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Effect of Gusty Wind on Road Tunnel Safety

Ales$ Suban® — Stojan Petelin — Peter Vidmar

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

This article deals with the effect of wind with its characteristics on the longitudinal ventilation of a road tunnel as a key segment of fire safety.
Using CFD simulations, the influence of wind gusts, which differ and is more difficult to define than the influence of a constant wind on tunnel
ventilation, is researched in more detail. On the basis of the simulation results, which have been validated with real measures, the findings are
presented regarding the importance of taking into account the characteristics of non-stationary wind to ensure the adequate safety of tunnel

users in the event of a fire, as well as of fire-fighting units during intervention.
Keywords: road tunnel, Kastelec tunnel, longitudinal ventilation, wind gusts, the Bora wind, CFD simulations

Highlights

e The Bora wind characteristics that have an effect on road tunnel ventilation are defined.
*  Composition of CFD model in FDS by taking into account the wind characteristics is presented. For case study the Kastelec

motorway tunnel is used.

*  Results present the importance of taking wind gustiness into account when designing and managing the tunnel ventilation as

a segment of road tunnel safety.

*  For model validation real measurements of gusty wind Bora and air speed in Kastelec tunnel are used.

O INTRODUCTION

Tunnels are strategic structures that, predominantly
in hilly terrain, enable adequate, safer, and faster
transport connections. All newly constructed tunnels
in Slovenia, as in the rest of the European Union
(EU), that are longer than 500 m must be constructed
in accordance with the EU Directive 2004/53/EC,
which determines the minimal safety requirements
for tunnels in the Trans-European Road Network.
The directive specifies the minimal requirements
for tunnels, which they must ensure the control of
emissions that are created due to the vehicles, as well
as control of the extraction of smoke and heat in the
event of a fire. Mechanical ventilation must provide
the adequate extraction of smoke and heat, visibility,
decrease the spreading of the fire, as well as provide
adequate conditions for fire-fighters, so that they
are able to gain access to extinguish any fires and to
rescue people from the tunnel [1] and [2]. Ventilation
of unidirectional motorway tunnels is predominantly
implemented longitudinally in the direction of
the traffic flow, while some longer tunnels utilise
combined ventilation [2] and [3]. Winds that blow on
the tunnel’s portal either help or hinder mechanical
ventilation. When the wind is blowing in the opposite
direction to the direction of the ventilation it can cause
problems with ensuring adequate air velocities to
adequately ventilate the tunnel, as it opposes the thrust
of the ventilators.

The effect of the wind on the safety of the road
tunnel must be taken into account when designing the
ventilation, as well as during its subsequent use. A
number of tunnels in the Slovenian motorway network
face the problem of wind effect; these are the Kastelec
tunnel, the Dekani tunnel, and the Markovec tunnel.
They latter lie in very windy areas where powerful
gusts from the Bora wind blow, in addition to which,
the direction of the portals is in the same direction
as the wind. The Bora wind, due to its high velocity
gusts, effects the ventilation of the tunnels [1].

When designing and finding solutions for the
ventilation of tunnels that are affected by winds,
it is necessary to take into account the wind’s
characteristics. In the ensuing article it shall be proven
that, gustiness as a characteristic of the wind, should
be taken into consideration when designing the
ventilation. This paper uses the Kastelec tunnel as a
case study where the issue of strong gusty wind which
affects the tunnel’s portal is dealt with. The ventilation
in the Kastelec tunnel is longitudinal and is under
effect of gusty Bora wind with speeds up to 25 m/s,
which covers approximately 90 % of windy days in
the year [1]. In rare cases, in approximately 8 % of
days in the year, the Bora wind gusts reach speeds of
up to 30 m/s or more [1]. In these cases, traffic flow
through the tunnel is foreseen to be halted, as it’s
predicted that the effect of the wind on the ventilation
is such that smoke and heat could not be properly
extracted in the event of fire.

*Corr. Author's Address: University of Ljubljana, Faculty of Maritime Studies and Transport, Pot pomorscakov 4, SI-6320 Portoroz, Slovenia, a.suban@gmail.com 421
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0.1 Adequate Ventilation in Road Tunnels as a Safety
Segment

Adequate ventilation that extracts smoke and heat
in the event of a fire is essential for ensuring the
safety of road tunnel users [3] and [4]. We need to
ask ourselves, how can we determine that the tunnel
ventilation is adequate in the event of a fire, when is
effected by wind? In literature [4] and [5] is stated that
the ventilation must extract the smoke and heat in the
event of a fire to ensure the safe conditions for the
users to exit the tunnel as well as to allow effective
fire-fighting operations [6]. The ventilation must fulfil
this requirement even under various meteorological
influences [1] and [6]. Which is why, the tunnels that
are affected by wind must have increased capabilities
as well as adequate ventilation management so that
the effect of the wind is eliminated.

The release of heat and the creation of smoke
depend on a fire’s intensity. If the longitudinal
ventilation velocity in unidirectional road tunnels
in the direction of the traffic flow is too low, lower
than that of the spreading smoke, the smoke will
travel against the direction of the ventilation flow,
also known as back-layering [2] to [5] and [7].
Back-layering endangers both the tunnel users
and fire-fighters. Smoke contains numerous toxic
combustion products, has a high temperature, and
reduces visibility. It hinders, and in some cases makes
successful interventions by fire-fighters impossible
[6].

The critical velocity u,. of the air in the tunnel
is defined as the minimal wind velocity required to
prevent the back-layering of smoke [2], [3] and [7].
The critical velocity depends on the geometry of
the tunnel [2] and [7], and the size of the fire (HRR)
[3]. Generally, the critical velocity in tunnels is
approximately up to 2 m/s for smaller vehicle fires or
initial fires (up to 10 MW), 2 to 3 m/s for fires of lorries
carrying cargo (30 to 50 MW) and does not exceed 4
m/s for fires of tankers carrying fuel (above 100 MW)
[1] and [3]. On the basis of this, we can establish that
longitudinal tunnel ventilation ensures adequate safety
for tunnel users and fire-fighter interventions if the
ventilation speed is greater than the critical velocity
of a certain intensity of fire in order to prevent back-
layering [2] to [7]. As an example, if the possibility of
an approximately 30 MW fire is foreseen, the tunnel
ventilation must ensure an air velocity of above 3 m/s
even under windy conditions.

1 WIND CHARACTERISTICS

The effect of wind that has a constant velocity is not
the same as that of gusty wind. It is easier to predict the
tunnel conditions with wind with a constant velocity
while also being easier to study its effect. The velocity
hardly changes over time, making it possible to
determine the pressure that the wind establishes on the
tunnel’s portal, which is a measure of the pressure that
the mechanical ventilation must provide. On the other
hand, the velocity of gusty wind varies considerably
over time. At the peak of a gust, the velocity can reach
3 to 4 times the average, while a period of almost still
air can immediately follow.

The prevalent winds above the moderate
geographical latitudes and in the altitudes over
Europe are westerly winds. From a general westerly
direction, the flow veers to the north and south, while
large, closed spiralling winds occasionally break
away. These are more common in the lower levels
of the atmosphere and are known as cyclones and
anticyclones. In relation to the weather conditions
elsewhere in Europe, the winds in Slovenia are
relatively weak, and when they are strong, they are
both temporally and spatially restricted [8]. Regional
winds are winds whose area of occurrence is in the
range of approximately 100 km in size and are a
consequence of general winds. In Slovenia, the Alpine
and Dinaric mountain barriers have an effect on them.
Close to the ground there are three distinct wind
regimes: sirocco (a southerly wind), the Bora wind,
and Karavanke foehn [8].

According to characteristics, winds are classified
into steady, gusty and spiralling winds (whirlwinds)
[8].

Steady winds blow at a constant velocity, which
means they do not have gusts. The winds form and
blow in flat areas where there are fewer obstacles and
friction. They have smaller velocity oscillations during
their constant average velocity, which, if present,
are smaller and short-lasting with speeds around the
average. Examples of such types of winds in Slovenia
are the sirocco and thermal winds of the mistral, burin,
etc. [8]. Whirlwinds are a rare phenomenon, occurring
predominantly during severe storms. They are a
weaker form of tornado. The wind direction is a spiral
around the centre due to large differences in pressure,
the velocities reached are therefore very high, while
the surface area is small. In Slovenia, whirlwinds
are very rare phenomenon, mainly occurring on the
surface of the sea and lasting only a very short time

8].
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1.1 Gusty Winds

A gust of wind is defined as a fast, strong, and abrupt
rush of wind for a short time period which is usually
followed by a period of still air [8] and [9]. Gusts are
predominantly short-lived, lasting 20 to 50 seconds. A
good example of gusty wind is the Bora wind which
blows in the areas of SW Slovenia. The characteristics
of the Bora wind are described below to get a sense of
the gusty winds that are the subject of this study. Gusty
winds form mainly due to the difference between
air pressures in more hilly areas. The equalisation of
these pressures leads to gusts forming.

The Bora wind is cold, dry, and very gusty. A
strong Bora wind is a regional phenomenon that is
most prominent on slopes and just beneath them, as
well as where converge and gather speed [8]. The Bora
wind usually blows in a stable atmosphere (cold air
pushes through under the warm air) which means that
the local Bora wind speeds can greatly increase due to
the convergence of winds between landforms, while
there are also sheltered areas [8]. The Bora wind is
dangerous due to its powerful gusts that effect traffic,
structures and vegetation. The development of the
Bora wind to its full intensity is relatively fast. In most
cases, the Bora wind can develop from low intensity
initial individual gusts to full intensity in 20 minutes
on average; exceptional cases are also possible, where
the Bora wind reaches its highest values in its initial
gusts [9]. The average duration of the Bora wind is
one day, but cases have been seen where it lasts for
12 days.

One must be careful when using the average
velocity of gusty wind like the Bora. An important
characteristic of the Bora wind is its gustiness;
measurements with a precise anemometer show
almost still air between individual gusts [9]. Due to
these periods of still air, the average velocity is low,
however its gusts can reach three to four times its
average speed [9], which is also confirmed by the
measurements [10] and [11]. This is why one must
take into account the high velocity of a gust when
calculating the effects of gusty wind.

From experience and measurements done in the
north Adriatic, strong gusts of the Bora wind repeat
in periods from 3 to 4 minutes (sometimes up to
11 minutes) [9]; measurements taken in the Karst
region of Slovenia [10] prove the same. On the basis
of analyses of Bora measurements [9] to [11] and its
varying gust intensities (velocities), a simple and
important Bora wind pattern could be created for
research presented in this article (Fig. 1). The form
of the gust is clearly visible from the pattern (the

full line). A gust can emerge relatively quickly and
then subside, it can also occur gradually and subside
quickly, or occur gradually and subside gradually.
Until the next gust, a period of almost still air occurs,
or a period with very low wind velocities. Regardless
of the form of the gust, we can conclude that is occurs
quickly and subsides quickly.

30 e Y
\ \

N}
S

Wind speed [m/s]

5}

0 200 400 600
Time [s]

— different shapes and duration of the wind gusts with usual time gap of 3 min to 4 min
--- other possible time gaps between wind gusts

Fig. 1. Gust patterns of the Bora wind

The form itself is not an essential characteristic
of the effect of a gust of wind. The characteristics that
significantly affect the environment, traffic and, in our
case, road tunnel ventilation are:

*  Gust intensity — the highest velocity reached by
the wind during a gust. The Bora wind can reach
speeds of up to 50 m/s in exposed areas [9] and
[11].

*  The duration of a gust — the length of time the
gust lasts. Bora wind gust last between 20 s and
60 s [9] and [10]. The various gust durations are
shown in Fig. 1 (the full line). The most frequent
duration of gusts is around 30 s to 40 s, while
shorter gusts are more frequent than longer ones
[9].

*  Period between individual gusts — the interval
between gusts. Typical periods of stronger Bora
gusts range from 3 min and 11 min [9] and [10].

2 COMPOSITION OF THE CFD MODEL

Using computer generated models, the tunnel with its
characteristics and ventilation can be modelled. The
boundary and initial conditions are used to model the
effect of wind on the tunnel’s ventilation. The use of
simulation tools allows us to study the problem of the
effect of winds on tunnel ventilation in more detail,
taking into account that the person has to construct the
model correctly. Researches described in this article
define the significance of the problem, the approach
to solving it, as well as the characteristic and specifics
that are necessary to be considered.

Simulation models that can be used to study and
analyse the field of road tunnel ventilation can be

Effect of Gusty Wind on Road Tunnel Safety 423



Strojniski vestnik - Journal of Mechanical Engineering 61(2015)6, 421-431

roughly divided into zone models, one-dimensional
(1D) models and three-dimensional (3D) models,
to which apply the principle of computational fluid
dynamics (CFD). CFD models are most suitable for
carrying out studies regarding the effects of winds
and other meteorological phenomenon on tunnel
ventilation. Models that are based on CFD are being
used more and more often. The numerical solving
of the system of partial differential equations, which
describe the physical behaviour of the flow give a
better understanding of the underlying laws of fluid
flow. Models can be based on various methods: the
relatively simple RANS (Reynolds-averaged Navier—
Stokes) and TRANS (transient RANS) models
appropriate for very large systems like tunnels [12];
the large eddy simulation (LES) method that utilises
turbulent models with which to deal with larger
systems with good accuracy, so the method is very
appropriate for the tunnels [13]; the most accurate
model that is direct numerical simulation (DNS)
which is an exceptionally demanding method to solve
and it is only used for very small systems and not so
much for the tunnels.

The fire dynamics simulator (FDS) program
which was used for research in this article is based
on the LES method. The software was conceived
at the American National Institute for Standards
and Technology (NIST). It comes with the FDS -
Smokeview (FDS-SMV) companion visualisation
program that enables the graphic display of
geometries and calculated parameters from the FDS
program. FDS is a suitable program to explore the
presented problem of the effect of winds and to carry
out simulations. It enables CFD simulations, the input
model with boundary pressure conditions with which
the gust of wind can be modelled, and includes a
combustion model to describe the fire.

The Governing equations for FDS model are for
conservation of mass (Eq. (1)), momentum (Eq. (2))
and energy (Eq. (3)) for a Newtonian fluid and are
presented in [14] in detail:

op

= +V-pu=ri,, 1
o P b (1)

0
5(pu)+V~puu+Vp:pg+fb+V~rij, )

a Dp N L o
—(ph )+V-phu=—"-+q¢ —-q, -V-q +&, (3
= (Ph)+V-phu=—"+q" =G~V q (3)
where 7z, is the production rate of species by
evaporating droplets or particles, ¢ is time, p is density
and u is the velocity vector (Eq. (1)). The term uu in

momentum equation (Eq. (2)) is a dyadic tensor, g is
gravity vector, f;, represents external forces (i.e. drag
exerted by liquid droplets) and z is the viscosity stress
tensor. In energy conservation equation (Eq. (3)), 4, is
sensible enthalpy, ¢~ is heat release rate per unit
volume from a chemical reaction, ¢, is the energy
transferred to the evaporating droplets, {, represents
the conductive and radiative heat fluxes and ¢ is the
dissipation rate.

Turbulence is treated by means of the
Smagorinsky form of Large Eddy Simulation (LES)
as a default mode of operation [14]. FDS uses
rectangular grid elements and the core algorithm is
an explicit predictor-corrector scheme that is second
order accurate in space and time [14]. Hydrodynamic
model solves numerically an approximate form of
the Navier-Stokes equations, appropriate for low
speed and thermally-driven flow. The approximation
involves the filtering out of acoustic waves [14].

The literature [14] also contains a detailed
description of the numerical solution of the momentum
and pressure equations and for that, it is sufficient to
consider the momentum equation written as [14]:

a—u+F+VH=O. 4)
ot

The pressure equation is obtained by taking the
divergence of the momentum equation [14]:

0

VH=—
ot

(V-u)-V-F. (5)

For the outflow, pressure is defined by

2 ~
qu/2+%, where g=|u| and p is setto p,,
[14]. External pressure p,, on an open vent can be set

by the user (DYNAMIC PRESSURE; by default it is
set to 0). For the inflow, when fluid enters the domain
at an open boundary condition, it is assumed that the
Bernoulli equation is valid and that the fluid on the
boundary accelerates from the state along a streamline
[14].

The FDS software is often used to solve problems
in tunnels like smoke spread and air velocity in case
of fire [15] and [16], reconstruction of tunnel fires to
evaluate the conditions likely to be found in this type
of fires [17], clarification of some fire phenomena,
for example pulsation of a tunnel fire [18], and for
numerical simulation of real scale fire tests [19]. FDS
is validated by the developers of the software [20].
Various other researchers have also validated the
software for different convection flows [21], for fires
in buildings [22] as well as for tunnel fires [23].

424 Suban, A. - Petelin, S. - Vidmar, P.



Strojniski vestnik - Journal of Mechanical Engineering 61(2015)6, 421-431

When a simulation CFD model starts being
constructed, it is important that the model is
constructed gradually. Beginning with simple inputs,
it then slowly evolves into a more complex model that
describes the real situation. The optimum between
accuracy, calculation time, and costs must be found.
By taking into account the wind characteristics, it
is possible to contribute to the planning of tunnel
ventilation and increasing the safety level. By using
CFD simulation tools, we are able to perform analyses
in which the analyser must take certain rules into
account in order to ensure the most realistic results.

As already mentioned in the introduction, the
research of wind issue is most easily presented using
an actual case study of a tunnel, where we present
the importance of taking the wind characteristics
into account. In the case study it is shown what
was considered when carrying out the simulations.
Characteristics of the Kastelec tunnel will be used: the
geometry, ventilation, and wind characteristics of the
Bora wind that blows at the location of the tunnel. The
tunnel is suitable as a case study, as the geometry of
the tunnel is like the majority of newly built motorway
tunnels in Slovenia, while similarities can be found to
many other motorway tunnels in the EU. The same
applies to the supervision, managing, and machinery
of the tunnel.

2.1 Tunnel Geometry and Fire Modelling

In the simulation model, the geometry must be
properly designed (a good approximation of the real
situation), adequate initial and boundary conditions
must be set. The FDS enables the modelling of a
fire, where it is possible to describe using a suitable
combustion model or as a source of heat and mass.
The second approach is usually more simple and
suitable for the field dealt with. As we focus on the
effect of winds on ventilation, the actual development
of the fire is not significant, as the formation of smoke
and heat release is greatest with a fully developed
fire. If the ventilation adequately extracts the smoke
and heat of a fully developed fire, it will also do so
with a less intense fire. This is why we model the
intensity of a fully developed fire in the tunnel. The
intensity of the fire is predominantly determined using
the heat release rate (HRR), measured in kW or MW.
In the model, we determine the location of the fire
and set it as the heat and substance source of certain
intensity HRR of a fully developed fire. This is done
by determining the HRR per unit area.

The Kastelec tunnel is constructed as a two-lane
twin-tube tunnel with pavements, passageways, and

emergency lay-bays. Including the portals, the left
tube - direction Koper — Ljubljana (KP-LJ) - which
is used in this research is 2320 m long. The width of
an individual tunnel tube is 9.60 m and the height is
6.5 m. Both tubes are connected with passageways
every 400 m. By taking into account the horizontal
course of the track, the maximum cross slope of the
road is determined at 2.5 %. The geometry described
is created in the simulation model. In simulation,
a section of tunnel 400 m long (x-axis), 9 m wide
(y-axis) and 6.5 m high (z-axis) is used (Fig. 2). There
were 64800 cells used in numerical study. Mesh
distribution in x-axis is 400 cells, in y-axis 18 cells and
z-axis 9 cells (Fig. 2). By using a section of the tunnel,
we can lower the number of cells, which drastically
cuts the calculation time. Regarding the size of the
section, it must not be too small, and it must enable
the fluid flow to develop properly. If not, the results
will not be accurate enough. Vehicles that may be
present in the tunnel are not considered, as their type
and number cannot be foreseen.

Fig. 2. Mesh distribution and computational domain geometry

Grid independence study was done for numerical
study with finer cells throughout the domain (108000
cells) and the results for the ventilation speed in tunnel
tube were almost the same through both simulations,
only at few points the maximum differences were
less than 1.2 %. This is a satisfactory outcome for the
reduction of computational time and does not affect
the findings of the final results.

In the tunnel, forced longitudinal ventilation with
axial fans is foreseen for the right and left tunnel tube.
Since the direction of the prevailing wind — the Bora
wind — coincides with the longitudinal position of
the tunnel tubes, its effect is favourable on the tunnel
tube leading from LJ to KP and unfavourable in the
direction from KP to LJ. To maintain longitudinal
ventilation in the direction of traffic in the KP-LJ
tunnel pipe considering the wind velocity of 25 m/s in
the opposite direction, 14 fans are required for normal
operation, which are positioned in pairs every 100 m
between fans and 150 m from portals (Fig. 3). Every
jet fan provides 1100 N of thrust in the main direction.

Effect of Gusty Wind on Road Tunnel Safety 425
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In exceptional cases, wind velocities of more than 30
m/s (108 km/h) can occur, which equate to 8 % of
windy days in a year, where the closure of the tunnel is
foreseen. It should be mentioned that in the ventilation
project, the wind pressure on the portal at 25 m/s is
foreseen to be constant; however the Bora wind blows
in gusts. All ventilators are foreseen to operate at full
power during periods of maximum wind velocities to
overcome its effects.

Fan

No. 3,4 1,2
— jLJ—KP —/
— -
Ny KP-LJ: N Iy |
N o Jd

Fan 1,2 3,4 56 7,8
No.

9,10 11,12 13,14

Fig. 3. Layout of fans in the Kastelec tunnel

2.2 Boundary Conditions and Accounting for the Wind

Boundary conditions are defined as pressures,
temperatures, densities, velocities, and surface
characteristics. The beginning and end of the tunnel
geometry is defined as an open boundary condition,
which does not represent an obstacle in the flow,
and the remaining surfaces as walls. For air (gas)
movement in the tube pressure boundary conditions
are used: on the one side, pressure created by the fans,
on the other side, pressure caused by a gust of wind.
Pressure loss that occurs along the length of the tunnel
is taken into account. Boundary condition 1 is the
pressure exerted on the starting point of the section
marked as p; and is the pressure caused by all the
fans in the tunnel, less the losses in the tunnel tube.
Boundary condition 2 is the pressure on the final point
of the geometry, marked with p, and is the pressure
caused by the wind (Bora) blowing in the opposite
direction to the ventilation, less the losses in the tunnel
tube (Fig. 4).

KP-LJ p1 < pz

Fig. 4. The tunnel section with pressure boundary conditions

Equation for calculating the pressure for boundary
condition 1:

P1 = Pa +n_f"pf7plosss (6)

where 7, is the number of fans, p, is the pressure of an
individual fan, whereby it is considered that all fans

provide the same pressure, the equation is presented in
[31; p1ss are pressure losses in the tube calculated using
the Darcy equation. The surface roughness (friction
coefficient) is accounted for in the losses, which
also takes into consideration the various construction
obstacles present in the tunnel. Stationary vehicles are
not taken into consideration as their type and number
are difficult to predict. Although, stationary vehicles
would represent an obstacle in the flow of both the
mechanical ventilation and the wind, which would
mean that it would affect both boundary conditions.
Atmospheric pressure p, needs to be considered in the
event it differs at both ends of the tunnel tube. This
primarily occurs in longer tunnels. If the atmospheric
pressure is equal at both ends of the tunnel, it can be
left out of the calculation of both boundary conditions.

Equation for calculating the pressure for boundary
condition 2:

P2 = Pa +pw_pwlossn (7)

where p,, is dynamic pressure caused by wind, p,,,ss
is the loss of pressure in the tube during various wind
velocities at the portal. Since gusty wind is being
considered, the speed on the portal is not constant but
varies over time, which must be accounted also for
losses. The same is valid for atmospheric pressure p,
as is for boundary condition p;.

The dynamic wind pressure p,, on the portal is
calculated using the Eq. (8):

2
u
pﬁé%, (8)

where { is the coefficient of local loss regarding the
shape of the entrance of the tunnel tube (portal), the
values range between 0.5 and 1.0 ([3] and [24]) during
winds that work directly in the direction of the tunnel,
perpendicularly to the portal. In cases where the
wind is not directly perpendicular to the portal, the
coefficient can be greater than 1. p is the air density, u,,
is the wind velocity at the tunnel portal. Very similar
equations for boundary conditions are presented in
literature [25], only this ones are moderated for the
system dealt with.

The maximum gust velocity of the Bora wind
used in the simulation was 30 m/s. In view of the gust
characteristic (Fig. 1), an input model was constructed
for boundary condition 2 (p,). The velocities were
recalculated into pressures which were then entered
into the simulation input model (Fig. 5). Calculated
and used pressures for boundary condition 1 in
simulation was 46 Pa, and for boundary condition 2 at
maximum gust speed 30 m/s was 59 Pa. It is important
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to know that the duration of gust’s maximum speed
is just a few seconds. For the example we take a
gust of 40 s which was used in one of the simulation
scenarios: the maximum speed emerges quickly in 1
s, lasts for 10 s, then in next 18 s drops to 83 % of
maximum speed, in another 10 s drops to 66 % and
after that drops quickly in 2 s to the low wind velocity
of 27 % of maximum speed until the next gust appears.
For longer gusts, percentages were the same, just to
each segment of the time additional few seconds were
added.

—i—pl- ventilation side ~ —e—p2 - wind side

| A

Pressure (Pa)

Time (s)

Fig. 5. Example of input model for boundary conditions py and p,
in scenario with two wind gusts of high speed

3 TUNNEL VENTILATION AND EFFECT OF GUSTY WIND
3.1 Simulation Scenarios

Using numerous simulations of the effect of wind

of tunnel ventilation, the field was carefully studied.

Many combinations were simulated, using various

wind velocities, different amounts of gusts, various

forms of gusts, gust durations, periods between
gusts, and various fire intensities. Models using
constant winds were constructed for comparison. It
immediately became clear that the gust’s form does
not have a significant function, which is why all gusts
were modelled in accordance with the p, boundary

condition in Fig. 5. On the basis of all the scenarios, a

few key ones were chosen and presented. All scenarios

also simulate a fire of 10 MW, except Scenario 6 in
which the fire size is 15 MW.
The key wind scenarios were the following:

e Scenario 1: 2 gusts of wind at 30 m/s, duration of
gust 40 seconds, period between gusts 3 minutes
(usual Bora wind pattern).

*  Scenario 2: 3 gusts of wind at 30 m/s, duration of
gust 40 seconds, period between gusts 1 minute
(very rare Bora wind pattern).

e Scenario 3: 2 gusts of wind at 30 m/s, duration of
gust 50 seconds, period between gusts 1 minute
(rare Bora wind pattern).

e Scenario 4: 2 gusts of wind, 1st at 30 m/s, 2nd
at 27 m/s, duration of gust 50 seconds, period
between gusts 1 minute (usual Bora wind pattern).

* Scenario 5: effect of constant wind at 21 m/s
(comparison).

*  Scenario 6: 2 gusts of wind at 30 m/s, duration of
gust 50 seconds, period between gusts 1 minute,
fire HRR is 15 MW (comparison between fire
sizes).

3.2 Results

To determine the effect of wind on the tunnel’s
ventilation, six scenarios were constructed which were
then analysed using FDS simulation tools. The most
important characteristics of gusty wind were divided
in the scenarios, such as the period between gusts,
length of the gust and its intensity. To compare effects,
scenario with a constant wind was also constructed.
The results showed that the effect of gusty wind
differs from the effect of constant wind.

Results has shown that even in the event when
the pressure of the gust on the portal is somewhat
greater than the mechanical ventilation pressure, the
extraction of smoke and heat from the tunnel may
be suitable because of shortness of the gust. This is a
consequence of the air flow inertia due to mechanical
ventilation. In Fig. 6, the speed of velocities in the
tunnel tube in various scenarios is shown, as well as
for critical velocities u, for particular fire intensities.

In the most common Bora wind pattern (Scenario
1), the speed of the tunnel ventilation remains above 4
m/s, which ensures the adequate extraction of smoke
and heat for modelled fire. In the rare occurrences
of more than one strong consecutive gusts (Scenario
2) between which the period is short (1 minute), the
interaction of gusts can be seen as well as a greater
drop in ventilation velocity. Despite this, the extraction
of smoke and heat is appropriate for lower to medium
intensity fires.

The gusts are predominantly short-lived (to 40
s), in rare cases they can last longer and vary between
50 s and 60 s. Scenario 3 describes the occurrence of
longer gusts of Bora wind, lasting 50 s with a period
of 1 minute. In this case, speed in tunnel tube drops
at lowest point of all the scenarios, but still remains
above 3 m/s, which ensures the adequate extraction of
smoke and heat at 10 MW fire. Real cases of two or
three consecutive gusts of exactly the same intensity
are very rare with the Bora wind. That is why a
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Fig. 6. The results of various wind scenarios for a 10 MW fire

comparison of a more realistic situation was carried
out (Scenario 4), where the consecutive gusts differed
slightly regarding velocity. In Scenario 4, a model was
constructed of the effect of two longer gusts (50 s)
with a period of 1 minute, and with varying speeds.
The second gust was 3 m/s slower that the first. From

the result in Fig. 6, there is a visible difference of the

effect on the speed in the tunnel in comparison with
Scenario 3 in which speed of both wind gusts is equal.

In Scenario 5, constant wind speeds that affect
the portal is taken into consideration. The velocity
in the tunnel does not fluctuate when affected by
constant wind on the portal. Therefore, it is visible
in Fig. 5 that even at a much lower velocity of 21
m/s, the critical velocity of the 10 MW fire is almost
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reached. At higher speed than 21 m/s, the tunnel can
be established to not provide adequate smoke and heat
extraction, as the velocity in the tunnel drops below
the critical velocity of a 10 MW fire, that is under 2
m/s.

