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Spostovani bralci revije Journal of energy technology (JET)

Energija je za sodobnega ¢loveka izjemnega pomena. Prav zato se Studij energetike uvrS$¢a med naj-
bolj zanimive in perspektivne. Lahko recemo, da je energetika (energija), poleg medicine (zdravja)
in agronomije (prehrana), osnovna dejavnost, ki jo bo ¢lovestvo vedno potrebovalo.

S fizikalnega stalisca je pojem energije kompleksen. Z energijami in njihovimi pretvorbami se ukvar-
jajo mnogi raziskovalci na podrocju energetike. Na podrocju energetike se prepletajo znanja s po-
drodij strojnistva, elektrotehnike, ekonomije, nanotehnologij, kemije, prava ... in prav zaradi interdi-
sciplinarnosti je Studij zanimiv.

Stevilni problemi, ki jih moramo resiti za ucinkovito izrabo energij, so ve¢plastni. Analiti¢ne resitve
v tak$nih primerih niso mozne, zato se posluZzujemo numeri¢nih izraCunov in sofisticiranih nume-
ri¢nih programov, s pomocjo katerih lahko v energetiki reSujemo probleme. Tudi ta tematika je
obravnavana v tej Stevilki.

Jurij AVSEC
odgovorni urednik revije JET
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Dear Readers of the Journal of Energy Technology (JET)

For contemporary society, energy is of utmost importance; therefore, studies of energy are among
the most interesting and complex. Energy technology (energy) accompanied by medicine (health)
and agronomy (food) are and always will be principal activities of human society.

From the physics point of view, the concept of energy is highly complex; the science of energies and
their transformations employ many energy technology researchers. The energy sector combines
knowledge from the fields of mechanical engineering, electrical engineering, economics, nano-
technology, chemistry, law, and others. It is a fascinating interdisciplinary field.

Many problems need to be solved for energy efficiency, some of which are highly complex. Ana-
lytical solutions in such cases are not possible, so sophisticated numerical calculations are used.
A number of sophisticated programs for the complex problems of the energy sector have been
developed. This issue of JET examines this topic.

Jurij AVSEC
Editor-in-chief of JET
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NUMERICAL ANALYSIS OF AN AHMED
BODY WITH DIFFERENT SOFTWARE
PACKAGES

NUMERICNA ANALIZA AHMEDOVEGA
TELESA Z RAZLICNIMA PROGRAMSKIMA
PAKETOMA

Simon Muhi¢®, Matej Stefani¢

Keywords: Computational Fluid Dynamics, Ahmed Body, Numerical analysis, Ansys Fluent, Solid-
Works Flow Simulation

Abstract

In this article, the results of CFD simulations are compared using two different software packages
for numerical fluid dynamics. The analysis is performed for an Ahmed body, for which the measure-
ment results and a variety of numerical simulations are available in the literature. The results of the
stationary CFD simulations with the RANS approach show a significant difference between the results
obtained with the SolidWorks Flow Simulation 2014 software and ANSYS Fluent 16.2 software in the
air flow analysis area from 10 m/s to 60 m/s. The difference in computational time is also apparent.

Povzetek

V ¢lanku primerjamo rezultate CFD simulacij, pridobljene s pomocjo dveh razli¢nih programskih
paketov za numeri¢no dinamiko tekocCin. Analiza je izvedena za Ahmedovo telo, za katerega so
v literaturi na voljo tako rezultati simulacij, kakor tudi meritev. Rezultati CFD simulacij kaZejo na
signifikantno razliko med rezultati, ki smo jih pridobili s programsko opremo SolidWorks Flow
Simulation 2015 in s programsko opremo ANSYS Fluent 16.2 v analiziranem obmocju toka zraka
od 10 m/s do 60 m/s.

