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The Development of a Recognition Geometry Algorithm
for Hybrid — Subtractive and Additive Manufacturing

David Homar* — Franci PuSavec
University of Ljubljana, Faculty of Mechanical Engineering, Slovenia

In the last decade additive manufacturing of metal components has experienced enormous development. One of the most important
achievements in this sector is the fact that nowadays it is possible to produce fully dense metal parts. Generally, additive manufacturing
technologies are able to produce very complex geometries but are time and cost consuming for manufacturing of massive components.
Machining technology, on the other hand, has the opposite characteristics. Both technologies, additive and subtractive, have advantages and
disadvantages depending on the amount of material that need to be added or subtracted. The combination of these two technologies (i.e.
hybrid manufacturing) results in a process where advantages of both technologies can be expected (cost, material consumption, etc.). Thus
a novelty, the paper presents a development and analysis of software that analyzes the CAD model with geometry of the model and declares
which part of model will be manufactured with machining and which will be produced by additive manufacturing. The software is evaluated on
an industrial case from the field of injection mould inserts. Results show that such an automated algorithm decreases cost, better efficiency
and nevertheless offer possibility to implement technology in industrial environment to improve manufacturing processes, i.e. in current case

injection moulding process/technology.

Keywords: hybrid manufacturing, additive manufacturing, subtractive manufacturing, machining, conformal cooling channels

Highlights

e Description of hybrid manufacturing as combination of additive and subtractive technologies has been described.
*  Hybrid manufacturing of injection mould tooling with conformal cooling channels has been analyzed.
*  Newly developed geometry recognition algorithm to determine manufacturing technology has been presented and described

in detail.

*  Algorithm has been evaluated on an industrial injection moulding case.
e Conformal cooled injection mould insert improves the productivity and quality of injection moulded plastic parts.

0 INTRODUCTION

Product design is significantly dependent on its
manufacturing processes. Machining, which is one of
the subtractive processes, has a number of limitations
related to the complexity of the product geometry [1].
Design of most products, which are to be produced by
machining, is adapted to the technology itself [2].

In the last decade, techniques that combine two
or more manufacturing processes, such as subtractive
and additive technologies, are gaining significant
attention. This has resulted in many researches
on the combination of subtractive and additive
technologies. As a contribution to the field, in this
paper an algorithm, which was developed for the
purpose of being used with a hybrid manufacturing
cell, is presented. The hybrid manufacturing cell was
developed at institute SINTEF [3] to [5], where two
manufacturing machines have been used/combined.
The first machine is a Deckel-Maho 5-axis CNC
milling center and the other is ConceptLaser M2 for
selective laser melting of metal powders. The aim
of the hybrid manufacturing cell is to automate the
hybrid manufacturing process as much as possible, for

the production of different products. The developed
algorithm presented in this paper is a significant part
of this automation chain. The desired operation of the
control system in the hybrid manufacturing cell is to
analyze the intended product CAD model with the
mentioned algorithm and determine which parts are
¢ be manufactured by the additive and which by the
subtractive process.

The first attempt to combine benefits of additive
and subtractive manufacturing was the low cost
integration of an arc welding unit on a 3-axis CNC
milling center, presented in [6] and [7]. The main
purpose of this research was to manufacture the
near-net shape of the product by weld-deposition
of material directly on the CNC machine table and
then improve the quality of the product surface by
milling. The idea is good, however, due to the rough
nature of the welding process, the researched process
demonstrates limited benefits of other additive
manufacturing processes.

Several researchers have published work
on the methodology for the evaluation of
manufacturing complexity for both additive and
machining manufacturing [8] and [9], specifying
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the manufacturability index and possible desired
manufacturing technology. The manufacturability
index has been specified to be dependent on the
material and geometry, as well as other detailed
specifications. In papers [8] and [9] the calculation
of the manufacturability index from a CAD model
was constructed basing on an octree decomposition.
In the paper [10], researchers presented a new design
for the manufacturing approach with machining and
additive manufacturing combined. The methodology
was illustrated on two industrial examples. The
manufacturability index on the second example,
taken from automotive industry, was calculated first
for machining and then for additive manufacturing.
Analyses show that additive and subtractive
technologies have to be combined, while the CAD
model has to be imaginarily split into two parts: a
first module for machining and a second for additive
technology, added directly onto the first module.

In the last years, researchers introduced newly
developed hybrid manufacturing process planning
methods to synthesize subtractive, additive and
inspection processes [11] to [13]. With these methods,
products can be manufactured from existing part
material and be remanufactured into new products with
new identities. The basis for hybrid manufacturing is
the decomposition of the 3D CAD model into two or
more subparts which are manufactured in sequence
by machining and additive manufacturing. One
of the main disadvantages of introducing additive
manufacturing into a machining process is the
manufactured part distortion which was therefore
thoroughly investigated. Part distortion is the result
of residual stresses that are a consequence of non-
uniform heating and cooling. Authors have identified
parameters influencing part distortion using the
developed mathematical model and incorporated these
parameters in an experimental design by employing
the Taguchi design of experiments strategy. Layer
thickness, height and length of the parts were found
to have the most significant effect on part distortion.

Yamazaki published a paper [14], in which a newly
developed Hybrid Multi-tasking machine named
MAZAK INTEGREX i-400 AM is presented along
with an experiment of adding Inconel 718 features
on a Stainless Steel shaft. INTEGREX i-400 AM is
basically a 5 axis milling machine with two different
heads for laser metal deposition (LMD) integrated.
The first one is a fine LMD head delivering a bead
size of 1 mm x 0.5 mm (w x £), intended for additive
manufacturing processes, where high accuracy is
demanded. The second one is a high speed LMD
head which enables higher deposition rate with a

consequently reduced accuracy, delivering a bead
size of 3 m x 1 m (w x h). The presented experiment
consists of manufacturing an example shaft for oil-
energy industry purposes, where the substrate shaft
material is Stainless Steel alloy 316S31 and the added
material is Inconel 718 powder. The presented hybrid
application results in a significant reduction in tool
consumption and material cost.

The group of researchers [15] developed a
part complexity evaluation model for application
in  subtractive and  additive  technologies.
STereoLithography (STL) models of different
parts were taken for evaluation of manufacturing
complexity. Manufacturing complexity was defined
by the number of triangles in the model surface
and the model square block volume. Additionally,
manufacturing complexity, defined in this way, was
compared to the manufacturing complexity, based on
their own experiences with manufacturing processes.
Based on that, guidelines for selecting appropriate
manufacturing procedures were defined. Production
is significantly dependent on the complexity of the
product, especially when comparing subtractive and
additive technologies. Even more, both technologies
could/should be combined on one/same part/product.
Therefore, hybrid manufacturing is inevitable.

1 HYBRID MANUFACTURING

Subtractive and additive manufacturing technologies
have their advantages and disadvantages [16]. Hybrid
manufacturing indicates a process, where one part
is produced by two or more completely different
manufacturing technologies and the advantages of
each technology are used, while the disadvantages are
eliminated [17]. In our case, good is to use subtractive
and additive technologies on one part/product.

Machining is one of the few subtractive
manufacturing technologies (milling, turning, etc.).
Parts are manufactured by removing material from
the workpiece with a sharp cutting tool with defined
cutting geometry [18]. In current case 5-axis milling is
going to be tested.

In case of additive technology the computer-
aided design (CAD) model is sliced into cross section
layers using a specific software and a computer
numerical control (CNC) code or pictures of cross
sections are then generated, depending on the type of
additive technology being used. The most common
additive technologies for metal products are electron
beam melting (EBM), laser deposition technology
(LDT) and selective laser melting (SLM). In current
case focus is on SLM. SLM is a technology in which
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the high power laser beam is used to build metal parts
by selectively melting the metallic powder layer after
layer. At the beginning of the process, before the
metallic powder is melted, it is spread in a thin layer
above the emerging manufactured part. For this reason
SLM technology is also known as one of the powder
bed technologies.

1.1 Hybrid Manufacturing - Benefits and Limitations of
Both Technologies

Each manufacturing process has some advantages
and disadvantages. The aim of hybrid manufacturing
is combining both processes in order to eliminate as
much disadvantages as possible.

The machining process is able to produce
products with a high surface quality and very good
accuracy [19], as well as to achieve high production
speeds. On the other hand, products with a complex
geometrical structure are very difficult or sometimes
impossible to machine because the cutting tool cannot
reach some geometry on the part (internal channels,
etc.). The reason for this limitation is that the shape of
the cutting tool itself prevents access to some places
where metal has to be removed.

SLM is the exact opposite to the machining
processes. Every kind of geometrical shape can be
manufactured by SLM as the manufactured part is
built by adding material layer by layer. The biggest
disadvantage of SLM, as well as other additive
manufacturing processes, is bad surface roughness
[20]. There are two main reasons for this. First is
common to all additive manufacturing processes
and it is known as the stair-stepping phenomenon.
Because the product is created layer by layer, all this
processes leave a stair on the surface for each layer.
The second reason is the generated melt pool, where
many complex physical phenomena are involved.
The behavior of the melt pool depends on thermo-
capillary forces, melt pool dynamics, currents of
chemical diffusion, wetting conditions, convective
heat conduction, diffusive heat conduction, gravity
and so forth. Another big disadvantage of SLM is that
production times are very long.

From the economic point of view SLM is
not suitable for manufacturing bigger parts with
relatively simple geometry, because, in comparison
to machining, this kind of geometry is too time-
consuming and expensive to produce.

Fig. 1 shows a graph of machined product costs
dependence on the amount of subtracted material and
additive manufacturing product costs dependence
on the amount of added material to produce the

final geometry. The cost of a machined product also
increases with increasing shape complexity. However
complexity of product shape does not affect the cost
of product manufactured by SLM. From the graph
it can be summarized that it is more economical
to manufacture a larger proportion of the part by
machining, followed by additive process.

.,
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Fig. 1. The cost of production for a part produced by machining or
additive manufacturing [21]

1.2 Case Study - Injection Moulding Tool Insert with
Conformal Cooling Channels

In the last decade, in injection moulding industry is
facing more and more frequently with the need for
tools with conformal cooling channels. Conformal
cooling channels are channels which are designed to
adopt the shape of the injection mould tool cavity and
core as much as possible, to improve and control the
cooling process of the mould.

With conformal cooling, a tool or tool insert
cooling efficiency, the uniformity of cooling and
mechanical properties of moulded material are
increased. These means that the cycle time and the
cost of injection moulding are reduced and better
product quality can be achieved. Cooling cycle time
can be reduced up to 50 % [22]. On Figs. 2 and 3
the difference between conventional and conformal
cooling management is presented. Conformal cooling
tool or tool inserts cannot be produced by conventional
technologies, such as machining, because the cutting
tool cannot reach the complex shape of the conformal
cooling channels. SLM, on the other hand, is able
to produce almost any shape, even complex internal
shapes such as conformal cooling channels. However,
the question that is raised is, can a portion of the part
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be produced on conventional and wich part. Therefore
an algorithm has been developed for defining the
portion of geometry for their sequential production
(subtraction > additive).

2 DEVELOPED GEOMETRY SEPARATION ALGORITHM

Optimized manufacturing  operation  sequence
(OMOS) is a newly developed and proposed option in
the automatization of hybrid manufacturing. The aim
of the OMOS algorithm, which is implemented in the
CAD computer software, is to analyze the geometric
design of a product and to determine which part of the
product cannot be manufactured by machining due
to the complexity of the product geometry. This part
is then separated from the initial CAD model and is
meant to be produced by additive manufacturing. The
remaining part of the initial CAD model is meant to
be produced by machining [23] and [24].

Outlet

Inlet

Fig. 3. Case study - conformal cooling management

The methodology for analyzing a geometric
design is presented on Fig. 4 as a flowchart. The
OMOS algorithm bases on the assumption that
machining is basically a faster and a more economical
technology than SLM. Therefore, the aim is to

determine the biggest part of the product that can be
produced by machining.

This algorithm has been developed and
incorporated into the CAD software (SolidWorks).
Besides finding the portion of the part that can be
produced by subtractive technology, algorithm checks
and implements also the limits and constraints of the
additive manufacturing process.

SLM technology is one of the powder bed
fusion (PBF) technologies which is significantly
more accurate than the direct energy deposition
technology that is usually used in machines for hybrid
manufacturing. PBF technology allows to add material
only on straight and horizontal surfaces of the part and
demands a lot of time for preparation of the workpiece
on the machine before performing the additive
manufacturing process. Therefore, the complexity of
dealt with additive manufacturing processes (PBF),
limits the flexibility and determines constraints of this
methodology.

For the werification and presentation of the
OMOS algorithm a CAD model, which imitates an
injection moulding tool insert with conformal cooling
channels, was used. The CAD model is presented on
Fig. 5. Fig. 5a presents the outer shape of the model.
The transparent model, where the shape of the cooling
channels is shown, is presented on Fig. 5b. The bottom
part of the CAD model has straight cooling channels
which can be manufactured by machining but the
upper part has helix shaped channels which cannot
be done by machining because the cutting tool cannot
reach these faces of the cooling channels.

Vectors which represent cutting tools are a major
element of the OMOS algorithm. At the start, the
algorithm takes two points which are the boundary
points of the CAD model. These two points are
presented on Fig 6. The first point represents the
minimum x, y and z coordinates of the analyzed part.
The second point represents the maximum x, y and
z coordinates. These two points are the key data for
further analysis, because vectors are generated in the
part’s bounding box. The starting points of the vectors
are | mm below the bottom or base face of the tool
insert. All vectors are parallel and their direction is
(0, 0, 1), as it is shown on Fig. 7. The starting point
of the first vector is (Xiin, Vmin» Zmin— 1) mm. The next
vector has its x coordinate increased for A/ and so on.
The distance between adjacent vectors, A/, is 0.1 mm.
Our analyses have shown that the distance 0.1 mm is
small enough to get the correct height for splitting the
part. If A/ is reduced, the number of inserted vectors
is increased and the analysis is more accurate, but
it is done in a greater amount of time. For a better
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hs = coordinate of 1t
exit

Fig. 4. Flowchart of OMOS algorithm

presentation A/ on figure is bigger than 0.1 mm which
was the value used in the case.

The program calculates the intersection points of
vectors with the analyzed CAD model surfaces. Only
vectors which have more than 3 intersections and
more than 2 exits with CAD model surfaces are used

for further analyze. The A-A crosssection of the CAD
model in Fig. 6 is presented along with the inserted
vectors in Fig. 8. The vectors that intersect the CAD
model more than three times and exit the CAD model
at least two times are presented in orange-dashed
line and are used for further analysis. The algorithm
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10 mml

Fig. 5. CAD model of injection moulding tool insert with conformal
cooling channels; a) the solid model and b) the transparent model

@ Second point

i 5eg.\'u:u'n
5

First point @

Fig. 6. Developed algorithm - boundary box of the CAD model with
marked A-A cross section

-
Y cf A ~4

—

10 mm

Fig. 7. Developed algorithm - inserted vectors

calculates the splitting height, s, as the lowest of the
z coordinates of the first exit points of the analyzed

A-A cross section

_. The vectors that intersect
the CAD model more than
three times and exit the CAD
model at least two times.
The vector with the

lowest height of the first

exit from the CAD model.
The remaining vectors.
Splitting height hs.

Fig. 8. Developed algorithm - A-A cross-section of the CAD model
presented along with the inserted vectors

vectors in that case where the inlet and outlet channels
are on the bottom face. In this case, the splitting height
hs is determined by the white-dashed vector in Fig. 8,
as the height of the first exit from the CAD model is
the lowest of the analyzed (orange-dashed) vectors,
and is marked with the green horizontal line.

In the case, where the inlet and outlet channels
are on the side face, the algorithm calculates hs as
the lowest z coordinate of the first entrances of the
analyzed vectors above the highest z coordinate of the
side inlet and outlet channels.

3 INCORPORATION OF OMOS ALGORITHM
INTO CAD SOFTWARE

The developed OMOS algorithm was implemented
in SOLIDWORKS software package by Dassault
Systems with the application programming interface
(API) tool. With SOLIDWORKS API it is possible to
automate and personalize software. That can be done
from different programing languages. C# was used in
this work. The order of operations to be carried out
when the OMOS software is started is shown in the
flowchart on Fig. 9.

The CAD model of the injection moulding tool
insert or another similar product, which is to be
analyzed, has to be open in SolidWorks software
where OMOS software was preinstalled. In software
the user selects between choices of inlet and outlet
channels being on the bottom or on the side face. User
selects also the bottom face in the graphics area. Upon
confirmation of selected face, the OMOS algorithm
is executed. The OMOS algorithm returns the height
to which the CAD model can be manufactured by
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\ J

end of the file name

\L J

Fig. 9. Flowchart of developed algorithm and software OMOS

machining, As. After that, a new plane which is
parallel to the bottom face is generated on height /s.
Thus, the part is split in two parts by the new plane.
The bottom part is intended for machining and the
upper part is intended to be manufactured by additive
manufacturing.

Subsequently, the OMOS software automatically
saves the bottom part as STEP, while this format
is most often used for preparation of CNC tool
path code. However, the upper part is saved as STL
file that is a hollow CAD model where the surface
of the model consists of only triangles. STL file
format is standard for transferring CAD geometry
between design programs and additive manufacturing
equipment. These two files are saved in the same
folder as the initially analyzed CAD model and can be
directly used for both parts of hybrid manufacturing.

4 USE OF THE SOFTWARE OMOS
ON THE INDUSTRIAL CASE STUDY

The OMOS software was used and evaluated on an
industrial case of producing an injection mould tool
insert for the mass production of tube shoulders.
The CAD model of the mould insert with conformal
cooling channels, which was already presented on Fig.
3, has been analyzed. The distance between adjacent
vectors was set to 0.1 mm. The entrance and the exit
of cooling channels were placed on rather on the side
of the part than on the bottom face of the part. Thus, in

The Development of a Recognition Geometry Algorithm for Hybrid - Subtractive and Additive Manufacturing

the geometry recognition algorithm, the side channel
type of tool insert was selected in window form (Fig.
10).

After the analysis, the CAD model was
automatically split on the height of 27.88 mm. Fig. 11
shows in cross section view where the CAD model of
tool insert is split on the right height, because bottom
part of the model can be manufactured by machining.

If the height of the splitting plane was just slightly
greater, the bottom part could not be manufactured
by machining, because the drill bit would not be
able to reach the vertical holes. The resulting split
CAD model, as an output from developed algorithm,
is presented on Fig. 12. Based on this, the tooling
insert was successfully manufactured by hybrid
manufacturing. The final product, had to be finished
by finishing subtractive process, and is presented on
Fig. 13.

Fig. 10. Window form of the developed software
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5 VERIFICATION OF THE DEVELOPED
OMOS ALGORITHM AND SOFTWARE

Verification of the developed algorithm and software
was carried out by analyzing production times and
costs for injection moulding tool inserts, manufactured
by additive and by hybrid manufacturing. The
manufacturing of five injection moulding tool inserts
that are needed for one complete injection tool, was
analyzed. Following, the comparison of the production
times and costs, comparing both manufacturing
techniques, was performed.

Related to production times, the effective
machining time was calculated for full additive
manufacturing and hybrid manufacturing technique.
Fig. 11. Height of splitting The full subtractive method cannot be compared here,
while it does not offer a possibility to manufacture
such a geometrical characteristics of the products

tp ppeE Dark | T | (channels). Table 1 presents the results for five
or additive N . ; .
manufacturing L injection moulding tool inserts, for both manufacturing

techniques. The presented production times indicate
the total time for manufacturing all five injection
tool moulds that were manufactured simultaneously.
In the case, where the inserts are manufactured only
by additive manufacturing, the production time for
5 products is 86 h. However, production time in the

Bt case of hybrid manufacturing, where the developed
part OMOS algorithm and software were used, is 42 h. It
tac can be seen that hybrid manufacturing is decreasing

machining

production times for more than 50 %. Therefore, the
use of the hybrid manufacturing technique and the
OMOS algorithm with software, significantly reduces
production time, especially while the methodology is
automated.

Table 1. Production time of the five injection moulding tool inserts
using different techniques

Additive manufacturing Hybrid manufacturing
Production time [h] 86 42

Besides production times, crucial are also
production costs. Fig. 14 shows the material
and production cost comparison between both
manufacturing techniques in the form of column
charts. The blue columns show the comparison
of material costs. The material cost for parts,
manufactured by additive manufacturing, was more
than 150 percent higher compared to the material
cost for parts manufactured by the hybrid technique.
The reason for that is that the price of the metal
Fig. 13. Hybrid manufactured tooling insert powder for SLM is 20 times higher than the price
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of the material in metal bars (400 €/kg vs. 20 €/kg).
However, less material is used in additive process. For
five injection moulding tool inserts a total of 2.2 kg of
metal powder is needed when manufacturing only by
additive manufacturing. However, in the case of the
hybrid technique, 0.62 kg of metal powder and 4.57
kg of material for lower part, was needed. The reason
for that is that the OMOS algorithm and software
determined the smallest possible upper part, which
has to be done by additive manufacturing, but the
bottom part was manufactured by machining, where it
has to be emphasized that raw material is significantly
cheaper.

The orange columns in the chart present the
comparison of production cost between additive and
hybrid manufacturing of the five injection moulding
tool inserts. The technology of SLM is a highly time
consuming process. For the manufacture of the entire
inserts by additive manufacturing, a total of 86 h is
needed, what brings the production cost to 2580 € (30
€/h). However, in the case of the hybrid manufacturing
and the use of the OMOS algorithm and software, only
33 h were consumed for the additive manufacturing
process. In this case nine hours of the machining
was performed before additive manufacturing. The
total production cost of machining and additive
manufacturing, in case of hybrid manufacturing, was
1440 €. Verification of the developed algorithm was
confirmed by fully functional parts in both dealt with
technologies. Results highlight the improvements of
such technology in sense of costs and cycle times.
Reduced production cost justifies the use of the
developed OMOS algorithm and software.

4000

= Material cost[€] = Production cost[€] = Material and production cost [€]
3500
3000

2500

€]

2000

Cost

1500

1000

500

0
Additive Hybrid
manufacturing manufacturing

Fig. 14. The comparison of the material and production costs for
additive and hybrid manufacturing

6 CONCLUSIONS

The implementation of additive technologies into
current industry can bring gain in possibility for
production of high complex parts (conformal cooling
channels, etc.). However, problematic issues of such
technologies are high costs and long production
cycles.

Therefore, in this paper, the concept of hybrid
manufacturing process, combining subtractive and
additive process on single final part, is analyzed.
For evaluation and characterization of the portion
of geometry that can be made with subtractive/
additive manufacturing process, novel algorithm
with belonging software OMOS is developed.
Developed OMOS algorithm was thus introduced for
automated recognition of manufacturing possibility
of a specific part geometry. The algorithm determines
the most advantageous division between which parts
and features should be produced by either of the
manufacturing principles. The OMOS algorithm is
developed for a hybrid manufacturing cell where
additive and subtractive technologies are used to
produce especially injection mould tooling inserts.
The algorithm was implemented in a commercial
CAD software, and verified on industrial case study.

An industrial example has been taken from
the field of tooling for injection moulding. The
conventional manufacturing process has been
compared with hybrid one, on production of
injection moulding tooling. Results show that hybrid
manufacturing can assure all the desired geometrical
characteristics. Even more, the hybrid process can
optimize the additive manufacturing process and
produce functional features (cooling channels for
conformal cooling of injection mould).

The OMOS algorithm and software viability
wasadditionally verified by the analysis of the material
and production costs, as well as the production
(cycle) times. Saving time and production costs are
the results of the OMOS algorithm and software,
whose development was based on the assumption
that machining is a faster and a more economical
production technology than SLM.

Overall, the results of this work show the need
for combining potential of additive manufacturing
technologies ~ with  conventional  (machining)
technologies, and with it assure quality improvement,
costs reduction, as well as possibility to produce high
complex workpieces and with those improve the mass
productivity and quality of final products.
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Dynamic Model and Analysis of Nonlinear Vibration
Characteristic of a Curve-Face Gear Drive

Zhiqin Cai — Chao Lin*
I Chongqing University, The State Key Laboratory of Mechanical Transmission, China

To study the nonlinear dynamic characteristics of curve-face gear drive, a generalized nonlinear dynamic model based on Lagrange Bond-
graphs was presented. The model considered the effects of the basic parameters of curve-face gear, such as meshing frequency, eccentricity
k and the order number n4 of non-cylindrical gears. Utilizing this simulation model, the vibration characteristics of curve-face gears were
analysed. It is indicated that the vibration response of the curve-face gear is more complex than that of the face gear due to the influence of
external excitation. These characteristics determine that this gear pair cannot be applied directly to a transmission system with high speed.
Finally, a related experiment was proposed to present the validation of the numerical model.

Keywords: curve-face gear, vibration response, limited speed, Lagrange bond-graphs, time-varying characteristics

Highlights

* A nonlinear dynamic model based on a Lagrange bond-graph was presented. The proposed method not only applies to the
dynamic analysis of curve-face gears but also can be applied to face gears.

*  Theresearch results show that rb, and R are the main factor affecting the vibration response of curve-face gear, and reducing
the eccentricity k and raising the order n4 will improve the dynamic characteristics.

. Due to the influence of external excitation, which will exacerbate the vibration, the limited meshing frequency of curve-face
gears is lower than face gears. These characteristics determine that the gear cannot be applied to a transmission system

with high speed.

0 INTRODUCTION

As a new type of face gear, curve-face gear combines
the common characteristics of non-cylindrical
gear, bevel gear, and face gear [1]. It can be used in
engineering machinery, agricultural machinery, textile
machinery and high-powered spacecraft, etc. [2], and
will be developed towards high speeds and heavy
loads [3]. Therefore, the research on the dynamic
characteristics of curve-face gear has increasingly
become prominent.

