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Abstract: A roll-bending process that minimizes the flat areas on the leading and trailing ends of formed plates will produce more
accurate and easier assemble final shapes. There are several methods of minimizing flat areas, but they are costly or difficult to apply

for thick plates. This study proposes a new, simple approach that reduces these flat areas. This approach includes moving the bottom
roll slightly along the feeding direction and adjusting the bottom roll location. Sensitivity analyses were performed using a developed
3D dynamic FE (finite element) model of an asymmetrical roll-bending process in the Ansys/LS-Dyna software package. Simulations
were validated by experiments run on an instrumented roll-bending machine. The FE results indicate that this new approach not only

minimizes the flat areas but also reduces the forming forces.

Key words: Roll-bending process, flat end areas, dynamic FEM simulation, Ansys/LS-Dyna.

1. Introduction

Roll bending is an efficient metal forming technique,
where plates are bent to a desired curvature using
forming rolls. This type of sheet forming process is one
of the most widely used techniques for manufacturing
axisymmetric shapes. Moreover, this process 1is
beginning to be taken into serious consideration by
industries for producing large, thick parts such as the
thick, conically shaped crown of a Francis turbine
runner or of a wind turbine tower [1].

Over the past few decades, several bending
machines were developed to adapt to various forming
production specifications. However, these can be
classified into two major types of roll-bending
machines in the current market: three-roll models and
four-roll models. For three-roll models, depending
upon the setup location of the forming rolls, they can be

Corresponding author: Quan Hoang Tran, Ph.D. student,
research fields: simulation of manufacturing processes and
analysis of metal forming process by FEMs (finite element
methods). Email: hoang-quan.tran.1@ens.etsmtl.ca.

arranged in two groups: three-roll pyramidal models
and three-roll asymmetric models. The roll-bending
process is a continuous type of three-point bending,
where the basic principles and operations can be found
in Refs. [2-4]. Although the roll-bending process can
be performed for a wide range of cylindrical parts, for
heavy to extremely thick plate applications, there are
several issues that limit its application more widely in
metal forming. One of them is the flat areas that are left
at the leading and trailing edges of the final shape when
the process is completed as shown in Fig. 1.

Forming parts with minimal flat areas on the leading
and trailing ends are easier to assemble by welding and
obtain a more accurate final shape. However, studies
on the mechanisms that produce flat areas are still
limited in the literature. Typical studies focus mainly
on analyzing the bending mechanism. Hua et al. [5-11]
conducted a considerable amount of research studying
the four-rolls bending process to understand the
bending mechanism. Hu et al. [12] applied an FEM
(finite element model) to the study of the mechanism of
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Fig. 1 Flat areas left by a roll-bending machine.

the roll-bending process. Analyses of the pyramidal
three-roll-bending process and the asymmetrical
three-roll-bending process can also be found in Refs.
[13-15]. Zeng et al. [16], Feng et al. [17-19] and Tran et
al. [20-24] developed FE (finite element) models using
Ansys/LS-Dyna to simulate the three-roll-bending
process. However, an analysis of the flat lengths that
remain at both ends of the final shape has not been
addressed.

The mechanism of the roll-bending process
inherently produces a certain amount of flat area at the
leading and trailing edges of the part. It is observed that
this amount of unbent area depends on the machine
type. Usually, a three-roll asymmetric model leaves a
smaller flat area at the leading and trailing ends of the
final shape relative to a pyramid-type model because
the workpiece is held more firmly in Ref. [3]. Zhong et
al. [25] analyzed the straight-end problem in a
through the
development of an analytical method. However, the

thin-plate, pyramid-type machine
authors did not discuss the flat areas produced by a
three-roll asymmetric machine and did not propose a
method to reduce these. Therefore, Tran et al. [24]
expanded to study in additional detail the effect of the
rolls setup on the length of the flat areas in this study.
To reduce or even eliminate the unbent areas, a number
of methods can be applied such as: (1) forming a small
amount of extra length at each end and subsequently
cutting them off or (2) hand hammering the flat end.
However, these techniques are costly or difficult to
apply for thick plates made of high-strength steel.

Therefore, to obtain a better circularity for the final
shape, the most common method used is to pre-bend
both ends of the workpiece using the roll-bending
machine. This is done by inserting the leading end of
the workpiece into the machine. A short section of the
plate is fed for pre-bending, and subsequently, the
rotation of the rolls is reversed to remove the part. The
pre-bending operation is then repeated at the other end
of the blank. However, this is a drawback because the
plate must be handled twice for pre-bending and
requires more intensive labor at the production stage
and additional safety measures.

The effect of moving the bottom roll to the left hand
side by a distance d; as shown in Fig. 2a and adjusting
the bottom roll to a “gap” value g; (Fig. 2b) on the flat
ends length is presented in this paper. The goal is to
propose a new approach to minimize the apparent flat
ends and to reduce the forming forces.

The paper is divided in six sections. The content is as
follows: Section 2 introduces the asymmetrical roll
bending machine setup and flat areas definition;
Section 3 details the FE model of the asymmetrical roll
bending process; Section 4 presentes experimental
study to validate the FE model; Section 5 is the
discussion about the results; and Section 6 summarizes

key conclusions of this research.

2. Asymmetrical Roll-Bending Machine and
Flat Areas Definition

In this study, an asymmetrical roll-bending machine

is used to shape a plate of thickness ¢ as shown in Fig. 3.

The radius R of a formed cylindrical shape depends

on the position of the lateral roll [19] and can be
expressed in Eq. (1):

a sin’6

R= 4 _4smv - cosf @)
2| 2r+ t-a cos

where,
a: center location of lateral roll along action line;
r: radius of the rolls;
t: thickness of workpiece; and

@ operating action line angle of offset cylinder.
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Fig. 3 Three-roll asymmetric bending machine.

The top roll is in a fixed position, while the bottom
roll has an adjustable up and down displacement to
pinch the workpiece and to allow for the removal of the
finished workpiece.
“pinched” between the top roll and the bottom roll; the
lateral roll location can be adjusted to achieve the
desired radius of the final shape. At the end of the
forming process, a cylindrical shape with a radius R is

The workpiece is fed and

obtained if the length of the blank equals the developed
length of the cylindrical shape and if the lateral roll is

properly positioned. However, the workpiece must
remain supported at all time by the rolls as mentioned
previously. The process continually produces flat areas
along the leading and trailing edges of the workpiece
where the plate cannot be completely bent as shown in
Fig. 4.

3. FEM of the Asymmetrical Roll-Bending
Process

To study the flat areas produced by the roll-bending
process, a 3D numerical FE model of an asymmetrical
roll-bending machine described in the above section
was developed in the Ansys/LS-Dyna software
package. The FE model consists of four main
components: three rigid rolls and one flexible plate,
which are illustrated in Fig. 5. The rolls are considered
to be rigid in comparison with the deformable
workpiece.
of the

stress-strain curve of the workpiece, a material model

To describe the nonlinear behavior

obeying the Ludwik-Hollomon equation is used for this

nonlinear analysis. Ludwik-Hollomon’s equation
relates the stress to the amount of plastic strain as a
power law.
o=Ke¢" 2)

where,

o: the stress;

K: material constants;

¢: the strain;

n: study hardening exponent.

"'I‘,“-._\Formcd plate

Lateral roll

Bottom 101] /-< /

Fig. 4 Flat ends definition.
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Fig. 5 FE model of the asymmetrical roll-bending process.
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Fig. 6 Stress-strain curve.

The constants K and n are approximated by a curve

fitting based on the results from a tensile specimen. Fig.

6 shows the stress-strain curves for the tensile testing
model and the approximation model obtained by
Ludwik-Hollomon’s equation. The rate sensitive
PLAW
Ansys/LS-Dyna is

(power law) plasticity model in

applied to determine the
stress-strain behavior of the workpiece.

The interaction between the rigid and flexible
components is characterized through contact surfaces.
In this roll-bending model, the surface of the roll is
smaller than the surface of the blank. Although in the
explicit analysis, Ansys/LS-Dyna supports a large
number of contact options to define the interaction
between the surfaces. The automatic node-to-surface
algorithm was used for the interaction between the rolls
and the plate because this type of surface contact is
efficient when a smaller surface comes into contact
with a larger one. In addition, the static friction
coefficient (us) between the plate and the rolls is

directly measured via experiments.

For the boundary conditions, the top and bottom
rolls are driven in rotation and fixed in translation. The
lateral roll is constrained in translation and experiences
no self-rotation to press the forming plate against the
top roll.

4. Experimental Study to Validate the FE
Model

To wvalidate the FE model
Ansys/LS-Dyna, experiments are conducted using the

developed in

same parameters on an asymmetric roll-bending
machine. This instrumented roll-bending machine has
three rolls with diameters of 100 mm, roll length of
1,500 mm and an operating action line angle of the
lateral roll (i.e., &) of 600 is shown in Fig. 7.

The final shape radius from the experiments
obtained by the roll-bending machine is measured by
an EXAscan laser scanner. This device is a hand-held
laser system that allows for quick and accurate
geometry data acquisition for verifying the
characteristics of a formed plate.

Fig. 8 shows the flat ends at the leading and trailing
edges of the cylinder shape in Ansys/LS-Dyna when
the roll-bending process is completed.

To compute the flat-end lengths of the formed plate
from the FE simulations in Ansys/LS-Dyna, a
numerical procedure is applied as summarized in

Fig. 9.

oll-bending machine

4 2 S
Fig. 7 Instrumented roll-bending machine.
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Fig.9 Flatend and radius computational procedure.

Because the nodes of the formed plate are distributed
along a cylindrical geometry, the coordinates of the
center of the cylinder x¢, yc and its radius R, are
determined using the least-squares method:

min F(x,, y., Ro) with F =S(Ry—R)*  (3)
where,
Ri=[(xi—x)" + (=1,
with x; = x,-(o) + u,; and y; = y,-(o) + Uy

With grad (F) = 0, three nonlinear equations are
simultaneously solved for x,, y. and Ry. Only the initial
coordinates x,»(o), y,-(o) and the displacements u,; and u,,
of the nodes located at the mid-width of the plate are
imported into MatLab® for numerical processing. A
Newton-Raphson scheme is subsequently applied to
determine the circle’s parameters.

We assume that the nodes at the mid-width and at the
trailing or leading edges of the formed plate in Fig. 8
are distributed along a geometry as shown in Fig. 10.

To determine which nodes at the leading or trailing
ends belong to a straight line, based on a number of
flatness criteria, a least-squares method was applied to
compute the constants p; and b of the best straight line y
= pix + b passing through nodes [1, 2, 3, ..., i + 1].

With A= 0.2 /R, the criterion for flatness, a node i +
1 is considered to belong to the flat end if and only if
the new slope p; + satisfies Eq. (4):

pi+1-pl<4 “

The procedure is terminated when adding a new
subsequent node does not satisfy Eq. (4). The final
shape radius R is then recomputed following Eq. (3)
with the remaining nodes, i.e., by removing the flat-end
nodes from the initial node list.

It is costly to run a large number of experiments to
study how the flat areas are related to the setup.
Therefore, the idea is to compare the final shape radius
R obtained by both the FE model and the experiment
under the same forming conditions. The FE model is
used to study the parameters affecting the extent of the
flat areas. Fig. 11 shows comparisons of the final shape
radius R for various plate thicknesses, i.e., t = 1.0, 1.5

mm, 2.0 mm or 2.5 mm for four different locations of
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Fig. 10 Flat end lengths computational procedure.
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Fig. 11 Final radius dependence of the plate thickness and
the location of the lateral roll.

the lateral roll, i.e., a = 110.0 mm, 115.0 mm, 120.0
mm or 125.0 mm. The final shape radii R obtained by
the FE simulations (solid lines in Fig. 11) are slightly
smaller than those obtained through experiments
(dotted lines in Fig. 11). However, a deviation is
observed with a highest difference of less than 8.0%,
showing that the developed FE model is capable of
accurately predicting the geometry of the formed plate.

5. Results and Discussion

The flat-end length for any given final shape obtained
by the roll-bending process depends on the machine
type, workpiece thickness, final radius, roll positions
and even the operators’ skills. In this study, correcting
the position of the bottom roll of the roll-bending
machine is considered as a method to reduce the
forming forces and flat ends on the leading and trailing
edges of the final shape. Correcting the positions of the
bottom roll involves moving this roll in the horizontal
plane and lowering it vertically. Although it is not

possible to eliminate the flat areas inherent to the

process, the challenge for future roll-bending machine

designs is to minimize these areas.
5.1 Moving the Bottom Roll in the Horizontal Plane

To study the flat areas’ dependence on the bottom
roll positions, the FE simulations were performed using
plates 2.0 mm thick, 100.0 mm wide and having a
center to center distance “a” (Fig. 3) from the top roll to
the lateral roll of 115.0 mm. While keeping the same
input parameters, i.e., the roll radii, material properties,
mesh, etc., the position of the bottom roll was moved to
the left hand side for various distances d;. Fig. 12
shows the values of the forming forces’ dependence on
d;, which is expressed as a function of 7, ranging from
10.0% to 70.0% of the bottom roll radius.

The forming forces, for both the top and bottom rolls,
quickly decrease when the bottom roll is moved away
to the left hand side by a distance d; of 20% of . The
forces then slowly decrease when the bottom roll is
moved to a distance d; that is larger than 20% of 7.
Meanwhile, the forming force on the lateral roll ()
remains unchanged for every distance d;. Fig. 13 shows
the instantaneous free-body diagram of the system’s
roll-bending process, including the contact forces g;
and their respective angles 6. The equilibrium of the

moments at point P, leads to Eq. (5):
2. M =0
leading to ¢,s, = g5, )

where, s, and s; are the arc lengths of PP, and P,P;,
respectively.

The contact angle between the rolls and the plate
varies when the bottom roll is moved to the left hand
side. However, the value of s; remains quasi-constant.
This may explain why the forming forces of the lateral
roll do not change in Fig. 12.

The flat ends for various positions d; of the bottom
roll are shown in Fig. 14. Knowing that the larger flat
end is usually left at the leading end of the final shape
[3], only the flat-end length at this edge is studied in
this research.
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Fig. 12 Forming forces on the rolls versus the values of d;
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Fig. 14 Flat-end length at the leading end versus the
distance d; of the bottom roll.

The value of the flat-end length of the final shape
was determined to be monotonically decreasing when
the bottom roll is moved to the left hand side by a
distance d; of 10% of . This is because at this position,

the bottom roll is not only used to “pinch” the plate but,

Top roll

Plate
1 e
e
C
[\
Lateral roll
\
[ Bottom roll
dl OLLC i
_—
Fig. 15 Plate configuration when the bottom moves
horizontally.

it is also used to support the plate at the contact line ¢
(Fig. 15). The plate is therefore more efficiently bent
with the lateral roll.

5.2 Moving the Bottom Roll in the Vertical Plane

The bottom roll of the three-roll asymmetric model
was adjusted (up or down) in the vertical plane to
compensate for the various plate thicknesses and to
provide the pressure needed for “pinching”. Therefore,
choosing the matching “gap” between the top and the
bottom roll is very important when using the
roll-bending process. For example, if the bottom roll
pressure is too tight, the final shape obtained may be a
bell-mouthed shape. To avoid this defect, the bottom
roll should leave a gap that is equal to or greater than
the plate thickness.

To study the “gap” effect on the flat ends and the
forming forces, a series of FE simulations were
performed for various values of the “gap” g;. These
“gap” values range from 10.0% to 30.0% of the plate
thickness. The center locations of the top and bottom
rolls were placed on the same vertical axis. For this FE
simulation, the forming parameters and the material
conditions held constant were the 2.0 mm plate
thickness, 100.0 mm plate width and 115.0 mm
center-to-center distance “a” from the top roll to the
lateral roll. The forming forces versus the “gaps” g; are
shown in Fig. 16.

The top and bottom forces tend to decrease when the
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value of g; increase. A rapid decreasing tendency is
observed when the “gap” is set to 5.0% of the plate
thickness. The forming forces then slowly decrease
when the “gap” value continually increases, up to 30%
of the plate thickness. The forming force of the lateral
roll remains nearly constant for all the values of g;.

Fig. 17 shows the flat-end length wvariation’s
dependence on the “gap” value g;. The flat-end length
monotonically increases when g; is less than 15% of the
plate thickness. Over this last value, the flat-end length
is nearly unaffected when the “gap” continues to open.

This interesting phenomenon can be explained with
the help of Fig. 18. The plate is held less firmly when
the “gap” in-between the top and bottom rolls is larger
than the plate thickness. For these cases, the plate tilts
with an angle & (dotted lines in Fig. 18), leading to a
less bent plate.

24.00
20,00 -=Top roll=Bottom roll = Lateral roll
16.00
12.00

8.00

Forming forces (kN)

4.00

0,00
0.00 5.00 10.00 15.00 20.00 25.00 30.00
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Fig. 16 Forces of the rolls versus the “gaps” values g;.
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Fig. 17 Flat end versus the opening “gap” values g;.
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Fig. 18 Varying plate contact lines with rolls when moving
the bottom roll downward.

Because the plate cannot be bent sharply, a larger
amount of the blank at the leading edge remains flat.

6. Conclusions

A dynamic FE model was developed in the
validated
satisfactorily through experiments. In this study, we

Ansys/LS-Dyna environment and was
show how the flat-end lengths and forming forces are
affected by the bottom roll setup. It is seen that by
moving the bottom roll to the left hand side, the flat
areas can be minimized, and the forming forces will be
reduced on the top and bottom rolls. However, by
adjusting the bottom roll with a “gap” value greater
than the plate thickness in the vertical plane, the
forming forces on the top and bottom roll are also
reduced, but the flat area increases slightly. Therefore,
in conclusion, maintaining the bottom roll at a gap
close to the plate thickness and moving it laterally will
produce the best results: lower forming forces and
shorter flat-end lengths.
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Abstract: The purpose of this research is to explore the principle of the man-object relationship to identify the issues shown when
handling packaging and emphasizing the usability aspect. For that, the theoretical reference of the research involves the analysis of
the parameters according to the aspects that involve the use interactions of packaging in agreement with the definition and scientific
concepts of ergonomics, allied to the development of product projects, discussing forms, handling, load transportation and the
support of the product. Therefore, improperly handling of the packaging may cause damages to the products and even potential
accidents. Coding and decoding are significant to facilitate the use recognition within the individual’s repertoire. The packaging,
within the macro-ergonomics universe, may be the object of ergonomics, whose contribution to solve problems is related to labor
activities, by dealing with packaging, transportation and load resulting from the man-object interaction. The incorrect identification
of information may lead to problems of interpretation and misuse, from the handling to the disposal of packaging. For this reason,
this research suggests the adjustment of the man-object interface which may lead users to make mistakes regarding use and important
choices, through adequate handling actions.

Key words: Man-object, handling packaging, usability, packaging, product development.

1. Introduction recollection and use recognition [1].

The study of the symbols and identification of the
problems that may occur due to the inadequate use of
packaging was based on the man-object analysis. The
user’s experience in relation to the object suggests
principles for a good design, building a psychological
method to interact with the objects, based on
principles are highly inter-relational with other areas
or other terms [2].

Usability is the capacity that an interactive system
offers to the user, within a specific context, in order
for the task to be effectively, efficiently and
comfortably  performed, and it determines
specifications and evaluations emphasizing the
performance and satisfaction of the operator/user.
Partially, multidisciplinarity is essential for its correct
use during the project’s conception.

The packaging has a fundamental role to protect the
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research fields: packaging, product development and design  yransportation feasible, in order to perfect sustainably
methodology. E-mail: mcfavaro@fem.unicamp.br. '

Ergonomics is the term that designates the
multidisciplinary application of knowledge to deal
with a series of cautions involving men and the
inherent particularities of each task performed under
labor  conditions, observing the individual
characteristics and limitations. For such, this study
must be more broadly interpreted, not only in relation
to physical effort, but in all dimensions. Only then the
objective of maximizing the results of this study and
minimizing effort, fatigue and potential harm to the
integrity of human health will be reached.

The adjustment between object and information is a
reference for the man-object interface. Non-significant
codes and denominations may lead users to make
mistakes regarding the use and important choices.
Coding is meaningful so that there is an easier




Analysis of the Approach on Usability and Ergonomics in Handling and Transporting Packaging 477

the product’s distribution chain. The project
methodology guides this study due to the complex
network of variables involved, mainly because this is
a multidisciplinary theme.

The objective of this research is to show the
definitions on the theme, elaborating a discussion on
the different study branches involved with this
concept and finally, elaborating a theoretical analysis
suggesting an adjustment of the man-object interface,
in which information is the reference for the
non-significant codes and denomination, considering
that they may lead the user to make mistakes as to use
and important choices through adequate handling and
transportation actions. Thus, the approach to
Ergonomics is justified, especially regarding usability
with the purpose of contemplating these new
parameters.

The paper is organized as follows: Section 2
presents the research scenario, introducing the
ergonomics and usability concepts, packaging
technology and transportation; Section 3 analyses and
discusses the ergonomic factors applied to the
handling and transportation of packaging; and Section
4 presents the conclusions and emphasizes the
importance of ergonomics for comfort and safety.

2. Research Scenario

The purpose of this section is to discuss the main
research themes: packaging technology by function,
shape and classification, the importance of the
ergonomics parameters, specifically usability and
handling to perform a specific task.

2.1 Ergonomics

Thus, the word Ergonomics comes from the Greek
words ergo (work) and nomos (rules) and, in some
other territories, it may be found with the
denomination human factors, and it is applied to the
design of machines, equipment, products, tools,
systems and tasks with the purpose of improving the
safety, health, comfort and efficiency of the work.

The purpose of Ergonomics is always to adapt or
adjust the object in the best possible way to human
beings in general, in relation to safety, comfort, and
use efficiency or operational handling of the objects,
in activities and human tasks [3].

It can be said that Ergonomics is the source of
usability, since the purpose of both is to provide
efficacy, efficiency, well-being and health to the user
by adapting his/her way of thinking. The Brazilian
Association of Ergonomics (ABERGO) [4] adopts the
definition of “Ergonomics as the study of interactions
between people and technology, the organization and
the environment, aiming at interventions and projects
to improve, in an integrated and non-unrelated manner,
the safety, comfort, well-being and efficiency of
human activities”.

Thus, Wisner [5] defines Ergonomics as “a set of
scientific knowledge related to humans and necessary
to create tools, machines, and devices that may be
used with the utmost comfort, safety and efficiency”.
For Grandjean [6], Ergonomics may be defined as
“the science of configuring work adapted to humans”.
In the beginning, the configuration of tools, machines
and the work environment was considered.