In Scenario 6, the wind characteristics are the
same like in Scenario 3, but fire has a larger HRR
of 15 MW. Results are seen in Fig. 7. The speed in
Scenario 6 drops slightly under critical velocity of
15 MW fire for a short period of time, which causes
a very short back-layering. The entire occurrence
in tunnel lasts 70 s and is quickly eliminated by the
mechanical ventilation (Fig. 8). The smoke remains
stratified during this period, while the velocity in the
lower part of the tunnel where the users, and later fire-
fighters, are located adequately extracts the smoke
and heat (Fig. 8). With comparison between Scenario
3 and Scenario 6 we can see that is important to
determine to what size of the fire the ventilation fulfil
the safety requirement for a tunnel under various wind
influences.

Time 364 s

Time 408 s

Time 436 s

Fig. 8. Short-term back-layering in Scenario 6

4 VALIDATION OF THE RESULTS WITH MEASUREMENTS

Verification of the constructed theoretical scenarios
was created using real measurements. The Motorway
Company of the Republic of Slovenia (DARS) ,
which is the manager of the Slovenian motorway
network, carries out meteorological measurements
in the area of the Kastelec tunnel, more specifically
on the Smelave viaduct [11]. In the Kastelec tunnel
itself, air velocity meters are fitted in the tunnel pipe
[26]. The wind speed sensor (Boschung Mecatronic
WG/WR) accuracy is £3 % in measuring range from
0.5 m/s to 50 m/s, the tunnel tube air speed sensor
(SICK Flowsic 200) typical accuracy is +0.1 m/s in
measuring range —20 m/s to +20 m/s. A theoretical
CFD validation model was constructed on the basis
of real measurements [11] and [26]. The CFD model
characteristics were the same as in the tunnel at

the time of measuring: wind in gusts of 30 m/s, the
tunnel closed for all traffic (empty tunnel tube), the
mechanical ventilation is completely shut down.

From the measurements [11] it is not clear how
long an individual gust lasts, which is why three
simulations were constructed with gust durations of
40 s (Sim 1), 50 s (Sim 2) and 60 s (Sim 3), which
are the most common lengths of Bora wind gusts
[9] and [10]. The results are presented in Table 1.
The difference between the theoretical CFD models
and real measurements from the tunnel is around
5 %, while almost being the same in certain cases
(simulation 2). It is very difficult to postulate all
parameters (gust characteristics, coefficients, losses,
etc.) of a theoretical model that affect the air velocity
in the tunnel. As the difference in results of the
simulations and real measurements is about 5 %, the
theoretical CFD models can be considered a very
close approximation to a realistic situation. The other
CFD models used in the research scenarios are based
on the same assumptions, which is why we can claim
that the deviations from a real situation are around 5
% too.

Table 1. Comparison of results from FDS simulations and real
measurements [23] and [26] - model validation

The speed of air movement in the tunnel tube under the influence of
30 m/s gusty wind on the portal

FDS Kastelec tunnel  Difference

result measurements  in speed  Difference

[m/s] [m/s] [m/s] [%]
Sim1:40s  -5.20 -5.47 0.27 4.9
Sim2:50s -5.48 -5.47 0.01 0.2
Sim3:60s -5.76 -5.47 0.29 5.3

5 CONCLUSION

Road tunnels are strategic structures for the transport
of people and goods. Fire is very hazardous for tunnel
users, and likewise for fire-fighters who attempt to
extinguish the fire. A key element of safety for users
and for a safe intervention is the adequate ventilation
of tunnels, which must ensure the extraction of smoke
and heat. When designing the ventilation system it is
necessary to consider various factors, one of the more
important factors being meteorological effects. A key
meteorological factor that affects ventilation is wind.
Wind, which blows on the portal of unidirectional road
tunnels with longitudinal ventilation in the opposite
direction of the traffic counteract the ventilation.
Mechanical ventilation must provide a suitable air
velocity in the tunnel to overcome friction and wind
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pressure exerted on the portal. It is important that the
mechanical ventilation provides air velocity in the
tunnel that is greater than the fire’s critical velocity,
which ranges from 1.5 m/s for fires up to 10 MW,
and up to 4 m/s for fires over 100 MW. This article
establishes the importance of taking into account the
gustiness of winds when determining the adequate
safety of road tunnels. As a case study, research of the
Kastelec tunnel was carried out, in an area where the
gusty wind of the Bora blows. Research has shown
that the effect of gusty wind, such as the example of
the Bora wind, on the speed in a tunnel differs from
that of a constant wind. It is necessary to consider a
gust’s intensity, duration, and period of repetition.
The velocity at the tunnel portal during the gust
fluctuated depending on its curve. This effect also
transfers to the movement of air in the tunnel. As the
occurrence of the maximum speed of the gust is only
short-term, followed by a period of low velocity wind,
the mechanical ventilation air flow inertia prevents
a greater drop in speed in the tunnel. By comparing
the effect of constant wind, a significant difference
between the wind velocities at which the tunnel air
flow velocity is still adequate is determined. In all
wind scenarios where the gusts were at 30 m/s, the
ventilation velocity in the tunnel was adequate for the
determined 10 MW fire and provided the extraction
of smoke from the tunnel. Theoretical CFD models
of the effect of wind have been validated with real
wind measurements in the area of the Kastelec tunnel
[23] and measurements from the tunnel tube [26].
Verification indicated up to a 5 % deviation in the
results. On the basis of this, designed CFD models can
be categorised as a good approximation of reality.
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Sensitivity-based Multidisciplinary Optimal Design
of a Hydrostatic Rotary Table with Particle Swarm Optimization
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In five-axis machine tools, a rotary table is often used as a means for providing rotational motion and supporting the workpiece. Its rigidity,
precision and carrying capacity is directly related to the machining ability and the accuracy of the NC machine tool. Traditional rotary table
design is normally performed by teams, each with expertise in a specific discipline, which causes excessive iterations and cannot provide
users with products of reliable working performance and bearing capacity. To achieve an optimal design with less cost and better performance,
this paper considers the mutual interaction of hydrostatics and structure disciplines involved in the design of hydrostatic rotary tables, and
a sensitivity-based multidisciplinary optimal design procedure of a hydrostatic rotary table is proposed. Sensitivity analysis is adopted to
identify the key design parameters that have a major influence on the performance of rotary tables to improve the convergence of optimization
process. The constrained multi-objective optimization problem is solved by using a particle swarm optimization approach. A hydrostatic rotary
table of a five-axis heavy duty machine tool is selected as an illustration example. The results show that the proposed method can realize the
multidisciplinary optimization resulting in a rotary table of good rigidity and bearing capacity.

Keywords: hydrostatic rotary table, sensitivity analysis, NC machine tool, particle swarm optimization, multidisciplinary optimal design

Highlights

*  The mutual interaction of hydrostatics and structure disciplines is considered in the design of a hydrostatic rotary table.
*  Asensitivity-based multidisciplinary optimization design method of a hydrostatic rotary table is proposed.

»  Sensitivity analysis is adopted to identify the key design parameters.

*  The constrained multi-objective optimization problem is solved by using a particle swarm optimization approach.

e A hydrostatic rotary table of a five-axis heavy duty machine tool is selected as an illustration example.

O INTRODUCTION

Numerical control (NC) machine tools are one of the
most important components in modern manufacturing
facilities, and high-performance machines are
required. The accuracy of the machine tool motion has
a significant influence on the quality of the machining
operations and the machined parts. The industrial
demand for manufacturing geometrically complex
parts often calls for multi-axis machine tools to have a
tool orientation capability [1]. Five-axis machine tools
are becoming increasingly popular and can be found
in a large number of manufacturing applications [2].
However, such tools are usually more complicated and
less rigid in structure in comparison with traditional
three-axis machine tools, which leads to lower
machining accuracy [1]. In five-axis machine tools,
a rotary table (or rotary-tilting table) is often used as
a means for providing rotational motion and is now
widely used in the machine shop. As a consequence,
a resultant volumetric error, i.e. the relative error
between the cutting tool and the machined part, is

more complicated than three-axis machine tools.
Hence, the reduction of the error to improve the
accuracy of the machine tool is crucial.

In a five-axis machine tool, each element
contributes some degree of inaccuracy due to their
manufacturing and assembling limitations, whereas
machine structure stiffness, machine foundation,
machine control, operating systems, and environmental
conditions further add some inaccuracy. The errors/
inaccuracies can be reduced with the structural
improvement of the machine tool through better
design, manufacturing and assembly practices [3]. In
heavy duty 5-axis machine tools, a hydrostatic rotary
table handles supporting and rotating the workpiece,
and the location of a rotary axis constitutes a
significant error source [4]. Therefore, the accuracy of
the rotary table is crucial for part manufacturing with
multi-axis machine tools [1]. Its rigidity, precision and
carrying capacity is directly related to the machining
ability and the accuracy of the NC machine tool.

Due to the lack of effective means of analysis
and experiment, the designed rotary table cannot
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provide users with reliable working performance
and bearing capacity, which directly affects the
machining accuracy, and the bearing grounding will
cause serious economic loss to users. Therefore, how
a hydrostatic rotary table is designed for a heavy
duty five-axis machine tool is very important for
machine manufacturers, which requires determining
the relations between the design variables that refer
to different disciplines and their effects on various
performance objectives. Traditional engineering
design is normally performed by teams, each with
expertise in a specific discipline, such as hydrostatics
or structures. Each team uses the experience and
judgment of its members to develop a workable
design, usually sequentially. This causes contradictory
results from different design teams; therefore, multiple
revisions throughout the design process may result [5].
These excessive iterations will clearly increase the
cost and time of the design process.

Starting in the 20th century, engineers decided
to use multidisciplinary design optimization (MDO)
approaches to solve similar problems [5]. MDO is
widely studied and applied in both academia and
industry, and can reduce the time required to execute
the design process. By using MDO methods, designers
may quickly and efficiently conduct alternative design
points over a wide range of parameters. MDO has
become essential for solving complex engineering
design problems. MDO processes allow an evaluation
of the constraints for multiple disciplines from the
early stages of the design; the expense of making
approximations or corrections is thus reduced.

Although the multidisciplinary optimization
has been successfully applied in the aircraft industry
and resulted in more reliable and better products,
it is rarely used in the design of machine tools. To
make a high-performance machine, not only can
the kinematic functions of mechanisms used in the
machine be optimized but also the structure and
even the controllability of the mechanisms must be
optimized. Therefore, the MDO technique can be
used to improve the overall performance of machines.
Based on these reasons, the aim of this paper is to
present a multidisciplinary optimization method for a
hydrostatic rotary table based on sensitivity analysis.
The main contribution of this paper is two-fold.
Firstly, the proposed multidisciplinary optimization
method takes into comprehensive consideration the
hydrostatics and structure disciplinary characteristics,
which can reduce the iterative modification caused by
sequential design by experts in different disciplines.
Secondly, because a hydrostatic rotary table is a
complex product and has many design parameters,

sensitivity analysis is introduced to identify the key
design parameters that have significant influence
on the performance; therefore, the optimization is
realized with quick convergence.

The remainder of this paper is organized as
follows. In next section, the background reviews of
sensitivity-based MDO are given. The third section
presents multidisciplinary characteristics of modelling
in both the hydrostatics and structure disciplines.
Subsequently, MDO based on sensitivity analysis is
implemented in Section 4. Section 5 demonstrates the
proposed method with a designed hydrostatic rotary
table. The final section contains the conclusions.

1 BACKGROUNDS
1.1 Multidisciplinary Design Optimization

MDO is essential to the design and operation of a
complex system, because it simultaneously takes into
consideration all relevant disciplines to find the global
optimum that is superior to a solution from a sequence
of local optimizations in individual disciplines. MDO
can be traced back to Schmit [6] and Haftka [7], who
extended their experience in structural optimization to
include other disciplines. The intention was to address
these challenges and, in particular, the coupling
within design hierarchies and between disciplines
[8]. The research area of MDO has been intensively
investigated over the previous decades [8], and the
focus of MDO has shifted dramatically, as faculties
and researchers are finding new ways to use MDO
methods and tools on a wide array of problems [9]
and [10]. There have been many advances to capture,
represent, and propagate couplings in analysis,
design, and organizations, yet the design of complex
engineered systems continues to be challenging.
MDO can enhance system design by exploiting
synergies among different disciplines. However,
there are two major challenges in applying MDO:
organizational and computational complexities. The
organizational complexities mean that a simultaneous
consideration of multiple disciplines may increase
the difficulty of data origination and coordination
between different disciplines or different computer-
aided engineering (CAE) software. The increased
complexity of the optimization system inevitably
causes increased amounts of computing, and the
convergence problem increases the computational
complexities [11]. To address these two challenges,
one of the research focuses in MDO has been on
optimization procedure [9] and [10]. Optimization
procedures can be categorized into two types:
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single-level and multi-level approaches. Single level
approaches employ a system optimizer for the whole
problem, which is straightforward to understand and
easy to implement. Multi-level approaches utilize
decomposition strategies to allow disciplinary
autonomy in design and optimization while managing
interdisciplinary consistency via system coordination
[12].

One of the first applications of MDO was
aircraft wing design, where aerodynamics, structures,
and controls are three strongly coupled disciplines
[13]. Since then, the application of MDO has been
extended to complete aircraft [14] and a wide range
of other engineering systems, such as bridges [15],
buildings [16], automobiles [17] and [18], ships
[19], and spacecraft [20]. Yifei et al. [21] proposed
the framework of multidisciplinary energy-saving
optimization design for bridge cranes, and realized
metal structures level, transmission design level, and
electrical system design as well as the optimization
design of bridge cranes.

There have been many summaries of MDO
since the 1990s. In a collection of articles Kroom
[22] provided a comprehensive overview of MDO,
including a description of both monolithic and
distributed architectures. Sobieszczanski-Sobieski
and Haftka [23] presented a detailed summary
of the MDO literature. Because one of the most
important considerations when implementing MDO
is how to organize the discipline analysis models,
approximation models, and optimization software in
concert with the problem formulation, a combination
of problem formulation and organizational strategy
is referred to as an MDO architecture. Martins and
Lambe [24] provided a survey of all the architectures
that had been presented at length in the literature.

In engineering design, to achieve high reliability
and safety in complex and coupled multidisciplinary
systems, reliability-based multidisciplinary design
optimization (RBMDO) has received increasing
attention. Since the 1990s, the consideration of the
effect of uncertainty has been one of the focus areas in
engineering design [25] and [26]. RBMDO can improve
the system design by exploiting the synergistic effects
between coupled disciplines by interdisciplinary
collaboration, and can also enhance the reliability by
taking uncertainties into consideration in the design
phase [27]. There are successful applications of
RBMDO clearly demonstrating its efficacy [28]. Yao
et al. [27] summarized two categories of RBMDO
procedures: the single level procedure, and the
decomposition and coordination-based procedure,

which were mostly developed under random
uncertainties with probability theory [8].

1.2 Hydrodynamics Design and Analysis

The design of hydrostatic rotary tables has been studied
by researchers in recent years, mostly concentrating
on the hydrostatic part. Traditional optimization
research work is mostly based on single objective,
such as pump power, friction factor, bearing-capacity
[29] to [31], and many researchers have used this
method to design the hydrostatic bearings [32] to [35].
Lin studied the influence of factors including surface
roughness and inertia, and optimized the bearing [34].
Zhao et al. used Isight software to optimize hydrostatic
guideways with multiple pockets for a heavy duty
CNC vertical turning mill [36]. Solmaz compared
single and multi-objective optimization solutions of
hydrostatic radial bearings and thrust bearings [37].

Several researchers have intensively studied the
optimization of hydrostatic bearings. As for the rotary
table, because it has a huge volume and many rib
plates, and because there are many design parameters,
it is difficult to realize the multidisciplinary
optimization quickly and with good convergence.
Fortunately, sensitivity analysis can evaluate the
variation in dynamic model outputs with respect to
variation in model parameters. Therefore, sensitivity
analysis needs to be taken into account in order to
weigh all of the parameters to get a more accurate
optimization results.

1.3 Sensitivity Analysis

Sensitivity analysis (SA) can be used to identify the
effect of system parameter uncertainty variation on
system responses and to identify the most critical
parameters [38] and [39]. It is one approach to
identifying and quantifying the relationships between
input and output uncertainties [40], and can evaluate
the variation in dynamic model outputs with respect to
variation in model parameters. Therefore, SA can be
used to perform uncertainty analysis, estimate model
parameters, analyse experimental data, guide future
data collection efforts, and suggest the accuracy to
which the parameters must be estimated [41]. For a
review on methods for SA, see Saltelli et al. [42], and
Helton and Davis [43].

SA is divided into the local sensitivity analysis
(LSA) and global sensitivity analysis (GSA) [44].
LSA, emphasizing the effect of small parameter
variations on model responses, is used to determine
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model response changes with an individual parameter.
GSA is applied to understand how the model response
varies with the model parameters to determine
interaction strengths among the parameters, such
as Fourier amplitude sensitivity test, regression-
based methods, Sobol method, and McKay’s one-
way ANOVA method [45]. The global SA examines
the global response (averaged over the variation of
all the parameters) of model output(s) by exploring
a finite (or even an infinite) region. The local SA,
easier to implement, can only inspect one point at a
time, and the sensitivity index of a specific parameter
is dependent on the central values of the other
parameters.

There are several numerical methods for the
calculation of LSA, e.g. finite differences [44],
iterative approximation with directional derivatives
[46] or the direct decoupled method [47], but the
calculated values should be identical within the
numerical accuracy of the method used. Common
GSA techniques include correlation and regression
modelling, variance decomposition analysis [48],
factorial screening [49], and partitioning based
generalized sensitivity analysis. Saltelli et al. provided
an extensive list of other techniques that have also
been found useful in this context [44].

2 MULTIDISCIPLINARY CHARACTERISTICS MODELING
2.1 Structure of Hydrostatic Rotary Table

According to engineering experience, a heavy
hydrostatic rotary table whose diameter is more than
5 metres will have double support circles, as shown in
Fig. 1. Generally, a hydrostatic rotary table consists of
five parts: the oil supply system, the drive system, the
countertop, the base system, and the support system.
The countertop and support system are the most
important parts of the rotary table, which are needed
to focus on during the design process. The support
system includes supporting oil pads, preloaded oil
pads and the radial bearing. The supporting oil pad is a
circular step pad, and a rotary table has 24 supporting
pads in total. They are arranged in two supporting
circles and the number of pads in the second
supporting circle is twice of that of the first supporting
circle. The preloaded oil pad is annular step recess
pad and provides a pre-pressure that can enhance the
stiffness of the turntable. The radial bearing has four
recesses and is mounted in the centre of the turntable.
The supporting system has twenty-nine pads (include
24 supporting pads, 1 preload pad and 4 radial pads)
which need a constant flow of oil, but it is expensive

countertop /prcloaded oil pad
|
% ATl %
_ Fe 7
N : W\ J
Multi point gear suppjrting Oi’ pad radial bearing base
oil separator M[)—Ll)—k[J T GP e L‘J—k‘.)—kl)
check valve
pressure gauge overflow valve
refine oil filter
oil pump
oil filter
Fig. 1. The structure of hydrostatic rotary table
D]
- ¥
A
3 3
7l ; 3
4 A R, | 7777 B | i
T — N
Ry

Fig. 2. The structure of countertop
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and unnecessary to assemble twenty-nine constant
displacements. The hydrostatic oil supply is divided
into many portions by multi-point gear oil separators,
which are always connected by a shaft. Therefore,
only a small number of oil pumps can supply all the
oil pads.

For multi-pad hydrostatic bearings, compensation
is needed, because of the issues of mutual influence
between the oil pads. Restrictors (e.g. orifice,
capillary, cylindrical-spool valves and so on) are
widely used as compensation devices as described
in detail in references [29] to [31]. Constant flow is
another effective compensation method via the use
of multi-point gear oil separators and so every pad
has the same flow rate, and there is little interaction
between the oil pads. All the equal gear pumps are
connected by one shaft, which forces them to rotate
at the same speed and produce the same flow rate.
A detailed compensation theory of constant flow is
described on page 17 of reference [30].

2.2 Characteristic Modelling of Structural Discipline

The rotary table countertop structure diagram is
shown in Fig. 2, and it is mainly composed of a rib
structure. The size parameters directly determine the
performance of the countertop. Ideally, the rotary
table should have a minimum mass and deformation
while having the best static and dynamic performance.
The decrease of mass, structure deformation and the
increase of natural frequency can not only reduce
costs but also enhance the accuracy of the rotary table.
Therefore, the optimization goals for the structure
discipline are to minimize the mass and deformation
and to maximize the natural frequency. The value of
countertop’s mass, deformation and natural frequency
are determined by all the design parameters. Then,
the mass function, deformation function, and modal
frequency function can be written as follows:

freq:fr(al,az,a3,a4,a5,a6,a7,RL,RS,Dy,D,,,b), )
mass = f, (a,a,,a;,a,,a5,a,a;,R,,R,D ,D,,b), 2)
deform = f,(a,,a,,a;,a,,as,a¢,a,, R, ,Rs, D, D,,b). (3)

R7is a design parameter of the countertop and has
some influence on its mass, deformation, and natural
frequency. In Egs. (1) to (3), Ry is not considered not
because of its lowest influence but that it is mainly
decided by the machining capacity of the NC machine
tool. In other words, Ry is decided by the designer of
machine tool not by the designer of the rotary table.

Therefore, when the design of the rotary table is
started toR; has already been determined as a constant
value. The objective function in structure part can be
written as:

[, =max| freq,—mass,—deform], 4

where the minus sign in Eq. (4) means the optimization
goals is minimum.

2.3 Characteristic Modelling of Hydrodynamics Discipline
2.3.1 Establishment of Reynolds Equations

In this study, it is assumed that thin film lubrication
theory is applicable, and the flow in bearing is
isothermal, laminar and axisymmetric. The Reynolds-
type equation and the radial fluid flow equations can
be given as (The specific derivations are shown in
Appendix):

10 rh’dp,. oh

— (== 5
r ar(IZn or ot ©)

B wrh’ 6_p

0= 6n or

, (6)
where r is the radius, /4 is the film thickness, p is
the film pressure, ¢ is the time, and # is the lubricant
viscosity.

2.3.2 Calculation of Supporting Oil Pad

As shown in Fig. 3, the supporting pad of the rotary
table is a circular recess pad, R; and R, are the inner
radius and outer radius of the pad respectively, Q, is
the flow rate supply to the pad.

Courlltertop | Hydrgstatic oil

S
7 Loy

hi

Fig. 3. The structure of the supporting oil pad

By solving Eq. (5) with boundary conditions:
pi(r=R;)=py;; pi(r=R,)=0, the film pressure profile
pi(r) can be obtained. Then, by substituting p, () into
Eq. (6), recess pressure p,; can be obtained. Finally,
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the load-carrying capacity of the bearing is calculated
by integrating the film pressure.

Oh.
3020, — 7 (R2 + R*) Z5 (R — R?)
E — ot

5 > D

i

where the detailed derivations of py;, p;(r) and F; are
shown in Appendix.

In addition, the stiffness, the damping coefficients
and the pump power are obtained as follows:

K. = 9Qorl(Rz2 _Rlz)
Si T h4
37n(R; —RY)
C,.="—"1v2 “17 , 8
5 20 ®
R
6nn(~2)0;
— Rl
Ny = B

2.3.3 The Calculation of the Preloaded 0il Pad
The preloaded oil pad is an annular recess pad as

shown in Fig. 4, Rcy, Rco, Res, Rey are the structural
parameters of the annular recess pad.

Hydrostatic oil  Preloaded oil pad

. o 1 )

Countertop |,

Fig. 4. The structure of preloaded oil pad

The load-carrying capacity of the bearing can be
calculated by integrating the hydrostatic film pressure:

F =%X
3 mceres )
P ReoRey

R R
2 _p2 Cly, (r2 _g2 c3
20| (RZ,, RCS)ln(RC2)+(RCl Rep)I(ED) |+

C4
R.R
4 4 o4 4 afes
(R* _R* LR R4 yin(—CLC3 |
1" Rea T Res ~Rey
+ ReaRes ('sz]’ )
2 2 2 22
Ry =Rep + Ry =Rey)

where py, and p, (r) are the recess pressure and the film
pressure profile of a preloaded oil pad, respectively.

Then the stiffness, the damping coefficients and
the pump power are obtained as follows:

2 2 R 5 5 R
90m((Rey — Rcs)ln(?a) + (R, — Rcz)ln(#))
K = c2 c (10)

y + R.R,
hyhl( Cl C3)

C27°C4

R R.
(R:, =R, +R' —R)In(——) -

31’]7‘[ c2'tca
—(R -R. +R.-R)Y
Cv — ( C1 C2 C3 (,4) . (13)
’ . RR
20 In( =)
RCZRC4
6n 1n<%) in(%e2y
— C3 C1
NTy - 31 Reales ' (12
7k In(Seacz)
C3RC1

where the detailed derivations of py,, p, (r) and F), are
shown in Appendix.

3.3.4 Optimization Objective Function in Hydrostatics
The support system consists of supporting oil pads,
preloaded oil pad and radial bearing. So the stiffness,

damping coefficients and the pump power can be
calculated as follows:

nl n2
K,=Y K, +Y K +K,
i=1 j=1
nl n2
K, =Y K, (R, sin(g))’ + D K (Rsin(p,))’
i=1 Jj=1
nl n2
C,=Y.C,+>.C,-C, -(13)
i=1 j=1

nl n2
C, =D C,(R, sin(p))’ + Y C,(Rgsin(p,))’
i=1 Jj=1

nl n2
Ny =ZNT,+ZNT/. +Np,
i-1 =

Forces on the turntable are balanced in the initial
state, so we have Eq. (14).

nZIF;+§Fj—Fy—G:0. (14)
i=1 j=1

Turntable manufacturers tend to determine the
film thickness of the supporting oil pads and the
preloaded oil pad at first and then determine the flow
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rate of the oil pad, so in this work the flow rate of
preload oil pad Q; is calculated by Eq. (14).
The objective function can be written as:

f, =max[K,.K,,C,,C,,—N,]. (15)

Therefore, the total objective function in

hydrostatics discipline can be written as:

S =min[f,, f,]. (16)

3 MDO BASED ON SENSITIVITY ANALYSIS
3.1 Sensitivity Analysis

Different design parameters of the rotary table have
different influences on its performance. Because there
are many design parameters, it is difficult to realize
optimization with a good convergence. Therefore,
it is feasible to select the key parameters that have a
significant influence on performance to implement
optimization. The sensitivity is the gradient of a
concern target to the design parameters of the rotary
table, and SA can help identify the key parameters
[43].

Here, SA can be divided into two parts: the first
part is about the rotary table structure SA; the second
part is about hydrostatic part SA. The derivations of

Jreq(a,)-freq(a,)

Odeform(a,,)-Odeform(a,,)

objective function fj, f> to the parameters x; and x,
can be found respectively.
Where,
xl = [a13a29a33a49a55a69a75RLsRssDyaDrab]a
X, =[R,R ,R,R,,R-\, R, , Ry, Ry, Oy, nL, By b

C3> > 500 1ty

So, the sensitive matrix can be written as:

ofreq(x;) odeform(x,) 0K, ON,
Oa, Oa, OR, T OR,
SILS,, £, ]= e e |5 (17)
Ofireq(x,) Odeform(x,) 0K, ON,
o b oh, " 0Ohy,

As for the first part, a parameterized FEM model
is established to calculate SI(f;) in ANSYS software,
and the sensitivity of the second part is calculated in
MATLAB according to Eq. (13) and Eq. (17). The
partial differential equations in Eq. (17) can be solved
by numerical method. For example, Ofreq(x)/0a,
can be calculated by converting it into a differential
equation [freq(ayn)—freq(ai)]/(ay,—ay), in which ay;,
and a; are upper boundaries and lower boundaries of
parameter a; respectively, and all design parameters
have no change except @, in the calculation of freg(ay;)
and freq(ay;). In this way, Eq. (17) becomes Eq. (18):

KZ(RSh)_KZ(RS[) NT(RSh)_NZ(RS[)

.(18)

Ad, v AR, AR,
SILf, . f,]=
fireq(b,)-freq(b,)) Odeform(b),)-Odeform(b,) K,(w,)—-K,(w) N,(w,)—N,(w)
Ab Ab Aw Aw
3.2 MDO Strategy [50]. In this optimization, commercial software, such

The MDO strategy starts from the design problem
itself and is aimed at calculation structure and
information organization. It is necessary to decompose
the coupling relationship for multidisciplinary analysis
and optimization. Information organization of MDO
can make virtual design between different disciplines
and different CAE analysis software possible
and practical. With current computing resources,
techniques of multidisciplinary optimization can
be integrated effectively with —multi-objective
optimization algorithms to search for optimal designs;
the detailed process is illustrated in Fig. 5. Isight is
a generic software framework for the integration,
automation, and optimization of design processes

as CATIA, ANSYS, and MATLAB, are integrated
with Isight so that they can input design parameters
and output analysis results through a unified software
platform

The optimization implementation is completed in
five steps. Step 1: start [sight software; Step 2: set up in
Isight software including connect MATLAB, CATIA,
ANSYS with Isight, drag optimization component to
the task, and set up boundary conditions, variables,
objectives and other optimization parameters; Step
3: Run Isight and optimization component; Step
4: Tterations are implemented until the maximum
iteration steps are attained; Step 5: Output the results
and the optimization is completed.
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Fig. 5. Optimization implementation framework

In this study, particle swarm optimization (PSO)
is selected as the optimization algorithm to optimize
the turntable. PSO was proposed by Kennedy and
Eberhart [51], Shi, and Eberhart [52] and Kennedy
[53]; it is a stochastic optimization method based on
swarm intelligence theory. It has been successfully
applied in continuous optimization problems such
as neural network training [54], voltage stability
control [55], distribution route selection [56] and the
optimization of cutting parameters [57].

