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ELECTRICAL ENGINEERING

Analytical approach for calculation of the electric field induced
by an axisymmetric current exciter
Ilonka T. Lilyanova
In the paper is presented an analytical approach for calculation of the electric field induced by an
axisymmetric current exciter. The region in which the field is determined may have an arbitrary
shape. The approach is based on the well-known theoretical results referring to the magnetic vector
potential of a circuit current contour. Provided that the environment is linear, the “superposition”
principle is used. A practical example of a flat heating induction system with an inductor shaped as a
flat spiral coil is regarded. The inductor is situated at a distance from an aluminum disc detail. An analytical model of the inducted electrical field in the disc is formulated and after that a model of the
current distribution in the detail is given. The results are compared with those obtained by using a
model of the same system represented by inductively connected circuits, as well as with
the experimental results.
Аналитично изследване на електрическо поле, индуктирано от осесиметричен токов
възбудител (Илонка Лилянова). В статията е предложен аналитичен подход за изчисляване
на електрическо поле, индуктирано от осесиметричен токов възбудител. Областта, в която
се определя полето може да има произволна форма. Подходът се базира на известни
теоретични изводи за магнитния вектор-потенциал на кръгов токов контур. При условие, че
средата е линейна, се използва принципът с наслагването. Представен e приложен пример на
плоска индукционна система, с индуктор във формата на плоска спирала. Индукторът е
разположен на разстояние от дисков алуминиев детайл. Формулиран е аналитичен модел на
индуктираното в диска електрическо поле и оттам на разпределението на токовете в
детайла. Резултатите са сравнени с тези, получени с използването на модел на системата,
представен от индуктивно свързани вериги, както и с резултати, получени експериментално.

Introduction
During the induction heating (IH) the distantly
excited electromagnetic energy penetrates directly into
the heated detail. The process is characterized with:
very high concentration of energy in the heated material, non-contact of the impact, reliability at action,
easy regulation, does not cause any pollution. Apart
from its traditional use in the heat-treating of metals
[1], [2], it is also used in fluids heating [3], in demagnetizing of ferromagnetic details; in processing compact ceramic materials [2], in cooking[5] and in medicine[6]. The research of the literature sources shows
that the problems of induction heating continue to be
one of the main interested topics not only needing
more accurate results, but also developing inductors
for special types of temperature treatment. Some of
them have very specific shapes [7], [8]. The wide
variety of practical uses of IH demands finding solu-
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tions to the very important inverse problems related to
boosting the efficiency of the technic ware and the
processes in them. This requires the existence of the
precise computing models, especially with respect to
the electromagnetic field as the main origin of the
heating [9].
The present paper suggests an approach for analytical research of the electromagnetic field “excited”
by an axis-symmetric current exciter. It is also possible to find a solution for the more general case of the
system in which the “exciting” circular contours with
known currents in them are orientated differently in
the space. The approach is based on well-known
theoretical conslusions for the magentic vector
potential determined by a circular current contour
[10], [11]. Summarising geometrically the created
vector potentials at a particular point, the approach
can be used for analysing the electromagnetic field in
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a space region with an arbitrary geometry. The reliability of the research is proved by a practical example
in a linear environment. Thus at a flat heating induction system the radial distribution of the current density and the induced currents in aluminium disc detail
are computed. The results are compared with those
obtained by studying another model of the system
presented by a inductively connected electrical circuits [2], as well as by experimental results [3].
Electrical field excited by a circular current
contour
The proposed model is named as model 1. To
compute the electromagnetic field of the currents
flowing in the contours with complicated shapes is a
rather difficult problem. In this case all quantities
determining the field are functions of the spatial coordinates. The general method of a solution in a homogeneous environment consists in finding the magnetic
vector potential supposing that the distribution of the
exciting currents is known.
By using this method the derivative fields – magnetic inductions and induced electrical field (in the
cases when the current is dependent on time) are computed later. Taking into account that every axissymmetric current exciter could be considered as a
group of circular contours with the same currents, it is
clear that in order to determine the magnetic vector
potential and the additional fields the problem must be
solved in the space [10]. Since the magnetic vector

potential A is collinear with the current vector density



J of the exciter, the vector lines of A  A e lie in
planes, parallel to the exciting contours and they look
like concentric circles with a centers at the axis of
these contours (Fig. 1).
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Fig.1. Field of circular contour.
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The vector-potential has only a tangential component A  A which at point M is defined by the following expression:
(2)
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The computation is implemented by finding the
exact values of the two elliptical integrals K and E,
from I and II order respectively, or by using rows to
find an approximate value. The modulus k depends on
the geometric sizes and it is defined by the following
expression:
(3)

ρ
M

The physical field structure of a single current contour with current i requires the study in a cylindrical
coordinate system ρ, α, z.
In the cylindrical coordinate system of Fig. 1 the
magnetic vector-potential is determined at point M.

The vector line A , through the point M lies in the
plane parallel to the plane in which the exciting current contour is situated. The origin of the coordinate
system is point O. It is the common center of all circular windings (current contours), equivalently replacing

the inductor. The axis e z is perpendicular to the plane
of the current contours. It is considered that the sizes
of the cross section s of each current contour are much
smaller than its radius R. Furthermore, the point M is
placed at a much bigger distance from the exciting
contour than each linear size of its cross section S.
Those circumstances make it possible the magnetic

vector-potential A at the arbitrary point M to be defined as excited by a linear current contour G:

 .i dl
(1)
A
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k
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z  ( R  ) 2
2

Due to the field dependencies between the vectors
of the electromagnetic field, between the electrical


B
intensity E , the magnetic induction
and the

magnetic vector potential A , the following
dependencies are used:




dB
B  rot A,
(4) rot E  
и
dt
where:
(5)


 dA
rot ( E  )  0
dt
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and as a result:
(6)


 A
E
  grad V .
t

Here, the quantity V is a scalar electric potential. Due
to the fact that the electrical field in the detail is defined only by the eddy current, an induction field

E can be found by the expression:


A
(7)
E
t
At a sine mode (7) is presented in a complex
form:
(8)
E   jA


Since the components of an electrical field E are
defined by those of the vector potential A , it follows:
(9)



E  E e

Applying the Ohm’s law in a differential



form J   E , it is concluded that the density J of the
induced currents can be computed in every detail
point, as well as in the detail as a whole. In order to do
that it is used the superposition principle (the environment
 is linear). Since the detail is circular and the
field E is symmetric, it is enough to define a radial
distribution E (r ) and respectively J  (r )   E (r ) .
The induced electric field in the studied object
(model 1)
The investigated real system is shown in Fig. 2.

Fig.2 View of the induction system with 7 sections.

The exciter is a single-layer inductor with seven
sections each consisting of 13 circular windings. It has
an inner diameter 0,006m and an outer diameter –

4

0,48m. It is made of a PSD 1,2х10mm conductor.
Parallel to the inductor a non-ferromagnetic aluminium detail is situated, where the eddy current electrical
field is induced. The system works under laboratory
conditions. It is supplied by a network with industrial
frequency and lower voltage.
The inductor is presented as a group of K current
contours. Each contour has a size in radial direction
less than 2 mm (the cross section width). The detail
which is also circular is presented also as a group of
current contours, but contours of the induced currents.
Thus in a detail current contour with arbitrary number
n the induced current density is defined by the algebraic sum J n 

K

  A
k 1

kn

. Here  is the specific

electric conductivity of the material,  - circular frequency, and Akn is the magnetic vector potential,
induced at n-th current contour of the detial from a
k-th exciter current contour of the inductor.
The current I at each point of the detail is calculated by the expression I  J .s , where s is the cross
section of the respective elementary current contour of
the detail. It is defined by the thickness (the height) of
the detail and the radial cross sectional size of the
corresponding current contour.
The height of the inductor circular winding is not
included directly in the calculations, however it must
be noted that the smaller it is, the more precise the
calculations are. Thus, the geometry of the exciting
current contour is close to the ideal one. For these
reasons the inductor is presented as composed of five
layers along its height. In this manner at a particular
point of the detail the vector potential components are
summed from all the layers of the inductor. The different distance between the layers and the detail is
taken into consideration. The computations are done
using the programming environment of MATLAB.
Model 2 of the induction system
Model 2 is built on the basis of the electrical circuit theory. It is a group of inductively connected
electrical circuits, equivalently replacing the elements
of the induction system.
The electromagnetic device is replaced schematically with inductively connected contours (circuits). In
the case of a flat inductor-detail the system replacing
electrical scheme looks like the one shown in Fig. 3
[12].
The parameters of the inductor are presented by
the active resistance Rind and the self-inductance Lind,
and by Rdet and Ldet the respective parameters of the
heated detail (working body) are defined. The number
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of sections, the way they are turned on, the active and
the inductive resistances are specified for the corresponding inductor model [1].
iind

M

Rind

Lind

uind

Rdet

idet

Ldet

Fig.3.Electrical scheme.

The main benefit of the analysis made by using
model 2 is the possibility the problem to be solved for
a particular value of the supplying voltage. The electromagnetic field looking at is regarded as a quasisteady-state. It is considered that all currents and voltages are changing accordingly to a harmonic law. The
magnetic environment is linear and the dependency
magnetic flux density–magnetic field intensity
B  .H is valid. The computations are done with the
help of complexes.
By using combinations of theoretical methods the
parameters of the electrical circuits equivalently replacing the induction system are computed, the current density distribution is found and respectively the
currents in the detail are found. These are the quantities to be defined by all physical characteristics of the
electromagnetic and heating process.
Experimental studies
A great number of experiments are implemented
by measuring the electromotive voltages inducted in
the measuring drill coils [13]. They are singular circular coils, concentrically situated as each first and last
winding of the sections in the inductor. The obtained
experimental results have been additionally analysed.
Thus, on the basis of the obtained experimental material, the following quantities have been determined:
the distribution of the currents in the respective working body (detail) and the distribution of the inductions
in the space between the detail and the inductor.
The electromotive voltage inducted in the ith drill
coil Eci , provides information about the common
magnetic stream  i through the area covered by this
drill coil.
Eci
E
i 
 ci
(10)
4,44. f .wi 222

wi  1,
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f  50Hz.

On the basis of the measured electromotive force
(EMF) in the drill coils, using the respective linear
transformations (due to the linearity of the environment in which the magnetic field is spread and the
minimal distance between the inductor and the detail),
finally experimentally is defined the distribution of the
currents in the detail [12]. Since the relations are
based only on the proportions, the distribution of the
currents, this one found by computations based on the
theoretical model and the one obtained by the use of
the experimental results for the induced EMF, can be
compared only if they are reduced to relative units.
For the theoretical results, including those obtained by
using model 1, the transformation in relative units for
the system of currents in the detail removes the inconvenience of considering the dependency of the specific aluminium conductivity on the temperature. The
latter prevents the search of accurate absolute values
of the currents in the detail. In order to do this, experimentally, as well as theoretically, the obtained curve
is normalised with respect to the maximum of current
values in the respective series of the results.
Computational results and comparisons
Comparison between the results obtained from the
two theoretical models 1 and 2. The results for the
currents, obtained by using model 1 – the proposed
new one and the model 2 – with electrical replacing
schemes of the inductor and the detail are compared
according to the absolute values of the currents in the
detail. The comparison is presented graphically. The
currents computed on the basis of the model 1, are
marked in the graphics as Inew, and those computed on
the basis of the model 2 are marked as Id. The relative
percentage deviation δ between the values obtained by
the two methods is found as follows:
(11)

,% 

I d  I new
.100.
Id

Considering that all the sequentially connected
sections of the inductor are turned on, the distribution
of the currents in the aluminium disc is shown in
Fig. 4. The big differences between the two types of
the results are in the circular zone within the limits
between 0.03  r  0.06 m , just rights outside the
opening of the inductor. The explanation is that this
zone is close to the inner opening of the inductor and
it is influenced by the end effect.

5

A comparison of the results between the newly
proposed theoretical model and those obtained
experimentally.
A better guarantee for reliability should be looked
for in the comparison with the experimentally
obtained results [13]. The comparison is made in
relative units. Theoretically, as well as experimentally,
the obtained curve is normalised according to the
maximum of the current values in the respective series
of results.
Fig.4. Distribution of the currents in the detail and the
relative deviation between them.

It has to be noticed that radially in a quite wide
range 0.07  r  0.21 m , the absolute value of the relative deviations is less than 11,5%. The comparison
confirms the fact that the proposed theoretical model
is reliable with respect to accuracy and can be used for
additional research, including optimisation of the electromagnetic system. The latter fact is supported by the
result that in the region with a maximal value of the
current, therefore with maximal temperatures, the
deviation between the currents is smaller.
The distribution of the electric field in the
aluminium disc when all the sections of the inductor,
apart from the 5th one, are sequentially connected is
shown in Fig.5.

Fig.6. Distribution of the I I m in the detail.

Theoretically and experimentally obtained graphics
in relative units I I m , when all sections of the
inductor are turned on, are shown in Fig. 6. With I m
the maximal value of the current in the detail is
expressed.

Fig.5 The distribution of the currents in the detail and the
relative difference between them δ.

The biggest deviations between the currents using
the two types of models are seen in the circular belt
within the limits of 0.03  r  0.06 m , just right outside
the opening of the inductor, as well as at the distance
0.15m from the centre of the detail. This is the place
of the missing 5th section. At this place the percentage
deviation goes close to 14%.

6

Fig.7. Percentage deviation between the results.

The relative value of the deviation ε, % between
the theoretically (model 1) and the experimentally
obtained graphics is shown in Fig.7.
(12)

,% 

( I / I m ) exp  ( I / I m ) teor
( I / I m ) exp

.100
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In
the
most
temperature-loaded
interval
0.05  r  0.24 m , with the maximum value I m of the
current, the theoretical and experimental results differ
within the limits ε,% ≤ 5%.
Series-connected sections 1, 2, 3, 4, 6, 7 and
disconnected section 5
Distribution of the ratio I I m in the detail (model
1) and the experimentally defined one in the detail
with the 5th section of the inductor missing is shown in
Fig.8.

Fig.8. Distribution of the I I m in the detail.