According to IEA (International Ergonomics
Association [7]), Ergonomics (or human factors) is the
scientific discipline related to understanding the
interactions between humans and other elements or
systems, and to the application of theories, principles,
data and project methods, in order to optimize the
human well-being and the global performance of the
system.

Among the characteristics of Ergonomics, we may
mention three types of approach: Physical Ergonomics,
which involves several human characteristics;
Cognitive Ergonomics, which involves cognition
processes; and Organizational Ergonomics, which
involves the social-technical elements.

However, the basic objectives of Ergonomics are
the ones that encompass health, safety and satisfaction
of the worker, which is the consequence of an
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adequate planning and work organization.

Human posture is the decision to keep the body in a
desired position related to biomechanical matters [3].
General biomechanics studies the interactions between
work and man under the perspective of skeletal
muscle moves. lida [8] states that Occupational
Biomechanics is part of General Biomechanics and,
thus, Gomes [3] emphasizes that it studies the
interactions between man and work under the
perspective of skeletal muscle moves.

Therefore, the activities performed at work may be
shown as follows:

» Static work—the one that requires continuous
contraction of some muscles, in order to maintain a
certain position;

» Dynamic work—the one that allows for alternate
contraction and relaxation of the muscles.

The force applied may occur in several different
ways, such as pushing, pulling, squeezing and
pressing among others, which will depend on the work
performed [8]. The number of people with spinal
problems is increasingly higher. Several studies in
many countries have shown the relationship between
the handling activities and manual material handling and
the incidence of a large number of accidents and
osteoarticular lesions, mostly in the lumbar region [6].

Whenever possible, the control moves must follow
the natural moves that are more easily performed by
humans. Based on the Ergonomic principles,
machines and tools are considered as an extension of
men. The man-object interaction contributes to reduce
mistakes, ergonomic stress and accidents in order to
improve the performance of the system in which it is
inserted. All the moves made by the human body with
the purpose of transmitting some form of energy to
the machine (usually performed with the hands and
the feet) are called control movement. Therefore, the
hands must make paced moves, through a curved and
continuous orbit, avoiding sudden changes and harsh
interruptions [8].

Ergonomics makes use of Biomechanics which

consists of analyzing the mechanical bases of
biological activities directed towards the human
muscle-skeleton system in order to study the human
body’s posture at work, application of force and
handling.

The movement of body segments is defined as “the
angular displacement around an imaginary rotational
axis that goes through the articulation to which the
segment is connected” [9]. For lifting and manual
material handling, the weight on the spine must be
applied towards the axis and close to the body, in
order to hinder perpendicular components from
appearing as shown in Fig. 1.

Load transportation may cause two types of
reactions on the user: the overweight causes an
excessive physiological load on the spinal muscles
and the lower limbs; and the postural stress, caused by
the body’s contact with the load. Consequently, pain,
discomfort and ergonomic stress are caused. The
product development together with Ergonomics looks
for efficient alternatives to transport load that would
reduce energy use and muscle-skeleton problems.
Adopting alternatives such as keeping the load close
to the body, adopting an adequate value for the unitary
load, using symmetrical loads, projects such as
adequate handling, teamwork, defining the path to be

i ]

(© (d)
Fig. 1 Manual handling: (a) vertical load; (b)
close-to-body load; (c) symmetrical loads; and (d) use of
auxiliary means [9].
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Wrong Right
(b)
Fig. 2 (a) Material handling; (b) unevenness at the work
area [8].

taken, leveled floors, use of mechanical carriers (Fig.
2), may avoid excessive effort of the dorsal muscles
among other traumas caused by impact.

The operator is subject to actions such as lifting,
bending down, pushing, pulling, holding and
transporting load to perform a certain task. The
elements that constitute this manual material handling
system require the operator (defined due to his/her
physical, sensorial and psycho-motor characteristics);
the material (load), which has mechanical and
geometrical characteristics, handling and stability,
task and work space divided into geometric, temporal,
complex and environmental characteristics; and work
practices to be performed, which may be individual,
organizational and administrative.

There are general handling classifications that are
divided into two basic types [8]:

» Fine manual handling or precision handling: the
moves are transmitted by the fingertips, while the
palm of the hand and the fist remain still. It is
characterized by great precision and speed with little
force transmitted during the moves;

« Manual handling or force handling: the moves
are performed with the center of the hand, keeping the
fingers still and with the grasping function, while the
moves are performed by the fist and arm. It transmits
stronger forces, with lower speed and precision than in
fine handling.

The handling design is completely relevant for the
performance in the man-object system, considering
the handling types. For fine manual handling, smaller
shapes than the ones used for manual handling are
needed. These shapes are classified into geometric and
anthropomorphous.

The geometric handling is characterized by regular
shapes, such as cylinders, spheres, cones and others.
Since they differ from the human anatomy, they have
little contact surface with the hands. Due to the use
flexibility, which allows handling variations, it is easy
to adapt to the variations in anthropometric
measurements. However, tensions are concentrated in
certain parts of the hand, interfering in the force
transmission and making it hard to perform the move.
Despite being less efficient, this type of design works
better if applied to operations that do not require
major force.

In the anthropomorphous handling design, the
surfaces are round-shaped, adjusting to the hand
anatomy due to the fitting depressions or saliences,
which are referred to as “anatomical”. It shows greater
contact surface and handling stability in relation to
geometric handling, transmitting greater force and
concentrating less tension, but it is ergonomically
stressful if used during long hours due to the limited
position. Therefore, this kind of design shows a better
performance when used for short-term tasks, which
require little moves, need greater force, as well as
when the users show similar anthropometric measures.

The object’s superficial finishing may interfere in
the handling and task performance, since each type of
handling (fine manual handling and manual handling)
requires an adequate surface, which, otherwise, may
be harmful, since pressures are concentrated on those
spots. Data show that the use of “manual tools” is
related to cumulative trauma on the users’ hands and
forearms [8]. A diagram shows the painful areas of the
hands, fist and forearms, according to Fig. 3.

In order to avoid any type of ergonomic stress when
performing the work, the tool must be adequately
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Fig. 3 Diagram to survey the painful areas when using
manual tools [8].

chosen, based on its functionality, and they must be
selected according to the task to be performed,
followed by the ergonomic characteristics that ensure
the operator’s comfort and safety. Such characteristics
depend on two factors [8]:

(1) Handling characteristics: the differences in the
handling methods must be considered, the transmitted
moves (force, speed and precision), possibility to use
both hands and adjustment for left-handed people.
These measures allow the reduction of tension on the
hands, as well as a better handling design and greater
handling diameter eliminating angular surfaces;

(2) Center of gravity: the tool’s center of gravity
must be located as close as possible to the center of
the hand, allowing better motor control in order to
reduce moves and consequences, muscle efforts and
energy use during the operation.

A large number of parameters are observed, trying
to combine the advantages and disadvantages of each
one, in order to soften the handling rigidity and
increase the contact area.

2.2 Usability

Oftentimes, incompatibility problems on a same
product cause all the improvement to be left aside,
forcing the user to keep on using methods that he/she
already knows. However, the user needs autonomy to
demand functionality and make easy use a priority.

Usability depends on the specific characteristics of
the object’s interface and the user in the determining
sense of the objectives applied to the use situation.
The same interface may be satisfactorily interpreted
for old users, but it may not be as satisfactory for new

users. The essence that designates the use is in
establishing a relationship between interface, object,
user, task and environment [1]. The current concept is
excessively involved to the cognitive aspects of the
task, focusing on experiences and individual
characteristics, abilities and emotional perception,
which approaches a need to enrich a usage concept
[10].

Partially, the social and behavioral sciences are
fundamental in order to make use of usability for the
design’s conception, where four principles are used,
involving the wuser and the task requirement.
According to ABNT (the Brazilian Association of
Technical Standards [11]) NBR 9241-11, usability is
the “measure according to which a product may be
used by specific users to reach specific objectives
effectively, efficiently, and satisfactorily in a specific
use context”. To better clarify, the concepts described
are defined as:

» Efficacy—accuracy and completeness with
which users achieve specific objectives;

» Efficiency—resources spent regarding the
accuracy and reach with which users achieve
objectives;

« Satisfaction—lack of discomfort and presence of
positive attitudes towards the use of a product;

» Usage context—users, tasks, equipment
(hardware, software, and materials), and the physical
and social environment in which a product is used;

» User—a person who interacts with the product;

» Objective—intended result;

e Task—set of necessary actions to achieve an
objective.

Therefore, what the standard dictates on the use of a
certain objective (or system) can be noticed, taking
into consideration its relationship with the user.
Within this prism, it can be said that the term usability
comprehends any relationship between the user and
the environment, and the main subject matter is the
interface between them and any of its consequences
on the person, the object and/or the environment.
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Usability, when considered as a usage quality, is not
only an aspect of the product’s quality, but a
consequence of the interaction between user and the
product when performing a task in a certain context
[12].

In the beginning, the study focused on the machine
and the worker should adjust to it. The workers were
selected and qualified according to the specific
demands and characteristics of the machines, making
the worker engage into long periods in the learning
process.

Afterwards, in relation to the problems detected by
human mistakes, a study that focused on the man was
established. No attempt was made to modify the
machines, taking into the limitations of men
consideration. Finally, a system was conceived in
which the man-machine interaction, specifically the
man-work interaction, is taken into consideration.

Considering the orientations of the ergonomic
parameters for load mobilization, it was shown that
manual work may cause severe health problems due to
the operator’s bad human posture. However,
alternatives were created to relief the load’s weight on
the spine, that is, wheel carts, stackers, load
unification packaging; these are accessories that
intend to relief the excessive weight on the user, in
addition to optimizing the process. However, even
with this type of mechanical work, human posture and
handling actions must be applied, since the static work
may be ergonomically stressful, and a bad sitting
posture may cause irreversible damages to the spine.
Thus, attention must be paid to the ergonomic
parameters, in order for the product design to abide to
the standards, offering better work conditions and
comfortable safe and efficient man-object interaction.

Within the context of the man-machine system,
Chapanis [13] points out that people are used or
involved in any system of equipment, because the
systems of equipment are at all times elaborated
according to some human objective. They are there to
meet a certain human need. In addition, the systems

are planned and built by human beings. Human
creatures handle them, oversee them, observe how
they work and take care of their maintenance. The
man-machine system is the system of equipment in
which at least one of the components is a human being,
who acts or intervenes in the operation of mechanical
components of the system at all times.

In man-machine systems, people are used or
involved in any systems of equipment, considering
that they are at all times elaborated according to some
human objective. They are there to meet a certain
human need, and are developed from one human
being to another. “It is the system of equipment in
which at least one of the components is a human being,
who acts or intervenes in the operation of mechanical
components of the system at all times” [13]. Under
this perspective, a product that is considered as
non-usable within a system may be used for another,
since usability does not depend only on the
characteristics of the product, but on the
user/environment relationship [10].

2.3 Packaging

The term “packaging”, which comes from the verb
“to pack”, “the act of conditioning (good or objects)
into packaging, packs and boxes, etc., in order to
protect them from risks or facilitate their
transportation” [14], has as its primary role protection
and transportation. As humans became aware of their
basic needs to eat, store and preserve food for a longer
time and, as the distance between the supply sources
increased, reaping and hunting were no longer enough,
they needed to store and transport [15].

The Brazilian Ministry of the Environment [16] on
DL 366-A/97 defines packaging as “all and any
products made from materials of any nature used to
contain, protect, transport, handle, deliver, and present
goods, both as raw materials and as transformed
products, from the producer to the user or consumer,
including all the “disposable” alternatives used for the
same purposes”.
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The Brazilian Packaging Association [17]
determines that packaging is every container or
wrapping that stores  products temporarily,
individualizing or grouping units, with the main role
of protecting them in order to extend their shelf life,
enabling their  distribution, identification and
consumption. Understanding packaging as the creation
process, its efficiency and performance are verified
according to the product’s success, which implies the
adversities of creation, interpreted as a technical
object, with a particular role and characteristics [18].

However, the packaging is a thin line between the
product’s design and the graphic design, since both
aspects are complementary and merged into three
different levels: primary, secondary and tertiary [14]
as represented in Fig. 4. The primary packaging
design is directed towards the consumer, has a market
appeal, good shelf arrangement and protects the
process [21]. It is responsible for preserving and
maintaining the product.

In the case of the secondary packaging, cardboard
boxes, bags or casks are usually focused on logistics
to offer greater handling efficiency and used to group
products which are called secondary packaging. The
purpose of this kind of packaging is to avoid damages
upon the product’s handling and storage [21].

In the tertiary packaging, the design is developed
aiming at the collective transportation of the previous
packaging, focusing on the protection against damages
caused by the journey, prioritizing the quality of the
product that will get to the end consumer. This type of
packaging is usually made from a coarse material,
corrugated cardboard, plastic and wood. For this type
of packaging, the visual astatic is not a relevant factor
since it does not get to the consumer.

The combination of these levels, due to the
characteristics of the products, applicability and
marketing image, guides the parameters of the
product’s development. The importance of this
segment is due to the different roles of each one of
them. The primary packaging must protect and

(@) (b) (©)
Fig. 4 (a) Primary; (b) secondary and (c) tertiary

packaging [14].

preserve the chemical and physical integrity of the
product, minimizing the absorption of gases (oxygen,
carbon dioxide), humidity, odors and light among
others; secondary and tertiary packaging must also
help in the transportation, grouping them or
optimizing mechanical aspects, protecting the product
from shocks, vibrations, falling and pressure, etc., and
they oftentimes work as a reinforcement [14].

The means of transportation, the level of vibration
suffered during the displacement and handling of the
product, the stacking height, humidity and time of
stocking, among other factors, are cost-efficient, since
when the lowest possible amount of material is used,
the costs are reduced, increasing the number of
products transported at once, and restricting
investments on transportation and storage. A more
resistant packaging reduces losses due to damages and
stability, and offers a safer stacking. These measures
are relevant considering ecologic factors, minimizing
the post-use tear.

2.4 Product Design Methodology

In product design, information such as the product’s
stability and the degree of frailty or sensitivity is
essential to define the level of protection the
packaging will provide, considering the mechanical,
chemical and electric stability.

The impacts and mechanical vibrations occurred
during the transportation and shifting of the products
are the main responsible factors for the damages
incurred. That includes manual or equipment-based
shifting, such as through conveyor belts, carts, stackers
and lifters, etc., requiring adequate packaging [19].
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The packaging development may be referred to as
the act of going through a path established by the
project’s methodology, meeting the packaging’s
specificities in relation to the other industrial products,
and it must be considered as a whole, that is, the
context in which the product is inserted is a relevant
factor for the product’s development [19, 20].

In order to develop the packaging’s design, the
needs and simultaneities between the product’s design
process and the packaging’s design process must be
integrated. In order to develop new designs, the model
is previously filled with current information on
technologies, marketing researches, information
products and environmental impact processes,
materials, competitive intelligence, evaluation of the
packaging’ life cycle, in order to meet the
environmental and strategic goals established [22].

The product’s development is a multidisciplinary
process and, as such, it needs different perspectives and
expertise in order to be complete. Engineering conceives
the product from a technical-physical system, with an
efficient and safe operation. The design understands
that the product has different roles and therefore, its
good operation depends on their interactions. The
design, as opposed to the common sense, is not only
related to the aesthetic and symbolic aspect [23].

Another key factor for the process of developing a
product is the methodology and tools used. The
discussion concerning a universal definition for the
term “product design methodology” shows that the
acquired meaning depends on the author and the
applicable area; it is generally related to the process of
directing resources both financial and human to meet
the defined goals.

By systematizing and describing a methodology,
Asimow [24] started a discussion on the theme, and it
opened a precedent for other authors to change and
adapt the methodology according to the existing needs
during each period, as shown in Fig. 5.

2.5 Moving Packaging

The objective of the design of a packaging made for

Primary phases of the project

» Phases [ —Feasibility study
+ Phases II—Preliminary design
* Phases [[[—Detailed study

Phases related to the production/consumption cycle

Phases [V—Production planning
Phases V —Distribution palnning
Phases VI—Consumption planning
Phases VII—Disposal planning

Fig. 5 Methodology [24].

transportation is to protect the product during
transportation against external agents, such as
mechanical shocks, dust and humidity, etc., and add
several unities making the transportation, handling
and storage easier.

Some aspects must be considered when specifying
the packaging for transportation, such as [19]:

(1) the total weight must be adequate to be carried by
one person;

(2) using closure systems that inhibit the opening as
a safety measure to prevent theft;

(3) use of details that assist in opening the packaging
at the point of sale.

These recommendations facilitate the use by
consumers, who demand improvements on the design
of packaging, such as using details that make it easier
to open them. The type of material and calculating the
packaging’s resistance refer more to its resistance
upon handling; therefore, each product has a type of
specific packaging according to the context in which it
is inserted. In large volume productions, the packaging
need to be mechanically handled, considering as
design requirements the material, tolerances, the
closure system, and internal accessories.

The packaging for frail and hazardous products
needs a more robust design. In the case of frail
products, especially those that add value, the primary
packaging must be reinforced to avoid the use of an
extra packaging, exclusively for transportation, since,
in addition to affecting the aesthetic; it increases the



484 Analysis of the Approach on Usability and Ergonomics in Handling and Transporting Packaging

product’s total cost. To transport hazardous products,
the packaging must meet the national and international
safety standards that define risk levels, material
specifications and tests for approval.

The packaging that protects the product during the
different transportation methods joins it from the
factory up to the end user or distribution center.
During the transportation, unifying the packaging
involves the concept of packing or arranging several
volumes of goods to create a since standardized “unit”
in order to be mechanically moved along the process,
serving as the basis for a chain constituted by an
integrated system involving packaging, shifting,
storing and transporting materials. Thus, it saves more
time during displacement, in addition to protecting the
product, since it is possible to see whether the volume
was violated. The most used unification method is
palletization, which consists of arranging upper and
lower boards, connected by ring or spiral nails, adding
glue (optional) to offer greater fixation; the pallets
must be well aligned in order not to deform the
cardboard packaging, as seen in Fig. 6. Pallets must be
standardized according to the project’s specifications.

Another unification method used is the slip sheets
platforms, used as an accessory for the stacker during
the transportation. With a solid or corrugated
cardboard base and two lids measuring about 7 mm
thick, the space taken by the packaging is minimal,
and they offer another advantage which is the reduced
cost in relation to any type of pallet. For this system, a
stacker with a special accessory or adequate machines
must be used, according to Fig. 7.

The main characteristic of singulators is the
repetitive use (except for the one-way ones), and these
devices allow carrying and lifting loads through
self-bearing fittings. The main unification method
used by industries and warehouses is palletization, due
to the pallets’ transportation flexibility in automotive

vehicles, airplanes, ships, railways and containers [25].

Other methods that are mostly employed for unitization
are pre-language means, used for sacks, which consists

(@) (b)
Fig. 6 (a) Four-way entry simple pallet and (b) two-way
entry pallet with lids [19].

)
Fig. 7 Moving consolidated load units, such as slip sheet

[19].
T I E e~

Fig. 8 (a) Manual vs. (b) mechanical transportation [25].

in tying up an object or set of objects, involved by nets
or belts with lifting handles, and load self-unitization by
strapping, block-stacking or bundling. Among the
methods used to promote load stability during
transportation or stacking, a highlight is the use of
lifting devices introduced beneath the load, load
compression between two surfaces and load suspension.

Fig. 8 represents the use of the unified method in
comparison to the individual load handling system,
showing the characteristics of each application.

The advantage of using the load unification method
together with the shifting and stocking system is that it
makes it easier to stack loads on top of each
other,exploring the tridimensional plan by reaching
considerable heights. In addition, it offers
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cost-efficient benefits for the manufacturers, shippers
and consignees (facilitating price quotation) and
transportation companies by increasing the operational
speed of the transportation wvehicle and the
productivity and reducing the load shifting costs.
Other advantages of applying the system are the
reduced damages to the load, lower transit time and
incidences of theft and reduced stock. However, it has
disadvantages when it comes to controlling and
returning the empty singulators.

3. Theoretical Analysis of Usability and
Ergonomic Factors Applied to the Handling
and Transportation of Packaging

For almost all operators, using mechanical
transportation and packaging during transportation
means no longer having to perform a dynamic work,
which requires daily physical efforts when handling
these objects. A few of them, however, know that a
smooth-surfaced packaging, burred  texture,
overweight of the packaging exceeding the advisable
limits, or even a stacker’s seat may lead to discomfort
ad even physical problems.

Several problems may arise when adequate tolls
and objects are not wused according to the
characteristics of each person. There are several items
that must be adjusted to each person, including:

(1) Chair: it must have a high backrest with arm
support at the same height of the machine’s panel. It
needs to be precisely positioned on the lumbar
curvature, supporting the spine;

(2) Height of the transporting cart: it must have an
independent height regulation. The elbows must be at
a 90° angle in relation to the body;

(3) Workbench unevenness: the upper part must be
at the same height than the eyes at a minimal distance
of one arm in order to make the head to be vertically
positioned and avoid irregular surfaces that force the
user to move the legs. Instead, he/she should be
positioned in order to be only able to rotate the body
around its own axis;

(4) Shape of the packaging: surfaces must offer a
steady handling to prevent the operator from using a
handling method that uses excessive weight;

(5) Packaging stacking: packaging stacking must be
avoided in manual handling due to spinal overload;
the ideal scenario is using mechanical transportation.

The problems with packaging handling are not only
related to bad human posture or with the use of
inadequate equipment. The type of task and the
process performed by the operator must also be taken
into consideration. Overly ergonomically stressful and
long tasks that require concentration to be performed
reduce the operator’s attention and result in physical
and mental fatigue.

Several problems may arise when the work
environment specifications are not being followed:

(1) Fatigue: reduced performance and work
capacity. It is caused due to a change in the properties
of the muscles, local intoxication or due to long and
uninterrupted work hours;

(2) Backache: caused by the use of overweight and
tools those are not adapted to the person. Na
inadequate chair is the main factor that causes
backache. The chair’s backrest needs to be precisely
positioned on the lumbar curvature, supporting the
spine. The backrest must also be flexible in order not
to allow the operator to slip backwards;

(3) RSI (repetitive strain injury): caused by the
excess of repetitive movement, going back and forth
through the same path, incorrect handling, machine
control panels, and mainly when the load is not being
transported using a correct posture. In some cases,
RSI may be restricted to the affected limb, usually
hands and arms. In an earlier phase, inflammation
requiring immobilization and adequate
medication. Depending on the quality of the resting
period which should last for some months after the
patient has been mobilized, he/she may or may not be
able to get back to work. Some workers experience
pain only five minutes after resuming the work they
used to do, other take hours, and other months.