PSO mimics the social behaviour of animal
groups such as flocks of birds or fish shoals [58]. The
process of finding an optimal design point is similar
to the food foraging activity of animals. During the
searching process, an animal can obtain maximum
global optimization results via group co-operation.

Generate initial
swarm and set up

parameters for each
particle

Set up Maximum
iterations Gax
inertia weit w and
aximum velocity,

In PSO, particles represent potential solutions of
the problem, every particle associated with two
parameters: the position x;, and velocity V;, in
dimension d. When PSO is used to search for the best
solution of a problem, each particle’s movement is
influenced by its local best known position, but is also
guided toward the best known positions in the search-
space, which are updated as better positions are found
by other particles. This is expected to move the swarm
toward the best solutions [51]. Specifically, position
x; ,and velocity V; ; are updated in (#+1)th iteration by
the equations as follows:

Vo + D)= w0+
e (pbeStXi,d ®- Xi,d ®)+
+C2r2(gbeStXa’(t)_Xi,d(t))’ (19)

date values
article best

valuafe the
velocity and
position of each
particle

Fig. 6. The implementation procedure of PSO
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Xigt+) =X, (O+V, 1, (0 (20)

Here i is particle’s index and d represents the
dth design parameters, in other words, if there are
np particles and nd design parameters need to be
optimized, 7 and X are matrices of np rows and
nd columns. pbestX;, is particle i’s personal best
experience; ghestX, is the group best experience found
by all the particles so far; ¢; and ¢, are the acceleration
coefficients; | and r, are two random numbers that
generated with the uniform distribution in the range
of [0, 1]; and w is the inertia weight that is used to
balance the global/local searches of particles.

The steps of PSO adopted in this research are
showed in Fig. 6. First, we need to set up initial values
and boundary conditions for all design parameters,
maximum iteration times, inertia weight w and the
number of particles np. Then the maximum fly velocity
Viax should be set up. Thirdly, iterations are processed
to obtain the best position of particles by four steps.
Step 1: calculate velocity V;, and position X; ; by Eq.
(19) and Eq. (20); Step 2: use new X; ; to calculate new
fitness values, where fitness values are K, K,,C,,C,,N,
and freq, mass, deform and they are calculated in
MATLAB and ANSYS respectively; Step 3: compare
fitness values with pbestX;, and gbestX,; then update
them according to Eq. (21). Step 4: Finally, determine
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whether the program meets the termination conditions;
if yes, the iterations will stop; if not, return to Step 1
and continue iterating.

if radp, ,(t +1) > pbestX, ,(t) =
pbestX, ,(t+1)=adp, ,(t +1);
if adp, ,(t+1) < pbestX, ,(1) =
pbestX, ,(1+1) = pbestX, ,(1);
if :max(adp,_,_,, ,(t+1)) > gbestX ,(t) = h
gbestX ,(t +1) = max(adp,_,_,, ,(t +1));
if »max(adp,.,_,, ,(t +1) < gbestX , (1) =
gbestX ,(t+1) = gbestX (7).

3.3 Multidisciplinary Design Optimization

The parameterized FEM of the rotary table countertops
is established in CATIA to analyse its sensitivity.
The sensitivity of hydrostatic part will be computed
according to Eq. (13) and Eq. (16). The normalized
results are shown in Fig. 7.

According to Fig. 7a to ¢, among all the design
parameters of the countertop, a;,as,as,a; have major
influence on both mass and natural frequency, which
means designer should take them seriously and
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Fig. 7. Analysis results; a) sensitivity of mass, b) sensitivity of natural frequency, ¢) sensitivity of deformation, and d) sensitivity of f,

440 Cheng, Q - Zhan, C. - Liu, Z. - Zhao, Y. - Gu, P.



Strojniski vestnik - Journal of Mechanical Engineering 61(2015)7-8, 432-447

carefully and decide their values. As for the hydrostatic
part, film thickness parameters (like: hg,hyo) have
the biggest influence on the performance, and in the
next place are the flow rate (1Q,) and the structural
parameters of pads (R,Ry,Rci,Rca, Res, Res). The
influence of other parameters such as #, nl, w is very
small and can be ignored. Therefore, Oy, R|,Ry,Rci,
Ry, Res3, Rey can be selected as key parameters to do
optimization analysis. The total objective function and
constraints can be listed as follows:

Objective:
Sf=min[f}, f].

subject to:

0.64m<a;<0.78m
0.03m<as<0.05m
0.128m<R;<0.192m
0.140m<Rc;<0.222m  0.176 m<R<0.264m
0.188m<Re3<0.282m  0.232m<R4<0.348m
0.0001 m3/s<(Qy<0.0006m%s R, <R,

0.0002 m3/s< Q1<0.008m3/S RCI <Rcz<Rc3 <Rc4.

0.095m<a;<0.115m
0.03m<a;<0.05m
0.14m<R,<0.21m

In Isight, by connection with MATLAB, CATIA,
and ANSYS, the objective functions, constraints and
PSO algorithm can be established according to Fig. 5.
Better results can be obtained when the particle size is
20, the inertia is 2e-3, the maximum velocity is le-4
and the maximum iterations are 800 (these parameters
are decided on according to experience). Fig. 8 shows
the pareto optimization results, In Fig. 8a, the horizontal
axis stands for the dimensionless mass, and the vertical
axis are the values of the nondimensional first three
order of natural frequency and maximum deformation
of the countertop. Similarly, in Fig. 8b, the horizontal
axis stands for nondimensional Ny, and the vertical
axis are nondimensional K, K,,C, and C,. The partial
optimized results are as shown in Table 1.

1.25 ]
§ * firegl
:; 1.2 % . o8 I .7;:63?
g 1.15 7 : . < deform
S oLty v
S 1.05
e X X
g 1 A
2 R
= 0.95
‘g 0.75 0.85 0.95 1.05

normalized mass

QD
~

Table 1 The partial optimized results

Parameters Initial value Result 1 Result 2
a, [m] 0.65 0.715 0.75
as [m] 0.120 0.105 0.1
as [m] 0.050 0.040 0.045
ay [m] 0.048 0.040 0.045
Mass [ka] 1.1522e5 1.0362e5 1.0907e5
first order

natural [Hz] 31.037 33.798 36.167
frequency

second

order natural [Hz] 55.388 60.785 64.667
frequency

third order

natural [Hz] 65.023 68.527 72.846
frequency

deformation [m] 3.50E-05 4.16E-05 3.67E-05
Ry [m] 0.15 0.16 0.17
R, [m] 0.165 0.175 0.19
Ry [m] 0.19 0.185 0.19
R [m] 0.22 0.22 0.21
R [m] 0.24 0.235 0.23
Rey [m] 0.27 0.29 0.265
O 10-4 [m3/s] 1.45 1.45 1.25
K; [N/m] 2.583E+10 2.866 E+10 3.603 E+10
K, [N-m/rad] 1.031E+11 1.097E+11 1.355E+11
Cy [N'm/s] 7.455E+8 9.720E+8 1.404E+9
C, [N-rad/s] 2.829E+9 3.402E+9 5.635E+9
Nt W] 2.649E+3 2554E+3 7.963E+3

4 MEASUREMENT VERIFICATION AND ANALYSIS

According to design experience, Result 1 in Table 1
is selected as the final result, and the correspondingly
designed heavy hydrostatic rotary table is shown
in Fig. 9. In order to verify the effectiveness and
feasibility of the optimization results, experiments
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Fig. 8. The pareto optimization results; a) of structure part, and b) of hydrostatic part
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were performed on the turntable bearing after
assembly.

The first test was a sweep test, as shown in Fig.
10, done by exciting countertop of the rotary table
about 20 minutes with a vibration exciter, and the
sweep range was 5 Hz to 100 Hz; speed was 0.08
Hz/s. Finally, we obtained the first, second and third
natural frequencies of the countertop. Furthermore,
FEM models of the initial and optimized countertops
were established in ANSYS to perform a modal
analysis. Test and modal analysis results are shown in
Table 2. The natural frequency of the countertop after
optimization is 33.79 Hz, and the experimental value
is 37.25 Hz. The error between them is not large;
this means that the simulation results are accurate.
Therefore, we can draw that the dynamic performance
of the rotary table has been significantly improved.

Table 2. Natural frequencies of rotary table

First ~ Second  Third
order order order

Simulation values for initial design
parameters [Hz]

Simulation values for optimized design
parameters [Hz]

Experimental values [Hz] 3725 6409 7558

31.04 5538 64.82

3379 6093 68.69

L i
dial indicator Jrotary table

Fig. 11. Bearing capacity experiment setup

Secondly, the bearing capacity of the rotary table
was tested, as shown in Fig. 11. The average film
thickness of each oil pad was measured by a dial
indicator when the rotary table was under different
load states. The load varied from 0 t, 150 t, 280 t to
410 t. Fig. 12 shows the measurement results when
the load is 410 t. According to prior experience, the
film thickness should be greater than 0.08 mm when
under the maximum load of 410 t. Therefore, it can
be assumed that the designed rotary table can meet
the requirement. The error between experimental and
optimized simulation curve is less than 20 %, which
is within a reasonable range of error. The optimized
simulation curve is slightly better than the former film
thickness curve, which indicates that the stiffness of
the film has gained a certain improvement. Therefore,
the above results indicate that this optimization
method is effective and feasible.

—=0.16 !JX —e—simulation before

0.15 optimization
0.14 _X—a;simalaﬁeﬂ—aﬁer—
3013 optimization
g —+—experimental value
= 0.12

N

~ 0.11
E o1 M
=009
008 | | |
2 0 150 280 410
= load 103 [kg]

Fig. 12. Film thickness variation of rotary table
5 CONCLUSION

A heavy duty hydrostatic rotary table is often used as
a means for providing rotational motion and handles
supporting and rotating the workpiece in heavy-duty
five-axis machine tools. Its rigidity, precision and
carrying capacity are directly related to the machining
ability and the accuracy of the NC machine tool. Due to
the lack of effective means of analysis and experiment,
the traditionally designed rotary table cannot provide
users with reliable working performance and bearing
capacity, and the rail grinding risk will cause serious
economic loss to users. Therefore, properly designing
a hydrostatic rotary table of a heavy-duty five-
axis machine tool is very important for machine
manufacturers, which aims to reduce its mass, supply
pump power and save energy on the premise of good
performance. The traditional design of a hydrostatic
rotary table is normally performed by different teams
sequentially, with expertise in a specific discipline.
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This will cause contradictions and result in excessive
iterations, higher costs or longer design process time.

In this paper, a sensitivity-based multidisciplinary
optimization design method of a hydrostatic rotary
table is proposed. The method takes hydrostatics
and the structure’s disciplinary characteristics into
consideration, and a comprehensive optimization
model is established. To achieve the optimization goal,
PSO is introduced in Isight with the integration of
CATIA, ANSYS, and MATLAB. In order to optimize
with good convergence, SA is adopted to identify the
key design parameters that have significant influence
on the performance of a rotary table.

Characteristics of this method are summarized as
follows.

Compared with the current methods in
manufacturing, the proposed multidisciplinary
optimization method establishes an optimization
model with the integration of hydrostatics and
structure disciplinary characteristics together, which
can reduce the iterative modification caused by
sequentially design by experts in different disciplines.

A hydrostatic rotary table is a complex product
and has many design parameters, which increases the
difficulty of optimization. SA is introduced to identify
the key design parameters that significantly influence
the performance of hydrostatic rotary tables; therefore,
the optimization convergence is improved.

Despite the progress, it is important to note
the limitation of the method needed to be further
addressed to perfect the current work. In this work, the
thermal effect is not considered, and the temperature
is still cannot be ignored in the design process.
Therefore, the development of an effective approach
to integrate the thermodynamics characteristic into
the optimization process is another focus for future
research.
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8 NOMENCLATURE

damping  coefficients of ith
supporting pads

incline damping coefficients of the
turntable

damping coefficients of preloaded
pads

axial damping coefficients of the
turntable

objective function of all the part
objective function for countertop
objective function for hydrostatic
part
load-carrying
supporting pads
load-carrying capacity of preloaded
pads

weight of the countertop

film thickness of ith supporting
pads

film thickness of preloaded pads
stiffness of ith supporting pads
incline stiffness of the turntable
stiffness of preloaded pads

axial stiffness of the turntable
overall pump power

pump power of i'th supporting pads
pump power of preloaded pads
recess pressure of i'th supporting
pads

recess pressure of preloaded pads
film pressure of i'th supporting
pads

film pressure of inner land in
preloaded pads

ilm pressure of outer land in
preloaded pads

flow rate which supply to every
supporting pads

flow rate which supply to preloaded
pads

capacity of ith
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9 APPENDIX

In this study, it is assumed that thin film lubrication theory is
applicable and the flow in bearing is isothermal, laminar and
axisymmetric. So the N-S equations can be simplified as:

la(rur)+6(vz)20’ (A1)
r or Oz
op Ou
& r A2
o a2 (42)
op
—=0. A3
> (A3)

Film pressure has no change in z direction according
to Eq. (A3) above, so integrating both sides of Eq. (A2)
with boundary conditions: z=4, u,=0; z=0, u.=0; at the
surface of the pad, then the radial velocity is found to be:

B z(z—h)('ip

= . A4
" 2n or (A9)

Substituting Eq. (A4) into Eq. (Al) and integrating it
with boundary conditions: z=h, u.=0; v.=0h/0t; z=0,
u,=0, v,=0, then the Reynolds equation is obtained as:

10 1k h
1o 7‘11’) _0oh (AS)

rér 12nor ot

Integrating Eq. (A4) at ze(0,h) and ¢ (0,27) the
flow rate is:

27 h

3
or)= J Jurrdzd(p =— zrh” op
00

6n or’

(A6)

where r is radius, 4 is film thickness, p is film pressure, 7 is
time, and # is lubricant viscosity.

For supporting pad (shown in Fig. 3)
h=h(i=123,~n); p=p,-

Integrating both sides of Eq. (A5) two times for 7, then
we have

rﬁh

A7
4 ot” (A7

p(r)— h

i

where A and B are unknown constants. The boundary
conditions for circular recess pads can be provided in Eq.
(A8):
when r=Rl,pi=p0i. (A8)
when r=R,,p, =0
Substituting the boundary conditions into Eq. (A7), we
can gotten that:

1 n R*—R? oh,

A= ik _ 1 2
1n(5)(12’7 Poi 2 az)
R, (A9)
P s i;(RZ) g, REn(R) = REIn(R) O
(2 n 4 ot
R

2

Substituting Eq. (A9) into Eq. (A7), then the pressure
distribution can obtained:

In(—-)
R2
P[(r):p0i R +
In(—4)
R2
3 (R In(——) — R? In(——
+(317r2+ n(R, n(Rl) | (Rz)))% o)
N ot

R
i B In(=L
; (R)

2

Assuming fluid incompressible, the lubricant flowing
out from ith pad is can be divided in two parts; one is Q,
flow from the pump, another is caused by squeeze velocity

oh,

and the flow rate of this part is: —7 R} . So the flow

Oh,
continuity equation is Q(R,)=Q, - 7R} — = . Substituting

Eq. (A9) and Eq. (A10) into the flow continuity equation,
then recess pressure can be calculated:

6n Qo

3n(R—R>) oh,
pOi h3 - 3

In ( ) i = (A11)

Then, the load-carrying capacity of the bearing can be
calculated by integrating the mean steady hydrostatic film
pressure:

R,
F = ﬂRIZPOi +27TJ‘ rp;(r)dr =

377[2Q0 (R, -RY)

2h3 (A12)

i

In addition, the stiffness, the damping coefficients and
the pump power are obtained as follows:

_OF_90n(R; ~RY)
Tl
o - OF _3m(RI-R) A
ot
R
- 61120}
Ny = po(GH= 000, =—— 13—

For annular recess pad (shown in Fig. 4), its boundary
conditions are:
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p=p,h=h,
when r =R, p,=0;when r=R.,, p, = p,,
when r =R, p, = p,,; when r=R.,, p,=0. (Al4)

2 2 ahy
O —7m(Rey — R, )E =—0(Re))+O(Rcy)
When r e (R.,,R.,), the pressure distribution is same

as Eq. (A10). By replacing Ry, R,, po; and h; with Rc3, Rey,
Doy and &, p(r) can be written as:

ln(L)
pZy(r)ZPOy RC4 +
In(=¢2)
Rey
s Ty R
3 3n(Re, n(Rcs) len(Rm)) oh,
+( e R )a—m (A15)
v R In(" s i

C4

When re(R.,R.,), substituting the boundary
conditions p(R¢1)=0, p(Rcp)=py, into Eq. (A7), we can
get that:

Iy I _R* Oh
A:41 (= poy_Rcz Re )
In(R,)—In(R.) 12n 4 ot
1 hy In(R,)

. (A16)

(- Poy —

B=
In(R,) —In(Rc,) 12n
_ Réz In(R.,) - RCZ‘I In(R.,) %
4 Ot

)

Substituting Eq. (A16) into Eq. (A7) ,we have:

ln(L)
ply(r):p0y RCl +
ln(ﬂ)
RCl
r r
3072 3n(RE, ln(R—)—Ré2 ln(R—))
(T < a_)Z2 (Al7)
h, B In(c2 ot
’ RCI

Substituting Eq. (A6), (A15) and (Al7) into flow
continuity equation:

2 2 ahy
O —n(Re, - Ra)y =—0(R:)+O(R.,)
then recess pressure can be calculated:

R R
20, ln(R—C‘) ln(R—C") +

C2 C3

3n
oh
+ 111(&)(R2 —R? )+1n(@)(R2 -R*) |~
RCZ 3 c4 RC3 1 c2 3t

Po, = -(A18)

R.R
mh In(=5C)

Cc27 C4

The load-carrying capacity of the bearing can be
calculated by integrating the hydrostatic film pressure.

R(E RLS
F,= 7'L'(Ré3 - Réz)po}, +27 J p,, (r)dr + 21 j 1p,, (r)dr =
Ry R.3

(B2~ R2)In(Revy
3n ' Re,
=Rk, 29 . |t
th,ln(im €3 +(R}, — R%) In(=>

ReRey i R,

R.R.
(R}, —RY, + R — R ) In(=—)— | ap
T Cl1 C2 C3 C4 RC2RC4 7}] (Alg)

ot
_(Rél - R(272 + R(273 - Ré‘t)z

Then the stiffness, the damping coefficients and the
pump power are obtained as follows:

R. R.
90M(RZ, —Ré)ln(R—“) +(RE, = R In(—%))
K, = R 4 (A20)
hjln( C1 C3)
RCZRC4

R.R.

(Rél - Réz + Rés - Rg4) In(—“=%)

37777 Rcz Cc4
_(Rf"l B Réz + Ré3 B Rézt )2

C = , (A21)
; RAR.
21} In(Rafc)
C27MC4
6n ln(%)ln(%)gf
NTy:poygl = = R RC1 . (A22)
7k In(Sesle
C37MC1
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Integrated navigation systems are widely used in all aspects of life, i.e. in various civilian and military applications. In the previous two
decades, most of the attention in this area has been directed toward the use of low-cost sensors, which are characterized by the low accuracy.
Therefore, many algorithms have been developed to implement inertial sensor errors damping, which are based on the integration of inertial
sensors with the external sources of information (GPS receivers, magnetometers, barometers, etc.) or mathematical models developed for the
self-damping of inertial sensors errors.

This paper proposes a specific method of gyroscope drift compensation by using a Pl controller based on the magnetometer
measurements, as well as a method of errors compensation in the horizontal channel of navigation system by using the adaptive control
signals. The experimental results obtained for the proposed solutions presented in this paper confirmed the possibility of the successful

application of these solutions in the real-world environment.

Keywords: barometer, global positioning system, inertial navigation, integration, Kalman filter, magnetometer, MEMS

Highlights

*  Usage of magnetometer and accelerometers for gyroscopes drift estimation.

»  Specific method of gyroscope drift compensation by using Pl controller.

*  Error compensation in the horizontal channel of navigation system by using adaptive control signals.
e Analysis of experimental results and validation of the proposed solutions.

0 INTRODUCTION

In accordance with current global trends, specifically
the demand to achieve the highest possible accuracy of
navigation devices while simultaneously minimizing
their costs, low-cost sensors, such as sensors made
in  micro-electro-mechanical ~ systems (MEMS)
technology, have increasing practical application.
The largest contribution to the total error of inertial
navigation systems (INS) is from the errors of inertial
sensors [1]. In comparison to high accuracy sensors,
the errors of low-cost sensors have a nonlinear
nature that is very difficult to model and to alleviate.
Consequently, there is a large error in determining
the position and the attitude of the object when these
low-cost sensors are used [1]. Bearing in mind that the
computation of the new velocity and position values
by the navigation algorithm are obtained based on
the previous computations, it is obvious that these
errors are cumulative and that their values increase
rapidly in time, especially for a long-term navigation
process. Therefore, it is necessary to perform a
periodic correction of the position and velocity values
by using an additional navigation system or other
independently acquired external measurements [1].
By increasing the accuracy of calculated
navigation solution developed by using the low-cost
sensors, the construction costs of the INS equipment

would decrease. As a result, the relatively weak
demand for their usage, which is a key problem in
current research in the field of navigation systems
based on MEMS technology, should increase.

The Global Positioning System (GPS) is most
commonly used as an external source of information
for the correction of INS navigation parameters
[1]. However, GPS accuracy depends on the spatial
arrangement of the GPS satellites relative to the
observed receiver, the occurrence of multipath signal
propagation, the specific influence of the ionosphere
on the GPS signal propagation and the presence of
noise in the GPS receiver [2] to [4].

In order to improve the accuracy of the integrated
navigation solution, especially for the periods when
the GPS receiver does not provide an output with
the navigation information, other sensors, such as
magnetometers or barometric altimeters (composed
of a temperature and a pressure sensor), can be used
in addition to the integrated INS/GPS solution. The
previously mentioned sensors are also characterized
by the specific errors that can be modelled and
damped.

In this paper, the results of the research conducted
with the goal to develop a model of an integrated
INS/GPS/Barometer/Magnetometer navigation
system based on a loosely-coupled (LC) integration
method is presented. The validity of this research
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lies in a continuous development of methods and

algorithms for sensors integration, which are applied

in accordance with the advances in low-cost sensor
technology, as the one of the main reasons for further
research in this field.

The aim of this research was to develop a model
that will provide the unified processing of all collected
measurements acquired by using the INS, GPS,
barometer and magnetometer, in order to obtain more
accurate information on the object’s spatial position,
velocity and attitude. The practical goal of this study
was to enable the development of the real-world
navigation system and to create the suitable conditions
for the further research in the field of multi-sensor
integrated navigation.

The applied methods of modelling, which include
the dominant application of mathematical models, are
used to determine the errors models for individual
sensors and to enable successful implementation of the
observed navigation system model in the MATLAB
environment. The performed analysis has shown the
positive contributions of magnetometer usage in order
to determine the attitude of the object, as well as of
baro-altimeter usage in order to determine the vertical
component of velocity and altitude.

Throughout this study, random processes are
described as first-order Gauss-Markov or the additive
white noise processes. Furthermore, the errors that
occur due to quantization, averaging, rounding of the
measured values and conversion between different
data types are ignored. The accuracy of the navigation
solution 1is established based on the control points
(CP) defined for the test trajectory. These referent CPs
are precisely determined by the differential GPS.

A verification of the proposed solutions is
performed through the experiment on the land vehicle.
Therefore, the proposed solutions are tested based on
the data collected during this experiment and with the
adequate software implemented in MATLAB.

In this work, several results represent the original
contribution in the field of research, of which the most
important are the following:

* By using the proportional-integral (PI) controller,
the algorithm of the magnetometer and gyroscope
triad integration has improved the determination
of attitude of the object;

* A method for error damping of the horizontal
channel of integrated navigation system, based
on the adaptive error damping coefficients, is
defined;

*  The verified results certainly represent a notable
improvement in the given field and, therefore,

proposed solutions are suitable for practical

application in the real-world navigation systems.

In the second section, the attitude determination
with gyroscope drift compensation based on
magnetometer and accelerometer triad measurements
by utilizing the PI controller is described. In the third
section, the error compensation in the horizontal and
vertical channel of a “strap-down” INS (SINS) is
presented. The general scheme of the proposed INS/
GPS/BAR/MAG integration and basic theory of the
Kalman filter (KF) with an adaptive control signal,
which is used for the integration, is detailed in the
fourth section. The fifth section contains a description
and the results of the experimental testing of MEMS
sensors as well as of the experimental tests that have
been realized by using a land vehicle.

Due to the nonlinear nature of the dynamic
systems in practice, there is no single solution to the
navigation algorithm. Thus, in the present research,
several methods of the estimation of states have been
applied in the integrated navigation systems.

Bian et al. proposed an adaptive navigation
solution, in which a covariance matrix and a matrix of
Kalman gains are adapted by the maximum probability
function [5]. Stancic and Graovac analysed an INS/
GPS navigation system, in which the integration is
realized with the extended KF (EKF) with the control
signal [6]. Noureldin et al. [7] used neural network
instead of KF for the INS/GPS integration.

The damping of errors in the vertical channel of
INS during the outage of GPS information is usually
realized with the baro-altimeter, as described by
Readdy and Saraswat [8]. In this work, the attenuation
of vertical channel errors is performed by the vertical
channel error-damping loop with the external source
of altitude from GPS or baro-altimeter measurements.
Sokolovic et al. [9], used the adaptive EKF control
signal for errors damping in the vertical channel of the
integrated navigation system.

The magnetometer is the most commonly used
device for object attitude determination. For attitude
error damping, Madgwick et al. [10] used the negative
gradient between the axis of the gyroscopes and the
magnetometer. Sokolovic et al. used gain coefficients
for gyros drift-damping error compensation [11].
Moreover, the magnetometer was used for the initial
attitude determination and for the INS heading angle
correction, e.g. in Hao et al. [12], Zhao and Wang [13]
and Han and Wang [14].
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Strojniski vestnik - Journal of Mechanical Engineering 61(2015)7-8, 448-458

2 ATTITUDE DETERMINATION

In this section, the main idea regarding obtaining
information about the attitude from two sources is
described. The first source is gyroscopes and the
second source is a magnetometer and accelerometers
as external sensors. Since gyroscope measurements
are subjected to certain known errors, the external
sensors are used in order to estimate the gyroscope
measurement error by utilizing PI controller approach.

If w; denotes the components of angular rotation
velocity of the body coordinate system relative to the
inertial space, then the quaternion innovation at the
time £+ 1 is given as [15],

1
qk+1:qk+5qk.mT:qkAq’ (D

where 7' is a sampling time, and Aq is updating
quaternion.

In order to define the horizontal and vertical
reference plane by measurements of accelerometers
and magnetometers, an objective function is applied
here [10] and [16],

f(qy.d,)=qy ®d, ®q}, )

where dj is some referent vector described in frame N,
q5 is quaternion that describes the orientation of the
frame N relative to frame B and q% is the conjugate
of qy . In our case, N is the navigation frame and B is
the body (sensor) frame. We assumed that the sensor
frame and body frame coincided. A complete form of
the objective function can be written as:

1
2d, (E—qf —43)+2d (9,9, + 9,9:) +2d.(9,9, — 9:9)
1
f@y.dy)=|2d (4,9 = 4,9.) + 2d,(5 - 4 —4)+2d (0.9, - 9,9,) |- (3)

1
2d (9,95 + 4,9,) +2d, (459, — 4,,) + 2. (?qi -43)

where d,, d,, and d. are elements of the vector dy, and
the indexes (x, y, z) denote the axis of the navigation
coordinate system. The reference vector of gravity
coincides with the vertical axis of the navigation
frame, so the reference vector dy is defined by using
the normalized value of the vector of gravity and is
given as:

d,,=[0 0 0 1]. 4)

Estimated reference directions of gravity, based
on Eq. (3) and Eq. (4), can be written as:

2929. ~ 995)

V=l 209~ 994) |- %)
4~ 4 +4;

The reference vector of the magnetic field

is calculated based on Eq. (6), where m is the

normalized vector of geomagnetic field measured by
magnetometer,

05-¢;-q; 09 —-99: 94+ Dds
h,,.=2m| ¢,q,+q4q, 05-¢,-q; 4:9,—04, |- (6)
2 2
$9 99 G4 tad, 05-9,-¢;

The geomagnetic field can be considered to have
components in one horizontal axis and the vertical
axis as;

bx = hf + hf ? bz = hz’ (7)
and the reference vector dy can be defined as,
d,,=[0 b 0 5] ®)

Based on Eqgs. (3) and (8), the estimated reference
directions of magnetic flux are given as:

2b,(0.5-¢;5 —q;) +2b.(9,9, — 4:9;)
w=| 2b.(9,9, —9,:9,)+2b.(q,9, + 4:9,) |- (9)
2b (q,q5 + G,q5) +2b.(0.5-q5 — g3)

The gyroscope measurement error or the deviation
of the measurement vector from the reference vectors
is calculated as,

e =(vx)a+(wx)m, (10)

where (vx) and (wx) denote the skew-symmetric
matrices of gravity, and magnetic flux estimated
directions and a is the normalized vector of
acceleration.