X Corresponding author: Simon Mubhi¢, Faculty of Technologies and Systems, Na Loko 2, SI-8000 Novo mesto,
Slovenia, Tel.: +386 7 393 019, E-mail address: simon.muhic@fts-nm.si

! Faculty of Technologies and Systems, Na Loko 2, SI-8000 Novo mesto, Slovenia
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1 INTRODUCTION

CAE (Computer Aided Engineering), which refers to the extensive use of computer software to
assist in engineering tasks and analyses, is increasingly evolving in engineering practice. It
includes software for the analysis of solids using the method of finite element analysis (FEA),
followed by software for analyses in the field of numerical fluid dynamics (Computational Fluid
Dynamics (CFD)), electromagnetics, as well as coupled physics. The CAE software can also include
add-ons to automatically optimize the analysed products. Analyses are very important in the
development of products for achieving a better product quality. Engineers perform the analyses
in the early development stage, where a virtual prototype of the product is made; after that, it
is analysed and, if necessary, optimised to obtain the most optimal product which is sent to the
production process. Certainly for virtual engineering, high-performance software that enables
such analyses and high-performance computers for the processing of numerical data are both
necessary. Such product development makes the development process cheaper and enables the
company to be more competitive due to a shorter time for the development to the final product
to be sent to the market. CFD analyses cover various analysis areas, from aerodynamics,
combustion, heat transfer, chemical reactions, to many other areas where problems can be
solved by numerical simulations of fluid mechanics. The software can be independent or, as
recently common, in the form of an addition to 3D modellers. Therefore, the question that often
arises is what software to choose. Due to the popularity of the high-performance software in the
field of CFD, ANSYS Fluent on one side, and the prevalence of the CAD software SolidWorks
enabling CFD analyses through its Flow Simulation interface, on the other, we opted for a direct
comparison between the two software packages. Several analyses have been made, and the
results do not show significant discrepancies between them, [1, 2].

For a direct comparative analysis, we performed an analysis of the Ahmed body, which was
tested in the 1980s, [3]. The analysis was performed using the ANSYS Fluent and SolidWorks Flow
Simulation software. We analysed the prediction accuracy as well as the speed of the software
in solving the model. For the basic comparison, we compared the results of drag coefficient and
lift coefficient. Figure 1 shows the Ahmed body for which the numerical analyses were
performed. The body has a simple form on which the basic aerodynamic characteristics can be
established, and several numerical analyses have been performed on it, such as [4, 5, 6, 7].

12 JET
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Figure 1: Ahmed body

The Ahmed body drag coefficient Cp, in dependence on Reynolds number is given in the equation
1 [4]. The equation is obtained by the statistical analysis of the experimental data.

—Re ~1o-5)

Cp = 0.2788 + 0.0915 - o(F17o7 (1.1)

2 VEHICLE AERODYNAMICS

Vehicle aerodynamics influences fuel consumption, vehicle stability, aerodynamic drag and the
resulting noise. Drag force F}, acts in the opposite direction of the vehicle's movement, in the
vehicle's direction. The first part of the force results from aerodynamic drag according to the
form of the vehicle, the second part acts as a result of friction between the vehicle's surface and
fluid which surrounds the vehicle. Figure 2 shows the action of forces on the vehicle.

FL = Lift

Figure 2: Forces on the Ahmed body, [8]
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Drag coefficient Cj is the ratio between the drag force and dynamic force defined by the
equation:

= 2.1
-~ (2.1)

D

As the surface A we consider the complete front head part, the dynamic pressure p, being
defined by velocity in front of the body. Similarly, lift coefficient C; is defined with the equation:

Fy

C, = - (2.2)

In this case, lift force F; acts on the vehicle due to the surrounding air flow and the velocity
difference between the lower and upper part of the vehicle.

3 NUMERICAL MODEL

For the numerical model, the RANS modelling approach was used. For modelling turbulence in
the ANSYS Fluent software, the Realizable k-e model (RKE) was used. To obtain boundary layers,
the Enhanced Wall Treatment wall function was selected; it makes the k-€ model more suitable
for treatment in the wider use of the non-dimensional variable y*. In addition to the
aforementioned model, the Non-Equilibrium wall function model, recommended for analysis in
aerodynamics, was also used, [9]. The demand for the convergence value was that the residuals
are less than 0.0005. The COUPLED scheme and the second order solvers were used. Numerical
domain in the ANSYS Fluent software was divided into 12 volumes, allowing more types of
numerical mesh and a better control of the individual parts of the domain (Figure 3).