The research of the nonlinear vibration
characteristics of gears mainly focuses on the bevel
gear, spur gear, face gear and planetary gear drive;
the analytical approach of the system generally uses
finite element method (FEM), and the Runge-Kutta
method is applied to solve the differential equations
of the system. For the simulation and vibration-based
condition monitoring of a geared system, a system
with an appropriate number of degrees of freedom
(DOFs) was modelled [4]. An investigation of the
performance of statistical fault detection indicators for
three different series of crack propagation scenarios
was presented [5]. From the vibration signal, the
numbers of teeth on all gears, the calculation of tooth
mesh frequencies and rotational speeds of all shafts
were determined [6]. The dynamic behaviour of a
single-stage spur gear reducer in a transient regime

was studied [7]. However, for the rotary system
with mass eccentricity, the Lagrange equation with
generalized coordinates expression is over FEM, as
it only relates to the kinetic energy and the potential
energy of the system. Therefore, for the mechanical
system composed of particles and rigid bodies, the
system equation can be obtained quickly by using the
Lagrange equation. However, due to the differential
calculation of Lagrange function L, its simulation
process is complex. To overcome the disadvantage
of this modelling method, a new modelling method
combined Lagrange equation and bond-graph is
proposed. When the generalized coordinates, the
parameter equation, the force input, and the velocity
conversion matrix are determined, the mathematical
simulation of the system can be obtained. Compared
with the classical method, the modelling process of
the Lagrange bond-graph is more regular, and the
solving process is more efficient [8].

Recently, few studies were available for the
curve-face gear drive. Due to the time-varying
characteristics of non-circular gears, the vibration
response of this type of gear is much complex than
that of normal gears. For general gears, the excitations
of the vibration response are mainly time-varying
mesh stiffness, tooth transmission error, and meshing
impact, etc. The dynamic model of a spur gear pair,
considering the backlash, time-varying stiffness,
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and static transmission error, was established [9].
Using standard methods for nonlinear systems, the
dynamics of gear systems with various faults in
meshing stiffness was examined [10]. Considering
time-varying mesh stiffness, mesh damping, tooth
error, tooth friction, backlash and bearing clearance,
a bending-torsion coupled nonlinear dynamic model
of a face-gear drive system was established [11].
A nonlinear dynamic model of a face gear system
was presented by the concentrated parameters, gear
clearances, transmission error, meshing stiffness,
meshing damping, brace stiffness, support damping
and exciting frequency [12]. However, for a non-
circular gear, in addition to the above factors, the
regular external excitation, caused by the basic
parameters of the non-circular gear, such as meshing
frequency, eccentricity k& and the order n; of the non-
cylindrical gear, is one of the main influencing factors.
For the vibration response of the non-circular gear, a
dynamic model of a non-cylindrical gear based on the
Lagrange bond-graphs theory was established [13].
A virtual experimental model of the non-cylindrical
gear was established, and the corresponding dynamic
response was obtained [14]. Considering the time-
varying meshing stiffness, a tensional vibration model
of a non-circular gear was developed [15]. Bearing
in mind input shaft and output shaft excitation, the
time-varying meshing stiffness, static transmission
error, gear backlash, a nonlinear dynamic model of
the twisting vibration of the curve-face gear was
established [16]. However, the systematic analysis of
the effect of the basic parameters of curve-face gear
on the vibration response remain unknow, and the
phenomenon of the limited speed of curve-face gear is
not yet analysed.

In this paper, a generalized nonlinear dynamic
model of curve-face gear based on Lagrange bond-
graph was proposed, and the related vibration
responses were analysed using bond-graph theory.
With the change of meshing frequency, eccentricity
k and the order n; of non-circular gear, different
vibration responses were shown in the “time history
chart” and “phase diagram”. Finally, a related
experiment was proposed to verify the correctness of
the theoretical mode.

1 VIBRATION MODEL REVIEW

The meshing process of the curve-face gear pair is
illustrated as shown in Fig. 1. Coordinates S} (X;Y,Z;)
and S, (X,Y,Z,) are fixed on the frame of the non-
cylindrical gear and the curve-face gear. The non-
cylindrical gear and the curve-face gear rotate along

their own axis O;Z; and axis O, Y, with rotation angles
6, and 6,, respectively.

According to the characteristics of the curve-
face gear, the meshing force can be decomposed into
forces along the direction of axis X, and axis Y,, and
there is no radial force. Compared with the bevel gear,
the supporting structure of the curve-face gear pair is
relatively simple, and the DOFs of vibration are less.

Fig. 1. Modelling of curve-face gear drive

The transmission ratio of curve-face gear drive
and can be expressed as:

R
I, =——. )
12 r ( 91 )
The value of cylindrical radius R and polar radius
r(6,) of non-cylindrical gear can be represented as:

(0 ):l—kcos(nlé?l)
! a(l—k%) o

2r
M
R=2 [ (040,

1.1 Method of Lagrange Bond-Graph

With the complexity of system increases, the
conventional method establishing the nonlinear
vibration model is quite tedious. Especially for curve-
face gear drives, the influence of eccentric mass must
be considered [13]. Although the modelling process by
the Lagrange equation, based on kinetic energy and
potential energy can be easier, the solving process
remaining difficult. To overcome this disadvantage,
combining with the method of bond-graph, the system
equation and the calculation process can be easier. A
basic Lagrange bond-graph model is shown in Fig. 2,
X represents the field source, such as damping filed -
R, Inertial field - 7 and elastic field - K, etc. “1” port
link the serial energy ports. MIF represents the matrix
transformation 7, -¢, is the generalized velocity
vector which is the first order derivative of generalized
displacement qg'Fy represents the corresponding
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force, such as the D ‘Alembert force F}, elastic force
Fyy, dissipative force Fp, and input force F.

F,
XE— 1 E—MIFFE—1
Ve Ty 4o

Fig. 2. Basic Lagrange bond-graph model

Vy is the velocity vector which can be expressed
as:
Ve=Ty 4. ?3)

In this paper, a generalized nonlinear model based
on the Lagrange bond-graph is proposed as shown in
Fig. 3.

iR}Lll;MIFlglAMIFénA

| (Tr) Fr 17 Fr (Ty) Vv, ‘Inertla Field
- 7b7a;n});ﬁg/ﬁ;ei& R 111111111111111117 ,,,,,,,, \
System Input ! MIF ! M
,y,,,x}), 7777777777 ‘q T Fr (Ty) Wi

‘Sg —1 AMIF—H‘ 1 L»n —MIF—1—MIF— 1 —{/,
L ,,,,, Vs V,,,CFE),BJT o (T 8 C: 4,

Elastic Field

\KGAHAMIFAH —MIF—1 — K |
(Ty Fr Fx (Tx) 4x |

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fig. 3. Lagrange bond-graph model of system

In Fig. 3, “1” port links the serial energy ports.
Each leg (force) has a contribution in “1” port.

Fo+t,+F +F,=F;+F, +F. “4)

The hidden dynamic equation of the Lagrange
bond-graph model is represented as follows:

2 t
/1| 1, e A e | o 90y g o
de dr dt dt ar
+TK1Kf(qG)+TRth(qG):
d

=TT+ K + TR L )

1.2 Derivation of Dynamic Model

The dynamic model of a curve-face gear drive is
shown in Fig. 4. Z; and Y, are rotational axes of the
non-cylindrical gear and curve-face gear, respectively.
The value of basic parameters, meshing stiffness #;,
damping c¢; (i=x,X5,Y1,12,m), and torque 7; (j=1,2)
are shown in Table 1.

1.2.1 Determination of Key Vectors

The displacement vector in generalized coordinates
can be represented as:

qG:[XI Y, 91 X, Y, Qz]ta (6)

and the displacement vector in elastic field can be
defined as:

qK = [Xl )/1 chn XZ }/2 CZXn ][ s (7)

where ¢, =cosa,,c, =sina, .

Fig. 4. Dynamic model of curve-face gear drive system

Input force vector zg can be defined as:
t,=[0 0 7, 0 0 -7,]. )

Gear comprehensive error vector can be defined
as:

¢ = |et|-[l l]ixé (€)]

For the cylindrical gear drive, the pressure angle
is equal to the gear shaper. However, this is not so for
the curve-face gear pair.

As shown in Fig. 5, Ly as 1, L, as 2 and L5 as 3
are the pitch curve of the non-cylindrical gear, curve-
face gear and gear shaper, respectively. Three tooth
profiles Gy, G, and Gj are in tangency at point P.

Fig. 5. Pressure angle of curve-face gear drive

According to the definition of pressure angle,
the pressure angle a, of the gear shaper is constant.
However, the pressure angle o, of the curve-face gear
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refers to the angle between absolute velocity v, and
the normal force F' which can be obtained as:

a, =au+%—arctan r(6,)/7(6,). (10)

Set X, as the static transmission error.
X, =¢(X, +1,0)+cY,—c(X,+RO,)—cY,. (11)

However, in the actual condition, gear backlash
2b is an important nonlinear factor of gear dynamics,
which can be expressed as:

X,-b X, >b
f(x)=40 |X,|<b. (12)
X, +b X, <-b

1.2.2 Determination of Transform Matrix

The curve-face gear drive is a complex transmission
system composed of multiple rigid bodies. The
comprehensive velocity transform matrix in an inertial
field can be expressed as:

7}
e

Moreover, velocity transform matrix in a potential
source field can be expressed as:
Ts = Eg) - (14)

Velocity transform matrix in a damping field can
be expressed as:

1 0 0 0 0 0
0 1 0 0 0 0
¢’ ¢c, ¢n, —¢ -cc, —¢R
1o 0 0 1 0 0
0 0 0 0 1 0

2 2
_Clcz &) Oy —GC6 =G _CzR

(15)

When taking in account the gear comprehensive
error, the velocity transform matrix in a damping field
can be expressed as:

T =diagd 1 r, -1 -1 —R).  (16)

The velocity transform matrix in an elastic field
can be expressed as:

T, =T, (17)

Similarly, the velocity transform matrix in an
elastic field, considering the gear comprehensive
error, can be defined as:

T, =diagl 1 r, -1 -1 —-R). (18)

The rotation matrix can be expressed as:

[ cos, sinf 0 0 0 0
—sinf, cosf, 0 0 0 0
c - 0 0 1 0 .0 0 . (19)
0 0 0 cosf, sinf, 0
0 0 0 -—sinf, cosh, 0
| 0 0 0 0 0 1]

1.2.3 Determination of Boundary Conditions

The boundary conditions of curve-face gear drive are
represented as follows:
a) Damping field
The damping matrix in a damping field can be
expressed as:
R= aliag(cxI ¢, ¢, ¢ ¢, cm). (20)

N m

Similarly, when taking into account gear
comprehensive error, it can be defined as:
R =diag (cx ¢, ¢, ¢ ¢ ¢, ), (21)

where ¢, =¢c,,c, =c5c, .

b) Inertial field
The mass matrix in an inertial field can be

expressed as:
MO0
I= l:_oni_l_c } (22)
¢) Elastic field

The stiffness matrix in a damping field can be
expressed as:

K =diag(k, k, k, k_ k_ k). (23)

N m *2 Y2

Similarly, when considering gear comprehensive
error, it can be defined as:

K, =diag(k, k, k, k. k, k), (24

where k.= cik,, k,= ok,

1.2.4 Determination of System Equation

Substituting Egs. (6) to (24) into Eq. (5), the dynamic
nonlinear differential equations can be expressed as:
lel +c, Xl + kx1 X, +ck, 05, = —cmcﬁn
mY + ¢, Y+ k, Y +ck,6, = -, 6,0,
I;IZIFZ + k;nésfibl = 1: - Czn(in’bl ’ , (:25‘)
mX,+c X, + kXZX2 -ck, 6, =—c,c0,
m,Y, + cyzf’z +k, Y, —ck,06, = €, 0,

I..60,-k,R=-T,+c,0 R

2%
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where 8, =X, —e(t),5, = X, —é(t).

2 VIBRATION EXCITATION OF SYSTEM
2.1 Stiffness

Meshing stiffness is composed of the average stiffness
km and time-varying stiffness.

k, (1) =k, + Dk cos(iQ,1 —@,). (26)
i=1

The value of k,(7) is associated with contact ratio &
and can be expressed as:

\/2 —2cos(2ri(e,, —m)) i

k.(t) =
0 in ’
¢, = arctan 1 —'cos(2frz(sm —m)) , @7
sin(2zi(e, —m))
k,=k,,/¢,

where ¢,, fits the monogenic harmonic function, which
can be obtained as:

€, (0)=¢,,+ Zn“gi cos(i6, — o). (28)
-1

As the stiffness of the bearing is highly sensitive
to the load on the bearing in the radial direction, the
selection of the adopted bearing stiffness is necessary.
As a kind of non-circular gear, the curve-face gear
is mainly applied in medium-low speed and low-
load occasions. Specifically, the change of load has
little effect on the stiffness. In this paper, the bearing
stiffness is regarded as a constant, which can be
obtained as:

k= lim 25 _ ! - (29
MO AS n+m+minF, +0.13CF, ™

where the basic parameters m, n, C and F, can be
obtained from the reference [17].

2.2 The Driving Torque

Although the driving torque 75 is constant, the driven
torque 7 of the curve-face gear is variable due to
the time-varying transmission ratio. The relationship
between the driving torque 75 and the driven torque T
can be expressed as:

T, = (T, — 1,0 [y, (30)

where angular acceleration a, can be described as:

o do, naw’k(1-k*)sin(nay)
Podt R(1—kcos(nm))*

The equivalent excitation force can be described
as:

€3]

L0 (0) + 11, R(T, — ha,)
LR+ Iz2z2rb21 (CH)

zlzl

F ()= (32)

3 DIMENSIONLESS DYNAMIC EQUATION

For curve-face gear, the value of 7(#,) varies with the
rotation angle 6;. That is, the base radius r,; of the
non-cylindrical gear is not constant and the velocity of
the static transmission error can be calculated as:

Xn = (Xl cosa, +7,0, +rblél)+)}15ina,, -
—~(X,cosa, + R6,)—Y,sina,. (33)

Let o, =4k, /m, , 1=w,t, ©,=Q,/w0,
X;=X;/ b, y;=Y;/ by 4y =X, /b, —~e(2); 3;=0,/b,, and
e(r)=(eg te,cos(w;rt¢,))/ by,

Then, Eq. (25) can be dimensionless as:

£ 420, %4208, 4, + K, X +eK,, A, =0
$+28, 3 +20,8,,4, + 1,y + ey, 4, =0
;9; + 2rb1§hl);n + rblKhl.A’n =¢ CGY)
¥, +20, X, - 2¢8,,A, + K, X, -cK,,A, =0
3y +28 1,3, = 26,80 h, + K,y — K00, =0
9, —2R¢,, 1, — Rk, A, =&,

where @, = [k; /m, ; {;=c;/(2m;w,);
Cm[ = Cm/(2 m/' wn); ij:km (‘L’)/(2 mjwn);

Kh.j:km (r)/(ZIan), Kij = wljz/w:n ChJ:cm/(zljwn)7
(i=xy,j=1,2).

4 SIMULATION AND ANALYSIS

As can be seen in Eq. (34), it is a higher-order
nonlinear vibration system. In this paper, the
bond-graph method was introduced to solve the
dimensionless dynamic of differential equations.
When the generalized coordinates, the parameter
equation, the force input and the velocity conversion
matrix (Egs. (6) to (24)) are determined, the time
history chart and phase diagram can be obtained, and
the results are presented in the dimensionless form.
Due to the external excitation of the curve-face
gear pair caused by eccentricity &, meshing frequency

Dynamic Model and Analysis of Nonlinear Vibration Characteristic of a Curve-Face Gear Drive 165



Strojniski vestnik - Journal of Mechanical Engineering 63(2017)3, 161-170

wy, and order n; of the non-cylindrical gear, a unique
dynamic characteristic of curve-face gear system is
produced as shown in Figs. 6 to 8.

Table 1. Basic parameters of curve-face gear drive

Parameters Curve-face gear
Module 72 [mm] 4
Teeth of driving gear z; 18
Teeth of driven gear z, 36
Tooth width B [mm)] 30
Driven torque [Nm] 700
Weight of drive gear m; [kg] 0.515
Weight of driven gear 11, [kg] 1.673
Rotational inertia /., [kg'm?] 3.5%10-4
Rotational inertia /5., [kg:m2] 8.1x10-3
Meshing rigidity &,,,,,, [N-m-1] 8.1x108
Meshing damping c,,, [N-s‘m-1] 2.5%103

keey =741x108; kp =1.2x109;
ky1 =6.48x108; k,p =1.13x109
Cy1 =2.26%103; ¢p =1.6x104;
Cy1 =2.11%x103;, ¢,p =1.55% 104

Support stiffness & [N-m-1]

Support damping ¢ [N-s'm-1]

4.1 Dynamic Results by Eccentricity

Eccentricity £ is one of the main parameters that

reflects the vibration response of the curve-face

gear drive. Fig. 6 gives the results of gear vibration

response in different eccentricity k.

Referring to ‘time history chart’ (Fig. 6), when
the meshing frequency is constant, the number of
vibration periods remains unchanged with eccentricity
k. With the increase of eccentricity &, the vibration
amplitude increases and the vibration period converts
from harmonic-periodic to quasi-periodic motion. The
main cause for this phenomenon depends on:

1) According to Eq. (34), r,; and R are the main
factors affecting the vibration response of the
system. For the curve-face gear, r,; changes
accordingly with the change of meshing
frequency, which is different from the ordinary
gear. This leads to a regular fluctuation of the
normal load (or eccentric load) under the same
load torque with the external excitation changes.

2) In addition to the influence of the meshing
frequency, 7, and R are also affected by
eccentricity k and the order number n; of non-
cylindrical gear. The fluctuating range of 7y
increases but the value of R decreases with
the rise of eccentricity k, which results in the
increase of external excitation and the intention
of vibration.
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Fig. 6. Influence of eccentricity on system response; time history

chart and phase diagram for a) eccentricity k= 0.1, b) eccentricity
k=0.2, and c) eccentricity k=0.3

As shown in the phase diagram (Fig. 6),
the equilibrium positions of the curve-face gear
shift backwards and forwards in the process of
vibration: the equilibrium positions of vibration
vary periodically with meshing time, and the value
of the vibration amplitude rises with the increase of
eccentricity k. The main reason is that the normal load
(or eccentric load) between the tooth is affected by 7,
and R. Under the excitation of meshing stiffness, the
vibration displacement changes and thus the deviation
of the equilibrium position changes correspondingly.

In conclusion, the dynamic performance tends to
be better with the decrease of eccentricity k.

4.2 Dynamic Results by the Order £,

As another significant factor of the vibration response
of the curve-face gear drive, the different order
number n; of non-cylindrical gear determine different
dynamic performances as shown in Fig. 7.

As shown in the ‘time history chart’ (Fig. 7),
when the meshing frequency is constant, the number
of vibration periods remains unchanged with the order
number 7, of non-cylindrical gears. With the increase
of the order number n;, the vibration amplitude
decreases and the fluctuation period increases from 1
to 3. The main reasons are as follows:
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1) The change period of 7, increases, and the
amplitude remains unchanged, which leads to the
increase of the fluctuation period of vibration;

2) The vibration amplitude decreases as the value of
R increases and the order number 7, increases.

As shown in the phase diagram (Fig. 7), the
periodic change and main reason of the equilibrium
positions are the same as in Fig. 6. However, the
deviation of the equilibrium position remains constant
and the number of the equilibrium positions decreases
due to the changing rules of 7.

~
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Fig. 7. Influence of order on system response, time history chart,
and phase diagram for: a) order n =1, b) order n; =2 and
c)ordern; =3

In conclusion, the dynamic performance tends to
be better with the increase of the order n;.

4.3 Dynamic Results by Meshing Frequency

For various meshing frequencies, the dynamic
response of curve-face gear drive shows different
fluctuation amplitudes and equilibrium positions.

As shown in Fig. 8, when the meshing frequency
increases, eccentricity £ and the order number 7, are
constant:

1) The number of vibration periods, the equilibrium
positions and the vibration amplitude all increase,
which is the same as the vibration of the face gear
[11];

2) The equilibrium positions vary periodically with
meshing frequency since r,; changes accordingly
with the change of meshing frequency.

For the vibration response of curve-face gear,
while the meshing frequency increases, the change
of value r,, affects the external excitation, inertia
force and centrifugal force, which intensifies the
vibration of the system. Consequently, the vibration
performance of the curve-face gear is more complex
than that of the face gear.

In this situation, both sides of the tooth surface
will contact alternatively when the meshing frequency
reaches a certain value. This is not allowed in the
vibration response of the gear transmission system,
which results in a limited meshing frequency of the
curve-face gear.

O
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Fig. 8. Influence of meshing frequency on system response;
time history chart and phase diagram for dynamic response when
a) w;,=0.3, b) w;,=0.35and c¢) w;=0.3591

il 3
g

430420450 460470480 70 30 10

Time, 7

: 50 90

Displacement, A5

Fig. 9. Dynamic response under limited speed; time history chart
and phase diagram

As shown in Fig. 9, when the meshing frequency
is 0.378, the reverse contact appears. This reveals that
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the gear will not work properly since the meshing
frequency reaches the limited value. The meshing
frequency can be converted to a limited speed of
790 rpm, which indicates that the curve-face gear is
suitable for medium and low speed situations.

5 VALIDATION AND ANALYSIS
5.1 Theory Validation

When k=0, the curve-face gear can be degenerated
into an ideal face gear. A harmonic response is shown
by the time history chart and phase diagram (Fig. 10),
which is the same as the existing conclusion of face
gear [11]. This means that the dynamic equation not
only can be applied to the dynamic analysis of curve-
face gear, but also to face gear.

=50

CAMNN 34 ¢ )
:i‘%}u”l\\] gl N/

Time, 7
Fig. 10. Theory validation, time history chart, and phase diagram

Displacement, 1

The root cause lies in the fact that there is no
essential difference between non-circular gears
and conventional gears except for the difference
of transmission ratio function. Thus, the impact of
external excitation no longer exists.

5.2 Experiment Validation

The experiment is based on the transmission platform
of the curve-face gear as shown in Fig. 11.

Fig. 11. Experiment platform

Dynamic signals can be acquired by measuring
the vibration value along X, Y and Z directions on the
bearing cap. No. 1 and 5 are acceleration sensors; No.
2 is the dynamic signal acquisition module; No. 3 is
the Ethernet chassis. No. 4 is the simplified curve-face
gear pair.

Since the acquisition process is affected by the
interference of random signals, acquired data will
be picked by some existing errors. To reduce the
influence of the error on the experimental results, the
data must be collected after certain processing. The
changing rules of the vibration response along X and ¥
are the same. Therefore, the variation responses along
X in the meshing period were analysed as shown in
Fig. 12.
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Fig. 12. The comparison between experimental and theoretical
data; time history chart and phase diagram for input velocity
a) 200 rom, b) 400 rpm, and ¢) 600 rpm

The velocity signal (Fig. 12b) and displacement
signal (Fig. 12a) can be transformed directly by the
first and twice integral of the acceleration signal,
separately.

The experimental results prove that:

1) when the meshing frequency is constant, the
periodic fluctuation of the vibration response of
the curve-face gear is more complex than that
of the face gear due to the influence of the basic
parameters of curve-face gear;

2) the comparison between experiment and
simulation results demonstrates that the analytical
results show good agreement with the related
experimental data. It is reasonable to conclude
that the experiment presents the validation of
numerical model.
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Fig. 13. Experimental result under limited speed; vibration
acceleration and time history chart

For the validation of the limited speed of the
curve-face gear, the vibration response can be obtained
when the input speed is around 790 rpm, as shown in
Fig. 13. The vibration displacement of the gear pair
is negative, which indicates the reverse contact of the
gear pair and will cause the destruction of the gear.
Thus, the gear pair reaches the limit speed position,
which represents the validation of the mathematical
model.

6 CONCLUSIONS

1) A nonlinear dynamic model based on a Lagrange
bond-graph was presented. The proposed method
not only applies to the dynamic analysis of the
curve-face gear, but also can be applied to the
face gear.

2) The external excitation, caused by r,; and R
which are affected by the eccentric £ and the
order n; of non-circular gear, is the main factor
affecting the vibration response of curve-face
gear. The research results show that reducing the
eccentricity and raising the order number n; will
improve the dynamic characteristics of system.

3) The vibration response of the curve-face gear is
also affected by the meshing frequency. However,
due to the influence of external excitation, which
will exacerbate the vibration, the limited meshing
frequency of the curve-face gear is lower than that
of the face gear. These characteristics determine
that the gear cannot be applied to the transmission
system with high speed.

4) The experiment results are in good agreement
with the theory analysis of the models. It is
reasonable to conclude that the model presented
is capable of efficiently simulating the vibration
response of the curve-face gear.
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8 NOMENCLATURES

the radius of curve-face gear, [mm]

r(6,) the polar radius of non-cylindrical gear, [mm]

k
m
)
a
Fi

T,

qG

eccentricity

the order number of non-cylindrical gear

the order number of curve-face gear

semi major axis of ellipse, [mm]

D 'Alembert force, [N]

inertia force, [N]

elastic force, [N]

input force, [N]

dissipative force, [N]

elastic force caused by gear comprehensive error,
[N]

dissipative force caused by gear comprehensive
error, [N]

comprehensive velocity transform matrix in
inertial field

displacement vector in generalized coordinates
system

mass matrix in inertial field

transform matrix of angular velocity in inertial
field

rotation matrix in inertial field

inertia matrix in inertia field

velocity transform matrix in elastic field

stiffness matrix

velocity transform matrix in damping field
damping matrix

velocity transform matrix in potential source

input force vector

velocity transform matrix of gear comprehensive
error in elastic field

stiffness matrix of gear comprehensive error

gear comprehensive error vector

velocity transform matrix of gear comprehensive
error in damping field

damping matrix of gear comprehensive error
driving torque, [N-m]

driven torque, [N-m]

pressure angle of curve-face gear, [°]

base radius of non-cylindrical gear, [mm]
translational transform matrix in inertial field
angular velocity transform matrix in inertial field
unit vector

meshing stiffness, [N-m!]

average meshing stiffness, [N-m1]

gear meshing frequency

time-varying contact ratio

average contact ratio

initial phase

i-order time-varying contact ratio

169



e(?)