The gyroscope drift and noise corrections are
performed based on the estimated value of the error in
the current iteration:

o.=0+K -e+K; e, (11)

where ® denote the measurements of gyroscopes, ®.
denote the estimated (corrected) values of gyroscopes
measurements, K, is the gyro drift damping
coefficient, K; is the gyro measurement noise damping
coefficient, and e;, is the integral of error in current
iteration. The coefficients K, = 0.01, and K; = 0.005
represent the coefficients of the PI controller and are
determined based on the Gauss-Smith method. The PI

controller is chosen in order to allow the removal of

450 Sokolovié, V. - Dikié, G. - Markovic, G. - StanGic, R. - Lukic, N.



Strojniski vestnik - Journal of Mechanical Engineering 61(2015)7-8, 448-458

coarse gyroscope drift and to enable the faster
response to the sudden appearance of measurements
error independently on the previous measurements.
Corrected values of gyroscopes measurements are
used to determine the updating quaternion and are
based on Eq. (1) to calculate quaternion in the current
iteration. Based on these values, the final quaternion,
transformation matrix Cj, is formed. Index P
represents the platform frame. The platform frame is
an image of the navigation frame, which is established
by an on-board computer. For the ideal sensors, the
platform frame coincides with navigation frame N. In
this paper, a north-east-down (NED) frame is used as
anavigation frame. The fine filtering is realized by the
EKF, which performs the estimation of the attitude
errors that are used to form the matrix C} . Thus, the
final solution of the attitude is determined by the
expression:

cl-cic’, (12)

where C} is the resultant matrix, whose elements are
used to determine the attitude of the object body
relative to the navigation coordinate system, i.e. roll,
pitch and yaw angles, marked as ¢, 6, y. The functional
diagram of the strap-down INS, with the coordinate
systems that are used in this work, is shown in Fig. 1.

(o Navigation frame
Body frame, "5 8 -
b/ | north-east-down (NED)

B I

@ : Attitude | £, 0, ¥
Gyros C, —— L
B detemination
Velocity & v

position —>
determination | R

Fig. 1. The functional diagram of SINS

In Fig. 1, @B denotes gyroscopes measurements
in the body frame and f8 denotes specific forces,
measured by the accelerometers, in the body frame.

3 INS ERRORS DAMPING

The proposed solution, specifically the error
compensation for the horizontal and vertical channels
of INS, is achieved with the introduction of external
information, e.g. the additional measurements
obtained with the other sensors. In this section, the
algorithm for errors damping for the horizontal and
vertical channels of INS is presented. The single
channel error diagram for INS with error damping by
introducing external information from GPS is shown
in Fig. 2. In this figure K; and K, are coefficients, ®,

is attitude error in east direction (difference between
gyro platform and navigation frames), ®,(0) is initial
misalignment error between platform and navigation
frames, oV, is velocity error, Re is the radius of the
Earth, JR, is position error, daB, are accelerometers
“bias” and dgB, is gyro drift.

e

l 4 q')e +¥
I} A

G
che ©  patorm 5B,

Fig. 2. The North Channel error diagram of INS, with error
damping by the GPS measurements usage

Based on the diagram in Fig. 2, the single channel
error model is defined as:

SV, =g®, —K,8V, +8aB,,

o) :_51? -K,8V,+5gB,. (13)

e

e

By obtaining the derivatives of the first equation
in Eq. (13) (derivatives of 8V, ), and introducing the
second equation of Eq. (13) into the first equation of
Eq. (13), we obtain:

SV, +K,0V, + (o} +K,g)3V, =—g-5gB, +5aB,.(14)

The left side of Eq. (14) describes a second-order
oscillator. The selection of optimal coefficients K; and
K, is based on a compromise between the value of the
static error and the system bandwidth. A selection of
high values of K; and K, provides a low static error
value, but in this case, the system is characterized
by a wide bandwidth in order to allow transmission
of high-frequency noise components [14]. Therefore,
the selection of optimal coefficients, K; and K.,
should be performed as a compromise between these
two opposite requirements. As the MEMS sensors
inherently produce high static errors, the values
of K; and K,, can be very high. Such behaviour
may cause the instability of the EKF; therefore, we
have to separate these coefficients. The first pair of
coefficients is marked as K;yg and Kyjyg and are used
for attenuation of INS errors, while the second pair of
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coefficients, K;xr and K,kp, are used in the EKF in
order to form control signals, as given in:

u =—K, . sinh(37,), u’ =-K, . sinh(57.),

n

u? =-K, .. sinh(37.), u®=-K, .. sinh(57,), (15)

where Ky, xr = Kiogr = 0.01, and Ky,xr = Koogr =
0.007.

The control signals at the horizontal channel,
which are shown in Fig. 3, are defined by using the
maximum expected velocity difference 6V, (in our
case 1.1 m/s), i.e. 8V . for the eastern channel.

During the period of GPS data outage, the control
signals are formed on the basis of the moving average
values computed for the last 16 measurements of
velocity, ¥, and V,, in order to obtain average values
Vnmu and Vema'

0.025
0.02 T S R s et L
""" u =K*@ Vn) ‘_'_.--‘
R 0.015 ===y" =K. *sinh(8 Vn) “

01 f g

0.005

0.02

0.015  =eeer u? = K:*(3 Vi)
= u? = K:*sinh(3 Vn)

wett
.
______
wus®
e
e

-----
sy
e
_____
Py

0.005

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
3 Vn [m]

Fig. 3. The control signals at the horizontal channel of the
proposed INS solution

In existing solutions [6] and [11], these values
were used for the auto-correction of the horizontal
channel errors, while in the solution proposed here ,
these values are used in order to compute the velocity
vector of movement in the horizontal plane

V, =yV: —V2 _ which can be decomposed into

Hma nma ema

the north and east components of velocity by using the
yaw angle. This way, we can determine:

~ INS
6V" = Vuns — VHma COS(W) s and

A~ INS
Ve =Vus =V siny) .

In order to achieve more effective error damping
in case of GPS data outage, the higher values of
coefficients K are necessary. For this reason the
adaptation of these coefficients by using the nonlinear

hyperbolic functions sinh() is performed and the
values of coefficients K are selected to reach the
maximum expected value of 6/, .. The function sinh()
is defined for a wide domain of input values, with the
property that as the input signal error values rise the
function response increases slowly for small inputs
(almost with a linear rise), while it increases more
quickly for the higher signal error values.

The adaptation of the coefficients in the vertical
channel is adopted as described in [9], and the model
of the vertical channel is given as:

8h=358V, —C,sinh(6h—5h""),
SV, =84, —C,sinh(8h—Sh**)~5a+2w>5h, (16)

where 0V, is the velocity error, d4 is the INS height
error, 04, is the vertical acceleration error, 0hB4R is the
baro-altimeter error, da is the steady state error, w; is
Shuler’s frequency, and C;, C, are control coefficients
pair for vertical channel error. The high values of
these coefficients can cause system instability and,
therefore, the separation of these coefficients is
introduced, with C;ng, Cong being coefficients for the
INS correction, and Cxp, Cokp, being coefficients for
the control signals in EKF. The coefficient values that
were used in this paper are Cypyg = 0.04, Cypng = 0.8,
ClKF =0.035 and C2KF =3.2x10-4.

When there are no valid GPS measurement
data, the EKF works in the prediction mode, based
on the covariance matrices Q (system noise) and R
(measurement noise).

4 INTEGRATED NAVIGATION SYSTEM

The block scheme of the INS/GPS/BAR/MAG
integration is shown in Fig. 4. In accordance with a
solution for INS errors damping, the errors model,
used in the presented integrated scheme for INS errors
estimation, is given in [1].
The variables given in Fig. 4 are defined as: dV,,, oV,
oV, are linear velocity errors NED components, dg,
04, oh are position errors components, @,, ¢., ¢,
present orientation errors NED components for
calculated platform, o ,0”,0 are gyro drifts, w(f)
is Gaussian white noise, while B,, B,, B, present NED
components of the accelerometer biases.

Based on the estimation error model, the
correction of the velocity components in the NED
coordinate system, is defined as:

Vnc:VnINs_EI’}n’V::
_17INS _ VE ¢ _p7INS >
=V _§HEYE =V 5V, (17)
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where 612., 1) 176, o 17‘1 are estimates of velocity errors
defined at the output of EKF. The position correction
is given as:

(pc =(pINS _6(,/;’16 — /IINS —5/7{,,}16 — thS —62’}, (18)

where 6¢,0A,0h are estimates of position errors for
the LLh (latitude, longitude, and height) coordinates.
The state vector in EKF, in our case, is given as,

x=[6r, Or, or, oV, &V, oV, dp 80 Oy
B, B, B, of o ofl] (19)

n e

The states in the EKF with control signals can be
represented as:

~t ~t ~t
Xk =@ xp1 +u, +K, (z, -H, O, xi-1 —H,u,), (20)
where u is matrix defined as:

ukflzdiag([O 0 u, u u u, u’ uf O]), (21)

while K is the Kalman gain matrix, and ® is the state
transition matrix. The control signals are given as:

U ==K, SINN(SV 1)t ==K, sin(SV ),

n

¢ _ ] > ¢ _ 1 -
u! ==K, v sinh(6V.),u! =—K, . sinh(6V »),
r . v :
u, =—C - sinh(6h),u; = —C,. sinh(6 h). (22)
m?
MAG l Orientation alghoritm —
5. wf
IMU l = INS Navigation algorithm —
yiNs R
yors
GPS _D
GPS R : n
EKF —
yos 5p,64,h l &V, lﬁ,,,é,«i@,
.. $,0,y
R™ L P0§1llon and. Attitude correction
velocity correction
VoV l(ﬂ‘,i‘,h‘ l¢‘,9",'/f

Fig. 4. Block scheme of the observed
INS/GPS/BAR/MAG integration

The Kalman gains are time varying, with the
steady state defined for the equilibrium between
the process noise variance accumulation and the
measurement noise variance. These steady-state gains
in the Kalman filter are the same as the optimum K
and C coefficients used for error damping in the
INS. It should be noted that the adaptation of these
coefficients is performed only when GPS data are not
available.

In the case of GPS drop-out, EKF is used to
perform prediction with the Kalman gain matrix
formed as zero matrix (K = 0).

5 EXPERIMENTAL RESULTS

The integrated navigation system used in this study is
formed by using the low cost INS MEMS sensors: the
MPU-60X0, which combines a 3-axis gyroscope and
a 3-axis accelerometer, “Gms-ulLP” GPS receiver
(L1 C/A code, updating frequency 10 Hz) and the
MS5611-01BAO03 as a barometric pressure sensor.

We assumed the non-orthogonality of the INS
sensors as defined in product specifications. The
stochastic noise characteristic of these sensors was
determined by the Allan variance method based on
a three-hour measurements. These data are used for
the sensor calibration and for the covariance matrices
used in EKF initialization. The results of those tests
are given in Table 1.

Experimental testing of the integrated navigation
system was performed by using a land vehicle. The
device was installed on the center of mass of the
vehicle and the antenna of the GPS receiver was placed
on the top of the vehicle, wherein the applied software
solution was used to adapt to the position differences
between the GPS antenna and the inertial sensors.
The vehicle was moving along the predetermined
trajectory, in the urban environment, which contains
ups and downs, and which is defined with twenty CP.

Table 1. Sensors error parameterization

Acc Bias White noise Random walk
[m/s2] [m/s/s1/2] [m/s?/s1/72]

X -11.5x10-2 1.77x10-2 6.48x10-4
y -1.66x10-2 1.86x10-2 5.73x10-4
z 9.8x10-1 1.87x10-2 1.94x10-3
Gyro Drift White noise Random walk
[rad/s] [m/s/s1/2] [m/s?/s1/2]

X 9.28x10-3 11.3x103 3.7x10-4
y 2.8x10-3 10.5%x10-3 3.04x10-4
z 1.02x10-4 10.2x10-3 6.07x10-5
Baro 7. [s] V\[Irrrl:}:/g?/;sje R‘[’Q‘/’;)Z’}LY/V;}”‘
200 9.31x10-3 13.9%10-2

The covariance matrix R, is formed based on
the 12 hours long GPS measurements at the known
position and is given as: R;; = 5.7296e-8; Ry, =
4.9e-8; Ry3 = 1.55; R4y = 0.01; Rs5 = 0.01; Rg =
0.01. Covariance matrix Q is determined based on
the sensors’ noise characteristics and is given as: Qs 3
=le-4; Quq = 4.77e-5; Qs 5 = 2.75e-6; Qg6 = 7.3€-3;
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Q7,7 = 1.5¢-3; Qgg =1.5¢-3; Qg9 = le-3; Qyg,10 = 1.2¢-
3, Qi =1.2e-3; Qo n = le-4; Q313 = le-4; Qu414=
le-4; Q5,15 = le-4; The other elements of the matrices
R and Q are zero.

The paper presents the test results obtained for a
period of 300 seconds. All system settings were set in
stationary conditions. In Fig. 5, the accelerometers’
row data acquired during the test are shown, as well
as the results after filtering performed based on the
parameters of the stochastic sensors.

0.5

— 1 1 === Acc

) bl LA ]

0y 0.5 1 15 2 25 3
x10'

0.5 1 1.5 2 2.5 3
Samples [f= 100 Hz] X 104

Fig. 5. Accelerometers measurements obtained during the test

In Fig. 6, the results of the gyroscopes
measurements, acquired during the test are shown,
with the results of these measurements after filtration.
In these figures, in both cases, the large influence
of noise is evident, especially for the low values of
the sensors measurements. This fact is particularly
noticeable on the vertical axis of gyroscopes triad in
Fig. 6.

_ 01 === Gyro
20 — Gyro filt »
= 01 ey
0 0.5 1 1.5 2 2.5 3
4

y [rad/s]

z [rad/s]
=)

0 0.5 1

5 2 2.5 3

1.
Samples [fs = 100 Hz] X 10“

Fig. 6. Gyroscope measurements obtained during the test

The normalized values of the magnetometer
measurements after calibration, in the horizontal

plane, are shown in Fig. 7. As the graph describes a
full circle, it is clear that the hard iron measurement
errors are removed when the calibration method is
applied. Deviations of the graph from the exact circle
are a consequence of the soft iron errors, which have
not been entirely removed.

Mag
1 norm

0.8 /
0.6 7

0.4 J

™

0.2

s
%
W\

-1 -08 -06 -04 -0.2 0 02 04 0.6 08 1
y

Fig. 7. Normalized magnetometer measurements in the horizontal
plane, after the calibration, acquired during the test

The results of pressure and temperature
sensor measurements during the test are shown in
Fig. 8. In this figure, the black lines represent the
filtered measurements. Bearing in mind the noise
characteristics of the pressure sensor, shown in Table
1, there is no obvious strong presence of noise in Fig.
8, because the dominant barometer error is random
walk noise. The step graph of temperature row data,
shown in the lower graph in Fig. 8, is a consequence
of sensor resolution of 0.1 °C.

994
==e= Baro
— 993 — Baro filt
& on
£
- 991
-9
990
9% 0.5 1 1.5 2 25 3
x 10’
23.6
23.4
¥
=, 232
= 3 Temp
= Temp filt
28 0.5 1 1.5 2 2.5 3

Samples [fs = 100 Hz] X ]0"

Fig. 8. Measurements of the barometer and temperature sensors,
before and after filtration
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A profile of the trajectory along which the test was
performed is shown in Fig. 9. The CPs are selected
in such a way to allow full control of determining the
position of the vehicle during its movement, e.g. at
critical points on the road, such as the changes of ups
and downs and curves.

O GPS
= [NS/GPS/BAR/MAG
* cp

Latitude [deg]

44.
725(]’{486 20.488  20.49 20.492 20.494 20496 20.498  20.5
Longitude [deg]

Fig. 9. The trajectory of vehicle movement in the horizontal plane,
with marked control points

Horizontal and vertical profile of vehicle
trajectory in NED coordinates, relative to the GPS
measurements are given in Figs. 10 and 11. During
these tests, there was no interruption of the GPS
information. The vertical profile of the trajectory is
particularly interesting because of the large deviations
of GPS measurements relative to the CPs, which
resulted with the large covariance measurement error
of the altitude.

400

200

E 9
z
-200 GPSN
400 = INS/GPS/BAR/MAG N
) 50 100 150 200 250 300
500
GPS E
= INS/GPS/BAR/MAG E
E 9
m

-500 50 100 150 200 250 300
t[s]
Fig. 10. The north and east coordinates, of the vehicle trajectory

in NED coordinate system (when GPS is always on)

The vehicle velocity in the NED coordinates is
shown in Fig. 12. As the updating frequency of GPS

data is 10 Hz, the likelihood of a large navigation error
accumulation between the GPS measurements is very
low (negligible). Furthermore, with the well-defined
EKF parameters, the measurement noise is removed,
as it is evident in Fig. 12.

205

===GPSh
— INS/GPS/BAR/MAG h

h [m]

170 50 100 150 200 250 300
t[s]
Fig. 11. The altitude profile of vehicle trajectory,

(when GPS is always on)

In the upper graph in Fig. 13, the heading angle
of the vehicle is shown. The angle was determined
based on full integration of gyros, accelerometers,
and the magnetometer, where the angle change is in
accordance with the trajectory of the vehicle. The
deviation of yaw angle for different cases of sensor
integration is shown in the lower graph in Fig. 8. All
these deviations are reduced to a small value by the
use of additional external measurements, especially
those of magnetometer.

10
E
=
>
-10
0 50 100 150 200 250 300
20 GPS Vned
7 —— INS/GPS/BAR/MAG Vned
E o0
o
>
20
0 50 100 150 200 250 300
1
E 9
o
>
-1
0 50 100 150 200 250 300

t[s]
Fig. 12. Velocity profiles of the vehicle in NED coordinate system,
(GPS on)
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The particularly large positive contribution of
gyroscopes and magnetometers integration can be
seen through the determination of the pitch angle,
as given in Fig. 14. When observing the results of
measurements relative to the specific angles defined
with CPs, it is clear that the best results are obtained
when the gyroscopes drift suppression is done by
using the magnetometers and accelerometers. The CPs
can only approximately determine the pitch angle;
therefore, it is not possible to accurately determine the
measurement error.
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% %;‘) "Q‘_ SR /
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S E

e

Fig. 13. The flow of the yaw angle during the experimental testing
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Fig. 14. The flow of the pitch angle during the experimental testing

The improvement of the roll angle accuracy
is evident in Fig. 15, which shows the transition
of the roll angle along the experimental trajectory.
By observing the roll and pitch angle curves, it is
evident that there are large divergences in cases in
which the angles are determined only based on the
gyroscope measurements, which is the consequence
of the gyro sensors imperfections. A partial gyroscope

drift compensation is achieved by the introduction
of accelerometer measurements into the orientation
algorithm.

However, accelerometers do not produce
perfect data and therefore gyroscopes drift cannot
be absolutely removed. The largest deviations of the
pitch and roll angles occur when there are changes
of direction and velocity of the vehicle, which is in
accordance with Figs. 10 to 12. The best possible
results are achieved with the integration of all three
sensor types.
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Fig. 15. The flow of the roll angle during the experimental testing

The graphics of the vehicle position errors in
the horizontal and vertical plane for the period of
GPS information absence (artificially introduced
between 180 s to 210 s) for a period of 30 seconds
are shown in Fig. 16. The self-damping algorithm of
INS measurements is realized as described in Section
3. The rapid increasing of the position error is typical
for the MEMS sensors.

The curves in Figure 16 show the case when
there are linear acceleration of the wvehicle, in
all three directions, during the manoeuvre. The
maximum, mean and root mean square error (rms)
of measurements are shown in Tab. 2. The case in
which there are linear and angular accelerations of
the vehicle, during the GPS outage, exist in a period
between 150 s and 160 s. In this case, there is a large
error in determination the position and velocity of the
vehicle. The errors of the position and velocity in this
case are also shown in Table 2.

For comprehensive and unequivocal monitoring
of navigation parameters, the velocity deviations,
during the GPS data outages, are also displayed for
the time interval between 180 s and 210 s in Fig. 17.
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The errors of vehicle velocity are also shown in Table
2.

If we look at the graphics in Figs. 16 and 17,
and the results that are shown in Table 2, it can be
concluded that the proposed solutions for the object
attitude, position and velocity errors damping allow
the successful realization of the real multi-sensor
integrated navigation system, which is based on
MEMS sensors.

g :
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T ! T : ! : :
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= 0.1 T
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Fig. 16. Vehicle position errors during the GPS outage
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Fig. 17. The velocity estimation in NED coordinates, during the
GPS outage

Table 2. Summary of the experimental results

Error (GPS off 10 s) Error (GPS off 30 s)
Parameter
max  mean  rms max  mean  rms
N [m] 8209 4.021 4.809 5141 1.801 2.320
E [m] 9301 2231 3491 13.894 4.840 6.430
D [m] 0.071 0.024 0.029 0.109 0.035 0.042

Vn[m/s] 1158 0.042 0746 1.231 0497 0.602
Ve [m/s] 1561 0.031 0.823 1.759 0.882 1
Vd[m/s] 0123 0.009 0.002 0.135 0.009 0.019

6 CONCLUSIONS

The results of the comprehensive analysis, observed
in the accordance with the objectives of the research,
clearly show that the proposed solutions for the
error damping justify the initial assumptions and
objectives of the conducted research. It can be also
concluded that the usage of the magnetometer for
gyro drift compensation through the PI controller
usage contributes to the improvement in the attitude
determination of the vehicle. Finally, we have shown
that the proposed solution for the self-error damping
in the horizontal channel produces reliable results in
the user position and velocity determination process,
although only the low-cost sensors are used.
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Wear Behaviour and Cutting Performance
of Surfaced Inserts for Wood Machining
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Machining, in general, and wood machining, in particular, are complex to explain and many factors influence the process. Natural wood
is @ nonhomogeneous biological material, so each species of wood requires different machining conditions and tools. Understanding the
properties of wood and choosing the proper cutting tools and machining parameters can improve the quality of wooden products, increase
production efficiency, and improve machining. The objective of this study was to find the most suitable cutting tools for the machining of oak
wood grown in Lithuania. This paper describes tests of two commercial cutting inserts made of high speed tool steel (CTO1M-LA2 and 8X6FT)
and two experimental inserts (EI) made by surfacing using a submerged arc welding (SAW) technique and a mixture of alloying elements
spread on the surface under industrial flux. The results obtained from the milling tests demonstrated the suitability of the suggested surfaced
inserts for machining oak wood. All tool wear parameters, such as cutting edge radius, edge recession, nose width, and cutting power, have
been evaluated and compared. The cutting edge radius of El after 3200 m of cutting length was ~ 5.00 um, 3 to 4 times lower than the wear
of standard tools; similarly, the edge recession of the surfaced inserts showed 2 to 3 times lower results. The results of this study indicate that
the cutting power increases as the feed per cutter increases. These findings suggest that surfaced inserts can replace the commercial inserts
used for wood machining.

Keywords: wood milling, surfacing, edge recession, tool wear, oak

Highlights

*  (utting tool inserts were made by surfacing using a submerged arc welding (SAW) technique.
e Wear behaviour of the presented inserts was compared with commercial inserts.

o Tests were performed on samples of oak wood.

»  Surfaced inserts showed better wear behaviour and cutting performance.
*  The suggested technology can be used for manufacturing wood machining tools.

O INTRODUCTION

The literature has emphasized the importance of both
wood cutting technology and the natural properties of
wood. Machining of different species of natural wood
(oak, pine, birch, etc.) and timber products requires
the usage of high quality cutting tools. Each type of
material requires different machining conditions, so
it is not possible to use one type of cutting tool to
achieve the best efficiency. A number of authors have
claimed that high quality tools are necessary due to
the particular properties of the natural materials
machined, such as the possible significant anisotropy
of the structure and the cutting behaviour of the
material in different directions (along or across to
the fibres), large sizes (for the initial processing from
the logs), unexpected changes in the structure and
a sudden rise in the internal stresses of the material
machined, the appearance of hard and brittle particles
and changes in density in a cross section, etc. [1] and
[2].

Cutting tools employed in the field of wood
machining do not allow the full potential of the
machines to be fulfilled [3]. Several reports have

shown that the main problems in wood processing
arise due to differences in the physical and chemical
structure of wood and metal. Firstly wood has
relatively good machinability allowing high cutting
and feed speed; but it contains some water, making it
very corrosive [3] and [4]. Secondly, the natural defects
(knots, wane, particles of hard mineral contamination,
etc.) present in the timber can initiate blunting of the
cutting edges; therefore, very hard but brittle materials
are not suitable as cutting tools in this case. Hardened
steels, high speed tool steels, stellites, tetrahedral
amorphous carbon, composites of titanium carbides
and polycrystalline diamond wood cutting tools are
currently used in the wood industry; among them,
the most common are cemented carbides, because
of their good wear resistance and relatively low cost
compared to diamond based tools [1] and [5]. All of
the studies reviewed here support the hypothesis that
cutting tools manufactured from high speed tool steel
or surfaced with high wear resistance coatings can
replace expensive tools made of sintered carbides or
sintered polycrystalline diamond [6].

Finally, machining of wood is performed under
a very high working speed and extremely sharp
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cutting edges are needed. Thus far, previous studies
have reported that the main wear mechanism is the
erosion of the cutting tool material; hence, coatings
for woodworking tools should be very hard, adherent
and smooth and exhibit high wear resistance [5] and
[7]. Another problem is the rounding of the cutting
edge radius during the cutting process. Even a small
increase in the edge radius leads to increased tool wear
and worse surface quality of the final wood product.

Thus this paper presents the results of wear
behaviour of two standard cutterhead inserts, made of
high speed tool steels for wood cutting, supplemented
by test results of experimental inserts (EI) surfaced
using submerged arc welding (SAW) technique and
a properly chosen chemical composition of alloying
flux.

1 METHODS

The base material for surfacing was cheap plain
carbon steel (C 0.14 % to 0.22 %; Si0.12 % to 0.13 %,
Mn 0.4 % to 0.65 %, S< 0.05 %, P < 0.04%) provided
as an 8 mm thick plate. The surfacing process was
performed on 40 mm X 100 mm samples in a single
pass using the SAW technique with alloying materials
mixture (~ 6 g) spread on the surface under the flux.
The chemical composition of the materials mixture is
presented in Table 1.

A single 1.2 mm diameter electrode low carbon
wire (C < 0.1 %; Si < 0.03 %, Mn 0.35 % to 0.6 %,
Cr < 0.15 %, Ni < 0.3%) was used for the surfacing.
The SAW was carried out with an automatic welding
device (torch MIG/MAG EN 500 78), with welding
parameters: welding current 180 A to 200 A, voltage
22 V to 24 V, travel speed 14.4 m/h, and the wire feed
rate 25.2 m/h.

Table 1. Chemical composition of the spread materials mixture

Composition of materials mixture [wt.%]
SiC Cr W Fe-70%Mn
El 40 10 40 10
* LST EN 10204:2004 Si0O, and MnO > 50 %.

Flux

AMS1*

A blended powder of materials was spread on
the surface of the base metal and fused using a metal
arc. Additional standard flux AMS1 (GOST 9087-81;
Si0, 38 % to 44 %, MnO 38 % to 44 %, CaF, 6 % to
9 %, Ca0 < 6.5 %, MgO < 2.5 %, AL,O3 <5 %, Fe,O3
<2%,S<0.15 %, P<0.15 %) was used to shield and
to protect the welding area.

The presence of chromium in the surfaced
layer affects the formation of the retained austenite,

thus slowing the decomposition of austenite, since
chromium provides some corrosion resistance. Silicon
carbide (SiC) was used as a deoxidizer in the welding
flux. Deoxidizers react with oxygen at the welding
temperature and significantly decrease the quantity of
oxides in the bead, thus increasing the quality of the
weld. Adding silicon into the flux improves the metal
mass transfer coefficient and the form of the weld, as
well as modifying the slag [7].

One testing lot of surfaced inserts were heated
to 1100 °C afterwards and hammered in order to
examine the influence of plastic deformation on the
wear properties of the tool. During hot hammering,
the face of the surfaced samples was plastically
deformed and flattened to the level of the base metal
and, as a result, the time of insert machining was
reduced (no additional cutting needed). The second
positive outcome of the smithing process was the
self-hardening of inserts in the air, i.e. tempering
following hot plastic deformation. The hardness of
surfaced inserts reached 60 HRC, while the surfaced
and hammered reached 50 HRC. After tempering at
500 °C, the hardness values were changed to 57 HRC
and 55 HRC, respectively.

The mechanical behaviour of surfaced
experimental inserts and commercial inserts was
assessed in terms of hardness and wear properties.
Table 2 shows the chemical composition of
commercial inserts. Hardness measurements of the
layers were accomplished on the wrought and heat-
treated (tempered) inserts using Rockwell tester
TK —2 at a load of 1470 N using a diamond indenter.

Table 2. Chemical composition of commercial inserts

Quantity of elements [wt %]

el o Mo N T VW Go
1 080 587 - 091 010 020
2% 100 383 021 012 - 260 1255 012

* 8X6FT (GOST 6567-75) ** Freud CTO1M-LA2

The most important characteristics (Fig. 1)
selected to define the wear behaviour of inserts were:
cutting edge radius p [um], edge recession A4, [pum],
nose width b [um], and cutting power P [W] [8].

The actual values of the edge rounding radius
were assessed using a lead imprint method with a
Nikon Eclipse E200 optical microscope and Lumenera
Infinity 1 digital camera. Infinity Analyze Release
5.0.2 software was used to analyse and evaluate the
obtained results with an accuracy of + 2 pum.The
experimental results were subjected to statistical
analysis. Cutting power P was determined by
measuring the available power and taking out the idle
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motion power. Available and idle motion power were
measured with an accuracy of + 10 W on a universal
power tester K506.

90° "

0 a
Fig. 1. The main geometrical parameters of the cutting tool:
cutting angle o, sharpness angle 3, rake angle y,
and clearance angle o.

The values of the cutting edge radius, edge
recession, nose width, and cutting power were
recorded and measured at intervals of cutting length
L: (0; 50; 100; 150; 200; 400; 800; 1200; 1600; 2400,
and 3200) m. Each value at every specified cutting
length was an average of 5 tests.

