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Abstract

Technical higher education - that is engineering education, unlike the general practice of secondary vocation-
al education - already deals with adult “students”. Although the emphasis on educational tasks in universities
is less, the attitude-shaping effect and example of lecturers play a key role. With this compilation, we aim to

provide clues for this.

Keywords: education, training, didactics, methodology, curriculum.

1. Introduction

In [1] we dealt with the teaching methods in en-
gineering education, in [2] we drew attention to
the curricular and instructional aspects of higher
technical education, in [3] we reviewed the role,
functions and forms of engineering education
practices, while in [4] we summarised the teach-
ing materials and didactic tools that can be used
in engineering education. In [5] methodological
aspects were presented, using a specific example
from a specific field. In the present compilation,
we focus on some of the more common didactical
and methodological aspects of engineering edu-
cation.

2. Principles of didactics in higher
education

The subject of didactics in higher education is
teaching, training and learning in higher edu-
cation institutions [6]. Two thematic areas are
distinguished in didactics in higher education [7]:
—the first includes the general theoretical prob-

lems of higher education and self-training which

are common to all higher education institutions,
and do not depend on their professional profile;
—the second thematic area is made up of questions
of training theory which relate to the specialisa-
tions or subjects taught in the various courses.

This includes subject didactics (e.g. in technical

higher education) and subject didactics, which,

although subordinate to general university di-

dactics, applies its principles and develops them

in detail.

The latter definition emphasises the develop-
mental nature of subject-specific didactics apply-
ing general principles, which is of great impor-
tance, for example, in the planning and imple-
mentation of practical sessions in specific fields
of training. The correct management of the reali-
sation of general and specific training objectives
requires that the teaching and training process
is subordinated to the didactic principles. These,
in turn, are derived from the general norms of
didactic activity, from the analysis of the educa-
tional process and from the specific laws of the
educational process, and are the conditions for
achieving the objectives that determine the direc-
tion of the activity. Among the didactic principles
which play a particularly important role in high-
er education, the following can be highlighted [7]:

2.1. The principle of the unity of science,
education and the development of com-
petences to shape attitudes

High scientific quality of curricular materials -
which implies continuous updating and keeping
up with the development of the discipline - should
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be implemented in such a way that the student
can understand, record and thus master them,
while at the same time the selection of content
should allow for the identification and highlight-
ing of factors that can ensure the approach-form-
ing, competence-developing effect in the educa-
tional and training process. An essential factor is
learning by understanding as opposed to verbal
learning based on memory.

2.2. The principle of conscious and active
participation of students in the educa-
tional process

The didactic process must be guided in such a
way that students fully understand the objec-
tives of the training and their own responsibility
in achieving them, develop positive motivation
and self-monitoring, and do not become passive
consumers of the knowledge they have acquired.
However, in a sense they must also be active "cre-
ators" of it, e.g. by completing project tasks.

2.3. The principle of regularity

This manifests itself in two ways:

—on the part of the instructor: in well-organised,
logical and clear lectures and exercises, in the
whole course of the exercise which facilitates
the achievement of the educational objectives
and the learning objectives;

—on the part of the students: disciplined in order-
ly, structured and planned work, promotion and
development of positive personality traits and
preventing academic failure. The regularity of
the students' attendance depends to a large ex-
tent on the regularity of the teacher.

2.4. Principle of coherence and consistency
of the didactic system adopted

A uniform and consistent relationship with all
students; consistent application of the require-
ments set at the beginning of the semester (with-
out mid-semester changes) in all subjects, for
all instructors, in accordance with the Universi-
ty-wide policy.

2.5. The principle of visualisation

Adhering to it facilitates understanding of cer-
tain problems, increases interest in the subject
matter and ultimately helps to develop positive
motivation to learn and individual student activ-
ity. This means in particular the use of modern
teaching (technology) tools and technological
equipment.

2.6. The principle of gradual progression
from easier to harder

This means arranging the curriculum material
in such a way that the basic, elementary and eas-
ier knowledge is gradually progressed from the
more basic to the more difficult; the knowledge
needed to understand new subject units is giv-
en earlier. This also develops systematic, logical
thinking and reasoning, can develop the habit of
continuous learning and indirectly implements
the principle of systematicity.

3. Educational objectives and methods
at the university

The formulation of "long term" educational and
training objectives is necessary in order to enable
the trainers of the various disciplines to plan their
own courses, their medium and short term activ-
ities, and to promote the desired changes in the
attitudes and competences of their students. The
traditional subject fiche, which consists of a list of
topics or literature to be read, does not meet this
objective, as it does not specify the competences
that students are expected to acquire.

Based on [8] and updating it, the links between
university teaching objectives, teaching methods
or student activities and the assessment system
can be outlined as a kind of guideline, as shown
in table 1.

4. Elements of the university educa-
tional-personal development process

The University's objectives are pursued through
the planned organisation of
—educational and training process, subordinat-

ed to the general and specific objectives of the

training. The education and training process is

based on the following components [7]:

—the curricula (the content of the training),
—the forms and methods of imparting knowledge

(the delivery of the training),

—the formulation of attitudes, the development of
competences the forms and methods of training

—the organisation and funding of studies,

—the university students,

—university teachers.

The right concept of curricula is essential to
achieve the detailed, substantive objectives of
training. The development of sound curricula for
each specialisation is based on a "specialisation
model", which is developed by means of a de-
tailed analysis of the industrial needs of the spe-
cialisation, its functional content and the knowl-
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Table 1. The links between university educational objectives, teaching methods or student activities and the

evaluation system.

subject terminology

- be familiar with the basic laws and
concepts of the subject

—understand the usability of their
subject

—know the fundamentals and appli-
cations of the subjects related to
their subject

. L. Teaching Methods / 5
Educational Objectives Student Activity Evaluation / Feedback
Knowledge
Student have to:
—-have a basic knowledge of their | -lectures; compulsory literature; | - multiple-choice exams; correct use

practical work; demonstration, etc.

—lectures; compulsory literature;
practical work; demonstration, etc.

—links with research, industry, pro-
fessionals in the field; experiments,
projects (where and when appropri-
ate)

—general studies; reading of 'back-
ground' literature

of terms in papers; seminar de-
bates, etc.

- correct references to relevant laws,
concepts, etc.; justifications, proofs;
essay writing, etc.

—evaluation of reports on project
work, etc.

- synthesis of information from dif-
ferent sources

Skills

University education should enable

students to:

—to express their ideas in writing in
an adequate manner

— present clearly and concisely

- be able to formulate judgements and
opinions independently

—understand how to acquire informa-
tion effectively

— be able to think imaginatively and in
abstract categories

—understand how to interact with col-
leagues and other professionals in
relation to their future career

—develop adaptability to changes in
knowledge and attitudes (both in
general technical developments in
the field and new insights in your
own field)

— papers (essays); laboratory reports,
etc.

—presentation of papers; discussion
and debate in seminar groups; con-
sultations, etc.

—encountering and recognising con-
tradictions; confronting opposing
views; using the seminar to explain
the student's assumptions, etc.

—use of libraries, internet, leaflets,
abstracts, etc.; preparation for
studies, projects; open-ended ex-
periments

—research projects; wrestling with
unsolved problems; using scientif-
ic concepts in proofs, discussions,
debates

—peer, combined projects; role-play-
ing, group debates to elucidate
group interactions

—exposure to new ideas, concepts
(not accepting everything as 'fact’)

— their informative assessment

— criticism from other students

—e.g. "compare and contrast" ques-
tions in exams; evaluation of argu-
ments made, etc.

—informative comments on perfor-
mance; "open book" exams

—quality of written work (possibly
publications); grasp of problems;
appreciation of originality

—peer evaluation of the student's
behaviour and behaviour of other
students

- post-graduation monitoring

Attitudes

The sense of purpose in university
education is designed to promote in
students:

- enthusiasm for learning

- a scientific need for accuracy

—an awareness of the moral, eco-
nomic and scientific problems of
society

—reading literature of your choice;
extra-curricular activities (e.g. pro-
fessional clubs and classes...)

—contact with teachers and re-
searchers who embody this pre-
cision; continuous monitoring of
own results

—general cultural studies; projects;
sociology, economics, faculties...

- expanding extra-curricular activi-
ties; identifying new problems for
their own research work

—-rewarding punctuality in exams
with a mark

—impressively, based on the stu-
dent's written work and seminar
discussions
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edge, characteristics, technical and economic

aspects required, with particular attention to the

most effective implementation of the engineering
tasks of each industrial post (e.g. in dual training).

Curricula, based on the "degree model", delimit
the range of knowledge, skills and competences
required for students to complete a degree course,
in terms of theoretical and practical preparation.

The curriculum based on the “department mod-
el” outlines the whole knowledge and skills nec-
essary for students graduating from that given
department, in theoretical and practical aspects
as well. Consequently, the academic curriculum
specifies the number and frame of theoretical
subjects, special subjects, complementary sub-
jects, human subjects, quantity of the necessary
practice, the global quantity and correct propor-
tions of the instructional contents in such a way
that those fit into the whole and divided sections
of the training period.

The study plans are defined in their final form:
—the number of subjects to be taught and their

logical sequence in each semester;

—the number of hours of lectures and practicals
in each subject;

—the basic requirements (examinations, mid-
year grades, signatures) and the credits to be
obtained,;

—the number and duration of the work place-
ments or internships to be carried out in pro-
duction.

The study plans are used as a basis for the devel-
opment of the so-called framework curricula for
each subject, which define the teaching content
in each subject that is essential for the course.
The individual lecturers and tutors draw up the
detailed curricula for each subject on the basis of
these framework curricula.

The teaching process must be flexible and
adapted to the people involved, to the specific and
changing circumstances of each subject, each of
which has its own methodological characteristics.

The material basis for the teaching and train-
ing process is adequate, with modern laboratory
equipment, the provision of textbooks and notes,
well-stocked libraries and reading rooms, mod-
ern lecture and practical rooms and laboratories,
well-organised workshops and dormitories. The
correct organisation of the course of studies is
equally important, and includes:

—grouping students according to criteria that en-
sure rapid integration of the community and the
development of a sense of collective responsibil-
ity for the learning outcomes;

—developing a reasonable timetable for compul-
sory classes, taking into account the economic
use of students' time;

—the proportionate distribution of semester re-
quirements (complex and detailed);

—reasonable examination scheduling;

—careful, detailed overview of the content of the
curriculum.

In [9] it is pointed out that nowadays there is a
steady emergence of university students who are
younger than the Internet of mass public services.
For them, the use of the Internet and computers,
the versatile use of multimedia and mobile devic-
es are a natural part of everyday life. They first
encounter the internet and digital technologies as
children and from then on, their use becomes a
dominant part of their lives. All this is of course
significant.

This has a significant impact on their perception
of their role as students and on the way they think
about higher education.

Of course, engineering education must be or-
ganised with this in mind, but it is also important
to bear in mind that the development of "techni-
cal acumen" and practical skills is only a virtual
process. In a virtual environment, using 'online’
methods or distance materials cannot be effective
and efficient.

The authors of [10] aim to help higher educa-
tion institutions to apply strategy management
methodologies that have been tried and tested in
other sectors and industries and which are rele-
vant for higher education institutions, and to im-
prove their strategy management practice in gen-
eral. This will be facilitated by practice-oriented
descriptions of the methods and examples from
higher education.

5. Conclusions

Without the active attitude of students, their
self-aware attitude to learning and their motivat-
ed participation in the teaching and training pro-
cess, the teaching staff cannot achieve the desired
results. However, it is also the teaching staff com-
munity that is responsible for the whole training
process, its content and scope, the methods used
to achieve the training objectives, ensuring that it
is properly organised, and for managing and ex-
ploiting the cooperation of young people. This re-
quires committed teachers who are aware of the
objectives and tasks, and who have the necessary
scientific, pedagogical and moral skills.
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Abstract

We discuss the possibility of solving the semidefinite optimization problem using interior-point algorithms.
We present the primal and dual semidefinite programming problems, and then determine the interior-
point condition and the optimality criteria. We analyze the central path system and the modification of this,
using the method of algebraically equivalent transformation. We use the Nesterov-Todd scaling technique
to obtain the proper search directions. We give a modified version of the Nesterov-Todd step interior-point
algorithm based on the implementation point of view. We present some numerical results based on a code
implemented in the Java programming language. We compare the results obtained for the identity map and
the square root function within the framework of the algebraically equivalent transformation technique.

Keywords: semidefinite optimization, interior-point algorithm, central path, algebraically equivalent trans-
formation.

1. Theoretical foundations D

1.1. The semidefinite optimization problem

where A, CeS" and for all i=1,2,...,m.
This means that we are looking for a positive sem-
idefinite matrix X, which satisfies the equality
constraints and the value of the expression Co X is
minimal. Problem (1) is called primal problem.

Semidefinite optimization (SDO) is a particular
case of convex optimization, which has several
applications, for example, in the field of com-
bi-natorial optimization. In the field of engineer-
ing such problems are met in the case of struc-
tural optimization. In artificial intelligence the
pattern separation using ellipsoids leads to SDO
problems [1].

Denote by , and S™ the set of n-dimen-
sional column vectors, matrices, and symmetric
matrices, respectively. For each we
introduce the following algebraic operation:

1.2. Dual problem

We can assign a dual problem to the primal one,
which is about the maximization of a linear ob-
jective function subject to the equality constraints
expressed with the matrices A, and C:

where X7 denotes the transpose of the matrix X.
If the matrix is positive semi-definite,

then we write this in the form X > 0. The notation
X >0 isused to denote that X is positive definite.

The SDO problem can be given in the following
way:

In case of the dual problem, we search for the col-
umn vector and the positive semi-definite
symmetric matrix S to fulfil the feasibility con-
straints and to maximize the linear function b7 y.
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1.3. Condition for the starting point

In the following, we deal with the primal-dual
problem pair, which we solve with a path-fol-
lowing interior-point algorithm. It is important
to mention that the interior point condition (IPC)
must be already satisfied for the starting point
(X0,y°S89. The IPC is:

1.4. Optimality criteria

It can be proved that if the IPC holds, then the
following system determines the optimal solution
[2]:

The first two equations of the optimality condi-
tion are called feasibility conditions, and the third
one is the complementarity condition.

1.5. Central path

The system corresponding to the central path is
obtained by replacing the null matrix in the com-
plementarity condition of the optimality criteria
with the expression uI,, where u>0 is a positive
real number and I, is the identity matrix of size n.
AThe obtained equality is called centrality equa-
tion. The system describing the central path can
be specified as follows:

@)

It can be proved that if the IPC holds, then for
every positive real number p system (2) has a
unique solution [2]. The solutions obtained for
different values of the parameter u determine the
points of the central path. The interior-point algo-
rithm will proceed along this path.

1.6. Search directions

Search directions play an important role in intro-
ducing different versions of interior-point algo-
rithms. An entire class of search directions can be
given by the algebraically equivalent transforma-
tion of the system defining the central path [3, 4].

This method consists of the following. First divide
by the parameter y the centrality equation given
by the third equation of system (2). Next apply a
continuously differentiable and invertible func-
tion ¢:(0,0)-» to both sides of the equation.
Thus, we arrive at the following system [5]:

Note that the function ¢ is applied in the follow-
ing way in the case of each symmetric and pos-
itive semidefinite matrix Ue S™ We use the fact
that U can be written in the form U= Q7AQ where

A=diag(4,, A, .., 4,)
is the diagonal matrix formed by the eigenvalues
and Q is an orthonormal matrix, thus Q7=Q-1. In
this case

According to the analysis provided by Wang and
Bai [5] the search directions are given by the sys-
tem

€)

1.7. Nesterov-Todd scaling

System (3) defining the search directions does
not have a unique solution (AX, Ay, AS) for which
AXis a symmetric matrix. Since the solution needs
to be found in the space of symmetric matrices, it
is therefore necessary to scale the system. There
are several scaling methods. In the following, we
use the scaling introduced by Nesterov and Todd
[6, 71.

According to the method, it is necessary to intro-
duce a symmetric matrix P which will provide
an approximation of the previous system. The
matrix can be given by the following two equal
expressions:

P:= Xl/z (XVzSX‘/z)—VzXl/z — S—1/2 (SVzXSl/z) Y2 S—l/z'
Thus, we obtain the system:
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€)]
We would like to transform the left-hand side of

the third equation of system (4) into a simple sum
of two matrices. To this end, we introduce the

;)
(6)

matrices. Observe that equalities (5) and (6) can
also be used to determine the search directions
AX and AS if D, and D are given.