Ooccurs,
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Therefore, in order to analyze the task detailing the
work procedures to make it efficient, some questions
should be considered:

» Which actions are employed on the interface of
the work tools and by humans?

» How do they work to reach their goal?

» Which situations must be foreseen whose use
may cause risks?

* In which physical (spatial and temporal) conditions
the operator and his/her instruments are involved?

» Which psycho-social relationships are there on
this man-equipment/object interface in relation to
shape, color and texture?

 Task description.

Questioning and surveying these data is completely
relevant to develop new packaging and instruments to
facilitate transportation in order to offer greater
comfort for the operator, avoiding ergonomically
stressful and repetitive moves, as well as energy use
that may cause discomfort and severe diseases with
time. In order to make the workers execute their
activities, they perform varied types of body moves
required by the actions, involving all of their limbs
(speed, force, precision and duration); and the
characteristics and types of controls used on the
equipment (buttons, levers, wheels and pedals).

According to Ref. [8], the force may be directed
towards pushing or pulling. In general, the force
applied by humans to pull and push varies from 200 N
to 300 N. However, if the weight of the body and the
strength of the shoulder are used to push, this value
reaches 500 N. In vertical reaches, the position causes
ergonomic stress on the muscles of the shoulders and
biceps; pain may also occur and be increases
according to the time required for the exercise.

In relation to horizontal reaches, due to the distance
between the weight and the shoulders, more is
required from the muscles of the shoulders. In this
position, as well as in the vertical position, the arms
have to overcome certain resistances, and that is when
ergonomic stress and pains occur and these positions

are held for a long time.

In relation to load lifting, some care must be taken,
mainly in relation to the spine, which is usually
injured when they are not observed. For example, the
load on the spine must be vertically applied, avoiding
bending over and keeping the load as close as possible
to the body, symmetrical load and auxiliary means
must also be used. Therefore, important
considerations to keep the human body’s integrity are
necessary in order not to exceed the maximum load
capacity.

4. Conclusions

This study may broaden the knowledge on
ergonomics and its different conceptual and historical
aspects, its objectives and types, and mainly the
awareness as to the man-object system. Incorrect
handling or excessive load transportation may cause
several problems to the health of the worker and the
simple user. Regarding these problems, mainly in
relation to the worker who is subject to long work
hours, it may be questioned whether there should be a
responsible party for this worker’s health and
well-being, that is, whether preventing these problems
is a duty of the employer, the own employee or the
government.

Analyzing the harms that may be caused, it may
also be considered that the most adequate solution is
the prevention by observing the regulatory standards,
in order to avoid the possible disturbances and
misfortunes. It was shown that bad human postures
are oftentimes adopted due to tools and packaging
those are not adequately dimensioned.

The use of the project methodology, together with
ergonomics and usability, is the basis to develop
alternatives, tools and objects to assist the operator
and the user when transporting and handling objects in
a safer and more comfortable manner. A mistaken
interpretation of the task may cause severe damages
and even disabilities. Objects with no usability
confuse the operator/user, inducing him/her to make a
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mistake. In the work environment, in leisure areas or
even within the household, such factors are called
operational risks.

It is necessary to emphasize good postural practices
and the correct use of equipment, instruments and
objects in real situations that require active
participation, in order to obtain satisfactory results:
meet the goals of Ergonomics of maximizing the
comfort and safety, minimize human costs and
improve the quality and productivity at work.
Therefore, further researches must be made to analyze
the man-object relationship, as a parameter for the
engineer and the designer to develop new packaging
and tools/equipment, benefiting the workers and users,
assisting them in the performance of their tasks,
meeting their needs and minimizing mistakes.
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Abstract: In the processes of manufacturing, MT (machine tools) plays an important role in the manufacture of work pieces with
complex and high dimensional and geometric accuracy. Much of the errors of a machine tool are those which are thermally induced
which are from internal and external heat sources acting on the machine. In this paper, a methodology for determining and analyzing
the thermal deformation of machine tools using FEM (finite element method) and ANN (artificial neural networks) is presented.
After modeling the machine using FEM is defined the location of the heat sources, it is possible to obtain the temperature gradient
and the corresponding thermal deformation at predetermined periods. Results obtained with simulations using the software NX.7.5
showed that this methodology is an effective tool in determining the thermal deformation of the machine, correlating the temperature
reading at strategic points with volumetric deformation at the tool tip. Therefore, the thermal analysis of the errors in the pair tool
part can be established. After training and validation process, the network will be able to make the prediction of thermal errors just
stating the temperature values of specific points of each heat source , providing a way for compensation of thermally induced errors.

Key words: Thermal displacement, machine tool, finite element method, artificial neural network.

1. Introduction contribution towards increasing the accuracy in MT,

. . as compensation mechanisms are thoroughly studied
The influence of temperature variation on MT
) . ) to try to reduce thermal effects.
(machine tools) is a physical phenomenon that cannot . . . .
o . The main reason for the geometric and dimensional
be completely eliminated. However, it should be ] ) ] ] ]
. . . errors in production of work pieces in MF includes
monitored and included in the development process of ) o ]
. . static laws of the rigid structure of the machines; the
the machine. Geometrical changes and/or structural ] .
. ) performance of the power law dynamics drives used
volume of the machine represent the undesirable . ) ]
. and thermal deformations or displacements in the tool
effects of heat and especially heat flow. These .
. . and the work piece [2].
changes cause an unwanted relative motion between ) .
. . . In order to increase the accuracy of machined parts
the tool and the work piece, which can negatively . .
. . . o for machine tool CNC (computer numerical control)
influence the specified tolerances during machining or ) o ]
) . HSM (high-speed machining), by compensating the
accuracy [1]. Thus, this paper seeks to provide a . . .
deformations caused by thermal variations during the

process, which transforms the energy into thermal
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convection and radiation, the latter being discarded
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and the concentration of studies usually done only by
conduction and convection, or just taking into account
the deformations arising under heat sources involved
in the machine. Importantly, it is essential to develop
methodologies which are able to analyze and evaluate
the performance of high accuracy and high speed
cutting of the MT, with regard to thermal effects.

In this paper, a methodology is established to
decrease, even if it is simulated the effects thermals in
MT, but that can later be used in real cases. Being
used the tools of FEM (finite element method) and
ANN (artificial neural networks), using the software
NX and MatLab 7.5, respectively.

2. Machine Tool Analyzed

Considering the machine tool type column three
axes, Fig. 1, the methodology that was employed for
the analysis of thermal errors displayed on this
machine, through the FEM and ANNs, has been
adapted into a virtual machine to similar from Fig. 1,
this simplified model of MF was redesigned, adapted
in Ref. [3], the simulation software infinite element
NX.7.5, simplified form whose considerations are
discussed in following sections.

3. Methodology Used

Shortly after executing the design of the machine,
setting the criteria for the creation of the finite element
mesh, creating a mesh compatible with both the
structural solution as thermal [4], then preceded with
the following steps:

(1) Create a mapping file (file “bun” in the NX
environment) which initially contains the values of
temperatures for the conditions specified in the
contours of a permanent state of temperature over a
period of eight hours;

(2) Export the conditions of thermal contours for
structural solution and then simulate the displacements
occurring at the tool tip for the three axes of analysis.
times for

This operation being repeated 80

predetermined time interval of 8 h 28,800 s using a

time increment between each simulation 360 s over
the initial state at time zero, to complete the cycle;

Fig. 1 Machining center type column redesigned in the NX
environment (adapted in Ref. [3]).

(3) Collect the solutions for each increment of time
considered and plot the data on the time x

displacement, as well as temperature versus
displacement in the MatLab environment;

(4) Create RNA through the environment MatLab
function having, as input the temperature values of
each node, represent the thermocouples on the
machine tool, and as “target” or desired value for each
respective displacements of the shaft. Training the
ANN by means of programs developed in MatLab
using the functions contained in this software;

(5) Run the validation process to verify that the
Network could actually learn and predict the thermal
displacements, only making use of the temperature
readings on the specified nodes;

(6) Develop this method for two different cases,
namely to a permanent state of temperature and
temperature transient state;

(7) Simulate offsets in each axis, by means of the
MATLab programs in two states analyzed to verify

the efficiency of the technique developed.

4. Thermal Analysis of Shifts in Permanent
State Temperature

In the machine tool of Fig. 1, it analyzed the
thermal behavior and structural in order to find a
relationship  between the thermal volumetric
displacements occurring at the tool tip, with tapered
temperature reading strategic points on the machine.

That is, the thermal behavior of the machine by
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reading eight nodes symbolizes virtual thermo couples
(T1, T2, T3, T4, TS5, T6, T7 and T8.) as illustrated in
Figs. 2 and 3. Near any heat sources, considering the
amount of work, in the simulations, one eight-hour
shift [4].

The thermocouples were distributed for the
simulations as follows:

* TI: base part (Node 1,935);

* T2: mesa (Node 1,605);

* T3: base tool holder (Node 3,416);

* T4: upper bearing spindle (Node 3,146);

* T5: main engine (Node 2,455);

* T6: base table motor (Node 2,878);

* T7: coolant pump (Node 1,795);

* T8: oil pump (Node 2,564).

The considerations for analysis in this section are as
follows:

* material machine-tool: steel density 7.829E-6
kg/mm?;

* heat sources: some internal heat sources exist in
machine tool variations in time;

* hazard analysis: 0 s to 28,800 s;

* thermal mapping performed for the times: every
360 s;

¢ temperature range: 20 °C-200 °C;

* structural boundary conditions: feet machine tool
set;

* thermal boundary conditions: temperature set at
each side of the machine tool in contact with the
engine, with the bearing sand, the pair play tool,
through a fixed temperature, as Figs. 4 and 5;

* clement size: 50 mm;

* type of the element: tetrahedron with four nodes.

The conditions of thermal contours are shown in
Figs. 4 and 5, where in the indications of temperatures
from the heat sources in each internal face contact
with the machine motors, bearings, etc., and the pair
tool part, are illustrated. The reading of each thermo
couple virtual over time, for the case considered in
this section, is shown in the graph of Fig. 6.

It is observed mainly in the thermo couple located

close to the tool as the temperature rapidly enters the

steady state, and as others take longer, it happens

Fig. 2 Distribution of thermo couples in the structure of the
virtual machine.

Fig. 3 Thermo couple virtual oil pump sander frigerant.

0C

5.0

— R RO‘C_

Fig. 4 Conditions of thermal contours.

mainly because of the heat generated at the tool end,
assuming machining and proximity for each thermo
couple.

When the simulations were performed, taking into
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consideration a lathe eight hours of machining, the

curves of the displacements thermal insulation in
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function of time respective axes are shown in Fig. 7,

where if observe behavior smoother, due the fact of

having been collected a sufficient number of points, as
also the period analyzed time in the simulations is
coherent with the performed in the machining process
of an environment manufactures. If we still observes
that, although the simulations commences in the zero
instant, the displacements thermal on each axis
already exhibit a significant error thermal, this
happens due the fact that the temperature gradient be
elevated in the permanent state temperature provoking
great displacements thermal already in beginning of
the process for this case.

5. Development of an RNA for Learning
Axes Simultaneously on the Basis of the
Readings of the Thermo Couples in the
Steady State Temperature

ANN was formulated one of 16 neurons in the first
layer and the second layer 1 neuron with feed-forward
back propagation and feedback from output to input,
with activation functions “tansig” and “purelin”,
respectively supervised learning by correcting errors
standard mode [5], using Egs. (1) and (2), whose
topology is shown in Fig. 8.

2

tansigj = (1+exp(-2w;t;)) -

b; (D

aj = wit; +b; 2)
where,

wi: the weight for each iteration i;

¢j: mother mains input for each element j;

bi: bias or (threshold) of each neuron for n
iterations.

It is created after the network, passed the learning
process of the displacements of the three axes
simultaneously, depending on the readings of the
temperatures of the nodes that represent the thermo
couples on the machine.

The entry “input” was introduced arrays
temperature of each thermocouple, Eq. (3) over time
and considered as “target” or desired output array of

thermal displacement of the axes X, Y and Z Eq. (4).
T ={[Tj1} ©)



492 Development of a Methodology for Determination and Analysis of Thermal Displacements of Machine
Tools Using Finite Elements Method and Artificial Neural Network

A = {[Dx][Dy][Dz]} (4)

Neural network

Fig. 8 ANN for three axis-permanent state.

where,

T = matrix of readings of all thermo couples in the
analyzed period;

A = the matrix “target” or desired output of the
thermal displacements in the period analyzed;

[77]1={Tj (1, i)} matrix line of each thermo couple j
for each increment i;

[Dx] = {Dx (1, i)} matrix line of each matrix row in
the X axis displacement for each increment i;

[Dy] = {Dy (1, i)} matrix line every shift on the Y
axis for each increment 7;

[Dz] = {Dz (1, i)} matrix line every shift on the Z
axis for each increment i.

The result of the learning process to the three axes
using the ANN carried in this section is shown in
Fig. 9, which shows the learning simultaneously to the
respective deflections along the three axes as a
function of the temperatures developed in strategic
points of the machine tool analyzed for 500 iterations.

It is seen in the same figure, convergence occurred

for all axes. Five hundred iterations for the
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Fig. 9 Displacements as a function of volumetric
temperature-permanent state.
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Fig. 10  Graph of the performance of ANN learning.

aforementioned performance curve, extracted from the
environment MatLab is shown in Fig. 10, which is
observed that the network could learn and that the
error reached 0.01 pm compared to the simulated

results.

6. Validation of ANN for the Three Axes in a
Permanent State

Network after going through the process of learning,
it is important to submit the network to another
process called validation [6]. The validation process of
an ANN is to provide the network after trained,
different values of the input data which she was
trained and then compare them with the simulated
results of these new input data, to verify that the
network could actually learn satisfactorily, and
whether it is possible to predict the deformations,
providing only the values of the temperatures
measured by the thermocouples. For the validation
processes steady state temperature. The procedure was
as follows:

Again we performed simulations, being the time
interval for each reading 180 s. Of the 162 new
temperature readings of the thermo couples,
disregarding that coincided with the previous analysis.

Next to the new temperature readings of the eight
thermocouples, fed to the network only at the new
readings without the network retrained.

After performing the above procedure, we obtained
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Validation of ANN for the three axes
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Fig. 12 Corrections in the X axis along time.

the validation curves as shown in Fig. 11. Thus, ANN,
made the prediction of deformations, even entering
different values (of temperature) of those she was
trained. Being able to reach the goal of validation and
section to

keep this the permanent state of

temperature.

7. Analysis of Results and Compensations
for the Steady State Temperature

Using the curve that the ANN learned the thermal
behavior of the X axis to predict the thermal
deformation of this axis machine tool analyzed, and
make possible corrections or compensations. In Fig.

12, the black curve of displacements corrected or

compensated. Where one can observe that with the
correct coordinate axis X, using the technique
proposed virtually zero thermal error on this axis.

Using the same technique for the Y and Z axis, there
is the efficiency of the method.

8. Thermal Analysis of Shifts in Transient
State Temperature

In this section, the same procedure will be adopted
in the previous section, in other words, the same
configuration of the machine tool, the thermocouples
located on the same nodes, and the same conditions of
structural contours, but just changing the conditions of
thermal contours, which will be replaced by heating
equations for each heat source.

The considerations for the simulation results in this
section are the same as in the previous section, but
only change the transient thermal boundary conditions,
in other words, temperature set at each side of the
machine tool in contact with the engine, with the
bearing sand the pair play tool, by heating the
equation of Newton, Eq. (5). The graph of Fig. 13 was
plotted from the law of heating/cooling Newton,
according to Eq. (5) each heat source. As seen in its
initial temperature (7m) which coincides with the
temperature at 20 °C, if the instant “0 s” and a final
temperature 7(.), which is the maximum power that
can reach through the simulation conditions preset to a
final state of thermal equilibrium.

dr
& = k(T - Tm) 5)

where,

Tm = room temperature;

T = temperature of the body at time ¢;

K = proportionality constant.

Solving Eq. (5), by separation of variable sand
replacement of boundary conditions, according to Ref.
[7]1s Eq. (6):

TU(t;) = T(eoy + Cj X exp(—k; X t;)  (6)
where,

TI(t;) is the local temperature of each heat source at
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time #;;

T(w) 1s the steady state temperature;

C; constant is found from the condition of initial and
final contours;

K; is time constant found for each heat source in
unit time (s).

It represents the time that the source spends to reach
63.2% of the final value of the temperature rise
corresponding to its operation in a state of thermal
equilibrium or steady state [8]. And # is the time to
consider every moment according to the temperature
transient.

The value of the time constant for all sources, were
found from the initial boundary condition 7(0) =
20 °C and intermediate condition 7(1,800) =
0.632 - T(«). That is the temperature at time O sand the
temperature at which the source can reach the elapsed
time when 1,800 s or 30 min.

As showing, only two are assigned numerically as
an example, the eight equations as conditions found in
simulations contours of heat sources close to the
thermocouples installed in the structure, as seen in
Figs. 4 and 5, the two equations are the following:

Temperature in the base part (close to 71) via the
associated Eq. (7):

Th(t;)) = 120- 100 x exp(—0.000450 x t;) (7)

Temperature in the tool holder (next to the tool, T3),
linked by Eq. (8):

Tf(t;) = 200- 180 x exp(—0.000493 x ;) (8)

From the graph of Fig. 13, it is shown at eight
curves from data collection of virtual thermocouples
throughout the simulation period considered and the
thermal displacement on the Y axis. It is observed
eight different curves relating to data collected from
each heat source, whether transients exist three
equations equal, this happens because the position or
location of each thermocouple being different in the
structure of the machine. What is more coherent
because all heat sources begin at 20 °C which is
exactly considered the initial temperature of the entire
structure of the machine and the thermal shifts starting

0. Although the graph of Fig. 13 shows only the
displacements in the Y axis can also be achieved for
the other axes respectively at the end of the tool
achieved by the FEM analysis.

There has been an irregular deformation in the first
1,800 s (Fig. 13), although the heat sources have a
rather regular behavior. Such irregularities are usually
due to temperature gradients which are greater at the
beginning of machining machine tool of any or due to
other structural parameters which provide voltages at
certain points in the machine frame. It was also
observed that the initial deformation on the X axis is
zero for the initial time, the initial temperature of
20 °C. In other words, it is more consistent with the
reality machining than in the situation considered in
the section where the heat source had a temperature
constant, in other words, steady, besides the fact of
observing the deformation at the tool tip on the X axis,
and the temperature of each heat source with the
reading of the respective thermocouples on the same
graph.

The fact show deformations in the negative Y axis is
due (Fig. 13), the tool tip to deform in the direction
opposite the direction of the axis of the machine and
no shrink age or the influence of other axes, as well as
heat sources.

The deformations also occur in the other two axes,

over time and
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Fig. 13 Reading of the thermocouple sand displacement in
the Y axis over time.

having different behavior due to the fact that they



Development of a Methodology for Determination and Analysis of Thermal Displacements of Machine 495
Tools Using Finite Elements Method and Artificial Neural Network

have different stiffness and thermal diffusivity on each
axis, as well as the extent of deformation over time
considered. In this paper, it is shown only one axis
due to synthesis of the work, but he analysis maybe
performed either individually for each axis or in a
volumetric showing the thermal behavior of all the
axes simultaneously, because the methodology allows.

9. ANN Learning for State Transient
Temperature

For learning the volumetric deformations, that is,
the thermal deformation occurring simultaneously in
each axis, whereas the same machine fermentation
heat source sand variations in time (transient event). It
was formulated an ANN with the same characteristics
of the section steady state temperature, only changing
the values of the input array and the “target”, using the
same topology of the previous case for the three axes,
but with data from transient state temperature. In
Fig. 14, it has been learning for artificial neural
network for 170 iterations, as shown:

It can be seen from the graphs that the network
successfully learned the thermal volumetric machine
for the transient event, through the convergence
curves, that is, the thermal displacement on each axis
happens simultaneously. But that is not enough; the
network has to go through the validation process.

In Table 1, there is an example of learning of ANN
for the 10 initial training data network, having as input
the temperatures of the thermocouples, and one of the

Table 1 Sample learning of ANN for the Z axis.

“target” thermal displacement of the tool tip is relative
to the Z axis, with their errors of learning in relation to
the displacement occurred on the same axis, collected
as example after 239 iterations, a maximum of 500
iterations.

In Table 1 below, again as the network converged,
or learned by reducing the error.

You can clearly see this statement, besides the
graphs shown in Fig. 14. Or by means of the graph of
Fig. 15, which shows the behavior of the mean square
error relative to the axis Y. Dropping to less than
0.1 pm approximately one hour when it was simulated

machining.

10. Validation of ANN for the Three Axes in
the Transient State

In the process of validation of the ANN

Displacements thermal in all three axes and reading of the thermocouples
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Fig. 14 Learning the neural network model for 170 iterations.

Some thermocouples temperature (°C) RNA input

Thermal displacement in Z-axis (um) Learning RNA (um) Error (um)

T1 T2 T3 T4

20.0 20.0 20.0 20.0 0.0 239.72 -239.7
219 20.2 25.5 20.8 161.4 161.06 0.34
22.4 20.4 28.5 22.1 154.1 155.84 -1.74
22.8 20.8 34.0 25.7 144.8 149.09 -4.29
23.1 21.4 38.8 29.6 137.2 139.81 -2.61
235 22.1 43.1 334 131.8 132.53 -0.73
23.9 22.8 46.8 37.1 128.8 128.57 0.23
243 23.7 50.0 40.5 128.1 127.81 0.29
24.8 24.6 52.9 43.7 129.5 129.45 0.05
25.3 25.5 553 46.6 132.7 132.68 0.02
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Mean squared error over time
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Fig. 15 Mean square error for the Y-axis transient state.

To the transient event, the procedure was the same as
the section to steady state temperature, or consist of
the supply network after trained different values of
input data with which it was trained, to verify that the
network actually managed to learn the thermal behavior
satisfactorily, and make the prediction of thermal
displacements of the tool, only with the entry of the
temperature readings of the thermocouples transiently.

For these simulations validation process proceeded
as follows:

Executed the simulations again, being in a time
interval for each reading 180 s. 162 of the new
temperature, readings of the thermocouples,
disregarding that coincided with the increase of time
of 360 s.