2,000 (m)

0500 1.500

Figure 3: Numerical mesh in ANSYS Fluent
In the volumes above the body, a hexahedral mesh was used; around the body, however, a

tetrahedral mesh was generated. In doing so, to obtain the boundary layers, we used the
Inflation function on the model, allowing us to properly host the mesh on the walls (Figure 4).

14 JET



Numerical Analysis of an Ahmed Body with Different Software Packages
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Figure 4: Detail of numerical mesh near Ahmed body

In the SolidWorks Flow Simulation software for modelling turbulence, the k-€ turbulence model
was also used. For wall function, the Two scale Wall Function was used, which essentially offers
a similar solution as the Enhanced Wall Treatment setting in the ANSYS Fluent software. The
convergence value was set on automatic. SolidWorks Flow Simulation uses only Cartesian mesh
(Figure 5). Using the software tools, an additional meshing of the volume was performed around
the body (Local Mesh Sizing). Several analyses were performed using a variety of meshes for
finding a solution that is independent of the computational mesh. In addition, an analysis with
adaptive mesh technology for the inflow velocity of 40 m/s was performed, the maximum
number of cells was limited to 6000000 with a triple level of adaptation. A periodic adaptation
of every 50 iterations was also used. For other analyses and velocity between 10 m/s and 60 m/s,
the adaptive meshing was turned off.

Figure 5: Numerical mesh in SolidWorks
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4 NUMERICAL DOMAIN AND BOUNDARY CONDITION

The numerical domain was large enough to obtain a free flow, without the impact of domain
walls to the geometry analysis. The size of domain analysis was specified for both analyses in
accordance with the recommendations, [8]. In dealing with the problem, we decided for the
analysis with respect to the plane of symmetry, since the software packages allow such
approach. The Velocity Inlet was given as a boundary condition, in which we were changing the
incoming velocity between 10 and 60 m/s on one side of the domain; on the other side of the
domain, we used the Pressure Outlet boundary condition, where a pressure outlet without gauge
pressure (0 Pa) was set. Air density during the analysis was 1.225 kg/m?2, dynamic viscosity 1.7965
E-5 kg/(m s), and the surrounding pressure 101325 Pa. The analysis was performed for an
incompressible fluid and isothermal conditions.

5 RESULTS

5.1 Referential example

Table 1 shows the results of the numerical analysis at the referential air inflow velocity of 40 m/s
and measurements, [4]. It can be seen that in the analysis with ANSYS Fluent software using the
Realizable k-g turbulence model with Non-Equilibrium walls treatment (Fluent RKE-NEQ) the
aerodynamic drag coefficient deviates from the measured value by -0.1%, the lift coefficient
deviates by 1.9%. The variable y+ on the walls of the body in this instance was y+ i, = 3.5,
Y+max = 115in y+4,,, = 60.

A larger deviation, however, can be found in the results using the software SolidWorks Flow
Simulation and adaptive mesh thickening technique (SolidWorks AM), with which we can see
that the aerodynamic drag coefficient deviates from the measured value by -9.7%, and the lift
coefficient deviates by -19.4%. Drag force, which was in this case calculated with the ANSYS
Fluent software, amounts to 16.6 N, and lift force is 19.8 N. Drag force, which was calculated
with the CFD software package SolidWorks and adaptive technique, in the final mesh of 6.7
million finite elements, amounts to 14.8 N, and lift force is 12.9 N. The differences in the
computational time is crucial. Using the ANSYS Fluent package, the computational part of the
analysis took us 43 minutes, simulation performed with a quad-core CPU, and using the
SolidWorks software, the time increased to 65 hours.