Applying the scaling technique and introducing
the above notations, we get the following system:

where

2. Implementation characteristics

2.1. Residual vectors and residual matrices

In the case of the implementation of interi-
or-point algorithms, we cannot always assume
that the feasibility conditions will be satisfied in
each iteration of the algorithm. This means that
not necessarily the 0 vector and the null ma-
trix do appear on the right-hand side of the first
two equations of system (4). Since the equality
Ao X=Db,does not always hold, it is therefore nec-
essary to introduce the following notation:

Note that in this way we have introduced the re-
sidual vector r®, whose components are the above
differences. The same should be done with the
equation

to which we assign the residual matrix R®:

The first two equations of system (4), which de-
termines the search directions will be modified
accordingly:

(7)
By introducing the

notations the scaled form of system (7) can be
written as:

)

2.2. Step length

The theoretical algorithm introduced by Wang
and Bai [5] works with full Nesterov-Todd steps,
which means that the new (X,y,S) triple is ob-
tained from the original one by adding the direc-
tions given by (4X, Ay, AS). In this case, the param-
eter u is reduced by using the factor (1-6) where
0<0<1. The choice of 6 reveals that it is a short-
step algorithm. However, from the implementa-
tion point of view, it is more efficient to choose
the value of the next u based on the matrices X
and S as follow:

where 0 <o <1is a fixed parameter. Furthermore,
by choosing the step length, we ensure that the
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obtained X and S remain in the cone of the pos-
itive semidefinite matrices. For this purpose, for
any Me S" let A(M) be the column vector formed
from the eigenvalues of the matrix M and let us
introduce the notation A, (M) = min(A(M)), which
gives the minimal eigenvalue of the matrix M.
Similarly, we can introduce the notation A, (M)
which specifies the largest eigenvalue of the ma-
trix M. The step length is determined by modify-
ing the method given by Titlincu, Toh and Todd
[8]. Introducing the notation

)

the step length for the matrix X will be

a,=a(X1AX), (10)

and the step length calculated for the vector y and
the matrix S will be

ag=a(S1AS). (11)

Observe that the values calculated by (10) and (11)
will also be reduced by a constant factor 0<p<1
thus ensuring that X and S remain inside the cone
of positive semidefinite matrices.

2.3. Stopping criterion

he stopping criterion of the algorithm is divided
into three parts. The first concerns that the rela-
tive duality gap given by expression

(12)

should be smaller than a fixed real number £>0.
Let us introduce the notation

Since it may happen during the algorithm that the
feasibility condition is not satisfied in a given iter-
ation, we provide two related measures as part of
the stopping criterion. The primal infeasibility is
defined by the expression

(13)

while the dual infeasibility is expressed using
(14)

where for each matrix MeS" we have

Note that for a primal feasible solution the value
of pinfeas is zero. Similarly, in the case of a dual
feasible solution, the value of dinfeas is zero.
Therefore, as part of the stopping criterion, we
will investigate whether the values of pinfeas and
dinfeas are smaller than a given real number £>0.

3. The algorithm

Based on the presented theoretical description,
we modify the interior-point algorithm intro-
duced by Wang and Bai [5] to obtain an efficient
implementation.

Interior-point algorithm for SDO

Let €>0 be the accuracy parameter, 0<p<1
constant factor that reduces the step size, and
0< o<1 constant factor that reduces the value of
u.

Suppose that for the triple (X% y° S°) the IPC holds

and let

begin
X:=X%y:=y% S:=5
U=y
relgap := 1; pinfeas:= 1; dinfeas:=1;
while relgap > ¢ or pinfeas > ¢ or dinfeas> € do
begin
determine the triple (D, Ay, D) using (8);
determine the matrix AX using (5);
determine the matrix AS using (6);
calculate the step length a, using (10);
calculate the step length ag using (11);
X:=X+pa,AX;
y=y+pady; S:=S+paAS;
u=a XeS)yn;
determine the value of relgap using (12);
determine the value of pinfeas using (13);
determine the value of dinfeas using (14);
end
end.
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4. Numerical results

The interior-point algorithm for SDO was test-
ed on the examples published on the website [9].
In the first version, the algebraically equivalent
transformation method was used with the iden-
tity function, while in the second version, the
square root function was used. Table 1. presents
the obtained results.

It can be concluded that the iteration numbers
do not significantly differ from each other, but
in some cases the method based on the square
root function works more efficiently than the one
based on the identity map.

Table 1. Obtained results for the values € = 1077,

p=0950=03.
Problem | Function ¢ Du:fe tn;;OIl 1;1; I;liie;'n(;f
matrix
sdp01 o) =t n=20 21
sdp01 o) = n=20 18
sdp02 e =t n =230 19
sdp02 o) = n=30 18
sdp03 e =t n =40 17
sdp03 o) = n=40 15
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Abstract

We study the algebraically equivalent transformation technique using an application implemented in the
Java programming language that solves weighted linear complementarity problems. In general, in the case
of the algebraically equivalent transformation, we divide the nonlinear equation of the system that charac-
terizes the central path, the so-called centrality equation, by the barrier parameter. However, in this case, we
divide, component-wise, the centrality equation by the right-hand side vector, which depends on the barrier
parameter. We apply the same continuously differentiable and invertible function to both sides of the ob-
tained equation and generate different search directions using Newton’s method. We analyze the numerical
results provided by our application in the case of applying the algebraically equivalent transformation tech-
nique using the identical map and the square root function.

Keywords: weighted linear complementarity problem, algebraically equivalent transformation, interior-
point algorithm.

1. Description of the weighted linear negative real numbers. In addition, the relation

complementarity problem must be fulfilled, as well as the fact
that the components of the vectors x and s are
The weighted complementarity problem (WLCP)  pon-negative real numbers.

significantly extends the concept of the usuallin-  [pterior-point algorithms usually follow the cen-

ear complementarity problem (LCP). WLCP was  tra] path, but in the case of WLCP, we introduce

introduced by Potra [1] in 2012. a special path. Assuming that the initial x, and s,
Let be the set of n-dimensional vectors jpterjor points are given and

consisting of non-negative real numbers. Sup-

pose that is a monotone matrix, i.e.

5

for each vector
Similar to the well-known complementarity yye jntroduce the following vector depending on
problem, the following system can be considered  the positive parameter g [1, 2]:
[2]:
where

Thereby, the central path, which designates the

direction, can be specified as follows:
where and

It can be observed that in the case of the weight- 1)
ed problem, the xs component-wise product
must be equal to the vector w, consisting of non-
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where p € (0,4°]. The existence and uniqueness of
the central path can be proved assuming that the
matrix M is monotone and the starting interior
point (x?, s9) exists [3].

In the following, we will introduce a possible
modification of the above system.

2. Algebraically equivalent transforma-
tion technique

Let e=[1 1..1]7 be an n-dimensional all-one
vector. Considering the algebraically equivalent
transformation technique [4, 5], in the usual case,
we proceed by dividing the centrality equation
xs =ue by the barrier parameter u and then apply-
ing a continuously differentiable and invertible
function to both sides of the equa-
tion. Thus, we obtain the equation
On the other hand, in the case of the WLCP, the
centrality equation is given by xs =w(u) therefore
we will divide it component-wise by the right-
hand side vector w(u). Moreover, we apply the
function ¢, so system (1) takes the following form:

Using Newton's method, the search directions
Ax and As can be uniquely determined by the sys-
tem [3]:

@)

It can be established that by introducing the
function ¢, the matrix of the system of linear
equations that defines the search directions will
always be the same, only the right-hand side vec-
tor depends on the function ¢. In the implemen-
tation, we use two types of functions ¢, the iden-
tical map and the square root function: @(t) =t,
o) =

To analyze the algorithm, the function § must
also be introduced, which defines the neighbor-
hood of the given point on the central path. This
gives us a proximity measure that expresses the
distance of points x and s from the central path:

where

In the following, we will describe the modified
version of the algorithm from the theoretical and
the implementation point of view.

3. The algorithm

First, we present the full-step interior-point al-
gorithm, and then we introduce a modified ver-
sion from the point of view of implementation,
which is suitable for obtaining effective solution
of weighted linear complementarity problems.
The theoretical algorithm can be written as fol-
lows [2].

Theoretical algorithm for WLCP
The pair (x°,s%) is given, such that —Mx,+s,=¢.
We assume that x°>0, s°>0, as well as

8(x0, 9, u%< 1, where t€(0,1) and

x=x%s=s9
while |xs —w|>edo
u=1-90y
Determination of (Ax,As) based on system (2);
X=X+ Ax;
S=S§+ As;
end while

The input data of the algorithm are the starting
interior points, which are denoted by the vectors
x° and s% the variable 0 <60 <1, which is responsi-
ble for the reduction of the barrier parameter u;
the parameter 0 <t<1, which adjusts the neigh-
borhood of the central path and the value €>0,
which determines the stopping criteria. In addi-
tion, it is necessary to give the matrix M and the
vector q corresponding to the conditions of the
problem. An initial value y° must be assigned to
the initial point pair (x%, s°. Starting from this
pair, we can continue the cycle until the specified
condition is met. Within the cycle, the value of
Ut must be reduced, and the simplest method for
this is to multiply it by a number smaller than 1,
in this case by (1-6). In addition, the directions
Ax and As are calculated from system (2). In this
case, we always define the new points x and s
with a full-Newton step.

Since the implementation of full-Newton step
for interior-point algorithms is usually not effi-
cient enough, we make several modifications to
obtain methods with lower running time. In the
implemented version of the algorithm, we use a
multiplication factor 0<o<1 for u°to accelerate
its reduction. Furthermore, the current and max-
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imum number of iterations and the parameters
& p and o are also displayed as input data. To
increase the efficiency of the implemented algo-
rithm, we do not use a full-Newton step, but calcu-
late the maximum step lengths a(x) and a(s) using
the minimum ratio test. Subsequently, we consid-
er the minimum of a(x) and a(s) and the obtained
positive real number a gives the length of the
step, which is multiplied by a constant pe[0,1].

Based on the current points x and s, u is calcu-
lated as described in article [6], assuming that
efc+efw.

Modified algorithm for WLCP
The vectors x°>0, s°>0 are given, such that
—Mx,+s,=q.
Let0<o<1and

We assume that §(x?, s%, u®)< 1, where t€(0,1).
Let0O<p<1ande>0.

x=x% s=5%

iter =0, max_iter =3000;

do

Determination of (Ax,As) based on system (2);
Determination of a(x) and a(s);
a=min{a(x),a(s)};

X=X+ p-alx;

§=S+ p-a-As;

iter =iter+1;
while ((gap = ¢ or infeasibility > €) and
iter <max_iter);

4. Numerical results

In the following, we present numerical results
for various weighted complementarity problems.
1. problem

The first problem is the same as problem 1
studied by Asadi and Mansouri [7], with the dif-
ference that instead of w =0, we now consider a
non-zero weight vector.

n=4,

2. problem

The second problem is the modified version of
problem 5.2 studied by Mansouri and Pirhaji [8].
In this case, we also work with a weight vector
w=+0:

3. problem

The last problem is studied by Achache [9], but
in this case we use the assumption w=0 as well.

n=>500,

where v, 1<i<n are randomly generated posi-
tive real numbers.

To determine the directions, we first use the
identical map ¢(t) =t, then the square root func-
tion @(t)= . Furthermore, in the first case, let
e=10"° p = 0.95 and o = 0.3, for which the ob-
tained values are presented in Table 1 in the case
of WLCP problem:s.

It can be observed that in the case of the prob-
lem with a 4x4 matrix, when applying the square
root function, we need more iterations than in
case of the identical map. The opposite can be
said for the other two problems (Table 1).

Similar observations can be concluded for Ta-
ble 2 as for Table 1, but by reducing the value of
&, the number of iterations increases, since during
this modification we want to obtain the values of
x and s with greater accuracy.

In the case of increasing the value of p, the
method using the identical map proved to be the
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Table 1. Results for values of e=10-5, p=0.95,0=0.3.

Table 3. Results for values of e=10-%, p=0.98, c=0.3.

Prob- | Functi- | Size 9f li\ilt;.rgf I'{unning Prob- | Functi- | Size 9f li\ig'rgf I‘{unning
lem on @ matrix tions | Gme (ms) lem on ¢ matrix tions | time (ms)
1 et)=t n=4 6 1.382 1 ot)=t n=4 11 1.646
1 o) = n=4 14 1.947 1 o(t) = n=4 14 2.134
2 )=t n=7 15 3.918 2 o) =t n=7 15 2.772
2 o(t) = n=7 10 2.977 2 @) = n=7 14 3.013
3 et)=t | n=500 19 7117.815 3 o)=t | n=500 18 7102.162
3 o) = n =500 18 7474.826 3 o) = n =500 18 7119.939

Table 2. Results for values of e=10-8, p=0.95, c=0.3.

Table 4. Results for values of e=10-5, p=0.95,0=0.9.

Prob- | Functi- | Size of Nr. it Running Prob- | Function | Size of Nr. it Running
- itera- . 5 itera- .
lem on ¢ matrix 3 time (ms) lem @ matrix 3 time (ms)
tions tions
1 )=t n=4 10 1.614 1 o) =t n=4 138 15.872
1 o) = n=4 19 2.362 1 o) = n=4 140 21.080
2 e =t n="7 20 3.276 2 e =t n=7 139 18.307
2 o) = n=7 19 3.756 2 o) = n=7 140 19.608
3 e@® =t | n=500 23 9283.661 3 o) =t n =500 143 100614.3
3 o) = n=>500 22 8764.180 3 o) = n =500 143 105317.7
most effective for the first problem. The second Acknowledgment

problem was solved by the method based on the
square root function in fewer iterations, while in
the case of the third problem, the number of iter-
ations was the same (Table 3.).

Based on Table 4, it can be concluded that the
program reached the solutions after more itera-
tions than in the previous case, but this was ex-
pected, since by increasing the parameter g we
decelerated the decrease of the variable p.

5. Conclusions

Regarding the solution of the WLCP, we intro-
duced the algebraically equivalent transforma-
tion technique. With the help of an application
written in the Java programming language, we
established that the function describing the di-
rection can influence the results provided by
the WLCP solver. The technique of algebraically
equivalent transformation was analyzed from
the perspective of the identical map and the
square root function. It can be concluded that the
number of iterations depends on the accuracy pa-
rameter &, as well as on the values of the parame-
ters g, which reduces the barrier parameter, and
p which adjusts the length of the step.
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Abstract

The electric vehicle drive is nowadays considerably widespread in everyday road transport. These vehicles
have an important component: the electric motor. The motors are tested using a simulation program for
which knowledge of its electromagnetic and dynamic parameters are needed. These data are usually not
provided by the manufacturers; therefore, it must be determined experimentally by measurements. For this
purpose, at the Faculty of Engineering of the University of Debrecen there is the structure of a complex
measuring system in progress. With this system, we can determine the motor parameters required for the
simulation for all electric motors used in the automotive industry. In this publication, we will present a meth-
od designed to produce one of the characteristic electromagnetic parameters of electric motors; the variable
frequency and strength sinusoidal alternating current required to determine the inductance of windings.

Keywords: electric motor, measuring system, motor test bench, simulation.

1. Introduction

Nowadays, more and more attention is being
paid to alternative propulsion vehicles, and elec-
tric / hybrid propulsion. [1] This is due not only
to the development of technology, but also to our
more environmentally conscious lifestyle, as we
all want a cleaner world free of harmful sub-
stances.

There are several designs of alternative vehicle
drives, but most of them are powered by some
kind of electric motor.

The Faculty of Engineering of the University of
Debrecen also conducts a lot of research on al-
ternative drives, and the Faculty team has start-
ed and achieved success in several races with
electric-powered, self-designed racing cars. For
the conscious development of vehicles, a vehicle
dynamics simulation program is essential [2, 3],
with which we can calculate the performance and
driving dynamics of the electric motor as well as

the car, and thereby optimize the technical char-
acteristics of the vehicle for a given competition
goal. This requires knowledge of vehicle param-
eters, including the characteristics of the electric
motor that drives the vehicle.

The performance and other characteristics of
an electric motor depend on a number of elec-
tromagnetic and dynamic parameters that are
not normally provided by the manufacturer. Con-
sequently, they must be determined experimen-
tally. [4-8]

It is very important for successful measure-
ments to have a complex, validated measuring
system. For this purpose, the Faculty of Engineer-
ing of the University of Debrecen is in the process
of building a measuring system [9], with which
we can determine the motor parameters required
for the simulation in the case of all electric motors
used in the automotive industry.

In this publication we deal with the determi-
nation of one of the electromagnetic parameters
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of electric motors, the inductance of windings,
which depends on the intensity of the current
flowing through the windings. Described in detail
are plans for a power source for generating a var-
iable frequency and intensity sinusoidal current
to excite the motor windings while measuring the
voltage induced therein. This equipment comple-
ments our previously built measuring system.

2. Determination of inductance of
windings

The simulation of different types of electric mo-
tors (SWDC, BLDC, PMSM, IM) requires knowledge
of the inductances of the motor windings as an
input parameter. [10] This is not usually provided
by the manufacturers, so should be determined
experimentally. The measuring arrangement as-
sembled for this purpose is illustrated in figure 1.

For the measurements, a sinusoidal AC voltage
would be applied to the stator or rotor winding
in the motor, and then the voltage across the
winding (U(t)) and the current flowing through it
(I(t)) would be measured with the NI 9239 meas-
urement data acquisition card. The measurement
would be performed at different current intensi-
ties. Based on this, the magnetic flux of the wind-
ing (¥(t)) can be calculated by the following pro-
cedure [4, 5]:

1)

The calculation would be performed with the
Simulink module of the MATLAB program. Know-
ing the functions %(¢) and I(t), the magnetic flux
can be given as a function of the current intensity.
The current derivative of the magnetic flux gives
the inductance L(I) as a function of the current,
which can be given to the simulation program
with “Lookuptable”.