Then with the new temperature readings of the eight
thermocouples, fed into the network only at the new
readings without the network to be retrained, in other
words without a “target”. Curves were obtained for
validation as shown in Fig. 16. In other words, ANN
made the prediction of deformations, even entering
different values (temperature) of those she was trained
also to transient state. It is observed that there is little
discrepancy between the curve simulated deformation
and validation for each axis only at the start of the
curves where the network begins the process of
learning and the temperature gradient is increased,
there is a greater difference between the curve sand

values. Soon the validation process was satisfactory.
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Validating the three axes (X, Y, Z)
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Fig. 16 Validation of ANN-case transient.
11. Corrections to the Transient Case

Using the curve that the ANN learned, considered
as an example in this section, only the thermal
behavior in the X axis, to predict the thermal
deformation of this axis machine tool analyzed, and
make possible corrections. Is the corrected strain
curve of the X-axis in Fig. 17? Where one can observe
that with the correct coordinate axis X, using the
technique proposed, virtually zero thermal error on
this axis, immediately when the machine starts the
heating process? The same procedure for corrections
or offsets ¥ and Z axes can be performed.

Performing the corrections in the X-axis, Y and Z to
become volumetric error is, as shown in Fig. 18,
almost constant after 25.09 °C, and less significant
than in the situation without correction. In percentage
terms, we consider the last time increment, where the
thermal displacements were increased to 150.75 pum
and 0.65 pm (reduction of 99.57% in the X-axis),
11.83 um to 0.56 pm (reduction 95.1% on the Y-axis),
and 528.38 pm to 1.98 pum (reduction of 99.62% in
the Z-axis).

In other words, the joint work of the FEM, ANN
and methodology developed in this work provide
significant results in the case of correction of thermal
errors in machine tools even in a simulated. But the
methodology can be used in real cases of
compensation thermal errors even in the most critical

case is that the transient case.
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Making the correction as a function of temperature
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Fig. 18 Volumetric Correction for axis.

12. Conclusions

The data collected from the thermal deformation of
machine tool model analysis, can also be collected in
any model of machine tool, since it applies the same
methodology or that already has the design of the
machine using the technology and export to CAD
software working with the FEM and then develop
ANNS.

The thermal behavior of the machine is very
different from that, which was used at a constant
temperature from start to finish the simulations, but it
is closer to the reality of a machining process, it is
therefore more reliable and can show that thermal
errors consistent with the reality of machine design.

The fact that there are more irregular thermal errors in

the first 30 min proves the two thermal conditions
studied contour, what is said in the literature, in other
words, the machine tool studied is consistent with a
real model, considering only the conditions studied. It
is observed that in both cases the heat source is
variable or it is not the network has difficulty in
learning at the beginning of the deformation. What
one can optimize this by refining the network and
increasing the number of data in the beginning of
deformations is increased or the number of points
collected between 0s and 360 s. It is also observed that,
although the heat sources variations in time, that is,
the temperature rise is smoother, has more
considerable deformations mainly in the Y and Z axes
in relation to the heat sources constant. Due to the fact
that the temperature gradient is due to greater thermal
stability and it is slower. Regarding the neural
networks, the temperature, the coordinates of each
point analyzed and the thermal displacements
corresponding to each axis of MF derived from the
thermal expansion are the input and output of the
artificial neural network, respectively. That through
these data, the network topology suggested, “learned”
significantly offsets in each axis simultaneously are
able to predict the movement only with the entry of
the matrix temperature, as verified in the validation
section of ANN. Therefore, this work contributes
significantly, through the methodology suggested for
reduction of thermal

the reduction and/or

displacement in machine tool.
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Abstract: Plasma torch is a device that transforms electrical energy into heat carried by a gas and its safe operation is necessary to
control her temperature. This paper presents the use of the Arduino board in temperature control of a plasma torch through fuzzy
control. The plasma torch of this project was built so that a flow of water can circulate through your body, allowing its cooling. The
cooling system mounted consists of one radiator, one expansion vase, one water pump and one temperature sensor. The heated water
coming the plasma torch is passed by the temperature sensor. This is converted in a voltage and read by an analog input port of the
Arduino. This processes the information received and makes the decision to turn on/off the radiator fan and/or powered the frequency
inverter water pump to control the temperature. The graph of the fuzzy control showed an oscillation between 104 °F to 122 °F
around the chosen reference 113 °F. The results show that it is possible to control the temperature of a plasma torch using the
Arduino board and fuzzy logic.

Key words: Arduino, torch, fuzzy logic, temperature, thermal plasma.

1. Introduction logic embedded on Arduino board, which controlled on
L ) . spin speed of water pump and on/off fan of radiator.
Arduino is a prototyping platform electronics open . . .
; The paper is organized as follows: Section 2
source based on flexible hardware and software and i . )
] ) ) ] presents the theoretical foundation; Section 3 presents
easy to use. It is destined for artists, designers, o o ]
) ] ) ] the a short description of components using in this
hobbyists and anyone interested to create interactive . . i

) ) work; Section 4 shows the results and discussion; and

objects or environments [1]. . i
) ] ) . Section 5 presents the conclusions.

The Arduino board can integrate with environment
by receiving signals inputs from types varied of 2. Theoretical Foundation
sensors. And it can also affect the environment by ]

. 2.1 Fuzzy Logic
controlling lights, motors or others actuators.
In this environment of Arduino

work, the In 1965, the professor Lofit A. Zadeh from

interaction was a water refrigeration system for a
thermal plasma torch. The Arduino board received an
electrical signal from temperature sensor and acted by
controlling a frequency inverter which powered a
water pump, and acted in a fan coupled a radiator.

The form how refrigeration system was projected
enabled the implementation of a controller using fuzzy

Corresponding author: Gustavo Fernandes de Lima,
electrical ~engineer, specialist, research fields: analog
electronics, control systems and automation. E-mail:
gustavoflima@msn.com.

Berkeley’s University proposed a new theory of sets,
where transition of pertinence to non pertinence were
slow and progressive, and no abrupt how in usual
theory of sets [2]. Thus, it emerged the Fuzzy Set
theory.

A system based in fuzzy logic can have your action
schematized by the elements [3]: fuzzificator, rule base
(knowledge base), inference engine (decision-making
unit) and defuzzificator. This structure can be viewed
in Fig. 1.
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] 1
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[Puzzy) 5 (Fuzzy)

Fig. 1 Blocks of the controller fuzzy.

The fuzzificator has for function to convert the
numeric values of the inputs in linguistic variables.

The rule base represents a system model to be
controlled, consisting of a data base and a linguistic
fuzzy rule base.

The inference engine has for feature to transform
input linguistics values, with the rules, on output
linguistics values.

The defuzzificator has for function to translate the
output linguistic values on output numeric values,

usable in a control action at real world.
2.2 The Arduino Board

The Arduino is a board of printed circuit (2.68 x
2.17 x 0.39), indicated for creation electronics
prototypes based on the philosophy of open hardware
and software. It has a 0l microcontroller
ATmega328P (manufactured for Atmel Company), 14
digital inputs/outputs, 06 analog inputs and pins of 3.3
Volts, 5.0 Volts and Ground (Fig. 2).

In this work, the Arduino Uno model was chosen
for those reasons: it has USB connection, one jack
connector for supply external, simple programming,

low price and easy manipulation.

Digital inputs and outputs

- - E O S N O . -
Converter 1

Serial <> USB [l

]
.|."|:l: ARDUTND., o o i -
senaae ATMEL

Power supply I Analog inputs
Pins of 3.3 V, 5.0 V and ground

Fig. 2 Identified blocks of the Arduino Uno.

Also, two modules were used in connection with
the Arduino board. The first module was SD card (Fig.
3a) and the second was LCD (liquid-crystal display)
16 x 2 (Fig. 3b).

In this project, the SD card module was used for
save the measurements of temperature and time in txt.
file. Whereas the LCD module was used to show the

values of temperature and time measured.

2.3 Temperature Sensor NTC (Negative Temperature
Coefficient)

In this project, one thermistor NTC, low cost

semiconductor which decreases the electrical

resistance with increment the temperature were used
(Fig. 4).

The NTC sensor works for a resistance of 520 Q in
298.15 K (77 °F) and 75.41 Q in 373.15 K (212 °F),
with a tolerance of 1% to 5%, giving a non-linear
graphic. For making one, this curve graphic was used

in Eq. (1).
R=R, -exp[ﬂ-(;—;ﬂ 1)
0

where, R is the thermistor resistance at temperature 7,
Ry is a thermistor resistance at temperature 7y and S is
the material constant which is equal to 2,864.30 [4].

Fig. 5 presents the characteristic curve of the sensor
used in this project.

(a) SD Card (b) LC

Fig. 3 Modules for connection with Arduino board.

Fig. 4 NTC sensor used in this project.
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Fig. 5 Characteristic curve of the sensor NTC.

The Arduino analog input was developed to
receive voltage up to 5 Vpce. Therefore, it raised the
need to conversion the NTC’s resistance in matching
voltage signal.

A voltage divider circuit was chosen to convert the
resistance of NTC in measurable voltage by Arduino.
In the

configuration

chosen, an increase of

temperature was reflected in increase of voltage V)

(Eq. (2)).
R
Veer| 50— )
[Rl + RNTC ]

The V; voltage was connected in analog input AO of

Vy =

Arduino board and this one has to calculate the

v
< R 3
Voj 1 €)

resistance Ryrc (Eq. (3)).

Ryre = (Rl

For determine of the current temperature of system
in Kelvin, was used the Steinhart-Hart’s equation (Eq.
).

1
a+b-In(Ry;c)+c- (In(Ryc))

T(K)= )

The Steinhart-Hart’s coefficients (a, b, c) were
extracted from Ref. [S], whose values were:

a 0.0012
b|=| 0.00033151 (5)
c 0.0000001962

In this moment, it was possible to implement the
stretch of source code for Arduino able to convert the
read voltage in AO input, calculate the resistance Ryrc,
determinate the temperature in Kelvin and, lastly,
convert for a temperature in °F, according to Code 1.

//Convertion sensor voltage in temperature

Tensao Sensor = analog Read(A0); //read input AO

V0 =Tensao Sensor * 5/1023; // convert to voltage

Rntc = (5*150/V0)-150; //RNTC = (Vcc*R1/Vin)-R1

bl = log(Rntc); //calculate LN(RNTC)

b1 =0.00033151*b1; //calculate b*LN(RNTC)
cl=log(Rntc); //calculate LN(RNTC)

¢1 =10.0000001962*c1*cl*cl; //c*(LN(RNTC)"3)
tempK=0.0012+b1+c1; //a+b*LN(RNTC)+c*(LN(RNTC)"3)
tempK = 1/tempK; // 1/(atb*LN(RNTC)+c*(LN(RNTC)"3))
tempC =tempK-273.15; //convert to °C

tempF = tempC*1.8+32; //convert to °F

Code 1 Stretch of Code for Arduino.

2.4 Plasma Torch

The plasma can be defined how a gas partly ionized
where exist free electrons and positive ions in
movement, in the process where happen transference
of energy by radiation, conduction and Joule heating
between others [6].

Now, the plasma torch for Ref. [7] is a dispositive
which transforms electrical energy in heat transported
by a gas. With these devices, virtually either one gas
can lead the plasma state.

For this project, one ICP (inductive coupled plasma)
torch was chosen. According to Ref. [5], an ICP torch
has by advantages do not have internal electrodes
metallic, to be eroded by plasma jet, avoiding possible
contamination. Fig. 6 presents one image of the ICP
torch used in this project.

This torch was built to allow the water flow in two
different paths, for your own cooling. Still in Fig. 6, it
is possible to see an indicative numeration for these
paths. In the first path, the water gets in the exhaustion
opening (n° 1), goes to tube of confinement and gets
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Fig. 6 ICP torch of the project.

out by the base of torch (n° 2). The second path enters
in the n° 3 and gets out in the n°® 4 by within of coil.

3. Description of Components
3.1 Water Refrigeration System

One water refrigeration system was mounted
compound by one radiator (heat exchanger), which
have one fan coupled and powered by three-phase
motor, one expansion vase, one water pump powered
by one frequency inverter and one NTC temperature
sensor, according to Fig. 7.

These components have the following features in
the cooling system [8]:

* Radiator: device used to exchange heat between
the heated water from the plasma torch and the
atmospheric air;

* Expansion vase: semitransparent plastic reservoir
which allows to see the water level;

* Water pump: responsible for circulating water in
the cooling system of the plasma torch;

* Temperature sensor: responsible for the
measurements of water temperature in the cooling

system of the torch.
3.2 Description of Control

The control of temperature proposal can be
visualized in block diagram of Fig. 8.

In this diagram, the water temperature of system was
read by Arduino. For determining the error (¢) value,
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Fig. 7 Refrigeration system of the torch.
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Temperature
of system
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Fig. 8 Block diagram of the system.

Eq. (6) was used. This is the first variable of fuzzy
controller and measurable in Celsius degree.
&°F) = Tread — Trer (6)
After that, the error value (current) was subtracted
of the previous error value for determining the
“variation of error” (Ag) value, according to Eq. (7).
This is the second variable of fuzzy controller and

measurable in °C/min.

Ag(°F/min) = W 7

With two previous values, the fuzzy controller
combined variables ¢ and A¢ in the inference rules, of
type if then, and created two appropriates outputs. The
first for powered the of frequency inverter and second
for powered of the radiator's fan.

3.3 Fuzzy Controller

The fuzzy logical toolbox of MATLAB™ software
was used for created the inputs variables of fuzzy
system and determine output variables values.

The ¢ variable was defined with values in -67 °F to
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131 °F and Fig. 9 shows the fuzzy set created, where
linguistics values were: L (low), M (medium), SP (set
point), H (high) and VH (very high).

The “variation of error” variable was defined with
values in 22.1 °F/min to 41.9 °F/min and Fig. 10
shows the fuzzy set created, where linguistics values
were: FF (falling fast), FS (falling slow), S (stable),
RS (rising slow) and RF (rising fast).

The first output variable was called PWM (pulse
width modulation) and represented the signal of
powered of the frequency inverter (0 to 100%) of
water pump and Fig. 11 shows the fuzzy set created,
where linguistics values were: S (small), M (medium),
B (big) and VB (very big).

The second output variable was called pulses and
represented the on/off signal of radiator’s fan and Fig.
12 shows the fuzzy set created, where linguistics
values were: off and on.

For inference machine, the Mandani was used and
the defuzzification was calculated using the medium

of the maxima pertinence.

U &4 -l u Pl U u ol ul Pl

Input variable “error”

Fig. 9 Pertinences of the “error” variable.

FF FS 5 RS RF

24 26 28 30 32 34 36 30 40

Input variable “variation error”

Fig. 10 Pertinences of the *“variation of error” variable.

Output variable F;WM
Fig. 11 Pertinences of the PWM variable.

Output variable pulses

Fig. 12 Pertinences of the pulses variable.

4. Results and Discussion

For the demonstration of the control operation, five
real experiments were made. In all, the reference
temperature was configured in 113 °F, for security
reasons. The radiator’s fan temperature powered was
configured in 122 °F and after was turned off when the
temperature achieved 104 °F.

The fuzzy controller was configured for keeping the
PWM variable in a constant value. In the first
experiment, that value was 15% (green curve), in
second 50% (yellow curve), in third 75% (red curve)
and in fourth 100% (black curve). In the last
experiment, the fuzzy controller was configured for
any PWM variable value, in range from 0 to 100%
(blue curve).

Fig. 13
experiments. This allowed to see the temperature

shows all curves of the five real
behavior when the PWM variable was remained
constant and when her changed freely. In all, the fuzzy
controller worked how expected and allowed the
temperature variation was within of the range previous

determined from 104 °F to 122 °F.
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Abstract: Construction is one of the largest users of energy, material resources and water and it is a formidable polluter. One of the
major materials used in construction is concrete and ordinary concrete contains about 12% cement which is a major producer of

greenhouse gas in the world. The use of waste materials as partial replacement of cement in concrete reduces greenhouse gases, frees
up land fill space, and reduces raw materials consumption. This contributes towards sustainable development, as in a sustainable
society, nature is not subject to systematically increasing concentrations of substances extracted from the earth’s crust. This research
work explores the possibility of replacing some percentage of cement in concrete with marble sludge powder to produce lightweight

concrete. This was achieved by determining the compressive strength and some hardened properties of concrete like sorptivity and
carbonation with marble sludge. The results so far have been able to prove that lightweight concrete can be produced when some

percentage of cement is replaced with this waste.

Key words: Lightweight concrete, marble sludge, filler, carbonation, permeation.

1. Introduction

Industrial by-products are waste materials produced
by industries as a result of production. More
production equals more waste, and more waste creates
threat. An
economically viable solution to this problem should

environmental concerns of toxic
include utilization of these waste materials for new
products especially in construction applications which
in turn minimizes the heavy burden on the nation’s
landfills, saves natural resources, energy, reduces air
and water pollution and also reduces the emission of
green house gases. Examples of these wastes that can
be used in construction works which include cement
kiln dust, foundry sand, fly ash, silica fume, slag,
marble sludge, and so on [1].

By virtue of its size, construction is one of the
largest users of energy, material resources and water,
and it is a formidable polluter [2]. There is increasing
concern now that the choice of construction materials

must also be governed by ecological considerations.
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Concrete is the major construction material in the
world with 11.5 billion tons of concrete as world
demand per year and the demand for concrete is
expected to grow to approximately 18 billion tons a
year by 2050 [3].

Ordinary concrete, typically, contains about 12%
cement, 8% mixing water, and 80% aggregate by mass
[3]. This means that, in addition to 1.5 billion tons of
cement, the concrete industry is consuming annually 9
billion tons of sand and rock together with one billion
ton of mixing water. The 11.5 billion tons a year
concrete industry is, thus the largest user of natural
resources in the world which if continue unchecked
will result in depletion of natural resources.
Greenhouse gas is also generated which is responsible
for 5% CO, production in the world. The mining,
processing and transport of huge quantities of
aggregate, in addition to billions of tons of raw
materials needed for the cement manufacture consume
considerable energy and adversely affect the ecology
of virgin lands. If the waste product of one industry is
recycled as a substitute for virgin raw material of
another reduce the

industry, it will thereby
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environmental impact of both. Any efforts to reduce
such dependence of virgin materials will, therefore, be
a contribution towards sustainable development.

Marble sludge powder is an industrial waste
containing heavy metals in its constituent and it is
produced from cutting of marble stone for usage in
various construction applications in Nigeria. The
amount of industrial waste generated due to the
cutting is increasing every day; this put pressure on
the limited number of land fill and suggests more
sustainable use of such in construction development
and in production of new products like concrete. The
use of marble sludge as filler material in cement
reduces the amount of natural resources required. This
displaces some cement production, an energetically
expensive and environmentally problematic process,
while reducing both the need for land area for
extracting resources and amount of industrial waste
that must be disposed of.

In recent times, marble dusts have found some use
in the construction industry and research has been
conducted to examine their applications. An exclusive
work has been done on the feasibility of the usage of
quarry rock dust and marble sludge powder as
hundred percent substitutes for natural sand in
concrete [4]. From the study, it is found that the
compressive, split tensile strength and durability
studies of concrete made of quarry dust and marble
sludge powder are nearly 14% more than the
conventional concrete. The concrete resistance to
sulphate attack was enhanced greatly, according to the
experiment performed on the hardened properties of
bituminous concrete with marble dust as filler [5].
Fillers are fine aggregate material that passes 0.063
mm sieve [6]. The behaviour of bituminous concrete
with marble dust compared very well with bituminous
concrete with lime and stone dust.

Marble powder has a very high Blaine finess value
of about 1.5 m*/g with 90% of particles, passing 50
pm sieves and 50% under 7 pm [7]. The maximum
compressive and flexural strengths were observed for

specimens containing 6% waste sludge when
compared with control and it was also found that
waste sludge up to 9% could effectively be used as an
additive material in cement [8]. The result of an
investigation on the abrasion resistance of concrete
made by percentage substitution of sand by marble
waste powder compared very well with that of
In the

increment in percentage of substitution of sand caused

conventional concrete [9]. same study,
a significant increment in the sodium sulphate
resistance of concrete; whereas water penetration
depth of concrete with marble powder at 15%
substitution was found considerably less than that of
concrete with 0 marble powder. Marble dust can also
be used as filler and helps to reduce the total voids
content in concrete [9]. Consequently, this contributes
to improvement of strength of concrete.

The durability of concrete is a function of
permeability [10], hence concrete can be made durable
by reducing the extent of voids. Permeability is the
movement of fluids across a porous medium as a
Thus,

permeability refers to its ability to transmit fluids

result of pressure gradient. concrete
through it caused by pressure head; this applies to the
transport of both gases and liquid [11]. More research
is still needed to see its wider application in concrete
especially as partial replacement of cement. The
objective of this study to provide more scientific
evidence to support the re use of accumulated marble
wastes in Nigeria; by investigating into the following
hardened properties of concrete with marble sludge
powders, compressive  strength, permeability,
sorptivity and carbonation. If this is successful there
will be less demand on cement, thus providing
possible solutions to environmental concerns of green
house gas (CO,) pollution, waste production and
depletion of natural resources. The paper is organized
as follows: Section 2 shows the characterization of
materials; Section 3 explains the materials and
experimental methods used in the study; Section 4

presents results and discussions; and Section 5
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highlights the conclusions.
2. Characterization of Materials

The physical characteristics of the marbles sludge
powder are furnished in Table 1 while the chemical
characteristics of the marble sludge powder are
compared with that of ordinary Portland cement is in
Table 2.

3. Materials and Experimental Methods
3.1 Cement

Ordinary Portland cement that conforms to ASTM
C150—standard specification for Portland cement
obtained from a local commercial manufacturer in
Nigeria precisely (Dangote cement) was used

throughout the experiment.
3.2 Marble

Marble dust samples from Coker, Lagos State,
Nigeria were crushed and grinded using laboratory

crusher and ball mill and passes 0.063 mm sieve size.
3.3 Aggregates

The coarse aggregate used was crushed granite
chippings with a size of 12 mm at the average.

Medium size fine aggregate from Ebute River in
Ikorodu with clean tap water available in the concrete
laboratory was used in manufacturing the concrete.
The qualities of water samples are uniform and

potable.
3.4 Specimen s Preparation

The batching of concrete was done by weighing the

different constituent materials based on the adopted

Table 1 Physical characteristics of marble powder.

mix ration of 1:2:4 and 1:3:6. In the first ratio labeled
mix A, cement was replaced by marble dust at 0, 5, 10
and 20% (represented by mix codes MA|, MA,, MA;
and MA,). The same was done for the second ratio
labeled mix B (represented by mix codes MB;, MB,,
MB; and MBy).