Wy

(1

[2]

3]

(4]

[5]

(6]

(7

170

Strojniski vestnik - Journal of Mechanical Engineering 63(2017)3, 161-170

nominal simulating frequency

the normal backlash, [mm]

nominal displacement (angle) j = (x, y, 4, 1)
nominal time

dimensionless comprehensive error
dimensionless simulating frequency
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Efficiency Improvement of Agricultural Winch Machines
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In this article the problems with the use of the common winch cart on very steep terrain planted with permanent crops are described, especially
with regard to energy losses. A hypothesis is developed regarding the improved use of the potential energy that leads to the development of
a new economical hydraulic machine. A transmission of the new agricultural tractor that can use the much bigger share of the effective
potential energy is conceived in rough principles. A portable flatbed improves the total efficiency. A comparable analysis on very different
sloped terrains is presented to argue for the greater efficiency of the new machine. The yearly fuel quantity saving by using the new hydraulic
machine on the sloping terrain with realistic topography is 36 % in comparison to the winch cart. Decisional limits about the minimum internal

combustion engine power are discussed.

Keywords: sloped terrain, permanent crop treatments, hydraulic tractor, crop treatment efficiency

Highlights

*  The effective replacement for winch cart is designed and analyzed.

e The proposed computing procedure enables rough estimation of competitive machines.
*  The new machine returns potential energy back to useful energy.

*  The new machine enables big saving in fuel and labor time.

e The efficiency of the crop treatment is introduced.

0 INTRODUCTION

To treat the agriculture terrain planted with permanent
crops and inclined at angles greater than 60 % winch
power is required. Working on such terrain with
conventional agriculture tractors, even equipped
with caterpillar treads, is a dangerous venture and is
often impossible due to the weak traction forces on
the sloped terrain (slip). Working on steep inclines
with ordinary tractors frequently results in accidents
[1]. Treatment of the permanent crops on the sloped
terrain requires about twenty-four executions per year.

In recent years, many comprehensive studies
about treating slope agriculture terrains have been
made [2] to [4]. Probably the most influential one is
by a German author [5] who determined the basic
limits of the usability of different agricultural tractors
and machines; this is considered to be the base
understanding, Fig. 1.

Slope Sl
Slope ope to
P\

((/% it 7 <‘<7/

—~ o~ N~

NG b
Common Caterpillar Winch cart
tractor tractor

Fig. 1. Limits of terrain slope about using of proper agriculture
tractor or machine

The usage of tractors and agricultural machinery
on slopes with different inclines is described in the
references [6] to [8]. The great issue with ordinary
tractors is their stability when working on steep terrain
[9].

The current machine considered appropriate for
agiculture treatment on a very sloped terrain is a cart
driven by the winch that is firmly placed on the top of
the slope. Such a cart has its own engine for powering
accessories. The winch located on the flat reef can
be driven by a tractor propeller shaft or has its own
engine. When the cart is sliding downwards on the
slope, only one accessory can be active. Afterwards,
with the rope anchored on the flat reef, the cart is pulled
upwards. In this stroke, all accessories are switched
off, Fig. 2. Consequently, this type of treatment leads
to long processing time and is significantly more
expensive than the treatments on the flatter terrains.
The treatment time is often decisive [10] and [11].

Special care should be devoted to the enormous
amount of energy consumed. In addition to higher fuel
costs, there are also greater CO, emissions and higher
expenses for harvesting in general. Consequently,
farmers who use the described technology cannot be
competitive on the market. The focus of this paper is
to indicate the basic problems of current technology
for treating sloped terrains and to show ways to solve
them in order to reduce energy and labour costs.
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Winch

Winch drive

Tractor

Winch cart

Accessory l
motor

= Accessory \l

Fig. 2. Basic working principle by using winch cart

1 THE ENERGY LOSSES FOR THE TREATMENT
OF FLAT AND SLOPED TERRAINS

For the winch cart, the first energy loss is the one
that occurs due to not using potential energy during
the downward stroke of the winch cart. The second
energy loss is inherent to the basic working principle
in which it is evident that one of two strokes is useless
for using the accessories. Under the assumption that
the downward stroke is the working stroke for the
accessories, the upward stroke is a waste of time and
energy. The upward stroke should be performed to
reposition the winch cart on the top of the slope, along
the flat reef, to make a longitudinal relocation of the
cart, Fig. 3.

Location 2

1,2 3,4 5,6 7,8 ... Cartstrokes

Fig. 3. Basic treatment principle
on terrains inclined more than 60 %

The working principle of the treatment (probably
of the same crops) by using a common agricultural
tractor on the terrains sloped less than 60 % is much
more rational [12]. Each part of the tractor path is
maximally effective with all accessories fully active
all the time, Fig. 4.

To illustrate the problem of excessive energy
consumption on sloped agricultural terrain, a few
different cases are carried out. The energy needed for
the movement on varied terrain inclined by 0 %, 35 %,
60 % and 100 % are compared, Table 1. The length of
the machine path is 100 metres. To obtain comparable
data, all relevant vehicles characteristics are identical,
including vehicles mass, rolling resistance and moving
velocities. The vehicles characteristics correspond to
the average tractors [2].

Fully active Common

tractor path

A
4 N ¢ 2
Common \ N
tractor I /\S
( |

Tractor path

Fig. 4. Basic treatment principle
on terrains inclined less than 60 %

Table 1. Data for the movement the machine equipped with the
mower in one stroke (upwards)

Common or caterpillar Winch

Machina tractor cart

Terrain slope [%] 0 35 60 100
Energy for climbing up [MJ]  0.48 1.00 1.31 1.71
Power for climbing up [kW] 6 11 15 19
Potential energy [MJ] 0 0.04 0.28 0.63
Potential power [kW] 0 0.5 3 7

The data in the Table 1 are calculated according

to the Egs. (1) to (7).
R, =f, -m-cosa-g, (1)
R, =m-sina - g. 2)
where R, is rolling resistance, Ry is slope resistance,
o is terrain slope, m is a total mas of tractor or cart

equipped with accessories and with driver (my= 1300
kg is tractor or winch cart net weight [2], m, = 85 kg
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is driver weight, m,,,, = 105 kg is mower weight [13])
and f.= 0.25 is rolling resistance coefficient [14].
For R,, and Ry, see Egs. (13) and (14).

Wup = Rup ! S’ (3 )
Wdown = Rd()wn *S, (4)
W
£,= P (6))
/4
})down = down > (6)
t
1=—, ™
v

where W, is energy for climbing up, Wg,,, potential
energy, Pup power for climbing up, Py,,, potential power,
t labour time, v,, = 4 km/h average tractor speed [15] and s
length of the path.

When analysing the data gathered in Table 1,
it is evident that the slope resistance is the most
significant factor. To overcome the slope and rolling
resistance, a winch cart needs only 3.5 times greater
energy in comparison to the same vehicle moving
on the flat terrain. It is also significant that potential
energy theoretically rises with the terrain slope, but in
fact remains unused. No winch cart currently on the
market uses this potential energy.

The energy needed for treating the flat and sloped
terrain are calculated (Table 2). The length of the crop
line is 100 metres. The first accessory is the rotary
mower; the second is the sprayer. With the use of the
winch cart, the number of the strokes are doubled in
comparison to the common tractor.

Table 2. Data for the treatment two columns of crops on different
sloped terrains by using two accessories separately

Machine caomllaracorcart
Terrain slope [%] 0 35 60 100
Energy for treating [MJ] 510 7.00 7.30 10.00
Fuel [I] 0.42 0.58 0.61 0.83
Efficiency [%] 62 46 43 32
Labour time [h] 0.1 0.1 0.1 0.2

mg, = 85 kg; sprayer weight [13], P,,= 12 kW; mower power [13] and
Pg, =6 kW; sprayer power [13].

To obtain comparable results as presented in
Table 2, the main characteristics of agricultural
machines are the same; the same are also valid for the
accessories. The enormous amount of energy needed
for running accessories on the sloped terrain is a

matter of concern, as is the fact that it takes twice as
much time to do the work.

In Table 3, the results for the treatment of one
hectare of crops per year are presented. The same
shape of the field with the same number of crop lines
is assumed. The machines have the same weight, and
they are equipped with the same accessories.

The data in Tables 2 and 3 are calculated by using
the Egs. (1) to (4), Egs. (8) to (10), (13), (14) and (17).

Table 3. Data for treating one hectare of agricultural terrain per
year with all accessories for tractors and winch cart

. mmon or Winch
Machine ca(t:eorpilla(r)tra%tor carct
Terrain slope [%] 0 35 60 100
Energy for treating [MJ] 1458 1488 1535 2971
Fuel [1] 121 123 127 247
€0, emission [kg] 313 319 329 651
Labour time [h] 30 30 30 60
Efficiency [%] 62 61 59 30

Py, =5 KW; manure spreader power [16], Pgq.c, =9 kW; side cutter
power [17], Psc,=9 kW, spring cutter power [18], 1, =180 kg;
manure spreader weight [16], mg;..c, = 170 kg; side cutter weight [17],
mgc, =170 kg; spring cutter weight [18], and m,,, = 150 kg; and
container for harvest weight.

In one year, 24 treatments of the terrain should
be done: ten times with the mower, ten times with the
sprayer, and once per year with all other accessories.
The steepest terrain is treated with the winch cart
technology; the other terrains are treated with
common agriculture tractors. The results from Table 3
again show that the enormous energy consumption on
the steep terrains.

2 ECONOMICAL HYDRAULIC MACHINE CONCEIVING

From the presented rough energy and labour time
consumption analysis, it is obvious that a great
opportunity exists for efficiency improvements of
the winch cart. To make a step forward, an entirely
new product, a new economical hydraulic (EH)
machine, for treating the most difficult terrains, is
conceived, designed, and made in a prototype version.
The machine’s design and operating method lend
themselves to reducing treatment costs [19]. The
energy transformation takes into account the proven
design [20]. The most obvious characteristic of the
new EH machine is its drive: a purely conventional
internal combustion (IC) diesel engine adapted to
the inclination of the terrain by its free tilting, which
ensures adequate lubrication. The IC engine runs
a hydraulic pump that is connected by hydraulic
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piping with hydraulic motors on wheels, winch,
and accessories. The power transmission from the
winch to the hydraulics pump is designed according
to the already proven rules [21] and [22] and general
procedures of design [23]. All hydraulic motors are
controlled by a central control unit, Fig. 5. The IC
engine is designed to give the minimum necessary
power needed for the sloped terrain treatment. This
enables the minimal dimensions and lowest weight
of the new EH machine. Weight is reduced to the
lower strength limit where the machine still operates
[24] and [25]. When this machine is lowered down
the slope the potential energy is converted into the
mechanical energy for the accessories. Consequently,
two accessories can be connected to the machine
instead of one.

Hydraulic pump 1

Hydraulic pump 2

Accessory 1 Accessory 2

IC engine

Control unit

system

Front
wheel
Wheel

motor

Pump

Fig. 5. Hydraulic components of the modest tractor

IC engine

Hydraulic
motor with
gear drive

Control unite

Hydraulic pump
Winch

Hydraulic motor
and pump with
gear drive

Fig. 6. Prototyping the EH machine

Rear wheel

Since this machine is self-propelling, it has a
significantly wider scope than ordinary winch carts
with accessories only and no self-drive system. The
next obvious advantage of the new EH machine is its
ability to use both systems of the drive: the wheels and
winch. No additional tractor is required for coming up
steep terrains. Even though the new EH machine has
a dual drive is suitable due to the low weight carrying
out the common farm work on nearly flat terrains.

The new EH machine is conceived in real and
prototyped already to the final stage, equipped with all
components, Fig. 6.

The new EH machine is equipped with the rope
winch at its rear. The rope is firmly anchored on the
top of the terrain. With the upwards movement of
the hydraulic machine, both drive systems (wheels
and winch) function simultaneously. In the case of
bad wheel grip due to the slippery terrain, the smart
control system redirects the power to the winch drive.

In the case of terrain/rope contact, as presented
in Fig. 7, the rope will no harm the terrain because it
is not moving along its length. In comparison to the
winch cart with the winch on the top of the terrain,
this is likely a significant improvement. To avoid
unnecessary friction, the rope is released as it is
needed.

s Rope anchoring

.l:, 45 .
N /— Terrain/rope contact field
R
RIS
RS
PRSI Rope
R
)
CRSETAAE
AT
et
e "'ﬁ
C LA
S % Slopped
i S terrain
Rope winch — ST
RS
R,
T S
(f{/&dmﬁ;{f ?

Fig. 7. Terrain/rope contact situation

To run both accessories, the sprayer and mower,
the new EH machine has two built-in output drives:
one is positioned on the front and the other on
the rear of the vehicles. Two output drives ensure
simultaneous but independent use of both accessories.
The energy for one accessory comes directly from
the IC engine, but the other accessory can obtain
the necessary energy from the potential energy of
the new EH machine traveling downhill. When the
vehicle is moving downhill, both accessories can be
active. When it is moving uphill, both accessories are
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excluded, and all the IC engine power for moving the
vehicle is available.

Using the potential energy, that is coming from
the descending new EH machine for powering the
accessories, saves time and energy. If the potential
energy does not cover the needs of accessories,
additional energy comes from the IC engine.

Accessory 2
sprayer

Accessory 1
mower

Drive wheel

compartment
Fig. 8. The new EH machine

In Fig. 8, the new EH machine is presented. The
main advantage of it is the free flow of the energy.
Both the IC engine and winch rope can become a
source of power that can run the accessories. The
hydraulic pump on the winch can transform the
potential energy of the descending machine into the
pressure and flow of the hydraulic oil, which are
directly used for running the accessories.

2.1 Portable Flatbed Design

To move the new EH machine from one crop line to
the next, a self-propelled portable flatbed is provided
that would be attached to the anchor line. Therefore
no additional tractor is required to do this work.

Economical
ydraulic machine

Controller

Hydraulic pump

terrain
Flatbed roller

Fig. 9. Working portable flatbed

After the new EH machine is on the portable
flatbed, Fig. 9, the vehicle front wheels are in contact
with the driving rollers of the flatbed. The rollers drive
the system that hydraulically moves the portable
flatbed along the flat reef of the terrain [26].

3 EFFICIENCY OF THE NEW ECONOMICAL
HYDRAULIC MACHINE

Sample calculations are done for one hectare of
terrain, on which 24 treatments are considered. The
treatments are 10 times of mowing, 10 times of
spraying, one -time of scoring, one -time of fertilizing,
one -time of peak cutting and one -time of harvesting
crops.

3.1 Constant Sloped Terrain

The slopes of the terrain are chosen 0 %, 35 %, 60 %
and 100 %. For the steeped slope the new EH machine
is used with added technology for using the potential
energy, which enables merging two treatments,
such as mowing and spraying. That fact leads to the
reduction of the number of the vehicle drives per year,
from 24 to 14 with the use of the new EH machine on
the 100 % slope.

The labour time for using the new EH machine is
20 % longer than for the treatments on the other slopes
due to the four treatments in which the winch tractor
should not move along the terrain when the vehicle is
at the bottom of the terrain. For the treatments of the
first three slopes, a standard tractor, which can simply
turn around at the end of each column, is assumed. In
comparison with Table 3, in Table 4 only the fourth
column is different. Instead of the cart the new EH
machine is analyzed. The fuel consumption of this
machine is only slightly higher comparing with the
tractors which process nearly flat farm fields.

Table 4. Data for treatment one hectare of agricultural terrain per
year with all accessories

Machine sl tacr_ mashine
Terrain slope [%] 0 35 60 100
Energy for treating [MJ] 1458 1488 1535 1763
Fuel [I] 121 123 127 146
€0, emission [kg] 313 319 329 386
Labour time [h] 30 30 30 35
Efficiency [%] 62 61 59 51
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In Table 5, the use of a winch cart and the newly
designed EH machine are compared for very steep
terrain (100 %).

Table 5. Treatment of one hectare 100 % slope terrain per year
with all accessories

Winch cart New EH machine
Total Energy [MJ] 2971 1763
Total Fuel [I] 247 146
€0, emission [kg] 651 386
Labour time [h] 60 35
Efficiency [%] 30 51

The efficiency of the crop treatment is calculated
according to the equation:

w

= acc R 8
= (®)

acc trac

where 7 is efficiency of the crop treatment, W,..;
energy needed for the accessories; and W,,.; energy
needed for the machine drive.

Fuel consumption is calculated with the equation:

Opy =288, ©)
¢ M
where QOp,.; is total fuel used, Wy, total energy
used, c=41.2 MJ/kg heating value of fuel [27], and
nic=0.35 efficiency of internal combustion engine [2].
Carbon dioxide emission is calculated with the
equation:

Cozemiss = fCOZ : QFuel > (10)

where CO2,,,s [kg] is carbon dioxide emission, and
fco» =3.16 carbon dioxide emission coefficient [28].

According to the Table 5 all advantages are on the
side of the newly developed EH machine, especially
the efficiency of the crop treatment, which is 70%
better comparing with the common cart driven by
winch. Above statements are additional confirmed
with the procedure based on the neural networks [29]
to [31], which is specially designed to predict crop
treatment efficiency, fuel consumption, the level of
CO, emissions and the time taken for the treatment of
agricultural land [26].

3.2 Squared Terrain with Realistic Topography

In the preliminary subchapter, the constant slope
of the whole terrain is assumed. To describe the
agriculture terrain on which crops can be found in
real circumstances, a matrix is made for which the
individual slopes of increments are specified. The

terrain is simplified by considering the following

assumptions:

* the outer border of the terrain is square with sides
100 m long.

» cach stroke is 100 m long.

» the distance between the crop columns is assumed
to be 2 m. Therefore, 50 strokes are needed to
treat the whole terrain.

* cach stroke is divided into ten segments of
slope. The slope of the individual segment is
an independent data point and represents the
average. This characteristic is represented by one
column in the matrix.

* the matrix that describes such terrain consists of
10 rows and 50 columns.

The very likely matrix of the realistic topography
could look like this:

44 43 33 32
44 43 32 32
43 43 ... 31 31
42 42 30 30
Mo %24 30 29
Sre 1 41 41 29 28]
41 41 29 28
41 40 ... 27 27
40 39 27 27
138 38 27 27|

Each number in the matrix represents the segment
slope in degrees. The terrain specified in the matrix is
presented in Fig. 10.

—> Length [m]
Height [m] 0 20 40 60 80 100

N

Column No. 50
Column No. 1

AR

Column No. 40

50 data
column

40-
Ll 100
20 o ﬁ‘ﬁ
0 204 7
. . Width [m]

~
One column with 10 slopes

Fig. 10. Presentation of the one hectare of terrain with realistic
topography
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Driving resistances are calculated according to
the following two equations:

R, = f,-(m; +m,+my +mg)-cosa,, g, (11)
R =(m, +my,+m,, +mg)-sina,, g, (12)

where Ryis rolling resistance for segment s,,, ,,; R slope
resistance for segment s,, ,; @, , slope of the segment
Smns Sm,n S€gment in row m =1 to 10 and column n =
1 to 50.

The total resistance that acts during the moving
of the vehicle equipped with two accessories
upwards the sloped terrain is the sum of rolling and
slope resistances. The applicable resistance that acts
during the moving the same vehicle downwards is
the difference of those individual resistances that are
described with the equations:

R,=R;+R,, (13)

R,,,=Rs—R,, (14)

down

where R,, is applicable resistance at upwards drive
and R,,,,, applicable resistance at downwards drive.
To obtain the consumed energies needed to
overcome a sloped segment up- or down-wards, the
resistances are multiplied by the length of the segment
that is ¢ = 10 m because of the simplicity introduced.

W,=R,-c (15)

W ¢, (16)

down

=R

down

where W, is applicable energy at upwards drive, and
W 40w an applicable energy at downwards drive.

The total time, ¢,,,,;, needed for the one treatment
of the agricultural terrain is calculated with the
equation:
2-50-100-m

, .

av

total — (17)
The numeral 2 represents the number of vehicle
strokes for each line of crops. The numeral 50 is
equivalent to the crop lines or number of columns;
100 m is the terrain length of the crop column, Fig. 10.
The number of accessories, one or two, that can
be functioning during the vehicle’s downward drive,
depends on the vehicle type. With the respect to the
fact that the tractor power is very close to the minimum
needed for the drive upwards, only one accessory can
be used in case of the vehicle descending. In the case
of a machine that can exploit the available potential
energy, two accessories can be active simultaneously.
Technology that would be able to transform the
potential energy for running the accessories cannot
be derived mechanically for many reasons. The

obvious one is the incorrect ratio between the wheels
and accessories. A gearbox that would change this
ratio freely would be necessary. The only way to
accomplish this in financially feasible manner is the
introduction of a hydraulic transmission. This has to
be modified for this situation. In the continuation, two
hydraulic agricultural machines are considered; the
first one with only a basic hydraulic and the second
one, called new EH machine, which is modified. Only
the latter machine enables the simultaneous use of
both accessories.

In Tables 6 and 7, data are presented that enable
estimating the type of the machine. The data collected
in the Table 6 describe the situation on one hectare of
terrain treatment with two accessories only. The data
in Table 7 represent the situation over the year.

The data in the Tables 6 and 7 are calculated on
the basis of slopes delivered in Mg, matrix and by
using already explained equations (from 1 to 17).

Table 6. Data for treating one hectare of real agricultural terrain
per year - two accessories

Winch cart New EH machine
Energy for treating [MJ] 2310 1388
Fuel [I] 192 115
€0, emission [kg] 506 304
Labour time [h] 50 25
Efficiency [%] 35 58

Table 7. Treatment of one hectare of real agricultural terrain per
year - all accessories

Winch cart New EH machine
Total Energy [MJ] 2729 1743
Total Fuel [I] 227 145
€0, emission [kg] 598 382
Labour time [h] 60 35
Efficiency [%] 33 52

On the basis of the data in the previous two
tables, it can be concluded that the new EH machine
with modified hydraulic transmission demonstrates
some obvious advantages. The savings in energy, fuel,
emission and consumed labour time are obvious and
doubtless cover the higher expenses of purchasing the
equipment.

4 ESTIMATING THE TERRAIN FOR NEW ECONOMICAL
HYDRAULIC MACHINE APPLICABILITY

The nominal power of the EH machine should be as
low as possible. First condition: the new EH machine
equipped with the heaviest accessories should be
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driven upwards with the speed of about 4 km per hour.
Second condition: when descending, the EH machine
should have enough power to overcome the driving
resistances and to run the two accessories. When
descending the EH machine is using the energy of the
IC engine and the potential energy.

A critical situation would occur at the moment
the total power would not be enough to run both
accessories at their maximum power. From the known
data about the IC engine power, accessories’ power,
and other necessary data from the machines, only
the driving resistance is questionable. In the case of
an agriculture vehicle, the driving resistance directly
depends on the terrain slope.

CG

m-g-sinag,

fr-m-‘g-cosacr

m-g-cosdy /

-~y

~

Fig. 11. Force equilibrium at critical slope determination

To fulfil the second condition with the lowest
power of the IC engine, the rolling resistance should
be equal to the gravity acting along the slope direction,
Fig. 11. The calculation of the critical slope, a,, is
done as follows:

m-g-sina, = f.-m-g-cosa,,, (18)
m=mg +my,+m,, +mg, (19)

where m is total mass of EH machine, f,=0.25 rolling
resistance coefficient [14], and a.,,. critical slope.
From the above equation, it is derived that:

a, =tan”' f. (20)

Considering the supposed rolling resistance in its
value, the critical slope is: a,,. = 14°.

Once the critical slope is determined, the terrain
topography can be judged, Fig. 12. The only constraint
to be considered is that each slope should be greater
than a critical one.

——> Length [m]
Height [m] 0 20 40 60 80 100

Column No. 50
Enough sloped?

100 <
80 =
60+
J ) 50 data
40 4 <|:011|1mn
- 100
20 = 80
- 40
0 A
Width [m]

One column with 10 slopes

Fig. 12. Presentation of one hectare of terrain with the
topography, which is perhaps locally not sufficiently sloped

Another representation of the terrain can be made
with the matrix of partial slopes.

(44 43 33 32]
44 43 32 32
43 43 ... 31 31
42 42 30 30
Mo - 42 41 30 29
Sore 114 14 14 14|
14 14 14 14
41 40 ... 27 27
40 39 27 27
138 38 27 27|

The intention of the calculation of energy, the
power and the time consumption on the terrain, as
presented in Table 8, is to verify the IC engine power,
which should not be too low.

Table 8. Data for treating one hectare of realistic agricultural
terrain (strip with limited slope in the middle of terrain)

Two accessories All accessories

1 treatment 24 treatments
Energy for treating [MJ] 137 1719
Fuel [I] 11 142
€0, emission [kg] 30 377
Labour time [h] 2.5 35
Efficiency [%] 59 53

In case the slope of the particular segments
on the terrain are too flat, the IC engine power will
not be sufficient to run the accessories at full power
while running the machine itself. In this case the IC
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engine power should be increased to an extent that the
engine is then able to run the accessories. In addition
to the gravity force, which is acting along the slope,
the driving force should be added, which is generated
on the wheel circumferential. The sum of these forces
should be in equilibrium with the rolling resistance:

m-g~sina+£:fr-m-g-cosa. 20

av

AP is IC engine power (excess over accessories
needs), a actual minimum slope, and v,,,, [m/s] average
velocity of the machine.