Table 1: Comparison of the results at the inflow velocity of 40 m/s

Experiment [4] Fluent RKE-NEQ SolidWorks

A% A%

Cp 0.298 0.297 -0.1 0.269 -9.7
C, 0.345 0.352 1.9 0.278 -19.4
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5.2 Analysis at different velocities

In the second part of the analysis, the results of simulations for different velocities of the air
inflow were compared. Using the ANSYS Fluent software, an analysis of simulations with the
Realizable k-€ turbulence model with Non-Equilibrium walls treatment (Fluent RKE-NEQ), as well
as with Enhanced Wall Treatment (Fluent RKE-EWT), was performed. Using the SolidWorks Flow
Simulation software, the case with two meshes, with Coarse (SW-Coarse) and Fine (SW-Fine)
mesh without using the adaptive mesh technique ware analysed; the Coarse mesh had 2.5
million finite elements, and the Fine mesh 6.5 million elements. Figure 6 displays the results of
the calculated drag and lift forces in dependence on the inflow velocity within the range of 10
m/s to 60 m/s, and Figure 7 displays the drag and lift coefficients within the analysis area. At first
glance, the results of the different models appear similar for each of the numerical meshes and
analysed turbulence models. Furthermore, that the prediction of forces or lift coefficient is
significantly higher in the ANSYS Fluent software can be determined.

50 50
40 40
Z 30 =z 30
§ 20 £20
10 10
0 0
10 20 30 40 50 60 10 20 30 40 50 6(
Velocity [m/s] Velocity [m/s]
—e—SW Coarse —e—SW Fine Fluent RKE-EWT  —e—Fluent RKE-NEQ —e—SW Coarse —e—SW Fine Fluent RKE-EWT  —e—Fluent RKE-NEQ

Figure 6: Drag and Lift force versus velocity
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Figure 7: Drag and Lift coefficient versus velocity

Figure 8 shows a comparison between the drag coefficient and publicised measurements. A
significant difference between the measurements and prediction with the SolidWorks Flow
Simulation software in the complete analysis field can be determined. In contrast, both
turbulence models used in the Fluent software give a very good prediction in the complete
analysis area. Nevertheless, in the complete analysis area the same mesh was used, having 2.6
million final volumes. Table 2 displays a summary of the y+ variable on the walls of the body. In
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the analysis area, the value of the variable was between 1 and 163, and on average it was
between 16 and 88.

0.40

Drag coefficient
o
w
o

|

0.20
10 20 30 40 50 60
Velocity [m/s]
—e—SW Coarse —e—SW Fine Fluent RKE-EWT

—e—Fluent RKE-NEQ =*=Measurements [4]

Figure 8: Drag coefficient from simulations and measurements

Table 2: Variable y+ on the walls of the body at different velocities using the ANSYS Fluent
software

Velocity Y+min | Y+max | Y+tave

[m/s]
10 1 32 | 16
20 1 61 | 31
30 2 88 | 46

40 3.5 114 63

50 5 139 74

60 6 163 88

Figure 9 shows a comparison of the pressure field on the surface of the body and on the plane
of symmetry. Despite the fact that at first glance the figures may appear very similar, from the
analysis of lift and drag force, we know that there is a significant difference between the
integrated value of the pressure distribution. Figure 10 shows a comparison of the velocity
contours in both software programmes, namely on the plane of symmetry, as well as on the
plane at an altitude of 0.244 m above ground level. In this case, a greater difference in prediction
of velocity in front and behind the body can be observed.
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Pressure
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Figure 10: Prediction of velocity distribution at the velocity of 40 m/s
Figure 11 shows a comparison of the turbulent kinetic energy on the plane of symmetry and on

the plane at an altitude of 0.244 m above ground level. In this case, it is also obvious that there
is a large difference in prediction between the analysed packages.

Fluent RKE-EWT Fluent RKE-EWT

Figure 11: Prediction of turbulence kinetic energy at the velocity of 40 m/s
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Table 3 displays the computational times of individual analyses. For the analysis, a computer with
an Intel i7 4790 CPU with 16 GB RAM was used. It is apparent from the table that the difference
between computational times is significant; using the SolidWorks software, substantially more
time for the convergence would be needed.

Table 3: Computational times

Computational time [hh]:[mm]
Fluent Fluent SolidWorks | SolidWorks SolidWorks
RKE-EWT RKE-NEQ Coarse Fine mesh adaptive
mesh mesh
0:40 0:33 2:40 17:10 65:00

6 CONCLUSIONS

The performed comparison analysis of the prediction of numerical analysis with the ANSYS Fluent
software package, and the SolidWorks Flow Simulation software package shows a significant
difference between the predictions of flow field. With the ANSYS Fluent software, a small
deviation from the publicised measured values in a relatively short period is obtained. The
SolidWorks Flow Simulation software package is significantly more inaccurate in prediction of
results, and needs significantly more time.