In the following, the plans of the previously
mentioned AC power source required to perform
the measurements are described.

3. The planned power source

To perform accurate measurements, we need
to produce sinusoidal alternating current with
variable frequency (5-50 Hz) and intensity (0-
200 A). One way to do this would be to use a fre-
quency converter. For this, we have a Morgensen
MSI200A-004G/5R5P-4 device, the output voltage
signal of which was examined using an HAMEG
HM303-6 analog oscilloscope. The measured volt-
age signal is illustrated in figure 2.

NI 9239 2
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Figure 1. Measurement layout for determining in-
ductances.

Figure 2. Frequency converter output voltage signal.

The voltage signal generated by the frequency
converter, as shown in the figure, is not sinusoi-
dal, so it cannot be used directly for measure-
ments. It has also been observed that the frequen-
cy converter can only reach the set frequency
a certain time after switching on, so this is not
suitable for measurements, as it is not advisable
to load the winding for a longer period of time
at high current intensities. Furthermore, it only
supplies voltage to its output when it is connected
to a three-phase motor. Thus, to solve the above
problems, we plan to build a system that is suit-
able for producing purely sinusoidal alternating
current.

3.1. Schematic diagram of the arrangement

Figure 3 shows a schematic drawing of the de-
signed power source.

The sinusoidal alternating current required for
the measurements would be generated by a sep-
arately excited generator. A variable DC voltage
would be applied to the excitation windings (sta-
tor) of this, thereby changing the voltage at the
output of the generator, and thus the alternating
current applied to the excitation of the windings.
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Figure 4. Morgensen MSI200A-004G/5R5P-4 frequency
converter.

Figure 3. Schematic diagram of the power source.

Variable resistors can also be used in the meas-
uring circuit to more accurately set the desired
current intensities on the tested motor. In addi-
tion, a transformer can be used to achieve high
current intensities if required.

The generator would be driven by a 3-phase
asynchronous motor through a clutch. This motor
would be connected to the previously mentioned
frequency converter, thus ensuring the setting
of different RPMs and thus different output fre-
quencies.

The whole system would be fixed to a basic
frame designed by us, which would be connected
to our previously built measuring system, which
is suitable for testing electric motors

3.2. The selected components

A Morgensen MSI200A-004G/5R5P-4 frequency
converter with a power of 4/5.5 kW is planned to
drive the motor (figure 4).

This would drive the Morgensen MSE3-90L-2
2.2 kW three-phase asynchronous motor shown
in figure 5. The performance of the motor is de-
signed to be adequate to perform the measure-
ments.

The generator, according to our plans, would be
an EVIG separately excited generator (figure 6).

Figure 5. Electric motor for driving the generator.

Figure 6. The separately excited generator.
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External excitation is required to control the mag-
nitude of the alternating current at the output of
the generator at a given RPM (frequency). This
can be done with a DC current of 0-230 V connect-
ed to the excitation windings. To do this, a recti-
fier and a toroidal transformer will be added to
the system.

4. Conclusion

In this paper, we deal with the determination of
one of the electromagnetic characteristics of elec-
tric motors used in the automotive industry, the
inductance of windings. To determine this exper-
imentally, a purely sinusoidal alternating current
of variable frequency and intensity is required.
To do this, we examined a frequency converter
available to us, which, based on our measure-
ments, revealed that the voltage generated by
it was not directly suitable for performing the
measurements.

Therefore, we have planned to create a system
that can generate alternating current that meets
our requirements. The main elements of this are
a 3-phase asynchronous motor driven by a fre-
quency converter and a separately excited gener-
ator connected to it. We presented the structure
and operation of the planned measurement ar-
rangement and the devices selected for it.

We plan to build this measuring arrangement in
the Laboratory of Machine Elements of the Faculty
of Engineering of the University of Debrecen, thus
supplementing our previously established meas-
uring system suitable for the experimental testing
of electric motors. Once the system is set up, we
will measure the inductance of the windings of
the motors used in vehicle drives, and then use
the measured data in simulation programs as in-
put data.
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Abstract

In October 1908, a Ford Model T designed by J6zsef Galamb and companions, rolled out of the assembly line
and achieved for the company a worldwide success it still enjoys today. The car’s ease of use and reliable con-
struction, as well as its affordable price, won the favour of buyers so much that the model was produced until
1927. The increasingly successful Hungarian chief designer of the Ford Motor Company, J6zsef Galamb never
forgot his homeland. When he returned home, he supported his brothers in building up and running a Ford
site and assembly plant in Makd, and established scholarships, gave lectures to members of the professional

community, and supported the Reformed Church in Maké.

Keywords: J6zsef Galamb, Ford Model T, Ford Motor Company.

1. Preparation for the technical career

J6zsef Galamb was born on the 3rd of February
in 1881, into a Reformed Family in Maké. His fa-
ther was Jézsef Galamb and his mother Erzsébet
Putnoki. Graduating from the Elementary Civic
Boys' School in Makd, Jézsef Galamb studied in
the metal industry department of the Szeged State
Vocational School of Wood and Metal Industry.
He continued his studies at the Royal Hungarian
State Higher Industrial School in Budapest which
he and his 28 colleagues completed in 1900/1901.
(today’s Obuda University, Donat Banki Faculty of
Mechanical and Safety Engineering).

After that he went to the Iron Factory in Diosgydr
as a technical draftsman, then in 1901, he entered
the military service in Pula, where he served on
a gunboat under the command of Mikls Horthy.
After his discharge, he worked for a short time
at Magyar Automobil PLC. in Hédmez6vasarhely
and in Arad. In 1903 he traveled to Western Eu-
rope on a scholarship and then on a self-funded
study trip. He toured the large machine factories
in Dresden, Berlin, Hamburg, Bremen, Belgium,
the Netherlands, Diisseldorf, and finally visited

the Adler Car Factory in Frankfurt am Main. Here,
he heard the news that there would be a World
Exhibition in 1904 in Saint Louis.

2. Starting a successful career

He arrived in New York on October 6, 1903,
where he took a job in a box factory. The World’s
Fair in St. Louis made such an impact on him that
he was determined to stay in America. After a
short detour, he traveled to Detroit to look for a
job, from three offers- C Cadillac, Silent Northern,
and Ford- he chose the latter, joining them on De-
cember 11, 1905. The engineers who applied at
the time were asked not for their degree but for a
test drawing. So he began working on the design
of the N-model. He designed a new cooler, a cir-
culating pump.

In 1952, Joseph Galamb recorded her audio
memoirs for the Ford Museum. A cite from this:

»At the beginning of 1907, Mr. Ford said to me,
Joe, I have an idea. Let's design a new car. Take
your drawing board to a separate room and
let’s start designing a new model. No one needs
to know about it. The first thing I need is a new
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Figure 1. Jozsef Galamb in 1905 in Pittsburgh.

PO

Figure 2. The T-Model from 1922 restored by Obuda
University, Dondt Bdnki Faculty of Me-
chanical and Safety Engineering.

transmission because 'm unsatisfied with what’s
been there so far, it’s not practical enough. Then
of course we didn’t know it was going to be the T
model! Or I worked on the design of the gear shift
for half a year.” [1]

On October 1, 1908, the first car for sale rolled
off the production line. The car, which has be-
come world-famous as Tin Lizzie, was produced
for nearly 20 years, more than 15 million were
sold, and in 1997 an international jury chose the
Ford model T above the Porsche 911, Volkswagen
Beetle, Citroén DS and Morris Mini for Car of the
XX. Century.

The ease-of-use, reliable design and the afforda-
ble price pleased buyers so much that the mod-
el was manufactured until 1927. Production de-
mand could only be met by assembly line.

The engine of the world's first production car is
the Otto-system four-cylinder, four-stroke, ther-
mosiphon water-cooled engine. Its maximum
power is 15 kW, which it achieved at 1450 RPM.
Consumption is 13.5 liters of fuel per 100 km, with
a top speed of 65 km / h. The most ingenious tech-
nical solution employed in the car was the plane-
tary gearbox, designed by Jozsef Galamb.

Cite from polish writer, Alfred Liebfeld's book,
titled Henry Ford is the‘ God: , It turns out that the
new car will meet not only the needs of the ru-
ral population but also the urban population. Its
construction was so simple that anyone could sit
behind the wheel and, as promised, make minor
repairs themselves.” [2]

The price of the T-model dropped from the ini-
tial $ 825 to $ 575 in four years, and later reached
the $ 355 minimum.

An important Fordson tractor, designed by
Jozsef Galamb and Jend Farkas, played an impor-
tant role in the mechanization of American agri-
culture.

In addition to the above, Jézsef Galamb also
designed many other constructions: he was in-
volved in the development of other Ford car mod-
els, trucks and track cars, as well as working on
prototype experiments and designing new facto-
ry departments. He was also involved in the de-
sign of a submarine finder and light tanker dur-
ing World War 1. [3]

Machine design work of Galamb is well charac-
terized by his patent activity. A total of 27 patents
filed with the United States Patent Office between
1920 and 1952 reflect carefully edited, clear, accu-
rate engineering work.
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Figure 3. Patent sketch of the radiator.

The four decades of chief engineering work
of Jézsef Galamb, an engineer, is an example of
American wonder and success.

In 1905, Ford was still a small factory with 300
employees, and by 1944 it had become one of the
largest U.S. giants. In the mid-1910s, 250 cars a
day were produced, and twenty years later pro-
duction was 10,000 cars a day.

3. Relationship with the homeland

According to the birth certificate of the Galamb
family with roots in Maké, Jézsef Galamb was
the second child of his parents, and five more
(four sons and one daughter) followed him in
line (his two brothers died early). Persuaded by
a Reformed teacher the intelligent peasant farm-
er supported the further education of two oldest
sons, Alexander and Joseph. The eldest son, San-
dor, became a lawyer.

Jozsef Galamb first re-visited his homeland
in the autumn of 1911. His mother and siblings
welcomed him after his eight-year absence with
great love. It was then that the famous picture of
the four Galamb boys was taken in the Homonnai
studio. He became an American citizen in 1915.

In 1921, he founded a scholarship of 100,000
crowns to support further education. According
to the Articles of Association:" J6zsef Galamb,

Figure 4. Galamb Brothers in Makd: Sandor, Jozsef,
Jdnos, Ferenc (from left to right)

born in Maké and currently a resident of Detroit,
completed his upper vocational school studies on
a scholarship; (North America, Michigan); he pro-
vided a scholarship foundation of 100,000 crowns
for the poor but well-educated students of the me-
chanical engineering department of the upper in-
dustrial school and paid this amount to the public
fund of the city of Maké". [4]

John took his younger brother out to America,
and he also worked for Ford for two years. Af-
ter World War I, in 1921, Joseph Galamb sent six
Fordson tractors to his Makora brothers to work
on and promote Ford products. This is how the
family business was founded, run by two young-
er Galamb brothers, John and Francis. Jézsef
Galamb visited Mako to start the business in the
autumn of 1922, on which occasion the Pénzvilag
published a longer interview.

The Mako site was located on the corner of Dedk
Ferenc Street. Colorful Ford cars were painted
on the exterior wall of the repair shop in the late
1920s, traces of which can still be found on the
facade to this day. The workshop and service of
the warehouse were managed by Janos, and the
commercial tasks were managed by Ferenc. With
the increase in turnover, a Galamb warehouse
was opened in Békéscsaba, where 35 mechanics
worked [4].

During his return visit, Jozsef Galamb not only
visited his family but also gave lectures at the
Hungarian Association of Engineers and Archi-
tects and at the Technical Academy. He brought
films with him, which allowed professionals to
learn about Ford's factory production and the
technical features of the products.

The appearance of the Ford caravan in Hungary
served to promote the Ford brand. The car line
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representing the best in Ford's range has traveled
across Europe. On May 1, 1926, a caravan of 25
different cars arrived in Hungary having set off
from Trieste. Then Jozsef Galamb visited to Mako
again. This time the governor greeted him at an
interrogation in the Castle. It turned out that they
had first met on the mechanical training school
ship 25 years earlier. After their official meet-
ing, Miklds Horthy invited Jozsef Galamb to his
private suite. He met the governor's family and
talked for more than four hours. They planned
that after graduating from university, Istvan Hor-
thy, the son of the Governor would go on a study
trip to Detroit [5].

During the First World War, the bells of Mako
also fell victim to metal shortages, and after re-
moval, they were melted down for military pur-
poses. Sdndor Galamb, the pastor of the Reformed
Church, played a significant role in their replace-
ment.

In the tower of the Reformed Church in October
1927, the so-called On the Horthy Bell, which was
“cast for the public use of the Reformed Church
in Maké,” it ranks first in the list of donors “Dr.
the name of the valiant Sdndor Galamb ”, next to
which is the inscription® Galamb J6zsef Amerika”
[6].

Istvan Horthy, the governor's eldest son, ob-
tained his degree in mechanical engineering in
1928. The young man, who spoke fluent English,
German and French, was well prepared for the
American study trip.

Governor Horthy inaugurated the World War
I Heroes Memorial in Makon on September 29,
1929. Here the Governor asked Alexander Galamb
to write to his brother that Stephen had graduat-
ed and could go to America. On his intervention,
Henry Ford wrote to the governor with his own
hand that his son could come, welcoming him to
Detroit. From the autumn of 1929, the later depu-
ty governor worked first as a simple worker, then
in the tractor assembly department, and finally in
the experimental design department. He spent a
total of 18 months at Ford.

His last homeland visit was in 1932. Even then,
he gave a lecture at the headquarters of the Hun-
garian Association of Engineers and Architects,
and once again screened a film about Ford prod-
ucts. This was his last visit to Hungary, he recov-
ered from a heart attack in 1944 and applied for
his retirement. On December 4, 1955, at the age
of 74, a retired chief engineer from one of the
world’s largest automotive corporations died.
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Figure 5. Ford depot from the yard in Mako.
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Figure 7. Horthy bell cast from the donations of the
Reformed Mako.
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Abstract

Renewable energy is one of the best solutions for generating clean energy. Wind and solar installations have
seen a huge increase in the last decades and will be the major power production technology in the future,
phasing out classical power production such as coal and gas, which result in the increase of CO2 and other
greenhouse gases. This article gives an overview on how grid connected renewable energy systems, like a
photovoltaics, can play an important role in the energy supply of the future. Also it shows that such renewa-
ble energy sources need to be combined with storage in order to be able to comply with grid codes and make

the energy system of the future clean and secure.

Keywords: renewable energy, grid-connected, current control.

1. Introduction

Renewable energy has been a very hot topic dur-
ing the last two decades. Converter based renew-
able energy is mainly linked to wind and solar
applications, where the wind turbine (WT) gen-
erator or the photovoltaic (PV) plant is connected
to the electrical grid using power electronic con-
verters. These converters are needed in order to
convert the alternating current (AC) from the WT
generator or the direct current (DC) from the PV
plant into a fixed frequency AC electrical grid.

Looking into yearly installations there have
been a total of 97.5GW of new WT installed world-
wide in 2021 [1]. Though, this has been surpassed
by new PV installations, since about 168 GW of
new PV plants have been installed in 2021, ac-
cording to [2]. Looking at the globally installed
cumulative capacity of WT and PV installations,
at the end of 2021 there were 837 GW of WT and
940 GW of PV installations worldwide.

Looking at PV plants, one would imagine a few
PV panels installed on rooftops. This is true for
systems installed in residential and commercial
buildings, where such systems have a capacity
from a few kWp to around hundreds of kWp, de-
pending on building size.

Nevertheless, PV installations have reached
GWp capacities and their peak production can
match the production of traditional coal power
plants or even that of nuclear reactors, given the
fact that sunshine is available in the specific lo-
cation.

The biggest PV plants are listed in Table 1. ne-
vertheless there are many smaller PV systems in
the range of up to several hundred kWp capacity
either as residential or commercial installations.
This means that nowadays a huge capacity of the
electrical power production is now distributed
over a wider area, while in the past electrical en-
ergy was produced in a central power plant and
distributed over long transmission lines to the
consumers, that could be several hundreds of km
away.

PV plants are modular and are made up of thou-
sands of PV panels connected in PV strings, these
PV strings are then connected in parallel into PV
arrays. These PV arrays are then connected to the
electrical grid through a PV inverter. In most cas-
es such PV plants use three-phase inverters and
connect to the medium voltage (MV) voltage grid
though a MV/LV transformer station [3].


https://doi.org/10.33895/mtk-2022.17.06
https://doi.org/10.33894/mtk-2022.17.06

26

2. Grid codes and requirements

Grid connected systems need to comply with
rules and requirements that are defined by the
local electrical grid owner. These requirements
define DC voltage injection, voltage imbalance,
voltage amplitude, frequency deviation, faults
and harmonics in a three-phase system in order
to make sure that a grid connected unit will not
disturb the grid and will not have a negative im-
pact in grid voltage quality.

Looking into the IEEE 1547 Standard for Inter-
connection and Interoperability of Distributed
Energy Resources with Associated Electric Pow-
er Systems Interfaces published by IEEE, back in
2003, one can read, that converters connected to
the grid [4]:

—shall not actively regulate voltage;

—shall disconnect on abnormal voltage or fre-

quency of the electrical grid.