From the Eq. (21) the IC engine power surplus
can be derived:

AP=m-g-v, -(f -cosa—sina). (22)

The power of the selected IC engine of the EH
machine must be the same or greater than the power
that is required to run the accessories and the machine
downwards at the most flat terrain section where the
minimal gravity force is acting.

5 CONCLUSIONS

In this article, the initial hypothesis about the
possibility of the energy saving of the agricultural
winch machine is confirmed. The problem of using
the efficient potential energy in the working process
cannot be carried out with the normal mechanical
transmission, because each of the accessories needs
their own input velocity and torque. As a result, the
hydraulic transmission is the only rational way to
effectively use the potential energy, which is available
in abnormal quantities on this type of agriculture
terrain. For the real terrain is proven the rise of the
crop treatment efficiency per year from the normally
0.33 % to 0.52 % that is characteristic of the new EH
machine. At the same time the labor time is shortened
from 60 hours to 35 hours only.

The designer of the new EH machine defends
the use of the IC engine with the minimal power due
to minimal machine weight, minimal environmental
burdens, and as low as possible expenses. A few
purely theoretical calculations where the new EH
machine and the potential competitors are compared
on the ideal terrain to emphasize the eligibility of the
proposed new machine. According to the analysis, the
use of the common winch cart that is widely in use
around the world seems to be non-economical and not
rational.

6 REFERENCES

[1] Jerondi¢, R., Bernik, R. (2008). The Research of the number
of accidents with the agriculture and forestry tractors in the
Europe and the main reasons for those accidents. Strojniski
vestnik - Journal of Mechanical Engineering, vol. 54, no. 7-8,
p. 557-564.

[2] Bernik, R. (2004). Techniques in Agriculture. University of
Ljubljana, Biotechnical Faculty, Ljubljana (in Slovene)

[3] Vidoni, R., Bietresato, M., Gasparetto, A., Mazetto, F. (2015).
Evaluation and stability comparsion of different vehicle
configurations for robotic agricultural operations on side
slopes. Biosystems Engineering, vol. 129, p. 197-211,
DO0I:10.1016/j.biosystemseng.2014.10.003.

[4] Oswald, W. (2000). Taschenbuch der Weinbautechnik.
Fachverlag Dr. Fraund, Mainz.

[5] Bohme, A. (2003). Umweltgerechte
Steillagenweinbau. KTBL, Darmstadt.

[6] Uberti, S., Gadola, M., Chindamo, D., Romano, M., Galli, F.
(2015). Design of a double wishbone front suspension for
an orchard-vineyard tractor: Kinematic analysis. Journal
of Terramechanics, vol 57, p. 23-39, DO0I:10.1016/j.
jterra.2014.11.001.

[7]1 Rihling, W. (1991). Mechanisierung von Steillagen auf der
Basis handgefihrter Kleinraupen. Der Deutsche Weinbau, no.
16, p. 631-638.

[8] Bartsch, M. (2013). New machine could save German
vineyards, from http://www.spiegel.de/international/
germany/steeply-sloped-german-vineyards-hope-technology-
can-save-them-a-935752.html, accessed on 2016-11-10.

[9] Mashadi, B., Hanif, H. (2009). Automatic control of a
modified tractor to work on steep side slopes. Journal of
Terramechanics, vol. 46, no. 6, p. 299-311, D0I:10.1016/j.
jterra.2009.08.006.

[10] Wild, K., Auernhammer, H. (1996). Ansatze zur automatisierten
Arbeitszeitermittlung bei Feldarbeiten. Landtechnik, vol. 51,
no. 4,, p. 198-199, DOI:10.15150/1t.1996.2771

[11] Jéger, P. (1991). Zeitbedarf von Feldarbeiten. Landtechnik,
vol. 46, no. 4, p. 69-71.

[12] Hrastar, K. (2014). Tractor Catalogue: Handbook. CZD Kmegki
glas. Ljubljana (in Slovene).

[13] Zupan Catalog (2016). from htpp://www.zupan.si, accessed
on 2016-11-10

[14] Saarilahti, M. (2002). Soil Interaction Model. MSc thesis,
University of Helsinki, Helsinki.

[15] FITO-INFO Catalog (2016). from http;///www.fito-info.si,
accessed on 2016-11-10.

[16] INO Brezice Catalog (2016). from http;//www.inobrezice.com,
accessed on 2016-11-10.

[17] Fabijan Catalog (2016). from http://www.fabijan.si, accessed
on 2016-11-10.

[18] KGM-Podlehnik Catalog (2016). from http://kmg-podlehnik.si,
accessed on 2016-11-10

[19] Katrasnik, T., Trenc, F., Opresnik, S. (2007). Study of the
energy-conversion efficiency of hybrid powertrains. Strojniski
vestnik - Journal of Mechanical Engineering, vol. 53, no.10, p.
667-682.

Technik  den

Efficiency Improvement of Agricultural Winch Machines 179


https://doi.org/10.1016/j.biosystemseng.2014.10.003
https://doi.org/10.1016/j.jterra.2014.11.001
https://doi.org/10.1016/j.jterra.2014.11.001
https://doi.org/10.1016/j.jterra.2009.08.006
https://doi.org/10.1016/j.jterra.2009.08.006

Strojniski vestnik - Journal of Mechanical Engineering 63(2017)3, 171-180

[20] Hunt, D. (1995). Farm Power and Machinery Management.
lowa State University, Arnes, p. 259-275.

[21] Flasker, J., Pehan, S. (2005). Power Transmissions. University
of Maribor, Faculty of Mechanical Engineering, Maribor. (in
Slovene)

[22] Flasker, J., Pehan, S. (2008). Tribology. University of Maribor,
Faculty of Mechanical Engineering, Maribor, Maribor. (in
Slovene)

[23] Eggert, J. (2005). Engineering Design, Prentice Hall, New
Jersey.

[24] Bizal, A., Klemenc, J., Fajdiga, M. (2014). Evaluating the
statistical significance of a fatigue-life reduction due to
macro-porosity. StrojniSki vestnik - Journal of Mechanical
Engineering, vol. 60, no. 6, p. 407-416, DO0I:10.5545/sv-
jme.2013.1453.

[25] Zaletelj, H., Fajdiga, G., Nagode, M. (2011). Numerical
methods for TMF cycle modeling. StrojniSki vestnik - Journal

of Mechanical Engineering, vol. 57, no. 6, p. 485-494,
DO0I:10.5545/sv-jme.2010.212.

[26] Kodri€, M. (2016). Development of a Hybrid Machine for
Working on Sloping Terrain, PhD Thesis, University of Maribor,
Faculty of Mechanical Engineering, Maribor. (in Slovene)

[27] Kraut, B. (1987). Mechanical Engineering Handbook. TehniSka
zalozba Slovenije, Ljubljana. (in Slovene)

[28] Ecoscore Catalog (2016). from http://www.ecoscore.be,
accessed on 2016-11-10.

[29] Hykin, S. (1994). Neural Networks, a Comprehensive
Foundation. MacMillan College New York.

[30] Bishop, C.M. (1995). Neural Networks for Pattern Recognition.
Clarendon Press, Oxford.

[31] Rahimi-Ajdadi, F., Abbaspour-Gilandeh, Y. (2011). Artificial
Neural Network and stepwise multiple range regression
methods for prediction of tractor fuel consumption.
Measurement, vol. 44, no. 10, p. 2104-2111, D0I:10.1016/j.
measurement.2011.08.006.

180 Kodrié, M. - Flasker, J. - Pehan, S.


https://doi.org/10.5545/sv-jme.2013.1453
https://doi.org/10.5545/sv-jme.2013.1453
https://doi.org/10.5545/sv-jme.2010.212
https://doi.org/10.1016/j.measurement.2011.08.006
https://doi.org/10.1016/j.measurement.2011.08.006

Strojniski vestnik - Journal of Mechanical Engineering 63(2017)3, 181-190
© 2017 Journal of Mechanical Engineering. All rights reserved.
DOI:10.5545/sv-jme.2016.3508

Received for review: 2016-03-01
Received revised form: 2016-08-06

Original Scientific Paper Accepted for publication: 2016-10-05

Modelling and Control of a Fixed Calliper-Based
Electronic Wedge Brake

Fauzi Ahmad!.2.* — Khisbullah Hudha3 — Saiful Amri Mazlan! — Hishamuddin Jamaluddin4 — Hairi Zamzuri! —
Zulkiffli Abd Kadir!.3 — Vimal Rau Aparow3

1 University of Technology of Malaysia, Malaysia-Japan International Institute, Malaysia
2 Technical University of Malaysia, Faculty of Mechanical Engineering, Malaysia
3 National Defence University of Malaysia, Faculty of Engineering, Malaysia
4 Southern University College of Malaysia, Faculty of Engineering and Information Technology, Malaysia

This paper presents a new design of an electronic fixed calliper-based wedge brake system. The movement of both sides of the brake piston is
activated by a wedge block mechanism. The proposed fixed calliper-based electronic wedge brake system is a class of hydraulic-free device.
The mechanism consists of two sets of wedge blocks, a ball screw drive shaft, a sliding beam and an electric motor. In this mechanism, the
rotation of the shaft of the electric motor is converted into linear motion by using a ball screw drive shaft while the linear motion of the drive
shaft will force the sliding beam to be displaced linearly. This will activate the wedge mechanism, which will cause the pad to be displaced
tangentially to the disc brake. The movement of the pad in pressing the disc will generate clamping force and produce brake torque when the
wheel rotates. In this study, the mathematical model of the system that generates the clamping force was identified. The model was based
on a second order transfer function. The proposed mathematical model was then validated experimentally using a brake test rig installed
with several sensors and input-output (I0) device. The performance of the brake mechanism in term of rotational input of the drive shaft and
clamping force produced by the brake were observed. Accordingly, a torque tracking proportional-integral-derivative (PID) control of the
system was proposed and studied through simulation and experiment. Comparisons between experimental results and model responses were

made. It is found that the trend between simulation results and experimental data are similar, with an acceptable level of error.
Keywords: fixed calliper-based electronic wedge brake, clamping force system modelling and validation, torque tracking control,

hardware-in-the-loop-simulation

Highlights

o This paper presents the modelling and validation of a fixed calliper-based electronic wedge brake.
e |talso discusses on the effectiveness of the model in order to develop a good control strategy for the FIXEWB.
*  Based on the developed control strategy, the effectiveness of the proposed torque tracking control of the FIXEWB was studied

and presented.

*  The control strategy developed is based on a PID controller.

0 INTRODUCTION

The enforcement of stringent active safety standards
has led to the need for an active braking system in
vehicles. An active braking system requires a fast
response actuator to react effectively during critical
situations. However, meeting this requirement with
conventional hydraulic braking (CHB) systems is
almost impossible due to its limitations, such as
delayed response time up to 300 ms, highly non-
linear two-step control, bulky size; heavy weight, and
leakage in the hydraulic line [1] to [3].

Inspired by the introduction of “x by wire”
technology, a new braking system has been proposed
as the solution to overcome the drawbacks of the CHB:
electromechanical brake (EMB). However, an EMB
that uses a motor linked to a gearbox requires actuation
power that corresponds to the required clamping force
to halt the wheel [4] and [5]. This power requirement
is not sufficient where existing vehicles use only a

12V power supply. Concurrent with the extensive
investigation on EMB, researchers started to search
for other techniques to take advantage of the EMB
in achieving higher clamping force with standard
12V power supply [6]. Subsequently, an EMB-based
wedge mechanism later known as electronic wedge
brake (EWB) has been proposed as one of the most
interesting mechanisms to be investigated.

EWB is a pure electronically controlled actuator.
It typically comprises an electric motor driving a
wedge mechanism to clamp and release the brake rotor
[6]. As a result, it has the potential to further reduce
the braking time, as well as the easier integration of
advanced control features such as anti-lock braking
system (ABS), vehicle stability control (VSC),
electronic parking brake (EPB), etc. [6] and [7].

The investigation into EWB was first started
by the German Aerospace Centre (eStop®) that
proposed a simple and efficient mechatronic wedge
brake namely eBrake® [6]. With the subsequent
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introduction of EWB, a number of EWB designs have
been produced, e.g. [8] to [15], as well as studies on
modelling, design, optimization and control issues of
EWBs reported [16] to [20]. Despite the favourable
introduction of EWB over the last decade, the brake
types were similarly designed based on the floating
calliper type.

The capability of EWB usage in vehicle braking
system is still lacking. All the tests conducted on
EWB system showed only slight improvement; they
were done only through modelling and validation. In
contrast, successful implementations of EWB usage
in vehicle braking system were reported by [7] and
[20]. However, the experimental results obtained
were not as expected theoretically [20]. According to
[20], the disparities between the simulation and the
experimental data were caused by the simplification
and idealization during modelling of the system.

Generally, in the modelling of a dynamic
system, two techniques can be used; the physical
parametric estimation method (PPEM) and the system
identification method (SIM). PPEM refers to the
models in which the characteristic of the systems can
be represented as linear and non-linear elements with
defined parameters. However, SIM is entirely based
on the performance of specific systems commonly
depicted from a series of experiment input and
output data. In this condition, it is best to say that, the
modelling technique used by [20] is based on PPEM,
which probably causes the disparities. The technique
has also been used by [7], [8], [12], [19] and [21]
resulting in more than 10 percent disparity between
simulation and experimental results [12]. This is due to
the PPEM technique needing several assumptions that
might degrade the adequacy of the model. In order to
overcome this problem, the SIM technique is a good
and may be a better way to be used. This is because
of the ability of the technique that can produce an
adequate mock-up of the proposed system with less
than 5 % error [16].

The global demand in the automotive vehicle
sector today is for a vehicle that can provide a high
dynamic response; therefore, a high capacity braking
system is needed. A fixed calliper-based electronic
wedge brake (FIXEWB) is thus proposed in this
study. Basically, the proposed design of FIXEWB
is a replacement to the fixed calliper-based CHB.
Meanwhile, the SIM technique was then proposed
to develop a mathematical equation of the FIXEWB.
Based on the model, a torque tracking control of the
system was then developed by using PID controller and
validated experimentally using a hardware-in-the-loop-
simulation technique.

1 THE FIXEWB

As the effective braking force generated is dependent
on the angle of the wedge, the determination of the
optimum wedge angle needed is essential. Since the
optimum wedge angle is interdependent with the
friction coefficient of the brake pad, the selection of
brake pad should be made first. These two factors are
very important in the initial decision process in order
to produce a higher braking force and also to avoid
the probability of the wedge sticking. Therefore, in
this study, the brake pad used in a Malaysian national
car was selected for the design consideration of the
EWB and particularly the wedge angle. By referring
to the SAE standard on brake pad [22] to [25], the E
code shown on the pad indicates that the coefficient of
friction of the pad lies between 0.25 to 0.35, as listed
in Table A1 in the Appendix.

To select an appropriate wedge angle, the work
done by [10] is referenced. Fig. 1 shows the free body
diagram of one side of the FIXEWB mechanism. Note
that a,, is the angle of the wedges, F, is the wedge
friction force that occurs between the inner and outer
wedges, F, is the motor force to the wedge and u is
the pad coefficient of friction. Assuming that the
motor force is divided equally to both sides of the
wedges and the forces acting on the left wedge is the
same as on the right wedge, the relationship between
the wedge pushing forces, friction forces, clamping
forces, and braking forces to the disc for both sides of
the wedges is given by:

Summation of force in y direction:

XF,=0,, 1)
F, +Fsina, +F, =0, 2)

therefore,
F sina,=—(F,+F,). 3)

Summation of force in x direction

YF, =0, “)
—F cosa,—F, =0, 5)

therefore,
F cosa, =-F,. (6)

By dividing Eq. (3) with Eq. (6), the summation
of force at the wedge can be defined as follows:

17b+F
tanog, = —=. 7
SR (7

n
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Noted that F, =F, therefore Fj,=ufF .. Rearrange
Eq. (7) to be:

Ftana, =F, +uF.. ®)
Hence
F
Fo=——n— ©)
tana, — u
Fb
= B w
o o
a)

’F, sin a,,

Brake pad
Brake disc
‘eh
e

b)
Fig. 1. Free body diagram of FIXEWB; a) one side of FIXEWB, b)
friction force distribution

control
push control

N
8

Clamping force (kN)
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I I .
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Wedge angle (°)

Fig. 2. Clamping forces vs. wedge angle

As shown in Fig. 2, the relationship between
clamping force and the wedge angle can be described
by employing Eq. (3) by assuming F,, is 500 N and
1 1s 0.25 (according to the selected brake pad). It can
be seen that the critical angle of the wedge is about
14.03° which is equal to tana,, =x. In this condition,
the clamping force is self-generated resulting from
the friction between the wedges to the disc brakes.
However, if the wedge angle is less than the critical
angle, it will cause the actuator to work harder to push
the wedge. When the pad and disc are in contact, the
braking force created is greater than the force initiated
from the actuator and causes greater pulling force
that is needed to release the wedge. Therefore, in this

study, the optimum wedge angle was chosen to be 15°
to ensure the larger clamping forces can be produced,
which are easy to control and to prevent the wedge
from being jammed.

The effectiveness of the selected wedge angle
can be examined by introducing the required motor
force by varying the coefficient of friction. Fig. 3
was obtained by assuming the clamping force of 46
kN and varying the coefficient of friction from 0.25
to 0.35. From the figure, it can be seen that 1 kN
motor force is required to create the desired clamping
force at the initial condition. While at the coefficient
of friction of 0.267, self-reinforcement will exist;
thus, no motor force is needed. Other than that, as
the coefficient of friction increases, the motor force
becomes negative. The shifting from the positive to
the negative force indicates that when the mechanism
is working to sustain the required clamping force by
varying the friction coefficient, the wedge needs to be
repositioned hence retraction control is needed. Based
on the optimised wedge angle, the CAD design of the
FIXEWB is shown in Fig.4.

5
= 0.825
=3
o O E
1<
Re)
s sl |
é /?0.267
1 , , ,
82 0.25 0.3 0.35 04

Coefficient of friction

Fig. 3. Motor force vs. coefficient of friction

Wedges
Mechanism

Pad holder

Fig. 4. FIXEWB concept design
1.1 Hardware of FIXEWB

The hardware of FIXEWB is shown in Fig. 5.
The FIXEWB is driven by a DC motor that is directly
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connected with a slider beam through a drive shatft.
The slider beam, which enables forward and back
movements, will initiate the inner wedges to move
tangentially to the slider beam movement hence
clamping the brake disc. The on-off condition of the
brake is shown in Fig. 6.

FIXEWB
body:

Top view

Outer wedges displacement
Inner wedges displacement

Fig. 5. FIXEWB hardware, a) bottom view and b) top view

Inner wedge B8 Brake disc
Outer wedge Brake pad
Slider beam

Fig. 6. On-off mode FIXEWB
1.2 FIXEWB Test Rig and Experimental Setup

As shown in Fig.7, the FIXEWB test rig consists of a
FIXEWB actuator equipped with a data acquisition
system, a force sensor and a potentiometer. The
potentiometer was attached to the drive shaft to
measure the rotational input to the calliper. The force
sensor attached to the brake pad is used to measure
the clamping force produced by the brake system. A
National Instrument NI PCI 6221 card along with SCB-
68 Quick reference label M-Series device were used as
the data logger, and an electronic control unit (ECU)
was used as the embedded system to control the
FIXEWB. The ECU consists of three main circuits:
a microcontroller unit (MCU ATMEGA 32, an opto-
coupler, and H-Bridge driver circuits as the current
buffer to drive the system. The hardware of the ECU
is shown in Fig. A1 in the Appendix.

Plarget PC

v

NI 1/0 device —b‘
N

Potentiometer =20
Force

' Sensol,
- \ y 5
" _‘._.

Fig. 7. FIXEWB test bench

Before experimental work was performed, the
initial gap between the brake pad and the force sensor
was set to approximately 0.5 mm by using a filler
gauge. From this experiment, the responses measured
were angle displacement and clamping force of the
system as shown in Fig. 8.

300 T T T T T T

2001

100 1

0 T . . . 4
0 1 2 3 4 5 6 7

Drive shaft angle (°)

200

100

Clamping force (N)

OE " | ! 1 1 1 E
0 1 2 3 4 5 6 7
Time (s)

Fig. 8. Training data obtained

2 CLAMPING FORCE MODELS AND BRAKE TORQUE
CALCULATION OF FIXEWB

Based on the training data obtained from the
experiment shown in Fig. 8, a transfer function (TF)
was developed to represent the relationship between
the input and output of the system. In this system, the
TF is expressed as the ratio of the Laplace transform
of the clamping force and the drive shaft angle and
corresponds to the Laplace transform of the impulse
response G(s). The transfer function of the system
identified using the system identification method is:

1.508
G(s)= ) 10
(s) s% +0.571s +0.7492 (10)
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By referring to Fig. 9, the braking torque at the
contact interface can be predicted as:

T,=R,F, (1

where, T, is the brake torque, R4 is the effective
pad radius and F. is the clamping force. However,
the friction force generated at the contact interface,
F,, is dependent on normal force (F,) and friction
coefficient (u), given by:

F, = uF,. (12)

The magnitude of the normal force is the same as
the clamping force (F.) applied to the top of the pad,
as shown in Fig. 9. Since there is a pair of brake pads
in the brake system, the total brake torque is:

T, =2uF,. (13)

Fig. 9. Brake torque model in contact interface side and top view

2.1 DC Motor Model

In this FIXEWB system, a permanent magnet direct
current motor (DC motor) was used to drive the
FIXEWB. A DC motor is used because of several
advantages, such as higher reliability since there are
no brushes that may be susceptible to mechanical
failure, reduced heat dissipation from the rotor, higher
torque-to-inertia ratio, and a significant reduction in
friction. The mathematical equations of the DC motor
can be found in [9].

2.2 Validation of FIXEWB Model

The validation results of the proposed mathematical
model for the FIXEWB are shown in Figs. 10 to
12. Several validation tests have been employed
by varying the magnitude of the drive shaft angle
i.e. step input, multiple step input and sine wave.
The parameters of the model are defined as follows:
©=0.25 and R,;=150 mm. As shown in Fig. 10, the
step input function has been used as the input rotation
to the calliper, the output of the system is the clamping
force resulting from the displacement of the wedges
and the brake pad. It is noted that for 200° rotational

input to the drive shaft, an approximately about 400
N clamping force and a 30 Nm braking torque are
generated.

o 500 :
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£& predicted
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Fig. 10. Validation using step input

To validate the model further, another observation
has also been made by using multiple steps input and
sine input. The multiple steps and sine input tests
were used to assess the effectiveness of the developed
equation in order to present a continuous input to
the system. As shown in Figs. 11 and 12, it can be
seen that the trends between simulation results and
experimental data are almost similar with acceptable
errors in terms of the drive shaft displacement,
clamping forces, and the brake torque produced. It
was noted that the deviations between the simulation
and the experimental data are almost less than 5 %.
Some deviation in the experimental results is possibly
caused by backlash at the connection between the DC
motor and the drive shaft and the frictions between
the mechanical moving parts that produced delay
behaviour.

Overall, it is noted that the trends between
simulation results and the experimental data are in
good agreement with acceptable error. Conversely the
error can be significantly reduced by fine tuning the
modelling parameters. However, excessive fine tuning
can be avoided since in the control-oriented model,
the most important characteristic is the trends of the
model response. As long as the trend of the model
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is closely similar with the measured response with
acceptable deviation in magnitude, it can be said that
the model is adequate.
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Fig. 11. Validation using multiple steps input
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Fig. 12. Validation using sine input

3 FIXEWB CONTROLLER

The basic control structure of the proposed FIXEWB
control is shown in Fig. 13. In this control structure,
three control loops are employed, which are torque,
speed and position control loops. For the torque
controller, a proportional integral derivative (PID)
based feedback controller was used. As the braking
ability is influenced by a driving style that sometimes
needs fast and slow braking responses, the brake
actuator needs to work in a wide range of speed.
Therefore, another feedback-based P controller, which
acts as a speed controller, was used for maintaining the
braking torque by allowing the motor to rotate at high
speed regardless of the braking torque demand. The
other loop is the position control-based PID controller
used to maintain the gap distance between the pad and
the disc brake. The controller parameters were tuned
using Ziegler-Nichols method and the tuned controller
parameters are shown in Table 1. The performance
observed is brake torque tracking performance.
Several test signals were used as the torque demand,
which are the step, sine wave, square wave and saw
tooth functions with magnitudes of 400 Nm, 800 Nm
and 1200 Nm.

Table 1. Controller parameters

Controller P | D
Brake torque 0.5411 3.809 0.02623
Position 30 2 1
Speed 0.01 - -

Speed control

2] Motor P{ %
T Position W
demand
control
control

Wedge actual position

Actual torque

Fig. 13. FIXEWB controller structure

3.1 Performance Evaluation of Torque Tracking Controller
of FIXEWB

Fig. 14 shows the performance evaluation of the
torque tracking controller using a step input function.
It can be seen that there is good agreement between
the simulation results with the experimental data. For
400 Nm, 800 Nm, and 1200 Nm peak torque, Fig. 14
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shows the ability of the controller structure in tracking
the desired trajectory is very promising. However,
there are some deviations between the responses for
1200 Nm (Fig. 14c), where the experimental response
is slightly slower in comparison to the simulation with
the difference about 1.25 s. Meanwhile, the percentage
overshoot for 400 Nm, 800 Nm, and 1200 Nm peak
torque in simulation are 5 % while in the experimental
responses, the percentage overshoot for both 400 Nm,
800 Nm, and 1200 Nm are 1.38 %, 7.5 %, and 6.3 %,
respectively. For the torque of 800 Nm, the settling
time of the simulation and the experimental results
are 4.8 s and 5.3 s, respectively, while for 1200 Nm
the simulation and experimental results are 4.8 s and
6.06 s, respectively.

The torque

tracking for

sinusoid function

with various peak torques shows good tracking
performances between simulation and experimental
results. This can be seen in Fig. 15, where there is
good agreement between the simulation results and
the experimental data, even though nonlinearities
exist in the experimental responses.