In this case the maximal deviation between the
results is in the region of the missing 5th section as
well. Despite that, the respective percentage deviation
is less than 7,5%.
Conclusion
A field approach for analytical research of devices
with an axis-symmetric exciter (inductor) which can
be presented by a system of circular current contours
is suggested.
The newly proposed analytical approach provides
guaranteed accuracy, verified by the presented
practical example. This approach can be used for
additional theoretical research of induction systems
with the purpose of raising their efficiency. With a
slightly more complicated procedure (applying vector
sum in observed points) the method is applicable for
defining the field in a spatial region with an arbitrary
geometry and also in the case of an exciter, presenting
a system of circular current contours which are
situated at a planes diverged one to another at
different angles.
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Optimally designed energy efficient transformer
using global iterative algorithms
Mihail Digalovski, Goran Rafajlovski, Krste Najdenkoski
The reduction of total losses for transformers is of great importance both from economic and
environmental aspects. In the paper two optimization techniques, Global Search and Pattern Search,
to minimize the total power losses of a distribution transformer are applied and evaluated. Object of
investigation is an existing oil immersed three-phase transformer 50 kVA, 20/0.4 kV, Yzn5, uk=4%,
available on the market. By using the output results, a new design of the transformer is developed.
After, a prototype transformer, with reduced losses and improved efficiency is built. The
computational results are validated through measurements. They show an excellent agreement and
present a significant benefit in the total transformer losses reduction.
Key words: optimization, transformer losses, energy efficiency, prototype, Pattern Search and
Global Search optimization techniques.

Introduction
Energy efficiency of the electric equipment in use
is closely related to the environmental concerns, and is
currently a key issue to which an important attention
is paid worldwide. In accordance with the national
regulations, big efforts in saving energy are evident.
Hence, the equipment installed in the power sector
should have higher energy efficiency. Distribution
transformers are one of the elements in the power
systems and networks that create the greatest loss of
electricity. Thus, reduction of their loss can bring
significant economic and environmental benefits.
Reducing the total losses of the transformer is a
complex issue and the solution should be sought in
optimal designing of transformers, creating new
materials with better quality for manufacturing the
active parts of transformers, and also optimal
management of power systems. In this paper two
global optimisation techniques for transformer
designing are applied and assessed, wherein the
reduction of total losses is adopted as objective
function, leading to increased energy efficiency of the
transformer.
Problem analysis
Many authors treat the problem of optimal
designing of transformers [1-3], applying variety of
methods and selecting various objective functions as
optimisation targets. In the paper are implemented and
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analysed two direct iterative optimisation techniques,
in MATLAB environment: Global Search and Pattern
Search.
The main idea behind Global Search (GS)
algorithm is to find starting points for gradient based
local non-linear programming (NLP) solvers.
Essentially, GS is a multistart type method which runs
from a variety of starting points in order to find a
global minimum or multiple local minima, using a
scatter-search mechanism for generating starting
points; the solver analyses them and rejects those that
are unlikely to improve the best local minimum found
so far, and accepts a start point only when it has a
good chance of obtaining a global minimum. The GS
method uses the fmincon function as the local search
gradient type method, and can be applied mostly to
problems with a smooth and derivative objective
function. The combination of global optimization
along with powerful local search makes this algorithm
very effective in solving complex optimization
problem both with linear and non-linear constraints
easily.
Another used direct search algorithm is Pattern
Search (PS). It computes a sequence of points that
approach an optimal point. At each step, the algorithm
searches a set of points, called a mesh, around the
current point, that is the point computed at the
previous step of the algorithm. The mesh is formed by
adding the current point to a scalar multiple of a set of
vectors called a pattern. The value of the objective
function either decreases or remains the same from
each point in the sequence to the next. If the pattern
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search algorithm finds a point in the mesh that
improves the objective function at the current point,
the new point becomes the current point at the next
step of the algorithm. Typically, the objective function
values improve rapidly at the early iterations and then
level off as they approach the optimal value.
When applying the both methods, same starting
point and same objective function are used. The total
transformer losses [4], accepted as target function, are
minimised. They are expressed by nine independent
variables x1–x9 representing some of the more
important geometry dimensions and specific magnetic
and electric properties of iron and copper. The target
function of optimization is defined in a general form
as:
(1)

X = Total Losses =
= f [x1 x2 x3 x4 x5 x6 x7 x8 x9]T

In Table 1 are presented the design variables x1 –
x9 along with their description, as well as their
constraints through the values of lower bound (lb) and
upper bound (ub). The definition of each particular
constraint is depending on the standards,
recommendations and best practices.
Design variables and their constraints
Description

lb

ub

x1

Bm magnetic flux density (T)

1.65

1.75

x2

λ leg length to leg diameter
ratio (pu)

2.2

2.5

x3

q1 current density of high
voltage winding (A/mm2)

2.87

3.5

x4

q2 current density of low
voltage winding (A/mm2)

3.34

3.5

x5

γ no-load loss to rated load loss
ratio (pu)

0.14

0.2

x6

υ2 distance between low voltage
winding and yoke (m)

0.02

0.03

x7

k distance between leg and low
voltage winding (m)

0.004

0.006

x8

υ1 distance between high voltage
0.02
winding and yoke (m)

0.03

x9

ξ distance between low and high
voltage windings (m)

0.015

Accordingly, the boundaries for the variable x1 are
taken to be around the saturation point of the
magnetising characteristic (1.7 T); values for x2 are
chosen so that the overall transformer can be
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Table 2

Additional constrained functions

Table 1

#

0.007

immersed in a typical transformer tank; variables x3
and x4 are adjusted to the standard dimensions of
copper wires. The variable x5 has to be harmonised
with standard EN 50464-1, where the no-load to rated
load loss ratio in power transformers is standardised;
the boundaries for the variables x6 – x9 are taken from
best practices and technical recommendations for
safety distances between the windings including other
transformer parts, and are dependent on the higher
voltage rating.
Here is noted that materials used for building the
new transformer are of the same quality as for the
original; an additional constraint is the default weight
of copper and iron of prototype transformer must not
exceed those of the original one. Consequently, the
total losses are reduced neither by using better quality
materials nor by increasing mass of the transformer
active parts. Also, it is obligatory to keep percentage
impedance in the prescribed bounds 10%. To
provide feasibility of the optimal solution, linear and
non-linear constraints are also taken into consideration
[3]. The additional nonlinear constrained functions are
presented in Table 2.

#

Description

Min

Max

mfe

Mass of transformer
core: iron (kg)

120

140.7

mCu

Mass of winding:
copper (kg)

40

50.04

PCu

Rated load loss (W)

900

1187

PFe

No-load loss (W)

190

240

uk

Short circuit voltage
(%) – standardised
value 4%10%

3.6

4.4

e

Distance between
two phase winding
(mm)

8

30

Results
The starting point of optimisation is taken from the
original transformer design:
(2)

X0 = [1.675 2.393 2.87 3.42 0.181
0.01 0.006 0.025 0.014]T

In Fig. 1 and Fig. 2 is presented convergence trend
through iterations of the optimization process for the
two global techniques. By comparing the obtained
solutions, obviously the more suitable method for
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solving the transformer design optimisation problem
is Pattern Search. Selecting the minimised value of
total losses, the output results in a vector form are:
(3)

Xopt = [1.668 2.2 2.87 3.34 0.20
0.0126 0.004 0.03 0.008]T

Table 3

Comparison of original and prototype transformer
measured values
#

Original

Prototype

Difference (%)

PFe (W)

240

228

-5

PCu75˚ (W)

1194

1136

-4,86

Pγ (W)

1434

1364

-4,88

η (%)

97,212

97,344

+0,136

uk (%)

4,25

3,84

-9,65

mFe (kg)

140,5

135,9

-3,27

mCu (kg)

50,04

46,29

-7,49

In Rade Koncar factory Skopje, the prototype
transformer, has been produced. In Fig. 3 is presented
prototype transformer.
Fig. 1. Global Search optimisation process.

Fig. 2. Pattern Search optimisation process.

According to the accepted optimal results, a full
design project for building new –transformer is
developed. The prototype transformer is produced and
thoroughly investigated, including experimental
measurements. Series of measurements have been
performed, and transformer parameters and
characteristics have been obtained. The most relevant
results are presented in Table 3, where original
transformer values and measured results of the
prototype are compared.
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Fig. 3. Prototype transformer (in courtesy of Rade Koncar
factory, Skopje).
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Conclusion
The presented work introduces a novel approach to
design of an energy efficient transformer, using one of
the most recent optimisation techniques – the pattern
search. The core issue of each optimisation procedure
is a development of the best fitted objective function,
which describes the transformer behaviour as close as
possible. The study is applied on an existing
transformer, from a line production of Rade Koncar
factory, which is used to investigate the accuracy of
the derived mathematical model. The optimisation
procedure results in a new design of energy efficient
transformer – prototype, with decreased total loss for
4,88%. It is worth to emphasise, that the improvement
of the efficiency is attained at reduced iron and copper
weight for 3,27% and 7,49%.
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Derivation and analysis of ceramic materials based on BaTiO3 by
using standard ceramic technology
Valentin Kolev, Anka Zeglova, Ivailo Lazarov
Ceramic materials based on BaTiO3 have been derived by using a standard ceramic technology.
Various quantities of H3BO3 and Bi2O3 have been added in order to lower the temperature of
synthesis. For the researched material, an X-ray diffraction analysis was carried out. The
dependencies of the density, the relative permittivity and the contraction on the temperature of
sintering, have been obtained. The addition of H3BO3 leads to higher density values, but the dielectric
permeability is not high. The addition of Bi2O3 assures a liquid stage during the synthesis and
supports the solid-phase reactions. The highest relative dielectric permeability values were obtained
for the ceramic material by simultaneous addition of H3BO3 and Bi2O3
Keywords: barium titanate, layered capacitors, nonlinear ceramics
Получаване и изследване на керамични материали на основата на BaTiO3 по
стандартна керамична технология (Валентин Колев, Анка Жеглова, Ивайло Лазаров)
Керамични материали на основата на BaTiO3 са получени чрез използване на стандартна
керамична технология. За намаляване температурата на синтез са използвани различни
количества H3BO3 и Bi2O3. На изследваните материали е проведен рентгеноструктурен
анализ. Получени са зависимостите на плътността, относителната диелектрична
проницаемост и свиването в зависимост от температурата на синтез. Прибавянето на
H3BO3 води до добри стойности на плътността, но диелектричната проницаемост не е
висока. Добавката Bi2O3 обезпечава течна фаза при синтеза и улеснява твърдофазните
реакции. Най-високи стойности за относителната диелектрична проницаемост са получени
при керамични материали с едновременно добавени H3BO3 и Bi2O3

Introduction
Barium titanate is one of the most used and wellstudied ferroelectrics. It has a cubic structure (m3m)
at a temperature above 120° C. At a lower
temperature, it is sequentially converted in three
ferroelectric phases. At first it has a tetragonal
structure (4 mm), then a rhombohedral one (mm) at
5° C and at -90° C its structure is triagonal (3m). The
polar axes in these three ferroelectric phases are
respectively [001], [011] and [111]. The transitions
are type I and are accompanied by abrupt changes in
the relative permittivity [1].
The tetragonal phase of barium titanate is used for
a number of electronic components that use its
ferroelectric properties. The cubic phase which is not
ferroelectric, has a high dielectric constant and is
suitable for capacitors [2]. High values of capacities
are achieved by the obtaining of layered capacitors.
The materials used for electrodes for such capacitors
require a reduced temperature of sintering of the
BaTiO3 ceramic.
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Upon the derivation of ferroelectric ceramic
materials, the addition of various amounts of alloying
materials such as Zr [3], Hf [4], Ce [5], Sn [6], etc. is
used to manage their properties. The paper [7]
presents an approach for obtaining multiferroic
properties in co-doped (Zn:Mn) BaTiO3 near room
temperature. Bhatia have studied the influence of a
new lead-free Fe/Li incorporated H-Bt, prepared by
the solid state reaction method and compared it with
pure hexagonal barium titanate [8]. The aim of the
research in [9] is to find out the structural
modifications and corresponding change in properties
of BaTiO3, when a small amount of glass was added.
Lead oxide (PbO) in powder form was used as glass
for the doping.
The alloying materials influence the homogeneity
of the compositions, the particle size of the ceramic,
the density, the structural defects as well as the
electric properties such as dielectric constant, tangent
of dielectric loss etc. They also affect the Curie
temperature [10]. The technological factors during
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the derivation of the ceramics, affect its
characteristics [2].
Various authors have used different alloying
materials for lowering the temperature of sintering of
the ceramics of BaTiO3. Chi-Shung His added
borosilicate glass and LiF [11] and Hamid Naghibzaden lowers the temperature of synthesis via doped
ZnO-B2O3-Li2O-Nb2O5-Co2O3.
The objective of the present study is to reduce the
sintering temperature of the ceramics of BaTiO3 by
adding various аlloying materials.
Experimental
To achieve the above mentioned objective,
ceramic materials of the composition of the base 6 of
BaTiO3 with different аlloying materials have been
obtained and tested.
As starting components for the preparation of the
ceramic composition, the following components have
been used: BaCO3, SrCO3, TiO2, H3BO3 and Bi2O3.
The following compounds have been studied:
I- Ba0,9 Sr0,1TiO3,
II- Ba0,8 Sr0,2TiO3
III- Ba0,8 Sr0,2TiO3 + 5wt % H3BO3
IV- Ba0,8Sr0,2TiO3+5wt%H3BO3+ 15wt% Bi2O3
V- Ba0,8 Sr0,2TiO3 + 15wt % Bi2O3
VI- Ba0,8 Sr0,2TiO3 + 7,5wt % Bi2O3

The starting powders in the required amounts
have been homogenized in 3% of polyvinyl alcohol
solution for 4 hours at planetary mill Pulvirisete 5.
After drying of the materials, disks with diameter 11
mm and a thickness of 2-3 mm have been formed, by
compression at a pressure 300 MPa. Synthesis was
carried out in air for 3 hours at 5 different
temperatures of: 1025°C, 1050°C, 1100°C, 1125°C
and 1150°C. After a mechanical treatment, silver
electrodes have been formed by applying a coating of
silver paste on the ceramic disks.
Analysis of the results
X-ray diffractograms
X-ray diffractograms of the samples were
recorded on x- diffractometer by using Cu-Kα
radiations (λ=1.541874 À) in the range 15o≤ 2θ≤
105o, at a scanning rate of 0.05o/s.
Figure 1 shows the composition I at Tc = 1150oC.
A solid solution Ba0,9Sr0,1TiO3 with tetragonal
structure, has been synthesized.
X-ray
diffractogram
of
composition
II
Ba0,8Sr0,2TiO3 is presented in Figure 2. The increase
of the quantity of SrO2 leads to an increase of the
intensity of the peak (reflex) at 2Ө=230, as well as to
a new peak (reflex) at 2Ө=280. (BаTi4O9has been
synthesized).It is a solid solution of barium strontium
titanate and BаTi4O9
The derived X-ray diffractogram is similar to the
one for compound I.
Figure 3 shows the diffractogram of the
composition Ba0,8 Sr0,2TiO3 + 5wt% H3BO3 + 15wt%
Bi2O3 at temperature of synthesis 1150 0C .