The difference between the prediction among different packages can be explored in the
technique of meshing as well as in the numerical algorithms themselves. The Cartesian mesh of
the SolidWorks Flow Simulation software package did not enable sufficiently precise prediction
of the forces on the Ahmed body, despite the extremely long computation time and the adaptive
mesh technique. The trend of prediction in the analysed area otherwise follows the correct
value, but the difference between the prediction and the measurement is large.

The performed analysis, both from the aspect of results accuracy as well as from that of
computational times, shows that purpose-made tools for numerical analysis, such as ANSYS
Fluent, are much faster and more accurate than add-ons to 3D modellers, as in the case of
SolidWorks Flow Simulation.
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Nomenclature

Fp Drag force

F; Lift force

Cp Drag coefficient
C, Lift coefficient
Re Reynolds number
Pa Dynamic pressure

Reference area
k Turbulent kinetic energy
£ Turbulent dissipation
Specific dissipation rate
Relative difference
y+ Dimensionless wall distance

v Air velocity
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CRITICAL ANALYSIS OF FORMULAE FOR
THE CALCULATION OF THE ELECTRICAL
PARAMETERS OF HUMID MATERIAL

KRITICNA ANALIZA FORMULE ZA
IZRACUN ELEKTRICNIH PARAMETROV
VLAZNOSTI MATERIALA

Valentyna Zagirnyak®, Borys Nevzlin?, Vitaliy Dziuban®

Keywords: electrical characteristics, material dielectric permittivity, calculation expressions

Abstract

A comparative analysis of conventional calculation expressions for the determination of the electric
parameters of humid material has been done. Their disadvantages have been determined, and the
errors of their use for calculation of electrical characteristics of a specific material (zinc cake) have
been determined. A means of improving the considered calculation expressions has been proposed.

Povzetek

Predstavljena je primerjalna analiza klasi¢nih rac¢unskih izrazov za dolocitev elektri¢nih parametrov
vlaZnosti materiala. Njihove pomanjkljivosti so nakazale na napake, ki se pojavljajo pri uporabiizracunov
elektricnih karakteristik pri realnem materialu cinkove pogace. Predlagan je nacin izboljSave obravna-
vanih racunskih izrazov.

AR Corresponding author: Valentyna Zagirnyak, Kremenchuk Mykhailo Ostrohradskyi National University, Department of
mechanical engineering, vul. Pershotravneva, 20, 39600, Kremenchuk, Ukraine, Tel.: +38 05366 36219,
E-mail address: mzagirn@kdu.edu.ua

* Kremenchuk Mykhailo Ostrohradskyi National University, Department of Electric machines and Apparatus,
vul. Pershotravneva, 20, 39600, Kremenchuk, Ukraine
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1 INTRODUCTION

In many technological processes from coal preparation to grain processing, it is necessary to
control material humidity. Essentially, its values determine the energy costs required for
preparation of the output product. In its turn, the humidity of the material, irrespective of its
chemical composition, as a rule, is determined from expressions taking into account the relation
of its values to the values of dielectric permittivity of the corresponding processed material.

At present, several models (calculation expressions for description of the properties) of humid
materials are known, [1-15]. They are mainly intended for liquid-water systems, as these systems
provide a possibility to find a determined relation between dielectric permittivity (DP) and
humidity W.

Fundamentals of theoretical calculations of DP for liquid-water systems have been established
by several authors [4-8, 11-13], but some of them show the relation between DP and
humidity implicitly (Tables 1-3, where g, ¢, are the dielectric permittivities of the “dry” phase
and water, respectively). As the authors are not aware of more recent research in this field, they
considered it necessary to perform a critical analysis of the available calculation expressions.

2 BASIC MATERIAL OF THE RESEARCH

Let us perform a comparative analysis of the models given in Tables 1-3. Obviously, in Table 1
formula 1.1 can only be applied when the water layer is parallel to impacting electrical (or
electromagnetic) field without mixing with the dry phase. Formulae 1.3-1.6 seem to be meant
for calculations at low values of humidity as at /" —1 they result in a significant error, which is
stated in [2].