The water cement ratio for both two mixes was
0.65% by weight. The freshly mixed concrete was
then filled in 150 mm by 150 mm moulds in
approximately 50 mm layers with each layer given 35
strokes of the tamping rod. Samples were held in the
laboratory at an atmosphere of more than 95% relative
humidity and ambient temperature, i.e., 25 °C. The
moulds were opened after 24 h and the specimens
were stored in the humid bath for 28 days curing age.

3.5 Test Procedure

The 150 mm size concrete cubes were used as test
specimens to determine the compressive strength. The
test specimen at the end of 28 curing days were
subjected to compressive load from a 214 x 250
shambhavimpe compression testing machine until

failure.
3.6 Durability studies

The object of this durability study is to investigate
the permeability through sorptivity test and resistance
to carbon attack for both conventional concrete and
concrete with % replacement of cement. Sorptivity
test was conducted over six hours. The water
sorptivity test measures the rate of movement of
water front through the concrete under capillary

suction. The specimens after dried were saw-cut in

Material Moisture Bulk  density Fineness Effective size Coefficient of Coefficient of Wetdry
content (%) (kg/m3) modulus (mm) uniformity gradation
Marble powder 23.35 1.59 1,118 2.04 0.17 1.58 1.37

Table 2 Chemical characteristics of marble sludge powder and Portland cement.
Material Fe,04 MnO Na,O MgO K,O Al,O4 CaO SiO,

Yowt Yowt Yowt Yowt Yowt Yowt Yowt Yowt
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Marble 11.99 0.08 2.08
Portland cement 2.27 0.045 0.75

233 4.45 1.58 64.86
0.70 5.86 64.07 20.15

pieces (75 x 150 mm?). The surfaces of the concrete
samples were then placed in water. For each mass
determination, the test specimens were removed from
water and the surfaces cleaned with a dampened paper
towel to remove water droplets. The mass of the
samples were then measured and were replaced to
continue the test. The cumulative change in mass 1, 2,
3,4, 5 and 6 hours were used to obtain the respective
cumulative absorption values (i) expressed as Eq (1):

i = Am/Al (1)
where, Am = cumulative change in mass due to water
absorption, 4 = cross-sectional area of test specimen
(mm?) and ¢ = density of water (10” kg/m?)

As soon as concrete is formed, the carbon dioxide
in the air reacts with the calcium hydroxide, forming
calcium carbonate, a process known as carbonation.
For the

phenolphthalein indicator solution was applied to

carbonation test of the samples,
fresh fractured surface of concrete. The indicator turns
purple at PH above 8.6 and remains colourless when
the PH of the concrete is below 8.6, suggesting
carbonation. A fully carbonated paste has a PH of
about 8.4. In practice, strong immediate colour change
to purple suggest a PH that is rather higher, perhaps
PH 9.0 or 10.0.

4. Results and Discussion
4.1 Compressive Strength Development

Compressive strength tests were conducted in
accordance with BS EN12390-3:2009 [12] on all
cubes of the two mixed ratios at 28 curing days.
Compressive strength test results are shown in Table 3
and Fig.1. MDC (marble dust concrete) showed a
reduction in compressive strength compared to the
control PC concrete. This confirms that different
mixes of concrete ingredients produce different
strengths which are measured in MPa [13]. Different
strengths of concrete are used for different purposes;

very low-strength (14 MPa or less) concrete maybe

used when the concrete must be lightweight [13].
Table 3 Average compressive strength in N/mm? at 28
days.

% Marble concentration

MIX

0 5 10 20
MIX A 29.3 20.5 19.6 19.1
MIX B 24 15.3 15.1 9.6

4.2  Applications of Lightweight Concrete in

Construction

* Curtain walls for high-rise construction;
* Highway sound barriers;
* Low cost insulated walls for residential
buildings;

¢ Tilt up panels;

* Fagade tiles for an architectural application;

* Repairs on a bridge;

* Slope protection;

¢ Aircraft arresting beds;

* Foundations for roads and sidewalks;

¢ Subsurface for sport arenas, e.g., tennis courts;

* Explosion-resistant structures.
4.3 Permeation Test

Sorptivity test was conducted over six hours and the
cumulative change in mass at specific intervals was
determined. The results in Fig. 2 show decrease in
sorptivity as the level of replacement of cement
increases. This means marble dust can be used as filler
and helps to reduce the total voids content in concrete.
This result is in line with Ref. [9].

4.4 Carbonation Test

Phenolphthalein indicator solution was used to
achieve the carbonation test. There was strong
immediate colour change to purple in all the samples
which suggest a PH that is rather higher perhaps PH
9.0 or 10.0, but within 24 hours, the specimen begin to

turn colourless. The result of carbonation test of MDC
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compares very well with control concrete. The
penetration rate of carbonation increases with increase

in exposure time for all samples with faster rate in

MDC. This improves the compressive and tensile
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Fig. 1 Compressive strength of concrete samples.
keep these advantages in mind because the carbonation
is an inevitable process for concrete to undergo.
Ml
12.03 5. Conclusions
From the above study, it is concluded that the
M2 1156 marble sludge powder may be used as a partial
o ' replacement material for cement in producing
S “MB lightweight concrete. The investigation was primarily
ﬁg, =MA to find solution to the disposal problem of marble dust.
§ 11.54 The disposal of this waste material can lead to the
o
following environmental problems:
M4 * If the waste is disposed on soils, the porosity and
11.25 permeability of top soil will be reduced, the fine
. . . - marble dust reduces the fertility of the soil by
0 5 10 15 increasing its alkalinity;
Sorptivity (mm/h)

Fig. 2 Sorptivity and concrete type.

strength of concrete by reducing the porosity of dense
and compact concrete, protecting it against water and
chloride ion infiltration. Chloride ions can corrode the

steel placed in reinforced concrete. It is important to

* When dumped, marble powder suspends in the
air and slowly spread out through wind to the nearby
area;

* When dumped along a catchment area of natural
rainwater, it results in contamination of over ground
water reservoir and also causes drainage problem.
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Abstract: In this paper, it presents a project of a fuzzy controller and a neural estimator to control a coordinate table powered by
three-phase induction motor, aiming to implement an intelligent milling system. The position/speed control is performed using vector

techniques of three-phase induction machines. The estimation of the motor electromagnetic torque is used for setting the feedrate of the
table. The speed control is developed using TS (Takagi-Sugeno) fuzzy logic model and electromagnetic torque estimation using neural
network type LMS (least mean square) algorithm. The induction motor is powered by a frequency inverter driven by a DSP (digital
signal processor). Control strategies are implemented in DSP. Simulation results are presented for evaluating the performance of the

system.

Key words: Machining, speed control, torque estimation, fuzzy logic, neural network.

1. Introduction

Milling is a machining process in which the piece
material removal takes place intermittently. The
milling is accomplished by the combination of two
movements performed simultaneously. One of the
movements is rotation of the cutter around its axis. The
other is the movement of the milling machine table,
which is attached to the piece to be milled. Thus,
cutting parameters such as feedrate, cutting speed and
cutting depth should be analyzed [1]. According to Ref.
[2], parameters of the machining process should be
monitored and adjusted automatically, which can
improve the production quality and reduce the
machining time.

With advancements in applications using induction
motors, the use of these motors on start and
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controlling of positioning systems are majority in the
industry. An example of positioner machine is the
coordinate table, which has applicability to devices
milling, turning, drilling, and welding, among others.
The milling operation is one of the most important in
the process of mechanical machining.

The three-phase induction motor is widely used in
various applications in industry, due to its relative
simplicity of construction, maintenance, both
operational and market low cost, as well as, the
capacity to operate with a wide range of loads in
adverse conditions. One of the factors that provided
the advancement in driving of three-phase induction
motor was the development of control strategies,
specifically vector control strategies.

In induction machine, the implementation of vector
control for field orientation can be done by direct or
indirect method. The direct field orientation enables
the position of the flux to be determined by measuring

terminal quantities of the stator (voltages and currents).
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The advantage of using the stator terminal quantities
lies in the fact to be sensitive only to the stator
resistance [3].

In the development of controllers and estimators,
the use of vector control and the application of
intelligent control techniques, such as fuzzy logic and
ANN (artificial neural network), provided greater
robustness to systems powered by three-phase
induction motors.

Fuzzy logic is a technique that allows the
implementation of human experience in systems,
considering the uncertainty of information, the
ambiguities, for the development of controllers. The
fuzzy inference model type TS (Takagi-Sugeno) is
capable of representing, approximately or exactly, any
nonlinear dynamics as combination of locally valid
linear models, interpolating smoothly [4]. The TS
fuzzy model is a hybrid approach [5], because it
combines a fuzzy method based on rules and a
method,

propositions, whose antecedents are linguistic variables

mathematical consisting of conditional
and whose consequents are linear equations [6].

The ANN is a computational technique organized
according on human neural structures and acquires
knowledge from experience, consisting of inherently
parallel and adaptive processing [7]. This technology
has the proper way to store knowledge and evaluate
them for use [8]. This knowledge is acquired through
a learning process and stored in a distributed manner.
The learning objective is to obtain an implicit model
of the system under study by adjusting the parameters
of the neural network [9].

In machining systems, a structure consisting of
ANN and data set was applied in Ref. [10] in order to
obtain the inference of knowledge of a fuzzy model
for an end milling process. The inference, based on
fuzzy learning, was used as a mechanism of intelligent
determination of advancement.

The signal digital processor is a device that
performs signal acquisition and large number of

mathematical operations with fast and efficient

processing in the range of microseconds, enabling the
application in high performance systems operating in
real time [11]. This equipment is well suited for the
implementation of control and estimation strategies,
which have complex calculations to be performed in
real time.

This paper presents simulated results for the
development of a driving and control system of a
vertical milling machine. This system drives the
coordinate table of the milling machine with specific
feedrate for machining of material of a piece.

As the coordinate table is driven by three-phase
induction motor, the angular position control and the
rotor rotational speed control of this motor are carried
out. This speed of the three-phase induction motor is
controlled using TS fuzzy control system.

The electromagnetic torque of the motor is
estimated in order to identify the material of the
machined piece and to define the feedrate of the table.
For this estimation, it is used an ANN type LMS (least
mean square) algorithm.

The paper is organized as follows: Section 2
presents the development of the driving and control
system of the milling machine table; Section 3 shows
the simulation results obtained; and Section 4 presents
the comments and conclusions about this paper and

the perspective of future work.

2. System Development

For the experimental setup of the milling machine,
design shown in Fig. 1, it will be used an X-Y
coordinate table composed by two perpendicular bases
to each other, X and Y, which move linearly in the
horizontal plane. The X base of the table (upper base)
has a course of 200 mm and the Y base (lower base) of
100 mm, whose trapezoidal spindles have a pitch of 4
mm for ten revolutions of the motor shaft. Each base of
the table is driven by a three-phase induction motor.
The drive of the X base results in displacements in the
right and left directions, and the Y base results in

forward and backward displacements.
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Fig. 1 Vertical milling machine design.
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Fig. 2 Schematic diagram for the control of the coordinate
table.

A tool of end mill will be attached on the mandrel,
located in the spindle of the milling machine. The
cutter, running through a cutting depth in the Z axis,
will perform chip removal of a piece fixed to the X
base.

Due to the work of piece machining, an
electromagnetic torque will be imposed on the
induction motor of the X base. The information of the
electromagnetic torque estimated will characterize the
type of material constituent of the piece. This signal of
the estimated torque will be used to specify, in real
time, the drive speed of the X base.

In Fig. 2, the system configuration for the drive and
control of the X base of the coordinate table is
schematized. In this diagram, it can be observed not
only the control system, developed to drive and control
the three-phase induction motor of the X base, but also
the estimation system of the electromagnetic torque of
this motor.

A DSP is used for processing, transmission and data

acquisition. Hardware consists of a three-phase voltage

inverter will power the three-phase induction motor of
the table. An encoder is coupled to the motor shaft in
order to obtain the angular position of the rotor of this
machine and thus the linear position of the X base. And
sensors are used to obtain the phase currents and phase
voltages of the motor.

2.1 Control System

The control system of the three-phase induction
motor was implemented in closed loop, where it was
current controller

developed: a using a PI

(proportional-integral) controller and a speed
controller through fuzzy model TS.

The speed controller is composed of a fuzzy PD
base, TS model with an input of Error and another
Derror and the integration of the Error. In Fig. 3, it is
presented the structure of the PD + I speed fuzzy
controller used, in which i is the output variable of
the fuzzy PD base, k, is the gain and i, is the control
variable. The variable i, corresponds to the stator
current of the three-phase induction motor, ¢
component in referential of the rotor flux.

Next, the settings for fuzzification, fuzzy inference
and defuzzification of the developed fuzzy PD base
are presented.

In the fuzzification stage, Error and Derror input
variables are defined, respectively, by the difference
between the reference value and the value of the rotor
rotational speed w,, and by the derivative of this error.
The universes of discourse of the Error and Derror
comprise a normalized range from -1 to 1.

The variable Error is composed of seven pertinence

functions with triangular and trapezoidal shapes

Error e
Iy [
fuzzy PD =® SCEN
Derror
Error
2 I >k,

Fig. 3 PD + I speed fuzzy controller.
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called: NB (negative big), NM (negative medium), NS
(negative small), AZ (almost zero), PS (positive
small), PM (positive medium) and PB (positive big).
In Fig. 4, it is presented the arrangement of linguistic
terms of the Error in their universe of discourse.

For wvariable Derror, it was associated seven
pertinence functions, with triangular and trapezoidal
shapes, defined by the terms: NB, NM, NS, AZ, PS,
PM and PB. In Fig. 5, these functions are shown.

In the stage of fuzzy inference, it is determined how
the control rules are activated. In Table 1, the
forty-nine control rules developed are inserted.

Control rules consist of conditional sentences. For
the composition of each rule and for the relationship
between them, the max-min inference technique was
used. Thus, each sentence is modeled by the minimal
application and the relationships between rules are

modeled by the maximal application.

1,0 NB

A3

0.0-7 | | i | i ! ! I i :
-10 -08 -06 -04 -02 00 02 04 06 08 10

Fig. 4 Pertinence functions of the Error input variable.

10 NE
08-
0,6 A7

04-

BRI R

0,2 PE

0,0~ | | I i i i | | |
-0 -08 06 -04 -02 00 02 04 06 08 10

Fig. 5 Pertinence functions of the Derror input variable.

Table 1 Table of fuzzy rules of the speed controller.

mNB NM NS AZ PS PM PB

NB iNB iNB iNB iNB iPM iPB iPB
NM iNB iNB iNB iNM iPS iAZ iPB
NS iNB iNB iNM iNS iAZ iPS iPM
AZ iPB iPM iPS iAZ iNS iNM iNB
PS iNM iNS iAZ iPS iPM iPB iPB
PM iNB iAZ iNS iPM iPB iPB iPB

PB iNB iINB iNM iPB iPB iPB iPB

In the defuzzification, the i; output variable is
generated, according to the PD fuzzy output shown in
Fig. 3. According to TS fuzzy method, at this stage, a
linear and time-invariant model is determined [12].

In Eq. (1), i, variable is obtained by a weighted
average, in which the iy, iy and i, terms are
expressed by Egs. (2)-(4), respectively. This equation
defined from the

consequents of control rules and the numerical values

consists of linear functions,

of the Error and Derror input variables.

lts.r + lt.vy + ltsz

i =
¥ iNB+iNM +iNS +iAZ +iPB +iPM +iPS

i, =iNB(30- Error —0.1- Derror) + 2
iNM (70 - Error —0.3- Derror) + )
iNS(90- Error —0.5- Derror)

(1

i,, =iAZ(1.0- Error —1.0- Derror) 3)

i, =iPB(30- Error —0.1- Derror) + 4
iPM (70 Error —0.3- Derror) + “4)
iPS(90- Error —0.5- Derror)

The project of the current controller was developed
from the complex model of representation of a
three-phase induction machine, using the control
quadrature with referential in rotor flux (b).

Through the

simplifications, it was obtained the transfer function

realization of  mathematical
used in the project of current controller as in Eq. (5),
where 1 and V)" correspond to the stator current and
stator voltage of the three-phase induction motor in the
referential of the rotor flux, respectively. Egs. (6) and
(7) are constituted by the parameters of the three-phase
induction motor, in which /; is the cyclic stator
inductance, /, is the cyclic rotor inductance, /,, is the
cyclic mutual inductance, R; is the stator resistance and

7, 1s the rotor time constant.

lo .

[[=———V 5

(5+1) ®)
1
G - Zslr _ljl (6)
2
n=1oR +Z (7
T

For the development of the current controller, a PI

classical controller whose gains kp{ and ki,- were
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determined by Egs. (8) and (9), respectively, was used.
In Eq. (8), T, is the time constant of the source.
1
k=
ATl o

K =n-k, ©)

®)

2.2 Estimation System

From the complex model of representation of
three-phase induction machine, it developed the
estimation project of the electromagnetic torque of the
three-phase induction motor, using control quadrature
with fixed reference in the stator (a) and applying a
ANN type LMS algorithm.

An equation widely used to estimate the
electromagnetic torque is Eq. (10), which is written in
terms of the components of the stator flux and stator
current. Thus, for the estimation of electromagnetic
torque, stator flux of the three-phase induction motor

was firstly estimated.

ce=Plit 2, —i%, 7% (10)

sq”Vsd

In applying the voltage model of the machine and in
the direct field orientation with reference by stator flux,
the estimate stator flux A is obtained by integrating
the counter-electromotive force. Eqs. (11) and (12)
correspond to the stator flux in the d and ¢ components,
respectively. The stator voltage V{ and stator current
1! variables were obtained from the motor terminals.

The stator resistance R, is considered constant and
equal to 5.1 Q.

Ay = [(vey = R ) e (11)

Ay = [ (v, - R, )dr (12)

s'sq

The integration procedure of counter-electromotive
force originates levels of continuous current called
offset in the estimation of the stator flux, implying,
therefore, on an estimation of electromagnetic torque
with not tolerable errors.

For eliminating the offset on the flux signal, a neural
adaptive filter was developed by the LMS algorithm

technique. A neural structure was implemented for
each flux component, d and ¢, similarly.

In Fig. 6, this structure is presented for the d
component, consisting of only one neuron and a bias,
as synaptic weight, with constant input equal to 1. The
neural structure has, as input, the signal from the
estimated stator flux A, and the filtrated estimated

a

stator flux //i’sdf is obtained in the output. The filtering
process is performed by subtracting “y” of the input

signal 4., .
Ay
I LMS
—® adaptive
filter

Fig. 6 Neural structure with LMS adaptive filter.

The algorithm developed for representation of the
neural structure is described in Egs. (13) and (14),
where y(n) is the filter output at the current instant and
y(n + 1) is the filter output at the next instant. Through
this algorithm, an adaptive iteration was effected to

each acquisition of the input data.

l?df = Ay — y(n) (13)

y(n+1) =y(n)+2ﬂ/1.f4f (14)

The learning rate ¢ used in Eq. (14) was calculated
by Eq. (15), so that u is obtained in function of speed w,
because specific learning rates, due to variation of

speed w,, were required.
1=-3.5625-10"7 - @, +2.4884375-10* (15)

After the estimation of the stator flux and

the elimination of the offset in the flux signal,
the electromagnetic torque of the motor was

estimated using Eq. (16). In Eq. (16), the estimated
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electromagnetic torque ce.y is determined using the

filtered estimated stator flux, A, and Ay, the stator

current, l‘fd and i:q , and the constant of the number
of pairs of poles P of the three-phase induction motor,

which is equal to two.

cem:P(i“ﬂ“ oA ) (16)

sq”Vsdf — tsdVsqf

3. Simulation Results

In milling system, the objective is to drive the X base
of the table for machining pieces constituted by
different materials. To perform this study in the
simulation of the operation of the three-phase induction
motor, the application of various loads to the motor
was simulated and information of the torque signal ce,
was used in the specification of the speed reference of
rotation of the rotor 0),* for the motor drive.

The milling machine table performs a displacement
of 4 mm for every ten revolutions of the motor shaft.
Therefore, it was determined a numerical factor of the
relationship between the magnitudes of linear
displacement and linear speed of the table and the
magnitudes of angular displacement and angular speed
of the three-phase induction motor, that is 0.064
mm/rad.

In Table 2, the values, in module, are shown: the
electromagnetic torques ce and their speed references
60: , and, through the ratio factor, the equivalent speed
references of the X base v*.

For analysis of the response curves, the induction
motor is driven by references the type of step position,
with amplitudes of 1,562.5 rad and -1,562.5 rad,
resulting in rotation of the motor shaft in clockwise and
anticlockwise directions. The aim is to analyze the
displacement of the X base in right and left directions,
along its 200 mm course.

The simulated three-phase induction motor has the
following parameters: R;=5.1 Q, R, =4.4578 Q, [;=1,
=0.334 H, [, = 0.3185 H, F = 0.0041 Nms and J =

0.041 kgm®. The simulation was performed in C

Table 2 Electromagnetic torques and reference speeds
(values in module).

ce (Nm) o, (rad/s) V¥ (mm/s)
1.0 31.0 1.984
2.0 27.0 1.728
3.0 23.0 1.472
4.0 19.0 1.216
5.0 15.0 0.960

language using the C++Builder® XE computer
program and response curves were plotted using the
Matlab™ program.

3.1 First Simulation

Initially, in Fig. 7, the response and reference curves
of the variable angular position of the rotor are
presented. In this first simulation, the induction motor
was driven with a step type reference signal with
amplitude of 1,562.5 rad, applying a load of 1 Nm from
starting of the machine and, after 30 s of operation, a
load of 3 Nm was applied. Due to load applications,
electromagnetic torques were imposed to the
three-phase induction motor.

In Fig. 8, the response and reference curves of the
variable position of the X base are shown, in which the
step reference signal with amplitude of 100 mm is
equivalent to a step of 1,562.5 rad. This amplitude of
linear magnitude corresponds to a displacement of the
X base of the table to position 100 mm. Through the
graphics of Figs. 7 and 8, it was possible to verify a
settling time of 57.72 s, a steady state error of 0.13%

and non-occurrence of overshoot.

1,600

1,400
1,200
1,000

800

8., (rad)

)

600

400

200

0

200 i i i i i i .
0 10 20 30 40 50 60 70 80
Time (s)

Fig. 7 Response and reference curves of the angular
position of the rotor.
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Fig. 8 Response and reference curves of the position of the
X base.