Fig. 1. X-ray diffractogram of composition Ba0,9 Sr0,1 TiO3 at temperature of synthesis 11500C.

“Е+Е”, 5-6/2015

13

Fig.2. X-ray diffractogram of composition Ba0,8 Sr0,2TiO3 at temperature of synthesis 11500C.

Fig.3. X-ray diffractogram of composition Ba0,8 Sr0,2TiO3 + 5wt% H3BO3 + 15wt% Bi2O3
at temperature of synthesis 11500C.

.
Density and relative contraction
The results of the measured density are presented
in Table № 1 with different sintering temperatures.
For all analyzed compositions the density increases
as the temperature of synthesis increases. The highest
density is obtained for the compositions IV and VI,
which contain Bi2O3. The lowest density
configurations are II and III. The addition of H3BO3
does not improve the quality of the ceramic material.
Compositions I and II contain SrTiO3, which is
known to affect of the Curie temperature and the
coefficient of non-linearity, but at temperatures of
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synthesis up to 1150 0C it is unable to assist in
obtaining a dense ceramic.
In Table 2 show the relative shrinkage of the
materials according to the temperature of synthesis.
Compositions containing SrTiO3, without the addition
of Bi2O3, do not shrink but expand. This indicates that
the temperature of the synthesis is not high enough
for the complete course of the solid phase reactions.
The increase of the temperature of synthesis leads to
an increased of the relative shrinkage. It is likely that
at a higher temperature, the shrinkage will be greater.
In correlation with the density, compositions IV and
VI shrink the most
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Table 1
Dependence of the density of the ceramic materials on the temperature of synthesis
Density, g.10-3/mm3

Composition
Sintering temperatures

10250 С

10500 С

11000 С

11250 С

11500 С

I

0,71

0,89

1,82

1,98

2,4

II

1,51

1,54

1,56

1,59

1,63

III

1,63

1,72

1,82

1,83

1,85

IV

2,64

2,93

3,38

3,47

3,68

V

2,34

2,41

2,71

2,79

2,91

VI

2,57

2,89

3,38

3,52

3,63

.
.
Table 2
Dependence of the relative shrinkage of the ceramic materials on the temperature of synthesis

Composition
Sintering
temperatures
I

Relative shrinkage,%
10250 С

10500 С

11000 С

11250 С

11500 С

-13,64

-12,75

-7,92

-5,24

-1,36

II

-14,02

-13,64

-13,64

-13,15

-12,73

III

-9,85

-9,09

-7,27

-6,85

-6,65

IV

2,43

4,54

9,09

10,04

11,82

V

-2,43

0

- 4,54

- 5,67

- 6,36

VI

- 1,36

- 4,54

- 9,09

- 10,04

- 11,8

Relative permittivity
The relative permittivity of the resulting materials
is presented in Figure 4 and Table 3.
As expected the ceramic compositions with the
highest density (IV and VI), have highest relative
permittivity. For composition II, the permeability
decreases with the increase of the temperature of
synthesis, while for composition III it remains
constant.
Dependence of the relative permittivity on the
temperature of composition Ba0,8 Sr0,2TiO3 + 5wt %
H3BO3 is show in Figure 5. For all temperatures of
sintering, a renounced phase transition around 115oC
was observed. This temperature is lower than the
Curie point for clean barium titanate. The phase
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transition of ceramic material sintered at 1150oC

has been observed most clearly. At this
temperature the relative permittivity reaches its
maximum value.
Conclusion
Based on the above mentioned studies, we can
conclude the following:
• The increase of the temperature of synthesis
leads to an increase of the density and the
relative shrinkage of the relative permittivity
• The addition of SrTiO3 to ceramics of barium
titanate does not lead to a reduction in the
temperature of synthesis. The derived
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•
•

materials have low density and low
permittivity;
Better results is obtained when H3BO3 is
added to a strontium-containing ceramics,
but the values of permittivity are very low;
When Bi2O3 is added, both the density and
the dielectric constant of the ceramic
materials based on BaTiO3, significantly
increase. Bi2O3 has a low melting point to

•

form a liquid phase which facilitates the
solid-phase reactions.
Top quality materials are obtained by the
simultaneous addition of Bi2O3 and H3BO3 to
BaTiO3.

Table 3
Dependence of the relative permittivity on the temperature of synthesis
Composition
Sintering
temperatures
I

Relative permittivity
10250 С

10500 С

11000 С

11250 С

143

158

213

292

385

II

184

176

157

138

110

III

112

115

118

120

122

IV

189

227

346

448

506

V

173

213

287

342

384

VI

216

276

357

393

440

11500 С

600
I
II

500

III
IV

400

εr

V
VI

300
200
100
0
1025

1050

1100

1125

1150

o

TC

Fig.4. Dependence of the relative permittivity on the temperature of synthesis.
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Fig.5. Dependence of the relative permittivity on the temperature of composition Ba0,8 Sr0,2TiO3 + 5wt % H3BO3.
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System for intelligent measuring, registering and control in
electrical substation
Rosen Vasilev, Vladimir Chikov, Valentin Gyurov, Ivaylo Nedelchev,
Stoyan Tashev, Asen Krastilev, Tzvetan Alistarov, Natalia Nikolova
Тhe paper presents novel idea for construction of intelligence systems for measurements, data
collection and control in MV/LV substations. The technical solution is based on developed
microprocessor control systems. The system include software and algorithm for optimizing of
connected transformers, reducing power and energy losses and improving of energy efficiency in
industrial and urban electrical distribution systems. The control system is applicable for all kinds of
connection schemes in MV electrical network and level of voltages 20,10 and 6 kV.
Система за интелигентно измерване, регистриране и контрол в електрическа
подстанция (Росен Василев, Владимир Чиков, Валентин Гюров, Ивайло Неделчев, Стоян
Ташев, Асен Кръстилев, Цветан Алистаров, Наталия Николова). Тaзи статия представя
иновативна идея за изграждане на интелигентна система за измерване, събиране на данни и
контрол в подстанции на средно напрежение (Ср.Н.). Техническото решение се основава на
разработена микропроцесорна система за контрол. Системата се състои от софтуер и
алгоритъм за оптимизиране на свързани в система трансформаторни подстанции,
намалявайки консумираната мощност и енергийните загуби и подобрявайки енергийната
ефективност в индустриални и градски електроразпределителни системи. Системата за
контрол е приложима за всички видове схеми на свързване в мрежи средно напрежение с
номинални напрежения (20, 10 и 6 kV).

Introduction
At present it exists a lot of variety of different
technical systems, with big functionality, which are
approved and made in big worldwide companies
(Siemens [6], Schneider Electric [7], ABB [8],
General Electric [9])
In spite of re-covering of the terms like „SMART
Systems” “Intelligence Systems”, „SCADA Systems”
and many more, all approved innovations lay on the
similar topology, which consist of following units:
 net analyzers and/or solid state electricity meters;
 condition indication elements;
 programmable logic controllers (PLC);
 executive elements;
 software maintenance for PLC;
 software maintenance in SCADA class;
 communication unit (TTL, Ethernet, GPRS);
Systems classified as “control and registration of
consumption”, “System for energy management”,
“Telecontrol (telemanagement)“ as well as “service
management” systems essentially uses the same or
simplified hardware base and maintenance. The

18

differences are in software basement of SCADA class.
Possibilities for development of the system of
new type.
Opportunities, which are selected for development
of new type intelligent system are as follows:
1. Introducing real control via flexible regime
variation of the power transformers, aiming
maintenance of the optimal load and efficiency.
2. Integrating of the monitoring function of the
protective equipment for low voltages and occurred
emergency events in complex system for intelligent
control.
Determination purpose of the project
Determination purpose of the project depends on
following factors:
 Realizing of the technical solution, which will
be simple, low price and adapted to traditional
electrical substation (ES) which belong to
present generation;
 At present electrical distributing companies are
situated in telemanagement systems and this
solution must be in accordance with approved
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systems. This will ensure practical realization of
the innovation.
 Technical development must be optimal of
technical-economical aspect, i.e. financial and
technological resource must be orientated to real
energy saving (direct economy effect),
improving
reliability
and
ergonomics
(exploitation rate), which is indirect economy
effect.
Technical solution
In result of studies was defined following requirements to technical solution, which can be viewed as
initial restricted conditions:
1. System must have high unification rate i.e. it
should be able to join to most of present
technical solutions of transformer’s ES in
MV/LV.
2. System can be able to get application for reconstruction of existing or building of new ES.
3. System must allow full monitoring of the
electricity of MV and LV side of the
transformer.
4. System can be able to control on MV and LV
side of the transformer.
5. System must meet requirements for
exploitation of the ES’s.
In accordance of these requirements, can be
summarized:
 In republic of Bulgaria as well as the most
countries members of the EU standard MV’s are
20, 10 and 6kV.
 In republic of Bulgaria as well as the most
countries members of the EU standard LV’s are
400/230V.
 The most populated solutions are one or twotransformers schemes. For industrial power
supply systems (PSS) as well as any large hotel
complexes are used three and fourtransformation ES.
 Regarding the supply side of the transformers
(MV), often is used diagram with main closed
line i.e. serial connection of the ES’s from
powered side. Radial diagram is used only in
industrial PSS aiming more reliability in power
supplying in case of emergency of any ES.
 The base working regimes of the power
transformers are – separated and combined.
More used is combined regime of work. Parallel
work is mainly used for industrial PSS, where
qualified staff is permanent available.
With reference to these facts, are defined first
group of technical requirements:
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Requirements in accordance with the configuration
and arrangement of the ES’s:
 Developed
system
must
support
the
measurement and control of one, two, three and
four transformer substations;
 Developed system must be able to support
measurement and control in ES’s configured for
serial and radial scheme.
Requirements for measurement:
 Developed system in terms of the measuring
part, must support measurements of MV side as
follows:
 For level 20, 10 and 6 kV: measured secondary
voltage from voltage measuring transformers –
100V and 100 / √3 V, depending on their
connection (Y or delta), i.e., the measuring
section can be unified for the three voltages 20,
10 and 6kV, the configuration may be done
manually by setting a software measurement
constant.
 Developed system in terms of the measuring
part, must support measurements of low voltage
side of 400 and 230V;
 Developed system in terms of the measuring part
- current burden, must maintain measurements of
MV side when using current measuring
transformers 5 and 1A;
 Developed system in terms of the measuring part
- current burden, must maintain measurements of
LV side when using current measuring
transformers 5 and 1A;
 Therefore measuring part of the current signals
can be unified as well as for MV and for LV.
Control requirements:
 Developed system must be able to control the
MV switch-disconnectors and/or switches with
two independent signals – turn on and turn off;
 Developed system must be able to control the LV
switches with two independent signals – turn on
and turn off;
 Developed system must be able for monitoring
of the switching protective equipment stages as
follows:
 Turned on;
 Turned off (by control);
 Turned off (by protection).
Additional safety work requirements:
 Prevention electric connection between MV an
LV measurement circuits.
 Optocoupler isolation between microprocessor
and entire measuring circuit.
In accordance with latest technical requirements
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the next engineering solution regarding topology of
the system is assumed:

Fig.1. Measuring topology. Current circuits –blue lines,
Voltage circuits – red lines. RS communication – green
lines.

 Usage of the four unit configuration in the next
structure (figure 1):
 Unit MC 1 (Measurement & Control 1). This unit
process four MV side measurement signals (by
voltage and current), watch MV switching
protective equipment condition. It has its own
microprocessor part of initial signal processing of
the measured values. MC1 has serial
communication (RS), whereby two-way data
exchange with the main unit - PCC (Primary
Control and Communication) is realized.

Fig.2. Control topology. Turn on signals – red lines, Turn
off signals – green lines. RS communication - magenta.
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 Unit MC2 (Measurement & Control 2). This unit
has the same functions as MC1, but it concerns to
the LV side.
 Unit PCC. In this unit centralized control by
build in algorithms is executed, using received
data from serial communication port. It has its
own processor, maintain autonomous serial
communication channels to other units. Cover
user interface via touch screen display, which can
help to local visualization of the electricity
consumption regimes, diagram configuration as
well as fixed user settings.
 Unit R. Executive unit which depends on PSS. It
executes power commutation of the switching
protective equipment of the MV and LV side via
16 relays with main circuit on 230V AC and 5A.
It has its own processor unit and communication
module for connection to the PCC unit.
Each of the units has been designed with its own
power supply unit and all these devices are built to
meet DIN requirements for installation.
System’s components
In accordance with the adopted system architecture
for measurement and control is performed choice of
several different microprocessor systems for each unit.
Main unit PCC
It was chosen development system Arduino Due,
which consist of Atmel SMART SAM 3X/A
controller, based on APM Cortex M3 RISC processor.
To the main module was developed additional
hardware configuration including LCD touch screen
display, power supply unit and supplementary
peripheral card.
Technical characteristics of Arduino Due
Arduino Due is the first controller which belong to
Arduino set, operating with 32-bit ARM
microcontroller. It posses 54 digital inputs/outputs (12
of them can be used for PWM outputs), 12 analog
inputs, 4 UART (hardware serial ports), working
frequency 84 MHz, USB OTG connection, 2DAC
(digital-analog convertors), 2 TWI, hardware “reset”
and “erase” buttons.
Core description:
 32-bit, 4 bytes wide data with single CPU Clock;
 CPU Clock – 84MHz;
 Mempry 96 Kbytes SRAM;
 512 Kbytes Flash Memory;
For implementation the interface with local touchscreen display, to standard configuration of Arduino
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Due (figure 2) is attached supplementary module and
one additional module with four serial ports for
communication with other system’s components.



networks.
Capable to measure apparent, active and
reactive energy, RMS value of the currents and
instantaneous value of the digitized currents
and voltages.