2 EXPERIMENTAL

Experimental inserts were strait sharpened and their
edges were converged according general grinding
procedures for inserts. The sequence of inserts
manufacturing is presented in the Fig. 2.

a) b) c)
Fig. 2. Sequence of experimental inserts preparation: a - blank;
b - surfaced; ¢ - insert

Table 3. Characteristics of inserts

Characteristic El* EI2
Not tempered 50 60
Hardness, HRC After tenﬁpering 55 57
Dimensions [mm] 60x30x3.55
Sharpness angle /3 [degree] 40
Weight of insert m2 [g] 45.69 45.19
Roughness of rake face R, [um] 0.135 0.152
Roughness of clearance face R, [um] 0.083 0.066

* hammered after surfacing.

Ten wood test samples were prepared from oak
wood (Quercus robur) grown in Lithuanian (Table 4)
with dimensions of 1000 mm x 100 mm x 45 mm.
Special care was taken to select samples as free as
possible of knots or other defects.

The characteristics of experimental inserts are
presented in Table 3. Hereafter accurate dimensions
of inserts were ensured by measuring inserts using
electronic callipers with an accuracy of + 0.001 mm.
The surface roughness tester, profilotemer Mahr
MarSurf PS 1, was used to evaluate the roughness of
the rake face and clearance face [9].

Table 4. Physical properties of Quercus robur

Average Average number  Average width Average

moisture of annual rings  of annual ring density

content w [%] per1cm [mm] [kg/m3]
10.2 3.00 3.33 690

The average moisture content was estimated
using a Gann Hydrometer Compact A electronic
moisture tester with an accuracy of + 1 %. The number
of annual rings per 1 cm was determined by counting
the rings in the end section perpendicular to the wood
fibers [8]. Samples were weighted on electronic scales
(accuracy + 0.01 g) for determination of density.
Average ambient temperature of wood samples
testing was 18 + 2 °C, while relative air humidity was
60 £ 5 %.

Table 5. Milling test conditions

Name Values

EN EI2
Cutting speed n,. [m/s] 31
Feed per insert /. [mm] 1.00 0.50
Feed speed v, [m/min] 6 3
Depth of milling /2 [mm] 2
Milling width & [mm] 45
Diameter of cutterhead d, [mm)] 103
Number of inserts z [unit] 1
Cutting angle & [degree] 60
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The wear performance of experimental and
standard inserts was carried out on a typical industrial
thickness planer (SR3-6) with a face milling
cutterhead using oak samples as the workpiece. The
milling was conducted according longitudinal milling,
with vectors of cutting speed nc and feeding speed
nf. Milling conditions were the same for each of the
tested inserts and are shown in Table 5.

The inserts made of different steel grades and
surfaced layers were replaced for each test. The
cutterhead was designed to have two cutting edges, to
avoid the imbalance that can appear with one insert,
however while two experimental inserts were mounted
[10], only one was tested. An indirect method was
used to change the thickness of chips through the feed
per one insert f, = 0.50 mm and 1.00 mm. The cutting
speed was constant for all tested samples n,. = 31 m/s.
The rotating frequency of the cutterhead measured
with an accuracy of 10 min-! using a Tachometer
Stroboscope SC-5 was n = 5790 min-.

3 RESULTS AND DISCUSSION

The wear measurement was based on the determination
of the edge recession (cutting edge radius, edge
recession, and nose width) after each defined cutting
length (effective cutting path of the blade).

The wear test results of two experimental and
two commercial inserts showed that there are three
phases, which characterize the evolution of the insert
wear recession: running (intensive wear), linear wear
(stable), and vital wear (tool failure). It can be stated
that for each type of insert, the running period was up
to 800 m of cutting length due to intensive wear [2].
The results, as shown in Fig. 3, indicate that further
wear evolution of inserts was relatively linear or
stable.

20

- A
= | 47 |
'g’ 15 —=—EI1
5 =——CT01M-LA2
2 —A— 8X6FT k
]
(5]
Nas
£ s
=
O
0
0 800 1600 2400 3200

Cutting length [m]
Fig. 3. Variation of the cutting edge radius for the feed per insert
(f.=1.0mm)

In Fig. 3 there is a clear trend towards an increase
in the inserts cutting edge radius with increasing
cutting length. The cutting edge radius of the surfaced
and subsequently hammered insert EIl showed
the lowest wear evolution when compared with
commercial inserts: 5.22 um. The results of the cutting
edge test are in line with those of the previous test, as
the tendency of wear of the EI2 inserts was the same:
5.35 um. The cutting edge radius of the industrial
insert made of CTOIM-LA2 was 11.2 um, while the
maximum wear values were achieved on 8X6FT
inserts with 19.8 um. Previous studies have attempted
to explain why tools with a cutting edge radius of
more than 25 um cannot be used for machining any
more [5].

The smallest edge recession was noticed when
testing surfaced insert EI2 (Fig. 4).

20
— \ )

& T
= —e—EIl
=15
- —O— CTOIM-LA2
£ —— 8X6FT
s — 1
o 10 1 =5
on
=)
(5]
@
é 5
3

0 ‘

0 800 1600 2400 3200

Cutting length [m]

Fig. 4. Edge recession for the feed per insert (f. = 0.5 mm)
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Cutting length [m]

Fig. 5. Nose width growth of surfaced inserts

There was no significant difference between edge
recession of surfaced inserts EIl and EI2 (10.66 pm
and 10.75 pm respectively), while the edge recession
of industrial inserts was ~ 20 to 35 um. Overall, these
results indicate that the edge recession of experimental
tools was 2 to 3 times lower.
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As shown in Fig. 5, the nose width test was used
to analyse tool wear. The milling test was interrupted
at defined intervals of cutting length in the same way
as for previous tests.

Average tool wear or blunting can be defined as
the difference between the resultant nose width and
the initial nose width.

Cutting tool temperature is another important
factor affecting tool wear in wood machining, because
the hardness, toughness, and chemical properties of
tool material degrade when the tool’s temperature
increases [11]. Continuous plastic deformation and
shear during chip formation generates thermal energy
and friction, which appear on the rake and clearance
face of the tool, at the same time there is also friction
between the sample and the back face of the tool. The
heat generated is transferred to the cutting tool and
work sample. This heat has a negative effect on the
quality and accuracy of the machined products and on
the main parameters of cutting: cutting speed, depth
of cut, blunting and cutting power. Consequently, the
cutting power of all inserts was tested over the whole
cutting length (Figs. 6 and 7 and Table 6).

E 250
o)
2 {
g 200 - [1— |
g
B —e—EIl
3 150 x —(— CTOIM-LA2
—n— 8X6FT
100 ‘ |
0 800 1600 2400 3200

Cutting length [m]

Fig. 6. Cutting power of inserts for f, = 1.0 mm
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—— 8X6FT
100 i i
0 800 1600 2400 3200

Cutting length [m]
Fig. 7. Cutting power of inserts for £, = 0.5 mm

The values of cutting power up to 400 m of
cutting length were high because of crumbling of
the top of blade’s cutting edge [12]. At this stage of
machining the cutting edge radius grew rapidly as
well. Linear or stable cutting power intensity was
observed for all inserts at cutting lengths from 1200
m to 3200 m. Wear by crumbling of inserts blades was
displaced by a plastic wear phase. Surfaced inserts EI1
and EI2 showed very similar results for cutting power,
therefore they can be used for machining of wood.

Table 6. Cutting power of inserts (W) (f. = 0.5 mm)

Cutting length [m]
50 100 150 200 400 800 1600 3200
El2 200 220 200 220 200 162 180 180
1* 218 198 175 183 175 200 220 216
2** 165 150 165 132 140 132 139 166
1 * 8X6FT; 2 ** CTO1M-LA2

3 CONCLUSIONS

The lowest cutting edge radius occurred on surfaced
and additionally plastically deformed insert EIl; the
cutting edge radius after 3200 m of cutting length was
5.22 um, while for unhammered EI2 it was 5.35 um.
In summary, these results show 3 to 4 times lower
wear than commercial tools.

Better wear performance was achieved by
testing the edge recession of surfaced inserts EI1 and
EI2. In summary, edge recession of the suggested
experimental tools was 2 to 3 times lower.

The most obvious finding to emerge from the
analysis is that the relatively hard coatings (55 to
57 HRC) surfaced on soft plain carbon steel can
replace some commercial inserts made of high speed
tool steels for use in oak wood machining, thus
reducing friction and wear of the wood cutting tool.
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Towards Sophisticated Control of Robotic Manipulators:
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Robotic manipulators have reshaped industrial processes. The scientific community has witnessed an ever increasing trend in robots
deployed to accomplish various tasks in industry. The complex nature and constrained requirements of robots may demand non-trivial control
approaches. This paper deals with the design, simulation and hardware realization of two sophisticated control strategies: computed torque
control (CTC) and variable structure control (VSC) on a pseudo-industrial manipulator with six degrees of freedom (DOF). Based on the derived
kinematic and dynamic models of the robot, control laws have been formulated, which are then subjected to various test inputs in a simulation
to characterize the tracking performance. The simulation results were then validated by implementing control laws on a custom-developed
pseudo-industrial autonomous articulated robotic educational platform (AUTAREP). The experimental results show the effectiveness of the
control strategies to track a desired trajectory.

Keywords: robot control, manipulator, robust laws, industrial robots

Highlights

*  This paper presents advanced strategies to control a highly non-linear system like a multiple Degree Of Freedom (DOF)

robotic arm.

*  The strategies include computed torque control (CTC) and variable structure control (VSC).

*  Design parameters using both strategies have been investigated in a simulation.

*  The strategies were carried out on a custom-developed autonomous articulated robotic educational platform (AUTAREP).

*  Trajectory tracking results showed that the derived laws can effectively track the desired reference input for both strategies.

O INTRODUCTION

Today, robots are being deployed to accomplish tasks
having strict requirements of accuracy, precision,
repeatability, mass production and quality. A
major breakthrough was reported with the advent
of feedback control systems and self-correcting
mechanisms. The development of multiple degree of
freedom (multi-DOF) manipulators has contributed
significantly to modern robots. Industrial robots are
primarily multi-DOF anthropomorphic manipulators.
The past few years have seen a large rise in the use of
industrial robots and this trend will likely continue, as
highlighted in [1].

The performance of a robotic manipulator is
characterized by a well-defined control approach [2].
Classical or trivial control strategies are usually based
on linear control laws while modern approaches are
nonlinear in nature. The approach to controlling a
multi-DOF manipulator must be robust enough to
cope with the effects of inherent nonlinearities and
coupling in the robot dynamics [3] to [5]. Classical
approaches suffer from various issues, which can

be avoided by merging these with advanced control
strategies or using an advanced strategy in standalone.

Control of multi-DOF robotic manipulators
is a vital research areca today. However, most
of the reported research is either limited to the
implementation of linear control approaches or the
simulation of sophisticated control strategies. In
contrast, the present work investigates advanced
approaches like computed torque control (CTC) and
variable structure control (VSC) from a simulation
viewpoint as well as its physical realization on a
custom-developed autonomous articulated robotic
educational platform (AUTAREP).

1 CONTROL DESIGN

The study of manipulators for diversified applications
has highlighted the need for sophisticated algorithms
for their control and trajectory planning. The objective
in the design of robotic manipulators is to control both
the position and the orientation of the tool in a 3D
workspace.

The scientific community has reported both
classical and robust strategies for robot control.
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With regard to classical approaches, Igbal et al.
have proposed proportional integral derivative (PID)
controllers for mobile robots [6] and multi-DOF serial
link robotic exoskeletons [7] and [8]. The role of PID
control in industrial automation has been presented in
[9], which formulates a nonlinear PID control law to
ensure global asymptotic stability (GAS). Classical
approaches, when combined with modern control
strategies, improve transient response in uncertain
scenarios as highlighted in [10]. Combining VSC with
PID and adaptive control strategies, Jingmei et al. have
improved precision in trajectory tracking of a robotic
manipulator [11]. Here, chattering has been reduced via
increased system response time. Tahir and Jaimoukha
have proposed a model predictive robust controller
[12] for linear discrete-time systems subjected to
polytopic constraints and bounded disturbances. The
proposed control approach is novel in that the outer
controller incorporates a state-feedback structure
where feedback gains are considered as decision
variables in online optimization [13].

PID has been the main workhorse in the industrial
sector. However, researchers have recently shown an
active interest in the development and applications of
nonlinear control methodologies applied to robotic
manipulators. A comprehensive review of control
strategies for manipulators is reported in [3].

The overall control problem consists of kinematic
and dynamic modeling, followed by the design of
a control law. The kinematics of the AUTAREP
manipulator has been derived in [14] using Denavit-
Hartenberg (DH) representation while the system
dynamics has been modeled in [15] using Euler
Lagrange equation (Eq. (1)).

1=M(q,9)4+V(q,q)+G(q)+f(q), )

where M(q,q) is a 4x4 inertia matrix, V(q,q), G(q)
and f(q) are 4x1 vectors of Coriolis centrifugal force,
Gravitational force and Frictional force, respectively.
T is the 4x1 torque vector applied to the joints of the
robot and q, q and § are 4x1 vectors for angular
position, velocity and acceleration respectively.

This paper deals with two modern control
strategies namely CTC and VSC.

1.1 CTC

CTC is a special type of feedback linearization
technique with symmetric, constant and positive
definite controller gains. CTC can be utilized
effectively in cases where there are known nonlinear
dynamic parameters and uncertainties. For the CTC

law, the expression for the manipulator system in Eq.
(1) can be written as Eq. (2).

t=M(q.4)(§, —21é-1’e)+V(q.4)+G(q), ()

where the vector q=[q; ¢» ¢3 q4]T corresponds to the
first four joints of the manipulator. q4, q, and ¢, are
the desired joint angle position  vector
(9a=1941 902 93 944)7) and its 1st and 2nd derivatives
respectively. e=q—qq is the error signal with € as its
Ist derivative. T is the required control output and is
represented by T=[r; 7, 13 74]T. The gain matrix
A=diag {1, A, A3 A4} can be used to alter the system
dynamics.

1.2 VSC

VSC has the potential to eliminate uncertainties and
disturbances present in the system. A switching
surface is designed and the main task of the controller
is to drive the system states to this surface. The system
then remains on the switching surface to reduce
disturbances and modeling uncertainties. VSC is a
robust control strategy using high frequency switching
control to alter the dynamics of the nonlinear system.
The VSC law for the robotic manipulator, using the
sliding manifold S =eé+Ce, is given in Eq. (3).

©=M(q,4)(d, -Ce)+V(q,4)+G(q)~-
K sgn(Ce + é), A

where the matrices C=diag{c;c,c3c4 and
K=diag {k; k, k3 k;} are the switching gain constant
and sliding surface constant, respectively, and can be
changed to alter the system dynamics.

2 SIMULATION

The controller s-functions were developed in a
MATLAB/Simulink based on the derived dynamic
model of the manipulator. Various desired trajectories
including step, sinusoidal and ramp have been applied
to analyze the robustness and effectiveness of the
proposed control laws. The overall effect of the plant
has been investigated by choosing different values
for the system constants, i.e. A for CTC and C, K for
VSC.

In the case of CTC, varying A revealed that the
performance of the system improves by increasing
the value of A. For example, when considering the
second joint (shoulder), a simulated step response
is used to investigate the effect of the assigned A,
values. Keeping 4;, 4; and A4 constant (unity), the
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step response of the shoulder joint for 4,=1,2,3,4 is
illustrated in Fig. la with the corresponding torques
plotted in Fig. 1b. No overshoot is observed in any
case. However, a significant difference in rise time
and settling time is noticeable. When /, is increased
from 1 to 4, the rise time is reduced from 7.13 s to
1.97 s while the settling time is reduced from 5.20 s
to 1.86 s at £5% of the desired joint angle. The initial
magnitude of torque (25.9 Nm) is required to keep
the shoulder joint at its initial position against the
gravitational force. The final magnitude of torque is
12.9 Nm.
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Fig. 1. Shoulder joint a) CTC step response for different
values of A2 b) corresponding torques

Where all joints are moving simultaneously,
the same value (4 = 4) has been set for each joint of
the manipulator. The corresponding step responses
and plots of torque are shown in Fig. 2. With a
slight difference in the behaviour of various joints,
it is inferred from the results that the various joints
exhibit different torque requirements. The shoulder
joint requires final torque of 5.4 Nm due to the
movement of other joints. The initial and final torque
requirements of the base joint are 0 Nm due to the zero
gravitational effect. The same requirements in case of
the elbow joint are 5.9 Nm and 3.1 Nm, respectively.
Having few gravitational effects in wrist joint, initial
and final torque requirements are 0 Nm and 0.2 Nm,
respectively.

The equivalent control is designed such that the
states of the system are on the sliding manifold, which

is defined as S=é+Ce where C must satisfy the
Hurwitz condition, i.e. C>0. Considering first joint
(base) for the sake of brevity, the Lyapunov function,
[, =0.5s] restricts k;>0 The corresponding entries of
C and K matrices cannot be selected independently
without violating the above conditions [16] due to the
joints’ coupling effects.
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Fig. 2. Joints moving simultaneously,
a) CTC step response b) corresponding torques

With ¢; =4, the step response for different values
of ky is illustrated in Fig. 3. Comparing the responses,
it is clear that the waveform corresponding to k;=8
exhibits relatively less rise time and settling time.
Thus, the optimum response is achieved with &;=8.
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Fig. 3. VSC step response of the base joint
for different values of ky

With tuned values of the C and K matrices, the
step response of various joints moving simultaneously
is shown in Fig. 4a. It can be inferred from the plot
that the elbow joint and wrist joint, even after reaching
their desired position, are not stable until the shoulder
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joint reaches its final position and is stabilized. This is
in accordance with the coupling effects of the joints.
Looking at the applied torque plot shown in Fig. 4b,
the switching effect is observable.
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Fig. 4. Joints moving simultaneously
a) VSC step response, b) corresponding torques

3 EXPERIMENTAL SETUP AND RESULTS

To wvalidate the simulation results, experiments
have been conducted on an indigenously developed
AUTARERP illustrated in Fig. 5. It is a mini-industrial
open-source, novel and complete robotic system
that finds potential in training interns, imparting
mechatronics concepts to engineering students
and validating advanced algorithms for trajectory
generation and control, object manipulation and
grasping, path planning, etc. [17].

The mechanical system of the platform is built
around a 6-DOF serial robotic manipulator. The arm’s
geometrical configuration resembles that of the human
arm. Six precise DC servo motors actuate the robot
while the sensory system is comprised of encoders
and force sensing resistors (FSR) in addition to an
on-board camera. The primary features of AUTAREP
are mentioned in [15]. The designed electronic system
mainly consists of an embedded controller DSPIC33F
and 6A/50V rated custom-designed motor drivers. The
hardware and software architectures of the platform
are detailed in [17].

First, the CTC law is implemented on the
manipulator. The trajectory tracking performance for

different gains (A1) is then observed for base, shoulder,
elbow and wrist joints with each joint moved at a time.
Fig. 6 illustrates the step responses of the shoulder
joint and elbow joint with 20° set as the desired angle.

Gripper

o

mera
FSR

Fig. 5. AUTAREP - A custom-developed pseudo-industrial
framework

CTC simulation and hardware implementation
both show that the increase in the gain-constant results
in better performance by improving the system’s
response. In contrast to the simulation, the hardware
results show that for same value of gain constant, each
joint exhibit slightly different response. This is due to
the fact that each joint’s motor produces a different
torque and speed.
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Fig. 6. CTC step response of the a) shoulder joint, b) elbow joint

After simple trajectory tracking experiments, the
coupling effect was also studied in order to determine
the VSC law on the physical manipulator. Joints were
moved simultaneously as well as independently to
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observe this effect. The results are illustrated in Fig. 7.
It can be inferred from Fig. 7a that the shoulder joint
exhibits overshoot for a longer period of time and
settles to the reference angle after settling of the elbow
joint. The coupling effect on the shoulder joint causes
it to move faster.

VSC simulation and hardware implementation
both confirm a strong coupling effect. In contrast
to the simulation, the elbow joint in the hardware
implementation does not come to rest until the
shoulder joint is stabilized at its destination. This
is quite expected due to the fact that a link near the
fixture or base is less exposed to mechanical stability.
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Fig. 7. Step response of base, shoulder and elbow joints when the
joints are actuated: a) at the same time, b) one at a time

4 CONCLUSIONS

This paper presents the design, simulation and
hardware realization of CTC and VSC strategies.
The simulation results have been verified through
experimental implementation on a physical platform.
Trajectory tracking results showed that the derived
laws can effectively track the desired reference input
for both non-linear control methods. The coupling
effects present in the joints are less visible in the
simulation but are more prominent in the hardware
implementation. Future work will include a task
dependent performance comparison of robust control
strategies on multi-DOF robotic manipulators.
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Numerical Investigation of the Effect of Process Parameters
during Aluminium Wheel Flow-Forming

So Young Hwang - Naksoo Kim - *Cheol-soo Lee
Sogang University, Department of Mechanical Engineering, Korea

Aluminium wheel flow-forming is an incremental forming technique that lengthens the material in the axial direction and thins it in the radial
direction. There are many advantages to wheel flow-forming, including reducing the weight of the product, which leads to improved fuel
economy. However, in terms of geometric accuracy, it is difficult to manufacture with high precision. In this study, process conditions, such as
headstock load, feed rate, and radial compression, as well as the geometry of the rolls, are investigated to improve the precision of the product.
To do this, a simulation was performed with SHAPE-RR, a type of FEM software. The result of the FE analysis was verified by comparing the
bulging amount of the wheel. The material property of aluminium was determined through a hot compression test. As a result, geometric
accuracy was improved by increasing the feed rate of the rolls. Moreover, applying a lower compression amount in the radial direction for the

third roll increased the geometric precision.

Keywords: aluminium wheel flow forming, backflow defect, geometric precision, compression amount

Highlights

*  Process condition study for wheel flow forming is done using Finite Element method.
*  Validation of the simulation is done by comparing the bulged amount according to the headstock load.

e QOptimal radius tip and size of the rolls are revealed.

o Effect of the compression amount for each roll is investigated.

0 INTRODUCTION

Ecofriendly, lightweight, and high-efficiency are the
most important key words in manufacturing fields,
especially the automobile industries. There have been
many studies on lightweight automotive design [1] to
[4]. For this, reducing the weight of the wheels can
be a solution. Both steel wheels and aluminium alloy
wheels for passenger cars are used. The aluminium
wheel’s weight can be one-third less than that of
a steel wheel. If the weight below the spring of the
automobile is reduced by 1 kg, the total weight of the
car can be reduced 10 to 15 kg [5]. This can lead to
higher efficiency and more environmentally friendly
automobiles.

Aluminium wheels can be manufactured by
casting or by casting followed by flow forming.
Friction stir welding can also be used for the
production of aluminium wheels, and many studies
have been conducted on this technique [6] to [10]. If
flow forming is included in the manufacturing process,
the weight can be reduced by 10 to 18% because the
mechanical characteristics are improved. During
aluminium flow forming, three side rolls are used. The
first roll starts to operate when the process begins and
the second roll begins to operate a few seconds later,
followed by the third roll. The three rolls operate at the
same time during the process except at the beginning
and the end.

However, because of its complicated shape,
there is no systematic design approach to determine
the optimal process condition to increase geometric
accuracy. Therefore, in the field, manufacturers rely
on trial-and-error methods to find the best process
condition.

Many studies have been performed to understand
the flow-forming process. Wong et al. reviewed the
principles and developments of flow forming and
insisted on the great potential of manufacturing
complex shapes [11]. Yao and Murata experimentally
investigated the process parameters, including
feed rate, radial force, and surface roughness, for
aluminium tube flow forming [12]. Molladavoudi and
Djavanroodi experimentally investigated the effects of
thickness reduction on the mechanical properties and
spinning accuracy [13]. Lee and Lu demonstrated the
relationship between the load of roller and mandrel
to the strain rate and surface roughness. They also
confirmed that it is beneficial to have larger rollers
since the surface finishing is better than with smaller
rollers [14]. Davidson et al. found that the depth of cut
in turning operation is an important process parameter
affecting the percentage of elongation, by using the
Taguchi method [15].

While many experimental studies on flow
forming have been done, there also have been studies
using the finite element method (FEM) to investigate
the flow forming process. Xu et al. used a 3D rigid
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plastic model to establish an FEM model of tube
spinning, and the model was verified experimentally
[16]. Xia et al. studied the effect of the main forming
parameters, such as offset amount, feed rate, and path
direction, on the spinning forces, theoretically and
experimentally, using a finite element (FE) simulation
[17].

Research exists on the defects that occur during
spinning or flow forming, but it remains at the
level of simulating and verifying the phenomenon
by comparing experimental and analytical results.
However, in the field, it is important to achieve the
precise feature that is desired. Therefore, the purpose
of this study is to understand the effect of the process
parameters of headstock load, compression amount,
feed rate, and roll shape on the geometric accuracy.
To do this, a sensitivity analysis was performed using
FE analysis to determine the effect of the process
variables on the geometric accuracy. The SHAPE-RR
program, which is exclusively used for the rotational
manufacturing process, was used for FE analysis.
To verify the validity of this analysis, the bulging
amounts from the analytical and experiment results
were compared, which was the verification method
used by Mohebbi and Akbarzadeh to enhance the
reliability of the FE analysis [18].

1 BACKFLOW DEFECT

According to Cha et al., the so-called backflow defect
occurs during the wheel flow-forming process [19].
Therefore, backflow must be reduced to enhance the
geometric accuracy. The backflow defect is a bulging
phenomenon located on the opposite side of the
forming direction.

As shown in Fig. 1, when the roller applies a
load to a part where the diameter rapidly varies, the
resultant load can be divided into radial and axial
forces. The radial force reduces the thickness of the
material, and the axial force elongates in the axial
direction. When the roller is used to reduce the
thickness, a material point is moved in the opposite
direction of the roller movement to cancel out the
axial force. Moreover, when the load of the headstock
is enormous, backflow is generated, which creates the
bulging defect, as shown in Fig. 1.

According to Cha et al. [19], the amount of
bulging is related to the headstock load. If the
headstock load is excessive, the reaction force on
the headstock is increased, which leads to a greater
amount of bulging. However, if the headstock load is
insufficient, the wheel will lift up from the mandrel,

which affects the precision of the product. Therefore,
the optimal headstock load must be studied.

Reaction force
on headstock

Longitudinal Mandrel
(axial)
4
Radial
(thickness) Bulging
height o

! v,
i
| "
i 1 Radial ,____
i force
% N Resultant
i ‘ forming force i

v
Axial force

Fig. 1. Mechanism of backflow defect
2 WHEEL FLOW-FORMING MODEL

To perform a sensitivity analysis of the wheel flow
forming process, the SHAPE-RR program, which
was developed based on the FEM, was used. Prior to
the computation analysis, the material properties of
aluminium had to be determined, and the validity of
the analysis program had to be verified.

2.1 Material Characteristics

To describe the material flow during wheel flow
forming, the Johnson-Cook flow stress model shown
in Eq. (1) was used. In the equation, &7 is the
effective plastic strain, & " the effective plastic strain
rate, and 7, is the melting temperature. This is
suitable for considering the strain rate and temperature
terms because wheel flow forming is a bulk
deformation process with time-dependency.

o, =(4+BE"Y)(1+CE")(1-T™), (1)
._T-T,,
i v

The Johnson-Cook model uses 4, B, n, C and m
as material coefficients. Friction and these coefficients
were obtained through a hot compression test. The
dimensions of the cylindrical specimen are a length of
40 mm and a diameter of 15 mm. To obtain the terms
of strain rate and temperature, five experimental cases
were set. The initial temperature of the aluminium
specimen for the flow forming process was 360 °C.
Therefore, the experimental conditions of temperature
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Fig. 4. Comparison of experiment and simulation
for 390 °C - 10 mm/min

were considered to be 390 °C and 330 °C. Each case
was repeated three times.

After obtaining the load-stroke curve from
the experiment, it was averaged for each case. The
coefficients and the friction that minimized the
load-stroke curve between the experiment and the
simulation were obtained. The coefficients are shown

in Table 1, and the friction coefficient is 0.2. The load-
stroke curves obtained from the experiment and the

simulation are compared for each case in Figs. 2, 3,
and 4.

Table 1. Material coefficients of the Johnson-Cook model

A B n C m Toels
154 MPa 63 MPa  0.476 0.015 1.0 887K

2.2 Simulation Model

The wheel flow forming simulation model is shown in
Fig. 5. Three-dimensional eight-node solid elements
were used in the model. The second and third rollers
were placed 125° from the first roller, which put them
115° from each other.

roller #3

Fig. 5. Full FE model of wheel flow forming

Tip

a)
[] : Velocity boundary condition
- 500 rpm
z - Fixed in Z-direction
(longitudinal direction)
Y
b)

Fig. 6. Numerical model for the cross-section of the wheel;
a) actual shape, and b) simplified finite element mesh

To increase the computational efficiency, a
complicated shape in the corner of the work piece,
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shown in Fig. 6a, was removed. A mesh test was also
performed to determine the maximum size of the
mesh. The longitudinal mesh length on the side was
studied, and with the same forming condition, the
geometrical difference was compared, and 4 mm was
chosen. The cross-section of the initial work piece
and the boundary condition are shown in Fig. 6b. The
boundary condition is given as 500 rpm.

2.3 Simulation Validation

To validate the reliability of the simulation, the amount
of bulging according to headstock load was compared
with the experimental model. The obtained material
properties were applied to the simulation. At each load
condition, three experiments were conducted to ensure
the accuracy of the results. The initial work piece and
the flow-formed wheel are shown in Fig. 7.