Then, in Fig. 9, the reference curve of rotational
speed of the rotor and the response curve obtained are
presented. In this curve, it can be observed the
three-phase induction motor drive by a ramp signal
speed with amplitude of 31 rad/s, in the upward
direction, keeping constant speed until the instant of 30
s. This constant speed of 31 rad/s corresponds to the
60: excitation due to an estimation of electromagnetic
torque of 1 Nm, according to Table 2. At the instant 30
s, due to the estimation of electromagnetic torque of 3
Nm, a speed ramp with an amplitude of 23 rad/s was
observed in the downward direction, remaining
constant up to a drive a): at null value, thus, resulting
in the braking of the three-phase induction motor.

In Fig. 10, the response and reference curves of the X
base speed are shown, in which the amplitude of 1.984
mm/s of the ramp reference was equivalent to the 31
rad/s amplitude, and amplitude of 1.472 mm/s was
equivalent to the amplitude of 23 rad/s. By analyzing
the graphics of Figs. 9 and 10, null steady state errors
were observed in the time interval in which speed
references were constant.

Following, the response and reference curves of the
stator current in the d and ¢ components were analyzed,
as shown in Figs. 11 and 12, respectively. In these
graphics, the control of both components of the stator
current was verified. In Fig. 12, it was possible to
observe the behavior of the lfq* control variable curve,
generated by the fuzzy controller of speed, verifying

* ; ; ; ; ; ; :

30

25

20

o (radis)

r

15

i)

10

0 10 20 30 40 50 60 70 80
Time (s)

Fig. 9 Response and reference curves of rotational speed

of the rotor.

2

15

Y, ¥ (mmis)

S R R SR E

05 i i i i i i i
0 10 20 30 40 50 60 70 80
Time (s)

Fig. 10 Response and reference curves of X base speed.
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Fig. 11 Response and reference curves of the stator

current in the d component.

the current increase from 30 s, moment from which the
electromagnetic torque imposed on the three-phase
induction motor was increased from 1 Nm to 3 Nm.
For the analysis of neural estimation of the
electromagnetic torque in Fig. 13, the ce

electromagnetic torque curve obtained by modeling of



518 Electromagnetic Torque Estimation of a Three-Phase Induction Motor for Setting
the Feedrate of a Milling Machine

5 T T T T T T I
ib
2

T S S S —igq*,

] -
.
B S  EELnr TETTEREEE PETETEES SEPTE RS SERREEERE SRR .

A | 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80
Time (s)

Fig. 12 Response and reference curves of the stator
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Fig. 13 Curves of the electromagnetic torque and of the

estimated electromagnetic torque.

the motor using Eq. (10), and the ce,; estimated
electromagnetic torque curve obtained by Eq. (16)
were observed. In this graphic, the behavior of ce,
torque in the load transitory and in the steady state of
estimation was verified. For applications of the first
load 1 Nm and the second load 3 Nm, distinctions
between ce and ce,,; curves were rarely observed in the

steady state.
3.2 Second Simulation

In this simulation, firstly, a load of -2 Nm was
applied, and after 45 s of operation, a -5 Nm load was
applied.

In Fig. 14, the response and reference curves of
angular position of the rotor are shown for a motor
drive by step reference signal with amplitude of
-1,562.5 rad. In Fig. 15, the response curve and the step
reference of the position of the X base with amplitude

200 ! ! ! ! ! ! :
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Fig. 14 Response and reference curves of the angular
position of the rotor.
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Fig. 15 Response and reference curves of the position of
the X base.

of -100 mm are presented. This amplitude in
millimeters is equivalent to a step of -1,562.5 rad,
corresponding to a position of -100 mm in the X base.
Through the graphics of Figs. 14 and 15, it was
possible to verify a settling time of 67.65 s, a steady
state error of 0.03% and non-occurrence of overshoot.
Then, in Fig. 16, the reference curve of the rotation
speed of the rotor and the response curve obtained are
shown. In this graphic, the excitation of the machine
for speed ramp with amplitude of -27 rad/s was in the
downward direction, keeping constant speed until the
instant of 45 s. This constant speed of -27 rad/s
corresponded to the a): reference due to an estimation
of electromagnetic torque of -2 Nm. At the instant of 45
s, due to torque estimation of -5 Nm, a speed ramp with
amplitude of -15 rad/s was used, in the upward
direction, remaining constant up to a drive a)f at null

value.
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Fig. 16 Response and reference curves of rotational speed

of the rotor.

In Fig. 17, the response and reference curves of the X
base speed are presented, in which the amplitude of
-1.728 mm/s of the reference ramp is equivalent to the
amplitude of -27 rad/s, and the amplitude of -0.96
mm/s is equivalent to the amplitude of -15 rad/s.
Through the graphics of Figs. 16 and 17, null steady
state errors were observed in the time interval in which

speed references were constant.
In Figs. 18 and 19, the components of the stator

current d and ¢ are presented, respectively. In these
graphics, it was verified that the components of the
stator current were controlled. In Fig. 19, from 45 s, the

. b b
increase of the module of the currents i and i,

was verified, because, from that instant, the module of
the electromagnetic torque imposed on the motor was
increased from -2 Nm to -5 Nm.

In Fig. 20, the curves of the ce electromagnetic

torque and of the ce, estimated electromagnetic torque

0.2

W, v (mms)

20 30 40
Time (s)

Fig. 17 Response and reference curves of the X base speed.
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Fig. 18 Response and reference curves of the stator
current in the d component.
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Fig. 20 Curves of the electromagnetic torque and of the

estimated electromagnetic torque.

are shown. In this graphic, it was possible to verify the
behavior of the ce, torque in the load transitory and in
the steady state of estimation. In the steady state,
distinctions between ce and ce,s curves were rarely
observed.



520 Electromagnetic Torque Estimation of a Three-Phase Induction Motor for Setting
the Feedrate of a Milling Machine

4. Conclusions

In this work, the simulation of a control system for
application in a milling system was presented. A
three-phase induction motor was used and controlled
by intelligent control techniques to drive the milling
machine table.

The performance of the control system was verified
for the two directions of displacement of X base of the
table with changes in the electromagnetic torque
imposed on the motor.

In analyzing the results, a criterion of 2% of the
amplitudes of the references was used. Through the
response curves of the two simulations, a maximum
steady state error of 0.13% was verified for the variable
position, not existing overshoot in any of the tests. For
the speed, the fuzzy controller made possible the
obtaining of null steady state errors in both simulations,
at intervals drive with constant speeds. Regarding the
electromagnetic torque, the convergence of the two
signals of torque estimation was observed, obtaining
small errors in comparing the curves of ce and of ce.s
in the steady state.

The fuzzy controller of speed, using the TS method,
and the neural estimator of the electromagnetic torque,
using the LMS algorithm technique, made possible the
obtaining of satisfactory performance of the dynamic
functioning of the motor.

An important contribution of this work is the
specification of the rotational speed of the rotor of a
three-phase induction motor from the information of
the signal of the estimated electromagnetic torque,
using intelligent control techniques.

As perspective of future work, it is planned to carry
out experimental tests in a milling machine, with the
feedrate specified in real time from the machining of

each material.
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Abstract: The dynamic behavior of rotors is highly influenced by bearing characteristics. In previous works, the authors have shown
that it may be beneficial to adapt the bearing behavior to the shaft behavior. Several adaptive and active components will be
developed in this paper in order to control the shaft dynamical amplitude. Different models of hydrodynamic bearings behavior are
described. The Reynolds equation resolution may be done by numerical or analytical solutions. A physical analysis of the equation of
thin films will identify the most sensitive parameters. The shaft flexibility is taking into account by a modal approach. The
fluid-structure coupling process is a simulation, step by step, of the rotor behavior. At each step, the nonlinear fluid force is
numerically calculated to obtain the unbalanced shaft response. The results, presented in this paper, concern the dynamic response of
unbalanced shaft mounted in adaptive or active bearings: bearings with variable clearance, variable viscosity or variable housing
speed. It is shown that the fluid bearing parameters must be adapted to the rotor speed (in particular near or far a critical speed). Then,
the paper presents a new kind of active bearing. It works with a mechanical control of the housing position. Several parameters are
tested and compared. The robustness of the dynamic control parameters is presented. In conclusion, the bearing adaptation could be
very useful to control the shaft dynamic. This limits the effect of the critical speed, in particular by diminishing the shaft amplitude
and the dynamic forces transmitted to the housing.

Key words: Lubrication, rotor dynamics, adaptive and active journal bearings.

1. Introduction bearings: with a variable clearance [1, 2] or with a

) ) ) variable viscosity [3-6]. The next level of analysis is
The dynamic behavior of high-speed rotors can be . i .
. ) the design of a real active bearing. Some authors have
very complex to study, in particular when the speeds ] ) ] ] ] ]
o . ) studied bearings mounted in a piezoelectric active
are close to the critical frequencies. The dynamical . . o .
) ) ] ) housing [7, 8]. This solution is elegant but expensive.
behavior of the fluid bearings has, in that case, an o .
) ] . ] We want to develop here an original solution based
important effect. The design of bearings (i.e., the ) .
) ] on a mechanical control of two eccentrics. Two
geometrical and functional parameters) must be .
) brushless motors are used to control the eccentricity
chosen carefully. However, the ideal values of these ) ) .. )
. and the phase shift of the bearing position. It is more a
parameters are often a function of the shaft speed. For i . . )
» . . pedagogical device than an industrial product.
a speed close to a rotor critical speed, the ideal bearing . . )
. . The paper is organized as follows: Section 2
is not the same as that obtained for a speed far to a . . .
. describes the bearing models (Reynolds equation);
critical frequency. . .
) ) ) Section 3 presents the rotor finite element and the
The idea is then to adapt the bearing to the speed. ) )
. ) . modal approach; Section 4 presents the fluid-structure
Some studies present two kinds of adaptive . ] )
coupling. It is a step by step resolution of Reynolds

equation and shaft equations; Section 5 exposes and
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finally Section 7 discusses the results obtained with
this active bearing (interest of this kind of design,
influence of the amplitude and of the phase of the
signal control).

2. Bearing Model

In this study, two kinds of bearings will be used:
Active ball bearing and hydrodynamic fluid bearing.
The ball bearing behavior is considered as linear and it
will be modeled with stiffness.

The hydrodynamic bearing behavior is nonlinear
and it is modeled by the Reynolds equation [9] write
in the cylindrical reference (R, 6, z):

1 0[h%aP 1[h3oP
ﬁ%[mﬁ * 32|k, 0z 0]

—(wh"“smg; ©stat) % + xcos@ + ysind (1)
where,

R: the radius

h: local thickness

u: fluid viscosity

k. and £k, coefficients depending of the Reynolds
number (to take into account turbulent effects),
Whousing and @shast rotation speeds. Fig. 1
describes the x and y cartesian positions of the rotor in
the housing.

This equation can be solved (to obtain the pressure
field and then the fluid film forces) using finite
differences or by an analytic method (for example, the

short bearing theory) [10].
3. Shaft Model

The rotor is modeled with typical beam finite
elements including the gyroscopic effects.

Each element in Fig. 2 has four degrees of freedom:
two translations in the radial directions x and y, and
two axes of rotations (x and y).

According to the fundamental principle of mechanic
[10, 11], the differential system (with {5} the node

displacement vector) is the following :

[M1{&5&}[c1{§}+[1<]{5}={mnb EME,) @

Fig. 1 Fluid film.

Node 1 Node 2
2 translations (x,,y,) 2 translations
2 rotations ((¢,,, $,,) 2 rotations

Fig. 2 Rotor element.

where,

M]: mass matrix
damping and gyroscopic matrix
K

[
[C]:
[K]: stiffness matrix

F o }: unbalance forces

{
{Fm} : non linear bearing forces

F, }: gravity forces.
This system has 4n degrees of freedom (n is the
number of nodes). To reduce the degrees of freedom,

a modal approach is used [9, 12, 13] with a change of
variable: {6} > {q} > {5} = [l//]{q} with [y] the
matrix obtained with the eight first modal vectors.

{w,} and {q}: the modal vector of displacement.

Then, the differential equation is transformed:

[ml{g} + [cl{q} + [k]{q} = {fex} A3)
with {gq} modal vector, [m], [¢] and [k] modal
matrices of mass, damping and stiffness. Now, the
degrees of freedom were reduced to eight. For the
rotor treated here, eight modes are enough to obtain an
acceptable precision (the eighth frequency is 40,440
rpm for a maximum rotor speed of 6,000 rpm).

4. Dynamic Model

A nonlinear analysis of an unbalanced shaft
mounted at one end in a ball bearing and at the other



Dynamic Control of a Flexible Shaft Mounted in Adaptive or Active Bearing 523

end on an adaptive bearing is conducted in Fig. 3. It is
a step by step resolution [10] of the coupled equations
in modal basis: dynamic equation of the shaft Eq. (3)
and fluid film bearing equation Eq. (1). The flow chart
is as follows:

(a) beginning with initial values of modal positions
and velocities;

(b) calculus of external modal forces (unbalance,
weight. etc.);

(c) calculus of real displacements and velocities in
bearings (by modal basis change);

(d) non linear bearings forces calculus (in the real
basis);

(e) computation of all forces in the modal basis (by
modal basis change);

(f) modal accelerations computation;

(g) time integration (by variable step Euler
method);

(h) shaft speed is incremented;

(i) the process begins in b.

The general idea is to control the bearing behavior,
because it can have a strong influence on the dynamic
behavior of the rotor: The fluid forces in Eq. (3) are
function of:

* geometrical parameters: length (/), bearing radius
(R), radial clearance (C), fluid film thickness (4(8, z)).

¢ kinematic speed  (Wghap),
housing speed (@pousing) Which is very often nil.

parameters: shaft

* fluid parameters: viscosity (u), pressure feed
(P feed)'

5. Results

The shaft of the Bently rotor kit [14] will be used in
this study. The length is 0.46 m, the rotor diameter is

Node 10
Unbalance

Rolling bearing Adaptive or active fluid bearing

Fig. 3 Unbalanced flexible shaft.

10 mm, with one disc (0.9 kg) in the middle. It is
guided by a bearing at one end and by a bearing
adaptive to the other end.

The modes and frequencies are presented in Fig. 4.

We present three studies which show the influence
on the rotor behavior of variable radial clearance, of
the viscosity and of the housing speed. The dynamic
force is an unbalanced force located on the middle of
the rotor (Node 10).
undimensioned by 0.2 mm which corresponds to the

All the amplitudes are

radial clearance.
5.1 Influence of Radial Clearance

Murthy [1] and then Mu et al. [2] have studied a
squeeze film damper with variable clearance. In
general, a conical design is proposed. Fig. 5 presents a
scheme of this kind of fluid bearing.

The clearance is adapted to the shaft speed by an
axial position.

Fig. 6 shows the response at the Node 10
(unbalanced position) during an increase of the shaft
speed and for two values of the bearing clearance 0.2
mm and 0.4 mm).

Shaft amplitude is undimensioned by the value of
0.2 mm (the smallest bearing clearance). The shaft has
a resonance frequency (first mode) near 2,220 rpm.

Bearing 1 Bearing 2
——modes 12 ¢ 3Thzs 2220 rpm
——mades 3 - 4: 204 ha =12 240 rpm
modes 5 -6 1 353 hew21 180 rpen

——maodes 7 - B 1 674 hz=40 440 rpen

Fig. 4 Rotor modes.

Adaptative clearance

Fig. 5 Adaptive radial clearance.
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Fig. 6 Dimensionless amplitude versus rotational speed.

Then, near 4,000 rpm, the instability of the bearing
creates very important amplitude. It is imperative to
avoid in this area. This classical bearing instability
(whirl) appears when the shaft speed is close to twice
the critical speed: the bearing generates a half frequency
whirl which excites the critical frequency of the rotor.

It appears that the clearance of the fluid bearing has
a very important effect on the amplitude of the shaft.
Fig. 6 shows that when the speed is very different to
the critical speed, it is better to have a small clearance
(to limit bearing amplitude) and it is better to have a
large clearance near the critical speed. It is then
possible to adapt the clearance at the rotor speed
(large clearance near the first critical speed and small
clearance when the speed is far from it). We have
shown [9] the same kind of results obtained with a
squeeze film damper.

5.2 Influence of the Viscosity

It is possible, in the same way, of showing the
influence of the viscosity [9]. Fig. 7 presents the
amplitude of the Node 10 during an increase in the
rotor speed.

Two viscosities have been used.

Some technological solutions for bearings with
varying viscosity have been designed [3-6]. The
dynamical results are close to results obtained with
variable clearance; these simulations show that it
could be possible to monitor the damping of the fluid

bearing.

5.3 Influence of the Housing Speed

30

Amplitude Node 10

Amplitude/0.2 mm

]

0 1,000 2,000 3,000 4000 5000 6000 7,000 Rotorspeed (rmp)

Fig. 7 Dimensionless amplitude versus rotational speed.

Controlled
housing speed

Shaft
speed

Fig. 8 Controlled housing speed.

The influence of the housing speed could be
analyzed.

It is possible to avoid, by this speed control Fig. 8
the whirl effect. If the housing rotates with a speed
opposite to that of the shaft, the behavior of the
bearing is close to that of a SFD (squeeze film
damper): (whousing + wshaft) = 0. This solution
allows starting up a machine: the housing speed
creates the hydrodynamic effect. But this bearing

design is complex and expensive.

6. Active Bearing

All the previous controlled designs have been
developed with an adaptive bearing: adapt a bearing
parameter to optimize the behavior for each speed of
rotation. This has some limits and we present now the
use of an active bearing.

The idea is to control, by a mobile bearing, the
amplitude of the unbalanced rotor. Some studies
[13, 14] show results obtained with bearing mounted

in piezoelectric actuators. The new design presented
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here is very simple. The bearing is supported by
a dynamic housing controlled by two brushless

motors.

F cos(wt)

Fig. 9 One degree of freedom model.

Fig. 9 presents, in one dimension, the general idea.
On this simple model, a mass is suspended from a
spring. The spring (stiffness k) is mounted in a
controlled support (x. is the controlled parameter).
Equation obtained with the fundamental principle of
mechanic applied to the mass is:

mx + k(x — x.) = F cos(wt)
Then if x. is controlled with an amplitude equal to

F cos(wt)

X, = , the dynamic perturbation is annulled

> m¥ + kx =k x. + F cos(wt) = 0.

We have designed the “active bearing” on this
principle. Two degrees of freedom are controlled, with
the objective to decrease the dynamic amplitudes.

Fig. 10 presents this new design; the rotor is
mounted in one end on a ball bearing and on the other
end: either in an “active ball bearing”, either in an
active fluid bearing. This “active bearing” is guided in
two eccentrics 2 and 3. The speed of the shaft 10 is
controlled by the motor M.

The bearing supporting the shaft is turning with a
variable eccentricity e, (Fig. 11) controlled by the
angle difference 6, between 3 and 2 (angular position
of the motor three relative to the motor 2). Then the
speed of rotation of 3 (w3¢) and 2 (wy) must be the
same and equal to (wo).

Variable eccentricity and the frequency (and phase)

are function of the shaft speed (w10):
* during an increase of the shaft speed e, is adapted
for each speed value;

211

Rr *i _______________________________ 3

Fig. 10 Active bearing design.

Fig. 11 Controlled amplitude design.

w70 = w3 are equal to w1 (in case of an unbalanced

force).
7. Results

These numerical results are obtained for the flexible
shaft described in Fig. 4.

Several configurations will be tested. In particular,
the “robustness” of the process will be studied: i.e.,
the influence of the regulation parameters (e,, 6,) on
the dynamic response.

All results are obtained with an increase in speed
from 1,000 rpm to 4,000 rpm to 240 s. The unbalance
is 0.1 10-3 m'kg.

7.1 Fluid Bearing Versus Ball Bearing without
Control

We first compare the response of the system with a
fluid bearing and with a ball bearing. The ball bearing
is modeled by a constant stiffness.

Fig. 12 (amplitude function of the rotation speed)
compares the amplitude (Node 10 = middle of the
shaft) between the two design. At the critical frequency
the damping provided by the fluid bearing reduces the
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non-dimensional amplitudes from 25 to 14.
7.2 Optimal Control

In order to demonstrate the interest of the active
support: it provides “dynamic damping”, we have chosen
to design the bearing without natural damping: now,

all the results are obtained with a controlled ball bearing.
30

(]
w

]
(=]

Fluid bearing

Rolling bearing

o

Shaft amplitude/0.2mm

w

0
1,000 1,500 2,000 2,500 3,000 3,500 4,000
Shaft speed (rpm)

Fig. 12 Shaft amplitude for fluid and ball bearing.

The control parameters (e,, 6,) are calculated in
advance to find the optimal values. In a real case, they
will be determined by a real control: a PID regulate
the process with a measure of the dynamical
amplitude of the shaft.

Fig. 13 presents the amplitude of the unbalanced
shaft for uncontrolled and for controlled rotor (with 3
e, values). It is clear that the process is very useful.
The optimal e, is 0.15 mm and optimal phase very
close to 0°. The amplitude of the unbalanced force at
the first critical speed (2,200 rpm) is about 5 N.

7.3 Influence of e,

Fig. 13 exposes the influence of the wvariable
eccentricity. The optimal value is 0.15 mm. If the e,
value is more important (0.2 mm) or less (0.1 mm),
the control is less efficient.

Fig. 14 exposes four trajectories of the unbalance
shaft (Node 10). These trajectories are obtained for
2,280 rpm (close to the critical speed). The benefit of
the control is clear. The active bearing movement

compensates unbalanced forces.
7.4 Influence of the Phase 0,

The choose of the optimal phase, between the

angular position of the shaft (i.e., unbalanced position)
and the controlled bearing, is very important. In this
application, the optimal phase is close to 0°, this is due
to the absence of damping. We present in Fig. 15 four
trajectories obtained:

* without control;

* with optimal control values;

* with two bad phases (45° and 90°).

30

5 Without control

—e,=0.1 mm

=]
(=]

e,=0.15 mm

w

—e,=0.2 mm

Shaft amplitude/0.2 mm

w S
———
T

/=

1,000 1,500 2,000 2,500 3,000 3,500 4,000
Shaft speed (rpm)

Fig. 13 Shaft amplitude with control.

——
AT | T
7 . )
/ \ = = Without any control
! \
( ) ‘l e,=0.1mmé@, =0
T & ™
0 0 19 2 e.=0.156, =0
’/
/
\\ Vi e,=030,=0
% -

20
10 e
,
/ S
! \
\
5 1
& - .
-10 10 \_// 19 20
!
s,
\‘\\ = - <

Sl

— — Without any control

e,=0156,=0

e,=0.150, =45°

e,=0.150, =90°

Fig. 15 Trajectories for 2,280 rpm.

It may be noted that even with a significant error
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(45°) the reduction of the amplitude is always
sensitive.