Fig.3. Standard Arduino Due controller. Common view.

Selection of the processors for MC1 and MC2
units.
For decentralization of the measurement functions,
registration and control is assumed using both
separated processors for these measurement units
(MC1 and MC2). For units MC1 and MC2 are chosen
8-bit processors AT Mega 128 (with 128kBytes build
in flash memory) from Atmel.
Selection of the suitable diagram solution for
measurement unit.
Current signals from MV side are measured with
current measurement transformers. According to
established standards for measurements devices,
current signal must be in interval 0-5A (standard
nominal values are 1A and 5A) depending on the load.
Four measurement fields for MV require 12 current
signals, which are registered and processed in unit
MC1. The situation is the same for the current signals
from LV side (12 channels in interval 0-5A).
Voltage signals from MV side are measured with
the help of current and voltage measurement
transformers. In accordance with standard secondary
voltages for MV measurement transformers, input
voltage for MC1 unit is 100V and for 230V for MC2
unit.
For signal processing in unit MC1 is chosen
specialized IC - ADE 7758 from Analog Devices.
Short description of ADE 7758:
 High precision – measurement error less than
0,1% for active energy by 25°C ambient
temperature.
 Meet standards IEC68687, IEC61036,
IEC61268, IEC62053-21, IEC62053-22 and
IEC62053-23;
 Application in three-wire three-phase, fourwire three-phase networks and three one-phase
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Fig.4. MC1 unit for measurement and control. Common
view.

Fig.5. MC2 unit for measurement and control. Common
view.

Fig.6. Power supply unit. Common view.

Algorithm of operation
Principle of operation of this system is shown on
fig.7. After starting the program the constants,
number of working transformers, rated current, rated
voltage and others are reset. Here are considering
display parameters manually set by the user’s
terminal with Touch Screen.
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Subsequently is performed three procedures (1,2
and 3) to make a connection with the controllers for
medium voltage (MC1), low voltage (MC2) and
actuators (R).

from MC1 and MC2 modules. This cycle is built with
internal delay (Delay).
If is needed to perform switching, again closes
internal cycle with a corresponding delay, which is
waiting for data for a new data from MC1 and MC2
modules after the implementation of the commutation.
In order to avoid unwanted commutations internally
algorithm is set to optimized dead band management.
The optimization criterion is ΔP = f (β). In
general, for n number of power transformers,
limitation power Srn, after which the work of the (n-1)
CT will continue to operate in parallel to n working
CT is determined by the expression:
S rn  Sн1  Sн 2  ...  Sнn .
P0 n

2

 Sн1  Sн 2  ...  Sнn 

 Pk 1  Pk 2  ...  Pk ( n 1 )  
 S  S  ...  S

н2
н ( n 1 ) 
 н1
 Pk 1  Pk 2  ...  Pk ( n 1 ) 

where SНn is rated power of the n-th transformer;
ΔPKn are short connection losses for the n-th
transformer;
ΔPOn are open circuit losses for the n-th transformer..
If transformer are unique, the expression can be
transformed into:
Fig.7. Block diagram of the algorithm of operation.

In case of unsuccessful initialization signal is
generated error and closes internal cycle of the
program until a successful initialization is performed.
Upon successful initialization is passed to the reading
of the data from the two controllers. The next
procedure is to determine the optimum number of the
working transformers depending on the mode of the
load.
The necessity for conducting switching operations
is determined by the internal programming algorithm
according to the criteria of optimality and status of
switching protective devices (whether off or
disconnected from the protection switching element).
If there are turned off element from protection
switching is prohibited.
If switching commutations is needed commands
for
performing
physical
commutations
are
downloaded to the switching controller (R), and hence
there are being implemented subsequently. If there is
no necessity of performing commutations it is closes
internal cycle to crosscheck on the newcomers data
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Technical characteristics of the system
 Observed points – 8 three phase points which
consist of 4 on LV and 4 on MV.
 Control of the outdoor switchgear Q1, Q2 of
MV side via turn on and turn off signals (for
motor controlled automatic MV circuit
breakers) or contactor’s control (in case of fuse
protection).
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Circuit breaker and power circuit breaker
control via turn on and turn off independent
signals.
 Build in logic for operational switches
sequence.
 Criterion control ΔP=f(β) – minimum and/or
ΔP=f(P, PF) – maximum.
 Feasibility
The construction of this type of system provides a
direct savings of electricity, due to the observing of
minimum losses depending on the power of the
number of users by providing optimal transformers
load. Direct economic effect - up to 2-5% of the total
load mode and up to 60% reduced power consumption
in standby (in the night hours or seasonal consumers resorts, etc.). Indirect savings from energy
management. It shows using of centralized system,
carrying


Conclusion
This report represented development of a new type
technical configuration for intelligent measurement,
registering and control in ES. It operates as centralized
system, implementing monitoring and control
instantly as well as on MV side and LV side of the
ES’s. Author’s software for control based on optimum
criterion ΔP=f(β) – minimum and/or ΔP=f(P, PF) –
minimum. Direct economy savings from main
consumption, as there are also indirect effects of
improving the operation and opportunities for energy
management.
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Experimental study of the contact resistance of crossed cylindrical
reinforcing steel bars
Denitsa Darzhanova, Marina Manilova, Kostadin Milanov
In the paper experimental results for the contact resistance between two cross-pressed cylindrical
bars of reinforcing steel bars are presented. The diameters of the investigated samples were from 6 to
10mm. At a DC measurement current up to 50A and a pressure force on the investigated samples up to
500N, average values of the contact resistance in the range of 0,3 to 5 mΩ have been fixed and
reported. The influence of the surface conditions is also discussed and corresponding data are
presented.
Експериментално изследване на контактно съпротивление на
кръстосано
притиснати телове от арматурна стомана. (Деница Държанова, Марина Манилова,
Костадин Миланов). В статията са представени резултати от експериментално изследване
на контактното съпротивление между два кръстосано притиснати цилиндрични образци от
арматурна стомана. Диаметърът на образците е от 6 до 10мм. При измервателен ток до
50А и сила на притискане на образците до 500N, са посочени средни стойности за
измереното контактно съпротивление в обхвата от 0,3 to 5 mΩ. Дискутирано е и
състоянието на повърхността на образците като са приведени съответни данни за нейното
влияние върху контактното съпротивление.

Introduction
Spot resistance welding of crossed reinforcing steel
wires and bars is modern, effective and widely used
technological process. The welding (Fig.1, Fig.2)
takes place at rather low voltage of 5÷6 V, but the
current values may reach 10÷15kA. The duration of
the process usually is in the range of 100 to 500 ms.
The quality of the welded joints to a considerable
degree depends on the pressure maintained on the
welded samples, together with the specified values for
the welding current and its duration – i.e. the timecurrent combination (TCC) [2,3]. The amount of the
melted metal volume depends on the energy dissipated
in the contact area between the welded samples, which
also makes the role of the contact resistance between
those samples vital for the process.
Investigations of the contact resistance between
two metal cylindrical samples have been provided for
a long time, mainly for the design purposes in the field
of electrical apparatuses (high and low current circuit
breakers) [1]. It has been proved that from theoretical
viewpoint the current flow in the contact area is
identical for both cross positioned and pressed
cylinders (Fig.2) and cross-section face to face
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positioned cylinders. Additional discussions for
crossed cylinders, supported by some experimental
data have been reported in [4], [5], but only for
copper, aluminum and brass-materials used mainly in
electrical engineering. The samples diameter was
limited to only 6mm

Fig.1. The spot resistance welding machine.
In this paper attention has been focused on
reinforcing steel cylindrical samples having diameters
of 6, 8 and 10 mm. The results reported are entirely
experimentally obtained and processed.
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ΔU
(calculated from the
I
measurement results) to get the sought value of Rk .
R
(1)
Rk = Rm − 0 ,
2
where R0 is the resistance between the two ends of a
sample for ambient temperature value of 200C.
Thus for all the experimental results the systematic
error from measurement point of view in great extent
is considered eliminated. The calculated values of the
resistance R0 at a sample length of 60mm, taking the
resistivity of that kind of steels [6] to be 15 μΩ.cm at
200C are presented in Table 1 for all the 3 diameters
of the investigated steel samples.
Table 1

contact resistance Rm =

Fig.2. Illustration of spot resistance welding of
crossed cylinders.
The experimental set and samples investigated.
In Fig.3 a view on the experimental set used is
presented. The contact pressure has been realized by
consecutively adding of 5 equal weights, each one
having a mass of 2,04 kg. Due to arm 1 the actual
pressure force F on the investigated samples 2 and 3
has been increased 5 times, so that the actual pressure
on the samples was maintained from 100 to 500N.

The sample’scalculated correction resistance

The sample diameter [mm]
Resistance R0 [μΩ]

6
320

8
150

10
115

The total current value I has been controlled via
auto-transformer АТр in the range 30÷50A, and
measured via shunt 100А / 60 mV, while for the
voltage drop ΔU measurement precise DC voltmeter
was used.

Fig.4. Experimental samples.

Fig.3. The mechanical part of the experimental set for
the contact resistance measurement.
A view of the steel bars samples is presented on
Fig.4, while in Fig.5 the electrical scheme used for the
contact resistance Rk measurement is illustrated. The
total measurement current I flowing trough the
contact area of interest is considered practically
equally divided between the two adjacent samples
halfs. The voltage drop for convenience has been
measured at the ends of the two samples. Correction
was introduced for the preliminary value of the
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Fig.5. Electrical scheme used for the contact
resistance measurement.
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Experimental results
For the contact resistance Rk study two groups
have been provided
• Basic group – Experiments were performed on
all the 3 different diameters samples. The current
I was kept constant, while the pressure force
F was increased progressively from 100 to
500N. The samples surface was in two different
states – first untouched (factory delivered) and
second time conditioned (treated 1 min. in sulfur
acid solution of density 1,28, then washed and
dried).
• Additional group – Only samples having
diameter of 8mm have been investigated. At one
and the same measurement current I and two
different pressure forces F , the influence of
surface layers (films) conditioning (up to
mechanically removing them) was subject of
investigation.
Results obtained for the basic group of samples
Samples of diameter d=6 mm.
In Table 2 results for the average value of the
contact resistance Rk [mΩ] based on 3 separate
measurements are presented. The contact pressure
force F was maintained for the whole accepted range
between 100 and 500N. To get an idea for the
dispersion of the measurement results around the
presented average value, the standard deviation S is
also presented, thus it becomes also possible to
calculate the Student’s coefficients [7] – respectively
the probability of the expected value for the
Rk [mΩ] in a certain confidential interval around the
presented value in Table 2. For example at pressure
force of 500N and measurement current of 30A, the
confidential 90% probability interval of Rk takes the

value of 0,5mΩ, i.e. Rk = 3,57 ± 0,5 mΩ . For the
same confidential probability of 90%, but at
measurement current of 50A the result is
Rk = 2,48 ± 0,12 mΩ .
Diagrams illustrating the relationship of Rk [mΩ]
versus the applied contact pressure force F at given
constant measurement current I are presented in
Fig.6 for the natural surface condition and in Fig.7
after conditioning of the samples surface. The
difference with the results reported for copper in [4] is
that for untreated surface of the samples the increase
of the measurement current decreases the contact
resistance value by 20÷30%, which is significant.
Same effect has been observed for conditioned
surface of the samples but the difference is much
smaller. As it was expected theoretically the increase
of the pressure force F decreases the contact
resistance. This effect is more essential after the
sample’s surface was conditioned and show that the
contact resistance is expected to get much smaller
values at pressure forces of 1000N for example, which
are typical for the spot resistance welding process.
Samples of diameter d=8 mm

In Table 3, respectively by diagrams in Fig.8 and
Fig.9, the results for these samples are presented and
illustrated. Same conclusions as for the samples with
diameter 6mm can be derived.
Samples of diameter 10 mm
The results obtained for those samples are
presented in Table 4 and illustrated in Fig.10 and Fig.
11 in an identical way as for the previous two cases.
Here the influence of the measurement current on the
conditioned samples is practically negligible.

Table 2
The contact resistance dependence on the pressure force applied - d=6 mm

F [N ]
I = 30 A

I = 50 A
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Surface
untouched
Surface
conditioned
Surface
untouched
Surface
conditioned

Rk [mΩ]
S
Rk [mΩ]
S
Rk [mΩ]
S
Rk [mΩ]
S

100
4,327
0,166
1,443
0,330
2,860
0,159
1,243
0,123

200
4,130
0,159
1,173
0,287
2,690
0,105
1,023
0,091

300
3,857
0,217
0,967
0,253
2,597
0,045
0,880
0,160

400
3,687
0,265
0,850
0,203
2,540
0,053
0,790
0,141

500
3,570
0,300
0,717
0,150
2,480
0,072
0,700
0,120
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Table 3
The contact resistance dependence on the pressure force applied - d=8 mm

F [N ]
I = 30 A

Surface
conditioned
Surface
untouched
Surface
conditioned

Rk [mΩ]
S
Rk [mΩ]
S
Rk [mΩ]
S
Rk [mΩ]
S

200
4,147
0,379
0,847
0,183
2,770
0,212
0,810
0,131

5.0

5.0

4.5

4.5

4.0

4.0

3.5

3.5

Rk ` [mΩ]

Rk ` [mΩ]

I = 50 A

Surface
untouched

100
4,527
0,484
1,037
0,206
2,977
0,219
0,920
0,173

3.0
2.5

300
3,923
0,433
0,703
0,165
2,620
0,182
0,697
0,145

400
3,703
0,292
0,627
0,162
2,553
0,154
0,623
0,143

3.0
2.5

2.0

2.0

I=30A
I=50A

1.5

I=30A
I=50A

1.5

1.0

1.0

0

100

200

300

400

500

600

0

100

200

F [N ]

300

400

500

600

F [N ]

Fig.6. Relationship between the average value of the
contact resistance and the contact pressure force –
untouched samples (d=6 mm).

Fig.8. Relationship between the average value of the
contact resistance and the contact pressure force–
untouched samples (d=8 mm).