The performance evaluations of tracking torque
for sawtooth function with various peak torques are
shown in Fig. 16. It can be seen that for this input
function the torque tracking system is quite good,
although it is unable to closely follow the desired
torque, especially at the peak. However, it can be seen
from the figure that the performance is poor when the
actuator provides negative torque; meanwhile, when
providing positive torque, the performance of torque

Torque (Nm)

% of Overshoot
sim=5 %

5
Time (s)
a)

Fig. 14.

tracking control is excellent. Aside from that, it is
observed that there are jerk phenomena in between the
maximum and minimum peak torque. This jerking is
due to the extra effort needed by the actuator to follow
the desired trajectories while at the same time the
motor speed is limited.

For the square input function shown in Fig. 17,
the system shows the tendency to follow the desired
torque with similar trends for both simulations and
experiments. However, the effort by the controller
to produce a fast time response has led the system
to produce high percentage overshoots and slower
settling times. The percentage overshoot for
simulation with 400 Nm, 800 Nm and 1200 Nm are
12.37 %, 22.5 % and 23.34 % respectively, while
for experiments are 12.33 %, 23.1 %, and 23.37 %,
respectively. The average settling time for simulations
is about 4.58 s while for experiment results it is
around 4.63 s. Otherwise, the average rise times at
100 % target value between the desired torques with
simulation and experimental data are about 0.36 s and
0.57 s, respectively.

The deviations between simulation and the
experimental data may be due to the load disturbance
from the moving part in the hardware that lowers the
speed of the system. For the simulation, the masses
of the moving parts in a mechanical system, such as a
pad and slider beam, were ignored but not in the actual
model. Furthermore, the finishing of the hardware and
the limitation of DC motor may also contribute to
the slow response of the system. However, the study
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has shown the proposed transfer function is adequate
to be used as a model of FIXEWB for simulation.
The combination of mathematical modelling with an
appropriate control strategy produced overall good
responses of the system with good performance and
acceptable stability. It is shown for torque tracking of
step, sine wave, and square input functions; the ability
of the simulation system to track the desired trajectory
is promising and agreeable with the experimental
result even though there is a slight deviation for saw
tooth input function. It also indicates that the proposed
system together with the control strategy performs
well in a real system and shows the capability of the
system applied to a real system.

4 CONCLUSION

In this study, a fixed calliper-based electronic
wedge brake has been designed and fabricated. The
FIXEWB system consisted of two sets of wedge
mechanism, drive shaft, slider beam and an electric
motor as the actuator. The transfer function model
of the brake mechanism was identified to represent
the dynamic behaviour of the proposed FIXEWB.
Then, by combining the FIXEWB model with the
brake torque model in contact interface, the brake
torque produced by the FIXEWB system can also be
estimated. The predicted responses of both clamping
force output from the FIXEWB model and brake
torque were compared with the measured responses
of both clamping force and brake torque obtained

using the FIXEWB test rig. The results showed that
the responses of the model were in good agreement
with the response of a real FIXEWB system. By using
the validated FIXEWB model, a brake torque control-
based PID controller was developed. The controller
strategy consisted of three control loops (actuator
position control loop, actuator speed control loop, and
brake torque control loop) was designed. To verify
the effectiveness of the controller strategy, a torque
tracking control of the FIXEWB was performed in
both simulation and experimental studies. Several
tests were conducted such as brake torque demand
of 400 Nm, 800 Nm and 1200 Nm for step, sine,
sawtooth and square input functions, respectively.
The results demonstrated that the proposed FIXEWB
model along with a suitable control structure is able
to produce good performance and closely follow the
desired torque for step, sine, sawtooth, and square
functions. The simulation behaviour was found to be
agreeable with the experiment’s data. This is due to
the ability of the developed mathematical model to
describe the behaviour of the FIXEWB adequately
and the effectiveness of the controller strategy.
Therefore, it is demonstrated that the torque control
scheme is suitable to be applied in the inner loop part
of the vehicle brake system as well as in the active
braking particularly in ABS systems.
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7 APPENDIX

Table A1. Friction coeffcient code SAE Standard, [22]

Code letter Coefficient of friction

Not over 0.15

Over 0.15 but not over 0.25

Over 0.25 but not over 0.35

Over 0.35 but not over 0.45

Over 0.45 but not over 0.55

Microcontroller unit

H-bridge
Motor driver

Paf
l.»“. 3 -

mw

Over 0.55

NI T Q| m|m|O|o

Unclassified

Opto coupler
Fig. A1. Electronic control unit
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Vehicle Aerodynamic Stability Analysis under High Crosswinds

Aleksander Grm* — Milan Batista

University of Ljubljana, Faculty of Maritime Studies and Transport, Slovenia

In a strong crosswind, wind direction change may result in vehicle stability loss. This paper presents a numerical study of vehicle aerodynamic
stability in a high crosswind situation. We start with a model explanation and introduce the complete computational fluid dynamics (CFD)
framework used in the study. Important CFD parameters such as mesh type, turbulence model, and boundary conditions are exposed and
discussed in detail. We demonstrate and discuss the flow structure around a simplified truck model. Results of the CFD analysis are compared
to experimental data, showing an almost perfect match. The final CFD outcomes are functions of aerodynamic coefficients that depend on the
apparent wind angle. Then, CFD results are used in the application of an aerodynamic stability analysis for the truck model. Finally, the critical
stability bounds are calculated, showing the marginal crosswind driving properties of the vehicles.

Keywords: aerodynamic stability/ instability, computational wind engineering, overturning moments, computational fluid dynamics,

wind-structure interaction

Highlights

e A CFD vehicle aerodynamic stability analysis is presented in detail.

e Aspects of the effect of mesh type on the aerodynamics coefficients in CFD calculations are presented.
o Afew highlights of the fit procedure for aerodynamic coefficients are emphasized.

*  Rotation, rollover, and side-slip stability regions are shown in retrospect.

0 INTRODUCTION

The flow around a heavy vehicle exhibits complex
characteristics, such as a turbulent boundary layer,
separation and reattachment on the vehicle surface,
massive separation at the rear part of the vehicle,
shear layer evolution, and large wakes. Furthermore,
the Reynolds number (Re) is sufficiently high that
turbulent flow develops almost everywhere, except
during the early stages of its collision with the
vehicle. Understanding the effects of these flow
characteristics on vehicles aerodynamic properties has
considerable practical importance. Numerous studies
have been conducted both in academia and industry
to understand and control the flow around the heavy
vehicles [1].

The study of three-dimensional flow around a
ground vehicle has become a subject of significant
importance in many areas. For example, in the study
of vehicle aerodynamic stability in a crosswind
situation [2] and [3] when the aerodynamic
coefficients depend on the apparent wind direction.
One significant problem is the accuracy of the
aerodynamic coefficients. The flow around ground
vehicles, including the vehicle covered in this work,
shares unsteady and three-dimensional features with
that around other aerial or marine transportation
vehicles. However, in contrast to the flow around
a commercial airplane, ship, or submarine, a key
phenomenon in the flow around a ground vehicle is

massive flow separation, which significantly affects
the aerodynamic forces and moments experienced by
the vehicle. This phenomenon is more pronounced
for heavy vehicles that have a boxy shape with many
sharp edges, designed for carrying as much cargo
and as many passengers as possible within regulated
external dimensions.

Analysis of such complex flow can be performed
through the experiments or numerical investigation.
Currently, experiments with various vehicles are
not always feasible due to the high costs of wind
tunnel experiments, especially for a 1:1 model. The
alternatives are computational fluid dynamics (CFD)
tools. In the past, full 3D vehicle CFD analysis was
significantly limited by the lack of computational
resources and the high precision of CFD turbulent
algorithms. Currently, however, this is no longer the
case, and we can compute numerical calculations for
almost any vehicle in reasonable time with affordable
hardware. In this article, we used an ANSYS-CFX
system to calculate the aerodynamic coefficients.

The article describes our model, including details
on the geometry setup, computational domain, mesh
generation, CFX setup, boundary conditions, and
stop criteria. We have paid significant attention to
the analysis of aerodynamic coefficients with respect
to the mesh type. We focused on the difference in
the boundary layer mesh algorithms. As described
herein, the classical boundary layer meshing
algorithm (first layer thickens (FLT)) approach did
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not work as expected. Instead, an alternative meshing
algorithm (first aspect ratio (FAR)) showed very
good convergence results. After the model section,
this article describes the definition of aerodynamic
coefficients. The main idea behind is to obtain useful
fitting models [4] to [7] that optimally represent the
aerodynamic coefficients with respect to apparent
wind direction and yaw angle y. A complex fit model
does not always have better fitting properties. The
ability to mimic a physical background in the fit
model results in good fit model properties for real life
data. As described in the results subsection, a linear
combination of basic functions, fit model Eq. (3),
shows most of the physical interpretation of the nature
of aerodynamic coefficients with respect to the yaw
angle .

In the last section, the application of the fit
model to vehicle aerodynamic stability is presented.
Estimates are calculated for critical rollover, rotation,
and side-slip parameters.

1 METHODS

The analysis of turbulent flow around a vehicle
requires great care when building the CFD model.
In order to obtain the necessary aerodynamic
coefficients, a numerical model capable of producing
a solution independent of time-step size, convergence
limits, and other pertinent modeling conditions must
be developed. In this study, a full three-dimensional
CFD simulation model is used, because the vehicle is
rotated around the center of gravity (CG), as shown
in Fig. 1. The three-dimensional CFD model is
developed wusing the ANSYS 16.0 workbench.
CFX is used to solve the steady Reynolds-averaged
Navier-Stokes equations, using the finite volume
method with a two-equation turbulence model of
the shear stress transport (SST) model [9], as is
typically recommended for use in the calculation
of aerodynamic coefficients [3]. We will not
describe the details of the physical model of
turbulent fluid flow, as it is completely described
in the literature [10] to [12].

The modeled geometry is a truck model, described
in [8] and shown in Fig. 1. The CAD model is identical
to the model used in the wind tunnel experiments
referenced in [5] and [8]. In this way, simulation data
can be validated with experimental data. The top
parts of Fig. 1 and Fig. 3 show the placement of the
coordinate system and angle of rotation. The axis of
rotation is parallel to the z axis and passes through
CG (Fig. 3). In external aerodynamics, proper mesh
construction that embeds specific flow conditions

plays a significant role. In real life, the flow conditions
are turbulent and the Reynolds number (Re) [12] is
very high (Re > 106).

o STmm

270mm

160mm

Fig. 1. Truck geometry constructed in SolidWorks [8];
cabin edge fillet is 5 mm, rest edge fillet is 1 mm

symmetry plane
/7 \

b)
Fig. 2. Domain configuration; a) 3D domain model with clear view
of FineBox subdomain surrounding truck; b) z projection of the
domain

Turbulent flow develops almost everywhere,
except in the zone where the flow first collides with
the vehicle. To properly capture turbulent flow, the
mesh must be constructed such that the mesh size
detects the turbulent flow properties predicted by
the turbulent SST model [9]. The mesh size will also
define the computational time, and therefore, the mesh
must be reasonably sized. External aerodynamics
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must cope simultaneously with two flow regions.
The first mesh-related characteristic flow region is
the boundary layer region [13]. In the boundary layer
region, the mesh must be constructed to account for
turbulent model properties (wall functions [12]),
according to the turbulent SST model. In the second
region, which is referred to as the FineBox region
and is positioned near the vehicle, the mesh must
be fine enough to detect vortices that develop in the
vicinity of the vehicle. The FineBox region forms
a subdomain of the computational domain, and its
placement can be seen in Fig. 2. The dimensions of the
FineBox subdomain are related to the vehicle length
(L). In the simulation, we define the following set of
dimensions for the FineBox subdomain: width (WFB),
length (LFB), front length (LFBF), position of the
center of gravity in the x direction (CG,), and height
(HFB). Most references for acrodynamics calculations
suggest fixing the FineBox dimensions (labels are
explained at Fig. 2) in vehicle length ranges L as:

W €[l 1.5]L; Ly, €[2,2.5]L; Fy €[1.5,2]L;
(LFBF - CGX) € [0~59 I]L; H. e [0.3, O.S]L;

In the simulation, the fluid is air, under normal
conditions. In Table 1, the set of simulation boundary
conditions and values is presented. The mesh
properties must satisfy certain flow constraints in
order to model flow development correctly. Our
simulation task began with setting up many mesh
tests to determine the most convenient set of mesh
parameters (Table 4). Tests were conducted to check
for the convergence (value of residuals) of the method,
as well as the convergence of drag and lift coefficients.
Drag and lift coefficients behave in orthogonal way
regarding the mesh setup. We can distinguish two
types of mesh.x

Table 1. Simulation boundary conditions

Inlet posed on face x > 0.15 m/s, turbulence intensity 5 %
Outlet posed on face x <0

Vehicle wall type - no-Slip

Road wall type - noShearStress,

posed on floor/road faces (z = 0)
Symmetry posed on left, right and top face

If a mesh is good for drag, it is not entirely true
that is also acceptable for lift (and vice-versa). There
is always interplay in a mesh setup to achieve good
convergence properties in both directions (drag and
lift). Comparison of a few mesh types showed that
the convergence of a CFX numerical method is highly

sensitive to the boundary layer mesh (BLM) type.
Therefore, mesh construction for flow phenomena
strongly depends on the BLM setup. One of the
pillars in the setup of boundary layer parameters is
the dimensionless wall distance Y+, which controls the
boundary mesh quality. A detailed explanation of this
phenomenon can be found in [12]. In order to obtain
the best mesh type, two inflation models/algorithms
for boundary layer mesh generation were analyzed:
FLT and FAR.

Fig. 4. Mesh configuration; a) FLTO3, and b) FARO2

In Table 3, we present data that were constant
within all mesh tests. Those parameters were constant
for all simulation experiments and for all different
mesh types. To find a reasonable mesh capable of
sustaining convergence properties for drag and lift
coefficients, seven mesh parameters were chosen to
be varied. Table 3 presents different parameters used
to create relatively different meshes.

The difference between the two inflation models,
FLT and FAR, is clearly explained graphically in Fig.
4. The FLT algorithm (Fig. 4a) expands the boundary
layer mesh parallel to the vehicle geometry, and the
mesh uniformity is clearly visible. In contrast, the
FAR algorithm (Fig. 4b) creates a boundary layer
mesh in which cell height is dependent on the size of
the face cell element attached to the vehicle surface.
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The mesh is no longer uniform in the tangent direction
of vehicle geometry.
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Fig. 5. Convergence results for mesh FLT-03;
a) residuals, b) drag coefficient and c) lift coefficient

In Table 3, the results obtained with the FAR
algorithm show that its inflation is considerably better
than that of the FLT with respect to the SST turbulent
model. This was unexpected in the simulation tests.
We taught that nice uniform BLM should provide
stable and more accurate results. Simulation tests for
all meshes with a yaw angle of y=0° were stopped
for the condition controlling residuals (RMS<10-5)
or number of maximal iterations (N,,,,<450). If a
method did not converge (RMS condition) within
N,.ax iterations, it was considered not convergent. In
Figs. 5 and 6, two different cases can be observed.
Convergence results (RMS at Figs. 5a and 6a) show
convergence of velocity components (u, v, w),
pressure (p) and k-omega SST turbulence model
variables (k, w).

RMS

~—— p-cont

. . . . . .
0 50 100 150 200 250
a) Iteration

Co

0 50 100 150 200 250

b) Iteration

0.006 -
0.004

0.002-

0.000 ’\1 i

0 50 100 150 200 250

C) Iteration

Fig. 6. Convergence results for mesh FAR-02;
a) residuals, b) drag coefficient, c) lift coefficient

Convergence results (RMS) for the mesh type
FLT-03 (Fig. 5a) clearly show that the method did
not converge, and that the lift coefficient was highly
unstable. The computed flow with an FLT mesh
behaves in an unusual manner. In contrast, in Fig. 6,
we show results for the mesh type FAR-02, with good
method convergence and very good aerodynamic
coefficient convergence. In Table 4 and Fig. 7,
simulation results for drag and lift coefficients with
respect to different mesh types are compared. They
show clear evidence that the FAR mesh type has
the desired characteristics. FAR mesh type results
are spread in a narrow band, and show very small
fluctuations with respect to different mesh parameters.
The stability region of aerodynamic coefficients with
respect to different mesh properties is, in the case of
the FAR mesh, very confined. The stable properties
of the FAR mesh type are even more evident, because
the mesh parameters were varied over a wide interval.
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The cause of such differences in FLT and FAR mesh
types probably originates in the underlying turbulent
model. Turbulent models are very sensitive to the type
of boundary mesh.

The SST model performs much better with a FAR
mesh type, because of the nature of its near-wall fluid
turbulent motion filtering [9] and [12]. An FLT mesh
type shows a completely different picture. Variations
in the mesh properties result in vast fluctuations in
the aerodynamic coefficients. It can be concluded that
the FAR mesh type must be used to simulate external
aerodynamics for the SST model.

Comparing all results (Table 4 and Fig. 7) for
different mesh tests, it can be observed that mesh FAR-
02 is a good candidate and has stable computational
properties in simulations of the present external
aerodynamic problem. The mesh is not too dense
(i.e., it will not cause slow computations) and not too
coarse (i.e., it will not produce the wrong coefficient
results). Mesh FAR-02 was used in all computations
in the analysis of aerodynamic coefficients. The
aerodynamic coefficients are the non-dimensional
representation of forces and moments of flow acting
on a body (in our case, a vehicle).

Table 2. Constant mesh data

Name Sign Unit Value
far velocity U, m/s 15
inlet turbulent intensity % 5
boundary layer height Hpy; m 3-10-3

Table 3. Mesh parameters; length/height dimensions are in
millimeters

inflation
model

mesh . fine

type domain box H, )&
FLT-01 20 0.6 50 FLT 5 1.2
FLT-02 20 0.1 10 FLT 10 1.2

8
6

FLT-03 20 4 0.01 1 FLT 20 1.2
4

layers GR

FLT-04 20 0.001 0.085  FLT 3B 1.2
FLT-05 20 3.5 0.0005 0.04 FLT 3B 1.2
FAR-01 20 2 - - FAR 5 1.2
FAR-02 15 5 - - FAR 5 1.2
FAR-03 15 7 - - FAR 5 1.2
Domain  cell size in basic domain
FineBox  cell size in FineBox subdomain
H, height of first boundary layer cell (attached to the wall)
Y+ calculated dimensionless wall distance with equations

described in [12]
Inflation m. two inflation models were used FLT and FAR
Layers the number of layers in boundary layer mesh zone
GR the boundary layer mesh growth rate

Let us first define the aerodynamic force
coefficient [6]:

Cr= IL; (1
2pAU

where F is the force magnitude in a specific direction,
p is fluid density, U is apparent wind velocity, and A
is the projected frontal vehicle area. When flow forces
act on a vehicle, external moments also develop, due
to the non-symmetry of vehicle geometry. As for the
force aerodynamic coefficients, the aerodynamic
coefficient for moment [6] can be defined, and is

described by:

C, = M

— 2
L anw?

> P

where M is the magnitude of the moment with respect
to a specific axis and /4 is a length scale parameter.
Different authors choose different length scale
parameters 4 (for example vehicle height, vehicle
length, or height of the center of gravity (CG)). We fix
h (Fig.s 1 and 8) to be the height of the CG (Hg) in
such a way that the pitch moment coefficient is 0 for
yaw angle w=0°.

In, Fig. 3 we show an illustration of the
coordinate system orientation, vehicle rotation, and
definition of force and moment coefficients in space.
The coordinate system is always attached to the
vehicle, and the apparent wind direction is described
by yaw angle y. Simulation results were obtained
from a fixed tunnel simulation experiment, with
vehicle geometry being rotated around the z axis
passing through the CG. CFD simulation results of
forces and moments were transformed from the tunnel
coordinate system into the vehicle coordinate system
(Fig. 3). The force aerodynamic coefficients are Cp,
(drag — x axis), Cyg (side — y axis), and C; (lift — z
axis). The moment aerodynamic coefficients are Cp
(roll — over the x axis), Cp (pitch — over the y axis),
and Cy (yaw — over the z axis). We must emphasize
that the coefficients are not constant, and can change
significantly depending on the apparent wind angle .
Data for the aerodynamic coefficients obtained from
CFD calculation are discrete point set values. For the
stability analysis, we must represent the aecrodynamic
coefficients in a functional form. How this can be
achieved is explained in the next section.

Data fitting [14] is a science in its own right.
In this section, a comparison of different fit models
for the aerodynamic coefficients is presented. We
introduce a new fit model to account for asymmetric

Vehicle Aerodynamic Stability Analysis under High Crosswinds 195



Strojniski vestnik - Journal of Mechanical Engineering 63(2017)3, 191-200

cases. The asymmetry in the results, shown in Fig.
9, motivated us in the search for a periodic but
asymmetric function that can accurately fit the
obtained computational data. The asymmetry can be
incorporated into a combination of linear and cyclic
functions. We propose the following piece-wise fit
function:

g(x):{yL +k,x+ A, sin(w, +5,) 3

Vo +kpx + Ay sin(w, +8,)

where index L stands for xe[O,n’/ 2] and index R
stands for x e [ﬂ/ 2,7:] . In Eq. (3), x is the apparent
wind angle y. Function g(x) is continuous and must
satisfy the continuity condition at point x=x/2.
Function g(x) must have an equal left and right limit at
the mentioned point:

lim g(x) = lim g(x) .

Eq. (3) can account for asymmetry with respect
to the point x=z/2. The coefficients can be expected
to behave in a nonsymmetrical way due to the
nonsymmetrical vehicle geometry. In most stability
analysis cases, symmetrical relationships are used [4],
[5] and [7], and we compare them with our simulation
results. In order to complete the functional form of
the aerodynamic coefficient, a CFD analysis must be
performed for different apparent wind angles. In our
case, this was accomplished for an angle interval from
0° to 180°, with constant angle increments of 10°.
Smaller angle increments will probably not improve
the accuracy of the chosen function form (Eq. (3)).

Computations were done in parallel (16 cores)
and were completed within 10 d. For more complex
vehicle geometries, computational time would
probably multiple of 10 days. There is always interplay
between computational time and computational
accuracy. This dilemma was partially apparent in

Table 4. Mesh test simulation parameters

the mesh analysis section. Deeper mesh analysis for
a variety of vehicle types is needed to be completely
confident. In the calculation of aerodynamic
coefficients (Egs. (1) and (2)) we provide values for
reference area 4 (the projection of the frontal truck
area onto the ”yz” plane), free stream velocity U, fluid
density p, and moment arm characteristic length #.
The data used in the present simulations are shown
in Table 1. CFD simulation results are obtained for
pressure (index P) and viscous (index V) forces
and moments (Fp, Fy, Mp, My) for different y. The
present analysis does not focus on a separate analysis
of pressure and viscous effects, but its magnitude and
partial forces and moments must be summed:

F=Fp+Fy=(F,F,F),
M = Mp + My = (M,, M,, M,).

Forces and moments are provided for all
yaw angles. In Fig. 9, the results for aerodynamic
coefficients are shown, and are compared for different
fit models. Simulation data are compared with
experimental data [8] and [15] obtained in a wind
tunnel experiment. A comparison was performed
for different inlet turbulent intensities and different
measurements of the same object, as is investigated
in the present study. The simulation data show very
good agreement with the experimental data, except
for pitch moment coefficient (CP). Experimental data
from [8] and [15] show the same unusual CP behavior.
The most probable cause of such unusual results lies
in the sensitivity of the CP coefficient. Pitch moment
can jump an order equal to its value for changes in the
apparent window direction y, causing huge variations
in CP. Given such fluctuations, it is almost impossible
in a functional sense to correctly predict CP behavior.
In Fig. 9, we show four fit functions: Fit-B1 are taken
from [7], Fit-B2 are taken from [5], Fit-B3 are taken

i mesh type # Cells # iter Time/iter CDrag CLift RMS Converged
1 FLT-01 4,674,278 145 00:00:29 -0.426 -0.0337 10-5 NO
2 FLT-02 6,308,164 765 00:00:42 -0.430 -0.0140 10-5 NO
3 FLT-03 11,120,526 266 00:01:27 -0.440 -0.00204 10-5 NO
4 FLT-04 11,898,277 177 00:01:49 -0.464 0.0297 10-5 NO
5 FLT-05 14,724,983 3126 00:01:04 -0.446 0.0249 10-5 NO
6 FAR-01 3,227,637 204 00:00:20 -0.427 -0.0227 10-5 YES
7 FAR-02 8,621,470 1546 00:00:51 -0.419 -0.0214 10-5 YES
8 FAR-03 16,081,773 1386 00:02:09 -0.419 -0.0218 10-5 YES
9 FAR-01 3,227,637 536 00:00:20 -0.427 -0.0238 10-6 YES
10 FAR-02 8,621,470 2486 00:00:50 -0.419 -0.0227 10-6 YES
11 FAR-03 16,081,773 261 00:02:12 -0.419 -0.0237 10-6 YES
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Drag coefficient
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Fig. 7. Plot of a) drag and b) lift coefficients with respect to mesh type (Table 4)

from [4] and g(x) is the function in Eq. (3). With S|,
we show points obtained from the CFD simulations.
The CFD results (S)) fit almost perfectly and follow
the same trends as experimental data, except for Cp.