This was the rule since at that time there were
only 2.8 GWp of PV and 39GW of WT installa-

Table 1. Largest PV plant installations worldwide

Capa- | | nd
o5 size
Name Country | MW, Year
or 2
Mw, | K

Bhadla Solar Park India 2,700 | 160 | 2020
Longvangxia Dam China | 2,400 2015
Solar Park
Huanghe Hydropo- China | 2,200 | 50 | 2020
wer Hainan Solar
Park
Pavagada Solar Park India 2,050 53 2019
Benban Solar Park Egypt | 1,650 | 37 | 2019
Tengger Desert Solar | China | 1,547 | 43 | 2016
Park

United | 1,177 8 2019
Noor Abu Dhabi Ar_ab

Emira-

tes

Mohammed bin U:I};%d 1,013 2020
Rashid Al Maktoum .

Emira-
Solar Park

tes

Kurnool Ultra Mega India | 1,000 | 24 | 2017
Solar Park
Datong Solar Power China 1,000 2016
Top Runner Base
NP Kunta India 900 2020
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tions worldwide contributing only to a very small
share in the total energy mix.

With the increasing share of renewable ener-
gy in the energy mix, the grid codes have also
evolved. In 2014, the IEEE 1547 standard was up-
dated and mentioned that converters connected
to the grid:

—may actively regulate voltage;

—may ride through abnormal voltage or fre-

quency;

—may provide frequency response.

This means that grid connected systems are now
capable of supporting the electrical grid with an-
cillary services, thereby making the electrical net-
work stronger, better and safer.

With the continuous increase in the installed
renewable energy systems, the IEEE 1547 grid
code requirement has been updated again in
2018, where it is mentioned that grid connected
systems are now required to fulfil the following:

—shall be capable of actively regulating voltage;

—shallride through abnormal voltage/frequency;

—shall be capable of frequency response.

With these ancillary services, grid connected
converters have taken an active part in the grid,
not only injecting power in the grid, but also ad-
justing their behavior depending on the actual
grid parameters, the same way traditional power
plants would do.

3. Control of grid connected converters

Grid connected converters have several layers
of control algorithms. The main control layer is
the low-level control and is common for all grid
connected converters. This is usually made up of
a DC voltage control loop, grid synchronization
and a current control loop. The theory about these
loops can be found in many publications and
books, such as [5], and will not be discussed here
in detail. Grid current control focuses on THD
limits imposed by standards, stability in case of
grid impedance variations and ride-through grid
voltage disturbances. DC voltage control deals
with the adaptation to grid voltage variations and
ride-through grid voltage disturbances. Finally,
grid synchronization has the purpose of synchro-
nizing to the grid using a phase locked loop (PLL)
or frequency locked loop (FLL), required for grid
connection or reconnection after a grid event,
like a grid fault.

These control algorithms, shown in Figure 2
are all needed for grid connected applications to
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make sure that grid requirements such as IEEE
1547 are followed.

In case of PV applications, there are specific PV

functions, including:

—~Maximum Power Point Tracking (MPPT),
which requires a very high MPPT efficiency
in steady state (typical > 99%), fast tracking
during rapid irradiation changes (dynamical
MPPT efficiency) and a stable operation at very
low irradiation levels;

—Anti-Islanding (AI), to disconnect from the grid
in case of specific grid events, if this is required
by grid codes and standards;

—Grid Monitoring for operation at unity power
factor and fast voltage/frequency detection as
required by standards;

—Plant Monitoring with the scope of diagnostic
of the PV panel array or partial shading detec-
tion.
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Such specific PV related functions ensure that
the PV array is operating at optimum conditions
while also following the grid codes and require-
ments defined in the specific standards.

Controlling the power flow in a grid connected
converter requires two loops. An outer power
loop (PQ controller) shown in Figure 3 that will
calculate the required current references (id* és
iq*) based on the P* and Q* reference values. Us-
ing the calculated current reference values, the
inner loop (Current controller) shown in Figure 3
then will calculate the required voltage referenc-
es (Vd* and Vg*). These voltage references will
be transformed to their three-phase equivalent
values and used in the pulse width modulator
(PWM). The PWM will generate the duty cycles
that control each individual transistor in the
three-phase power electronic converter, as also
shown in Figure 2.

-

Iy

Current
controller

‘\

r
kp +—

k

e |\abc

]
<
Y

oy

Current
controller

vd‘r
Vg controller
Vdr e k.
»+ ko+— T
s
P controller )
k, I
i — P > ke+— "@' >
o|P=v i +v i +Vv i §
Vo loodds soam gomv i
£ 0=Vl +Vpudi 4V, ) 0 =y I
> kp +—= >
Q PQ contmoller )
troll
o Q controller )

Figure 3. Control of grid side current using a traditional PI controller and DQ transformations.
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Controlling the current and the power flow is
just one of the tasks grid connected systems need
to do. Grid codes also specify how fast the injected
power is allowed to change, when connected to
the grid. This is done in order to limit the power
fluctuations that would influence grid security in
a negative way. Taking into account that PV sys-
tems have no inherent inertia, any change in the
received sunlight intensity will be directly visible
on the output power of the converter and lead to
very steep power fluctuations.

Simulating such a scenario has been achieved
using a 5.7 kWp PV system. As can be seen in
Figure 5 the output power from the PV systems
follows the sunlight pattern and will cause volt-
age fluctuations on the electrical grid. This is an
unwanted side effect, and the power ramp rate
needs to be limited. While the positive ramp rate
can be limited in case of increasing power, just
by limiting and clamping the power output of the
converter, the negative ramp rate cannot be limit-
ed, since the energy stored in the power electron-
ic converter is not enough. This means that dur-
ing such scenarios the PV system will not match
the grid codes and requirements.

Such power fluctuations can be limited using
storage, in the form of a battery system. In this
particular case, if a 10 kW and 2.5 kWh battery
system is added, then, depending on the battery
management system (BMS), the fluctuations can
be limited to a level that is within the limits de-
fined by the grid codes. The model of such a sys-
tem is presented in Figure 6. and the results of
the output power using the hybrid system, can be
seen in Figure 7.

Comparing the results from Figure 5 and Fig-
ure 8 one can see the P_ reduces fluctuations
when using storage since the battery filters and
compensates these power fluctuations coming
from the PV array. Also, if the impedance of the
cables between the PV system and the low volt-
age (LV) distribution transformer is taken into
account, then these power fluctuations will lead
also to voltage fluctuations, that again are limited
by the grid code. These voltage fluctuations are
due to the increased active power (P) and can be
compensated for using reactive power (Q). This
means that the PV inverter needs to be sized ac-
cordingly, so that the current rating of the tran-
sistors will be able to carry the combined current
both from the active and reactive power during
all scenarios.

29

1400

1200 -

iy,

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2600

2
8

Solar irradiation W/m?
8

Time of day [h]

Figure 4. Solar irradiation profile on a sunny day
with passing clouds.

°
o

°

3
o

PV and Battery power [pu]

4 L L L L L
200 400 600 800 1000 1200 14:00 16:00 18:00 20:00 22:00

Pout

- R

Output power [pu]
o o ©
£ 8s

°
o N

200 400 600 800 1000 1200 14:00 16:00 18:00 20:00 22:00

soc

SOC battery [%]

0
200 400 600 800 10:00 1200 14:00 1600 18:00 20:00 22:00
Time [h]

Figure 5. PV system output power during sunny day
with passing clouds shown by P, .

4. Conclusion

Renewable energy is one of the best solutions in
generating clean energy. Wind and solar installa-
tions have seen a huge increase in the last decades
and will be the major power production techno-
logy in the future, phasing out classical power
production such as coal and gas, that result in the
increase of CO, and other greenhouse gases. The
intermittency of renewable energy, though, is a
challenge. Therefore, different renewable energy
sources need to be combined with energy storage
solutions to make energy production a success in
the future.
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Abstract

We have a decades-long tradition of examining the operation and maintenance issues of mechanical engi-
neering systems at the Faculty of Engineering at the University of Debrecen. In the last decade, technical di-
agnostic research has come to the fore, especially bearing diagnostics, a lot of experience has been gathered
in this field and many results have been achieved. With the development of the tools of technical diagnostics,
the presentation of the topic at all levels of engineering education, and the establishment of industrial rela-
tions, an environment has been created in which it is possible to answer the current questions on the topic.
Technical diagnostics, which is largely applied informatics (and mathematics) — together with several other
engineering topics — also raises educational questions, which we intend to answer by transforming some

elements of the training.
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1. Introduction

There is a decades-long tradition of examining
the operation and maintenance issues of me-
chanical engineering systems at the Faculty of
Engineering at the University of Debrecen. In
the last decade, technical diagnostic research has
come to the fore, especially bearing diagnostics, a
lot of experience has been gathered in this field
and many results have been achieved. With the
development of the tools of technical diagnos-
tics, the presentation of the topic at all levels of
engineering education, and the establishment of
industrial relations an environment has been cre-
ated in which it is possible to answer the current
questions on the topic, including the integration
of technical diagnostic tools into digitized man-
ufacturing and operating systems, with a focus
on the use of smart devices, machine-to-machine
communication, process monitoring (replacing
classical condition monitoring) and real-time di-
agnostic-based applications. Technical diagnos-
tics, which is largely applied informatics (and

mathematics) — together with several other engi-
neering topics — also raises educational questions,
which we intend to answer by transforming some
elements of the training.

2. The role and tools of technical diag-
nostics

2.1. The role of technical diagnostics

The quality of maintenance is a key determinant
of productivity and profitability in the operation
of manufacturing companies. The use of the latest
tools in technical diagnostics can provide a signif-
icant advantage by effectively supporting predic-
tive maintenance, which appears in high levels of
availability and machine condition and low fre-
quency of unexpected breakdowns.

The possibilities of technical diagnostics have
always been determined by the state of the art of
measurement tools (electronics, computing: data
transmission and storage capacity, signal process-
ing algorithms), which have evolved along with
IT. Because of its crucial role in profitability, tech-
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nical diagnostics has always been one of the fast-
est to adopt new IT solutions, for which industrial
funding has been (and will continue to be) con-
stantly guaranteed.

The high level of automation in industrial pro-
duction, the use of high-performance machinery
and high productivity requirements further in-
crease the importance of technical solutions that
enhance the reliability of the processes.

Diagnostic tools and data are becoming integrat-
ed parts of digitalised production systems and
smart factories. Moreover, the experience gained
in condition monitoring and computer aided
maintenance management systems forms the ba-
sis for such developments.

2.2. Levels of vibration diagnostics

Vibration-based condition monitoring is the
most widely and effectively used diagnostic meth-
od.

Based on the purpose, the ‘subtlety’ of the tools,
and the value of the information provided by the
investigations, three fundamentally different lev-
els of vibration diagnostics can be identified.

The simplest test is to determine the "vibration
level" based on average values (most commonly
the root mean square — RMS - of the vibration
velocity) or peak values (such as peak or peak-
to-peak). At this level, the severity of the overall
condition of the machinery can be determined,
and failures cannot be identified. If the vibration
exceeds a given ‘alarm level’, the machine should
be stopped and the cause of the increased vibra-
tion level should be investigated. For example,
the ISO 2372 and ISO 10816 standards define gen-
eral vibration velocity levels for different classes
of machinery, which, if exceeded, are a warning
to the operator. These limits are independent of
the operating conditions and age of the machine;
they are for information purposes only. For ma-
chines where high-energy vibrations ‘only’ lead
to a reduction of the life-time of certain compo-
nents, but do not affect operation in the short
term (e.g. in the case of subordinate electric
motors, pumps), information about the severity
(or, preferably about the aggravation) of the vi-
brations may be sufficient to take the necessary
maintenance decisions.

Condition monitoring tools based on vibration
measurements are now widely used and are
based on the detection of failure symptoms. Their
application represents the second level, where
the aim is to identify typical failures of machin-
ery as early and as accurately as possible. The

key issue here is the detection at the right time
which means that corrective intervention is pos-
sible in the period between the detection of the
fault and its aggravation leading to a breakdown.
The length of this period can be a few days or a
half a year depending on the process. In the case
of a high-performance automatic machines, the
critical time may be as short as a few minutes
and real-time interventions based on diagnostic
measurements may be needed to control the pro-
duction process (to stop the process or to correct
the malfunction).

Symptoms of most mechanical and many elec-
trical failures are specific patterns (line systems)
in the frequency spectrum, but some statistical
features calculated from the time signal can also
be effective in detecting certain problems. A par-
ticularly important area is the application of the
shock pulse method in bearing diagnostics and
gear diagnosis.

Modern condition monitoring systems are able
to identify a wide range of faults and determine
their severity, based on the symptoms. This infor-
mation allows maintenance activities to be opti-
mised.

The third level is represented by specific tests
using special methods. Available systems and
signal processing algorithms provide a detection
method for a given set of failures. Otherwise, new
solutions in the measurement system and in the
processing algorithms are required. For example,
in bearing diagnostics alone, hundreds of special-
ised diagnostic methods have appeared, includ-
ing an increasing number that use specific combi-
nations of transformations, filtering methods and
machine learning tools.

For example, a doctoral thesis [1] provides a
method for detecting grinding defects and es-
timating the size of defects in the manufacture
of tapered roller bearings, which is effective in
noisy environments as well. In the thesis, the de-
sign and application of special wavelets and MRA
are the basic tools, but also support vector ma-
chines and artificial neural networks are used to
classify manufacturing defects.

2.3. Evolution of technical diagnostics tools

Since the 1950s, the tools of technical diagnos-
tics have evolved from sensory diagnostics to
automated testing and decision-making based on
machine-to-machine communication in digital-
ised manufacturing.

In the old days, given low level of the produc-
tivity requirements and the precision of the
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machines, reactive maintenance (run-to-failure
operation) was acceptable. This approach was
replaced by preventive (scheduled) maintenance
based on life-time characteristics, such as failure
rate diagrams (‘bath curves’) which were pre-
pared on the basis of large statistical samples for
commonly used machines (e.g. electric motors).

An obvious limitation of the effectiveness of this
statistical approach was that it could not take into
account the specific operating conditions leading
to a high risk of too early or too late intervention.

With the advent of IT tools becoming available
to industry, it was possible to implement condi-
tion-based predictive maintenance and develop
in-service condition monitoring tools.

The development of technical diagnostics has
been uninterrupted since the 1970s, and today
online systems, wireless sensors, remote diagnos-
tics, continuous data reporting, diagnostics-based
process monitoring, IoT diagnostics tools as an
integrated part of digitalised manufacturing sys-
tems are widespread in smart factories.

Until the 1980s, the development of mainte-
nance was mainly driven by technical develop-
ment, but later on, organisational approaches
such as reliability-based maintenance, risk-based
maintenance or TPM, as well as computer-based
maintenance management systems, became in-
creasingly important.

Today, in the era of Industry 4.0 and digitalisa-
tion, technical development is again the basis for
progress, but these are mainly IT-based develop-
ments, as opposed to the mechanical and electri-
cal developments of the past.

3. Teaching technical diagnostics

3.1. The changing role of mathematics in
engineering education

The demands of modern engineering, especial-
ly the need for the widespread use of machine
learning tools, are putting mathematics and its
teaching in a new position.

In engineering courses, which are trying to keep
pace with the rapid changes in technology, more
and more subjects are already appearing in un-
dergraduate engineering courses, which rely
heavily on certain higher-level abstract mathe-
matical skills. Examples of such topics are engi-
neering diagnostics and control theory.

Meanwhile, a significant proportion of engi-
neering students are also struggling to master
basic calculation methods. This discrepancy can
be resolved by reformulating the goals of math-

ematics education and applying new approaches
and methodological tools. It must be recognised
that while a large part of the theory that forms
the backbone of classical mathematics education
in engineering is not encountered by engineers
in the course of their careers, they should have
a working knowledge of some of the methods of
applied mathematics. [2]

Professors of engineering are calling for a trans-
formation in the teaching of engineering mathe-
matics. Laszl6 Téth, a former professor of mechan-
ics at the University of Debrecen, has stressed in
several lectures that "Mathematics should be giv-
en to engineering students as a tool." Today, there
is a wealth of mathematical software available, so
that in practice, a multitude of problems can be
solved if we know how to use the tools. For a long
time, without an appropriate tool, mathematics
was only an elegant background for engineering
work, calculations were practically infeasible in
daily work, decisions were typically based on en-
gineering estimates, practice and experience in
the field.

The numerical (and sometimes symbolic, an-
alytical) methods built into software now allow
‘exact’ calculations, with great economic benefits.
Here we need to go into the meaning of ‘accura-
cy’. Although symbolic (analytical) calculations
do indeed provide an accurate answer to mathe-
matical problems that can be solved, in many cas-
es, when studying real systems, the only way to
arrive at a solvable problem is to make significant
neglections and create simplified models. Thus,
even if the solution is accurate in some sense, it
is only an approximate solution to the original
technical problem, and it is often not even possi-
ble to check how much the deviation from the ex-
act solution is. Numerical methods are declared
to give only an approximate solution, but the 'er-
ror' can usually be reduced arbitrarily by using
a more detailed model, which of course usually
leads to a drastic increase in computation time.