1.6

1.1

1.4

1.0
0.9

Rk ` [mΩ]

1.2

Rk ` [ mΩ ]

500
3,640
0,321
0,550
0,154
2,470
0,122
0,553
0,140

1.0

0.8
0.7

0.8
0.6

0.6

0.5

I=30A
I=50A

0.4

I=30A
I=50A

0.4
0.3

0.2
0

100

200

300

F [N ]

400

500

600

Fig.7. Relationship between the average value of the
contact resistance and the contact pressure force –
conditioned samples (d=6 mm).
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0

100

200

300

400

500

600

F [N ]

Fig.9. Relationship between the average value of the
contact resistance and the contact pressure force–
conditioned samples (d=8 mm).
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Table 4
The contact resistance dependence on the pressure force applied - d=10 mm

F [N ]
I = 30 A

I = 50 A

Surface
untouched
Surface
conditioned
Surface
untouched
Surface
conditioned

Rk [mΩ]
S
Rk [mΩ]
S
Rk [mΩ]
S
Rk [mΩ]
S

100
1,972
0,537
0,572
0,120
1,732
0,410
0,599
0,097

2.1
1.8

Rk ` [mΩ]

1.5

I=30A
I=50A

1.2
0.9
0.6
0.3
0.0
0

100

200

300

400

500

600

F [N ]

Fig.10. Relationship between the average value of the
contact resistance and the contact pressure force –
untouched samples (d=10 mm).
0.7

0.6
I=30A

Rk ` [mΩ]

I=50A
0.5

0.4

0.3

0.2
0

100

200

300

400

500

600

F [N ]

Fig.11. Relationship between the average value of the
contact resistance and the contact pressure force–
conditioned samples (d=10 mm).
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200
1,469
0,259
0,499
0,121
1,195
0,228
0,505
0,122

300
1,192
0,234
0,412
0,100
0,952
0,104
0,412
0,090

400
1,039
0,194
0,352
0,101
0,852
0,062
0,355
0,095

500
0,935
0,200
0,299
0,090
0,795
0,031
0,302
0,080

Experimental results for the additional group
investigations
The additional tests have been provided to check
how the contact resistance is reflected by different
surface conditioning of a sample. As it was shown
above the difference may increase up to 3 times. Only
samples having diameter of 8mm were investigated.
Six different degrees of conditioning were realized as
follows:
1. Untouched surface – no cleaning at all;
2. Degreased surface;
3. The surface scraped clean and then treated with
skimmed liquid;
4. The surface brushed by sandpaper N:100 and then
treated with skimmed liquid;
5. Surface conditioned for 1 min in sulfur acid
solution of density 1,28;
6. Surface mechanically turned by lathe (superficial
layer totally removed to reach the pure steel
condition).
For each sample having one of those conditioned
surfaces, 9 measurement of the contact resistance have
been accomplished at pressure force 200 and 500N.
The measurement current was kept always at a level
of 40A. Each one of the 9 measurements set was
practically individual as the contact spot was changed.
This was done either by rotating or by axial
displacement of both samples.
In Table 5 the obtained results for the average
value of the resistance Rk [mΩ] are presented, again
together with the calculated standard deviation S of
each group of 9 measurements. In graphic form the
results are illustrated in Fig. 12
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Table 5
The contact resistance dependence on the surface degree conditioning - d=8 mm

Degree of surface
conditioning
Rk [mΩ]
F = 200 N
S

F = 500 N

1

2

3

4

5

6

5,314

3,674

2,917

1,020

0,959

0,850

1,745

0,814

0,339

0,215

0,145

0,209

Rk [mΩ]

3,760

2,967

2,309

0,559

0,596

0,559

S

0,560

0,476

0,426

0,109

0,134

0,105

to 50 A, the effect being stronger for untouched
sample surface. For the reported current range and at
applied pressure force of 500N, resistance reduction
figures of approximately 15-30% were noted.

6.0

5.0
F=200N
F=500N

Rk ` [mΩ]

4.0

3.0

2.0

1.0

0.0
1

2

3

4

5

6

Fig.12. The average value of the contact resistance versus
selected six degrees of surface conditioning.

Conclusions
1. The contact resistance Rk between two crossed
cylindrical samples of reinforcing steel is important
electrical circuit parameter for analyses of spot
resistance welding processes. The experimental results
obtained in the paper may serve as a useful tool for
providing such kind of analyses.
2. Аt applied contact forces F of up to 500N the
results for the investigated test samples having
diameter of 6 to 10 mm follow the expected tendency
of Rk to drop down when F increases. The

reduction of Rk observed is not significant for the
untouched sample’s surface case, where the figures
are in the range of 20% (samples 6mm) to 50%
(samples 10mm). But for the conditioned samples the
curve Rk = f ( F ) was found to go down steeper and
the reduction coefficient is of the order of 100%. This
phenomenon can be explained by the substantial
mechanical strength of the sample’s superficial layer.
3. Specific are the results for the relationship of the
contact resistance Rk versus the measurement
current I . It was found that the resistance Rk
diminishes when the current increases in the range up
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A study on glare in a sports lighting environment using
LED lighting and diffusion plates
Takeshi Tanaka, Koji Mukai, Masayuki Yamauchi,
Masao Kochi, Atsushi Ikeda, Hideo Kuzuhara,
Koichi Matsushita, Go Hironobu
Illumination sources have been rapidly shifting in recent years to light-emitting diodes (LED),
which are capable of producing more than 10,000 cd/m2 at maximum luminance. This light intensity
is far greater than conventional light sources and has become a social problem. In this study, we
installed a combination of LED lighting and diffusion plates at a sports stadium in Hiroshima City,
which having a population of more than 700,000 is designated as "an ordinance-designated city, in
order to realize a comfortable illumination environment for sports using LED lighting. The results of
our study suggest the following: With respect to avoidance behavior in the case of a high-intensity
light source, avoidance behavior is affected by the glare of brightness prior to shape recognition.
Conversely, the influence of the luminance level of a low-luminance light source is small and is not
affected by shape recognition. In between the two extremes, it is assumed that avoidance behavior will
be led while affected by both the glare of brightness and shape recognition.

Introduction
Illumination sources have been rapidly shifting in
recent years to light-emitting diodes (LED), which are
capable of producing more than 10,000 cd/m2 at
maximum luminance. This light intensity is far greater
than conventional light sources and has become a
social problem. The light-emitting area of a mercury
lamp is small and has a single point of origin,
therefore glare has not hitherto been a topic of
discussion (see Fig. 1). If sports lighting at physical
education facilities changes from mercury lamp
lighting to LED lighting, we must discuss the higher
luminance and what is termed "discomfort glare."
This will determine whether the conventional index
can be applied for LED lighting or not. The unified
glare rating (UGR) of the discomfort glare index (GI)
can be applied for LEDs on the light source of
uniform luminance within the available range.
However, UGR does not indicate the luminance
distribution of the light source and clarification is
needed as to the usable range on luminance
distribution, so a new index that indicates the
luminance distribution is needed. In addition, different
values and ideas on light and illumination to the same
action can be shown at the environmental level where
illumination itself are required, or where electric
power supplies and the illuminators are adequate for
the task. It is assumed that the evaluation standard for

30

glare may well be different. In an experiment in which
we used LED light sources as illumination at a sports
stadium, we sought to achieve two things: 1) to hide
the elements of the luminous source for the LED as a
simplex, 2) to prevent a drop in downright
illuminance. Through these attempts, we were able to
realize equalization of the illuminance distribution,
realize a reduction in glare, and achieve energy-saving
operation at the sports stadium. The ceiling of a
stadium can rise at National Sports Festival, World
Cup, and Olympics venues. Therefore, highluminance lighting is generally necessary. To that end,
we achieved plane emission by reducing the emission
of light at the part of the device that is the highluminance part of the light-emitting device. Thus we
maintain appropriate luminance per unit area.
In this study, we installed a combination of LED
lighting and diffusion plates at a sports stadium in an
ordinance-designated city, which is designed as
having a population of more than 700,000, with the
aim of realizing a comfortable illumination
environment for sports using LED lighting. In
addition, we report some setting examples.
Glare
Currently there is no index of glare for LED
lighting. The existing index of glare uses the unified
glare rating (UGR) and the glare index (GI). However,
no index exists for examples in which the light source
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is viewed directly. In addition, the existing index is
not suitable for representing the glare of a highluminance light source that is a light source greater
than 20,000 cd/m2.

we targeted subjects of four age groups (see Table 1).
The same light source was used throughout all
experiments. The subjects wear goggles, and the
experiment is conducted in both a Bright room and a
Dark room (see Table 1), for we set the values of
luminance. The subjects put on and remove the
goggles on our cue, which means they will stare at the
light source for two seconds. The subjects are then
asked to give their response to the exposure by saying
"not dazzling" or dazzling."

400 W mercury lamp equivalent of
LED light source
Maximum-luminan 450,000 cd/m2
Light-emitting surface diameter
250 mm
Fig.1. Mercury lamp and LED lighting.

In this paper, we conduct experiments using an
LED light source. Then, based on the results, we
discuss situations in which glare is experienced.
Thanks to the cooperation of the Hiroshima Institute
of Technology and HI-LAND, the experiment was
relatively easy to conduct, and the safety of the
subjects of the experiments was assured by using a
light source of less than 500,000 cd/m2 based on
Environmental Impact Assessment (EIA) standards.
To examine the role of LED light equipment in a
sports environment, we measured the ranges in which
glare is felt. We investigated the following four
factors.
Experiment 1: Luminance range at which one can feel
glare.
Experiment 2: Luminance range at which one can
tolerate the glare.
Experiment 3: Visual recognition after directly
looking at the light source.
Experiment 4: Form recognition of a light emitting
surface after looking directly at a
high-luminance light source.
Basic glare experiment
Experiment 1: Luminance range in which one
feels glare.
We decided upon the light source used in the
experiment (see Fig. 2) and the optimal distance, and
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Fig. 2. Test target light source.
Experiment 1 Parameters
Light Source

Environment
Distance
Looking time
Group

Age

Group 1

35 - 54

Group 2

19 - 21

Group 3

32 - 57

Group 4

19 - 23

Table 1

Environment
LED Multi-chip, and
Ceiling light 250 W
Bright room (250 lux),
and Dark room (8 lux).
Each luminance is
measured at the position of
the subject.
5m
2 sec.
Subjects group
HeadGender
Affiliation
Count
Female PTA Member
32
Males &
Sports Club
15
Female
Males &
Field Worker
13
Female
Males &
Office Worker
13
Female

The results shown there are differences amongst
the subjects, but we received "dazzling" from the
majority of subjects. The subjects began to feel the
glare at a level of about 30,000 cd/m2, with 80%
feeling the glare when the lighting threshold exceeded
60,000 cd/m2 or so. It is expected that there is a
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specific point at which we feel the glare in these
ranges (see Fig. 3). However, this result shows there
are variations in the response, and that there are
differences due to age. Therefore, it is impossible to
define the threshold of glare. Moreover, the glare
trend is consistent irrespective of whether measured in
the Bright room or the Dark room (see Figs. 3 and 4).
Therefore, it is understood that the glare trend does
not depend on the experimental environment.

did not look at a high-luminance light source in
everyday life, and the second was a group that was
used to high-luminance light sources such as the sun
and LED lighting equipment. In other words, we
determined that the difference in the living
environment in the subjects’ everyday life space
influenced directly the tolerable limit of the glare (see
Figs. 5 and 6). From this point of view, we understood
that it is necessary to consider the living environment
in everyday life for the participants when we examine
illumination in a sports environment. However, doing
so in line with this definition may simply make things
darker by assuming that we should lower the
environmental illumination when we should be aiming
to reduce only glare. This can be regarded as another
problem. It is crucial in sports environmental lighting
not only to judge the luminance range beyond the
glare, but also to examine the tolerance level that one
can endure and build an environment into which
participants can fit.

Fig. 3. Luminance and subjects’ measurement results
obtained in the Bright room.

Fig. 4. Luminance and subjects’ measurement results in
the Dark room.

Fig. 5. Luminance and test result of subjects in the
tolerable limit of the glare in the Bright room.

Experiment 2: Luminance range in the tolerable
limit of the glare.
We conducted Experiment 2 under the same
conditions as Experiment 1.
There are some differences between the Bright
room and the Dark room, but the luminance range at
which subjects cannot stand the glare is different from
the luminance range at which the subjects feel the
glare in Experiment 1. We divided the luminance
range to two groups: "unbearable" in the range of
about 60000 cd/m2 to 150000 cd/m2, and "bearable" in
the range to 200000 cd/m2. Different characteristics
were seen in each group. The first was a group that
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Fig. 6. Luminance and test result of subjects in the
tolerable limit of the glare in the Dark room.
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Experiment 3: Visual recognition after looking
directly at a light source.
People take evasive action when they see
something bright. For example, they look away and
narrow their eyes. Based on these considerations, we
carry out an experiment on sports players: the
recognition of a situation when they look directly into
a lighting source. This experiment ascertains the
recognition of a situation by sports players who look
at a bright object while playing sports. A 500 mm ×
500 mm piece of colored paper is pasted behind the
light source, and the subjects are asked to state the
color of the paper. The distance from the light source
to the subject is 5 m (see Fig. 7). We conduct
experiments on the same subjects both in a Bright
room and in a Dark room. Five colors are used for the
test: white, yellow, green, red and blue. The subjects
are men and women who are members of an outdoor
sports clubs (see Table 2). In the same way as in
Experiment 1 and 2, the subjects remove their goggles
at the start cue, and don them at the end cue. After
leaving the test room, we asked each subject what the
color of the paper was. The answers provided
indicated the recognition ability of the subject.

Fig. 7. Positional relationship among light source, colored
paper and subject.
Experiment 3 Parameters

Table 2

Environment

28-49
Males
Females
years
12
15
old
Bright room and Dark room

Distance

5m

Looking time

2 sec.