Fig. 7. Initial work piece and manufactured wheel
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Headstock load [N]

Fig. 8. Comparison of experiment and
simulation of bulging amount

As shown in Fig. 8, the amount of bulging tends
to increase as the load increases. This is because the
load in the longitudinal direction is related to the
bulging mechanism, as explained in Section 1. The
amount of bulge converges at the end because of the
geometric limitations.

As shown in Fig. 8, the averaged bulging amount
of the experimental model and the simulation is
similar, with a 6"% difference between them.

3 GEOMETRIC ACCURACY

Manufacturing the product with high geometric
accuracy is the most important factor during the wheel
flow-forming process. If it is accurate, the cutting
process afterwards will be reduced.

To perform a sensitivity analysis, simulation
conditions have to be determined. The location of the
rolls and the work piece during the process is shown
in Fig. 5. Three side rolls were placed, as shown in
Fig. 5.

The gap between the mandrel and the work piece
after the forming process was calculated as the cross-
section area between them (Fig. 9). During wheel flow
forming, the work piece is lifted up from the mandrel,
which creates a gap. This gap has to be minimized to
increase the geometric accuracy.

First, it is important to investigate the effect
of headstock load on the geometric accuracy. As
mentioned in the prior chapter, it is important to
determine the suitable headstock load. If the load is
too high, the bulging amount will increase. However,
if the headstock does not have enough force to settle
the work piece down onto the mandrel, the work piece
is lifted up from the mandrel. Therefore, according to
the headstock load, the gap between the mandrel’s top
surface and the work piece is calculated. As a result,
with a higher load, the gap is reduced (Fig. 10).

However, a headstock load over 60,000 N creates
bulging of over 0.5 mm, which is the limitation.
Furthermore, the gap must be less than 400 mm? for
the wheel to be a non-defective product. If the gap
exceeds 400 mm?, then the wheel cannot become used
because of the geometry tolerance. Therefore, 30,000
N is the most appropriate headstock load.

Second, the shapes of the side-rolls were
investigated. Specifically, the diameter of the roll
and the radius of the roll-tip is considered. The level
of each parameter is shown in Table 2. In this table,
ry indicates the radius of the tip for the first roll, and
r, indicates the radius of the tip for the second roll.
The tip radius of the third roll was not considered
because it is the finishing roller. The upper bound was
determined according to the limitations of geometry.

To run an efficient amount for the experiment,
the Taguchi method was used. Three variables with
three levels fit the L9(34) orthogonal array. Therefore,
a total of nine cases were simulated. For each case,
the gap difference was calculated as shown in Table 3,
and this was used to obtain the objective function as
shown in Eq. (3):

y=1093 11057~ 347, +2R+3.3r242.4r,2 . (3)
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By optimizing the objective function using the
response surface method [20], the optimum values for
each parameter to maximize the geometric accuracy
were 71 =20 mm, r,=12.7 mm, and R=176 mm.

The results indicate that the first roller must have
the largest tip radius. The role of the first roll is to
push down the material so that it can be flow-formed
close to the mandrel. If the tip radius is large, it will be
easier for the roller to push down the material, which
makes it easier for the second and third rolls to shape
the wheel.

Mandrel E d

Fig. 9. Gap between mandrel and material

Gap [mm2]
w
s

0 30000 60000 90000 120000
Headstock load [N]
Fig. 10. Gap according to headstock load

In contrast, the compression amount of each roll
was considered. As explained above, three side-rolls
were used during the process, and the radial thickness
that had to be reduced was 10 mm. Therefore, the
amount of compression for each roll was adjustable,
so the compression amounts of the rolls were
investigated. Parameter d, indicates the compression
amount in the radial direction of the second roll and
dy represents this for the third roll. Automatically, the
compression amount of the first roll is the rest of the
10 mm. Table 4 shows the results. As the compression
amount is small for the third roll, it has a better
geometric precision. This is because the third roll is

the last roll, which affects the final shape of the work
piece. Therefore, as much as the first roll compresses,
it is easier for the second and third rolls to form
precise geometries.

Table 2. Roll-shape parameters and levels

71 [mm] 75 [mm] R [mm]
Level 1 10 10 120
Level 2 15 15 180
Level 3 20 20 240

Table 3. Taguchi method matrix
7y [mm] 7, [mm] R [mm] Error Gap [mm2]

1 10 10 120 1 315
2 10 15 180 2 347
3 10 20 240 3 401
4 15 10 180 3 209
5 15 15 240 1 199
6 15 20 120 2 469
7 20 10 240 2 258
8 20 15 120 3 332
9 20 20 180 1 463

Table 4. Geometric accuracy according to compression amount

d, [mm] d; [mm] Gap [mm2]
Case 1 3 2 191.7
Case 2 4 2 238.5
Case 3 3 1 130.2
Table 5. Geometric accuracy according to feed rate

Feed rate [mm/rev] Gap [mm?]

1 1.7 mm/rev 146.9

2 1.6 mm/rev 149.5

3 1.5 mm/rev 165.6

4 1.4 mm/rev 166.1

5 1.3 mm/rev 201.9

Finally, the feed rate was considered. The feed
rate refers to the speed in the longitudinal direction
while rotating. Therefore, 1.5 mm/rev means that the
roller moves downward at 1.5 mm per revolution, and
this is related to the forming process time. For each
feed rate considered, the result is shown in Table 5.
Case 1 is when the forming process was done in 14
seconds. As shown in Fig. 11, the gap, or the form
error, is reduced as the feed rate increases. However,
after 1.6 mm/rev, the gap between the mandrel and the
work piece converges to 145 mm?.

4 CONCLUSIONS

In this research study, the process conditions that can
affect geometric precision were studied. The first
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factor that was considered was the headstock load,
which is the main cause of bulging defects. As this
is increased, the bulging amount increases. However,
the lifted gap between the work piece and the mandrel
decreases as the headstock loads increase. Considering
that both factors are equally important, 30,000 N is
the most proper headstock load for the presented case
study. Furthermore, for the first roll, it is better to have
a large tip radius. Due to geometric limitations, 20
mm is the largest tip radius. In contrast, the optimal
tip radius of the second roll is 12.7 mm. In terms of
compression amount, it is better for the first roll to
compress more and to reduce the compression amount
for the second and third rolls for geometric precision.
The gap can be reduced down to 130.2 mm?. For the
feed rate, which is related to process time, it is better
for it to be fast. When the feed rate is over 1.6 mm/
rev, the gap is less than 150 mm?2. These results only
consider the geometric precision. Finally, this study
can be extended to considering the lifespan of the
rolls.
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Determination of Undissolved Air Content in Oil
by Means of a Compression Method

Adam Burecek* — Lumir Hruzik — Martin Vasina
VSB - Technical University of Ostrava, Department of Hydromechanics and Hydraulic Equipment, Czech Republic

This article describes a combination of experimental and mathematical methods for the determination of undissolved air content in
hydraulic oil. The experimental part consists of the determination of the oil bulk modulus, considering the influence of undissolved air by
means of a volume compression method in a steel pipe. A multiphase model of an oil/undissolved air mixture is subsequently defined using
Matlab SimHydraulics software. The multiphase model permits the volume compression of oil and air bubbles independently of each other.
Furthermore, time dependencies of pressures are mathematically simulated during the compression of the multiphase mixture of oil and
undissolved air for different concentrations of the latter. The undissolved air content is determined by comparing the mathematically simulated
and experimentally measured time dependencies of pressure increases.

Keywords: oil/air mixture, bulk modulus, undissolved air content, hydraulic system

Highlights

*  Experimental determination of secant bulk modulus and tangent bulk modulus of oil by means of a compression method.
e Multiphase mathematical model of compressibility of oil/undissolved air mixture.
*  Mathematical simulation and measurement of time dependence of pressure during compression of oil/undissolved air

mixture in steel pipe.

*  Determination of undissolved air content in oil by comparing the mathematical model with the measurement.
*  The undissolved air concentrations in the measured hydraulic system were determined in the range of 0.22 % to 0.49 %.

0 INTRODUCTION

Basic properties of liquids are described by their
density, viscosity and compressibility, which can be
expressed by bulk modulus [1] and [2], resistance to
deformation, or capacity. Liquid with a content of
undissolved air is considered to be a mixture. The
bulk modulus of the liquid/undissolved air mixture
is significantly influenced by the concentration of
undissolved air in the mixture. The mixture bulk
modulus generally increases with increasing liquid
pressure and decreasing temperature [3]. It is possible
to determine the mixture’s bulk modulus by different
experimental methods, e.g. by acoustic [4] and [5],
capacity [6], piezoelectric impedance [7] or volume [8]
methods.

Hydraulic oil, which is the most frequently used
energy carrier in hydraulic systems, is the investigated
liquid in this paper. The air content in hydraulic
oil is typically in two states, i.e. in dissolved and
undissolved states. In the dissolved (i.e. diffused)
state, air in hydraulic oil is in the form of oxygen and
nitrogen molecules that are mixed with oil molecules.
The contents of other gases in air are negligible in
comparison to the oxygen and nitrogen volumes.
In the case of the undissolved state, the oxygen and
nitrogen molecules are clumped together. For this
reason, air bubbles are created. A volume of released

and dissolved air in oil is given by Henry’s law [9]. Oil
with air bubbles creates an oil/undissolved air mixture.
The mixture is characterized mainly by a higher
compressibility, which corresponds to the relevant
bulk modulus (sometimes referred to as effective bulk
modulus). Therefore, the effective bulk modulus of an
oil/air mixture includes the influence of undissolved
air [4], [10] and [11]. The compressibility of the oil/
undissolved air mixture has a negative influence on
the static and dynamic properties of hydraulic systems
[12]. For this reason, it is necessary to eliminate the air
content in this mixture. For a more accurate definition
of a mathematical multiphase model of the mixture, it
is necessary to define not only the oil bulk modulus,
but also the undissolved air content, which is very
difficult to measure. There are different methods for
the experimental determination of the undissolved
air content. It is possible to measure the bubble size
distribution in liquid, e.g. by image analysis [13], drift
flux analysis [14], as well as by acoustical [15], optical
[16] and electro-resistivity [17] methods. However,
a given method of the bubble size measurement is
generally applicable for a certain bubble size range
[18].

The aim of the paper is to describe a specially
developed method for the determination of the
undissolved air content in hydraulic oil on the basis

*Corr. Author's Address: V3B - Technical University of Ostrava, Department of Hydromechanics and Hydraulic Equipment, 477

17. listopadu 15/2172, Ostrava - Poruba 708 33, Czech Republic, adam.burecek@vsb.cz



Strojniski vestnik - Journal of Mechanical Engineering 61(2015)7-8, 477-485

of a comparison of experimental measurements and
mathematical modelling.

1 THEORETICAL BACKGROUNDS
1.1 Dissolved Air in Oil

Air in the dissolved state presents a chemical bond
of oxygen and nitrogen molecules to oil molecules.
Petroleum oils will generally dissolve 8.5%+0.5%
by volume of air at atmospheric pressure and
room temperature [19]. For pressures higher than
atmospheric levels, absorption follows Henry’s law,
which is defined as [20]:
Cair

H== (M

oil

where H is the dimensionless Henry’s constant, C,,.
is the solute concentration in air, and C,; is the solute
concentration in oil.

The amount of dissolved air increases with
increasing liquid pressure [21]. In the case of
a disturbance from the equilibrium state as a
consequence of pressure or temperature changes, air
molecules are released and air bubbles are generated.
For this reason, an oil/air mixture is created, or the air
can be further dissolved in oil. This process is time-
dependent. The time of the air release in oil is much
shorter in comparison to the time of its dissolution.

1.2 Undissolved Air in Oil and Its Influence on Bulk
Modulus of Oil/Air Mixture

Dissolved air in oil is most frequently released to
the undissolved state (i.e. to air bubbles) at pressure
and temperature changes. Air bubbles can also enter
the oil through different leaks. The oil/undissolved
air mixture thus obtained has different properties in
comparison to oil without air bubbles. It is possible
to partly reduce the formation of bubbles at high
operating pressures or by means of de-aeration
devices, i.e. so-called gas separators. The bulk
modulus, which is important in a mathematical
model, is a significant property of the oil/undissolved
air mixture. It is desirable to achieve high values of
the bulk modulus in practice. The bulk modulus of
the oil/undissolved air mixture is affected by many
factors, e.g. by the pressure, temperature and volume
of undissolved air. The amount of undissolved air has
the greatest influence on the bulk modulus of the oil/
undissolved air mixture, mainly at low pressures. In
this case, the air is much more compressible.

The oil/undissolved air mixture can be defined
as a multiphase mixture in mathematical models. The
bulk modulus of the multiphase mixture is changed
according to pressure and the amount of undissolved
air. Then, the bulk modulus Kp,, of the multiphase oil/
air mixture is given by the equation [2], [22] and [23]:

1/n
o (Pj
p,tpP
Koy =Ko+ pl/n > @)

n-(p,+

l+a 'Ko' (n+1)/n
p)

where K, is the bulk modulus of oil without air
content, « = V,/V, is the relative air content in
oil at atmospheric pressure, V, is the air volume
at atmospheric pressure, V, is the oil volume at
atmospheric pressure, n is the isentropic coefficient
(n = 1.4), p is the working pressure, and p, is the
atmospheric pressure. The above-mentioned equation
allows the inclusion of the compression of the oil
volume and undissolved air independently of each
other.
The oil bulk modulus K, is defined by the
following equation [1] and [2]:
K, =0 4P 3)

o >

AV,

where Ap is the pressure difference, and AV, is the
difference of oil volume before and after compression.

The bulk modulus of the oil/undissolved
air mixture can also be taken into account in a
mathematical model in a simplified manner. It is
possible to assume a single-phase mixture, in which
the compressibility of air bubbles is included in the
bulk modulus K, of the oil/undissolved air mixture.
In this case, the bulk modulus is defined by a constant
for the given working pressure p. There is a certain
inaccuracy in the mathematical model, especially at
lower pressures.

The thermodynamic effect, which is affected by
the compression speed, occurs during the compression
of the oil/undissolved air mixture. The isothermal
effect proceeds at slow compression. In contrast,
the isentropic effect is typical for rapid progressive
compression. There are four different bulk modulus
types of the oil/undissolved air mixture. From one
standpoint, there are the secant bulk modulus and
the tangent bulk modulus of the mixture [24] and [25]
(see Fig. 1). Furthermore, each of these can be further
divided into isothermal and isentropic moduli [26].
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Fig. 1. Determination of secant (S) bulk modulus and tangent (T)
bulk modulus of oil/undissolved air mixture

The secant bulk modulus K, s of the mixture is
defined by the formula [10] and [25]:

A

KM,S =VM.AV s
M

“
where ¥, 1s the volume of oil/undissolved air mixture,
and AV, s the volume difference of an oil/undissolved
air mixture before and after compression.
The tangent bulk modulus K, 7 of the mixture is
expressed by the equation [10] and [25]:
dp

KM,T =Vy W Q)
M

2 EXPERIMENTAL MEASUREMENT
OF INVESTIGATED MIXTURE

2.1 Description of the Experimental Equipment

The schematic diagram of the experimental equipment
is shown in Fig. 2. The equipment consists of the
hydraulic pump HP, the check valve CV, the relief
valve RV, the steel pipe P, the seat valve SV, the
reservoir R, the measuring equipment M 5050, the
measuring point MP, and the pressure sensor PS. The
M 5050 measuring equipment allows scanning, display
and recording of measuring data from sensors that are
used in hydraulics (e.g. from pressure, temperature
and flow sensors). The hydraulic pump HP represents
a flow source of the hydraulic system. If the seat valve
SV at the pipe end (see Fig. 3) is open, hydraulic
oil flows through the pipe P and the valve into the
reservoir R. The seat valve is subsequently closed and,

.....

Pt LI L

Ccv .
HP
R | |

Fig. 2. Schematic diagram of experimental hydraulic circuit
for determination of bulk modulus of oil/undissolved air mixture

Fig. 3. View of experimental hydraulic circuit for determination
of bulk modulus of oil/undissolved air mixture

therefore, the flow through the valve is interrupted.
Nevertheless, the pump HP supplies further liquid to
the pipe P. Therefore, oil pressure is increased and a
mixture of oil and air bubbles is compressed inside the
steel pipe P. If the pressure of the mixture is increased
to the value (i.e. p = 200 bar), which is adjusted by
the relief valve, the relief valve RV is opened and
subsequently the mixture of oil and air bubbles flows
from the pump HP through the relief valve RV into the
reservoir R. At the same time, the oil/undissolved air
mixture in the pipe is compressed under the pressure
that is adjusted by the relief valve RV. The pressure
increase in the pipe was measured depending on the
time. The pressure of the oil/undissolved air mixture
inside the pipe P was recorded by the pressure sensor
PS and the M 5050 measuring equipment. An example
of the time dependence of the pressure p is shown in
Fig. 4. The time interval Az of the pressure scanning
was set to 1 ms in this case. Measuring data were
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processed using Hydrowin software. The parameters
of the steel pipe P are as follows: outside diameter
Dp = 0.03 m, inside diameter dp = 0.022 m, wall
thickness sp = 0.004 m, length /p, = 1.88 m, Young’s
modulus of elasticity Ep = 2.1x10!! Pa and Poisson
ratio vp = 0.3.

250
200

150 7

s
100 — 5
50 -~

S0 701 02 03 04 05
T Time [s]

Fig. 4. Measurement record of time dependence of pressure
during mixture compression in steel pipe

>
~
2
A\Y
AN
\

Pressure [bar]

The oil density p = 859 kgm-3 was measured using
a Mohr balance. The kinematic viscosity v=1.02x10-4
m2s-! of the investigated hydraulic oil was determined
using a Brookfield DV-1I+ Pro rotational viscometer.
The above-mentioned quantities were determined for
the oil temperature ¢, = 25 °C.

2.2 Experimental Determination of Bulk Modulus of Oil/
Undissolved Air Mixture

The method of determination of the secant bulk
modulus and the tangent bulk modulus of the oil/
undissolved air mixture is described in this chapter.
The time dependence of the pressure p in the pipe
P is shown in Fig. 4. The maximum pressure p = 200
bar corresponds to the pressure that is adjusted by
the relief valve RV. Also shown on this figure are the
secant “S” and the tangent “T” for the determination
of the secant bulk modulus K, s and the tangent bulk
modulus K, of the oil/undissolved air mixture
for the pressure gradient Ap = 200 bar. Appropriate
secants “S” or tangents “T” were determined for
obtaining the secant bulk modulus and the tangent
bulk modulus of the mixture at different pressure
gradients Ap (see Fig. 6). It is evident (see Fig. 4)
that the secant slope is influenced by the nonlinear
dependence of the pressure p depending on the time ¢
at the beginning of compression of the mixture in the
pipe P. The nonlinearity is caused by the compression
of air bubbles present in oil. The tangents “T” and the
corresponding values of the tangent bulk modulus
K, 7 were determined only for the pressures occuring
when the effect of oil compression is included and the
effect of compression of air bubbles is negligible.

The time intervals At depending on the pressure
changes Ap were subtracted from the experimentally
measured record (see Fig. 4). The appropriate time
interval Aty was subtracted for the determination of
the tangent bulk modulus. Similarly, the appropriate
time interval Atg was subtracted for the determination
of the secant bulk modulus. The volume increase AV,
[5] and [23] of the mixture in the pipe P due to the
pressure change Ap is given by equation:

Am:igﬂq ()

The given pressure change Ap (see Fig. 4) was
divided into equidistant sub-intervals (Ap; = 2.5 bar)
with the corresponding time sub-intervals Af. The
sub-flows Q; were subsequently determined from the
measured flow-pressure characteristic of the pump HP
(see Fig. 5). The average flow rate Q; was subtracted
from the flow-pressure characteristic of the pump for
each pressure sub-interval Ap;.

The flow-pressure characteristic depends on
the temperature of the mixture. Therefore, the
characteristic was experimentally measured for the
working oil temperature 7, = 25 °C. The influence of
the change of air content in oil in the reservoir on the
flow-pressure characteristic was negligible.

2.5
2.0
1.5
1.0
0.5

0

Flow [dm?/min]

0 100 200 300
Pressure [bar]

Fig. 5. Flow-pressure characteristic of the hydraulic pump HP,
to=25°C

The bulk modulus K, of the oil/undissolved air
mixture is subsequently defined by the formula [27]:

1

Ky=— 7
AT, ()
Vi-dp E,-s,

The measured dependencies of the secant bulk
modulus K, and the tangent bulk modulus K,
of the oil/undissolved air mixture on the pressure
gradient Ap are shown in Fig. 6. It is evident that
the secant bulk modulus of the oil/undissolved air
mixture is increasing with increases of the pressure
gradient Ap. The secant bulk modulus is significantly
influenced by the compression of air bubbles in the
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nonlinear area (see Fig. 4). The tangent bulk modulus
K, 7 1s practically constant and represents oil without
influence of air bubbles. It comes very close to the oil
bulk modulus K, (see Eq. 3). The measured values
of the secant bulk modulus K, and the tangent bulk
modulus K, 7 of the oil/undissolved air mixture are
shown in Tab. 1. These values were obtained from
Fig. 6 for the pressure gradient Ap =200 bar.

Table 1. Measured values of the secant bulk modulus Ky s and
the tangent bulk modulus Ky 1 of oil/undissolved air mixture for the
pressure gradient Ap = 200 bar

200

£ i
O 150 rd
B i
£ 100 “
A / itd
£ 50 5L
24/ 7
0 h ‘/I T T
0 0.1 0.2 0.3 0.4
Time [s]
Compression: — — -No. 1 - = ==-No.3
No. 4 - =-=--No.7 No. 11

Fig. 7. Measured time dependencies of mixture pressure for
differently aerated system
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tangent bulk modulus Ky, r of oil/undissolved air mixture on the
pressure gradient Ap

2.3 Experimental Measurement of Time Dependence of
Pressure for Differently Aerated Systems

The time dependence of the mixture pressure in
the steel pipe was experimentally measured during
compression of the investigated mixture. The
measurements were repeatedly performed for different
degrees of oil aeration. De-aeration was performed
via multiple compressions of the oil/undissolved air
mixture in the pipe up to the pressure p =200 bar. The
time dependence of the mixture pressure was measured
for each compression. The air concentration decreases
with successive compressions in the pipe P (see Fig.
7) due to successive de-aeration of the system. Dead
volumes in the system (e.g. in connections, screw
joints and valves) are successively de-aerated at
individual compressions of the system. A part of the
air bubbles is released from dead volumes during each
compression. These bubbles are subsequently drained
away from the working volume. It is evident (see
Fig. 8) that the pressure increase is faster after each
compression. The compression speed is given by the

Fig. 8. Detail of measured time dependencies of the mixture
pressure for differently aerated system

flow size from the pump, the constant volume inside
the pipe, Young’s modulus of elasticity of the steel
pipe and the bulk modulus of the mixture of oil and
air bubbles. The time dependencies of the pressure at
the beginning of compression are nonlinear, which is
caused by the compression of air bubbles. It is also
evident that the time dependencies of the pressure are
practically identical during the last three compression
processes (i.e. for compressions No. 9, 10 and 11). It
can be concluded that it was practically impossible
to decrease the air content in the oil/undissolved air
mixture during further compression processes. The
linear area is characterized by the same inclination
angle of the pressure dependencies (see Fig. 7).
For this reason, the undissolved air is markedly
compressed.

3 MATHEMATICAL MODEL
The mathematical model (see Fig. 9) of the

experimental equipment was created using Matlab
SimHydraulics software [22]. The constant flow pump
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HP represents a source of pressure energy. Oil flows
through the check valve CV, the steel pipe P, the seat
valve SV into the reservoir R. In the case of closing
of the seat valve SV, the oil pressure in the pipe P
increases up to the pressure value, which is adjusted
by the relief valve RV. The circuit also consists of
the block for valve control (i.e. Control of SV), the
block PS for pressure measurement, the solver block
(i.e. Solver) and the block for definition of the oil/
undissolved air mixture (i.e. Oil-Air) [28].

=
ils

Control of SV
G | ¥
cv RV
nlEE N
£(x)=0} z
- | Pps

HP Solver -

T Oil - Air

L

Fig. 9. Mathematical model of experimental equipment

The steel pipe P (see Fig. 9) is simulated as a
segmented pipe with circular cross-section, which is
divided by longitudinal cuts on set of same serially
arranged parts, i.e. concentric parameters. Each
part of the pipe consists of the Resistive Tube (i.c.
resistance to motion), the Fluid Inertia (i.e. resistance
to acceleration) and the Constant Volume Hydraulic
Chamber (i.e. resistance to deformation). In the case
of one segment, a symmetric T-part is assumed. Any
other segment is regarded as an L-part. The parameters
of the steel pipe are presented in Chapter 2.1. The
pipe wall was defined as elastic, and its elasticity is
expressed by the pressure-diameter coefficient Kp

[22]:

d (D*+d?

KP=—P.(I; 2y J )
E \D-d’ 7

p

The single-phase mathematical model of the oil/
undissolved air mixture is defined by the density p,
the kinematic viscosity v and the bulk modulus K,
of this mixture in Matlab SimHydraulics (i.e. in the
block Oil-Air). In case of the multiphase mathematical
model of the oil/undissolved air mixture, it is also
necessary to enter the amount of the undissolved air
content o.

4 RESULTS AND DISCUSSION

4.1 Simulation of the Influence of the Bulk Modulus of an
0Oil/Undissolved Air Mixture on the Time Dependence of
Pressure - Single-Phase Model

The influence of the bulk modulus K, of the single-
phase oil/undissolved air mixture on time dependencies
of the pressure p was mathematically simulated during
closing of the seat valve SV at the end of the pipe P
(see Fig. 9). The bulk modulus of the investigated
mixture was described in this mathematical model by
a constant that already includes the compressibility
of air bubbles. The pressure increases depending on
time for different values of the bulk modulus of the
single-phase mixture are shown in Fig. 10. The time
dependencies of the mixture pressure are linear with
different angles of inclination. It can be concluded that
the angle of inclination of the pressure dependence
increases with increases of the bulk modulus, and the
maximum pressure is achieved in a shorter time.

200 7 - ..
— / ’ Pid
s /////’ all
o, 150 ST
5 7/,%.0
2 100 gl
172} /7,77
& 50 i
O T T T T
0 0.1 0.2 0.3 04 05
Time [s]
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------ K,=12x109 Pa
-=-=-=- K,=14x10%Pa
— — - K,=16%x10%Pa
——— K,=18x10%Pa

Fig. 10. Simulation of influence of bulk modulus of single-phase
oil/undissolved air mixture on time dependencies of pressure

The experimental and simulated time
dependencies of the pressure increases are compared
in Fig. 11. The experimentally obtained values of the
secant bulk modulus and the tangent bulk modulus of
the oil/undissolved air mixture at the pressure p =200
bar were applied to the simulation in the single-
phase model. Furthermore, this model was specified
without the undissolved air content (i.e. with a = 0).
It corresponds to the single-phase mixture with the
constant bulk modulus.

It is evident that the simulated time dependence
of the pressure with the tangent bulk modulus K, 7 of
the oil/undissolved air mixture and the experimentally
measured pressure dependence have the same angle
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of inclination in the linear area (see Fig. 11). As
previously mentioned, air bubbles are markedly
compressed in this area. For this reason, the tangent
bulk modulus of the mixture is approaching the
oil bulk modulus K. Therefore, in the case of the
multiphase oil/undissolved air mixture (see Eq. 2),
the tangent bulk modulus K}, of the oil/undissolved
air mixture is used as the oil bulk modulus K, in
mathematical simulations. The undissolved air content
a is the last unknown quantity in the application of the
multiphase model. The method for determining this
parameter is described in the following chapter.

200 . /
,g‘ . s 7
a 150 g
D 2
é 100 P 7
9] 2
& 50 7
0 - ' '
0 0.1 0.2 03 0.4
Time [s]
Experiment
- - - - Simulation K, ;
— — - Simulation K,

Fig. 11. Comparison of mathematical simulations for
experimentally determined secant bulk modulus Ky, s and tangent
bulk modulus Ky, 1 of oil/undissolved air mixture with experimental

measurement

4.2 Simulation of the Influence of Undissolved Air on
the Time Dependence of Pressure - Consideration of a
Multiphase Model

The bulk modulus of the multiphase oil/undissolved
air mixture (see Eq. 2) was taken into account in the
mathematical multiphase model. In this case, the
experimentally determined tangent bulk modulus
Ky, 7 (see Fig. 6) was used as the oil bulk modulus
Ky, i.e. without influence of air bubbles. The time
dependencies of the pressure were subsequently
simulated for different contents a of undissolved air
in the mixture. The influence of the air content on the
simulated pressure dependencies is evident from Fig.
12. Higher air contents result in higher nonlinearities
in the area of low pressures. Furthermore, the
experimentally measured time dependencies of the
pressure for aerated and partially de-aerated oil
mixtures are compared in Fig. 12.
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Fig. 12. Comparison of experimental measurements and
simulations of influence of undissolved air content on time
dependencies of pressure

It is possible to determine the undissolved air
content in oil with a comparison of the measured and
simulated pressure dependencies (see Fig. 12). In
this case, the undissolved air content a = 0.49 % was
determined for the aerated oil (i.e. for the compression
No. 1, see Fig. 7). Similarly, the undissolved air
content o = 0.22 % was obtained for the partially de-
aerated oil (i.e. for the compression No. 11, see Fig.
7). The multiphase mathematical model captures very
well the influence of the compressibility of air bubbles
in the area of low pressures. This mathematical model
was also used in the following application: the volume
of oil/undissolved air mixture, which expanded from
the pipe during a rapid decrease of working pressure to
atmospheric pressure, was experimentally measured.
The similar volume values were determined using the
mathematical model. The measured time dependence
of the pressure decrease also corresponded to the
mathematical simulation [29].