As to formulae 2.1 and 2.2, it can be noted that they, as well as formula 1.1, seem to be correct
for separate layers of water and dry material, but arbitrarily oriented in relation to the
electromagnetic field. This is their advantage over formula 1.1. However, in all the other aspects
they are rather conditional for the real pattern of location of water in the material.

One of the basic faults of formulae 3.1-3.7 consists in implicit dependences of € on W . In [2],
this fault is eliminated by expansion of formulae 3.1-3.7 in series by degrees I, which is of the
form:

for formulae 3.1, 3.2

2
Loy B +9W2[ SW_SdJ Bw

€y €, +2¢g4 g, +2¢e; ) €,+2¢, M
1
3
+27W3( Sy~ &4 j Sw(gw_gd)_i_m
SW +28d (SW +28d)2
for formula 3.3
2
Lo BTl Bw T8 2 w8 2)
€y €, +2¢4 €, +2¢, €, +2¢,
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Table 1: Material dielectric permittivity € explicit direct dependences on humidity w

Author(s) of the

No. formulae Dependence type and formulae number
1 Silberstein, Newton 8=8d(l—W)+ e W (1.1)
e le, +2)+2Wle, —¢
2 Lorenz €= d( n ) ( w d) (1.2)
€y +2+W(aw —sd)
_ @3y + (30 -1y,
3 Odolevskii (for statistic 4
5 (1.3)
systems) ) 23wy +(3W -1k, \ EdEy
4 2
4 Odolevskii (for matrix e=g,|1+ 3w (1.4)
systems) 1-w L &d
3 €, — €4
5 | Botcher e=gy| 1+3W w2 (1.5)
g, + 28d
6 . 3\/(1—W)2 (sw+2sd)2 +2W(8W—8d)2
Fradkina e=g4 (1.6)
I—W(ew +28d)2 +(8W —sd)z
7 Reynolds, Hugh e=gy+e W (e, —84)eq +A<8w_8d))71 (1.7)
Table 2: Material dielectric permittivity explicit indirect dependences on humidity
No. Author(s) of the Dependence type and formulae number
formulae
1 | Beer Je =W [e, +(1-W) e, (2.1)
2 | Lichtenecker Ige=Wlige,, +(1-W)ige, (2.2)
v (with ) Lo 5 W (2.3)
3 Relay (YVIt Runge’s €4 W+ €4 +¢€, 40523 €&, W1/3
correction) 3

Ed ~Ew 45 +&,

for formula 3.4
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L iy twTia
€y g, +2¢y
2 (3)
x| 14w En=td [y 0 Ew=8d | 2 EwTEd |y, g SwT8d | |
€, +2¢4 €, +2¢, €, +2¢4 €, +2¢4
for formula 3.5
E ey BwTld
€y €, +2¢4
2 (4)
x| 14w Ew=8d |0 fw=8d 436 EwT8d |, |
g, +2¢,4 €, +2¢4 €, +2¢4
formula 3.6 is expanded as
£ paom| 14237 | Bwta
€y ey )&, +2¢gy
2
1+0.74_3[80,+0.37] (5)
- € €,—¢€
x| 1+w]0.5+1.1] Sw=8d | Wt )y,
&, +2¢4 1+E
€d
and formula 3.7
B e Bw T |y oy Bw=8d 28wt e | (6)
€y €, +284 e, +2e; €,+2¢;

However, it should be noted that expressions (1)—(6) can be applied to limited values of humidity,
because when condition /7 —1 is met, some series diverge. So, at W' =09, ¢,=80, g; =2

from (1) we obtain

e=2+501+11.97+27.87+..,

and from (3)
e=2+501+4.58+4.15+...