The results presented in Fig. 16 are clearer. The
amplitude of the rotor at a speed of 2,280 rev/min
depends on the phase. The decreasing amplitude is

relatively constant around the optimum position.

-

1 =
=
s N .
g 4 ) /
3 \ ‘ 7
2 \ %
g S— L
E 1
=60 =40 =20 ¢ [} 20 40 &0

Controlled phase 6,
Fig. 16 Shaft amplitude (2,280 rpm) versus controlled
shaft (e, = 0.15).

8. Conclusions

The numerical study presented in this paper
highlights the significant gain obtained by an active
control of a bearing.

The general idea is to develop a simple mechanism
which is more educational than industrial.

The dynamic control of the position of the bearing
can greatly reduce the amplitudes due to an unbalance
of the shaft. The influence of the main parameters
could be quantified. An experimental device must now

be developed.
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Abstract: It is known that localized corrosion attack takes a preponderant role in the onset of stress corrosion cracking of pipeline
steels in high pH conditions. Carbonate/bicarbonate solutions can be employed to study the localized corrosion behavior of these
materials. In addition to the presence of chloride ions in the electrolyte, the solution temperature is also of prime importance to the onset
of pitting corrosion. The aim of this work is to evaluate the influence of the testing temperature on the corrosion behavior of the API 5L
X70 pipeline steel which is a standard material for gas pipelines in Brazil. Samples were exposed to a solution consisting of Na,COs,
NaHCO; and NaCl at three different temperatures: RT (room temperature), 40 °C and 60 °C. The corrosion morphology was observed
using SEM (scanning electron microscopy). The results showed that pitting corrosion became facilitated when the steel was immersed
at higher temperatures.

Key words: API 50 X70, pipeline steel, corrosion, temperature.

1. Introduction failures due to SCC of API steels are reported to occur
under a high pH (approximately 9.5) condition which is
associated with a concentrated solution consisting of
carbonate/bicarbonate [7, 8]. A passive oxide layer can
develop when the steel is exposed to this condition [9].
Chloride ions are reported to lead to the breakdown of
the passive layer, forming corrosion pits. Pitting
corrosion is considered as the first step of the SCC
mechanism of pipeline steels [10]. In this context, it is
imperative to investigate the pitting corrosion behavior
of pipeline steels in order to guarantee a safer operation.
Few works have been devoted to study the effect of
temperature on the pitting corrosion resistance of
pipeline steels. Nazari et al. [11] showed that the nature
of the oxide layer formed on the surface of the X70
pipeline steel was strongly affected by the testing

) ) ) temperature. The aim of this work is to investigate the
Corresponding author: Renato Altobelli Antunes, materials

engineer, Ph.D., research fields: corrosion science and effect of the test temperature on the corrosion behavior
protective coatings. E-mail: renato.antunes@ufabc.edu.br.

API 5L X70 is a pipeline steel currently used in
Brazil to transportation of natural gas and oil. This type
of structure is designed to ensure that failures resulting
from high pressure, thermal effects and environmental
degradation are prevented [1]. Most parts of oil and gas
sources in the world are located in remote areas and
demand transportation by pipelines in order to reach
their major markets [2]. The environments where these
pipelines are installed are considered aggressive to the
API steels due to the presence of species such as CI',
NCOj5’, CO, and H,S [3]. SCC (stress corrosion cracking)
is a serious threat to the safe operation of pipeline steels
[4]. Several authors studied the SCC mechanisms of
pipeline steels in different environments [5, 6]. Most
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of the API 5L X70 steel immersed in
carbonate/bicarbonate solutions with addition of NaCl.
The electrochemical evaluation was performed based
on  electrochemical  impedance  spectroscopy
measurements and potentiodynamic polarization
curves. The onset of pitting corrosion at different
testing temperatures was assessed. This paper is
organized as follows: Section 2 describes the
experimental procedure; Section 3 presents results and
discussion; and Section 4 gives conclusions.

2. Experimental Details
2.1. Material

The material used in this work was a hot rolled API
5L X70 steel plate kindly provided by USIMINAS
whose chemical composition is shown in Table 1.

2.2 Electrochemical Tests

The electrochemical tests were performed in an
electrolyte which was comprised of 0.05 M Na,COs,
0.1 M NaHCO3; and 0.1 M NaCl at three different
temperatures: 40 °C and 60 °C. The specimens were cut
in rectangular dimensions, leaving an approximate area
of 1 cm® to be exposed to the electrolyte. All the
electrochemical measurements were carried out using a
potentiostat/galvanostat  Autolab PGSTAT 100
equipped with a FRA module. A three-electrode cell
arrangement was used, containing a Pt wire as the
auxiliary electrode and a SCE (saturated calomel
electrode) as reference; all potentials quoted in this
paper are referred to this reference electrode. The
specimen acting as working electrode was mounted in
epoxy resin. The working electrode was ground with
successive grade silicon carbide sandpaper up to 1,000
grit, polished with alumina paste (1 wm), degreased
with ethanol, rinsed with distilled water and dried in
air.

EIS (electrochemical impedance spectroscopy)
measurements were used to monitor the electrochemical
behavior of the specimens during seven days of
immersion. The data were collected under the OCP

Table1 Results from traditional acquisition.

Element Mass (%)
C 0.12

Mn 1.490

S 0.006

P 0.018

\% 0.020

Nb 0.017

Al 0.014

Fe Bal.

(open circuit potential) over a frequency range from
100 kHz to 10 mHz with an acquisition of 10
points/decade. The amplitude of the perturbation signal
was +10 mV. Potentiodynamic polarization curves
were obtained after seven days of immersion using a
scan rate of 1 mV-s™in the potential range from -300
mV vs. the OCPupto1V.

2.3 Corrosion Morphology

The corrosion morphology of the tested specimens,
emphasizing the presence of pits, was assessed using
SEM (scanning electron microscopy) (Hitachi
TM3000 tabletop).

3. Results and Discussion
3.1 EIS Measurements

EIS results are represented as Nyquist plots as shown
in Fig. 1. The plots are referred to seven days of
immersion in the electrolyte at different testing
temperatures. Electrochemical AC techniques such as
EIS have a low amplitude perturbation signal, making
it attractive to study the corrosion processes of
electrical conductors in aqueous electrolytes [12]. EIS
is a powerful tool for investigating the mechanisms of
electrochemical reactions. The Nyquist plots are
characterized by a depressed semicircle spanning
throughout the whole frequency range independently
of the testing temperature. The highest frequencies are
on the left whereas the lowest frequencies are on the
right of the plots shown in Fig. 1. At a first glance, this
indicates that the corrosion mechanism should be the
same for the three different temperature conditions. In
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fact, Zhang et al. [13] stated that the capacitive
semicircle which characterizes the Nyquist plots shown
in Fig. 1 is typical of activation-controlled interfacial
reactions.

In this regard, diffusion-controlled processes
throughout the oxide layer formed on the surface of the
specimen during immersion can be neglected. In spite
of the similarity akin to the corrosion mechanisms
suggested by the Nyquist plots, it is important to
observe the relative impedance values obtained at each
condition and, most importantly, the radius of the
capacitive loops. It is well-known from the literature,
that this radius is closely related to the corrosion
resistance of the electrode surface [14]. Thus, the
results suggest that the corrosion resistance was little
affected when the testing temperature was raised from
the RT to 40 °C. However, by further increasing the
temperature to 60 °C the radius of the semicircle was
greatly depressed, indicating a significant loss of
corrosion resistance. Recent studies by Tang et al. [15]
and Xiang et al. [16] confirm that temperature seriously
affects the corrosion rate of pipeline steels. The
electrochemical reactions leading to reaction are
favored at temperatures up to 70 °C or 90 °C,
accelerating corrosion. For higher temperatures, the
corrosion rate can be depressed due to the formation of
more protective oxide films. The results shown in Fig.
1 confirm the trend of increased corrosion kinetics for
the temperatures evaluated in this work.

3.2 Potentiodynamic Polarization Curves

Potentiodynamic polarization curves of the API 5L
X70 steel immersed for seven days at different
temperatures in the electrolyte solution described in
Section 2.2 are shown in Fig. 2. The electrochemical
parameters determined from these curves are presented
in Table 2. Corrosion potential (Ecyr), corrosion
current density (lorr) and breakdown potential (Ep) are
reported.

The curves shown in Fig. 2 present a well-defined
passive region independently of the testing temperature.
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Fig. 1 Nyquist plots of the API 51 X70 steel immersion for 7
days at different testing temperatures.
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Fig. 2 Potentiodynamic polarization curves of the APl 5L

X70 steel immersed for seven days at different temperatures
in the electrolyte solution described in Section 2.2.

Table 2 Electrochemical parameters determined from the
potentiodynamic polarization curves shown in Fig. 2.

Temperature Egor (MV) zﬁx-cm'z) Ep (MV) rP;r?S:av(emV)
RT -0.53 2.18 0.27 0.80
40°C -0.43 4.17 0.38 0.81
60 °C -0.51 11.7 0.11 0.62

The onset of pitting corrosion is evident from the sharp
increase of the current density at the breakdown
potentials (Ep). In spite of the similarities between the
curves especially in respect to the presence of a passive
region, remarkable differences can be observed
depending on the testing temperature. The passive
currents for the room temperature condition are slightly
lower than at 40 °C up to the breakdown potential as
well as the value of Iy, Suggesting that the corrosion
resistance of the API steel is higher at the lowest testing
temperature. Nevertheless, the passive range is very
similar for these conditions and the current densities
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associated with the specimens tested at 40 °C are also
small, indicating that the corrosion properties of the
APl 5L X70 steel was little affected when the
temperature was raised up to this level. This is in
agreement with the EIS measurements as inferred from
the Nyquist plots shown in Fig. 1.

For the tests performed at 60 °C, though, there was
an evident reduction of the corrosion resistance. The
onset of pitting corrosion occurred at a breakdown
potential of only 0.11 V and the passive range was
shortened to 0.62 V. Thus, it is possible to affirm that
the API 5L X70 steel became more prone to localized
corrosion attack when the temperature reached 60 °C.
Furthermore, the corrosion current density was almost
three times higher at 60 °C when compared to that
determined at 40 °C and more than five times higher
than that obtained at the room temperature. This result
points to an overall higher corrosion rate of the
specimens tested at 60 °C.

3.3 Corrosion Morphology

According to Ref. [10], SCC of pipeline steels can
be initiated in the bottom of a pit. The initial pitting
mechanism is related to corrosion at metallurgical
heterogeneities such as grain boundaries, non-metallic
inclusions and interfaces between different phases. As
observed in the potentiodynamic polarization curves
shown in Fig. 2, the onset of pitting corrosion has been
observed for the API 5L X70 steel independently of the
testing temperature. Moreover, the resistance to pitting
corrosion was found to decrease at 60 °C. Hence, the
propensity to SCC should accompany this temperature
dependence. In order to share more light on this subject,
the corrosion morphology of the steels was evaluated
using SEM (Fig. 3).

The micrograph shown in Fig. 3a corresponds to the
surface of a specimen tested at room temperature after
potentiodynamic polarization. Fig. 3b shows the same
region at a higher magnification. The specimens tested
at higher temperatures presented similar corrosion
morphology but with increasing number of pits,

0.1M A30002 NL x 100 1 mm

300 um

0.1M A30003 TN x 300
(b)

Fig. 3 SEM micrograph showing the presence of one

shallow pit after potentiodynamic polarization of the API 5L

X70 steel at room temperature. The micrograph on the right

is referred to the same region on the left at a higher

magnification.

especially those tested at 60 °C. Shallow pits were
observed. Van Boven et al. [10] showed that cracks
originate from shallow pits during SCC of the X65
pipeline steel in simulated soil solution. In this regard,
the results obtained in the present work point toward a
dangerous corrosion activity of the X70 pipeline steel
at 60 °C. Even at RT, the presence of shallow pits is
also observed.

4. Conclusions

The influence of the testing temperature on the
corrosion behavior of the API 5L X70 pipeline steel in
0.05 M Na,CO;, 0.1 M NaHCO; and 0.1 M NaCl
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solution has been evaluated. The results showed that
the steel was prone to pitting corrosion even at room
temperature. When the temperature was raised to 40 °C
the corrosion properties were little affected.
Nevertheless, for the tests performed at 60 °C, there
was a marked decrease of the corrosion resistance, in
respect to either the overall corrosion rate expressed as
the corrosion current density or the pitting corrosion
resistance. In this context, based on the
well-established relationship between the formation of
pits and SCC of pipeline steels, the results reveal a
more dangerous situation for the initiation of SCC at 60
°C. Notwithstanding, pits have also been observed at
lower temperatures.
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Abstract: This paper deals with an open-loop characteristic of a magnetically levitated system including flux feedback. In order to

design a controller to obtain a good disturbance rejection and to be insensitive to parameter variations, it might be useful to employ a

flux feedback loop. The air gap flux which can be sensed by a proper sensor has linear relationship with respect to the change of the

current and the air gap. This linear property decreases the inherent nonlinearity of the magnetic suspension system that is caused by

the coupling between the electrical actuator and the mechanical plant. Simulation results achieved from a multi-degree-of-freedom

numerical model show that the flux feedback loop makes an improvement of the performance of the magnetic suspension system

against the load variations.

Key words: Flux feedback, magnetic bearings, levitation, rotational machine, multi-degrees-of-freedom.

1. Introduction

In recent trends to develop various technologies, the
word “contactless” has been begun to receive notable
attentions because of its effectiveness and
maintenance free properties that are impossible to
achieve in the conventional “contact” system. The
typical representative contactless system is a magnetic
suspension system which is commonly known as
maglev (magnetically levitated) system. The first trial
for the maglev has been performed at the University
of Virginia in 1937 which has been intended to test
magnetic bearing systems.

Recently, there are various applications employing
the magnetic levitation configuration as a core
technology, such as the magnetically levitated train
system, the high speed turbo compressors, the flywheel

energy storage system and the artificial heart pump.

Corresponding author: Jun-Ho Lee, Ph.D., research fields:
design and control of flywheel energy storage system, design of
wireless power transfer system. E-mail: jhlee77@krri.re kr.

The magnetically levitated system can be divided
into two parts based on the levitation method: one is a
repulsive type using super conductors. One of
disadvantages of this type of suspension system is that
it needs to operate below the critical speed when the
suspended object is stationary because an active
suspension actuator and a controller are not included
which make it possible to pass through the critical
speeds; the other type is EMS (electromagnetic
suspension system) using ferromagnetic or permanent
magnet. The EMS type has one significant advantage
in that it provides attraction force at zero speed, but
such system is inherently unstable. In order to
overcome the inherent instability, an active controller
plays a very important role in the electromagnet type
suspension system to make the stable suspension and
maintain the suspended object within the nominal air
gap.

Especially, when external disturbance or parameter

variations affect on the active controller of the Maglev,
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the system may cause a malfunction of the suspension
system. In such case, a controller that has a robustness
property should be introduced, or a system model
should be considered to avoid the effects of the
external disturbance or parameter variations [1-4].

In many papers and literatures, the design
methodologies of the active magnetic suspension
controllers have already been presented. Some
advances in improving AMB (active magnetic bearing)
feedback control using a nonlinear gap model instead
of a linear gap model were proven in a SISO
(single-output) balance beam test rig [S]. Hu et al. [6]
developed a reduced power loss AMB in a balance
beam by considering the constraint of voltage
saturation as obtained for the class of sinusoidal force
signals. Lindlau et al. [7] considered a feedback
linearization voltage mode controller in an AMB
balance beam using mu synthesis. Lin et al. [§]
developed a model which treated coil resistance
changes with structured uncertainty as well as
considering actuator flux leakage. Nonlinear output
regulation for a balance beam was carried out in a
similar balance beam. Issues with a high speed energy
AMB

uncertainty and treatment using mu synthesis control

storage  flywheel concerning modeling
were reported in Ref. [9].

However, the papers for the analysis of the
open-loop characteristics of the magnetic suspension
system have rarely presented. A significant paper on
flux feedback control of AMBs used current control
with both displacement and the deviation flux
expressed as a linear combination of the total force in
the AMB [10, 11]. At the equilibrium point, the total
force in the AMB should be equal to the sum of the
state feedback control effort and the estimated
disturbance force. A linear flux observer was
developed to reject a static and periodic disturbance
force [10].

Sometimes, it is very valuable to make focus on the
inherent properties of the magnetic suspension system

to achieve a design of the improved active controller

against the system parameter variations. The purpose
of this paper is to show the effectiveness of the flux
feedback loop of the air gap in the open loop
characteristic of the magnetic suspension system when
a constant voltage is applied to the electromagnet
coils.

The paper is organized as follows: Section 2
summarizes the fundamental mathematical model
(one-degree-of-freedom and four-degrees-of-freedom)
of the EMS system, which does not include the flux
feedback
mathematical model including the flux feedback loop.

loop; Section 3 shows a modified
In the flux feedback loop, the estimated flux is linearly
proportional to the magnetic excitation current and
inversely proportional to the air gap; Section 4
presents that the magnetic suspension system
including flux a loop has robustness against the
parameter variations based on the simulation results;

and Section 5 gives conclusions.
2. Fundamental Mathematical Model
2.1 One-Degree-of-Freedom

Fig. 1 shows a simple schematic diagram for EMS

system which has the electromagnets as the

suspension actuators.
The mathematical model of this system is divided
into two parts: one is the plant (mechanical) dynamics

and the other is the actuator dynamics. The plant

O ™
T |
wit

‘_ ity ——=
Cr = Murber of
lwms : N

magnel [

Zity Fli.z) airgap . frack

Fig. 1 Schematic diagram for EMS system.
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(mechanical) dynamics is
mZ:F(i,Z)—mg—fd (1)

where, m is the total mass of the controlled object, g is
the gravitational acceleration and f; is the external
disturbance force acting on the controlled object. In
Eq. (1), F(i, z) is the electromagnets attraction force
which is proportional to the current deviation and
inversely proportional to the air gap deviation,
expressed such as:

F(i,z)=

B*A _ p,N*4 ( i(t) Jz )
My 4 z(t)
where, B is the flux density of the magnetic core
material, 4 is the cross sectional area of the pole face
of the electromagnet, p, is the permeability in the air
space and N is the number of turns. In order to drive
Eq. (2), it is necessary to check the relation between
the inductance and the magnetic flux density.

. _ N _ N Ni(t)
LG )= T2 = 05 3)
where, R, =20 _ " is the reluctance of the
HoA Pn

magnetic circuit and V; is the electromotive force.
Normally the reluctance in the magnetic core is
assumed to be negligible compared with the air gap,
thus the coil inductance becomes
L(1 Z)—“ZNA “4)
z(t)
Li(t) = NBA and Eq. (4) yield the magnetic flux
density such as:

p o Li) _ NPu,Aie)  pNiE)  (5)
NA 2z (t)HNA 2z(t)

2
Substituting Eq. (5) into F(i,z) = Bu—A yields Eq.
0

(2). Eq. (2) has high nonlinearity and it is not easy to
use Eq. (2) without doing the linear approximation
with respect to the nominal point (iy, z,). For the
linear approximation, the Taylor series expansion is
usually employed. From the Taylor series expansion,
Eq. (2) becomes

F(i,z):kl.i(t)—kzz(t) (6)

uoN?Ai2 uoN2Ai
where, k, = % and k; = ==—=— are the

73 222
coefficients for the linear approximation of Eq. (2).
k, and k; represent the displacement stiffness and
the current stiffness, respectively.

In Eq. (6), the stiffness k, has negative sign
which means that once the attractive force of the
electromagnets is activated, the controlled object is
attracted until the electromagnets stop attracting
the controlled object. This is one of the reasons
why the electromagnet suspension system should
have the active controller to control the air gap
deviation.

The actuator dynamics is
P ()= RI() ()i (0)] o
= i) B () S (1)

22([)dr 2z(t)? ac’
where, v is the coil voltage, R is the coil resistance,

and L(i, z) is the coil inductance which is the function
of the air gap displacement. It should be noted that
there is a variation of the inductance with respect to
the air gap displacement in the second term, and that
the third term denotes a voltage which varies with
changes in the air gap z(f) and its rate of change
similar to back EMF voltage. By using Egs. (1), (6)
and (7), we can drive a state space equation such as:

0 1 0 |
Z 4 v [z 0 0
il=|"m 0 EZ'+OV+Lfd(8)
i k, R 1 m
0o == —— I 0
k, L |

Fig. 2 shows the simple block diagram for the
open-loop EMS system which does not include the
flux feedback signal. The transfer function of the open
loop system is induced by the Laplace transform of Eq.
(8) for each state variables, which is

z(s)= 2 k, v(s) (9)
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Fig. 2 Open-loop diagram without flux.
2.2 Four-Degrees-of-Freedom

Fig. 3 presents a rotational machine supported by
which has
four-degrees-of-freedom. For the rotational rotor, left

the magnetic bearings
and right electromagnetic bearings support the rotor to
make levitation so that the rotor can rotate without any
contact with the stator. Displacement sensors are very
close attached to the electromagnetic bearings to make
feedback of the displacement deviation which make it
possible for the rotor to be controller actively.
Equation of motion of the rotor shown in Fig. 3 is

such as:
MG+ Gq = Ty (10)
y=3sTyq
I, 0 0 0 0 0171Q 0
M= 0 m 0 O G 0 0 0 O
0 0 1, 0 -IQ 0 0 O
0 0 0 m 0 0 0 0j1mn
a b 00 c 1 00
T[l 1 00 T o= d 1 00
ME0 0 a bITM 00 ¢ 1
0011 0 0d 1

q :(ﬁ’x’_a’y)T
Uypp = (foafxBafyA’fyB)T (12)
y = (st’st,ysA’ysB)T

where, M is the mass matrix that is composed of mass
and moment of inertia, G is the gyroscope matrix that
is 0 when the rotor stops, however the amplitude
gradually becomes greater as the rotational speed goes
up. ,, T is the transformation matrix to transform the

bearing coordinates to mass center coordinates, and

77 7 7
a(<0) b 5|
c(<0) d

I 1
Fig. 3 Conceptual diagram of the rotational machine

which has four-degree-of-freedom.

¢TI, is the transformation matrix to transform mass
center coordinates to displacement sensor coordinates.
q is the vector that expresses the position of the radial
directions and the rotational angles in the mass center
coordinates. U ., is the force that is generated from
the magnetic bearings, and y is the distance that is
measured from the displacement sensor to the rotor.

U,z should be linearized as shown in the
fundamental formulas of the one-degree-of-freedom
model. Eq. (13) represents the linearized model of the
four-degrees-of-freedom model. In Eq. (13), K, is
the displacement stiffness that makes the system
unstable as presented in Eq. (6), K, is the current
stiffness, g, is the vector that indicates the distance
from the bearing location to the rotor, and 7 is the
current vector for the bearings.