Fig. 8. Vehicle dimensions

As previously mentioned, the reason behind
the large fluctuations and fit procedure for different
fit functions produce evidently different behavior.
In the present CFD analysis, simulations for angles
greater than 90° were performed, and fill the gap in
the data set compared to the experimental data in
[8] and [15]. The CFD results show significant data
shifting and asymmetry with respect to y. Reference
fit functions Fit-B,, Fit-B,, and Fit-B; show very good
fitting properties, although they have fewer degrees of
freedom compared to the proposed function described
in Eq. (3). Relationships similar to Fit-B; are mostly
needed in analytic studies of crosswind effects,
because of their simple but expressive form. In the
case of coefficient C;, the second minima (near 100°)
can be observed, and was not predicted in the CFD
analysis. Instead, it emerged as a fit result. One would
expect that the force coefficients must reassemble
symmetry around 90°; in the case of C;, this occurred
only with fitting result. Such evidence is not standard,
and must be verified with additional CFD studies.
As for the Cp the oscillations are smeared, and the
resulting fit function behaves very theoretically.

However, C; and Cp are always somewhat
“problematic” coefficients. The fit results in Fig. 9 are

Vehicle Aerodynamic Stability Analysis under High Crosswinds

very informative, and show good agreement with the
CFD results, except in the case of these “problematic”
coefficients. We can conclude that the sets of fit
functions presented in Fit-By, Fit-B, and Fit-B;
have significant informative value, remembering
that these are defined with only one or two
coefficients.

We have compared four different sets of
fit functions. The set of fit functions in Eq. (3)
accommodates the results in a promising way.
However, to be confident of the chosen fit
function, it is highly desirable to test its form on
a set of different types of vehicles, and verify its
structure. This is reserved for future research.

2 AERODYNAMIC STABILITY ANALYSIS

This section covers the aerodynamic stability analysis
of the vehicle studied in Sect. 1. An essential element
of this method is the relationship between wind speed,
truck speed, and aerodynamic forces for a particular
vehicle and site.

Table 5. Geometry and wind parameters

Name Symbol Unit Value
air density p kg/m3 1.185
front area A m2 0.00405
velocity U m/s 15.0
moment arm h m 0.068396
mass m kg 10000

Traditionally, these aerodynamic characteristics
have been studied with scaled-model wind tunnel
tests [16] and [17]. In contrast, this study uses the
CFD method described in Sect. 1 for these purposes.
Experiments are costly and the required special
equipment is not widely available, which poses a
serious problem for wind tunnel experiments. Recent
and similar works [1] and [18] to [20] performed a
similar analysis under different circumstances in a

197



Strojniski vestnik - Journal of Mechanical Engineering 63(2017)3, 191-200

crosswind situation. In this study, we use the stability
criteria relationship derived in [2] to analyze three
crosswind accident types: rollover, side-slip or lateral-
slip, and rotation.

2.1 Rollover

The first indication of possible vehicle rollover occurs
when a wheel loses contact with the road.

Vehicle speed [km/h]

a) Wind speed [ki/h]

Vehicle speed [km/h]

b) Wind speed [km/h]

Vehicle speed [km/h]

C) Wind speed [lan/h]

Fig. 10. Solution of a) Viy0se1, b) Vioose2 @ €) Vioolover

To determine which wheel will lose contact, we
use Eqgs. (4) and (5) (derived in [2]) to calculate the
critical apparent wind speed magnitude for the front
(Voose1) and rear (V)yee0) Wheels. If both wheels lose
contact simultaneously, then we calculate critical
velocity with Eq. (6). The rollover results are shown in
Fig. 10. In addition to fit results, the comparison to the
coefficients defined in [4] for the Leyland Atlantean
bus are shown with the label Bus-B,.

2mg be
I/loosel = ’ (4)
pA h(a+b)(Cs+C,)+he(C,+C,)+bcC,

_ 2mg ac (5)
°2 A\l pd h(a+b)(C,+C,)—he(C, +C,)+acC,”

2m c
I/rollover = g ‘ (6)
pA 2h(C,+C,)+cC,

2.2 Rotation

The vehicle reaches a rotation condition if the side
forces on one of its axles reach the friction limit. Eq.
(7) (Wsiip1), derived in [2], describes the magnitude of
the critical apparent wind speed that will slip the front
axle wheels. Eq. (8) (Vyiip2), derived in [2], describes
the magnitude of the critical apparent wind speed for
which the back axle wheels lose contact. The critical
condition rotation results are shown in Fig. 11.

Vehicle speed [km/h]

L L L L L
80 100 120 140 160 180 200

a) Wind speed [ki/h]

T T T
200 >~ 4

150F ] a(x)

100 1 —— Fit-B,

Vehicle speed [km/h]

501

\
\
]
]
1
4

. | |
100 150 200 250
b) Wind speed [km/h]

Fig. 11. Solution of a) Vjip1 and b) Vi

y [ b (7
sipl oA bCS+h|:Cy_q'(CS+CR):|+~u1|:bCL+h(CD+CP):|,

T I2mg na (8)
e \/ pA aC _h[cy _q'(Cs +Cy ):"" Hy ‘:aCL _h(CD + CP):|

2.3 Side Slip or Lateral Slip

The side-slip or lateral-slip criterion is reached when
all vehicle wheels simultaneously reach the friction
limit from sideway force. Eq. (9), derived in [2],
describes the relationship for the critical apparent
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wind speed for side-slip and. The results of critical
conditions can be seen in Fig. 12.

v |2mg a, +buy (9)
M pA (a+b)Co+(ap, + by )C,+ (1= 1y ) H(C, +C,)

For all three mentioned cases, the relationship
between vehicle and wind speed is implicit, and
requires a numerical solution. The most severe and
fatal situations occur for cases where the apparent
wind blows perpendicularly to the vehicle.

3 CONCLUSIONS

In this study, a CFD analysis of vehicle external
aerodynamics is compared with experimental data for
a crosswind situation. The primary goal of the present
numerical analysis is the analysis of vehicle stability
under crosswind influence. A traditional analysis of
vehicle stability under wind influence using a multi-
body approach requires only acrodynamic coefficients
to set up the external forces problem. The analysis
of crosswind conditions under which a vehicle will
roll over, side-slip, or rotate is highly sensitive to
wind direction (external force direction). To derive
accurate conditions, we must provide relationships
for aerodynamic coefficients that are dependent on
the direction of external force. Such information is
almost never available to researchers, and this was the
primary goal of the present study.

17— 9

Vehicle speed [km/h]

L L L L L L L
80 100 120 140 160 180 200

Wind speed [km/h]

Fig. 12. Solution of Vside—slip

We describe a complete framework for the
calculation of aerodynamic coefficients under high
crosswinds. First, the mesh type is analyzed. Later, a
CFD analysis is described, in order to provide accurate
results. Finally, simulation results are compared to
experimental data [8] and [15]. The results show good
agreement between the experiments and simulations,
except for critical cases in which the experimental data
have no rational explanation. One important question
is: which function should we use to accurately fit the
simulation data? The simulation showed that there are

significant discrepancies from symmetric geometrical
situation. We proposed a piece-wise function g(x) -
Eq. (3) to account for data shifting and asymmetry.
All simulation data were fit to g(x), and the results are
shown in Fig. 9. The results match the simulation data
well. In particular, they reveal some hidden behavior
with respect to lift and pitch coefficients. Reference
fit functions Fit-B,, Fit-B,, and Fit-B; show very good
agreement, although they incorporate significantly
fewer degrees of freedom. In the application, the
results obtained with fit models were used to estimate
critical aerodynamic stability parameters. Rollover,
rotation, and side-slip results were obtained. As
expected, the results show some differences depending
on the fit model. The most important data are the
lower bound predictions for critical speeds. A general
observation is that there is a lower bound path defined
within the family of fit models. This marginal path can
be taken as the worst-case scenario for critical wind-
vehicle speeds, and can be used in the analysis of
wind safety regulations.
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Determination of the Threshold for Extreme Load Extrapolation
Based on Multi-Criteria Decision-Making Technology

Jixin Wang — Xinting Zhai* — Cheng Liu — Yingshuang Zhang
Jilin University, School of Mechanical Science and Engineering, China

The peak over threshold (POT) model is commonly used in extreme load extrapolation. Due to the important role that the threshold plays in
establishing a POT model, a method to select the suitable threshold is designed based on multi-criteria decision-making (MCDM) technology.
The mean deviation in probability distribution function, Kolmogorov-Smirnov test, and Chi-Square test are employed as the test criteria. An
entropy method is applied to obtain the weight values of these tests. The VIKOR method is adopted to obtain compromise solutions according
to the corresponding criteria and weight values. The POT requirement is used to determine a suitable threshold. The effectiveness and
feasibility of this method are validated by the load time history measured in experiment and generated by simulation. A comparative analysis
between this method and two other common methods is also conducted. The proposed method based on MCDM shows better performance.
Keywords: peak over threshold (POT), extreme load extrapolation, threshold, multi-criteria decision-making (MCDM), entropy method,

VIKOR

Highlights

*  Multi-criteria decision-making technology is adopted.

o Simulation is used to show the good performance of the method.
*  Theresultis closer to the true threshold value with more intervals.
e The superiority of the MCDM method is shown through comparative analysis.

O INTRODUCTION

Engineering vehicle components often suffer from
random loads because they work in harsh environments
and on bumpy roads [1]. Frequent fatigue failures
often occurred [2]. The fatigue behaviour assessment
for the mechanical components is traditionally
conducted in time-domain [3]. The ultimate limit state
analysis caused by the extreme working conditions is
often considered [4]. Thompson estimated the return
level associated with a particular return period to
improve the coastal defence structure design.[5]. Wang
determined that the extreme loads have significant
impact on damage [6]. Because acquiring the actual
load time history is time-consuming and costly,
only limited time periods of load can be performed
[7]. The extreme loads cannot be measured through
limited time [8]. Therefore, in the above procedures,
extrapolation is used to transfer limited periods load
to longer periods load, especially to a design life [9].
During the process of extrapolation, extreme loads
occurred more than before [10]. Through the extreme
load extrapolation, the load amplitude and frequency
can be properly estimated, which provides reasonable
data for fatigue analysis.

The extreme value theory is applied to solve the
problem of extreme load extrapolation. There are
three models to determine the extreme values. The
first model divides the load time history into blocks

and picks the extreme value in each block for analysis;
this is called block maximum method (BMM) [11].
The second is named peak over threshold (POT) [12],
which is based on the exceedances over a threshold.
The third is called the method of independent storm
(MIS) [13], which is the combination of the former
two methods. The data above the threshold are divided
into blocks, and the extreme values of each block are
extracted. The BMM and MIS both need large sample
data. In this paper, the POT model is applied; the main
idea of that model for extreme loads extrapolation is
based on a random simulation of the high maxima
and low minima. Only the maxima above a level
umax, and the minima below a low load level umin
are randomly regenerated. The level umax and umin
are collectively called the threshold. In this paper, we
propose a method based on multi-criteria decision-
making (MCDM) technology to select a suitable
threshold.

The concept of the POT model was first
introduced by Pickands [14]. Set a sample of load data
X=(x1,X,,...,x3). They are independent and identically
distributed and belong to an unknown continuous
distribution. Suppose u is the threshold, the extreme
exceedances over the level u are modelled:
y;=x|  —u. The distribution function of the
exceedances F,(y) is given by:

i

Flu+y)-Fu)

F)=Pl—u <yl ==

Q)
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When u is set high enough, then under
certain conditions, the distribution function of
these exceedances F,(,) approximately follow
the Generalized Pareto Distribution (GPD). The
distribution is defined in Eq. (2). Where ¢ and o are
the shape parameter and scale parameter, respectively.

xX—

5y¢, €20
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1—exp<—"g;”), £=0

1-(1+¢&

G(x|lu,é,0)=

The traditional threshold selection method uses
graphical diagnostics to make an initial threshold
choice. The mean residual life (MRL) [15] method
chooses the lowest level as the threshold because the
mean exceedance over a level u is a linear function of
the level u. The hill plot [16] method prefers the largest
value of the hill estimator after it becomes stabilized,
which means the lowest data would be chosen as the
threshold. The advantage of these two approaches
is that the results can be graphically inspected and
assessed. The subjectivity and the rich experience are
required in these methods.

In contrast to the above graphical methods, the
numerical approaches are objective and automatic.
Beirlant et al. [17] and Ferreira et al. [18] used the
mean square error (MSE) method and set the value
corresponding to the minimum MSE as the best
threshold. Johannesson [10] proposed a load
extrapolation method based on the POT model, and
the threshold is determined by the exceedance number
m and N, is the load cycles of the load time history.
Thompson et al. [5] proposed an automatic threshold
selection method, which builds a new parameter, and
selects the appropriate threshold according to the
distribution of the parameter. In order to obtain the
extreme wave values, Mazas and Hamm [19] used the
dual-threshold method to calculate wave heights. The
first threshold is used to extract load peaks from the
load time history, and the extracted data follow the
GPD. The second threshold is determined when the
corresponding shape parameter and the improved
scale parameter maintain a constant.

The results (threshold) obtained through the
above methods may be different. Many numerical
test criteria are used to verify the fitting accuracy of
the GPD with the corresponding selected threshold.
Each of the methods may perform well under certain
criteria and may be assumed as the best method. In
order to select a threshold establishing a POT model,
the joint influence of multi-criteria should be taken
into consideration. MCDM works when the practical

problems are characterized by several conflicting
criteria.

In this paper, a method named MCDM is
proposed to select a threshold. An entropy method is
used to measure the weight value of each criterion for
its objectivity [20] and [21]. The VIKOR [22] to [24]
is an MCDM technology. It proposes compromise
solutions from a series of candidates by ranking
them based on several conflicting criteria. According
to the POT requirement, the minimum value of the
compromise solutions is set as the suitable result. The
method using MCDM is presented in detail in Section
1. In Section 2, the validity of the MCDM method
is illustrated by the load time history and simulated
data. Finally, comparison analysis and conclusions are
presented.

1 METHODOLOGY

For a load data set, once a value is set as the threshold,
the corresponding mathematical expression of GPD
can be obtained after parameter estimation. Test
criteria are used, and test values show the fitting
accuracy of the GPD. The entropy method is used to
determine the weight value of each criterion. Based on
the MCDM, the compromise solutions are obtained
by integrating the criteria into a synthetic indicator.
Through the POT requirement, the suitable threshold
is determined. The process chart of obtaining a
suitable threshold * is shown in Fig. 1.

(' Load time history )
4—( Candidate thresholds )

v
| Mathematical expression of GPD |

Entropy method

[ Weight values |

|

[ Compromise solutions |

POT requirement

[ Suitable threshold u* |

Fig. 1. Process chart of the MCDM method

( Test criteria )

1.1 Determination of the Initial Scope

The load time history can be viewed as a sequence
of turning points [10]. According to the character of
the load distribution and with the aim of improving
the efficiency of calculation, candidate thresholds
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(uy,...,u,,) are set in ascending order. Set the load
data value in an ascending order. u; is the value in
the middle place of the data length, and u,, is the 98
% quantile of the data. m equally spaced candidate
thresholds exist between u; and u,,. The corresponding
& (i=1,...,m) and o; (i=1,...,m) are the parameters
obtained by maximum likelihood estimation (MLE).
Then the mathematical expressions of GPD are
obtained for candidate thresholds.

1.2 Determination of the Criteria

The principles of test criteria are different and can be
reflected by different results. Thus, three test criteria
are used in the present study: mean deviation in
probability distribution function (PDF), Kolmogorov-
Smirnov (K-S) test and Chi-Square (y2) test [25] and
[26].

1.2.1 Mean Deviation in PDF

The mean deviation between the theoretical PDF and
the empirical PDF are shown by d,,4¢ in Eq. (3).

B =§i|f (%) -g(x) 3)

1.2.2 K-S test

The test value is the greater deviation value of the

theoretical cumulative distribution function (CDF)

and empirical CDF, which is calculated in Eq. (4).
K,. =max {|F(xi )-G(x, )|,|F(x,.+l )-G(x, )|} “4)

1<j<i-1

1.2.3 2 test

Assume O; is the observed frequency and E; is the
expected frequency. Then y2 represents the deviation
between them.

2

Xzzz(oi ;E!) ) 5)

1.3 Determination of the Weight Values of Criteria

For each candidate threshold, a test value will be
obtained under a certain criterion. For a series of
candidate thresholds and three test criteria, there
will be many test values. Each of them has its role in
evaluating fitting accuracy. To find a suitable threshold
under three criteria, these criteria should be taken into

consideration simultaneously. Taking account of the
different principle of test criteria, the larger the weight
value, the more important will the test criterion be.
Thus, the weight values of criteria should be settled
and the entropy method is used for its objectivity.

The number of candidate threshold is m, and
n shows the number of test criterion. Thus, the test
values r;; of candidate threshold i under the criterion j
form a decision matrix RR.

o hy e hy
¥. V. F,
51 5
RR=| 7 7 T 6
le rmZ rmn

Then, the normalized matrix RR, r;; is transformed
by the Eq. (7). And H is obtained by keeping the effect
of each criterion.

h, r,j/Zrij i=1,2,..m j=12,..n, (7)
i=1
hll hlZ hln
H= h21 hg/ h2n . (8)
hml hm2 hmn

The relative importance of each criterion is
expressed by Ej, which is the jth entropy value and can
be obtained from the following formulas:

1 m
E=—>hInh. 9
J Inm ; v ©)
Suppose h;lnh; =0 when h;=0. Then the weight
of entropy of jth criterion is defined as:

0, =(1-E)/(n-YE)), (10)

where 0<w, <1 and Za)jzl.
Jj=1

1.4 Determination of the Compromise Solutions by MCDM

Among the MCDM technologies, VIKOR is used.
Another commonly used MCDM method, the
technique for order preference by similarity to an ideal
solution (TOPSIS), finds a solution that satisfies the
constraints that the distance from the positive-ideal
solution (PIS) is the nearest while from the negative-
ideal solution (NIS) is the farthest. However, it does
not take the relative importance of these distances
into consideration [22] and [24]. In contrast, VIKOR
redresses this shortage and introduces a multi-
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criterion ranking index based on a measurement of
“closeness” to the “ideal” solution. According to the
VIKOR method, the best feasible solution is also
called compromise solutions, which contains one or
more values.

1.4.1 Normalization

Through the vector normalization, shown in Eq. (11),
the matrix 7' is obtained.

ti=r /> i=12..m j=12,..n, (11)
i=1
Ly t, .. L,
t t, ...t
=% 7T (12)
Lyt - L,

1.4.2 PIS £, and NIS 7,

Determine PIS t and NIS ¢; of all criterion functions:
The PIS is the best Value and the NIS is the worst
value of all candidate thresholds on every criterion.

- =maxft,

Benefit index {J iem L 1,2,0m, (13)

Cost index {tj sen i1 (14)
J

! [/
1<ism V

1.4.3 Group Utility S and Individual Regret R

Calculate the group utility S and individual regret R
using Egs. (15) and (16):
5= X lo,;
j=1

—t)/(6;-t)]  i=12,...m, (15)

Ri:?gji’j[wj(fj_’y)/(fj_’;)] i=12,.,m, (16)

where w; obtained by the entropy method in VIKOR is
the weight of jth criteria.

1.4.4 Interest Rate Q

The interest rate Q is calculated with the equation
below:

0= (S, - S)+(1 V(R - R),
s -5 R -R

where S"=minS, is the minimum of group utility,

1<i<m

and S”=max$, is the maximum group utility. The

1<i<m

opponent of group utility is the individual regret. The

=12,..,m, (17)

minimum of individual regret is R =minR,, and

1<ism

the maximum individual regret. The

value v is the decision-making mechanism factor. In
order to balance the relationship between group utility
and individual regret, set v=0.5.

1.4.5 Conditions

The Q wvalues are arranged in ascending order
with the corresponding S and R. The candidate X,
corresponding to the minimum Q is the best solution
when the following two conditions are satisfied:

Cl1: Acceptable advantage: 0,—Q;>1/(m—1)
where 0, is the corresponding Q value of X, and X, is
the alternative with second place in the ranking Q and
m is the number of candidates.

C2: Acceptable stability in decision making: the S
value or R value of X is the best ranked.

1.4.6 Compromise Solutions

Compromise solutions can be obtained if one of the
conditions is not satisfied. If the results only conform
to Cl, both alternatives are suitable. If only C2 is
satisfied, X, X5, ..., X}, are the compromise solutions.
The subscript M is the number of the solution, and X,
is determined by Eq. O),—0; <1/(m—1) for maximum
M value.

1.5 Determination of Suitable Threshold by POT
Requirement

According to 1.4.6, the compromise solutions could
be concluded as X, X5, ..., X),.

The compromise solutions include one or more
values. If the maximum value is selected as the
suitable threshold within the limited load sample,
some information will be lost. According to the
concept of the POT model, it is advantageous to select
the minimum value on the premise of satisfying the
fitting accuracy of GPD. Because preserving more
data is conducive to the effective use of the data
information, which is called the POT requirement in
this paper. Thus, the suitable threshold #* is shown in
Eq. (18):

u*:]r<ri1<iﬁn4(X,.). (18)
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2 CASE STUDY
2.1 Load Time History Analysis of Wheel Loader Axle Shaft

Fig. 2 is the torque data acquisition process of a wheel
loader axle shaft. Fig. 2a is the operation mode. It can
be seen as the letter “V”. Six sections are known as
V1, V2, V3, V4, V5 and V6. The spading section V2
is studied because of the obvious load fluctuation. Fig.
2b is the load-time data of wheel loader axle shaft of
the V2 section. Assume that loads are independent and
identically distributed.

There are 1049 turning points obtained by filtered
rain flow, and the load value is from 71.33 Nm to
4123.63 Nm. The range of the initial threshold [u},u,,]
is [1806.32,3498.61]. Set m=50 and pick every
alternative as a candidate threshold, and the data points
above the threshold are left to obtain mathematical
expression of GPD with the help of MLE. The test
values of mean deviation in PDF, K-S test, and »2 test
are shown in Fig. 3. The trends of curves for different
test criteria are different.

According to the procedure in Section 1.3, the
weight values of the corresponding test criterion

V1-No load forward

obtained by entropy method are [0.001 0.358 0.641].
According to the procedure in Section 1.4. The weight
value is obtained based on Q;, S; and R; (i=1, 2,..., m)
and they are obtained using the VIKOR method.

Table 1. Rank order of Q,, S; and R; (50x6)

u O; Rank S; Rank R; Rank
2517.082 0.016147 1 0.147023 2 0.094584 1
2957.077 0.018547 2 0.130509 1 0.11486 8
2855.54 0.035569 3 0.166259 6 0.095254 2

4 5 5

2923.231 0.041232 0.161069 0.106992

3464.764 0.466029 48 0.359967 48 0.358786 48
1840.166 0.679164 49 0.472336 49 0.471677 49
1806.32 1 50 0.64187 50 0.6412056 50

The rank number of each value of O, S and
R are marked, which can aid in obtaining the
compromise solutions. The values in Table 1 are
displayed in ascending order of Q. Next, the number
of thresholds is 50, i.e. m=50. According to C1 and
C2, the result of Eq. 1/(m—1) is 0.0204. Seen in
Table 1, 0,—0;<0.0204 and O;—0;<0.0204, while

I -
I V2-Spading 4500
V1 | | |V3 V3-Full load backward g 4000
|| V4-Full load forward Z 3500
| V5-Unloading & 3000
| V6-No load backward £ 2500 ‘ I “ i
= e
111 il |n"' q ‘
— ‘g 1500 |M |'|‘I| ‘ I |
’ Lo & 1000f{H il |
4 - A |
7 500 ‘
-~
~ 0 +
- 4 0 1 2 3 4 5 6 7 8
a) Wheel'loader b) Time [s] x10°
Fig. 2. Data acquisition of wheel loader axle shaft;
a) operation mode of wheel loader; b) load data of wheel loader axle shaft from spading section
0.0664 0.025 35
0.0662} 0.020f 30¢
0.0660} 25t
- 0.0658} 50'015’ 20
£ 0.0656 %4 0.010F ®i1s}
0.0654} 10
0.0652} 0.005¢ 5t
0'06501800 2400 3000 3600 0 1800 2400 3000 3600 1800 2400 3000 3600
a) u b) u c) u
Fig. 3. Test values of different u under different test criteria; a) Mean deviation in PDF; b) K-S test; ¢) x2 test
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0,—0,>0.0204. At the same time, both R, and R;
are smaller than R;. Thus, three candidates are finally
picked as compromise solutions of the case. The
results are shown in Table 2.

Table 2. Compromise solutions of u

u O; Rank S; Rank R, Rank

2517.082 0.016147 1 0147023 2  0.094584 1
2957.077 0.018547 2 0.130509 1  0.11486 8
2855.54 0.035569 3 0.166259 6 0.095254 2

Table 3. Suitable solution

u Q;  Rank S; Rank R, Rank
2517.082 0.016147 1 0.147023 2 0.094584 1

According to the POT requirement, in order
to have enough available data, the minimum value
of 2517.082 of the compromise solutions is finally
chosen as the suitable threshold.

3200

3000

2800F h\/\

* 3
226000
2517F--- A

2400

2200F

2000

0 20 40 60 80 100
Interval number

Fig. 4. Compromise solutions in different intervals

The interval number m above is a fixed value
50. If the value of m changed, the final result
may be influenced. Now set the interval number
m=10,15,...,105,110. Compromise solutions of
each interval are obtained at different intervals.
Furthermore, the smallest value of each solution is

connected with a line. The results are shown in Fig. 4.
When the number of intervals is smaller than 50, the
curve of minimal solution values fluctuates fiercely.
And the result u* will near to the value 2517 when m
is bigger than 50.

2.2 Simulation Study

In this section, the performance of the MCDM method
is investigated using simulated data. Firstly, a group
of data with a known threshold is used to verify the
feasibility of this method. After that, the process
is repeated 500 times to verify the effectiveness
statistically. The tail part of the mixture distribution
is made up of GPD, and the threshold is 3.2816. The
histogram of 500 simulated data groups is shown
in Fig. 5, and the PDF (the solid line) is also shown
together with the threshold #*=3.2816 (the dotted
line).
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Fig. 5. Histogram and PDF of 500 simulated data sets

For mean deviation in PDF, K-S test and y2test,
each candidate threshold will obtain a test value under
the corresponding test criteria. Firstly, the primary
threshold range is divided into 100 sections. With the
help of MLE, the test values with changing threshold
values under different test criteria are shown in Fig. 6.

