess value of approximately 3 mm. These
small values are result of the smaller values of the
steering angles of the wheels.

—A4WS Vehicle
—4WIS Vehicle

Side slip angle (deg)

i} 1 2 3 4 5 6
Time (s)

Fig. 12. Vehicle side slip angle
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Fig. 13. Trajectory
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Fig. 14. Dy parameter

Single lane change

In this manoeuvre, vehicles are traveling with
constant longitudinal velocity of 80 km/h and the
steering angles of the wheels are assigned values so
that (Figures 15 and 16) the vehicles achieve 4 m/s?
of lateral acceleration in the first peak. Because of
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the rear wheels control strategy of the 4WIS, they
are turned in opposite direction at the beginning of
the manoeuvre, therefore resulting in faster vehicle
response (Figure 16).
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~—Front outer wheel
~—Rear inner wheel
= 'Rear outer wheel
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Fig. 15. Front and rear wheels steering angles — 4WS vehicle
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Fig. 16. Front and rear wheels steering angles - 4WIS vehicle

By observing the wheel side-slip angles (Fig-
ures 17 and 18), it can be concluded that at certain
period of the manoeuvre, just before the 2" second,
the absolute values of the rear wheels side slip an-
gles are larger than the front ones. That trend
changes during the manoeuvre and the difference
and the peaks are higher for the 4WS vehicle, but
nevertheless, it results in a short transient period
where both vehicles are showing oversteer charac-
teristics. This period is much shorter for the 4WIS
vehicle.

—Front inner wheel
—Front outer wheel
== Rear inner wheel
== Rear outer wheel

Wheels side slip angle (deg)

o 1 2 3 4
Time (s)

Fig. 17. Wheels side slip angle — 4WS vehicle
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Fig. 18. Wheels side slip angle — 4WIS vehicle

This behaviour and the larger differences bet-
ween the values of the rear and front wheel side-slip
angles, results in requirement for longer time for the
4WS to reach steady state, around 5th second
(Figure 19), while the maximum values of yaw rate
(Figure 20) and side-slip angle (Figure 21) are
larger, resulting in increased possibility for vehicle
destabilization and deteriorated driver’s perception
of the vehicle’s travelling direction.

—4WS Vehicle
—4WIS Vehicle

Lateral acceleration (mis%)
L - )

3 4
Time (s)

Fig. 19. Lateral acceleration
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Fig. 20. Yaw rate
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Fig. 21. Vehicle side slip angle
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All of this can be confirmed with Figure 22,
where the 4WS vehicle needs larger space to com-
plete the manoeuvre (almost 4 meters) and the vehi-
cle is moving in a direction much different than the
initial lane. It must be pointed out that in real case
scenario the driver would try to correct the vehicle’s
trajectory, thus avoiding traveling in the wrong lane
and direction. In this situation the value of the Dy
parameter (Figure 23) is almost 80 mm for the 4WS
vehicle, while the 4WIS achieves value near to zero,
having virtually single centre of rotation.
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Fig. 22. Trajectory
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Fig. 23. D parameter

Single lane change — slippery road conditions

The previous results have shown better vehicle
dynamic response and stability of the 4WIS vehicle
over the 4WS. To further test the capabilities of the
concept, tests were simulated in a case scenario of a
single lane change, but the road conditions are dete-
riorated. Now the vehicles travel on a snow road
surface with friction coefficient of ¢ = 0.3.

Results show that both vehicles would lose
their stability in a step-steer manoeuvre because the
driver’s command remains constant throughout the
manoeuvre, while during the single lane change the
4WIS controllers manage to prevent the vehicle
from swirling out. Because of this, only the results
of the single lane change manoeuvre are presented.

Figure 24 presents the steering angles of the

wheels of the 4WIS vehicle, while the steering an-
gles of the wheels for the 4WS are identical as those

in Figure 15. While the front steered wheels angles
are turned in similar angles like in the previous sim-
ulation, the rear steered wheels angles turn with
higher intensity and are commanded with phase de-
lay. The biggest contribution for this is SMC con-
trollers attempting to prevent vehicle destabiliza-
tion. The first indications of that and 4WS vehicle
destabilization can be observed in Figure 25 and 26,
where the wheels side-slip angles values of the 4WS
are larger with tendency to further increase their
value.
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Fig. 24. Front and rear steered wheels angle — 4WIS vehicle
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Fig. 25. Wheels side slip angle — 4WS vehicle
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Fig. 26. Wheels side slip angle — 4WIS vehicle

The same conclusion can be drawn from Fig-
ures 27, 28 and 29 where the 4WS vehicle clearly
fails to complete the manoeuvre, because the 4WS
outputs don’t follow sinusoidal form and don’t
reach steady-state value of 0. This can be only con-
firmed in Figure 30, where the trajectory of the 4WS
shows that the vehicle starts to swerve, reaching
total road width of around 10 m which is higher than
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most of the standard highway lanes. Due to the
larger values of the wheels side slip angles, the
value Dy of the 4WS is more than fifty times higher
than in the previous manoeuvre (Figure 31), re-
sulting in larger vehicle off-tracking and tire wear
and loads. On the other side the 4WIS maintains
almost ideally single centre of rotation even though
the vehicle is struggling to remain stable.
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Fig. 27. Lateral acceleration
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Fig. 28. Yaw rate
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Fig. 29. Vehicle side slip angle
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Fig. 31. D parameter

5. DISCUSSION AND CONCLUSIONS

The presented concept of a 4WIS vehicle had
shown great potential over the 4WS vehicle. Faster
vehicle response, shorter settling time and smaller
vehicle side-slip angle which allows improved
driver’s evaluation and estimation of the vehicle
traveling direction, are few of the improvements
that this proposed control algorithm achieves. By
conducting the same manoeuvre on a deteriorated
road condition, the 4WIS manages to stabilize the
vehicle while maintaining the value of the Dy al-
most to zero.

Implementation of SMC controllers in the
4WIS vehicle, that correct the error difference be-
tween the steering angles of the wheels and wheels
side-slip angles is successfully used in the steer-by-
wire steering concept that offers increased vehicle
stability as well as improved handling and safety.
Combined with the single instantaneous centre of
rotation that this vehicle has, it results in decreased
tire loads, wear and off-tracking.

With regard to the approximations made for
this vehicle models, for the future work an improved
vehicle model with more DOF or virtual vehicle
model is planned, upgraded with additional active
vehicle control systems.
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Fig. 1. Example of a graph and a single-line caption (colour)

Graphics may be full colour. Please use only colours which contrast well both on screen and on a black-
and-white hardcopy because the Journal is published in black-and-white, as shown in Figure 2. The colour
version is only for the electronic version of the Journal.
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Please check all figures in your paper both on screen and on a black-and-white hardcopy. When you
check your paper on a black-and-white hardcopy, please ensure that:

—the colours used in each figure contrast well (Figure 3),
—the image used in each figure is clear,
—all text labels in each figure are legible.

Please check all figures in your paper both on screen and on a black-and-white hardcopy. When you
check your paper on a black-and-white hardcopy, please ensure that the image used in each figure is clear and
all text labels in each figure are legible.

Fig. 3. Example of an image as it will appear at the electronic version of the Journal and a multi-line caption
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