[ £, k, 0 0 0] x,
£, 0 k, 0 0| x,
Hams = fyA B ky, 0 ||y
_f yB 0 0 0 k s8 |V b8
[k, 0 0 0/,
N 0 k, 0 0|7, (13)
0 0 k, 0]i,
10 0 0 kyllis
=-K.qs+K,i

From Egs. (10) and (13), the linearized equation of
motion is such as:

MGg+Gq = ,Ty(-K,q, +K,I) (14)

The vector g, is transformed to mass center

coordinates by using the transformation matrix 7}
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which is expressed as:

X,, a 1 0 0 p

g, - Xpp | _ b 1 0 0} x s)
Vou 0 0 a 1| -«
Y bp 0 0 b 1jl»¥

= Tyq :(MTE)T q
Substituting Eq. (15) for Eq. (14) yields:

M‘j"'Gq:_ME?Ks MTZi’Tq_'_ Kl =—K,q+ MT‘BKI'I'(16)
M‘j"'GQ"'Kqu: w5 K1

where,
K1 = ulpK; MZ;T
ka+kp kavkpb 0 0
katk,b k,+k, 0 0
1 0 0  kdg+k )l kavkgb
0 0 katk,b k, +k,

As seen in Eq. (16), the mathematical model of the
four-degrees-of-freedom rotational machine supported
by magnetic bearings is very similar to the 2nd order
mechanical system. However, the rotor shaft is coupled
due to the gyroscopic effect and the non-colocation
problem between the displacement sensors and the
magnetic bearing actuators as shown in Eq. (16).

Voltage equations without flux feedback are
expressed in Eq. (17).

ai _

V = Ri+L 49,
dt

K.
Y dt a7

Eq. (17) can be modified to present matrix pattern as:
V){A R A 0 0 O 1 xA

VXB _ 0 RE 0 0 iXB
val |0 0 R, 0 |i,
Vs 0 0 0 R,||lis
L, 0 0 017,
0 L, 0 0| i,
+ )
0 0 L, 0| i,
0 0 0 Ly||i, (18)
k, 0 0 0 [x,,
0 ky, 0 0 || x,,
0  k, 0 Y ba
0 0 0 kiB be

From Eq. (17) and by using transformation matrix

w1s, current slew rate is derived.

9w _rriv ko x, Y
dr dr (19)
1 Sl -1 rdg
=LV-L'Ri+K, K_,T, —
de
The state space model for the

four-degrees-of-freedom rotational machine can be
presented by using Egs. (17)-(19).

c.1 0 / 0 q
. -1 -1 -1 .
q' =\-M"K,, :M GT -M ﬁTBKi q 20)
I 0 K 'K, ,T, -L'R i
[0
+ 0
L'v

3. Flux Feedback Loop
3.1 One-Degree-of-Freedom

In this section, estimation of the open loop
characteristics using flux feedback is presented. The
air gap flux which is produced by the core magnet is
proportional to the pole face area as:

@ = BA

_ M NAi
2z

e2y)

The time derivative of ¢ yields

4 g o AN A pyANG, dz g
dt 2z dt 2z dt

If the magnetic flux ¢ is fed back to the amplifier
that activates the electromagnets the terms for the
dynamics of the electromagnet actuators should be
modified so that the force component which is
included in the magnetic flux ¢ should be included in

the actuator dynamic equation. This yields Eq. (23).

v(t)=Ri(t) + %[L(i, 2)i(t) ]+ koo NAD,

wNaid o (23)

_ ps ,uoNzA d .
= Ri(t)+ ——i(¢) 207 di z(¢)

22(t) dt
+ kg (k (1) = K ,2(1))
= Ri(1) + Li(1) = k,2(0) + koo (k 1i(1) = k ,2(1))
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= ,uOANziO
T 2z2
0 0

is flux feedback gain.

2
where, &k 0= ﬂozﬂ
z

and kg

Compare to Eq. (7), the flux feedback term is
included in Eq. (23) which is expressed as linear
combination of the coil current and air gap deviation.
A combination of Egs. (1), (6) and (12) induces the
state space model including the flux feedback such as:

0 1 0
i —k. L8 i
z = m m z
1 kq)d,kf_, k_z (_R _kqnpkﬂ) i
L k, L (24)
[0 0
+ 0 v+ L fa
1 m
L 0

Fig. 4 presents the open-loop diagram with flux
feedback loop. In Figd, k,, represents the flux
feedback gain.

From the characteristic equation of Eq. (24), the
gain of the flux feedback loop k,, can be adjusted
such that

k_R
kpp = ——— 25
"k, kK, )
The input-output transfer function is reduced to
(26)
k.
—+L
m
z(s) = v(s
(s) T R Kok, (s)
sSes+—+—=%
L L

which indicates that flux feedback makes the system
conditionally stable due to free from the k, parameter

variation.
3.2 Four-Degrees-of-Freedom

Voltage equations with flux feedback are expressed
in Eq. (27) which is the same as Eq. (23) except for
the number of degrees of freedom.

v =ri+1 9 _ g 9
dt dt

Matrix pattern of Eq. (27) and current slew rate are

+K, K,i-K,K,q, 27)

expressed in Eqgs. (28) and (29), respectively.

[k,
Lk |

Fig. 4 Open-loop diagram with flux feedback.

~

v, TR, 0 0 07i,][L, 0 0 o4,
Va | |0 R 0 0 lis| |0 L, 0 0|,
vl |0 0 R 0|4, |0 0 L 07,
vl L0 0 0 Rlis]| [0 0 0 L]i,
[k, 0 0 07 x,][k,ky O 0 iy
0 k, 0 0| x, N 0 Kk ky O iy
0 0 &, 0|y, 0 0 kyky 0 |[i,
L0 0 0 Ky Vs 0 0 0 Kpkig || 1,s
[k ks, O 0 0 Tx,,
0 kuk, O 0 | x,
0 0 kyky O |y
| 0 0 0 K k|| Vi
(28)
di . 4, dg _ A
E=L’V—L‘R1—I(,.'K5d—;’—L'KWKﬁ1+L‘KWKquE
~L'V-L'Ri-K]'K,,T’ 3—‘; ~L'K, K,i+L'K, K, ,Tiq
(29)
where,
k, 0.0 0 k, 0 0 O k, 0 0 O
0 0 0 0 0 0 0 0 0
k0% 0 0l Lok 0 0) [0k
710 0 k, 0 0 0 k, 0 0 0 &, 0
00 0k, 0 0 0 k, 0 0 0 k,
From Egs. (28) and (29), the state space equations are
0 ! 0 0
7 l 1 ] 7 (30)
ql= MK, MG M, LK, g+ 0

i| | LK K, T KK, T8 ~L'R-L'K K, || | L'V

In comparison with Egs. (20) and (30), Eq. (30) has
k

o0 kfz, kﬁ in displacement and current terms which

make the system stable, that is similar to Eq. (24).
4. Simulations

For the simulations to estimate the flux feedback
properties of the electromagnet suspension system, the
following parameters are set as in Tables 1 and 2 that
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indicate ~ one-degree-of-freedom  system  and
four-degrees-of-freedom system, respectively. In the
simulations to assess the effectiveness of the flux
feedback loop, load variations in mass are considered.

Figs. 5 and 6 show the air gap deviation of the
one-degree-of-freedom system for the case of when
the load acting on the controlled object is changed.
When the load is 100 kg (Fig. 5) without the flux
feedback loop, the controlled object contacts (dashed
line) the electromagnets at time 50 s. In case of 500 kg
(Fig. 6), it takes more time to contact the
electromagnets than that of Fig. 5 due to the heavier
load, however, the vibration amplitude becomes
bigger and bigger with time. This is because of the
inherent unstable characteristics of the magnetic
suspension system.

On the contrary, the simulation results with flux
feedback loop shown in Figs. 7 and 8 present very
good bounded characteristics against the load
variation. Fig. 7 is for the case when the load is
100 kg. In Fig. 7, very good robustness property is
shown when there is a parameter variation of the EMS
system. The small vibration in Fig. 7 is because there

Table 1 Parameters for the one-degree-of-freedom
system.

Variables Value Unit

Mass: m 100, 500 (Kg)

Coil inductance: L 72 (mH)

Coil resistance: R 0.7 (e)]

Steady current: iy 1 (A)

Cross sectional area: 4 22x10° (m?)

Number of turns: N 140 (turns)
Permeability: u 4 x 107 (H/m)

Table 2  Parameters for the four-degrees-of-freedom
system.

Variables Value Unit

Mass: m 100, 500 (Kg)

Coil inductance: L 50 (mH)

Coil resistance: R 1 Q)

Steady current: iy 1 (A)

Cross sectional area: 4 1.666 x 10 (m?)

Number of turns: N 152 (turns)
Permeability: x4 4m x 107 (H/m)
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is no feedback active controller. Thus, any kind of
feedback controller can eliminate this vibration. In Fig.
8, we can see slower vibration and bigger amplitude
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Figs. 9-16 are the simulation results for the
variations in mass (100 kg, 500 kg). The gap
deviations in the x and y directions that the flux

feedback loop is not applied are shown in Figs. 9-12.

than that of Fig. 7. This is because of the much
four-degrees-of-freedom system that includes load

heavier load (500 kg).

due the no flux feedback loop,

B

As seen in Figs. 9-12

Fig. 12

the system is not bounded, however as shown in Figs.
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Displacement (m)

Time (s)
Fig. 16 Gap deviation with flux feedback for

four-degrees-of-freedom (m = 500 kg, y direction).

12-16, the system is well bounded under the effect of
the flux feedback loop even if the degree-of-freedom
of the system is increased and also the load level is
changed (100 kg, 500 kg). This is because of the flux
dieback loop that represents linear relationship with
respect to the change of the coil current and the air
gap displacement which make it possible to decrease
in the parameter uncertainties of the k,, k; for the
one-degree-of-system and the k&, £k for the

four-degrees-of-system.
7. Conclusions

In this paper, the open loop characteristics of the
electromagnets suspension system which has the flux
feedback loop to  be

multi-degrees-of-freedom rotational machinery have

applied to  the

been dealt with. The flux feedback loop increases the
system robustness against the parameter variations
even if no active controller is employed. This property
comes from the flux feedback loop that is presented in
linear combination of the air gap displacement and the
coil current which is different from the conventional
open loop structure. First, we showed the fundamental
mathematical model which has no flux feedback loop,
and then introduced the modified mathematical model
including the flux feedback loop. Finally, the
robustness against the parameter variations for the
modified open loop scheme has been achieved by the
simulations, even if the load acting on the system has
been changed. This modified open loop scheme can be

which has
multi-degrees-of-freedom and frequent load variations

applied to a system

such as magnetically levitated systems.
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Abstract: The aim of this study is to evaluate the ability of physical training in the maintenance of muscle strength in rats with HFD
(high-fat diet) after OVX (ovariectomy). Eighty Wistar rats are at eight weeks of age and weight 200 g which divided into 8 groups
(n = 10) and treated for 12 weeks: GA: OVX + ND (normal diet), GB: OVX + ND + training, GC: sham + ND, GD: sham + ND +
training, GE: OVX + HFD, GF: OVX + HFD + training, GG: sham + HFD and GH: sham + HFD + training. HFD consists of
standard ration for rats with addition of 30% lipids. In training groups, physical training five training/week was conducted on a
treadmill with adaptation period of three weeks up to 18 m/s for one hour, training were performed for 12 weeks. The sedentary
animals remained in individual box. To analyze the effects of training and diet, tensile strength tests of the gastrocnemius muscles
were conducted: the speed of 0.1 mm/min. Analysis of variance was performed to compare groups. The mean (SD) obtained for the
maximum load (N) were: GA 57.77 (6.89), GB 62.74 (5.07), GC 49.45 (6.06), GD 59.42 (5.26) and GE 55.58 (4.72), GF 62.50
(4.56), GG 58.35 (4.54) and GH 56.67 (5.87), respectively. There were no differences for maximum load between surgeries (p =
0.004) and between treatments (p = 0.000). Differences were found also for the relationship surgery diet treatment (p = 0.007). For
the variable stiffness (N/mm), there were not statistically significant differences: GA 5.03 (0.72), GB 5.08 (1.09), GC 5.17 (0.53),
GD 5.35 (0.80), GE 5.52 (1.20), GF 5.36 (1.07), GG 4.83 (1.03) and GH 5.40 (0.73). For the toughness (N/mm), there were
differences between treatments (p = 0.010) and the ratio diet treatment (p = 0.024): GA 455.00 (107.21), GB 541.96 (126.80), GC
394.97 (84.67), GD 566.90 (157.07); GE 424.63 (113.03), GF 478.07 (106.03); GG 517.44 (98.65) and GH 481.26 (129.45). OVX
causes decrease in muscle maximum load; exercise treadmill provides increased muscular endurance, regardless of the diet and the
OVX in groups, the increased resistance observed in the groups submitted to HFD can result in weight gain associated with the
presence estrogen.

Key words: Physical training, ovariectomy, mechanical property, gastrocnemius muscles, high-fat diet.

1. Introduction excess of these nutrients in childhood can cause
serious diseases in adulthood [1]. Nutrition is based on
guantitative and qualitative balance necessary for
healthy function of the organism. Another problem
faced by the public health is overweight due to wrong
diets. Surveys conducted in rats showed that low
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The intake of micronutrients (vitamins and minerals)
and macronutrients (carbohydrate, lipid and protein)
are directly related to growth, physical development,
cognitive and motor of the individual. A deficiency or
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HFD (high-fat diet) affect bone development [2, 3].
However, we found no reports in the literature
describing the influence of a HFD in muscle strength.

One of the major problems reported postmenopausal
is the loss of muscle mass. Probably a more
important than human estrogen health issue is related
to potential differences in  susceptibility to
exercise-induced muscle damage in women of
premenopausal and postmenopausal. Studies by
Amelink et al. [4] showed a primary effect of estrogen
may be to protect muscle membranes from muscle
damage induced by exercise. The reduction of muscle
membrane disruption may also be important in the
inflammatory and muscle repair [5]. It has been
reported that the loss of estrogen after menopause may
result in more power loss associated with aging and a
reduced rate of gain of strength in older women. Thus,
although some information is available, definitive
studies on the influence of estrogen on skeletal
muscle damage are deficient and additional research is
needed [6].

Several studies have shown that exercise provides a
better quality of life and benefiting various aspects of
the organism. In this aspect, musculoskeletal promotes
muscle strengthening and greater strength and stability
of the bones and joints, also favoring one physical
wellbeing, mental and social. Already, a sedentary
lifestyle is a risk factor for several diseases [7, 8].
Known for their beneficial effects, physical activity
has been used in recent years as a method of
prevention and analysis of muscle atrophy [9-11]. In
addition, training controls the effects of ovariectomy
on fat accumulation, lipid profile and lipid content of
the tissue [12, 13].

The mechanical test is a standardized technique as
used in the evaluation of mechanical properties of
materials in different applications, using specimens or
experimental models. The tests allow knowing the
response of the material by applying different loads.
Among the destructive testing has the tensile test,
bending, torsion, impact, and fatigue among other

nondestructive testing, has ultrasound, x-ray [14].

The aim of this study is to evaluate the ability of
physical training in the maintenance of muscle
strength in rats with HFD after OV X (ovariectomy).

2. Material and Methods

Eighty Wistar rats, eight weeks of age and weight
(200 = 5) g were ovariectomized and divided into
eight groups (n = 10) and treated for 12 weeks: GA:
OVX + ND (normal diet), GB: OVX + ND + training,
GC: sham + ND, GD: sham + ND + training, GE:
OVX + HFD, GF: OVX + HFD + training, GG: sham
+ HFD and GH: sham + HFD + training.

The diet consists of standard ration diet to rats with
addition of 30% lipids [15].

In the trained groups, physical training was
performed on a treadmill with adaptation period of
three weeks until reaching a speed of 18 m/s during
one hour. Five training sessions were conducted per
week for 12 weeks, totaling 60 sessions of training.

The sedentary animals remained in “reduced” cages,
individually for a period of 12 weeks, according to the
guide for Care and Use Laboratory Animals [16].

To analyze the effects of diets and treatments
offered, tensile test of the gastrocnemius muscles were
performed. The speed was 10 mm/min with preload of
5 N for 60 s in a universal testing machine
(EMIC-DL® 10,000). We obtained the maximum load
(N)-Fmax, stiffness (N/mm) and tenacity (N.mm).

To evaluate the effect of training and diet at
mechanical proprieties, the statistical analysis was
performed using a mixed linear model, which is a
generalization of the standard linear model (ANOVA)
with Bonferroni’s complementary test using the
statistical software SPSS 17.0 for Windows (SPSS
Inc., Chicago, IL, USA). Differences were considered
significant when p < 0.05.

3. Results

Table 1 shows the results of the Shapiro-Wilk test
for the evaluation of the normality of the variables.



544 Effects of Sedentarism and Treadmill Training in Mechanical Properties of Muscles of
Ovariectomized Rats with High-Fat Diet

The results obtained after analysis are shown in
Table 2.

When evaluating the influence of the type of
surgery in maximum load (N) observed statistical
differences between the OVX and SHAM groups
Table 1 Normality test.

Shapiro-Wilk
Statistic df Sig.
Fmax 0.981 80 0.286
Stiffness 0.982 80 0.329
Tenacity 0.978 80 0.183

(p = 0.004). No statistical differences were found in
maximum load for the different diets (p = 0.413), but
differences were found for the different treatments (p
= 0.000). By comparing the effect of the interaction of
the variables, differences for the relationship surgery
diet treatment (p = 0.007) was observed, but not to
surgery diet (p = 0.072), surgery treatment (p = 0.428)
and diet treatment (p = 0.054).

After identifying differences in the interaction
surgery, diet treatment was performed multiple
comparisons in which it was observed that animals
with HFD, treadmill-trained and under different
surgery (GD and GH) showed statistical differences in
relation to the maximum load (p = 0.018). Animals
with standard diet, sedentary and subjected to different
surgery (GA and GE) showed statistical differences
with respect to maximum load (p = 0.001). SHAM
animals, sedentary with different diets (GE and GF)
showed statistical differences (p = 0.000). It was also
observed that OV X animals, that receiving HFD and
different treatments (GB and GD) showed statistical
differences (p = 0.005) and SHAM animals with
standard diet and different treatments (GE and GG)
was statistically different (p = 0.000).

No statistical differences were observed in the
stiffness (N/mm) for any of the variables nor for the
iterations (surgery: p = 0.853, diet: p = 0.657,
treatment: p = 0.464, surgery diet: p = 0.240, surgery
treatment: p = 0.333, diet treatment: p = 0.905 and
surgery diet treatment: p = 0.566).

When evaluating the tenacity (N.mm) their

differences statistically significant between treatments

(p = 0.010) and the ratio diet treatment (p = 0.024).
When evaluating the effect of treatments on

tenacity (N.mm), statistical differences were observed.

between groups (p = 0.010). There were no statistical
Table 2 Mean (standard deviation) of maximum load
(Fmax), stiffness and tenacity.

Groups  Fpax (N)* (S'El';::;s; Tenacity (N.mm)*
GA 57.77 (6.89)  5.03 (0.72) 455.00 (107.21)
GB 62.74 (5.07)  5.08 (1.09) 541.96 (126.80)
GC 49.45 (6.06)  5.17 (0.53) 394.97 (84.67)
GD 59.42 (5.26)  5.35(0.80) 566.90 (157.07)
GE 55.58 (4.72)  5.52 (1.20) 424.63 (113.03)
GF 62.50 (4.56)  5.36 (1.07) 478.07 (106.03)
GG 58.35(4.54)  4.83(1.03) 517.44 (98.65)
GH 56.67 (5.87)  5.40(0.73) 481.26 (129.45)

*standard deviation.

differences in tenacity for different surgeries (p =
0.582) and diet (p = 0.605). By comparing the effect
of the interactions between variables was possible to
observe differences in diet treatment (p = 0.025), but
not to surgery diet (p = 0.197), surgical treatment (p
=.936) and treatment diet surgery (p = 0.103).

After identifying differences in diet treatment
interaction was performed multiple comparisons in
which it was observed that animals with standard diet,
subjected to different treatments (GA, GC, GE and
GG) showed statistical differences in relation to
tenacity (p = 0.001).

4. Discussion

Several studies have evaluated the influence of
high-fat diet on bone quality, obesity and body
composition [15, 17-19]. However, there are no
reports on the influence of diets rich in lipids in
muscle strength after OVX. The objective of this
study was to evaluate the influence of HFD on muscle
strength in ovariectomized rats.

In the present study, less muscular strength was
observed for animals submitted to OVX. This is an
important result because reduced ovarian levels leads
to endocrine and functional disorders, such as loss of
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libido, increased risk of osteoporosis and heart disease,
abnormal levels of lipoproteins and weight gain [20].
Differences were found between treatments for
maximum load and tenacity.

When evaluating the difference between groups
observed that animals with standard diet, sedentary
and undergo different surgeries (GA and GE) had
statistical differences with respect to maximum
strength and toughness. Being that OVX had higher
values for both variables. SHAM animals underwent
surgery, sedentary and with different diets (GE and
GF) showed statistical differences for maximum
strength. The highest values were assigned to animals
receiving fat diet. It was observed that OVX animals
undergoing surgery, receiving HFD and different
treatments (GB and GD) showed statistical differences
in maximum strength, with higher values in the
trained animals. SHAM animals underwent surgery,
standard diet and different treatments (GE and GF) are
statistically different with respect to maximum
strength and toughness, with higher values in the
trained animals.

As there are no reports in the literature on similar
studies, it is believed that these results may be related
to greater weight observed in OVX compared to
SHAM animals and animals that received HFD
compared to those who received standard diet. As for
the differences observed between the groups trained or
sedentary, we believe that the best results were
observed for animals trained to be a result of muscle
strengthening arising from treadmill training applied.
In Ref. [16], the authors found improvement in
mechanical strength in the muscles of trained rats.

Analyzing the results obtained in static tests, we
observed differences between the OVX and SHAM
groups for maximum strength, but not for stiffness and
toughness. However, the different diets resulted in no
statistical differences for the variables of the static test.
Differences were found between treatments for
maximum strength and tenacity.

5. Conclusions

OVX causes decrease in muscle strength; exercise
treadmill provides increased muscular endurance,
regardless of the diet and the OVX in groups, the
increased resistance observed in the groups submitted
to HFD can result in weight gain associated with the
presence estrogen.
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