Engineering mathematics education has to face
the fact that "In the future, many more engineers
will need to know mathematics that few people
understand in depth", as Péter Korondi, professor
of mechatronics at the University of Debrecen,
has emphasised in several lectures. The masses
cannot be expected to understand abstract math-
ematics, but it is essential that mathematics is
available as a tool for engineers, at least for those
who do development work. And as we live in an
age of smart devices, where the built-in knowl-



34 Kocsis L., Sipos D. - Miiszaki Tudomdnyos Kozlemények 17. (2022)

edge gives the product its utility, more and more
people are becoming developers at some level.

3.2. Effective mathematics education in
engineering education

The essential elements of our approach are:

—formulating the desired competences;

—structuring the mathematics curriculum on
the basis of competences;

—defining and measuring efficiency;

—formulating cross-curricular projects and pub-

lishing them (mainly) as homework;

-refreshing the mathematical knowledge re-

quired for the professional courses in the con-
text of technical problems, project-based learn-
ing of mathematics in professional courses;

—preparing specific maths workbooks to sup-

portlearning and relearning maths which help
independent learning as well.

For example, understanding computations in
discrete-time system models can be formulated
as a competence.

In this case, the competence-based structuring
of the curriculum means a pair-wise discussion of
derivation and numerical derivation.

And the effectiveness of teaching is measured
by students' ability to recognise and perform the
necessary calculations when solving technical
problems.

Cross-curricular homework assignments help
students to understand the connections between
mathematical and technical concepts and to ap-
ply the methods they have learned.

A good understanding of the use of mathemati-
cal software (in particular Matlab) as an everyday
tool (calculator and engineering development
environment) should be introduced at the begin-
ning of the course in the mathematics courses.

3.3. Project-based learning of mathematics
in the context of technical diagnostics

In many cases, students' mathematical knowl-
edge is already well lost when learning special-
ised professional subjects, and, on the other hand,
the specific needs of applications are not even
brought up when learning mathematics. While
the teaching of mathematics should aim to cover
a wide range of applications, this cannot be done
for every single application, partly because of the
limited time available and partly because some
applications only affect a small group of students
by specialisation.

In the mechanical engineering training under
review in this article, there is a gap of at least two
years between the study of mathematics and its
application in diagnostics. This raises not only the
question of what needs to be learned (as a new
material) in the context of diagnostics, but also
what needs to be relearned in mathematics. [2]

The theoretical part of vibration diagnostics
(Figure 1.) which is the main part of the diagnos-
tics course, includes signal processing (applied
mathematics). Thus, the learning and relearn-
ing of the related mathematics can be linked to
a professional project. In this way, we can both
highlight the usefulness of previously learned
knowledge and motivate students to acquire new
knowledge.

Main topics in vibration diagnostics:

—harmonic vibrations (amplitude, period, fre-
quency, phase);

—displacement, velocity, acceleration, superpo-
sition;

—-symptoms in the time domain;

—symptoms in the frequency domain (Figure 2);

—-complex investigations in time-frequency do-
main, shock pulse method (Figure 3);

—signal conditioning.

Closely related topics in math:

-sine and cosine functions (range, period, sign,
Zeros);

—basic function transformations;

—differential and integral calculus;

—basic statistics;

—Fourier theory;

—wavelet transform, multiresolution analysis;

—filters.

A typical project that can be used as a framework
for learning mathematics: condition assessment of
a drive (electric motor, gearbox) (Figure 4). Steps:

1. Planning

—identification of measuring points;

—selection of measurement techniques for each
measuring point;

—-provide the data needed to apply the measure-
ment techniques;

—add the desired evaluation methods to the
measurement plan, set the required measure-
ment parameters.

2. Measurement

3. Assessment of the condition of the machinery

components inspected on the basis of the meas-

urement results
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Figure 1. Laboratory measurement: test bench and meas-

uring system.
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Figure 4. Operational measurement: testing bearings ina
drive train.

Figure 2. A symptom in the spectrum [4]
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Figure 3. Bearing testing by shock pulse method [4]

Figure 5. Setting spectrum parameters. [4]
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Table 1. Related diagnostic and mathematical tools in the
project:

Diagnostics Mathematics

skewness, kurtosis, crest
factor (peak/RMS)

descriptive statistics, rela-
tive frequency histogram

Fourier series, Fourier
coefficients, Fourier
transform, discrete
Fourier transform, FFT,
window functions

frequency spectrum,
frequency range, number
of lines in the spectrum,
windowing

shock pulse method,
bearing diagnostics, gear
diagnostics, electric mo-
tor faults

complex investigations in
time-frequency domain,
wavelet transform,
multiresolution analysis,
scalogram

4. Conclusions

The ever-accelerating development of engineer-
ing is a challenge for those who want to keep up
with change.

In a few decades, the effective ways of acquir-
ing knowledge have changed completely, and the
viability of traditional engineering education, in
which teaching methodology issues were hardly
ever raised, is weakening. This is borne out by the
general opinion among young people that learn-
ing 'from the internet' is much more effective.
If we look at the reasons for the popularity of on-
line professional courses or trainings, we soon
realise that one of the fundamental difference is
the thoughtful way in which the knowledge is de-
livered (assuming, of course, that both contents
are professionally correct).

Institutionalised education must also keep pace
with the development of methodological tools,
and focus on effectiveness, i.e. the retention of
knowledge that is necessary for engineering
work. Nothing is more indicative of the effective-
ness of teaching a subject than the ability to ap-
ply it to other subjects or to practical engineering
work.

The role of mathematics in education has
changed even more, as technological tools make
mathematics, at least some parts of it, more usa-
ble, even indispensable. Thus, it is becoming less
and less a self-serving subject, and the learning of
mathematics must be integrated into profession-
al subjects through the coordination of topics,
joint projects, homework and specific (applica-
tion-oriented) mathematics teaching materials.

References

[1] Dedk K.: Development of Bearing Fault Diagnos-
tics Methodology Based on Signal Processing and
Machine Learning Tools. PhD Thesis. Debreceni
Egyetem Informatikai Tudomdényok Doktori
Iskola, Debrecen, 2020.

[2] Sipos D.: A numerikus szdmitdsok szerepe a
miiszaki modellekben. International Journal of
Engineering and Management Sciences, Debre-
cen, 3/5. (2018) 76-83.
https://doi.org/10.21791/IJEMS.2018.5.9.

[3] Sipos D.: A matematikaoktatds hatékonysdgdnak
vizsgdlata. In: Proceedings of the Conference on
Problem-based Learning in Engineering Educa-
tion, Debrecen, Magyarorszag, University of De-
brecen, Faculty of Engineering, 2021. 47-52.

[4] Leonova Infinity User Guide. 71792 B. SPM Instru-
ment AB, Sweden, 2006.


https://doi.org/10.21791/IJEMS.2018.5.9.

§ sciendo

Miiszaki Tudomanyos Kozlemények vol. 17. (2022) 37-41.
DOI: Hungarian: https://doi.org/10.33895/mtk-2022.17.08

English: https://doi.org/10.33894/mtk-2022.17.08

THE SIMULATION OF A PID CONTROLLED ROBOTIC
DRIVE BASED ON BOND GRAPH MODELLING

Gyula KORSOVECZKI,! Patrik PAL,2 Géza HUSI3

University of Debrecen, Mechatronics Department, Debrecen, Hungary

1 korsoveczki.gyula@gmail.com
2 palpatrik5@gmail.com
3 husigeza@eng.unideb.hu

Abstract

During the study, the simulation of a robotic drive was realised using the 20-sim simulation software. The
assumed robotic drive consists of an ideal permanent magnetic DC motor, a gear pair to realise the speed
reduction, a torque transfer torsion shaft and a differential gear pair to change the direction and inertia. The
drive is controlled by a speed control loop using a PID controller. In line with the purpose and result of the
study, the simulation proved the effectiveness of Bond Graph-based modelling.

Keywords: mechatronics, robotic drive, Bond Graph, block diagram, PID, 20-sim.

1. Introduction

Today, engineering has attained an increasing-
ly complex level. As the available technology ex-
pands, so does the complexity of engineering sys-
tems. The process itself is aimed at being able to
provide increasingly more functions. As a result,
the implementation of systems requires a more
detailed design or modelling process. It is neces-
sary to find modelling language which is not re-
source-intensive and provides the same response
as the real physical system in cases of different
signals.

2. Bond Graph modelling

2.1. The model of Multi-Domain systems

Every system has its description language. Sys-
tems that operate only in one physical domain are
called Single Domain systems. Modern engineer-
ing focuses on complex combined systems. There
is physical or informational connection between
the contained Single Domain systems and the ef-
fect of variables is transferred from one system to
the other. These systems are called Multi-domain
systems. Mechatronic systems are typically Mul-
ti-domain systems [1].

For Multi-Domain systems, the biggest challenge
is modelling their operations. It is required to es-
tablish connections between different domains
and variables to create a dynamic model. It is dif-
ficult to find connections between the description
languages. The key is a physical variable that is
present in all systems. This physical variable is
energy [1].

2.2. The principles of the Bond Graph

A Bond graph is a special visual and mathe-
matical description language that uses energy as
its basic variable. The modelling is an effective
method for Multi-Domain systems, as energy is
a physical variable that is present in all Single
Domain systems. The method was developed by
Henry Paynter in 1959. According to the meth-
od, the two-way flow of energy can be tracked
through different elements of the language. As a
result, it is possible to define the equations that
describe each domain, as well as the connections
between them [1, 2].

2.3. The description language of the Bond
Graph

The use of the Bond Graph is based on 2 pow-
er variables, effort and flow. The multiplication
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of these variables gives the transferred power,
which is [1-3]:

P(t) =e(®) - f(r) €

Their role is defined and is not interchangeable.
The Bond Graph is based on the Bonds, which
represents the physical or informational relation
between the elements. The elements can be [3-5]:

— passive one-port elements (R, C, I)

— active one-port elements (Se, Sf)

- two/three-port junctions (TF, GY, 0, 1)

Passive elements are used to store or dissipate
energy. No new energy is produced only the ex-
isting energy is used. They can be R elements (e.g.
damping, bearings, electrical resistance). Energy
can be stored in the form of potential (C elements)
or kinetic energy (I elements). Passive C elements
are spring, shaft, capacitor and I elements are
mass, inertia, circuit coil. The one-port active el-
ements can add new power variables to the sys-
tem. The power variable can be effort or flow, and
accordingly, there is Source of effort (e.g. voltage
generator, gravity force) and Source of flow (cur-
rent generator, applied velocity.)The third large
group consists of junctions such as basic two-port
(Transformers TF, Gyrator GY) and three/more-
port (0 and 1 junctions) junctions. Transformers
(e.g. electrical transformator, rigid lever, gear
pair) convert energy from one form to another
while strictly keeping the role of power varia-
bles. Gyrators (e.g. ideal PMDC motor) reverse the
roles of power variables. Another large group of
junctions is the three/more-port junctions. The 0
junction (e.g. serial mechanical system or a paral-
lel electrical circuit) is an effort junction that has
constant effort value. In the case of the 1 junction
(e.g. parallel mechanical system or the serial elec-
tric circuit) the flow is constant and the sum of
the effort is zero [4, 5]. Causality is the most im-
portant aspect of Bond Graph-based system mod-
elling. Causality determines the direction of effort
and flow along with the Bonds since it relates to
the cause and consequence relations in time. The
causal stroke shows the direction of effort and
flow. To correctly define causality, it is necessary
to know the most important rules regarding dif-
ferent types of elements [6-8]. The basic Bond
Graph elements can be seen in Figure 1.

3. Drive chain of industrial robots

Industrial robots are movable mechanisms that
consist of joints (constraints) and segments and
have atleast 3 degrees of freedom. Their motion is

Figure 1. The basic Bond Graph elements. [4]

a constrained motion, which must be performed
with exceptional precision since the repeatability
of the robots is in the hundredths of millimetres.
The segments are moved by the drive chain, with
the following units [9]:

- energy supply or motor,

— drive unit,

- motion transforming unit,

— controlling unit.

Industrial robots can have pneumatic, hydrau-
lic or electric drive chains. Pneumatic drives use
compressed air. It is clean, explosion-proof with
favourable power/weight ratio and low installa-
tion space. Disadvantages are poor signal trans-
mission ability of compressed air, high noise
levels, low positioning accuracy and difficulty in
proportional control. Hydraulic drives use spe-
cial liquid with higher forces. Advantages are the
favourable power-to-weight ratio and the good
signal transmission ability of the oil. Its disad-
vantages are explosion and fire hazards, noise
problems, oil pollution and strong temperature
dependency. The most commonly used solutions
are electric drives. Their spread has been helped
by the success of semiconductor technology. The
requirement of low motor weight is important
as the motors are part of the kinematic chain,
so space and weight requirements are limited.
An important criterion is the need for high tor-
ques, as industrial robots must be moved with
the same dynamics throughout the load range.
The motor needs to produce a wide speed range.
The output typically does not have an adjustable
gear ratio, so changing the speed ensures a wide
range of motion. Stepper motors, DC or AC servo
motors are used. The goal is to move low-speed
robotic arms with low-weight but high-speed mo-
tors with high torque. Drives are used to achieve
low output speed. The function of the drives is to
fit the speed, fit the torque and convert motion
forms. Gears (gear pairs, differential gear), drive
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pulley (maximum 1/60 ratio), planetary gears and
harmonic drives are used. With harmonic drives
the transmission of speed up to (1/200) is availa-
ble. Ball screw spindle, belt drives, chain drives
and crank mechanisms are also used for this pur-
pose [9-11].

4. The modelled drive chain

4.1. The construction of the drive chain

In the project, a drive chain was modelled using
Bond graph. Its essential element is an ideal DC
motor. The motor has a R, armature resistance, a
L, armature inductance, the U, input voltage, and
an U, electric motor voltage. The equivalent cir-
cuit is a serial circuit that has i armature current.
The ideal DC motor converts the electric domain
into the rotary mechanical domain. The motor
produces 7, torque and w, angular velocity val-
ues. The motor output shaft has bearing with a b,
damping constant. Since the motor is essentially
capable of moving in a wide speed range, but axes
require a stable high torque and low speed, the
desired speed is achieved with a gear pair. The N,
is the input, and the N, gear is the output, which
is supported by b, bearings. The torque transmis-
sion is carried out by a k torsion shaft. The axi-
al direction of the motor is perpendicular to the
axis of the motion. This is achieved by an Ny/N,
differentialgearpair.The N, gearistheinput,the N,

gear is the output. The differential gear pair al-
lows us to achieve 90° motion conversion. Bear-
ings are also on both the input and output sides
with b, and b, gains. The axis to be moved is rep-
resented by inertia in the system that has J value.

4.2. The Bond Graph model of the drive chain

It is important to make the correct choice of
elements and variables. The serial circuit of the
motor can be modelled with 1 junction, where
constant flow (current) and variable effort (volt-
age) is present. The voltage source can be mod-
elled as Se the armature resistance as an R ele-
ment, and the armature inductance as I element.
Since the motor is an ideal conversion between
the electric and rotary mechanical domain, it can
be modelled as a GY element with k, motor con-
stant ratio. The mechanical part of the motor out-
put can also be modelled with 1 junction, which
includes an R bearing element. The speed-reduc-
ing gear pair is modelled with the TF element.
The modulus of the TF element is the ratio of N,/
N, gear pair. The output bearing of the N, axis is
modelled with 1 junction, and the b, bearing mod-

Figure 2. The drive chain and its Bond Graph model.

elled as an R element. The torsion shaft for torque
transmission can be modelled as a C element and
its value is k. This connection is responsible for
the torque transmission, so it can be modelled
with a 0 junction. The output bearing is modelled
with a 1 junction through an R element with the
b, gain. The differential gear pair can also be
modelled as a TF element. Its modulus value is
the N,/N, ratio number. Finally, the output side
is modelled with 1 junction, the bearing is an R
element and the axis is represented by J inertia as
an I element. The drive chain construction and its
Bond Graph model can be seen in Figure 2.

4.3. The system equations

The advantage of Bond Graph-based modelling
is the possibility to define equations directly. The
equations of the DC motor based on the Bond
Graph are the following:

Ur, = Ua = Ug, — Um @
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The relations of effort and flow in the GY ele-
ment with k,, ratio are the following:

Up = ko - @1 (6)

)

The equations of the TF element with m,=N,/N,
modulus are the following:
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Based on these the equations, the k torsion shaft
and the b, bearing have the following relations:

Ty, =Tp, + T (10)
N 1
N_:'Tm:bz'mz"‘;'fmkdf an
Wy = Wy — W3 (12)
dTy Ny Tp
E R 13)
Ty, = Tp + Tp, (14)
%-1’4=%-Iwkdt—b3-w3 (15)
4

The differential gear pair represented by the TF
element with N,/N, modulus affects the drive by
the following:

Na . (16)

TNy = Na T,

W3z = =" Wy

(17)

Finally, the equations of the J inertia and the b,
bearing are the following:

=1, ~ b, (18)

dow, N,
B Na . -
] at w, 13 4" Wy (19)

4.4. Design of speed control using PID con-
troller

To model the speed conditions of the drive
chain, speed control loop was designed using a
PID controller. PID controllers are widely used for
linear systems. It operates based on parallel com-

pensation. The PID controller possesses 3 compo-
nents, which are proportional (P), integrating ()
and derivative (D) parts [12]. PID controllers need
an error signal, which is the difference between
the reference signal and the real output detected
by a suitable sensor. In parallel compensation,
the proportional part (P) creates an executive sig-
nal proportional to the error signal, the integral
part () is proportional to the integration of the
error signal, and the derivative part (D) creates
an executive signal proportional to the derived of
the error signal until the error signal reaches the
switch-off threshold. PID controllers use hystere-
sis control [12].