20
r 0.022F

0.24 0.020 18¢
0.22} 0018t 16}
i 1)
s 0.18} 500121 10t
< 0.16 2 J0LY =gt
0.14} 0000t of
0.12p 0.002 b 2t

0105555550 3590 4550 01550 253035104550 0153707253035 4.045 50

a) u b) u c) u

Fig. 6. Test values of different u under different test criteria; a) Mean deviation in PDF; b) K-S test; ¢) x2 test
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A decision matrix of 100x6 is formed. The value of
0;, S;and R; (i=1,2,...,m) are displayed in Table 4.

Table 4. Rank of O;, S;and R;(100x6)
u Q;  Rank S; Rank R, Rank

3.14577 0.027952 1 0.21751 4 0106447 1
2.84749 0.049371 2 0198777 1  0.144548 6
3.170626 0.054168 3 0.227194 6 0.115527 2
4.438314 0.946539 99 0514978 99 0.472797 98

4.46317 1 100 0.533865 100 0.492306 100

Here m=100, whichmeans 1/(m—1)=1/(100-1)
=0.0101. According to Table 4 and the two conditions
(Cl1, C2), the value of Q,—Q is larger than 0.0101.
The candidate threshold X; =3.14577 is chosen as the
compromise solution. Only one value is available, so
3.14577 is the suitable solution, which is about 4 %
smaller than 3.2816.

The number of intervals selected above is 100.
Set the interval number m=10,20,...,140,150. The
suitable solution u* for each interval can be seen in
Fig. 7. The suitable solution changes when the interval
number increases. When the interval number is no less
than 60, the suitable solution is close to the known
value of 3.2816.

32

3.1+

3.0

*
=

29

2.8

2.7

10 30 S0 70 90 110 130 150
Interval number
Fig. 7. Suitable solution ©* in different interval

In order to further verify the feasibility of the
method, 500 groups of simulated data are conducted
through the calculation process. A histogram of these
calculated thresholds is shown in Fig. 8, together
with the quantiles (dotted line) of 2.5 % (2.5377) and
97.5 % (3.6501). The mean value of these thresholds
is 2.9853.

As seen in Fig. 8, most of the calculated
thresholds normally distributed around 3.2816 in the
interval of [-22 %, 11 %]. By comparing the mean
value of thresholds with the known threshold u*, the
difference is less than 10 %. Therefore, it shows that
the MCDM method reaches a good fitting accuracy.

2.5

) mean value, u*
215l 25% { 97.5%
5 quantile i quantile
= H
3 1
=9

0.5

1.5 2 2.5 3 3.5 4 4.5
Threshold from simulated data

Fig. 8. Histogram of thresholds obtained from 500 simulated data
groups

3 RESULTS AND DISCUSSIONS

As shown in Table 3 and Table 5, the suitable
thresholds are selected under a certain interval number
m and three test criteria. The performance of the
proposed method using MCDM is compared with the
MRL method and automatic method. The results of
the two existing methods are shown as follows.

200

1800
1600
21400
=1200
21000
2 800
= 600
g 400
=200

0

20 25 30 35
Threshold X107

0 5 10 15

Fig. 9. MRL plot in confidence interval of 95 %

Fig. 9 is the MRL plot in the confidence
interval of 95 %, which plots the mean exceedance
as a function of u to decide a proper threshold. The
curve on the right side of the vertical line seems to
approximate a linear relationship when ©>2800. The
critical value 2800 is chosen as the threshold.

According to [5], ; and o; are the shape parameter
and scale parameter when the threshold is u,
j=1,...,m. The initial scope of the threshold is the
same as Section 2.1. This scope is divided into 100
equal intervals. The load data of the wheel loader axle
shaft is used and the relationship between 7, —7,
and threshold U1 is shown in Fig. 10. A new
parameter 7, is established, and 7, =0, é u;
Exclude unsultable ULy Uy ooy U untll there is a
suitable value u; to make the dlstrlbutlon of (7, —7, )

follow the normal distribution. Fig. 11 shows the data
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Fig. 12. Threshold u = 2517.082 by the MCDM method, MLE; a) CDF plot; b) P-P plot; c¢) Q-Q plot
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Fig. 13. Threshold u = 2800 by the MRL method, MLE; a) CDF plot; b) P-P plot; c) Q-Q plot
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Fig. 14. Threshold u = 2280.161 by the automatic method, MLE; a) CDF plot; b) P-P plot; c) Q-Q plot
points almost form a nearly straight line which verifies corresponding value 2280.161 is the suitable
they belong to a normal distribution. Thus, the threshold.
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The graphic method is used as a method of
qualitative analysis to show the fitting effect of
the selected threshold. Figs. 12 to 14 are the results
corresponding to the MCDM method, the MRL, and
the automatic method, respectively. Fig. 15 is the
return level curves from the above three methods.

Figs. 12 to 14 all show good agreement, since
the CDF of the exceedances are located within the
confidence interval (the dotted lines) in Figs. 12a, 13a
and 14a and most of the data points are distributed in
a straight line in the P-P and Q-Q plots. As seen from
these figures, all of the results obtained by the three
methods show good fitting effects except a few small
differences, which could be seen clearly in graphics.

Fig. 15 is the return level curves from the three
methods, which shows the extreme load value (return
value) with the corresponding load cycles (return
period). The return values obtained via the MCDM
and the automatic method are almost the same. The
difference value between the MRL curve and the
other two curves is firstly decreasing and then starts
increasing after a certain point as the return period
increases. Details between the three curves can be
seen in the local enlarged drawing. Suppose the
extreme load value occurs when the return period is
10°. Three extreme load values can be obtained in
Table 5. The extreme load obtained by the MRL is
more conservative than the other two methods are.
While the MCDM method is a little more conservative
than the automatic method, the difference value is
only 36.7.

Numerical test criteria are employed, and the
results are shown in Table 5. For the same load data
set, the number of exceedance is determined by the

threshold value. The value of the MCDM method is
2517.082, which is between 2280.161 and 2800. As
seen in Table 5, a;, b;, ¢; are the test values under the
criteria of mean deviation in PDF, K-S test, and y2
test, respectively. The ‘min’ means the corresponding
minimum value of them. Seen from these numbers,
every threshold selection method shows its advantage
in a certain criterion. When comparing the three test
values under mean deviation in PDF, the test value
obtained by MRL method is the minimum. The
three values are close to each other, but the MCDM
method is better than the automatic method from the
deviation of test values «;/an;, and (@;/amin)/ Amin-
While little difference has appeared under the K-S
test, the difference between the minimum (0.0029)
and the maximum value (0.0047) of the criterion is an
astonishing 158.6 %, which is a factor of 2.59. The
difference between the 0.0047 (by MCDM) and the
minimum is about 62.1 %, a factor of 1.62, which
shows the effect of MCDM method is little poorer
than the automatic method under the criterion of K-S.
When the test criterion is y2 test, it is clear to see
the value obtained from the MCDM is the smallest.
The factors have also been analysed. The difference
between the minimum (4.8446) and the maximum
value (10.3993) of the criterion is about 114.65 %,
which is a factor of 2.15. And the difference between
the middle place value (8.1110) and the minimum
(4.84406) is 67.4 % with a factor of 1.67.

It is a new trial to take account of the fitting effect
into the process of threshold selection. In general,
the MCDM method shows a better performance than
the graphic method does. The results of comparisons
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Fig. 15. Return level curves from the MRL, the MCDM and the automatic method

Determination of the Threshold for Extreme Load Extrapolation Based on Multi-Criteria Decision-Making Technology

209



Strojniski vestnik - Journal of Mechanical Engineering 63(2017)3, 201-211

between the MCDM and the automatic method shows
that the performance of the MCDM method is better.
Figs. 6 and 10 further illustrate the influence on
the result when the interval number changes. It shows
that more intervals will be helpful in obtaining a more
precise result. In addition, only three test criteria, mean
deviation in PDF, K-S test and »2 test, are applied this
proposed method. Presently there are no general rules
that can be obeyed in selecting the major criteria in
final decision-making. Therefore, some personal
preference or even prejudice may exist in this process.
Further research should be focused on the number and
kinds of criteria to build a more realistic POT model.

Table 5. Comparison results of the three methods

MRL MCDM Automatic method
Threshold value 2800 2517.082 2280.161
Number of
exceedance 125 224 827
Extreme load 5100.63 4921.12 4884.42
Mean deviation in
PDF (4) 0.0659 0.0660 0.0661
a;/ g / 0.152 % 0.3%
(a;/ amin)/ Ain / 1.0015 1.003
K-S (b)) 0.0075 0.0047 0.0029
b;/ by 158.6 % 62.1% /
(b;/ byin) ! bmin 2.59 1.62 /
72 (c) 10.3993 4.8446 8.1110
Ci/ Copin 114.65 % / 67.4 %
(¢i/ Cmin) ! Conin 2.15 / 1.67

4 CONCLUSIONS

The determination of threshold is a key point
in establishing the POT model for extreme load
extrapolation. At present, some methods are used to
determine the threshold. The test criteria are used to
verify the fitting accuracy of the distribution when the
threshold is determined. Each method may perform
well under certain criteria and may be assumed to be
the best method. Therefore, it is a problem to select
a suitable threshold, when several conflicting test
criteria are considered together.

To solve this problem, a new method based
on MCDM is proposed in this paper. It is a new
trial using multiple criteria in threshold selection.
The weight values are obtained using the entropy
method. The MCDM integrated the test criteria into
comprehensive indicators. According to the result of
the compromise solutions, the POT requirement is
used to determine the suitable threshold value. The
actual load time history and simulated data analysis

proved that the MCDM method can create a relatively
accurate POT model with a suitable threshold. More
intervals lead the results closer to the true threshold
value. Finally, the proposed method is compared
with two existing methods to show the superiority
of the MCDM method. Furthermore, the MCDM
method is considered to be a better method to select a
proper threshold value. Moreover, the method can be
computerized. Each step of the method can be easily
modified. For example, test criteria can be added or
reduced and the entropy method can also be replaced.

5 ACKNOWLEDGMENT

This work was supported by the National Natural
Science Foundation of China (No. 51375202, No.
51265020) and the Graduate Innovation Fund (No.
2016074). Project 2016074 was supported by the
Graduate Innovation Fund of Jilin University.

6 REFERENCES

[1] Moreno, B., Zapatero, J., Dominguez, J. (2003). An
experimental analysis of fatigue crack growth under random
loading. International Journal of Fatigue, vol. 25, no. 7, p. 597-
608, D0I:10.1016/50142-1123(03)00018-5.

[2] Wang, J., Zhang, J., Liang, Y., Yang. Y. (2012). A cyclic
simulation approach for the generation of the non-stationary
load histories of engineering vehicles. Journal of Mechanical
Science and Technology, vol. 26, no. 5, p. 1547-1554,
D0I:10.1007/512206-012-0315-9.

[3] Braccesi, C., Cianetti, F., Lori, G., Pioli, D. (2014). Evaluation
of mechanical component fatigue behavior under random
loads: Indirect frequency domain method. International
Journal of Fatigue, vol. 61, p. 141-150, DOI:10.1016/j.
ijfatigue.2013.11.017.

[4] Hu, W., Han, 1., Park, S.-C., Choi, D.-H. (2012). Multi-objective
structural optimization of a HAWT composite blade based on
ultimate limit state analysis. Journal of Mechanical Science
and Technology, vol. 26, no. 1, p. 129-135, D0I:10.1007/
$12206-011-1018-3.

[5] Thompson, P, Cai, Y. Reeve, D., Stander, J. (2009).
Automated threshold selection methods for extreme wave
analysis. Coastal Engineering, vol. 56, no. 10. p. 1013-1021,
DO0I:10.1016/j.coastaleng.2009.06.003.

[6] Wang, J., Chen, H., Li, Y., Wu, Y., Zhang, Y. (2016). A review
of the extrapolation method in load spectrum compiling.
Strojniski vestnik - Journal of Mechanical Engineering, vol. 62,
no. 1, p. 60-75, D0I:10.5545/sv-jme.2015.2905.

[7] Bae, H.-R., Ando, H., Nam, S., Kim, S., Ha, C. (2015). Fatigue
design load identification using engineering data analytics.
Journal of Mechanical Design, vol. 137, no. 1, p. 011001,
DO0I:10.1115/1.4027849.

[8] Xiang, C.L. (2007). Dynamics of Armored Vehicle Transmission
System. National defense industry press, Beijing.

210 Wang, J. - Zhai, X. - Liu, C. - Zhang, Y.


https://doi.org/10.1016/S0142-1123(03)00018-5
https://doi.org/10.1007/s12206-012-0315-9
https://doi.org/10.1016/j.ijfatigue.2013.11.017
https://doi.org/10.1016/j.ijfatigue.2013.11.017
https://doi.org/10.1007/s12206-011-1018-3
https://doi.org/10.1007/s12206-011-1018-3
https://doi.org/10.1016/j.coastaleng.2009.06.003
https://doi.org/10.5545/sv-jme.2015.2905
https://doi.org/10.1115/1.4027849

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Strojniski vestnik - Journal of Mechanical Engineering 63(2017)3, 201-211

Johannesson, P., Thomas, J.-J. (2001). Extrapolation of
rainflow matrices. Extremes, vol. 4, no. 3, p. 241-262,
DO0I:10.1023/A:1015277305308.

Johannesson, P. (2006). Extrapolation of load histories
and spectra. Fatigue & Fracture of Engineering Materials &
Structures, vol. 29, no. 3, p. 209-217, D0I:10.1111/j.1460-
2695.2006.00982.x.

Marty, C., Blanchet, J. (2012). Long-term changes in annual
maximum snow depth and snowfall in Switzerland based on
extreme value statistics. Climatic Change, vol. 111, no. 3, p.
705-721, D0I:10.1007/s10584-011-0159-9.

Pickands Ill, J. (1975). Statistical inference using extreme
order statistics. The Annals of Statistics, vol. 3, no. 1, p. 119-
131, D0I:10.1214/a0s/1176343003.

Harris, R.. (1999). Improvements to the ‘Method of
independent  storms’.  Journal of Wind Engineering
and Industrial Aerodynamics, vol. 80, no. 1-2, p. 1-30,
D0I:10.1016/50167-6105(98)00123-8.

Scarrott, C., MacDonald, A. (2012). A review of extreme value
threshold estimation and uncertainty quantification. REVSTAT
- Statistical Journal, vol. 10, no. 1, p. 33-60.

Beirlant, J., Goegebeur, Y., Segers, J., Teugels, J., De Waal,
D., Ferro, C. (2006). Statistics of Extremes: Theory and
Applications, John Wiley & Sons, Hoboken.

Drees, H., Resnick, S., de Haan, D. (2000). How to make a
Hill plot. The Annals of Statistics, vol. 28, no. 1, p. 254-274,
DO0I:10.1214/a0s/1016120372.

Beirlant, J., Dierckx, G., Goegebeur, Y., Matthys, G.
(1999). Tail index estimation and an exponential
regression model. Extremes, vol. 2, no. 2, p. 177-200,
DO0I:10.1023/A:1009975020370.

Ferreira, A., de Haan, L., Peng, L. (2003). On optimising the
estimation of high quantiles of a probability distribution.
Statistics, vol. 37, no. 5, p. 401-434, D0I:10.1080/0233188
021000055345.

Mazas, F., Hamm, L. (2011). A multi-distribution approach to
POT methods for determining extreme wave heights. Coastal

Determination of the Threshold for Extreme Load Extrapolation Based on Multi-Criteria Decision-Making Technology

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Engineering, vol. 58, no. 5, p. 385-394, DO0I:10.1016/j.
coastaleng.2010.12.003.

Wang, J., Wang, N., Wang, Z., Zhang, Y., Liu, L. (2012).
Determination of the minimum sample size for the
transmission load of a wheel loader based on multi-criteria
decision-making technology. Journal of Terramechanics, vol.
49, no. 3-4, p. 147-160, D0I:10.1016/j.jterra.2012.02.001.
Wang, J., Liu, Y., Zeng, X., Zhou, Z. Wang, N., Shen, W. (2013).
Selection method for Kernel function in nonparametric
extrapolation based on multicriteria  decision-making
technology. Mathematical Problems in Engineering, vol. 2013,
art. ID. 391273, D0I:10.1155/2013/391273.

Opricovic, S., Tzeng, G.-H. (2004). Compromise solution
by MCDM methods: A comparative analysis of VIKOR and
TOPSIS. European Journal of Operational Research, vol. 156,
no. 2, p. 445-455, D0I:10.1016/S0377-2217(03)00020-1.
Opricovic, S., and Tzeng, G. H. (2007). Extended VIKOR
method in comparison with outranking methods. European
Journal of Operational Research, vol. 178, no. 2, p. 514-529,
DO0I:10.1016/S0377-2217(03)00020-1.

Yazdani, M., Payam, A.F. (2015). A comparative study on
material  selection of microelectromechanical systems
electrostatic actuators using Ashby, VIKOR and TOPSIS.
Materials & Design, vol. 65, p. 328-334, DO0I:10.1016/j.
matdes.2014.09.004.

Wang, J., Wang, Z.,, Yang, C., Wang, N. Yu, X, (2012).
Optimization of the number of components in the mixed model
using multi-criteria decision-making. Applied Mathematical
Modelling, vol. 36, no. 9, p. 4227-4240, D0I:10.1016/].
apm.2011.11.053.

Wang, J., Hu, J., Wang, N., Yao, M., Wang, Z. (2011). Multi-
criteria  decision-making method-based approach to
determine a proper level for extrapolation of Rainflow matrix.
Proceedings of the Institution of Mechanical Engineers, Part
C: Journal of Mechanical Engineering Science, vol. 226, no. 5,
p. 1148-1161, D0I:10.1177/0954406211420212.

211


https://doi.org/10.1023/A:1015277305308
https://doi.org/10.1111/j.1460-2695.2006.00982.x
https://doi.org/10.1111/j.1460-2695.2006.00982.x
https://doi.org/10.1007/s10584-011-0159-9
https://doi.org/10.1214/aos/1176343003
https://doi.org/10.1016/S0167-6105(98)00123-8
https://doi.org/10.1214/aos/1016120372
https://doi.org/10.1023/A:1009975020370
https://doi.org/10.1080/0233188021000055345
https://doi.org/10.1080/0233188021000055345
https://doi.org/10.1016/j.coastaleng.2010.12.003
https://doi.org/10.1016/j.coastaleng.2010.12.003
https://doi.org/10.1016/j.jterra.2012.02.001
https://doi.org/10.1155/2013/391273
https://doi.org/10.1016/S0377-2217(03)00020-1

https://doi.org/10.1016/S0377-2217(03)00020-1
https://doi.org/10.1016/j.matdes.2014.09.004
https://doi.org/10.1016/j.matdes.2014.09.004
https://doi.org/10.1016/j.apm.2011.11.053
https://doi.org/10.1016/j.apm.2011.11.053
https://doi.org/10.1177/0954406211420212




Strojniski vestnik - Journal of Mechanical Engineering 63(2017)3
Vsebina

Vsebina

Strojniski vestnik - Journal of Mechanical Engineering
letnik 63, (2017), Stevilka 3
Ljubljana, marec 2017
ISSN 0039-2480

Izhaja mesecno

Razsirjeni povzetki (extended abstracts)

David Homar, Franci PuSavec: Razvoj algoritma za prepoznavanje geometrije za hibridno izdelavo
— tehnologijo odvzemanja in dodajanja materiala

Zhiqin Cai, Chao Lin: Dinami¢ni model in analiza nelinearnih vibracijskih lastnosti zobniskega
gonila z valovito razdelno ploskvijo

Martin Kodri¢, Joze Flasker, Stanislav Pehan: Izboljsanje uc¢inkovitosti kmetijskih vitelnih strojev

Fauzi Ahmad, Khisbullah Hudha, Saiful Amri Mazlan, Hishamuddin Jamaluddin, Hairi Zamzuri,
Zulkiffli Abd Kadir, Vimal Rau Aparow: Modeliranje in upravljanje elektronske bobnaste
zavore z razpiralom in fiksnim sedlom

Aleksander Grm, Milan Batista: Aerodinami¢na stabilnost vozila v mo¢nem spremenljivem vetru

Jixin Wang, Xinting Zhai, Cheng Liu, Yingshuang Zhang: Dolo¢itev praga za ckstrapolacijo
izjemnih obremenitev na podlagi tehnologije veckriterijskega odlo¢anja

Osebne vesti

SI23

SI 24

SI 25

SI26

S127

SI28

SI29






Strojniski vestnik - Journal of Mechanical Engineering 63(2017)3, Sl 23 Prejeto v recenzijo: 2016-08-01
© 2017 Strojniski vestnik. Vse pravice pridrzane. Prejeto popravljeno: 2016-10-25
Odobreno za objavo: 2016-12-21

Razvoj algoritma za prepoznavanje geometrije za hibridno
izdelavo — tehnologijo odvzemanja in dodajanja materiala

David Homar* — Franci PuSavec

Univerza v Ljubljani, Fakulteta za strojnistvo, Slovenija

V c¢lanku je predstavljen razvit algoritem, ki je namenjen prepoznavi geometrije CAD izdelka, za izdelavo po
postopku hibridne izdelave. Hibridna izdelava v nasem primeru pomeni zdruzevanje tehnologij odvzemanja
materiala in dodajanja materiala po plasteh, gre za postopka odrezovanja in selektivnega laserskega pretaljevanja
kovinskih prahov. Pri tem se izkoristi prednosti posamezne tehnologije in s tem eliminira slabosti. En del izdelka se
izdela s postopkom odrezovanja, drugi del pa se doda na ta prvi del s postopkom selektivnega laserskega sintranja.

Razvit je bil algoritem OMOS, ki prepozna geometrijo CAD modela predvidenega izdelka in na podlagi te
geometrije doloci, kateri del se bo izdeloval s katero tehnologijo. S tehnologijo dodajanja materiala po plasteh je
mozno narediti izdelke zelo kompleksnih oblik, vendar ta tehnologija spada med drazje. Med tem ko tehnologije
odrezovanja ne dopuscajo izdelave izdelkov, ki imajo zelo kompleksne geometrijske oblike, saj takSne oblike
preprecujejo dostop rezalnemu orodju do povrsine, katera mora biti obdelana. Je pa ta tehnologija bistveno cenejsa
od sodobne tehnologije dodajanja materiala. Zato je bila osnova za algoritem OMOS vzeta predpostavka, da se
¢im vedji delez izdelka naredi s tehnologijo odrezovanja, kjer je to le mogoce potem pa se na ta del dogradi Se
preostali del izdelka s tehnologijo dodajanja materiala.

Algoritem analizira geometrijo CAD modela na osnovi vektorjev, ki gredo skozi CAD model predvidenega
izdelka. Na podlagi presecis¢ se definira zmoznost izdelave izdelka z odrezovanjem. Algoritem OMOS je bil
implementiran v komercialni CAD program SolidWorks.

Nato je sledila uporaba in verifikacija algoritma in progama OMOS na industrijskem primeru in sicer na CAD
modelu orodnega vlozka za brizganje polimernih ram tub. Orodni vlozek je imel skonstruirane konformne hladilne
kanale za katere je znacilno, da so popolnoma prilagojeni povrsini orodja in so zato zelo kompleksnih oblik in
neizvedljivi za izdelavo s tehnologijo odrezovanja. Analiza CAD modela z algoritmom OMOS je definirala, da
je spodnji del orodnega vlozka, kjer so hladilni kanali Se ravni, mozno izdelati s tehnologijo odrezovanja, zato
je program OMOS izbral to tehnologijo za izdelavo spodnjega dela. Zgornji del pa je bil predviden za izdelavo s
tehnologijami dodajanja materiala po plasteh. Nato je bil orodni vlozek tudi izdelan po postopku hibridne izdelave.

Verifikacija algoritma OMOS je bila izvedena tudi z analizo proizvodnega ¢asa in stroska izdelave orodnega
vlozka izdelanega po postopku hibridne izdelave in tudi izdelanega izklju¢no s postopkom dodajanja materiala po
plasteh. Analiza je pokazala, da se za izdelavo orodnega vlozka po postopku hibridne izdelave porabi za priblizno
50 % manj Casa, kot pri izdelavi izklju¢no s tehnologijo dodajanja materiala po plasteh. In tudi pri stroskih izdelave
je podobno. Pri hibridni izdelavi so bili stroski za skoraj 50 % manjsi, kot pri izdelavi izklju¢no z dodajanjem
materiala po plasteh.

Rezultati raziskovalnega dela kazejo na potrebo po zdruzevanju sodobnih tehnologij dodajanja materiala po
plasteh in konvencionalnih tehnologij odrezovanja, kar zagotovi izboljsano kakovost, zmanjSanje stroskov, kot
tudi zmoznost za izdelavo geometrijsko zelo zahtevnih izdelkov in s tem izboljSanje serijske proizvodnje ter
kakovosti kon¢nega izdelka.

Kljucne besede: hibridna izdelava, tehnologije dodajanja materiala po plasteh, tehnologije odvzemanja
materiala, odrezovanje, konformni hladilni kanali
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Dinami¢ni model in analiza nelinearnih vibracijskih lastnosti
zobniSkega gonila z valovito razdelno ploskvijo

Zhiqin Cai — Chao Lin*
I Drzavni laboratorij za mehanske prenose, Univerza v Chongqingu, Chongqing, Kitajska

Zobniki z valovito razdelno ploskvijo so nova vrsta zobnikov z lastnostmi, ki so znacilne za nevaljaste zobnike,
zobnike s posevnim ozobjem in krozni¢ne zobnike, njihov razvoj pa gre v smeri visokih hitrosti in velikih
obremenitev. Dinamic¢ne lastnosti zobnikov z valovito razdelno ploskvijo neposredno vplivajo na nemoteno in
ucinkovito delovanje opreme, zato ti zobniki vse bolj pridobivajo na pomenu. Raziskave nelinearnih vibracijskih
lastnosti obiCajnih zobnikov se osredotocajo predvsem na vibracije, udarce in hrup, analiticne raziskave pa se
naslanjajo na metodo konénih elementov. Lagrangeova enacba s posplosenimi koordinatami v MKE za rotacijski
sistem z ekscentri¢nimi masami vkljuéuje samo kineti¢no in potencialno energijo sistema, proces simulacije pa je
kompleksen.