5 CONCLUSION

The purpose of this paper was to determine
the concentrations of undissolved air in an oil/
undissolved air mixture. It was necessary to obtain
the properties of the mixture in order to determinate
the concentrations of the undissolved air for the
definition of a mathematical model. For this reason,
the values of the secant bulk modulus and the tangent
bulk modulus of the oil/undissolved air mixture were
experimentally obtained using a volume compression
method. Time dependencies of the mixture
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pressure were subsequently created using Matlab
SimHydraulics software and compared with the
experimental measurements. The measured values of
the secant bulk modulus and the tangent bulk modulus
of the mixture were applied to the single-phase model.
The simulated pressure dependence using the mixture
tangent bulk modulus and the experimental pressure
dependence have the same angle of inclination in the
linear area. There is a negligible influence of bubble
compression in this area. Therefore, the mixture
tangent bulk modulus is used for the specification of
hydraulic oil in the mathematical model. The tangent
bulk modulus is almost constant and represents oil
without the influence of air bubbles. It corresponds to
the oil bulk modulus.

Time dependencies of the mixture pressure were
subsequently simulated in the multiphase model for
different contents of undissolved air in the mixture.
The influence of undissolved air on the pressure
increase was found on the basis of the experimental
measurements for the differently aerated system.
The undissolved air content was determined by a
comparison of the simulated and experimentally
measured pressure dependencies. The linear area of
the pressure dependencies is influenced by the oil bulk
modulus. The nonlinear area of these dependencies is
mainly affected by the undissolved air content. The
mathematical description of the bulk modulus of the
oil/undissolved air mixture includes the effect of the
compression of air bubbles in areas of low pressures.
This corresponds well to the physical experiment.
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Vpliv vetra na varnost v cestnem predoru

Ales$ Suban® — Stojan Petelin — Peter Vidmar
Univerza v Ljubljani, Fakulteta za pomorstvo in promet, Slovenija

Predori so strateski objekti cestnega prometa, Se posebej na goratih obmocjih, saj omogocajo hitro, varno in
nemoteno prometno povezavo. Prezracevanje enosmernih predorov na avtocestah je vecinoma longitudinalno
v smeri prometa. Mehansko prezracevanje je kljuéni segment varnosti ob pozaru v predoru, zagotavljati mora
ustrezen odvod dima in toplote iz predorske cevi. S tem se omogoca varen umik uporabnikov in izvedbo gaSenja
s strani gasilskih enot. Vetrovi, ki pihajo v smeri portala predora, pripomorejo k lazjemu prezracevanju ali ga
zavirajo. Nekateri avtocestni predori v Sloveniji lezijo na obmoc¢ju z mo¢nim vetrom. To so predori Kastelec,
Dekani in novo zgrajeni Markovec. Na njihovem obmocju piha mocan in zelo sunkovit veter, imenovan burja in
deluje direktno v smeri portalov. Prav zato je bil za Studijski primer raziskovanja obravnavan predor Kastelec ter
burja s svojimi karakteristikami.

Namen raziskav, opisanih v ¢lanku, je bil opredeliti vpliv vetra s svojimi karakteristikami na vzdolzno
prezrac¢evanje v cestnih predorih. V sklopu raziskovanja sem se osredotocil na razliéne vetrovne lastnosti, saj
vsi vetrovi niso enaki. Dosedanje raziskave, opredeljene v literaturi, so bile usmerjene predvsem na raziskovanje
vpliva konstantnega vetra na prezracevanje predora. Ena od klju¢nih znacilnosti dolo¢enih vetrov pa je sunkovitost.
Sunkovitost vetra je lastnost, zaradi katere veter ne piha konstantno z enako hitrostjo, ampak se njegova hitrost
bistveno spreminja v ¢asu tudi za 3- ali 4-kratnik povprecne hitrosti. Vpliv nestacionarnosti vetra na prezracevanje
v predoru do sedaj ni bil podrobneje raziskan. Tako so v zadetku clanka opredeljene kljucne karakteristike
sunkovitega vetra, katere vplivajo na prezracevanja cestnega predora: periodika med sunki, jakost sunka in
njegovo trajanje.

Za glavno metodo raziskovanja so bile uporabljene CFD-simulacije s programom NIST-FDS. V ¢lanku je
za program FDS predstavljena sestava CFD-modela, ki vkljucuje opis vnosa sunka vetra v robne pogoje modela.
Program omogoca vnasanje tlaénih robnih pogojev, ki se spreminjajo v ¢asu, zato je primeren za raziskovanje
vpliva nestacionarnega vetra. Geometrija v simulaciji je bila povzeta po predoru Kastelec. Na podlagi Stevilnih
simulacij v sklopu raziskovanja je v ¢lanku predstavljenih kljucnih 6 scenarijev, ki upostevajo prej nastete lastnosti
sunkovitih vetrov in primerjavo dveh razli¢nih jakosti pozara v predoru, 10 in 15 MW. Rezultati scenarijev
potrjujejo razlicen vpliv konstantnega in nestacionarnega vetra na prezracevanje v cestnem predoru. Zaradi
kratkotrajnosti najvisje hitrosti vetra v ¢asu sunka je odvod dima iz predora lahko $e vedno ustrezen, saj inercija
hitrosti zraka v predoru premaguje vpliv vetra na portalu. Prav tako se je izkazalo, da je jakost pozara pomemben
dejavnik ustreznosti prezracevanja ob vetrovnih vplivih. Validacija teoreticnih CFD-scenarijev je bila izvedena
z realnimi meritvami. Druzba za avtoceste Republike Slovenije Dars d.d. izvaja na obmocju predora Kastelec
meritve hitrosti vetra, istocasno pa meritve izvaja tudi v predorski cevi. Rezultati validacije kazejo na zelo dobro
sestavljene teoreticne CFD-modele. Razlika med teoreticnimi CFD-modeli in realnimi meritvami je do 5 %. To je
zelo dober rezultat glede na Stevilne predpostavke in poenostavitve pri izdelavi modelov (vetrovne karakteristike,
koeficienti, izgube itd.).

V c¢lanku predstavljene ugotovitve dokazujejo, da je sunkovitost lastnost, ki jo je smiselno upostevati pri
nacrtovanju in upravljanju prezra¢evanja predora. Zasnovan je pristop k raziskovanju vpliva nestacionarnih vetrov
na prezracevanje cestnih predorov s CFD-simulacijskimi tehnikami z integracijo lastnosti vetrov v robne pogoje.
Opisani so kljucni vetrovni scenariji, ki jih je smiselno uporabiti pri izdelavi varnostnih analiz za pozar v cestnem
predoru. Izdelovalec varnostnih analiz bo lahko za dolocen predor izbral tiste scenarije, kateri so relevantni za
dolocen primer vetra. Rezultati validacije kaZejo na ustreznost programa FDS za raziskovanje te vrste problematike,
isto¢asno pa, da je uporaba predstavljenih poenostavitev in priblizkov pri zasnovi CFD-modelov lahko popolnoma
ustrezna.

Kljucne besede: cestni predor, predor Kastelec, vzdolZzno prezracevanje, vetrovi s sunki, veter burja, CFD-
simulacije, program FDS

*Naslov avtorja za dopisovanje: Univerza v Ljubljani, Fakulteta za pomorstvo in promet, Pot pomors¢akov 4, SI-6320 PortoroZ, Slovenija, a.suban@gmail.com SI79
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Multidisciplinarna optimalna zasnova hidrostati¢ne vrtljive mize
na podlagi ob¢utljivosti z optimizacijo roja delcev

Qiang Cheng!.2 — Chengpeng Zhan! — Zhifeng Liul.* — Yongsheng Zhao! — Peihua Gu3
1 Tehniska univerza v Pekingu, Kitajska

2 Huazhong univerza za znanost in tehnologijo, Kitajska
3 Oddelek za strojnistvo, Shantou univerza, Kitajska

Vrtljive mize so klju¢na komponenta petosnih obdelovalnih strojev, njihova togost, natan¢nost in nosilnost pa je

neposredno povezana s sposobnostjo obdelave in toc¢nostjo NC-obdelovalnega stroja.

Clanek za doseganje optimalne zasnove z manjiimi strodki in ve¢je zmogljivosti obravnava medsebojno
interakcijo hidrostati¢nih in konstrukcijskih vidikov pri snovanju hidrostaticne vrtljive mize. Predlagan je
multidisciplinaren postopek optimalnega snovanja hidrostaticne vrtljive mize na podlagi obcutljivosti.

Analiza obcutljivosti je prilagojena identifikaciji klju¢nih parametrov zasnove z velikim vplivom na
zmogljivost vrtljive mize, in sicer za izboljSanje konvergence. Omejeni vecciljni optimizacijski problem je reSen s
pristopom optimizacije z rojem delcev. Za ilustrativen primer je bila izbrana hidrostati¢na vrtljiva miza petosnega
obdelovalnega stroja velike moci.

Rezultati kazejo, da je predlagana metoda primerna za multidisciplinarno optimizacijo vrtljive mize z dobro
togostjo in nosilnostjo.

Lastnosti metode so povzete v nadaljevanju.

1) Predlagana multidisciplinarna optimizacijska metoda za razliko od obstojecih metod, ki jih uporabljajo v
proizvodnem podjetju, zdruzuje hidrostati¢ne in konstrukcijske vidike, s ¢imer je mogo¢e zmanjsati iterativne
modifikacije v sekven¢nem snovanju, ki jih izvajajo strokovnjaki iz razli¢nih disciplin.

2) Hidrostati¢na vrtljiva miza je kompleksen izdelek s Stevilnimi parametri zasnove, kar povecuje tezavnost
optimizacije. Analiza obcutljivosti je bila uvedena za identifikacijo klju¢nih parametrov zasnove z velikim
vplivom na zmogljivost hidrostati¢ne vrtljive mize, in sicer za izbolj$anje konvergence pri optimizaciji.
Kljub napredku je treba omeniti tudi omejitve metode, ki bi se jim bilo treba dodatno posvetiti za izpopolnitev

tega dela. Delo trenutno ne uposteva toplotnih vplivov kljub temu, da v procesu snovanja ni mogoce prezreti

temperature. Razvoj uéinkovitega pristopa k integraciji termodinamic¢nih znacilnosti v proces optimizacije bo zato
predmet prihodnjih raziskav.

Kljucne besede: hidrostati¢na vrtljiva miza, hidrostaticno mazivo, analiza ob¢utljivosti, NC-obdelovalni
stroj, optimizacija z rojem delcev, multidisciplinarna optimalna zasnova
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Navigacijski sistem INS/GPS na podlagi tehnologij MEMS

Vlada Sokolovi¢!:* — Goran Diki¢! — Goran Markovié2 — Rade Stanci¢! — Nebojsa Lukié3
1 Univerza za obrambo v Beogradu, Vojaska akademija, Srbija
2 Univerza v Beogradu, Fakulteta za elektrotehniko, Srbija
3Vojasko sredisce za preizkuse, Vojska Srbije, Srbija

prakti¢no uporabo poceni senzorjev, kot so senzorji s tehnologijo MEMS (elektromehanski mikrosistemi). Tako
lahko pricakujemo rast za zdaj Se razmeroma Sibkega povprasevanja po teh senzorjih, ki predstavlja kljucni
problem danasnjih raziskav na podroc¢ju navigacijskih sistemov na podlagi tehnologij MEMS.

Najvecji prispevek v celotni napaki inercijskih navigacijskih sistemov (INS) predstavlja napaka inercijskih
senzorjev. Ker navigacijski algoritem izracunava nove vrednosti hitrosti in polozaja na podlagi predhodnih
rezultatov, so te napake kumulativne in njihova vrednost se hitro povecuje v ¢asu. Zato so nujni periodi¢ni popravki
vrednosti polozaja in hitrosti s pomocjo dodatnega navigacijskega sistema ali drugih neodvisnih zunanjih meritev.

Za izboljSanje natancnosti integrirane navigacijske reSitve se lahko poleg integrirane reSitve INS/GPS
uporabijo dodatni senzorji, npr. magnetometri ali barometri¢ni viSinomer.

V clanku so predstavljeni rezultati raziskave, ki je bila opravljena z namenom razvoja integriranega
navigacijskega sistema INS/GPS/magnetometer/barometer na podlagi metode Sibko sklopljene integracije.
Vrednost raziskave je v kontekstu stalnega razvoja metod in algoritmov za integracijo senzorjev, ki se uveljavljajo
z napredkom tehnologije poceni senzorjev kot enim glavnih gonil nadaljnjih raziskav na tem podrocju.

Clanek predstavlja predlog posebne metode za kompenzacijo drifta Ziroskopa s proporcionalno-integralnim
(PI) krmilnikom na podlagi meritev magnetometra, kakor tudi metodo za kompenzacijo napak v horizontalnem
kanalu navigacijskega sistema z adaptivnimi krmilnimi signali. Cilj predstavljene Studije je omogocenje razvoja
navigacijskega sistema za prakticno uporabo ter ustvarjanje primernih pogojev za nadaljnje raziskave na podrocju
vecsenzorske integrirane navigacije.

Nakljuéni procesi so v tej Studiji opisani kot Gauss-Markovski procesi prvega reda ali kot aditivni beli Sum.
Prezrte so napake, povezane s kvantizacijo, povprecenjem, zaokrozevanjem izmerjenih vrednosti in pretvorbami
med razli¢nimi tipi podatkov. Natan¢nost navigacijske resitve je bila dolocena s pomocjo referencnih kontrolnih
tock (KT) na preizkusni trajektoriji, ki jih natancno doloca diferencialni GPS.

Ve¢ rezultatov tega dela predstavlja originalen prispevek na tem raziskovalnem podrocju, med njimi pa so
najpomembnej$i naslednji:

*  Predstavljeni algoritem integracije magnetometra in triade ziroskopa s krmilnikom PI izboljSuje dolocanje
viSine objekta.

*  Opredeljena je metoda za duSenje napak horizontalnega kanala integriranega navigacijskega sistema na
podlagi adaptivnih koeficientov dusenja napak.

*  Preverjeni rezultati gotovo predstavljajo pomemben prispevek na tem raziskovalnem podrocju, predlagane
resitve pa so primerne za prakticno uporabo v realnih navigacijskih sistemih.

Integrirani navigacijski sistem je bil eksperimentalno preizkusen v kopenskem vozilu. Naprava je bila
postavljena v teziS¢e vozila, antena GPS-sprejemnika pa na njegovo streho. Vozilo se je premikalo po vnaprej
doloceni trajektoriji z vzponi in spusti, ki je bila opredeljena z dvajsetimi kontrolnimi tockami.

Rezultati izCrpne analize v smislu ciljev raziskave dokazujejo, da uporaba magnetometra za kompenzacijo
drifta ziroskopa s pomocjo krmilnika PI nedvomno prispeva k izboljSanju doloc¢anja visine vozila. Predlagana
reSitev za samostojno dusenje napak v horizontalnem kanalu omogoca zanesljivo dolocanje polozaja in hitrosti
uporabnika kljub uporabi poceni senzorjev, predstavljeni rezultati eksperimentalne verifikacije pa dokazujejo
uporabnost predlagane metode v realnem okolju.

Kljuéne besede: barometer, globalni sistem pozicioniranja, inercijska navigacija, integracija, Kalmanov
filter, magnetometer, MEMS
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Obrabne lastnosti in rezalna zmogljivost navarjenih ploscic
za obdelavo lesa

Regita Bendikiene!.* — Gintaras Keturakis! — Tilmute Pilkaite! — Edmundas Pupelis?

1 Tehni$ka univerza v Kaunasu, Fakulteta za strojni$tvo in dizajn, Litva
2 Tehniska univerza v Kaunasu, Laboratorijsko sredisce, Litva

Cilj predstavljene Studije je bil poiskati najprimernejsa rezalna orodja za obdelavo hrastovega lesa, ki raste v Litvi.

Clanek obravnava preizkuse dveh vrst komercialnih rezalnih ploiéic, izdelanih iz hitroreznega jekla (CTO1M-
LA2 in 8X6FT), ter dveh eksperimentalnih ploscic (EI), izdelanih z navarjanjem po postopku elektroobloc¢nega
varjenja pod praskom (SAW) z zmesjo dodajnih elementov, ki se pod industrijskim praskom razporedijo po
povrsini. Osnovni material za navarjanje je bila 8-milimetrska plosca iz cenenega navadnega ogljikovega jekla
(C: 0,14 do 0,22 %; Si: 0,12 do 0,13 %, Mn: 0,4 do 0,65 %, S: < 0,05 %, P: < 0,04 %). Navarjanje je bilo
opravljeno s tehniko SAW na vzorcih velikosti 40 x 100 mm, v enem prehodu in z zmesjo dodajnih materialov
(pribl. 6 g), razporejeno po povrsini pod praskom. Postopek elektroobloénega varjenja pod praskom je bil izveden
s samodejnim varilnim aparatom (z gorilnikom MIG/MAG EN 500 78). Zmes materialov v prasku je bila
razporejena po povrsini osnovnega materiala in raztaljena z elektricnim oblokom. Za zas¢ito obmocja varjenja je
bil uporabljen dodaten standardni prasek AMS1 (GOST 9087-81).

Testni lot navarjenih ploscic je bil segret na temperaturo 1100 °C in nato kovan za preucitev vpliva plasti¢nih
deformacij na obrabne lastnosti orodja. Preizkus mehanskih lastnosti navarjenih eksperimentalnih ploscic in
komercialnih ploscic je vkljuceval merjenje trdote in obrabnih lastnosti. Najpomembnejsi parametri, ki dolocajo
obrabne lastnosti plosc¢ic, so polmer rezalnega roba p (um), obraba roba Ay, (um), Sirina nosu b (um) in mo¢ pri
rezanju P (W). Dejanska vrednost polmera zaokrozitve roba je bila izmerjena po metodi vtiska v svinec z optic¢nim
mikroskopom Nikon Eclipse E200 in z digitalno kamero Lumenera Infinity 1. Za analizo in vrednotenje rezultatov
z natanc¢nostjo +2 pm je bila uporabljena programska oprema Infinity Analyze 5.0.2. Rezultati eksperimentov so
bili statisticno analizirani. Vrednosti zaokrozitve rezalnega roba, obrabe roba, Sirine nosu in moc¢i pri rezanju so
bile zabelezene in izmerjene v naslednjih intervalih rezalne dolzine L: 0, 50, 100, 150, 200, 400, 800, 1200, 1600,
2400 in 3200 m. Vrednost na posamezni rezalni dolzini je bila doloc¢ena kot povprecna vrednost petih testov.

Pripravljenih je bilo deset vzorcev iz litvanskega hrastovega lesa (Quercus robur, Preglednica 4) dimenzij
1000 mm % 100 mm x 45 mm. Hrapavost cepilne in proste ploskve eksperimentalnih ploséic je bila izmerjena z
merilnikom povrsinske hrapavosti — profilometrom Mahr MarSurf PS 1.

Obrabne lastnosti eksperimentalnih in standardnih plos¢ic so bile dolocene s tipicnim industrijskim
debelinskim skobeljnikom (SR3-6) z glavo za Celno rezkanje in vzorci iz hrastovega lesa. Obraba je bila dolocena
na podlagi merjenja obrabe roba po dolocenih dolzinah rezanja (efektivni poti rezanja noza). Polmer rezalnega
roba navarjenih in nato kovanih plos¢ic EIl kaze najpocasnejse napredovanje obrabe v primerjavi s komercialnimi
plos¢icami; 5,22 pum. Rezultati testov rezalnih robov se ujemajo z rezultati predhodnega preizkusa in tendenca
obrabe ploscic EI2 je bila enaka; 5,35 um. Polmer rezalnega roba industrijskih ploscic iz materiala CTO1M-LA2 je
bil 11,2 pm, medtem ko je bila najvecja obraba dosezena pri plos¢icah 8X6FT — 19,8 um. Najmanjsa obraba roba
je bila ugotovljena pri navarjeni ploscici EI2.

Najmanjsi polmer rezalnega roba je bil ugotovljen pri navarjeni in nato plasti¢no preoblikovani ploséici EIl:
polmer rezalnega roba po dolzini rezanja 3200 m je bil 5,22 pm, pri ploscici EI2, ki ni bila preoblikovana, pa 5,35
um. Rezultati torej kazejo tri- do Stirikrat manjso obrabo kot pri komercialnih orodjih.

Najbolj ocitna ugotovitev analize je, da lahko razmeroma trde prevleke (55 do 57 HRC), navarjene na navadno
mehko ogljikovo jeklo, nadomestijo dolocene komercialne ploscice za obdelavo hrastovine iz visokohitrostnih
orodnih jekel ter zmanjsajo trenje in obrabo rezalnih orodij za les.

Kljucne besede: rezkanje lesa, navarjanje, obraba robu, obraba orodja, hrast, SAW
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O dovrSenem krmiljenju robotskih manipulatorjev:
eksperimentalna Studija psevdoindustrijske roke
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Robotski manipulatorji so preoblikovali industrijske procese. Znanstvena sfera je bila prica trendu uvajanja
robotov v razlicne industrijske naloge. Zaradi kompleksne narave in omejitev so pogosto potrebni netrivialni
pristopi h krmiljenju robotov. Namen te raziskave je preucitev zasnove, simulacija in hardverska realizacija
strategij krmiljenja na psevdoindustrijskem manipulatorju s Sestimi prostostnimi stopnjami (DOF).

Pri preuc¢evanju manipulatorjev za razne aplikacije se je izkazala potreba po dovrsenih algoritmih za krmiljenje
in nacrtovanje trajektorij. Cilj pri snovanju robotskih manipulatorjev je krmiljenje polozaja in orientacije orodja
v 3D-prostoru. Na avtonomni robotski izobrazevalni platformi AUTAREP sta bila uporabljena dva pristopa k
snovanju krmiljenja — racunsko krmiljenje navora (CTC) in krmiljenje z variabilno strukturo (VSC).

Na podlagi izpeljanih kinemati¢nih in dinami¢nih modelov robota so bili oblikovani krmilni zakoni, ki so bili
nato v simulaciji izpostavljeni razlicnim testnim vhodom za karakterizacijo zmogljivosti sledenja. Uporabljene
so bile razlicne zelene trajektorije, vklju¢no s stopnico, sinusom in rampo. Krmilni zakoni, zasnovani za obe
strategiji, so bili implementirani v simulacijskem modelu in na fizi¢ni platformi.

Rezultati simulacije so bili validirani z implementacijo krmilnih zakonov na platformi AUTAREP. Rezultati
eksperimentov kazejo uspesnost krmilnih strategij pri sledenju Zeleni trajektoriji. Rezultati sledenja trajektorijam
kazejo, da je mogoce z izpeljanimi zakoni u¢inkovito slediti zelenemu referencnemu vhodu pri obeh nelinearnih
metodah krmiljenja. Simulacija CTC in hardverska implementacija dokazujeta, da daje poveCana konstanta
ojacenja boljse rezultate z izboljSanjem odziva sistema. Rezultati na strojni opremi za razliko od simulacije kazejo,
da se vsak sklep pri isti konstanti ojacenja odziva nekoliko drugace. Razlog lezi v tem, da proizvaja motor vsakega
sklepa drugacen navor in hitrost. Rezultati VSC potrjujejo mocan ucinek sklapljanja. Za razliko od simulacije
se komol¢ni sklep v hardverski implementaciji ne ustavi, dokler ni ramenski sklep stabiliziran na cilju. To je
pricakovano, saj je povezava v blizini pritrditve ali podnozja manj izpostavljena mehanski stabilnosti. U¢inki
sklapljanja v sklepih so manj vidni v simulaciji in bolj izrazeni v hardverski implementaciji. Iz rezultatov sledi, da
veljajo za razli¢ne sklepe razlicne zahteve glede navora.

Krmilni zakoni so bili preizkuseni na sklepih z eno prostostno stopnjo (npr. podnozje, rama, komolec), v
bliznji prihodnosti pa bo obravnavano tudi zapestje z dvema prostostnima stopnjama. Prihodnje delo bo zajelo
tudi primerjavo ucinkovitosti robustnih krmilnih strategij v realnem industrijskem obratu, kjer ve¢ robotskih
manipulatorjev z ve¢ prostostnimi stopnjami vzporedno opravlja eno nalogo.

Krmiljenje robotskih manipulatorjev z ve¢ prostostnimi stopnjami je aktivno raziskovalno podroéje. Vecina
raziskav, o katerih obstajajo porocila, pa je bila omejena bodisi na implementacijo linearnih krmilnih pristopov
bodisi na simulacijo dovrSenih krmilnih strategij. Predstavljeno delo nasprotno preucuje napredne pristope kot sta
racunsko krmiljenje navora (CTC) in krmiljenje z variabilno strukturo (VSC) po metodi simulacije in s fizi¢no
realizacijo na zglobni platformi po meri z ve¢ prostostnimi stopnjami.

Kljuéne besede: robotsko krmiljenje, manipulator, robustni zakoni, industrijski roboti, ra¢unsko krmiljenje
navora (CTC), krmiljenje z variabilno strukturo (VSC), Sest prostostnih stopenj
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Numeri¢na preiskava vpliva parametrov procesa
pri potisnem oblikovanju aluminijastih koles

So Young Hwang - Naksoo Kim - *Cheol-soo Lee
Univerza Sogang, Oddelek za strojnistvo, Seul, 121-742, Juzna Koreja

Potisno oblikovanje aluminijastih koles je tehnika inkrementalnega preoblikovanja, pri kateri se material
podaljsuje v aksialni smeri in tanj$a v radialni smeri. Potisno oblikovanje koles ima ve¢ prednosti, med katerimi je
tudi manjsa teza izdelka za manjSo porabo goriva.

Izdelava z visoko geometrijsko to¢nostjo pa je tezavna, ker se obdelovanec vrti in nanj istocasno delujejo trije
valji. Predstavljena Studija obravnava pogoje procesa kot so obremenitev vretenjaka, podajalna hitrost, radialna
kompresija in geometrija valjev za izboljSanje natancnosti izdelka. V ta namen je bila opravljena simulacija s
programsko opremo za analizo po metodi kon¢nih elementov SHAPE-RR.

Rezultati analize so bili preverjeni s primerjavo izbocenosti kolesa pri razliénih obremenitvah vretenjaka.
Razlika med izracunanimi in izmerjenimi vrednostmi je znasala Sest odstotkov. Materialne lastnosti aluminija so
bile dolocene z vro¢im tlacnim preizkusom in uporabljen je bil Johnson-Cookov model napetosti pri preoblikovanju.
Za validacijo modela napetosti pri preoblikovanju je bila uporabljena krivulja odvisnosti obremenitve od giba pri
tla¢nem preizkusu.

Vpliv procesnih pogojev je bil preu¢en po metodi kon¢nih elementov. Izracunana je vrzel med trnom in
obdelovancem po procesu preoblikovanja. Najprej je bil izracunan vpliv geometrije valja po Taguchijevi metodi.
Upostevana sta bila polmer konic in polmer valja, rezultati pa kazejo, da mora imeti prvi valj konico z najvecjim
premerom. Naloga prvega valja je namre¢, da potiska navzdol material, ki se preoblikuje v blizini trna. Drugi in
tretji valj z ve¢jim polmerom lazje natan¢no pritiskata na material. Preucena je bila tudi stopnja stiskanja vsakega
valja. Material se mora med potisnim oblikovanjem koles stisniti za 10 mm v radialni smeri in stopnja stiskanja
mora biti zato porazdeljena med tremi valji.

Rezultati kazejo, da zagotavlja manjsa stopnja stiskanja tretjega valja vecjo geometrijsko tocnost. Tretji valj je
namrec¢ zadnji valj, ki vpliva na kon¢no obliko obdelovanca. Vecja kot je torej stopnja stiskanja prvega valja, lazje
lahko drugi in tretji valj oblikujeta tocno geometrijo. Obravnavana je bila tudi hitrost podajanja, ki pomeni hitrost
v vzdolzni smeri med vrtenjem. S povecevanjem hitrosti podajanja se povecuje tudi natan¢nost.

Predstavljena $tudija tokrat prvi¢ preucuje vpliv pogojev procesa potisnega oblikovanja aluminijastih koles na
tocnost geometrije.

Studijo bi bilo mogote razgiriti za napovedovanje Zivljenjske dobe valjev z ozirom na maksimalno
obremenitev.

Kljuéne besede: potisno oblikovanje aluminija, napaka povratnega toka, geometrijska tocnost, stopnja stiskanja,
metoda kon¢nih elementov, Taguchijeva metoda
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Doloc¢anje vsebnosti neraztopljenega zraka
v olju po metodi stiskanja

Adam Bureéek™ — Lumir Hruzik — Martin Va$ina

VSB — Tehnigka univerza v Ostravi, Oddelek za hidromehaniko in hidravli¢no opremo, Ostrava, Ceska republika

Pri snovanju hidravli¢nih sistemov se pogosto uporabljajo matemati¢ne simulacije. Koncentracija neraztopljenega
zraka v olju je ena pomembnejSih vhodnih veli¢in v matematicnem modelu, ki pomembno vpliva na vrednost
stisljivostnega modula zmesi olja in neraztopljenega zraka. Koncentracija neraztopljenega zraka v olju je obi¢ajno
zelo tezko dolocljiva in pricujoci ¢lanek opisuje mozen pristop po metodi stiskanja.