The equations of the PID controller are the fol-
lowing:

e(t) = Ky-e(t) + K, - [[ e()dt + Ky - datt)

dt 20)

de(t)
@) ey

e(t) = Kp-(e(t) + %-for e(t)dt + Ty -

5. The simulation results

After the simulation model was created, the ad-
dition of values was the next step. These values
determine the behaviour of the drive chain and
they are also necessary to tune the PID controller.
The set values during the simulation can be seen
in the Table 1:

Table 1. The set values of the simulation

R,=045Q k =0.09 Nm/rad
L,=0.1mH J=0,0011 kgm?
k, =0.067 Nm/A, Vs/rad | N,/N,=0.1
b,=b,;=b,=0.1 Nms N,/N,=10
b,=0.028 Nms

2

If the drive chain operates without a controller
it is opened loop and results in unstable behav-
iour. To solve this, a PID controller was designed
and implemented. After implementation, the
controller was tuned by using the Ziegler-Nichols
tuning method, which is used to determine values
in a closed loop. The first step of tuning is to de-
termine the critical amplification amplitude and
period time using the proportional (P) part. The
integration time (7)) is infinite, while the deriv-
ative time (T,) is zero. Resonance with constant
amplitude is produced at the critical amplifica-
tion, since this is the border of the stability. The
K, T, és T, parameters can be set based on pre-de-
fined formulas of the Ziegler-Nichols method [12].
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Figure 3. The displayed angular velocity values.

The displayed angular velocity results of the
simulation can be seen in Figure 3:

The first value is the desired reference angu-
lar velocity (w,,), which is represented by a unit
step signal. This is the required angular velocity
of the DC motor. To present the behaviour of the
PID controller the direct output angular velocity
of the motor shaft was also displayed. The third
displayed value was the angular velocity of the
J inertia. This value needs to be changed accord-
ing to the applied gear ratio (1/100), so the angu-
lar velocity of the inertia is a hundredth part of
the output angular velocity of the motor. After a
short transient state, the required value of 10 m/s
should appear on the output of the PMDC motor
as a result of the PID controller. The angular ve-
locity of the J inertia is 1/100 of the angular veloci-
ty of the motor, thus this value is 0.1 rad/s.

6. Conclusions

During the study, a Multi-Domain system was
modelled, which is an industrial robotic drive.
It contains both electrical and rotating mechan-
ical domains. It was important to ensure that the
simulation should be dynamically variable. Thus,
the choice of the description language of the Bond
Graph, proved that it is suitable for this purpose.
The description language allowed the graphical
notations to translate directly into mathematical
equations without a software environment. Since
simulation-based visualization was also a pur-
pose, a special software called 20-sim was used.
The advantage is the low resource requirement,
and the wide toolkit.
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Abstract

The main target of this research, as with other I4.0 related research, is to create a system by which a quantita-
tively lower human resources workload is achieved in manufacturing processes, thereby allowing efforts to
be better focused on creating development activities. The focus of the research work is the creation of an 14.0
compatible data processing system and algorithm which can store and forward data obtained from various
machine tool and measurement equipment. To establish and appropriately use these measurement values, it
is important to process the data in the most optimum way. The first step is to introduce and evaluate the mea-
surement equipment available for our system and its capabilities in the proper transfer of data. This study
intends to introduce these systems, focusing on theoretical and practical attainable accuracy.

Keywords: 4.0, CMM, CNC, measurement accuracy.

1. Introduction

The manufacture of highly complex technical
components with a large number of specifications
requires companies to have rapid inspection tools
to carry out conformity assessment. In this con-
text metrology is an important resource for sup-
porting innovation and development processes,
as well as manufacturing processes, threreby al-
lowing the monitoring of technological improve-
ment in line with the principles of Industry 4.0.
In order to guarantee the reliability of the manu-
facturing process and to ensure the dimensional
and geometrical conformity of technical parts,
companies are demanding increasingly complex
metrology tools capable of ensuring the correct
performance of measurement functions. The ex-
traordinary need to ensure the dimensional and
geometrical compliance of technical parts can be
fulfilled by checking with coordinate measuring
machines. This technology supports rapid inspec-
tion and can produce large amounts of data, im-
proving the interaction with the manufacturing
process in order to guarantee compliance. [1]

The coordinate measuring machine is a mul-
ti-axis measuring machine developed for univer-
sal application. In terms of structural design, the
three-axis construction is common but there are
also five-axis designs. Each axis of this machine is
equipped with a position sensor and can record
any desired points and the position vectors asso-
ciated with the points in the coordinate system
of a machine, based on the position of the meas-
uring probe. In most cases measuring machines
are of the portal design but there are also some
versions with a moving table, moving column or
moving bridge. The most common type of guide-
way is the air-bearing type which has the great
advantage of low resistance due to friction, but
there are also roller types. Since the measuring
system of a coordinate measuring machine re-
quires accurate positioning resolution, it is not
sufficient to use the rotary encoder method com-
monly used on CNC machine tools. However, glass
gauge positioning is necessary. The continuous
supply of remote control is essential because of
the air bearings. Most often the plant's air supply
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is also used but in this case particular attention
must be paid to air quality. [2]

The probe is in direct contact with the work
piece. There are several types, the most common
being the perfect spherical shape, but for special
measurements there are special shaped probes
(e.g. star. L-shaped. etc.) made of ruby.

This paper is concerned with the functioning
and adaptability of the methods used for the ad-
vanced opportunities offered by Industry 4.0. The
main aim is to assess accuracy under real-world
conditions of the various I4.0 compliant measure-
ment systems available at the Savaria Institute
of Technology. Using the measurement results,
a comparison is made about the accuracy of the
systems based on and using these data.

2. Measuring methods

For measuring machines and machine tools, ac-
curacy is a key performance requirement. Verifi-
cation of the accuracy of measuring and inspec-
tion equipment is an important prerequisite for
the quality departments in industry as production
quality is based on the objective of "zero defects".
Hence, it is essential to have a good knowledge
of the condition of the equipment. For CMMs the
DIN EN ISO 10360-2:2009 standard specifies cali-
bration to be carried out regularly and at defined
intervals. In addition, repeatability accuracy tests
must be carried out.

Measurements were taken both inside the CNC
machine and on the coordinate measuring ma-
chine using a block gauge and calibration ring
of accuracy class 2 according to DIN EN ISO 3650
with a manufacturer's tolerance of -0.32 pym at
20°C. The uncertainty of measurement can be de-
fined by the following standard relation given by
the manufacturer:

U=15-10°-L (1)
which in our case is:

U=15-10%-20 mm=0.03 um.

The linear coefficient of thermal expansion of
the etalon material as specified by the manufac-
turer is 11.5 - 107 K. The respective measure-
ment types were carried out with 30 replicates
and the results obtained and the differences be-
tween the different measurement methods were
investigated using different statistical analyses.

Before starting the evaluation, it is of key impor-
tance to be aware of the positioning accuracy of
the equipment. This is available from measure-
ments carried out by the manufacturer or other

accredited organisations. In the case of a CNC
machine the linear positioning accuracy can be
determined by calibration with a laser interfer-
ometer. [3-6]

For the measurements a Renishaw OMP40-2
probe unit was used. Prior to starting the meas-
urements, it is necessary to adjust the radial
runout of the probe head. Since the software can
bridge a maximum of +2.5 um beat, which in the
current case was +0.02 ym. The achieved value
was adjusted using screws on the adapter.

3. Results of measurement processes

The work piece to be measured was placed
and fixed on CNC machine initially, then pre-po-
sitioned by approaching the work piece at a
specified speed by touching the coordinates and
moving away to a safe distance. In current work,
the parallel surfaces of the gauge were touched
from 1 to 1 and the distance between the points
was recorded using the software by subtracting
the coordinate values. Accurate clamping was en-
sured by the vertical compass on the vice and the
parallel sides of the slit leg.

Next, measurements were taken with ring gaug-
es. The etalon was used in this study. The bore
diameter of 63.0021 mm was specified by the sup-
plier. Before starting the operation, the position
of the ring had to be determined and then the
position taken as the centre was used as a start-
ing point. During the measurement 4 points were
touched by the feeler and the diameter was cal-
culated from these points based on a theoretical
circle. The results are presented in table 1.

For further measurements, a coordinate meas-
uring machine located in the metrology labora-
tory of the Savaria Institute of Technology was
used, equipped with Renishaw touch trigger
probes and TouchDMIS software whose accuracy

Table 1. Measurement results (CNC)

X . . Circle
direction | direction

Average [mm] 20.0018 | 20.0000 | 63.0024
ﬁ:’lﬁ?ge CERiation 0.0021 | 0.0005 | 0.0003
Variation [mm] 0.0003 0.0006 0.0003
Minimum [mm] 20.0008 | 19.9991 | 63.0019
Maximum [mm] 20.0027 | 20.0013 | 63.0030
+2 ¢ variation [mm] | 20.0024 | 20.0012 | 63.0030
-2 o variation [mm] | 20.0011 | 19.9989 | 63.0018
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can be calculated for the given lengths from the
calibration certificate issued according to DIN EN
ISO 10360-2 [4]:

MPE = +(15 um + L/333), @)
which in our case is:
MPE = (1.5 um + 20 mm/333) = 1.56 um.

Before starting the measurements, it was
checked that the error of the probe did not ex-
ceed the permissible range using the calibration
sphere. This check should be carried out at pre-
scribed intervals. depending on the use, but usu-
ally once a week.

After the calibration measurements were tak-
en on both the gauge block and the ring gauge.
Before starting the process, it was necessary to
ensure a constant laboratory temperature. The
measurement software has in-built temperature
compensation [4].

The measurements were made on the CMM us-
ing different methods, two point and two plane
measurements in the case of a block gauge, and
nine point and scanned measurements in the case
of a ring gauges. So that not only the measuring
instruments but also the measurement methods
were comparable. The point-to-point measure-
ments were made in exactly the same way as
was done on the CNC machining centre. During
the plane-to-plane measurement, the coordinate
measuring machine software fits a theoretical
plane to the points and then gives the distance be-
tween the two resulting planes.

In the case of the nine-point measurements the
first 5 probes belong to the frontal surface of the
calibration ring. The reason being to compensate
for inaccuracies due to positioning errors of the
object to be measured. During the planar probing,
care must be taken to ensure that the points are
not recorded on the matrices or other markings
on the planar surface. By touching the additional
4 points the software defines a theoretical circle.

When determining the diameter of a circle with
points, the software acts exactly as it would when
measuring on a CNC machine. In the case of the
scanned surface a value is obtained from the pro-
file drawn from the 2400 points taken over the
entire surface.

The results in table 2 conclude that there are
no systematic errors between our measurement
systems. The variances of the observed variables
are within an acceptable range for all measure-
ment scenarios. Since the measurement uncer-
tainty of the used measurement results is an or-
der of magnitude lower than the accuracy of our

Table 2. Measurement results (CMM)

BetweenBetween| Circle | Circle
points | planes (9 point)|(scanned)
ESIaES 20.0004 | 19.9994 | 63.0023 | 63.0024
[mm]
Average devi- | 005 | 00002 0.0002| 0.0003
ation [mm]
pasiaten 0.0002| 0.0001| 0.0001| 0.0001
[mm]
i 20.0003 | 19.9993 | 63.0021 | 63.0023
[mm]
L RS YR 20.0006 | 19.9995 | 63.0026 | 63.0026
[mm]
26 variation | ,, 5007 | 199996 | 63.0026 | 63.0026
[mm]
2o variation | 5, 4507 | 19.9993 | 63.0020 | 63.0022
[mm]

measurement systems, it can be concluded that
the two measurement systems are equivalent to
each other for the current given application.

4. Conclusion

The accuracy of the measuring system integrat-
ed in the newly calibrated milling machine easily
matches the tolerance fields specified by the man-
ufacturer. Based on experience the measurement
is typically fast, and the resulting data can be eas-
ily transmitted and stored using the MES system.

Post-production measurement of work pieces is
one of the most common, yet most debated areas
in terms of quality assurance and product con-
formity. The simplest example is the application
of many different sizes and tolerances and then
the real need for these which is often modified
only during the assembly of the product or based
on the data obtained from use. An unnecessarily
tight tolerance often multiplies the cost of a giv-
en machining, not to mention the unnecessary
environmental impact. The integrated workpiece
measuring system of the CNC milling machine
used in the research is able to perform measure-
ments with a significantly tighter tolerance as
specified by the manufacturer. The CMM measur-
ing machine is an excellent monitoring tool of the
CNC machine as the measurement process can be
almost the same. Based on this it can be easily in-
tegrated and process data into the production sys-
tem. The institute has meanwhile integrated a 3D
scan probe, a new generation of measurements.
It could be a perfect, fast prefilter for classic con-
tact measurements as it is faster, and if an error is
found, the program can move on to more accurate
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but slower tactile measurements without human
intervention. With this, an advanced and precise
quality system can be set up at our institute.

References

[1] A koordindtamérd-gépek szerkezeti kialakitdsa.
CNC MEDIA. 2021
https://www.cnc.hu/2015/04/a-koordinata-mero
gepek-szerkezeti-kialakitasa-i/

[2] Yongjin Kwona, Tzu-Liang Tsengb, Yalcin
Ertekinc: Characterization of Closed-loop Meas-
urement Accuracy in Precision CNC Milling. Ro-
botics and Computer-Integrated Manufacturing,
22.(2006) 288-296.

[3] Hau-Wei Lee, Jr-Rung Chen, Shan-Peng Pan, Hua-

Chung Liou and Po-Er Hsu: Relationship between
ISO 230-2/-6 Test Results and Positioning Accura-
¢y of Machine Tools Using LaserTRACER. Center
for Measurement Standards, Industrial Technol-
ogy Research Institute (2016)

[4] Renishaw: Touch Trigger Probes. 2021
https://www.renishaw.com/en/touch-trigger-
probes--6652

[5] COORD3 Metrology. Industrial Metrology System.
2021
https://coord3.com/en/cmm-universal-2/

[6] Akira-Seiki. Vertical Machining Center V2.5XP.
2021
https://www.akiraseiki.com/vertical-machining-
center-v/vme-v2-5xp.html


https://www.cnc.hu/2015/04/a-koordinata-merogepek-szerkezeti-kialakitasa-i/
https://www.cnc.hu/2015/04/a-koordinata-merogepek-szerkezeti-kialakitasa-i/
https://www.renishaw.com/en/touch-trigger-probes--6652
https://www.renishaw.com/en/touch-trigger-probes--6652
https://coord3.com/en/cmm-universal-2/
https://www.akiraseiki.com/vertical-machining-center-v/vmc-v2-5xp.html
https://www.akiraseiki.com/vertical-machining-center-v/vmc-v2-5xp.html

§ sciendo

Miiszaki Tudomanyos Kozlemények vol. 17. (2022) 46-49.
DOI: Hungarian: https://doi.org/10.33895/mtk-2022.17.10

English: https://doi.org/10.33894/mtk-2022.17.10

DEVELOPMENT OF INDUSTRIAL GRADE HORIZONTAL

POLARGRAPH

Hunor MENYHART,! Zoltan FORGO?

1 Sapientia Hungarian University of Transylvania, Faculty of Technical and Human Sciences, Department of
Mechanical Engineering, Targu Mures, Romania,, menyhart.hunor@student.ms.sapientia.ro

2 Sapientia Hungarian University of Transylvania, Faculty of Technical and Human Sciences, Department of
Mechanical Engineering, Targu Mures, Romania,, zforgo@ms.sapientia.ro

Abstract

This article describes the basis for a horizontal compact drawing robot, its use in the industry, constituent
parts and how these parts and methods - drawn from electronics, mechanics and informatics - combine to

make up the entirety of this machine.

Keywords: horizontal polargraph, drawing robot, Arduino.

1. Introduction

In the industry, much emphasis is necessarily
placed on maximizing reliability and, above all,
performance. Simplifying certain tasks can be
the difference between profit or loss.

Many processes can be performed quickly with
experienced and skilled workers, but skilled la-
bour is often too expensive or simply unattaina-
ble if there is not enough interest in the industry.
Untrained or less skilled workers are often una-
ble to work at the same speed and precision, or in
case of complex problems may be unable to find
a solution in these situations.

Because of this, in many places we replace the
role of humans with robots, so we can mathemat-
ically guarantee the solution of most problems.