Paper size
Luminance
at position
of colored
paper

500 mm × 500 mm

Subjects
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Bright room: 160 lux
Dark room: 3 lux

Table 3

Experiment 3 Results
Environment White Yellow Green

Red

Blue

Bright room

14.8%

14.8%

11.1%

3.7%

3.8%

Dark room

11.1%

14.8%

7.4%

7.4%

0.0%

100%： maximum light intensity
The subjects did not have sight of the paper. The
results obtained did not depend on the environment
(see Table 3). Through this experiment, we
ascertained there is a different situation with respect to
the concept of background luminance in the standards
for conventional glare.
Experiment 4: Form recognition of a light
emitting surface after looking directly at a highluminance light source.
A light source in a normal living space has a
relatively low luminance. Therefore, people are aware
of the light source shape in the adjustment range in
their field of view. However, there is no literature
book or data describing shape recognition when
people look at a high-luminance light source. The
results of Experiment 3 showed that situational
awareness of a surrounding high-luminance light
source becomes difficult after two seconds. The
authors themselves have observed the time required
for recognition, and consider that 4 to 5 seconds is
necessary. This experiment was conducted only on the
authors and experimental subjects in the Dark room.
The authors had carried observations at a light-source
intensity of 500,000 cd/m2 or more. The distance from
the light source to the subject is 3 m. The subjects
look directly at the light source for 4 to 5 seconds and
turn off the power to the light source when they
recognize the light source. Subsequently, we compare
the recognized form of the subject with the
measurement image that is sampled. We detect the
approximate form image. Each image is tested using
four different high-luminance light source forms, and
we confirmed our findings by repeating the
experiment.
From the experimental results, shape recognition
was found to approximate a binarization of about 10%
to 30%. At the same time, the form in a light source at
maximum luminance is difficult to identify, so it
cannot be determined.
This condition is considered to have been visually
saturated by the light source in direct vision.
Therefore, the luminance distribution of the internal
light source cannot be recognized, and recognition
was possible only in the form recognition (see Fig. 8).
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source, the color or maximum luminance. This
condition is considered to be the result of having been
visually saturated by a light source in direct vision.
Therefore, the luminance distribution of an internal
light source cannot be recognized, and it is possible
only in form recognition. From these results, the
subjects found that they were not able to recognize the
background of the environment when observing a
light source directly.
People can recognize form in a low-luminance
light source, but they will be in a visually saturated
state when looking at a high-luminance light source
directly. Based on our previous experiments,
extracting the luminance range of a binarized
sampling image, the level of glare influence was
simulated. The Y value represents the luminance
range of form recognition, and the X value represents
the percentage of the relationship of form recognition
and luminance. If the X value is increased to
correspond to the Y value, both are proportional.
However, it becomes an S-shaped curve by both being
inverted (see Fig. 9).

Fig. 8. Light source image and binarized sampling image.

Changes in glare
Based on the results obtained during our previous
experiments, we consider the relationship between the
glare of the light source and the subject. Even if the
subject is looking directly at the glare of a highluminance light source, the results are not affected by
the subject being in either the Dark room or the Bright
room. The definition of an index by which one feels
glare in the existing standards showed variations in
the course of the experiment. Therefore we focused on
the scope of the limit of tolerance. The limit of
tolerance of glare depends on the living environment
of everyday life of a person. In this experiment, we
ascertained the match of the affiliation of the
experimental content and the subject. Based on the
results, we found that in the lighting of a sports
environment it is necessary to consider the viewpoint
of the participant.
Most sports players could not be recognize the
surrounding environment of a high-luminance light
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Fig. 9. Graph of glare effect of shape recognition and area
luminance.

This resultis for applying glare protection for a
direct-type LED light source, a situation with the
installation of a diffuser is assumed. In a state where a
direct LED element is exposed, the target light source
has high luminance and the area of shape recognition
is low. On the other hand, by decreasing the overall
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brightness using a diffusing plate, shape recognition
improved. With respect to avoidance behavior in the
case of a high-intensity light source, avoidance
behavior is affected by the glare of brightness prior to
shape recognition. Conversely, the influence of the
luminance level of a low-luminance light source is
small and is not affected by shape recognition. In
between the two extremes, it is assumed that
avoidance behavior will be led while affected by both
the glare of brightness and shape recognition. The
boundary at which we cannot recognize forms
indicates a branch point. In addition, we considered
the required illuminance for a comfortable life. The
luminance range added to these conditions shows the
uncertainty range. Thus, the luminance area is
approximately 150000 cd/m2 to 400000 cd/m2. We
measured each light source of 500000 cd/m2.
Furthermore, we noted in Fig. 9 the results in the case
of using a diffuser to each light source of
500000 cd/m². A typical fluorescent lamp seems to
have remained in the area of shape recognition
without being subjected to the effects of brightness
effects. Each high-intensity light source can be
maintained under the area of the predicted area and
uncertainties close to the prediction of uncertainty to
place the diffusion plate (see Table 4).
Table 4

Influence of the glare of the area brightness on shape
recognition and various light sources.
Lighting A
Luminance
11260000
[cd/m2]
Ratio of form 67.73%
recognition
Effect factor Luminance
Lighting B
+Plate
74200

Luminance
[cd/m2]
Ratio of form 70.79%
recognition
Effect factor Form
recognition
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Lighting A
+Plate
451500

Lighting B

96.50%

6.41%

Luminance,
Form
recognition
Fluorescent
lighting
10000

Luminance

6566100

Conclusion
We installed a combination of LED lighting and
diffusion plates at a sports stadium in an ordinancedesignated city to determine the most comfortable
illumination environment for sports using LED
lighting. The results of experiments we conducted
suggest:
The glare of an LED light source in indoor sport
mentioned in the Introduction remains a problem to be
solved. Basic experiments on glare were conducted
during the process of problem solving as this was
essential in order to verify the facts. For sports players
to get the best results in sports competitions an
optimal environment is required. The results obtained
in this study will aid lighting manufacturers improve
their products so they can continue to make
environmental improvements. Therefore, we expect
that this study will help aid the development of sports
lighting so as to realize an optimal environmental.
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Implementing DSP-based algorithms in digital modulation tasks
Emil E. Vladkov
The specific computational architecture of a Digital Signal Processor is the preferred candidate
for solving various algorithmic subtasks related to high speed digital modulation. Utilizing a versatile
modulator board interconnected to an DSP evaluation system a general state diagram and particular
algorithms for QAM symbol coordinates remapping, generating pseudo-random sequences for testing
purposes and adding pseudo-random sequence based noise of different amounts to the QAM constellation points/symbols are proposed. The algorithms are implemented in assembly language programs to
achieve maximum efficiency and speed in the typical real-time environment of the proposed design.
The concept of Direct Memory Access (DMA) is proposed and implemented for the indispensable high
speed communication channel between internal DSP-memory and the converter hardware. The capacity and efficiency of the presented firmware working on the custom-build hardware is examined and
proved in experiments with different noise-free and noisy QAM constellation plots.
Прилагане на основани на цифрова обработка на сигналите алгоритми в задачи по
цифрова модулация (Емил Владков). Специфичната изчислителна архитектура на Цифровите Сигнални Процесори е предпочитания кандидат за решаване на различни алгоритмични
подзадачи, свързани с високоскоростната цифрова модулация. Базирано на използването на
гъвкава платформа на модулатор, свързан към развойна система на цифров сигнален процесор, са предложени обща диаграма на състоянията и конкретни алгоритми за определяне на
координатите на QAM-сивмоли, генериране на тестови псевдо-случайни последователности и
добавяне на различно количество шум с псевдослучаен характер към точките на QAM констелационната диаграма. Алгоритмите са реализирани като програми на асемблерен език за осигуряване на максимална ефективност и скорост в типичната, изискваща работа в реално
време, среда на предложената система. За осъществяване на необходимия високоскоростен
комуникационен канал между вътрешната памет на сигналния процесор и преобразувателите
е предложена и използвана концепцията на директния достъп до паметта (DMA). Възможностите и ефективността на предложеното програмно осигуряване, работещо върху специално разработения за целта хардуер, са изследвани и доказани посредством експерименти с
различни чисти или с добавен шум QAM констелационни диаграми.

I. Introduction
Based on the general concept of a DSP-based
Quadrature Amplitude Modulation (QAM) hardware,
presented in a separate article [1], different algorithms
for controlling the DM9753 evaluation board through
the ADSP21061 EZ-KIT LITE evaluation system [2],
reformatting user data and generating test sequences
are proposed and implemented in the form of assembly language programs. The algorithms make extensive use of the computational and programming features, specific to a Digital Signal Processor, so the
different subtasks can be executed with maximum
efficiency and in real-time.

36

II. The State Diagram of the firmware
The algorithms put into practice by the firmware
software running on the ADSP-21061 digital signal
processor [3] are designed to support different modes
of digital modulation with the concept in mind that
other new modulation schemes shall be easily added.
The different tasks of the DSP-program are summarized in Fig.1, which represents the state diagram of
the coordinating algorithm. The program cycles between 6 states and the change to the next state is initiated by asserting an interrupt by pressing the Interrupt
Request button IRQ1 on the EZ-KIT LITE SHARC
Evaluation board. The other control button on the
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and Q-axes in equal amounts. The addition of this real
world impairment to the test signal is accomplished by
pressing the other button on the SHARC DSP evaluation board – the FLAG1-button. As long as this button
is pressed noise is added to the output of the modulator. Noise can be added on both the PRBS-data and
the user data for compliance testing of receivers for
example. The noise amplitude can be changed by
pressing the FLAG1-button and simultaneously pressing the interrupt IRQ1-button. As a noise source another PRBS-generator is used and its output is added
to the least significant bits of the I- and Q-data loaded
into the DACs of the modulator board. So an easy way
of controlling the amount of noise added (the blurriness of the constellation diagram) is to pick different
number of bits from the serial stream of the noise
PRBS-generator. The noise settings cycle through 10
states, gradually incrementing the noise-PRBS bits
from 1 to 10 and then cycling from the beginning
again.
FLAG1_IN=0

Add Noise
IRQ1
FLAG1_IN=1

IRQ1
FLAG1_IN=1

State 0: QAM-16

State 1: QAM-16
RRC

State 5: QAM-16
TCM User data

IRQ1
FLAG1_IN=1

IRQ1
FLAG1_IN=1

State 4: QAM-16
User data

State 2: QAM-64

FLAG1_IN=0

FLAG1_IN=0

IRQ1
FLAG1_IN=1

IRQ1
FLAG1_IN=1

State 3: QAM-256
Add Noise

IRQ1
FLAG1_IN=0

IRQ1\
FLAG1_IN=0

FLAG1_IN=0

IRQ1
FLAG1_IN=0
IRQ1
FLAG1_IN=0

Noise: 1 bit

IRQ1
FLAG1_IN=0

Noise: 10 bits

Noise: 2 bits

IRQ1
FLAG1_IN=0

Noise: 9 bits

Noise: 3 bits
IRQ1
FLAG1_IN=0

IRQ1
FLAG1_IN=0

Noise Next State

Noise: 8 bits

Noise: 4 bits
IRQ1
FLAG1_IN=0

Add Noise

FLAG1_IN=0

Add Noise

Add Noise

FLAG1_IN=0

Add Noise

board (FLAG1) should be depressed to switch between the 6 states. The 0-State is the initial start-up
state of the modulator. The output is a QAM-16 coded
PRBS (Pseudo-Random-Bit-Sequence) data, which
can be used for system evaluation purposes in a
QAM-signal generator. The “State 1” is the same
QAM-16 coded PRBS data, except that the output of
the QAM-mapper (the two I- and Q-outputs) is Root
Raised Cosine (RRC) filtered to assist in removing the
Inter-Symbol-Interference (ISI) at the QAM-receiver
(this feature will be discussed separately) [4]. The
next state “State 2” increments the data carrying capacity of the QAM scheme through a 64 symbols constellation diagram (QAM-64). Again PRBS data is
transmitted in a test generator mode of operation. The
next “State 3” brings the PRBS-generator idea further
to the QAM-256 modulation scheme. “State 4” is the
true user mode of operation of the DM9753 digital
modulator – user data in a 1000-locations 48-bit wide
buffer (data_buffer) is QAM-16 modulated and
transmitted in sequential bursts (one burst for each
reloading of the buffer with new data). The user program working together with the modulator firmware
should load the buffer and set a flag (new_data_flag),
signaling that data is ready to be transmitted. The last
“State 5” is again an user mode of operation state
providing QAM-16 mapping and Trellis Coded
Modulation (TCM) for a better error performance in
noisy environments [5].
The QAM-16 constellation is subdivided in sets
and not all transitions between symbols in the sets are
valid ones – it is an easy task for the receiver to
determine in following dedicated allowed paths in the
data history which was the actual data transmitted
despite of errors occurred on the channel. In “State 4”
every 48-bits wide data location is subdivided
(delimited) in 12 4-bits symbols for QAM-16
remapping. As the Trellis Coded Modulation is a
Convolutional type of encoding it adds 1 bit to every 3
user bits to provide for the added error prone
performance. So the 48-bits wide word with user data
is subdivided in “State 5” in 16 3-bits wide symbols.
This symbol delimiting process is depicted in Fig.2.
The QAM remapping for the “State 4” user mode
results in an 6000 location QAM buffer filled with
DAC-ready data for the 1000 48-bit wide words of
user data. Due to the 1-bit overhead added by TCM in
“State 5” the same amount of user data produces an
8000 locations QAM buffer with remapped DACready data.
In every state of the QAM modulator algorithm
additive white noise can be added to the quadrature
modulated symbols. The noise is added on both the I-

Noise: 5 bits
IRQ1
FLAG1_IN=0

Noise: 7 bits
Noise: 6 bits

IRQ1
FLAG1_IN=0

IRQ1
FLAG1_IN=0

Fig.1. State Diagram of the digital signal processor
software for controlling the digital modulation process.

As data from the the PRBS-generator (in QAM test
generator mode) alternately fills (after remapping) two
buffers (PRBS_data and PRBS_data1), which are
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swapped during the implemented DMA mode of
operation when transmitting the I- and Q-data to the
modulator board, a visual indication of the PRBS data
buffer reloading process is obtained through the
blinking of the FLAG0 LED on the DSP board (one
cycle blink for one reload operation).
2

3

1000 words x 48 bits user data

4

5

6

7

8

9 10 11 12

I-data
I-data

2

…
State 4

QAM DAC remapping

1

Q-data
Q-data

I-data

11

Q-data

12

I-data

Q-data

16

I-data

Q-data

…
6000 words x 48 bits
QAM data

1

4-bit field

D2

D18

D19

PRBS_out

D23

R11=0x0FFF FFFF initial state
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I-data

15

…

I-data

2

Q-data
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I-data

1

Q-data

3-bit field
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
TCM encoding
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5

6

7
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9 10 11 12 13 14 15 16

23

22

19

18

2

1

0

Left shift of R11

Fig.3. PRBS generator algorithm functional diagram and
register implementation.