Da bi se izognili pomanjkljivostim takSnega nac¢ina modeliranja, je predlagana nova metoda, ki zdruzuje
Lagrangeovo enacbo in grafe povezav. Novi proces modeliranja je ustreznejsi in proces resSevanja je ucinkovitejsi.
Predstavljen je posplosen nelinearni dinami¢ni model na podlagi Lagrangeove metode z grafi povezav za znacilen
ekscentri¢en rotacijski sistem zobnika z valovito razdelno ploskvijo. V model so vklju¢eni osnovni parametri,
kot so frekvenca ubiranja, ekscentricnost k£ in red nevaljastega zobnika n;. S simulacijskim modelom so bile
analizirane vibracijske lastnosti zobnika. Vibracijski odziv je kompleksnejsi kot pri krozni¢nem zobniku.

(1) Glavni dejavnik, ki vpliva nanj, je zunanje vzbujanje zaradi vrednosti rb; in R, ki sta odvisni od
ekscentri¢nosti & in reda n; nevaljastega zobnika. Dinamicne lastnosti sistema je mogoce izboljsati z zmanjSanjem
ekscentri¢nosti £ in s povecanjem reda n;.

(2) Na vibracijski odziv zobnika vpliva tudi frekvenca ubiranja. Zaradi vpliva zunanjega vzbujanja, ki ojacuje
vibracije, je omejena frekvenca ubiranja novega zobnika manjSa kot pri krozni¢nem zobniku. Zobnik zato ni
primeren za prenosnike, ki delujejo pri visokih hitrostih.

(3) Podan je predlog cksperimenta za validacijo numeri¢nega modela. Rezultati eksperimentov se dobro
ujemajo s teoreticno analizo modelov in sledi sklep, da je model primeren za ucinkovito simulacijo vibracijskega
odziva zobnikov.

V ¢lanku je predstavljen nelinearen dinami¢ni model na osnovi Lagrangeove enacbe in grafa povezav. Metoda je
primerna za dinami¢no analizo zobnikov z valovito razdelno ploskvijo in krozni¢nih zobnikov. Glavna dejavnika,
ki vplivata na vibracijski odziv zobnika, sta 7b; in R, njegove dinamicne lastnosti pa je mogoce izboljSati z
zmanjSanjem ekscentriCnosti k£ in s poveéanjem reda ;. Zaradi vpliva zunanjega vzbujanja, ki ojacuje vibracije,
je omejena frekvenca ubiranja novega zobnika manjsa kot pri krozni¢énem zobniku. Zobnik zato ni primeren za
prenosnike, ki delujejo pri visokih hitrostih.

Kljucne besede: zobnik z valovito razdelno ploskvijo, vibracijski odziv, omejena hitrost, Lagrangeova
metoda z grafi povezav, ¢asovno odvisne lastnosti
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IzboljSanje ucinkovitosti kmetijskih vitelnih strojev

Martin Kodri¢! — Joze Flasker? — Stanislav Pehan?

! Nuklearna elektrarna Krsko, Slovenija
2 Univerza v Mariboru, Fakulteta za strojnistvo, Slovenija

Namen predstavljenega dela je najti in ovrednotiti moznosti za zmanjSanja porabe goriva in skrajSanje Casa
obdelave zelo strmih kmetijskih povrsin, ki se obdelujejo z vitelnimi stroji.

Nasad na strmem terenu je razporejen v vrstah, ki so orientirane po strmini navzgor. Nasad se obdeluje z
delovnimi prikljuéki, ki so namesceni na vozi¢ku. Voziéek je opremljen z motorjem, ki poganja zgolj prikljucke.
Premikanje vozicka navzgor in spuscanje ob vrstah nasada navzdol se izvaja z vrvjo vitla, ki je namescen na
vrhu terena in ga poganja drug motor. Pri tej tehnologiji obdelave se pojavlja ve¢ problemov. Sistem ne omogoca
izkori$¢anja potencialne energije, ki se neprestano spreminja zaradi pomikanja vozicka gor in dol. Posledica je
velika poraba goriva, ki je lahko celo do dvakrat vecja kot pri kmetijskih traktorjih, ki delajo na ravnem. Vozicek,
ki je lahko opremljen le z enim prikljuckom, se mora dvakrat pomikati po isti poti, kar podvaja ¢as obdelave.
Vlecenje vrvi poskoduje ruso.

Razvit je bil hidravli¢ni stroj, ki ima motor in transmisiji za samostojno premikanje in pogon prikljuckov. Vitel
je namescen na stroju, vrv pa je sidrana na vrhu terena. Motor na stroju je dimenzioniran tako, da zagotavlja le
nujno potrebno energijo. To pomeni, da motor zado$¢a za premikanje navzgor, brez aktivnih delovnih prikljuckov.
Med spuscanjem stroja pa delata dva delovna prikljucka. Preko hidravlicne transmisije ju primarno poganja
potencialna energija. Ce pa to ne zado$¢a, ju poganja $e motor z notranjim zgorevanjem.

Za prikaz ucinkovitosti nove zasnove hidravlicnega vitelnega stroja so narejene primerjalne tabele z zbranimi
podatki rabe energije, porabljenega goriva, nastale emisije CO, in ¢asa obdelave na letnem nivoju.

Za opisovanje uporov pri voznji stroja so uporabljeni klasi¢ni analitiéni modeli iz podroé¢ja vozil. Podatki za
primerjavo ucinkovitosti kmetijskih strojev so v tabelah spocetka podani za enakomerne strmine, v zadnjih tabelah
pa so narejeni izracuni za realne konfiguracije kmetijskega terena. Pri tem je predpostavljeno, da je en hektar
kmetijskega terena sestavljen iz petdesetih linij nasada, dolgih po 100 metrov, ki so med seboj oddaljene 2 metra.
Nagib terena je teoreticno konstanten po 10 metrskih segmentih. Postopek izracunavanja za realno konfiguracijo
je avtomatiziran z namensko programsko opremo. Za lazjo primerjavo je upostevano, da so lastnosti prikljuckov
za voziCek in hidravli¢ni vitelni stroj povsem enake.

Za obdelovanje strmih kmetijskih terenov z vitelnimi stroji je predlagana hidravli¢na transmisija v kombinaciji
z malim motorjem z notranjim zgorevanjem tisto, kar omogoca bistven dvig izkoristka procesa obdelave. V
obravnavanih primerih realne kmetijske povrsine je poraba goriva zmanjSana za 36 %, ¢e za primerjavo vzamemo
obdelavo z vozi¢kom, ki je pripet na pogonski vitel. Cas obdelave na letnem nivoju je skraj$an za 41 %. In konéno,
ker se vrv ne vlece vec po terenu, se izognemo poskodbi ruse.

Narejen in predstavljen je bil konkreten hidravli¢ni stroj za obdelavo kmetijskih povrsin z nakloni do 100 %.
Obravnavana je bila vzor¢na realna kmetijska povrSina. Nekaj osnovnih primerjav glede izkoristka procesa
obdelave je narejenih z obicajnimi kmetijskimi stroji za obdelavo bolj ali manj ravnih kmetijskih povrsin, druge
primerjave pa zajemajo vitelne vozicke.

Vpeljan je novi pojem, ki omogoca razlikovanje pristopov k obdelavi strmih kmetijskih povrsin z razli¢nimi
stroji. Ta pojem je poimenovan izkoristek procesa obdelave in predstavlja razmerje med koristno uporabljeno in
skupno vlozeno energijo v obliki kemicne energije goriva. Nov hidravli¢ni kmetijski stroj omogoca prihranek
energije, torej goriva, in ¢asa.

Kljucne besede: strm teren, obdelava trajnega nasada, hidravlicni kmetijski stroj, izkoristek procesa
obdelave
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Modeliranje in upravljanje elektronske bobnaste zavore
z razpiralom in fiksnim sedlom

Fauzi Ahmad!.2* — Khisbullah Hudha3 — Saiful Amri Mazlan! — Hishamuddin Jamaluddin4 — Hairi Zamzuri! —
Zulkiffli Abd Kadir!.3 — Vimal Rau Aparow3
1 Malezijska tehniska univerza, Malezijsko-japonski mednarodni institut za tehnologijo, Malezija
2 Tehniska univerza v Maleziji, Fakulteta za strojniStvo, Malezija
3 Drzavna univeza Pertahanan, Tehniska fakulteta, Malezija
4 Juzni univerzitetni kolidz, Fakulteta za tehniko in informacijsko tehnologijo, Malezija

Clanek predstavlja novo zasnovo elektronske bobnaste zavore z razpiralom (EWB) v izvedbi s fiksnim sedlom
(FIXEWB). Podaja tudi matematicno izpeljavo modela dinami¢nega vedenja zavore FIXEWB in upravljanje
sistema s sledenjem momenta.

Motivacija za raziskave in razvoj zavore FIXEWB so bile tezave pri obstojecih zasnovah EWB v smislu
resnih omejitev pri snovanju, modeliranju in upravljanju zavor. Zavorni sistem EWB uporablja plavajoce sedlo,
nerazre$en pa ostaja tudi problem zatikanja razpirala na stiku. Stevilne $tudije na tem podro&ju so pripeljale do
dolocenih izboljsav, mnoge med njimi pa so bile namenjene optimizaciji profilnega kota razpirala.

V okviru obseznih raziskav EWB so bile razvite resitve za matematicno modeliranje in za upravljanje sistemov
EWB, rezultati validacije modelov EWB pa kazejo ve¢ kot 10-odstotni razkorak med rezultati simulacije in
rezultati eksperimentov. To neujemanje je posledica poenostavitev, idealizacije ter uporabljenih tehnik modeliranja
zavornega sistema na podlagi metode ocenjevanja fizikalnih parametrov (PPEM). Tehnika PPEM se naslanja na
ve¢ domnev, ki lahko vplivajo na primernost modela. Da bi se izognili slabostim sistema EWB, je bila razvita
zavora FIXEWB z optimiziranim profilnim kotom razpirala. Ta zagotavlja manjSo silo za aktiviranje razpiralnega
mehanizma in preprecuje njegovo zatikanje v okolici stika. FIXEWB v mehanizmu je sestavljen iz dveh setov
razpiralnih blokov, pogonskega krogli¢nega vretena, drsnika in elektromotorja. Vrtenje osi elektromotorja se s
pomocjo kroglicnega vretena pretvarja v linearno gibanje drsnika. Drsnik aktivira razpiralni mehanizem in
tangencialni premik zavorne plos¢ice proti zavornemu disku ter tako ustvarja pritezno silo in zavorni moment
pri vrtenju kolesa. Karakterizacija EWB je zelo pomembna, saj je veljavnost modela kljuénega pomena za model
upravljanja in to¢no sledenje izhodne sile/momenta EWB.

V Studiji je bil uporabljen matematicni model za simulacijo dinami¢nega vedenja FIXEWB po metodi
identifikacije sistema (SIM). Na preizkusevaliscu je bil pridobljen nabor podatkov za ucenje, vkljucno z vhodnim
kotom pogonske osi in vpenjalno silo. Na podlagi teh podatkov je bila razvita prenosna funkcija drugega reda za
modeliranje pritezne sile sistema FIXEWB. Za napovedovanje zavornega momenta, ki ga ustvarja FIXEWB, je bil
uporabljen standardni izracun navora po tehniki PPEM.

Razviti matemati¢ni model je bil validiran z ve¢ testi, pri katerih se je spreminjal vhodni kot pogonske gredi po
koracni, variabilni koracni in sinusni funkciji. Pri validaciji sta bila opazovana pritezna sila in zavorni moment, ki
ga ustvarja zavorni sistem. Napovedani odziv po matemati¢nem modelu je bil primerjan z odzivi, izmerjenimi na
preizkusevalis¢u EWB. Iz rezultatov je mogoce sklepati, da predlagani matemati¢ni model zadovoljivo napoveduje
vedenje sistema FIXEWB z odstopanji, manjsimi od 5 %. Toc¢nost in veljavnost predlaganega modela je bila
dodatno validirana v zaprtozan¢nem krmilnem sistemu za sledenje Zelenega zavornega momenta. Vrednotenje je
pokazalo podobno vedenje pri eksperimentih in v simulacijah, s srednjo absolutno napako v visini priblizno 3 %. S
tem je tudi dokazana primernost predlaganega matemati¢nega modela.

Prispevek predstavljene Studije je v novi zasnovi elektronske zavore z razpiralom in fiksnim sedlom ter v
razvoju modela FIXEWB po tehniki SIM.

Kljucne besede: elektronska bobnasta zavora z razpiralom, elektronska bobnasta zavora z razpiralom in
fiksnim sedlom, modeliranje in validacija, tehnika identifikacije sistema, metoda ocenjevanja fizikalnih
parametrov, optimizacija kota razpirala
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Aerodinamicna stabilnost vozila v mo¢nem spremenljivem vetru

Aleksander Grm* — Milan Batista

Univerza v Ljubljani, Fakulteta za pomorstvo in promet, Slovenija

Pricujoce delo obravnava aerodinamiéno stabilnost vozila v mo¢no spremenljivem vetru. Mo¢no spremenljiv veter
predstavlja veliko nevarnost, ker lahko povzroéi prevrnitev, zdrs ali zasuk vozila med voznjo. Glede na razli¢ne
vetrovne razmere, se pojavi vprasanje, ali lahko ocenimo, pri kateri vrednosti vetra (hitrost in smer) postane voznja
nevarna.

Ocena kriti¢ne hitrosti in smeri vetra za posamezno vozilo temelji na izra¢unu aerodinami¢nih koeficientov
vozila. Aerodinamicni koeficienti vozila predstavljajo prispevke posameznih sil v razli¢nih pravokotnih smereh
na vozilo in navorov okoli koordinatnih osi napetih na sistem vozila. V primeru postavitve koordinatnega sistema,
kjer je x os postavljena v smeri vozila, y os postavljena pravokotno na vzdolznico vozila in z os postavljena
pravokotno na xy ravnino, je koeficient sile upora (Cp - drag) postavljen v smeri x osi, koeficient stranske sile
(Cg - side) postavljen v smeri y osi, koeficient sile dviga (Cy, - lift) postavljen v smeri z osi. Koeficienti navorov
si pa sledijo, okoli osi x (Cy - roll), okoli osi y (Cp - pitch) in okoli osi z (Cy - yaw). S pomocjo koeficientov, ki so
odvisni od smeri vetra, lahko dolo¢imo zunanje sile in navore na vozilo za razli¢ne smeri in hitrosti vetra.

Aerodinamic¢ne koeficiente smo dolocili s pomoc¢jo numericne simulacije kapljevin, kjer smo izdelali 3D
model, za katerega so bile znane eksperimentalne meritve. Naredili smo podrobno analizo vpliva konstrukcije
mreze in SST-omega turbulentnega modela v izracunih aerodinamic¢nih koeficientov. Analiza je potrdila izbor
najboljSega kandidata, ki je bil kasneje uporabljen za vse izracune. Izracuni so bili narejeni za razli¢ne vpadne kote
vetra na vozilo, pri ¢emer smo vozilo vrteli v navideznem vetrovniku. Primerjava rezultatov simulacije in meritev
iz literature so pokazale dobro ujemanje, kar je zagotovilo za uspesno uporabo v aerodinamicni stabilnostni analizi.

Aerodinamicni koeficienti, odvisni od smeri vetra, tako predstavljajo osnovo za izratun mejnih stabilnostnih
vrednosti vetra, pri katerih je voznja Se vedno varna. Dolocili smo mejne vrednosti hitrosti vetra za prevrnitev,
zdrs in zasuk vozila. Najvisje vrednosti se vedno nahajajo pri navidezni smeri vetra, ki je pravokotno na vozilo. V
odvisnosti od mase, koeficienta trenja in dimenzij vozila se enako nato spreminja Se vrednost mejne hitrosti, pri
kateri dolocen aerodinamicen stabilnostni kriterij popusti in vozilo tako postane nestabilno.

V pricujoc¢em delu predstavljajo nekateri koeficienti tezavo pri dolocitvi njihove odvisnosti po kotu navidezne
smeri vetra. Razlog je v njihovih velikih spremembah, katerim botrujejo izjemno nestabilni turbulentni pojavi
v dolocenih smereh. Zelo pomembno bi bilo narediti podrobno analizo teh kriticnih koeficientov v postopku
simulacij.

Prikazali smo enovit tehnicen postopek za doloCitev aerodinamic¢ne stabilnosti vozila z uporabo numeri¢nih
orodij. Dodatni poizkusi v vetrovnih tunelih so izjemno zazeleni, a je njihova izvedba zelo draga in velikokrat je
tudi omejena z naborom merskih podatkov.

Kljucne besede: aerodinamicna stabilnost/nestabilnost, vetrovna racunska mehanika, sile in momenti
prekuca, racunska mehanika kapljevin, interakcija med strukturo in kapljevinami
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Doloditev praga za ekstrapolacijo izjemnih obremenitev
na podlagi tehnologije veckriterijskega odlo¢anja

Jixin Wang — Xinting Zhai* — Cheng Liu — Yingshuang Zhang
Jilin Univerza, Fakulteta za strojnistvo, Kitajska

Pri ekstrapolaciji izjemnih obremenitev ima odlo¢ilno vlogo vrednost praga. Za izbiro vrednosti praga
so na voljo graficne in numeriéne metode, kot testni kriterij pa se uporabljajo meritve, s katerimi se
vrednoti primernost izbranega praga. Posamezne metode so lahko sicer optimalne za dolocene kriterije,
toda za prakticne probleme je znacilno krizanje razlicnih kriterijev in je tezko dolociti vrednost
praga, ki bi izpolnjevala zahteve vseh kriterijev. Za razreSitev tega problema je predlagana metoda
na podlagi tehnologije veckriterijskega odlo¢anja (MCDM), ki uposteva skupen wvpliv vec¢ kriterijev.
Pri tej metodi so kot testni kriteriji uporabljeni povprecno odstopanje funkcije porazdelitve verjetnosti, test
Kolmogorov-Smirnov in test hi-kvadrat. Vrednosti utezi za teste so dolocene po metodi entropije. Predstavljena
je metoda VIKOR. Uporabljen je indeks za veckriterijsko razvr§¢anje na podlagi meritev ujemanja z »idealno«
resitvijo. Najboljsa oz. kompromisna resitev vkljucuje eno ali ve¢ primernih vrednosti ter je dolocena na podlagi
ustreznih kriterijev in utezi. Primeren prag je kon¢no dolo¢en s pomocjo zahtevane vrednosti nad pragom (POT).

Opravljena je analiza zgodovine ¢asov obremenitve in simuliranih podatkov za vrednotenje zmogljivosti
in uspesnosti predlagane metode. Predstavljena je primerjalna analiza predlagane metode s Se dvema pogosto
uporabljenima metodama — MRL in samodejno metodo. Za kvalitativno analizo u¢inka prileganja izbranega praga
je uporabljena grafi¢na metoda. Vsi rezultati, pridobljeni po treh metodah, kazejo dobro prileganje, z izjemo nekaj
manjsih odstopanj, ki so prikazana na slikah. Krivulje nivoja vracanja kazejo, da je izjemna obremenitev, ki je
bila dolocena po metodi MRL, konzervativnej$a kot pri ostalih dveh metodah. Predlagana metoda je primerljiva,
saj znasa razlika samo 36,7. Glede na kriterij prileganja testa je metoda MCDM boljsa od graficne metode. Tudi
primerjava med MCDM in samodejno metodo daje prednost metodi MCDM.

Trenutno ni splosnih pravil glede izbire glavnih kriterijev za kon¢no odlocanje, zato je ta postopek nujno
povezan z osebnimi preferencami ali celo s predsodki. Nadaljnje raziskave bi morale biti osredotocene na Stevilo
in vrsto kriterijev za izgradnjo bolj realisticnega modela POT.

Predlagana metoda lahko da razmeroma tocen model POT s primernim pragom, rezultati pa so blizji
resnicni vrednosti praga zaradi vecjega Stevila intervalov. Metoda, predlagana v tem c¢lanku, je bila primerjana
z grafom MRL in s samodejno metodo. V primerjavi z metodo MRL je superiorna, nekoliko zmogljivejsa pa je
tudi od samodejne metode. Predlagana metoda je primernejsa za dolocanje vrednosti pragov, omogoca pa tudi
racunalni$ko obdelavo. Vsak korak metode je mogoce enostavno spremeniti, npr. z dodajanjem ali odvzemanjem
testnih kriterijev in s spremembo nacina dolocanja utezi.

Kljucne besede: veckriterijsko odlo¢anje (MCDM), prag, ekstrapolacija izjemnih obremenitev, vrednosti
nad pragom (POT), metoda entropije, VIKOR
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DOKTORSKI DISERTACLI

Na Fakulteti za strojniStvo Univerze v Ljubljani sta
obranila svojo doktorsko disertacijo:

e dne /4. februarja 2017 Marko BEK z naslovom:
»Uporaba viskoelasti¢nih materialov za zmanjSanje
vibracij in hrupa zelezniskih tirov« (mentor: prof. dr.
Igor Emri);

Kotalni hrup je glavni vir hrupa in vibracij v
zelezniSkem transportu. Polimerni dusilni elementi,
ki so trenutno v uporabi za zmanjSanje hrupa
zelezniskih tirov, ne izkoris¢ajo celotnega potenciala
viskoelasticnih materialov. V sklopu disertacije so
predstavljeni patentirani granulirani duSilni elementi
(GDE), ki so sestavljeni iz pletene cevi in napolnjeni
z granuliranim polimernim materialom. Njihove
lastnosti je mogoce prilagajati oz. spreminjati s
hidrostaticnim tlakom, kateremu je granulirani
material izpostavljen, kar omogoca poljubno
spreminjanje dusSilnih lastnosti.

Testiranje koncepta patentiranih GDE, narejenih
iz odpadne gume, je pokazalo, da se disipirana
energija tak$nih elementov pri visjih tlakih poveca do
10 krat, togost pa do 20 krat. Za nadaljnjo izboljsanje
dusilnih lastnosti je bila razvita naprava ,Granular
Friction Analyzer’ (GFA), ki omogoc¢a preucevanje
inherentnega trenja granuliranih materialov, le ti pa
so izpostavljeni tlaku in pogojem, pri katerih se bo
material zacel premikati. Poleg tega smo preucili tudi
vpliv tlaka (izrazen s polozajem mehanskega spektra)
in viskoelasticnih materialnih funkcij (izrazenih s
Sirino mehanskega spektra) na karakteristike dusilnih
elementov. Tlak in viskoelasti¢éne materialne funkcije
so bile analizirane s pomocjo prenosnosti.

V sklopu disertacije je bilo pokazano, da razvita
GFA naprava lahko napove in izmeri vpliv velikosti
in porazdelitve velikosti delcev, njihove oblike,
itd., na trenje in pretocnost granuliranih materialov,
kar je bistveno pri proizvodnji GDE, kakor tudi
za ustvarjanje hidrostaticnega tlak znotraj GDE.
Ugotovljeno je bilo tudi, da premik mehanskega

spektra na logaritemski casovni skali v levo zaradi
zmanjSanega tlaka, premakne resonan¢ni vrh do nizjih
frekvenc, hkrati pa se prenosnost znatno poveca. Po
drugi strani pa, ¢e so materiali izpostavljeni vi§jemu
tlaku, ki premakne spekter na logaritemski ¢asovni
skali v desno, se bo resonan¢ni vrh pomaknil k visjim
frekvencam, prenosnost pa se bo zmanjsevala proti T
=1;
e dne I5. februarja 2017 mag. Blaz FLORJANIC
z naslovom: »Model ocene obsega izdelovalnih
Casov v proizvodnji orodij za injekcijsko brizganje
termoplasti¢nih polimerov« (mentor: prof. dr. Karl
Kuzman, somentor: prof. dr. Edvard Govekar);
Obravnavana problematika je ocena obsega
izdelovalnih ¢asov v individualni proizvodnji
orodij za injekcijsko brizganje termoplastov.
Obseg izdelovalnih casov je seStevek vseh strojnih
proizvodnih ur (Casov obdelav), ki so potrebne za
izdelavo orodja. Za postavitev ocenitvenega modela so
kljuéna tri v delu podrobneje predstavljena podrocja:
orodja za injekcijsko brizganje termoplastov,
proizvodnja orodij in ocenitvene metode. Za
oblikovanje ocene so na razpolago razli¢ne metode, pri
¢emer je delo osredoto¢eno na oblikovanju podpore
ekspertnemu intuitivnemu pristopu z uporabo modela
temeljeCega na nevronskih mrezah. Cilj raziskave
je kvantifikacija vhodnih faktorjev (parametrov) za
ustrezen popis kompleksnosti geometrije izdelka
in modeliranje vpliva kompleksnosti geometrije na
obseg izdelovalnih ¢asov. Nevronske mreze sluzijo
za modeliranje povezav med vhodnimi faktorji
in obsegom izdelovalnih casov, kar za eksperta
predstavlja kompleksnej$i induktivni proces. Z
raziskavo oblikovani model zagotavlja ocenitvenem
procesu povecano natanc¢nost, objektivnost in
ponovljivost ob krajsem c¢asu za izvedbo postopka.
Uporaba taksnega modela predstavlja zanesljiv temelj
oceni proizvodnih stroskov.
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