One such problem can appear in the manufac-
ture of curved sheet parts. The component design
engineer often designs the piece and passes it to a
specialist at the plasma machine to be cut down.
However, when it reaches the specialist, whose
understanding may be different from that of the
designer, one by one he has to walk through the
piece and record the bending lines by hand. This
is a very time-consuming job and the more inex-
perienced the specialist, the higher the frequen-
cy of errors, even to the point that the part can
be ruined. Furthermore, it often does not help if

the manufacturer of the part and the person per-
forming the bending are one and the same, since
he does not know exactly the bending lines from
memory every time.

This problem requires an automatic system
that eliminates the human factor, for example, a
drawing robot.

So our machine has to meet a few criteria in or-
der to make industrial and practical sense of its
use:

—has to have a large workspace;

—installing it on the work area and starting it can-
not take more than 5 minutes;

—It should be easy to manage and intuitive.

On the market, the various drawing machines
have huge support structures, which increases
precision, but this precision is not necessary for
us to this extent, and in the case of constant and
larger plates in their field of work, due to the size
of these machines, their installation in the work
area requires up to 3-4 people and occupies a
huge area.

The so-called polar graph [1] is suitable for the
task of adjusting the variable work space, but the
biggest problem is that gravity is used to move
on the x axis and the engines direct the working
point in only one direction.
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For this reason, a new solution to this task
should be found, since the existing possibilities
are unsatisfactory. This is where a new solution
comes into play, a rethinking of an existing idea
or technology.

What we are looking for is a tape that can hold
its weight against gravity, exert force in an axis di-
rection and, in the event of unscrewing, it is able
to fold and bend. With this, we are able to cre-
ate a compact polar graph with two motors, two
storage wrists and two tapes that can work on
the horizontal plane, thus making it substantially
easier to install and practical in the production
process.

2. Parameters and geometric design

2.1. The geometric working space of the
machine and its calculation

First of all, we need to get the distance between
the two wrists, which is given by the formula (1).

Then we can calculate the active length of the
tapes and determine the direct geometry in which
the endpoint of the drawing device and the equip-
ment is determined by the formula (3) to calculate
the position of the working point. (Figure 2)

ey

@)

3)

(3”)

2.2. Practical workspace

The machine is controlled from both sides, with
the help of the two engines we can reach any
point within the working area. Figure 3)

The area consists of 3 priority zones, the first
zone is the primary work space, which is the sum
of arectangle and a polynomial triangle, this area
can be reached by both wrists so that it can be
worked on.

Only one wrist has access to the secondary area,
so although the length of each tape would be
enough to reach the entire area, the entire area is
inaccessible to the finished machine.

The last area is the area outside the primary and
secondary areas that the machine cannot reach.

Figure 1. Machine parameters - top view.

Figure 2. Geometrical parameters from top view.

Figure 3. The entire machine workspace from above.

3. Implementation
3.1. Tape spring

These tapes hold their shape in one direction
and bend into the other (Figure 4). this is a spe-
cial mechanical property in robotics that can cre-
ate compact low-load moving arms. [2, 3]

If the force does not exceed the critical value,
the arm is able to exert a force in one direction
with the axis, this is unsuitable for high-perfor-
mance tasks, but our light drawing pencils can be
moved without any problems [4]. (Figure 5)



48 Menyhdrt H., Forgo Z. - Miiszaki Tudomdnyos Kozlemények 17. (2022)

L

Figure 4. Tape springs and types of movement.

Figure 6. Geometric structure of the wrist disc.

Figure 5. Construction of a strip spring.

3.2. Wrist

Our machine's wrist has given up storing and
then successfully compressing the tape into its
convex configuration and using two plates with
spiral indentation. (Figure 6)

The folding discs are made of metal for a high-
er sturdiness and for better sliding, they are con-
nected by a plastic reel whose height precisely
follows the width of the tape. [5] (Figure 7)

Due to its design, when the wrists are turned,
the force acting on the tape forces the spiral wall
to force it into a convex shape. Because of this, the
plate is able to exert more force along its axis, as
well as its side.

3.3. Stepper motor

Its role is to rotate the wrist thereby moving the
plates out so that it reaches a sufficiently large lin-
ear force that moves the pencil.

For this role, we use a NEMA17 bipolar motor
with a step of 1.8°, (Figure 8) for high accuracy
and ease of handling.

The stepper motor is controlled by an A4988
2A-force engine controller, as this controller is
easily accessible and easily replaced in the event

Figure 7. Before and after assembly of the entire
wrist.

Figure 8. A NEMA17 stepper motor.

of a problem. The advantages also include the fact
that the controller can control the engine at suffi-
cient speed and accuracy.

3.4 Drawing structure

There is a structure located at the end of the
tapes, the first part consists of the 2-cylinder joint,
which receives the tapes and allows them to ro-
tate ,the second part holds the frame of the SR 90
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Figure 9. Design of the drawing structure.

servo motor, at the end of which it can move up a
cylindrical platform with a gear and rack, which
may contain drawing tools of different sizes and
shapes. (Figure 9)

3.5 Arduino and control

We use an Arduino Uno (Figure 10) to control
the machine and, to reach the more compact con-
tractor, we use a CNC shield, which establishes a
direct connection with the Arduino.

Then the engine controllers and the associated
stepper motors are added to them.

4. Conclusions

In order for the industry to develop, new tech-
nologists need to enable easier and faster produc-
tion in order to keep up with market demand. The
drawing machine can fulfil a small task in this
chain, but this need cannot be fully supported
without tests.

Figure 10. Cable layout and graphic presentation of
an ARDUINO UNO.

References

[1] Polargraph UK,Polargraph on Hiatus 2019, http://
www.polargraph.co.uk/,(Let6ltve 2021.02.15)

[2] Project Scribble-Theorz Craft, 2021,
https://invalidentry.engineer/blog/project-scrib-
ble-part-1/ (Letdltve 2022.04.17)

[3] S.J.I. Walker, Guglielmo Aglietti: A Study of Tape
Spring Fold Curvature for Space Deployable Struc-
tures. Engineering Proceedings of the Institution
of Mechanical Engineers Part G Journal of Aero-
space 221/3 (2007) 313-325.
https://doi.org/10.1243/09544100JAERO209

[4] Dewalque F., Collette J. P., Briils O.: Mechanical Be-
haviour of Tape Springs Used in the Deployment of
Reflectors around a Solar Panel. Acta Astronauti-
ca, 123. (2016) 271-282.
https://www.sciencedirect.com/science/article/
abs/pii/S0094576515302952

[5] Ekeldw J.: Design and Manufacturing of Thin Com-
posite Tape Springs. 2014. (Letoltve 2021.02.03)
http://www.diva-portal.org/smash/get/
diva2:805332/FULLTEXTO01.pdf


https://invalidentry.engineer/blog/project-scribble-part-1/
https://invalidentry.engineer/blog/project-scribble-part-1/
https://doi.org/10.1243/09544100JAERO209
https://www.sciencedirect.com/science/article/abs/pii/S0094576515302952
https://www.sciencedirect.com/science/article/abs/pii/S0094576515302952
http://www.diva-portal.org/smash/get/diva2:805332/FULLTEXT01.pdf
http://www.diva-portal.org/smash/get/diva2:805332/FULLTEXT01.pdf

§ sciendo

Miszaki Tudomanyos Kézlemények vol. 17. (2022) 50-54.
DOI: Hungarian: https://doi.org/10.33895/mtk-2022.17.11

English: https://doi.org/10.33894/mtk-2022.17.11

EXAMINATION OF AGING OF ALSITMGMN TYPE

ALUMINIUM ALLOY

Mohammed MUDABBIRUDDIN,! Tiinde Anna KOVACS?

 Obuda University, Doctoral School on Materials Sciences and Technologies, Budapest, Hungary,

mohammed.mudabbir@uni-obuda.hu

2 Obuda University, Banki Dondt Faculty of Mechanical and Safety Engineering, Budapest, Hungary,

kovacs.tunde@bgk.uni-obuda.hu

Abstract

In the world of manufacturing, aluminium alloy is mostly used because of its suitable properties, such as
mechanical behaviour and machinability. The formation of the cluster, the erosion and corrosion, the precip-
itation process, artificial ageing and other factors are also discussed in this study. From the practical point of
view, the main objective of this experimental study is the investigation of the ageing process of AlSi1MgMn
(EN AW 6082 T6) aluminium alloy. To investigate the compound precipitation in the aluminium alloy, a heat
treatment process is conducted after which a hardness test is performed and hardness values evaluated to
obtained the optimal hardness value according to ageing time and temperature. Significant results have
been obtained in the hardness test, however, the metallography shows no clear significant result. For better

results, more tests are suggested.

Keywords: AlSi1MgMn, ageing, heat treatment, hardness.

1. Introduction

The ageing of materials generally depends on
the material properties, while the ageing of tech-
nical systems depends on their application. Age-
ing can be classified into three groups: thermal,
mechanical and electrical. The main causes of
ageing can be erosion and corrosion, wear and
tear, and lack of maintenance which can cause
a sudden failure and can lead to damage whole
system [1]. Time-dependent failure rates can also
depend on the weather. To overcome this prob-
lem and to increase the efficiency of any techni-
cal system, the prediction of failure on bus cable
ageing is very important. Fatigue property plays
a very important role in predicting ageing of the
used material and mechanical properties, au-
thors presented their work for this problem. To
understand material behaviour, mathematical
modelling can be used.

In today's "Industry 4.0" environment, alumin-
ium alloys are mostly used in various fields of

application due to their excellent properties: low
density, adequate strength and hardness, excel-
lent castability and corrosion resistance. These
properties make Al-Si-Mg alloys a sought-after
material for various applications in the construc-
tion, automotive, and aerospace industries. The
main areas of application are high-stress applica-
tions, lattice structures, bridges, cranes, transport
applications, copper barrels, beer barrels and
milk barrels. It should be borne in mind that the
mechanical properties of AlMgSi alloys primarily
depend on processing technology.

Over the years, many authors have studied al-
uminium alloys and the dependence of their me-
chanical properties on different heat treatment
conditions. Extensive research on the properties
of aluminium alloys has been presented. Forging
and plastic forming is presented in [2], and these
methods were also used to analyze the strength
of the 6082 Al alloy. In order to estimate the fa-
tigue life, a short-cycle fatigue test is performed
for AIMgSi alloys with different chemical com-
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positions and microstructures [3] literature. Pre-
vious work shows that cracking in this type of
alloy is due to the presence of magnesium and
chromium. In an alloy with a high magnesium
content, the phenomenon of the formation of
precipitates occurs more often than in an alloy
with a low magnesium content during the natu-
ral ageing process. The AIMgSi alloys family are
aged to improve properties, the goal is not hard-
ness, but increased ultimate tensile strength and
yield strength [4, 5]. During the artificial ageing
of AlMgSi alloys, the precipitation process was
studied with experimentally. Alloys of this type
are widely used as structural materials, so it is
worthwhile to improve the production process
and the properties of the material. The crack
growth behaviour of aluminium alloy 6082-T6 is
studied in the literature [6]. Applying the "Paris"
law, fatigue crack growth can be observed in the
samples. In this study, the effect of two types of in-
cisions, curved U-incision and V-incision, are con-
sidered. Using Paris law in test specimens, fatigue
crack growth rate is obtained. Two types of notch-
es are taken into consideration for this study i.e.
Curved U-notch and V-notch. Results show that
the curved U-notch shows a higher value of stress
as compared to V-notch. An ageing model is ex-
ecuted to predict the ageing life under different
stress values. The fatigue test was performed and
compared with 2017A-T4 and 6082-T6 aluminium
alloys. Based on mean torsion stress, after sta-
tistical analysis, this model uses measured data
to estimate ageing. Based on the heat treatment
time and temperature, precipitation behaviour is
examined by differential scanning calorimetry,
Scanning Electron Microscopes (SEM), Transmis-
sion Electron Microscopes (TEM) metallographic
analyses, and hardness testing [8]. Aluminium al-
loys such as 6082-T6, 6060, 6005A, and 6063 were
used for the test with varying cooling rates. The
behaviour of the precipitates in a certain cooling
speed range showed the same result. The litera-
ture [9] examines the ageing behaviour of alu-
minium alloy 6082 with the help of Vicker micro-
hardness measurements, mild micro ageing, and
tensile strength test analysis [9]. During material
testing, the microscopic image after etching does
not provide a clear answer concerning the hard-
ening of the material. The effect of welding tech-
niques and the effects of alloys are examined in
the literature [10].

2. Material and heat treatment
2.1. AIMgSi (6082-T6)

Precipitation of alloys that can be refined, such
as aluminium, is expected to contain scattered
fine precipitates, which can range from spheri-
cal to lamellar. Therefore, an aluminium-based
alloy - AIMgSi (6082-T6) - is used for further anal-
ysis. Aluminium alloy 6082-T6 is an alloy for cold
working means it is a member of the alumini-
um-magnesium-silicon alloy family. It is typically
formed by extrusion and rolling. They are usual-
ly heat-treated to create a material with greater
strength but less breathability. It is difficult to pro-
duce thin-walled, complex shapes from the 6082
alloys using extrusion. Aluminium alloy 6082-T6
is a medium-strength alloy with excellent erosion
and corrosion resistance properties. Among the
6000 series alloys, it has the highest strength.

The chemical composition and material proper-
ties of T6-6082 aluminium alloy are listed in Ta-
bles 1 and 2.

Table 1. Chemical Composition

Element Percentage %
Al 95.2 - 98.3%
Cr 0.25% max.
Cu 0.1% max.
Fe 0.5% max.
Mg 0.6 - 1.2% max.
Mn 0.4 - 1% max.
Si 0.7 - 1.3% max.
Ti 0.15% max.
Zn 0.2% max.
Other 0.15% max.
Table 2. Material Properties
Properties Value
Density 2.71 g/cm?®
Young’s Modulus 71 GPa
Ultimate tensile strength 140-330 MPa
Yield strength 280 MPa
Hardness Vickers 35-100 HV
Brinell Hardness 84 HB
Melting Point 555 °C

2.2. Heat Treating

The most important heat treatment used to in-
crease the strength of aluminium alloys is age-
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ing, which includes solvent annealing, rapid
cooling, and ageing. The research aims to study
the ageing process of the used aluminium alloy.
First, the 6082-T6 sample was cut into 5 different
parts, each 4x3.5 cm in size. These samples were
labelled according to their heat treatment. The
samples were then heated in an oven at 550 °C for
one and a half hours (solvent annealing). All the
samples were taken out after heating and then
cooled in cold water. Solvent annealing was per-
formed at 550 °C for 1 hour for each piece. After
this process, it was heat treated using different
ageing times. The duration is respectively 1 hour,
5 hours, 10 hours and 24 hours at a constant tem-
perature of 200 °C. After ageing, these samples
were individually cooled to room temperature in
still air, and then a hardness test was performed
on each sample, using Vickers hardness measure-
ment. Figure 1 shows the temperature-time dia-
gram of the performed heat treatment process.

3. Results and Discussion

3.1.Hardness test

FFatigue failure depends on many factors, such
as the type and condition of the material, the
geometry of the structural elements, the type of
loading or the state of stress. During the experi-
ments, four aged samples, one hardened sample
and one control sample without heat treatment
were examined (Table 3). The load used for hard-
ness measurement is 300 g, and the test time is
15 seconds (HV0.3/15). Five measurements were
taken on each sample, and the hardness value
was determined by calculating the average. The
obtained values were designed on a graph, as a
function of ageing time and hardness (Figure 2).

Table 3. Hardness Vickers value of each sample

L, i Reading in
Sam- Description HV03/15
ples
1 Original Control Sample 101.63

Solution treated at 550°C
2 and Quenched 144.33

Ageing at 200°C for 1 hours 160.33
4 Ageing at 200°C for 5 hours 155
5 Ageing at 200°C for 10 151
hours
6 Ageing at 200°C for 24 147 66
hours

Figure 1. Ageing heat treatment process diagram

Figure 2. Graphical representations of obtained hard-
ness values

The hardness measurement results are shown
in a diagram. We wanted to show the effect of
the ageing time on the hardness as a function of
the ageing time. The diagram clearly shows that
the highest hardness was obtained after 1 hour
of ageing. Longer ageing heat treatment caused a
decrease in hardness.

3.2.Metallography

— Preparation of the microscopic examination:
1. Making a cross-section 2. Casting the piece 3.
Grinding 4. Polishing and 5. Etching.

After the hardness test, all the samples were em-
bedded so that grinding and polishing could be
performed afterwards, and then the microscopic
examination was performed. The casting of the
piece is done with a resin material to give it the
final shape for further preparation. The cast sam-
ples were prepared by sanding them with coarse
sandpaper. For the sanding process, we pro-
gressed from 80-grit sandpaper to fine 2500-grit
sandpaper. Keller's reagent, which is a mixture
of nitric acid, hydrochloric acid and hydrofluoric
acid, was used for about 10-15 seconds for etch-
ing. After etching, we perform a microstructural
examination using an optical microscope.