…

4-bit field: 3 data bits + 1 convolution bit

Fig.2. Delimited data structure of user data for “State 4”
and “State 5” of the algorithm.

III. DSP algorithm of the PRBS-generator
The source of data for the generator mode states of
the digital modulator (States 0, 1, 2 and 3) is a
software implementation of a Pseudo Random Bit
Sequence (PRBS) generator. It uses the classical
polynomial generator 1+x18+x23 of the length 223-1 as
specified in ITU recommendations O.151 and O.152
and used for scrambling implementations in DSLmodems [6], [7]. The functional diagram of the
PRBS-generator algorithm is shown in Fig.3 and it’s
software implementation in the Fig.4 listing. The
algorithm makes extensive use of the R11 register
from the register file of the ADSP-21061 signal
processor. This register is 32-bit wide when not used
in Extended Precision Floating Point Mode (in this
case the register is 40-bit wide). The size of R11
proves absolutely adequate as for the implementation
of O.151 and O.152 actually only a 23-stage shift
register is needed (or a 23-bit delay line as depicted in
the functional diagram in Fig.3). The bits at the
boundary between D18 and D19 (bit 18) and after
D23 (bit 23) are easily extracted with the FEXT (field
extract) assembly language instruction of the SHARC
DSP. The bits are then XOR-ed through a dedicated
XOR-instruction and then put back at the beginning of
the shift register through the use of the FDEP (field
deposit) instruction. Then the whole R11 register is
shifted left by one bit to emulate a hardware shift
register. The whole operation is organized in a DOUNTIL loop with the LCNTR (loop counter) expired
condition for exiting the loop. So if 8 new PRBS bits
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D1

R11
8000 words x 48 bits
QAM data

…

are needed to supply the QAM-remapper with 2 new
4-bit symbols (for QAM-16) the loop should be
executed 8 times. It is important to note that at start-up
the R11 register should be initialized with a non-allzero value, as the opposite will stick the PRBSgenerator to a non-changing state. The actual value
used for the R11 is 0x0FFF FFFF.

LCNTR = 8, DO PRBS_loop_16 UNTIL LCE;
R11 = LSHIFT R11 BY 1;
R10 = FEXT R11 BY 18:1;
R9 = FEXT R11 BY 23:1;
R8 = R9 XOR R10;
R11 = BCLR R11 BY 0;
PRBS_loop_16:
R11 = R11 OR FDEP R8 BY 0:1;

/* PRBS generator loop */
/* performs 2^23 -1 polynomial */

Fig.4. Software implementation of the PRBS algorithm.

IV. DSP algorithm of the QAM-remapper
The QAM-remapper is the kernel of the DM9753
digital modulator architecture and algorithm (Fig.5).
The DSP code for the remapping process is shown in
the Fig.6 listing. The first goal is to determine the
maximum and minimum deviations of the symbols in
the constellation used on both I- and Q-axes. These
deviations have to be converted into valid 12-bit
words, as the two DACs used in the DM9753
evaluation board are 12-bit devices. There shall be
headroom provided in the DAC-output for the
addition of noise later, so the actual maximum
deviations in both positive and negative directions on
both axes are set to 75% of the dynamic range of the
DAC. As the DACs are differential output devices,
their “zero” corresponds to the midscale value on both
outputs (no difference between outputs) and this is
exactly the code 1000 0000 0000 in binary
representation. To obtain the maximum deviations in
both directions the half-dynamic range value
multiplied by 0.75 is added/subtracted from this
midscale value. The DAC-values for the points inbetween the whole dynamic range boundaries are
obtained by calculating the -parameter for the
respective QAM – this should present no difficulty as
the maximum deviation is clearly associated with an
n value (for QAM-16 it is 3 for example) [8]. So
the constellation point coordinates are calculated
independently for the different QAM-mappings. How
these DAC-values are output on the data-bus of the
“Е+Е”, 5-6/2015

SHARC evaluation board to the QAM-daughter board
depends on the hardware wiring. As the DACs used
(AD9753) clock out converted output voltages twice
the rate they are clocked, two symbols at a time have
to be supplied. So in one remapped DAC-word they
are actually two QAM-symbols coded. These two
symbols (actually their I- and Q-coordinates) are
shifted by 12-bit to be concatenated to one 24-bit
value for every DAC, so that the two ports of the
DAC are fed with data simultaneously. Because they
are two DACs on the modulator board the resulting
remapped word occupies the whole external data bus
of the SHARC EZ-KIT LITE from DATA0 to
DATA47. To accomplish easier routing of the PCB
the MSB and LSB bits of every port are flipped (the
whole DAC-value is flipped), so the data in the
remapping Look-up tables (which is the 12-bit data
calculated as described above) is flipped too. For
example the value 1010 0000 0000 for the coordinate on both axes in the QAM-16 case becomes
0000 0000 0101 (005hex).
data

Flip coordinates
MSB-LSB

M8

Look-Up table in PM

I=1010 0000 0000 b, Q=1010 0000 0000 b

12-bit

12-bit

I-coordinate
I-coordinate
I-coordinate
I-coordinate
I-coordinate

Q-coordinate
Q-coordinate
Q-coordinate
Q-coordinate
Q-coordinate

Q

I-coordinate
I-coordinate
I-coordinate

3

0

1



n=N-1, N=16, 64, 256
Symbol n-2
Symbol n-1
Symbol n

2



I8+M8

Symbol 0
Symbol 1
Symbol 2
Symbol 3
Symbol 4

nx

QAM_N_constellation

I8

nx

Q-coordinate
Q-coordinate
Q-coordinate

I
75%

DAC Dynamic Range

0000 0000 0000 b

PRBS_data buffer in PM

Remapped QAM-symbol

1000 0000 0000 b
1111 1111 1111 b

Fig.5. The process of association of symbols with I- and Qcoordinates – the QAM-remapping.

The whole set of symbols for the respective QAM
(16 for QAM-16, 64 for QAM-64, 256 for QAM-256)
is ordered sequentially (in incrementing number
order) and their coordinates on the I- and Q-axes are
evaluated. A 48-bit value is associated with every
symbol, but only two 12-bit fields of this 48-bit word
are occupied – one for the I- and one for the Qcoordinate, the other bits are zeroed to be filled with
the second symbol coordinates by concatenating the
two symbols in one 48-bit word. The whole look-up
table is stored in the Program Memory (PM) space of
the DSP (only the PM space is 48-bit wide to
accommodate instructions for the DSP). So the
remapping look-up table is constructed – there is one
look-up table for QAM-16, one for QAM-64 and one
for QAM-256. The downright process of remapping is
simple – the symbol value is an index to the remapped
value in the table. The procedure is illustrated with the
code in Fig.6. The 4-bit pattern (16-QAM) from the
PRBS-generator output is extracted and resides in
“Е+Е”, 5-6/2015

R12. With this value the modifier register M8 of the
Data Address Generator 2 (DAG2) of the DSP is
loaded. Then an indirect (index addressing) program
memory fetch into the 48-bit wide PX-register is
accomplished. The index register I8 is initially loaded
with the start of the remapping look-up table. The
PM(M8,I8) structure performs the memory fetch with
premodify (a specific addressing mode of the DSP
architecture). It means the M8 is first added to I8 and
then the new address I8+M8 is used as the PM address
of the location to fetch data from. I8 is not updated
with any new value – it remains pointing to the start of
the look-up table. The I- and Q-coordinates for the
first symbol are now loaded in the PX register. Next
the coordinates of a second QAM symbol are to be
extracted and concatenated to the first one
coordinates. As PX will be needed next the R7 and R6
registers are utilized as temporary storage for the both
parts of PX – PX1 and PX2. Again the fetch from the
look-up table through index addressing is performed
for the second symbol with another set of 4 PRBS bits
used as the source of the random data. The process of
concatenating the two sets of coordinates follows.
PX1 and PX2-data is shifted to the correct locations in
registers R2 and R3. Then the shifted result is OR-ed
with the previous set in R7 and R6. The partial results
are returned to the PX-register and its content is
written to the PRBS_data buffer in program memory
through index addressing (I9 is used to point to
PRBS_data buffer). This whole procedure is
performed in a loop until the whole PRBS_data buffer
is filled up with remapped data and is ready for DMAtransfer to the modulator board.
R12 = FEXT R11 BY 20:4;
M8 = R12;
PX = PM (M8,I8);
R7 = PX2;
R6 = PX1;
R12 = FEXT R11 BY 16:4;
M8 = R12;
PX = PM (M8,I8);
R1 = PX2;
R2 = LSHIFT R1 BY 12;
R3 = PX1;
R2 = R2 OR LSHIFT R3 BY -4;
R2 = R2 OR R7;
/
PX2 = R2;
R3 = PX1;
R6 = R6 OR LSHIFT R3 BY 12;
PX1 = R6;
PM(I9,M9) = PX;

/* extracts 1-st 4-bits from PRBS */
/* and remaps them to QAM16 constellation */

/* extracts 2-nd 4-bits from PRBS */
/* and remaps them to QAM16 constellation */

* combines QAM-data for 1-st and 2-nd nibble */
/* because the I and Q DACs work at 2x speed */
/* so for one PRBS_data location actually */
/* two symbols are transmitted */

Fig.6. DSP-code for QAM-remapping of the symbols.

V. Adding Noise to the output symbols
One of the applications of the proposed design is to
be used as a real world source for testing QAMreceivers, so some kind of impairments (usually
supplemented by the transmission medium) to the
QAM-signal must be provided. One such impairment
is the addition of noise to the I- and Q-channels
resulting in both amplitude and phase noise
superimposed on the QAM-signal. The blurred QAMconstellation (a simple model of it) is shown in Fig.7
and the functional algorithm for implementing a noise
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impairment to the signal is represented in Fig.8.
Like the PRBS-source for the test data generator
another PRBS-sequence is used here for simulating an
additive white noise source. The generator polynomial
is 1+x28+x31, which gives much greater lengths of the
pseudo-random period compared to the useful test
PRBS-signal. So a real world noise-like behavior is
simulated. The DSP-implementation of the algorithm
shown in the Fig.9 listing is actually very similar to
the Fig.4 program with the difference that here the
whole length of another register from the ADSP21061 register file – R15 is used as a shift register. In
correspondence the feedbacks are taken from bits 28
and 31 of the R15, which is initially loaded with
0x0FFF FFFF to overcome the all-zeros condition. As
the option is provided in the state diagram for
changing the magnitude of the noise through the
extraction of different number of bits from the PRB
sequence and adding them to the QAM-remapper
output, the loop counter (LCNTR) of the noise PRBS
generator is not loaded with a fixed count value but is
taken from a parameter variable (noise_cntr). This
parameter variable is updated by the part of the
software, which changes the noise parameters when
pressing FLAG1 and IRQ1 simultaneously.

Part of the DSP noise code performs the addition
of the PRBS noise-like data to the 48-bit long QAMmapped data, which is read from the program memory
of the DSP and resides in PX2 and PX1-registers
(both parts of the big 48-bit PX-register). Due to the
hardware implementation which maps the most
significant bits of the SHARC data bus to the least
significant bits of the DACs on the add-on board and
the fact that the remapping software considers this
feature, the swapping of the QAM-data in the PXregister is mandatory. This swapping is accomplished
by a dedicated Flip_PX routine. The PRBS noise-like
data stream takes only positive values, so before
adding the noise data to the QAM-data the noise data
has to be offset by one half of its magnitude. The
noise offset is stored in the noise parameter variable
noise_offset. It is convenient not to offset the noise but
to subtract the offset from the QAM-data before
adding the noise. Considering the I-data only
following happens: The I-data resides in PX2, but it
needs shifting by 8 locations to the right to align with
the LSB-s of R14 for correct arithmetical
manipulation. The I-noise-offset resides in R13 and is
subtracted from R14, then the noise data occupying
R12 is added to R14 and the result is back-shifted to
its correct position and then returned to the PXregister (PX2). The same procedure is followed for the
Q-data, but this time the R2-register is used for the
arithmetic. Finally after the noisy QAM-data is ready
in PX the Flip_PX operation is performed again and
the data is transferred to the DACs on the daughter
board.
Add_Noise:

Fig.7. The effect of noise on the constellation diagram.

AWGN PRBS-generator

R15=0x0FFF FFFF initial state

R15

31

29

28

2

1

0

Execute noise_cntr times

Noise_I

Noise_Q

R15

- noise_offset

R13 = DM (noise_cntr);
/* Generation of white noise subroutine */
LCNTR = R13, DO Noise_PRBS_loop UNTIL LCE;
R15 = LSHIFT R15 BY 1;
/* uses the 1 + x^28 + x^31 polynomial */
R10 = FEXT R15 BY 28:1;
R9 = FEXT R15 BY 31:1;
R8 = R9 XOR R10;
R15 = BCLR R15 BY 0;
Noise_PRBS_loop:
R15 = R15 OR FDEP R8 BY 0:1;
CALL Flip_PX;
/* Flips the I,Q pair as LSBs and MSBs are interchanged */
R13 = DM (noise_offset);
R14 = DM (noise_I);
/* extracts noise value from the PRBS */
R12 = FEXT R15 BY R14;
/* according to the noise parameters */
R3 = PX2;
R14 = LSHIFT R3 BY -8;
R14 = R14 - R13;
/* adds noise offset to the I value */
R14 = R14 + R12;
/* adds noise value to the I value */
R3 = LSHIFT R14 BY 8;
PX2 = R3;
R14 = DM (noise_Q);
/* extracts noise value from the PRBS */
R12 = FEXT R15 BY R14;
/* according to the noise parameters */
R2 = PX1;
R2 = R2 - R13;
/* adds noise offset to the Q value */
R2 = R2 + R12;
/* adds noise value to the Q value */
PX1 = R2;
CALL Flip_PX;
/* Flips the I,Q pair to restore the DAC data bits arrangement */
RTS;

Fig.9. DSP-code for adding noise to the QAM-symbols.

- noise_offset
Flip_PX
to PM

from PM
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36

Flip_PX
QAM I-data

24

PX2

16 15

11

Flip_PX
QAM Q-data

0

PX1
PX

Fig.8. Functional diagram of the algorithm for adding
noise to the QAM-symbols.