Gre za kombinacijo eksperimentalnega in matematicnega modela za dolocanje vsebnosti neraztopljenega
zraka v olju. Eksperimentalni del vkljucuje doloCanje stisljivostnega modula olja ob upostevanju neraztopljenega
zraka po metodi stiskanja v jekleni cevi, kjer se meri ¢asovni potek povecanja tlaka med stiskanjem zmesi olja in
neraztopljenega zraka v jekleni cevi. Istocasno poznamo tudi izmerjeni pretok zmesi olja in neraztopljenega zraka
v cevi v odvisnosti od tlacnega gradienta pri dani temperaturi zmesi. Na podlagi te meritve se dolocita sekantni
stisljivostni modul in tangentni stisljivostni modul zmesi v odvisnosti od tlacnega gradienta. V programski opremi
Matlab SimHydraulics je bil postavljen vecfazni matemati¢ni model zmesi olja in neraztopljenega zraka, ki lahko
neodvisno obravnava stiskanje olja in stiskanje neraztopljenega zraka. Vkljuceni so tudi matemati¢no simulirani
Casovni poteki tlaka med stiskanjem vecfazne zmesi olja in neraztopljenega zraka za razli¢ne koncentracije
neraztopljenega zraka. Vsebnost neraztopljenega zraka v zmesi se tako doloci s primerjavo matemati¢no simulirane
in izmerjene casovne odvisnosti povecanja tlaka med stiskanjem zmesi.

Eksperimentalno dolo¢eni tangentni stisljivostni modul zmesi olja in neraztopljenega zraka je bil uporabljen
kot stisljivostni modul olja v matemati¢cnem modelu vec¢fazne zmesi olja in neraztopljenega zraka. Tangentni
stisljivostni modul je prakti¢no konstanten z ozirom na tla¢ni gradient ter predstavlja olje brez vpliva zra¢nih
mehurckov. Matemati¢ni model vecfazne zmesi olja in neraztopljenega zraka vkljucuje tudi vpliv stiskanja zracnih
mehurckov v obmocju nizkega tlaka in se dobro ujema z eksperimentom. Linearni del povecanja tlaka je podan s
pretokom zmesi v cevi, notranjo prostornino cevi, modulom elasti¢nosti jeklene cevi in stisljivostnim modulom
olja, na nelinearni del povecanja tlaka pa vpliva vsebnost neraztopljenega zraka.

Metoda zahteva poznavanje pretoka zmesi olja in neraztopljenega zraka v cevi, kjer se zmes stiska. Tocnost
dolo¢anja pretoka vpliva na tocnost dolocanja stisljivostnega modula zmesi, zato je treba natanc¢no opredeliti
prostornino delovnega prostora, v katerem se stiska zmes. Ti parametri so pomembni tudi za opredelitev
matemati¢nega modela.

Clanek opisuje poseben pristop k dolo¢anju koncentracije neraztopljenega zraka v olju po metodi stiskanja,
ki zdruzuje ekonomicno dostopnost in zahtevano tocnost. Ta pristop omogoca doloCanje trenutne koncentracije
neraztopljenega zraka v hidravlicnem sistemu, ki je zelo pomembna za natan¢no opredelitev matemati¢nega
modela dinamike hidravli¢nega sistema.

Kljuéne besede: zmes olja in zraka, stisljivostni modul, vsebnost neraztopljenega zraka, hidravli¢ni sistem,
matemati¢na simulacija, stiskanje

*Naslov avtorja za dopisovanje: VSB - Tehniska univerza v Ostravi, Oddelek za hidromehaniko in hidravliéno opremo, SI 85
17. listopadu 15/2172, Ostrava - Poruba 708 33, Ceska repulika, adam.burecek@vsb.cz



Strojniski vestnik - Journal of Mechanical Engineering 61(2015)7-8, S| 86-90
Osebne objave

Doktorske disertacije, specialisti¢no delo, magistrska dela, diplomske naloge

DOKTORSKE DISERTACIJE

Na Fakulteti za strojni$tvo Univerze v Ljubljani so
obranili svojo doktorsko disertacijo:

e dne I. junija 2015 Urban PAVLOVCIC z
naslovom: »Opti¢ni sistemi za merjenje sprememb
oblike in orientacije glave ter koznih razjed« (mentor:
prof. dr. Janez Diaci, somentor: doc. dr. Matija
Jezersek);

Disertacija predstavi rezultate razvoja 3D
merilnikov namenjenih merjenju oblike in barve delov
Cloveskega telesa. Merilniki temeljijo na principu
triangulacije z veélinijskim osvetljevanjem. Zgrajeni
so iz digitalnega fotoaparata z dodanim projekcijskim
sistemom, ki za svetlobni izvor izkori$¢a vgrajeno
bliskavico. Merilnik na osnovi enega posnetka
rekonstruira celotno merjeno povrsino.

Njihova uporaba, metoda analize 3D meritve in

verifikacija so prikazane v treh medicinskih klini¢nih
aplikacijah: merjenju orientacije glave, izbuljenosti
o¢i (enoftalmosa) in dimenzij koznih razjed. Metoda
merjenja orientacije glave temelji na 3D merjenju
gornjega dela trupa in glave, ter poravnavi delnih
povrSin na referen¢no meritev. Omogoca merjenje
orientacije glave s ponovljivostjo 3°, upostevajoc
neponovljivost samega gibanja. Merjenje izbuljenosti
o¢i omogoca primerjavo polozaja ocesnih zrkel v
prostoru z natan¢nostjo 0.7 mm. Metoda merjenja
koznih razjed omogoCa merjenje obsega z
natan¢nostjo 2,5 mm, povrsSine 12 mm? in prostornine
30 mm3;
e dne 9. junija 2015 Spela BOLKA z naslovom:
»Dinami¢ni vplivi na izrezovanje plocevine« (mentor:
prof. dr. Miha Boltezar, somentor: izr. prof. dr. Janko
Slavic);

Raziskava obravnava eksperimentalno in
numeri¢no identifikacijo dinami¢nih vplivov na
izrezovanje plocevine. Razvita je nova laboratorijska
naprava za prebijanje, ki omogoca S$irok nabor
meritev z veliko ponovljivostjo in nadzorovanim
spreminjanjem posameznih parametrov. Iz
eksperimenta prebijanja sta identificirani meja tecenja
in strizna trdnost plo¢evine v smeri debeline, iz
delnih in zaporednih prebojev pa Se poskodovanost,
popisana z Lemaitreovim modelom. Ocenjen je vpliv
anizotropije materiala v ravnini valjanja na lastnosti v
smeri debeline.

V okviru razsirjene metode koncnih elementov
in eksplicitne Casovne integracije je razvita lastna
numeri¢na koda za dvodimenzionalno modeliranje
elasto-plasti¢énega odziva kontaktnega problema ob
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upostevanju akumulacije poskodovanosti do porusitve
ter napredovanje razpoke po kritiéno poskodovanem
obmocdju;

e dne /0. junija 2015 MaSa ZALAZNIK z
naslovom: »Triboloske znacilnosti PEEK polimerov
in njihovih kompozitov z MoS2 in WS2 dodatki«
(mentor: prof. dr. Mitjan Kalin);

Doktorska naloga obravnava vpliv MoS, in WS,
delcev na nano in mikro skali na tribolosko obnasanje
PEEK kompozitov v nemazanih drsnih kontaktih.
Nova izdelovalna tehnika je bila uporabljena
za pripravo PEEK kompozitov, ki je omogocila
izdelovanje materialov pri nizjih temperaturah
(300 °C), tj. pod talis¢em. Rezultati kompozitnih
materialov so bili primerjani s ¢istim PEEK-om (brez
delcev) in komercialnim PEEK materialom. Rezultati
kazejo, da vsi delci, neodvisno od njihove vrste in
velikosti, znizajo koeficient trenja (do 30 %), vendar je
potrebna visja koncentracija nanodelcev za tvorjenje
ucinkovitega nizko-striznega tribofilma. Nastanek
tribolfilma je zelo pomemben za znizevanje obrabe
kompozitov (do 51 %), in je z dodajanjem nano in
mikro delcev (MoS, in WS,) mocno pospesen. Nizje
obrabe so bile izmerjene z uporabo nanodelcev. Velik
vpliv na obrabne lastnosti je imela trdota materialov,
ki se je povisala z dodajanjem delcev. Oksidacija
delcev med triboloskim testiranjem, $e posebej nano
WS,, zmanjSuje ugoden vpliv delcev na obrabne
lastnosti. Izkazalo se je, da je oksidacija delcev
izrednega pomena za triboloske lastnosti, vendar je
potrebno Se bolj natancno preuciti vpliv velikosti,
material in koncentracije.

Na Fakulteti za strojnistvo Univerze v Mariboru sta
obranila svojo doktorsko disertacijo:

e dne 9. junija 2015 Miljenko CVETIC z
naslovom: »Energijski model za oceno zivljenjske
dobe osi vetrne elektrarne« (mentor: prof. dr. Nenad
Gubeljak);

Do sedaj je bilo projektiranje komponent
vetrnega agregata usmerjeno tako, da so bile projektne
obremenitve vecje od tistih v resnici, s ¢imer so
bile izpolnjene zahteve glede konservativnosti in
mehani¢ne varnosti vetrnega agregata. Os vetrnega
agregata je s tem predimenzionirana, kar je s staliSca
varnosti ugodno, ampak zaradi ve¢je mase povzroca
dodatne zahteve glede nosilnosti stolpa in obracanja
gondole. Prav tako ve¢je dimenzije osi vplivajo na
njegovo visjo ceno, kot tudi vi§jo ceno vetrnega
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agregata. Pravilnost in tocnost projektiranja se lahko
preveri Sele, ko je agregat v uporabi. V doktoratu sta
analizirana deformacijsko stanje in stanje napetosti
na enem merilnem mestu, in sicer kriticnem delu
osi vetrnega agregata. Obenem je bila s pomocjo
znanega matematicnega modela opravljena analiza
ujemanja teoreticnih in izmerjenih vrednosti. S
primerjavo izmerjenih mehani¢nih lastnosti, trajne
dinami¢ne trdnosti in lomne zilavosti je zakljuceno,
da so projektno predvidene delovne obremenitve in
izmerjene obremenitve bistveno nizje od dinamic¢ne
trdnosti  materiala. Razen tega, doloena je
metodologija utrujenosti osi vetrnega agregata;

e dne 24. junija 2015 Marko SORI z naslovom:
»Racunski model za ugotavljanje upogibne trdnosti
sintranih zobnikov« (mentor: prof. dr. Srecko Glodez);

Metalurgija prahov je ze dodobra uveljavljen
proizvodni proces v industrijah z velikoserijsko
proizvodnjo. V avtomobilski industriji so tako izdelani
npr. razliéni man;j$i nosilci kompleksnih oblik, zobniki
oljnih ¢rpalk in njihova ohisja. Napredek tehnologije
in materialov pa ze nakazuje prodor kovinskih prahov
tudi v bolj obremenjene avtomobilske dele; npr. ojnice
in zobniki v menjalniku.

Predlagan racunski model izracuna upogibne
trdnosti  sintranih  zobnikov temelji na dobrem
poznavanju materialnih parametrov in geometrije
obravnavanega zobnika. S klasi¢énim kvazistati¢nim
nateznim preizkusom so ugotovljene osnovne
mehanske lastnosti materiala. Dinamicen odziv je
ugotovljen glede na parametre Basquinove enacbe,
ki so izraCunani iz rezultatov testiranj pri utripni
obremenitvi. Zaradi velike verjetnosti nastanka
razpok med proizvodnim procesom je analiziran vpliv
prisotnosti razpoke tako, da so doloceni parametri
Parisove enacbe, prag Sirjenja razpoke in lomna
zilavost. Rezultati so pokazali izjemno pomembnost
preprecevanja nastanka plastnih razpok, saj le-te
kriticno vplivajo na nosilnost sintranega izdelka.
Tako kot obi¢ajno jeklo, se lahko tudi sintrano jeklo
po sintranju Se dodatno toplotno obdela z razli¢nimi
toplotnimi obdelavami, zato je vpliv poboljSanja, ki
se navzven vidi kot sprememba mehanskih lastnosti
materiala, preucen v analizi mikrostrukture.

Racunski model je predstavljen na primeru, ki
implementira izmerjene materialne parametre in
poznano geometrijo zobnika. Napetostno stanje v
korenu zoba je z numeri¢nimi postopki ugotovljeno
na podlagi geometrije in materialnih parametrov in se
nato oplemeniti z izraCunanimi parametri Basquinove
enacbe do verjetnostne napovedi intervala, v
katerem se pricakuje zlom zoba sintranega zobnika.
Testiranje sintranih zobnikov na modificiranem FZG
preizkuSevalis¢u pokaze, da predstavljen racunski
model ob znani geometriji in materialnih parametrih

z natancnostjo velikostnega razreda napove dobo
trajanja sintranega zobnika.

*

ZNANSTVENO MAGISTRSKO DELO

Na Fakulteti za strojnistvo Univerze v Ljubljani sta z
uspehom zagovarjala svoje magistrsko delo:

dne 12. junija 2015:

Janez KREK z naslovom: » Aplikacija numeri¢nih
metod in racunalniskih simulacij za dolocanje
pogojev pojava navidezne katode v plinskih diodah
ter karakterizacijo pri velikih emisijskih tokovih«
(mentor: doc. dr. Leon Kos, somentor: prof. dr. Jozef
Duhovnik);

dne 29. junija 2015:

Marko ZILNIK z naslovom: »Strukturno pogojen
hrup malih gospodinjskih aparatov« (mentor: prof. dr.
Miha Boltezar).

Na Fakulteti za strojnistvo Univerze v Mariboru je z
uspehom zagovarjal svoje magistrsko delo:

dne 15. junija 2015:

Gregor GROSELJ z naslovom: »Analiza vpliva
geoinzenirskih parametrov na delovanje geotermalne
elektrarne« (mentor: izr. prof. dr. Bojan Zlender).

*

MAGISTRSKA DELA

Na Fakulteti za strojniStvo Univerze v Ljubljani so
pridobili naziv magister inZenir strojniStva:

dne 17. junija 2015:

Metod CEBASEK z naslovom: »Merilno
preizkuSevalisée za testiranje vodnega sesalnika za
prah« (mentor: izr. prof. dr. Ivan Bajsi¢);

Matic VIRANT z naslovom: »Razvoj sistema za
opozarjanje zadaj vozec¢ih voznikov na neupostevanje
varnostne razdalje« (mentor: prof. dr. Ivan Prebil,
somentor: asist. dr. Miha Ambroz);

Luka ZIBELNIK z naslovom: »Operativno
nacrtovanje maloserijske proizvodnje« (mentor:
izr. prof. dr. Janez Kusar, somentor: prof. dr. Marko
Starbek);

dne 18. junija 2015:

Nina JERMAN z naslovom: »Upravicenost
gravurnih segmentov v orodjih za tlacno litje«
(mentor: prof. dr. Janez Kopac);

Matija RIFL z naslovom: »Analiza protitocne
naprave za posredno hlapilno hlajenje zraka« (mentor:
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doc. dr. Matjaz Prek, somentor: prof. dr. Vincenc
Butala);

Janez VODOPIVEC 2z naslovom: »Priprava
tehnologije varjenja ohi§ja ve€namenske hidravlicne
stiskalnice« (mentor: prof. dr. Janez Tusek);

Luka AZMAN z naslovom: »Zasnova
avtomatizirane strezne naprave za magnetenje
in razmagnetenje« (mentor: izr. prof. dr. Niko
Herakovic);

Blaz GALJOT =z naslovom: »Hidravlicni
adaptivni podsistem za vleko palic« (mentor: izr. prof.
dr. Niko Herakovic);

dne 19. junija 2015:

Gasper DOLENC z naslovom: »Dvojni pogon
koSare pri hitrem ohlajanju pijac« (mentor: izr.
prof. dr. Jernej Klemenc, somentor: doc. dr. Andrej
Bombac);

Samo JERANKO z naslovom: »Teoreticna in
cksperimentalna analiza stabilnosti plovila okrog
vzdolzne osi« (mentor: doc. dr. Viktor Sajn);

Rok LOVSIN z naslovom: »Optimizacija nosilne
strukture za stiskalnico plocevinastih izdelkov«
(mentor: izr. prof. dr. Jernej Klemenc);

Matej AVBAR z naslovom: »Analiza procesnega
sistema za soCasno ogrevanje in hlajenje vode«
(mentor: prof. dr. Iztok Golobic);

Rok JUDEZ z naslovom: »Analiza porabe
energije in vode za izdelavo tablete posamezne serije
v farmaciji« (mentor: prof. dr. Iztok Golobic);

Nejc JUVAN z naslovom: »Merjenje dolzine
gumijaste cevi na osnovi strojnega vida« (mentor:
prof. dr. Janez Diaci);

Polona MIHALIC z naslovom: »Merjenje $irine
zracne reze v kolesnih elektromotorjih« (mentor: prof.
dr. Janez Diaci);

Eva REPNIK 2z naslovom: »Karakterizacija
polozajne napake pri usmerjanju laserskega snopa
z akusto-opti¢nim odklanjalom« (mentor: prof. dr.
Janez Diaci);

dne 22. junija 2015:

Simon SEVER z naslovom: »Optimizacija
tehnologije upogibanja nerjavne plocevine« (mentor:
izr. prof. dr. Tomaz Pepelnjak);

Jaka GORTNAR z naslovom: »Oprijem prahu
na rotor ventilatorja sesalne enote« (mentor: prof. dr.
Branko Sirok);

Miha KLAVZAR z naslovom: »Mehanska
analiza komutatorja« (mentor: doc. dr. Nikolaj Mole,
somentor: prof. dr. Boris Stok).
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Na Fakulteti za strojnistvo Univerze v Mariboru so
pridobili naziv magister inZenir strojniStva:

dne 24. junija 2015:

Martin  AMON z naslovom: »Racunalnisko
modeliranje z vlakni ojacanih polimerov z metodo
preslikave ortotropnih materialnih podatkov« (mentor:
prof. dr. Zoran Ren, somentor: dr. Matej Borovinsek);

Renato BRODAR z naslovom: »Primerjava
obratovanja konvektorskega ogrevanja in hlajenja z
uporabo notranje in zunanje temperature« (mentor:
izr. prof. dr. Jure Marn);

Matej GRM z naslovom: »Konstrukcijska
zasnova stebrnega dvigala za manipulacijo palet«
(mentor: prof. dr. Iztok Potr¢, somentor: izr. prof. dr.
Tone Lerher);

Nebojsa ILIC z naslovom: »Dimenzioniranje
nosilca za EGR sistem« (mentor: prof. dr. Srecko
Glodez, somentor: doc. dr. Janez Kramberger);

David SEKORANJA z naslovom: »Konstruiranje
obracalnih vilic traénega obracalnika« (mentor: izr.
prof. dr. Miran Ulbin, somentor: izr. prof. dr. Ivan
Pahole).

Na Fakulteti za strojni§tvo Univerze v Mariboru je
pridobil naziv magister inZenir mehatronike:

dne 23. 6 2015:

Robert OJSTERSEK z naslovom:
»Multifunkcijska avtonomna mobilna robotska
platforma« (mentorja: izr. prof. dr. Karl Gotlih in doc.
dr. Miran Rodi¢).

DIPLOMSKE NALOGE

Na Fakulteti za strojnistvo Univerze v Ljubljani
so pridobili naziv univerzitetni diplomirani inzenir
strojnistva:

dne 17. junija 2015:

Jan RAK z naslovom: »Analiza delovanja
orbitalnega hidravlicnega motorja« (mentor: doc. dr.
Franc Majdic);

dne 18. junija 2015:

Janus GRILJC z naslovom: »Vpliv povrsine na
trdnost kompozita« (mentor: prof. dr. Janez Grum);

Nejc KAPUS z naslovom: »Akusti¢na emisija pri
indukcijskem segrevanju« (mentor: doc. dr. Tomaz
Kek, somentor: prof. dr. Janez Grum);

Peter PLESNIK =z naslovom: »Razvoj
avtomatizirane strezne linije za kontrolo kavnih
aparatov« (mentor: izr. prof. dr. Niko Herakovic).
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dne 19. junija 2015:

Sebastijan HRABAR z naslovom: »Razvoj
krmilnega algoritma za krmiljenje amplitudne
obremenitve na preskusevaliséu SCHENK« (mentor:
izr. prof. dr. Jernej Klemenc, somentor: doc. dr.
Primoz Podrzaj);

dne 22. junija 2015:

Andrej BENEDETIC zZ naslovom:
»Eksperimentalna analiza tekoce kovine kot tekocine
za prenos toplote v magnetnem hladilniku« (mentor:
izr. prof. dr. Andrej Kitanovski, somentor: prof. dr.
Alojz Poredos);

Matej ZUPIN z naslovom: »Snovanje
manipulatorja za skladiscenje pnevmatik« (mentor:
izr. prof. dr. Robert Kunc, somentor: prof. dr. Ivan
Prebil).

Na Fakulteti za strojniStvo Univerze v Mariboru
sta pridobila naziv univerzitetni diplomirani inZenir
strojniStva:

dne 4. junija 2015:

Mario CUCEK z naslovom: »Konstruiranje
stiskalnice za preoblikovanje plocevine stresne
kritine« (mentor: prof. dr. Zoran Ren);

dne 23. junija 2015:

Jure SAFNER z naslovom: »Uporaba metod
mehkega racunanja v proizvodnih sistemih« (mentor:
prof. dr. Joze Bali¢, somentor: asist. dr. Simon
Klan¢nik).

Na Fakulteti za strojni$tvo Univerze v Ljubljani so
pridobili naziv diplomirani inZenir strojnistva:

dne 4. junija 2015:

Marko GOLOB =z naslovom: »Konstruiranje
vibracijskega zalogovnika pri proizvodnji kamene
volne« (mentor: izr. prof. dr. Joze Tavcar, somentor:
prof. dr. Jozef Duhovnik);

Nejc  KRAMARIC z naslovom: »Zasnova
in izdelava letala s fotonapetostnim napajanjem«
(mentor: izr. prof. dr. Tadej Kosel, somentor: doc. dr.
Uros Stritih);

dne 5. junija 2015:

Ana KOBAL z naslovom: »Primerjava
karakteristik hidravlicnih potnih ventilov« (mentor:
doc. dr. Franc Majdi¢);

Miha PESKAR z naslovom: »Dimenzioniranje
usedalnika odpadne vode« (mentor: izr. prof. dr. Ivan
Bajsic);

Simon VIDMAR z naslovom: »Optimizacija
elementa hladilnega sistema zamrzovalne omare«
(mentor: prof. dr. Vincenc Butala);

dne 8. junija 2015:

Martin GANTAR z naslovom: »Modernizacija
izdelave regulacijskih plos¢ za hidravli¢ne mazalnike«
(mentor: prof. dr. Janez Kopac);

dne 17. junija 2015:

David STOKELJ z naslovom: »Gospodarno
nacrtovanje toplovodnega omrezja« (mentor: prof. dr.
Vincenc Butala);,

dne 18. junija 2015:

Nejc KVAS z naslovom: »Analiza trdote na
laserskih navarih iz orodnega jekla« (mentor: prof. dr.
Janez Tusek),

Nejc  MARINSEK z naslovom: »Zasnova
preizkusevali§¢a in ventilskega bloka za testiranje
digitalnih krmilnih tehnik pnevmati¢nih preklopnih
ventilov« (mentor: izr. prof. dr. Niko Herakovic),

Jan SRAML z naslovom: »Zasnova polnilne
naprave za vroce polnjenje soka« (mentor: izr. prof.
dr. Niko Herakovic);

dne 19. junija 2015:

Mitja JANEZ z naslovom: »Termoekonomska
analiza adsorpcijske toplotne ¢rpalke« (mentor: prof.
dr. Alojz Poredos),

dne 22. junija 2015:

Jure KLENOVSEK z naslovom: »Dologitev
mejne aeroelasti¢ne hitrosti letala« (mentor: doc. dr.
Viktor Sajn);

David KRESLIN z naslovom: »Razvoj
navpi¢nega modularnega vetrovnika za padalce«
(mentor: doc. dr. Viktor Sajn);

Dalibor TODOSIJEVIC z naslovom:
»Ugotavljanje trdote v lasersko izdelanih navarih«
(mentor: prof. dr. Janez Tusek),

dne 23. junija 2015:

Benjamin PODLESEK z naslovom: »Analiza
nosilnega elementa stroja TGM« (mentor: doc. dr.
Boris Jerman);

Patrik SEMOLE z naslovom:  »lzbor
najprimernej$e U-celice za montazo zaganjalnikov«
(mentor: izr. prof. dr. Janez Kusar, somentor: prof. dr.
Marko Starbek).

Na Fakulteti za strojnis§tvo Univerze v Mariboru je
pridobil naziv diplomirani inZenir strojniStva:

dne 23. junija 2015:

Miran GOSNJAK z naslovom: »Razvoj
superabrazivnega diamantnega brusa za fino brusenje
kristalnega stekla« (mentor: doc. dr. Mihael Bruncko);
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Na Fakulteti za strojni§tvo Univerze v Mariboru je
pridobil naziv diplomirani inZenir strojnistva (UN):
dne 24. junija 2015:
Alan LAZAROYV z naslovom: »Razvoj karoserije
elektricnega avtomobila Odsev 15« (mentor: prof. dr.
Zoran Ren).

Na Fakulteti za strojni$tvo Univerze v Ljubljani so
pridobili naziv diplomirani inZenir strojnistva (VS):

dne 4. junija 2015:

Matic GASPIRC z naslovom: »Analiza moznih
ukrepov za zmanjSanje porabe letalskega goriva v
potniskem prometu« (mentor: izr. prof. dr. Tadej
Kosel);

David KOGOVSEK z naslovom: »Oplastenje
aluminijeve zlitine s TiC in TiB2 s pulznim laserjem
Nd:YAG« (mentor: izr. prof. dr. Roman Sturm);

dne 5. junija 2015:

Anze HERNEC z naslovom: »Hidravlicna
naprava za natezne preizkuse« (mentor: doc. dr. Franc
Majdic);

Matej VIDMAR z naslovom: »Projektno vodena
gradnja linije za izdelavo statorjev« (mentor: izr. prof.
dr. Janez Kusar, somentor: prof. dr. Marko Starbek);

dne 8. junija 2015:

David CESAREK =z naslovom: »Varjenje
aluminijeve zlitine 7075-T6« (mentor: prof. dr. Janez
Tusek);

Jan KLUN z naslovom: »lzboljSanje sledenja
artiklov v skladiScu« (mentor: izr. prof. dr. Niko
Herakovic);

dne 17. junija 2015:

Klemen BROVC z naslovom: »Priprava in analiza
priletnih in odletnih postopkov z inStrumentalnim
pristajalnim sistemom na Letali§¢u Cerklje ob Krki«
(mentor: izr. prof. dr. Tadej Kosel);

Gregor KRALJ z naslovom: »Vzletanje in
pristajanje na letaliS¢u izven obratovalnih ur«
(mentor: doc. dr. Patrick Vlaci¢, somentor: izr. prof.
dr. Tadej Kosel);

Ervin MORAVEC z naslovom: »Primerjava
izdelave 3D orodja z razlicnimi postopki« (mentor:
prof. dr. Janez Kopac);

David NECMESKAL z naslovom: »Odpoved
primarnih krmilnih povrSin na Sportnem letalu«
(mentor: izr. prof. dr. Tadej Kosel);
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Gorazd PUSOVNIK z naslovom: »Vpliv
tesnjenja krmilnih povr$in na polaro jadralnega letala«
(mentor: izr. prof. dr. Tadej Kosel);

dne 18. junija 2015:

Luka CEJ z naslovom: »Analiza porazdelitve
delovne sile po prednapetih vijakih konzolnega
vpetja« (mentor: izr. prof. dr. Jernej Klemenc,
somentor: prof. dr. Marko Nagode);

Bostjan ANTOLIC z naslovom: »Hranilnik za
shranjevanje in transport cepiv« (mentor: izr. prof. dr.
Andrej Kitanovski, somentor: prof. dr. Alojz Poredos);

Nik NAVERSNIK z naslovom: »Primerjava
podkriticnega in nadkriticnega parnega kroznega
procesa v termoelektrarnah na premog « (mentor: izr.
prof. dr. Andrej Senegacnik);

dne 19. junija 2015:

Joit ZERJAV z naslovom: »Zasnova plinske poti
motorja z notranjim zgorevanjem« (mentor: izr. prof.
dr. Tomaz Katrasnik, somentor: izr. prof. dr. Jernej
Klemenc);

dne 22. junija 2015:

Janez TROBEVSEK z naslovom: »Napredni
algoritmi za avtomatsko zvezdno navigacijo« (mentor:
doc. dr. Viktor Sajn);

Jure JOST z naslovom: »Vgradnja elektromotorja
v pogonsko kolo avtomobila« (mentor: izr. prof. dr.
Jernej Klemenc);

Jure KRECIC z naslovom: »Priprava
dokumentacije za izdelavo tla¢nih posod z varjenjem«
(mentor: prof. dr. Janez Tusek);

dne 23. junija 2015:

Anze KUMER z naslovom: »Zasnova in
konstrukcija orodja za rezanje pritrdilne plosce«
(mentorja: izr. prof. dr. Tomaz Pepelnjak);

Gasper POTREBUJES z naslovom: »Snovanje
in konstrukcija preoblikovalnega orodja za krivljenje
ozemljitvenega kontakta« (mentorja: izr. prof. dr.
Tomaz Pepelnjak).

Na Fakulteti za strojniStvo Univerze v Mariboru
sta pridobila naziv diplomirani inzenir strojnistva
(VS):

dne 23. junija 2015:

Alojz CVETKO z naslovom: »Projekt predelave
muljev iz Cistilne naprave podjetja Paloma d.d. s
postopkom pirolize« (mentor: prof. dr. Niko Samec);

David TOVORNIK z naslovom: » Avtomatizacija
sortirnika toaletnega papirja v podjetju Paloma«
(mentorja: izr. prof. dr. Karl Gotlih, izr. prof. dr. Ales
Hace).
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