Figures 3-8. shows images of all age-hardened
aluminium alloys. These images are taken by op-
tical microscope with 1000x zoom (50 pm).
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Figure 3. Control Sample

Figure 5. Sample 3 At 200°C for 1 hour

Figure 7. Sample 5 At 200°C for 10 hour

Figure 4. Quenched Sample 2 at 550°C for 1 hour

Figure 6. Sample 4 At 200°C for 5 hour

Figure 8. Sample 6 At 200°C for 24 hour
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4. Conclusion

In this study, AIMgSi (6082) aluminium alloy
was aged by heat treatment and evaluated by
hardness measurement. We have explained the
process step by step. Overall, it can be said that
during the test, it can be noticed in the hardness
measurements that the hardness of sample 3 is
the highest, therefore ageing at 200 °C for 1 hour
can be considered as the optimal ageing heat
treatment.

After the hardness measurements, we tried to
observe the precipitates with the metallographic
tests. No significant results were visible in met-
allography. This metallographic examination was
performed with an optical microscope, for better
results it would be recommended to use other
techniques, such as a scanning electron micro-
scope or a transmission electron microscope.
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Abstract

An important part of technical education is the presentation of processes through experiments and demon-
stration tools. This direct sensual experience is one of the sources of knowledge acquisition. The illustration
provides a deeper understanding of the curriculum, making the cognitive process more intense. In this study
we present a refrigerator model we have designed and implemented. Measurements are then performed on
a real refrigerator to study the compressor refrigeration process. The locations where data were acquired

are shown on the model.

Keywords: compression refrigeration system, model, refrigeration cycle, temperature measurement.

1. Presentation of a compressor refri-
gerator

The presentation equipment is a teaching tool
suitable for illustrating the structural relation-
ships, parts, and operating principles of objects.
The didactic requirement of the presentation
equipment is to be suitable for purposeful and
versatile observation, and to be able to present
the processes both as a whole and in detail.

The equipment showing the compressor refrig-
erator visually helps those participating in techni-
cal education to understand and record the struc-
ture and operation of the machines.

A compressor is a machine capable of increas-
ing the pressure of gases. It is driven by a power
machine, often an electric motor. It can be found
in almost every household: it is present in refrig-
erators, air conditioners, cars, and most air-pow-
ered tools [1].

With the refrigerator, a lower temperature than
the environment can be artificially produced and
permanently maintained [2].

1.1. Principle construction and operation of
a compressor refrigerator

The principle structure of the compressor refrig-
erator is shown in Figure 1. The main parts of the

refrigerator are the compressor, the condenser,
the expansion valve and the evaporator, which
form a closed system. Refrigerant circulates in the
closed system [2].

The refrigerant can be gas or vapour. The most
common refrigerant is vapour [3-4]. We will only
discuss this hereinafter. The refrigerant is pres-
ent in different states during the cooling process.

The compressor increases the pressure and
temperature of the wet vapour refrigerant, so
the high-pressure and high-temperature vapour
continues to flow toward the condenser. The con-
denser is a large surface area heat exchanger.
The superheated high-pressure vapour arriving
here gives off its heat to the environment, and
then cools and condenses. The liquid refrigerant
passes through a throttle valve, which maintains
the pressure difference, and where the medium
expands, causes its pressure to drop and thus its
temperature. It begins to boil at a lower tempera-
ture due to the lower pressure. It takes heat from
its surroundings for evaporation. The heat is ab-
sorbed in the evaporator. The refrigerant arriving
here is in the form of wet vapour which evapo-
rates here completely while absorbing heat from
the medium to be cooled. It leaves the evaporator
as cold vapour. The compressor usually includes
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arecuperator, in which the incoming cold vapour
is preheated by the outgoing hot vapour, so that
a higher temperature refrigerant arrives at the
compressor. As long as the compressor ensures
the circulation of the refrigerant, these processes
take place, thus the environment of the evapora-
tor cools down, while that of the condenser heats

up.
1.2. Compressor presentation

We used the compressor of a refrigerator to
create the demonstration equipment. We opened
the compressor and took it out of the housing, so
the piston, cylinder head, valves, in this case the
flow passages of the coolant, spray oiling, and the
drive motor are visible, Figure 2.

In order to properly illustrate the cylinder head,
valves and suction side muffler, we replaced the
original mounting bolts and created the correct
distance for visual inspection.

1.3. Presentation equipment of a refriger-
ator

We also used parts of an old refrigerator to cre-
ate the refrigerator demonstration equipment.
The presentation equipment contains the basic
parts of the refrigeration circuit: the compressor,
the condenser, the evaporator, the throttle valve
formed as a common body with the evaporator.
The equipment is completed with the dryer and
the pipelines, Figures 3 and 4).

The condenser is usually large, so we only used
a part of it.

The dryer filters the refrigerant passing through
it and extracts any moisture from it [2]. To
demonstrate its construction, the cover was cut
lengthwise, the filters were cleaned, and then the
silica gel balls were fixed with instant glue.

The evaporator is a 120x400x300 mm alumini-
um box with a tube system in its wall, where the
refrigerant circulates. The throttle valve can be
observed on its surface, which is trained on the
entry side.

The pipes were attached to each other with a
transparent flexible PVC hose for easy installa-
tion.

2. Examination of the refrigeration
cycle
In order to study the refrigeration cycle, we ex-
amined the elements of a real refrigerator togeth-
er. The refrigerator is a closed system, so it is only
possible to measure the temperature. We have
developed a measurement system for this.

Figure 1. The principle construction and operation of
a refrigerator.

Figure 2. Implemented compressor presentation
equipment.

Figure 3. Presentation of dryer.

Figure 4. Implemented refrigerator demonstration
equipment.
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2.1. Measurement system

The test was carried out on an LDK refrigerator
with a volume of 43 L, Figure 5. The condenser of
the tested refrigerator is built into the side walls,
the evaporator-freezer part is small. Refrigerant
is isobutane, designation: R600a. Isobutane boils
at -11.7 °C at normal, atmospheric pressure and
can be liquefied at 25°C with a pressure of 3.5 bar
[5].

The main components of the measuring unit:
Arduino Mega2560, 7 DS18B20 temperature sen-
sors, 3.2" diameter touchscreen colour TFT LCD
display.

The purpose of the measuring program is to cre-
ate an easy-to-understand interface that shows
the user the temperature values measured by all
sensors at the same time [6]. The temperature
changes are also illustrated by a graphic inter-
face. For easier tracking, each sensor has its own
color code. Navigation is possible between 4 pag-
es on the user interface, which is made possible
by the touch-sensitive display.

The flowchart of the program is shown in Fig-
ure 6.

2.2. Measurement

In order to test the refrigerator, the seven sen-
sors were fixed in important places in terms of
operation: before the compressor and after the
compressor, on the condenser, in front of the
dryer, after the dryer, in front of the throttle and
after the throttle. The temperature sensors were
fixed with aluminum adhesive tape and heat-con-
ducting paste.

After starting the refrigerator, the sensor data is
saved in a *txt file; these can be followed on the
fourth page of the screen, Figure 7.

The temperature change of the refrigerant dur-
ing the operation of the refrigerator at the meas-
urement locations can be followed in Figure 8.

Figure 8. shows the measurement locations and
identifies the elementary processes of the cooling
cycle:

—S4-S1: Temperature increase by compressor;

—S1-§5-52-S3-S6: Temperature drop by condens-

er;

-S6-S7: Temperature drop by throttle;

—S7-S4: Temperature increase by evaporator.

2.3. Refrigerant cycle test

Knowing the pressure and enthalpy of the re-
frigerant is of practical importance for the illus-
tration and investigation of the change in the
state of the refrigerant along the refrigeration
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Figure 5. The tested refrigeration machine and data
collection.

Figure 6. Flowchart of the program.
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cycle [4, 7, 8, 9]. Enthalpy, whose symbol is H, is
a caloric state indicator with energy dimension,
and its unit is []].

Based on the temperature, the saturated vapor
pressure of the refrigerant can be determined,
this was based on the characteristic of the saturat-
ed vapor pressure of isobutane. The saturated va-
por pressure values for the R600a, isobutane re-
frigerant at a given temperature can be found in
the literature [5]. Using these values, we formed
an approximate polynomial, Figure 9.

The relation of the approximate polynomial:

p=41066+8104t?+0.562 t + 1.5624 [bar] (1)

The saturated vapor pressure values for the
temperature values after the compressor and af-
ter the throttle were determined with the relation
(1). The data are given in Table 1. The expected
data of R600a refrigerant, which can be found in
the literature, have also been indicated there.

The refrigeration circuit processes can be clearly
illustrated on the p-h diagram, Figure 10, where h
is the specific enthalpy, [J/kg].

The pressure-increasing effect of the compres-
sor and the enthalpy increase can be followed
in section S4-S1 of the diagram. The refrigerant
turns into superheated vapor. The calculated
pressure of 5.6 bar is acceptable based on liter-
ature data.

In section S1-S5-S6, the temperature on the
condenser decreases (Figure 8). The refrigerant
changes from a vapor state to a liquid state (Fig-
ure 9). Isobaric heat release, enthalpy reduction
occurs.

On the S6-S7 section can be seen the pressure
drop across the throttle. The temperature value
measured after the choke matches the literature
data (Table 1, Figure 8). If we start from the as-
sumption that the refrigerant after the throttle
is in a vapor state, it can be seen that the deter-
mined pressure of 0.6 bar can be realistic (Ta-
ble 1, Figure 10).

In section S7-S4, the refrigerant evaporates,
isobaric heat absorption takes place and the en-
thalpy increases.

Table 1. Determined saturated vapour pressure values

Sensor Tempera- Calculated | _.
Literature
num- |Sensor place| ture pressure data
ber (°C) (bar)

1 After com- 41.75 5.60 40 + 60 °C
pressor max. 8 bar
After throt- -25+-20°C

7 tle 23.66 0.61 05 < 1 bar

Figure 7. Displayed data.

Figure 8. Refrigerant temperature change at the
measurement locations along the circuit.

Figure 9. R600a, isobutane saturated vapor pressure
diagram.

Figure 10. [llustration of the refrigeration cycle on a
p-h diagram.
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3. Conclusions

The demonstration device requires little space,
is easy to use, and is safe. It presents the impor-
tant parts of the refrigerator and gives an oppor-
tunity to follow the elementary processes.

With the help of the measuring unit, the temper-
ature changes can be followed in real time. The
measurement locations can be presented on the
demonstration equipment.

In the refrigeration circuit, the temperature,
pressure, and state of the refrigerant change. This
is explained by the demonstration equipment and
verified and illustrated by the measurements.

The implemented demonstration equipment
connects theoretical and practical concepts.
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Abstract

This project is based on the study of collaborative robots (hereafter: Cobot) and industrial PCs, including
the communication possibilities between them. In the course of the project, a number of possibilities were
studied in order to solve the problem and then summarised to select a collaborative robot and an industrial
PC. After that, the focus of the project was on the communication options between the two systems: commu-
nication via I/O ports and net-work communication (TCP/IP, Modbus/TCP). Finally, the possible solutions were
analysed from different points of view (complexity, flexibility, technical aspects, etc.) and communication
between the chosen devices was implemented. The implementation was mainly carried out in a simulation
environment, but as the project progressed a communication solution was tested on real industrial devices.

Keywords: KR, Cobot, UR, PLC, IPC, Beckhoff, TCP/IP, Modbus/TCP.

1. Introduction

Robots are becoming more and more impor-
tant in industry, so a large part of the work is no
longer done by humans. However, there are still
tasks where human interaction is required. This
is why Cobots have been developed [1].

There are many ways to communicate with a
robot. Robots are most often controlled by wired,
wireless or autonomous methods [2].

The goal of this research was to implement a
communication solution between a Cobot and an
industrial controller.

2. Selected industrial controller and
robot

After examining the main features of collabora-
tive robots and industrial controllers, one of each
was selected. For the controller, the Beckhoff
CX5140 Embedded PC was chosen, shown in Fig-
ure 1. With the CX series of embedded PCs, Beck-
hoff combines PC technology with modular I/O

level. It also provides a range of communication
options such as TCP/IP, which fulfils the require-
ments set at the beginning of the project.

The Cobot chosen is the UR10 Cobot shown in
Figure 2, which has several communication op-
tions including support for TCP/IP communica-

Figure 1. CX5140 Embedded PC. [3]
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Figure 2. UR10 Cobot. [4]

tion protocol, making it an excellent subject for
the task. Its programming is also relatively sim-
ple and easy to learn. UR10 is designed for larger
tasks where accuracy and reliability are a prior-
ity. With the UR10 collaborative robotic arm, we
can automate larger processes and tasks with
loads up to 10 kg. With a reach radius of up to
1300 mm, the UR10 Cobot is designed to be more
efficient for tasks over larger areas [4]. The pro-
gramming of both devices is easy to learn, al-
though the industrial controller requires some
prior knowledge.

3. Communication possibilities be-
tween the selected systems

Three communication options were studied.
TCP (transmission control protocol) is the Inter-
net standard that ensures the successful transfer
of data packets between devices over a network.
TCP works with the Internet Protocol (IP) to de-
termine how data is exchanged over the Internet.
The two protocols are collectively referred to as
TCP/IP [5].

Modbus TCP is nothing more than sending a
Modbus RTU message wrapped in an Ethernet
packet, but instead of a serial connection, the
message is transmitted over a network. TCP/IP
provides the transmission medium for Modbus
TCP messages. Simply put, TCP/IP allows the ex-
change of binary data blocks between automa-
tion devices [6].

I/0 modules are the simplest way to communi-
cate. The TCP/IP communication protocol, which
is server/client based, is best suited to the flexibil-
ity of the task.

4. TCP/IP server and client program

In order to implement communication between
the two industrial devices in the server/client sys-
tem, a wired LAN communication was required.
The industrial controller was selected as server
and the robot as client. The IP addresses of the
devices have the same network segments, the
server IP address is 192.168.2.100 and the client IP
address is 192.168.2.113. This results in a subnet
mask of 255.255.255.0, which is in class C of the
IPv4 address class.

The embedded PC program was written in Beck-
hoff's own development environment in TwinCat
3in ST. The program for UR10 was written in UR-
Sim Offline Simulator in the programming lan-
guage of URScript.

Figure 3 shows the program part of the server
states. State 0 is the listener state, when the server
is running and waiting for incoming connections.
State 1 is set up when a successful connection is
established, and from there it enters state 2, i.e.
message exchange. After sending a message, the
program enters state 3 and then state 4 after the
server is closed.

Figure 4 shows a part of the client program.
When writing the client, a 'connection' and a
'server' Boolean variable was selected in the Be-
foreStart segment. The 'server' variable is set to
TRUE as soon as the connection is established
with the server. Then after a successful connec-
tion, the client sends a message to the server and
enters the message send/receive state. Based on
predefined messages, the UR client can perform
various tasks and due to the peculiarity of TCP/IP,
messages are delivered in the order they are sent.

5. Operation of server/client connec-
tion

The flowchart in Figure 5 shows how the con-
nection works.

The server is first set up and started. Then, when
the server is waiting for the client to connect, the
client program is started and within a few sec-
onds the connection is established (assuming all
settings are correct).

Figure 6 shows a TCP/IP connection implement-
ed in a simulation environment. Once the con-
nection is established, the server can send and re-
ceive messages from the client. This is true back
and forth. Figure 7 shows the tasks that the robot
client can perform based on the instructions from
the server.
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Figure 3. Part of the server program.
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Figure 4. Part of the client program.

Figure 5. Server/client connection flowchart.

Figure 6. Connection in simulation environment.

Figure 7. Robot tasks.

The client program can now perform 3 different
tasks besides closing the socket and sending the
"undefined task" message. It can receive an "A",
"B" or "C" message and execute the task accord-
ingly.

This configuration is created by directly con-
necting the two devices. However, in some cases,
the communication can be improved by adding
a router if connection of multiple clients to the
same server is required.

The implemented communication was tested in
real life with a UR10 Cobot and a CX5140 industri-
al controller at Vitesco's Debrecen premises.

6. Related developments

One of the big advantages of TCP/IP communica-
tion protocol is that the server program can eas-
ily be extended, so it can be written to connect
to multiple clients. However, only a two client
solution has been developed here for now. This is
an important development because it allows 2 ro-
bots to work collaboratively in a workspace at the
same time on a given workstation. Furthermore,
the position of each robot can be read and sent to
the other robot. Taking this development further,
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a collaboration is created in which not only the
human works with the robot, but also the robot
works with another robot by enabling the two de-
vices to communicate with each other through an
intermediate TCP/IP server. In this way, industrial
work can be done more securely.

In the simple Pick and Place task shown in Fig-
ure 8 two Cobots work together with the operator.
The TCP/IP communication solution allows a fast
exchange of data between the two robots and the
operator can track the task via the server HMI..

The HMI of the server shown in Figure 9 allows
the operator to give various instructions to the
client.

From the user interface of client 2 shown in Fig-
ure 10 we can retrieve the robot's position with
commands and later return the robot to that fixed
state. This solution gives room for further possi-
bilities which this research plans to implement in
future studies.

7. Conclusion

The goals set for the project have been met and
are explained in the project report. The commu-
nication solution has been implemented in a sim-
ulation environment and tested on real industrial
equipment. As a further development, the imple-
mentation of a more secure collaborative space
was realised.
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