40

As the noise magnitude changes from 1 to 10 bits
in 1-bit steps, so change not only the noise offset
value but also the positions in the noise-PRBS shift
register R15, where from the different bit length field
shall be extracted. These location parameters are
stored in the parameter variables noise_I and noise_Q.
It should be noted that I- and Q-data are not blurred by
one and the same noise samples at a time, as this will
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obstruct the true random statistical behavior of the
simulated system. So consecutive noise samples from
the PRBS shift register are taken – one for I-noise and
one for Q-noise. This makes both I- and Q-noise
components not absolutely statistically independent,
but with the respect to the simple (and fast)
implementation of only one noise generator this
proves to be a justifiable approximation of a real
world noise source.
VI. Transmitting data using DMA
The process of computing the QAM-mapped data
coordinates to fill the PRBS_data buffer takes more
time to complete than the procedure of sending the
data to the DACs. Because the converters are working
at the full speed of the DSP external bus (40MHz) and
actually two symbols are supplied to them every clock
cycle (making the maximum allowable by the design
symbol rate equal to 80Msymbols/sec) it is not
reasonable to expect the ADSP-21061 Digital Signal
Processor to prepare the data in real time (this
preparation includes remapping, adding noise as an
option, optional RRC filtering and TCM encoding –
all time consuming and computation intensive tasks)
[2], [3]. Therefore the logical structure depicted in
Fig.10 is implemented, which utilizes two 4000
locations long buffers – PRBS_data and PRBS_data1
– one of them being output to the DACs on the
daughter board and the other filled with QAM-data
from the signal processor in the same time. After the
current buffer loaded with data is full and ready for
transmission the two buffers are logically
interchanged (swapped) and this alternating process
continues until another state of the digital modulator is
chosen. The process of emptying the active buffer is
much faster than the process of filling the inactive
one, so the proposed solution is to stop the
transmission after the active buffer is send out to the
DACs in the case of user data to be modulated,
waiting for new user data to arrive, or sending
repeatedly the PRBS test data stored in the active
buffer as long as needed to fill the other buffer with
data in the case of PRBS test generator. The last
concept is illustrated in the second diagram in Fig.10.
Obviously the act of sending data to the DACs
cannot be accomplished with a DM/PM (data/program
memory) write instruction to the auxiliary memory
space of the signal processor, where the converters
reside. To achieve this at the 40MHz clock (and
instruction) rate will mean to take up the whole
processing power of the DSP for data transfers only
every cycle and no time will be left for computing the
new QAM-data for the inactive buffer. The ADSP-
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21061 architecture has many I/O features available,
the most valuable in such a case being the Direct
Memory Access (DMA) channel feature [2]. The
design implements DMA Channel 6 to transfer data
from internal memory (the PRBS data buffers) to
external memory (the data converters) without any
intervention from the DSP core. The only preparation
to be done is to set up the DMA transfer before
beginning the computation of QAM-data for the
inactive buffer and to enable it.
DMA-transfers through buffer swapping idea

RRBS generator
or user data

RRBS generator
or user data

Remapper & other
processing (TCM,
RRC, noise)

Remapper & other
processing (TCM,
RRC, noise)

PRBS_data

PRBS_data1

DMA-transfer of PRBS_data1

DMA-transfer of PRBS_data

Digital to Analog Converters on the DM9753 board

The concept of chained DMA-transfer of PRBS data
PRBS_data

repeat

repeat

PRBS_data1

The DSP computes PRBS_data1

repeat

repeat

The DSP computes PRBS_data

t
TCB (Transfer Control Block)

EC6 = 4000 words
EM6 = 1
EI6 = 0x 0040 0000
GP6 (not used)
CP6 = next TCB
C6 = 4000 words
IM6 = 1
II6 = PRBS_data/data1

CP6
CP6
CP6
CP6
CP6
CP6
CP6
CP6

-

7
6
5
4
3
2
1

Reuse of the same Transfer
Control Block to facilitate
repeated DMA of the same
PRBS data buffer

Fig.10. Transferring QAM-data to the DACs through
Direct Memory Access.

The DMA from internal to external memory is
prepared through the loading of 8 DMA Channel 6
registers with data. This configuration data specifies
the starting addresses of data to be transferred in the
source and the destination spaces of the DMA, the
number of words to be transferred and if these words
are transferred from/to sequential locations or
locations are skipped (through the modifier register).
The register names, their function and the
initialization data for the actual design are presented
in Table 1. The general purpose register GP6 and the
Chain pointer register CP6 are not loaded with data in
this case (a simple and not a chained DMA is
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implemented). If the active buffer content has to be
retransmitted until the other alternate buffer is ready,
the process of “Chain Loading” shall be implemented.
The Chain Loading mechanism implies that the
content of all DMA configuration registers is loaded
as a whole from a buffer with the parameters in data
memory, called TCB (Transfer Control Block). One of
these registers (the chain pointer) will point to the next
set of parameters in data memory to be loaded after
completion of the current DMA-transfer. So every
DMA registers setup will prepare the next DMA
registers setup. If the chain pointer (CP6) points to the
end of the same (to whom it belongs) parameter set
buffer then the DMA will repeat itself from the same
and to the same location until stopped by disabling the
DMA through the DMA Control Register 6
(DMAC6), which is implemented in the design with
the process of chaining being presented in the last
diagram of Fig.10. Setting up the TCB is not enough
to start the DMA with chaining. The Chain pointer
register (CP6) must be explicitly loaded with the
pointer to the TCB.
DMA Channel 6 parameter registers

Table 1

Register

Register Function

Design initialization values

EC6

External count (number of words to transfer)

4000

EM6

External modifier (external address space increment)

1

EI6

External index (starting address for the external data
buffer)

0x 0040 0000 (the beginning of
the external memory space)

GP6

General purpose register

Not initialized

CP6

Chain pointer (address of the next TCB)

Points to TCB for chaining only

C6

Internal count (number of words to transfer)

4000

IM6

Internal modifier (address increment)

1

II6

Internal index (starting address for the internal data
buffer)

Pointer to PRBS_data or
PRBS_data1

presented experimental results is shown in Fig.11 and
consists of the DSP evaluation board and the
modulator prototype board DM9753, connected to a
scope set in X-Y mode of operation at the DACs
output monitoring points. The symbol rate of the
modulator was reduced from the maximum possible
by design 80MSymbols/sec to 20MSymbols/sec. The
whole system is controlled and the firmware code is
loaded to the DSP through the VisualDSP++ software
running on a standard PC [9].
The experimental results for different constellation
plots are presented on the photos in Fig.12 – Fig.16.
The scope screenshots show not only the constellation
points but even the transitions between the separate
states – in this way they constitute a form of twodimensional eye-diagram. Fig.12 represents the QAM16 constellation, on Fig.13 and Fig.14 the bit-rate is
increased by transmitting symbols of the QAM-64 and
QAM-256 constellations. Due to the momentary
exposure and the source of the data being a PRBSgenerator some of the points in the QAM-256
constellation are missing, but this is a presentation
artifact only – actually all points are generated over
the time. Fig.15 and Fig.16 show the influence of 9-bit
and 8-bit noise on the constellations for QAM-16 and
QAM-64 respectively. As expected the diagrams get
blurred by the amount of noise applied. The output
RF-power measured was -1dBm without any
modulation, -7.11dBm for QAM-16, -8.00dBm for
QAM-64 and -8.5dBm for QAM-256.

Fig.12. QAM-16 constellation diagram screenshot.

Fig.11. The experimental setup used to test the DM9753.

VII. Experimental results with the prototype of
the digital modulator
The measurement setup used to obtain the
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VIII. Conclusion
The experimental verification of the proposed algorithms for controlling a specialized digital modulator hardware through digital signal processing firmware programs in real-time confirms the usefulness of
the unique DSP architecture in such computation-
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intensive tasks, where large amount of data have to be
both preprocessed and transferred at high speed to the
analog front-end of a communication system. Future
investigations on the implementation of errorcorrecting algorithms and algorithms to compensate
for the transmission medium introduced signal impairments are to be performed.

Fig.16. Noisy QAM-64 with added 8-bit white noise.

Fig.13. QAM-64 constellation diagram screenshot.

Fig.14. QAM-256 constellation diagram screenshot.

Fig.15. Noisy QAM-16 with added 9-bit white noise.
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PRACTICAL APPLICATIONS

Whitepaper
Employment, training and qualification
needs of the European industry –
a perspective from the joining sector

Europe is the birthplace of the industrial revolution. Manufacturing is still a hallmark of Europe and an area
of ample wealth generation and employment opportunities.
European manufacturing in an increasingly complex and competitive global market, welding and joining
should be regarded as essential cross-sector technologies that are in increasing demand. The special process of
welding, that is its quality cannot be determined by inspection after the joint has been made, demands special competence in those who apply it, both in special educational provisioning as well as in effective assurance of
personnel competence.
European Welding Federation (EWF) during the last 30 years has integrated the activity in the field of
welding of practically all the European countries. At the moment Bulgarian Welding Society (BWS) is one of the
31 members of EWF to successfully contribute to this mission and harvest the results. For already 13 years the
created Bulgarian Centre for Qualification in Welding (BCQW) is offering the opportunities of the International
Harmonized System for training and qualification of welding personnel. Bulgarian specialists have participated the
high level courses organized in the country. More than 600 internationally recognized diplomas have been already
awarded.
The presented recently by EWF ’’Whitepaper’’ contains information and competent analyses to move the
industry in Europe forward and the role and place of the welding professionals in particular to develop and offer
cross-section technologies from ‘’ship to chip’’. The ’’Whitepaper’’ information is structured in several sections,
some paragraphs of which are extracted from the original text and briefly presented to the reader’s attention below.

The role of the training and qualification stakeholders
EWF, as well as other relevant players in the industry, is actively working to raise awareness amongst all of
the potential professionals about the increasing opportunities that exist on the manufacturing sector. For EWF
specifically, the focus has been on developing relevant initiatives, ranging from recognition through awards for
young welders, best welding coordinator and Lifetime achievement to implementing innovative teaching methods,
including implementation of Virtual Technology in education of welders and welding specialists as well as through
the launch of the Welding Dictionary app, currently available on the Apple App Store and in the implementation of
distance learning in welding / joining technologies.
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Industrial challenge
Europe’s industry needs to reinvent itself to regain competitiveness and leverage new growth opportunities.
New players have emerged in the markets, as well as new materials and new technologies. Enabling technologies,
such as joining, can play a pivotal role in its future.
To increase the competitiveness and performance of the industrial sector in Europe, a long-term strategy
has been defined, one that focus on creating lasting competitive advantages for Europe’s industrial sector at large.
Those are the pillars of the Horizon 2020 Program. For industry alone, this means leading in enabling and industrial
technologies, providing access to funding and ensures innovation on the SMB (Small and Medium Business) space.
So, the perspectives for the manufacturing sector look promising, furthermore with initiatives such as Manufuture,
which aims to place Europe at the forefront of the new industrial revolution, on four main areas:
•
•
•
•

Competitiveness in manufacturing industries;
Leadership in manufacturing technologies;
Eco-efficient products and manufacturing;
Leadership in products and processes, as well as in cultural, ethical and social values.

With Joining being the most important fabrication technique used in manufacturing, joining technologies
represent the central challenge in modern process chains, as they are often a factor that can run up the costs, as well
as have the potential to be a cost-saver.

New growth areas for joining industry and professionals
Joining technology is used for the manufacture of a variety of products in different sectors, from
electronics to automobile industry. A cross-sector need is that of well qualified professionals that can ensure the
quality of the end product.
Its relevance is known to be significant, and as recently as 2013 a study was conducted by the European
Federation for Welding, Joining and Cutting and DVS – German Welding Society to assess it. This thorough study,
based on a collection of data, statistical analysis and modelling, led to results that show that the total added value
generated by European joining industry is around 66 Billion Euros per year and that just over 1.2 million people
work in welding and related technologies in the EU(28). For the purposes of the study, the following figures were
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identified, that are particularly relevant for the professionals on these areas. From an employment perspective, this
is the current status:
• Welding currently employs 647,000 people as welders;
• 311,300 as welding coordinators, researchers, designers, trainers and robot operators;
• 165,900 in terms of joining-related personnel.

New employment opportunities in Joining Training, Qualification and Certification
Joining is a profession with increasing demand, both in terms of professionals as in terms of qualifications
and certification of its professionals. Framing the education challenges in Europe, data shows that the demand for
medium level qualifications will remain high in Europe, estimating that high-qualified employment will grow by
about 13% between 2013 and 2020 whereas low-qualified employment will shrink by 12%. This means that by
2020, about 31% of employment in Europe will demand high qualifications and only 21% will require low
qualifications.

EWF’s harmonized training, qualification and certification system
EWF manages a harmonized system for training qualification and certification of joining personnel. It is
also responsible for the Certification System of companies using welding in Quality, Environment, and Health and
Safety, with 31 European member countries represented by their national welding societies.
An organisation, recognised by the EWF national member society, is appointed as the Authorised
National Body (ANB) for the supervision of the system for training, qualification and certification of personnel in
each country. ANBs are responsible at the national level for:
• The assessment and monitoring of Approved Training Bodies (ATBs);
• The conduct of examinations;
• The assessment of applicants for certification;
• The issue of Diplomas and Certificates

The evolution of the system to address employment challenges
The reputation of the EWF system is growing and more countries are joining the system every year. Also,
EWF has been a pioneer in implementing a harmonized qualification and certification system for welding
professionals. Given the importance of the mobility of labour within the worldwide community, requiring the best
and most comprehensive harmonisation, both EWF and IIW have engaged on enabling this harmonization through
processes such as the approval of questions by Teams of International Experts.

Conclusions
Welding is a special process that requires careful attention and control in order to avoid problems such as
failures and overspends. Thus the need companies have to assure the competence of their welding personnel. This
competence is achieved through proper education and training, for example by showing a EWF Qualification and
by on-the-job experience.
The harmonized international EWF training, qualification and certification systems described in this paper
provide manufacturing companies worldwide and their workforce with a convenient, comprehensive and
convincing way of demonstrating compliance with EN ISO 3834 and EN ISO 14731, as well as the most recent EN
1090 and EN 15085, which is a mandatory requirement to obtain CE Marking.
The full text of EWF ‘’Whitepaper’’ can be downloaded – please see:
BWS WEB page; www.bws-bg.org EWF WEB page: www.ewf.be
Recommended by:
Teodor Osikovski- President BWS
Marin Beloev – Co-president BWS
Stefan Hristov – Chairman GB BCQW
Petar Darjanov – CE BCQW
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