At the same time in formula (6), restricted by three members, under the same conditions, values
€ approaching ¢, are not achieved: £€=23.18.
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Table 3: Material dielectric permittivity implicit dependences on humidity

No. Author(s) of the Dependence type and formulae number
formulae
€,—¢ €4 —¢
1 | Landauer W+ (1-W)—L—=0 (3.1)
€, +2¢y €, +2¢y
€—¢ €,—¢€
2 Botcher d =y v (3.2)
3e €, +2¢
3 CIausius-Mossotti, €78 _p Ew—td (3.3)
Lorentz, Viner e+2¢gy €, +2¢gy
2
4 Piecara 7% _p EwT8d o2 Ew 8 (3.4)
e+2¢gy €, +2¢gy4 €, +284
eE—¢&y - €y —&y %
e+2¢gy €, +2¢84
5 Tareev 2 3 (3.5)
x| 14w 0.1] Sw=2d | 40038 Sw_2d
€, +28, €, +2¢4
- +0.37
36, lg—2 % (5, —0.74)lg——2
6 Kubo-Nakamuro €y — €y g, +0.37 (3.6)
=(2.2¢,,+0.81)Ig(1-w)
7 Bruggeman ﬂ% q oy (3.7)
€,—€4 | €

Some authors [1, 2] mention that many formulae provide much better approximation to
experimental results, if the form of the water-material connection dependence on its dielectric
permittivity is taken into consideration. Therefore, in the domain of low humidity it is proposed
toassume g, =31 [10], which makes it possible to considerably improve the accuracy of formula

2.1, but the following remains undetermined: condition of applicability of equality ¢, =80 and
in what correlation (i.e. what part of water has g, =31, and what part has g, =80 ) they are to
be taken.

In [16], a model is proposed in the form of evenly distributed particles of the hard phase in an air

matrix. As humidity increases, water forces air out and water dielectric permittivity varies from
€,, =3 (for the chemically bound one) to ¢,, =80 (for the free one) in the function of humidity

content and according to the law

€, =80-"77¢ 4", (7)
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where o, — constant coefficient, dependent on the type of dry material e.g. for clay of a certain
type o =0.44.

The analysis of formulae in Tables 1-3 reveals that many of them, especially those from Table 3,
practically coincide at low humidities (W ~0+0.1) and correspond rather well to the
experiment. At high humidity values divergence increases both between the formulae and in
relation to the experiment. For example, let us compare the results of calculation of & by
formulae given in tables 1-3, with the results of experimental determination of zinc concentrate
¢ at the “Electrozinc” plant (Vladikavkaz, Russia). The measurements were carried out in
laboratories by Q meters of E9-4 and E9-5a types. Three samples of concentrate (No. 1, 2, 3)
different as to the content of zinc and other components by some percent were under control,
[17]. The results of measurements and calculations are given in Tables 4—6.

In Tables 4-6, the numbers in brackets in the column corresponding to formula 1.6 are values
obtained according to formula 1.6 after its expansion into series according to [12]. Coefficient A
in formula 1.7, depending on relation of the ellipsoidal particle axes lengths and its orientation in
relation to the field, was assumed equal to 1/3, as zinc concentrate particles are mainly of a
spherical shape.

Values ¢ in Tables 4—6 are rounded off to the second figure, as the stated error of experimental
determination of € is about 5%. Therefore, it is not necessary to calculate € more accurately and
calculation was carried out with three exact figures afterwards rounded off to the second figure.

A comparison of experimental data with the calculated ones demonstrates the following:

1. Results obtained by the groups of formulae 2.3,3.3,3.4,3.5,3.7and 1.3, 2.2,3.1, 3.2, as
well as 1.5, 1.6, 1.7, 3.6 at the humidity of 0.04, practically coincide (up to the error of
rounding) and are within the range of experimental values close to higher (77 MHz)
frequency.

2. At the humidity of 0.08 and, a fortiori, of 0.12, coincidence can be seen in the groups of

formulae. However, divergence between the groups is much bigger (up to 0.2+0.3), and

divergence with the experiment grows up to scores of percent even at higher frequencies.

Formula 1.2 gives explicitly low results in the completely calculated range of humidity.

4. Value obtained by formulae 1.2, 1.4, 2.1, though considerably different from each other,
are mainly within the range of experimental data. Values obtained by formula 1.1 are
within the values for the frequency range of units of MHz and less, and by formulae 1.4 and
2.1, within the order of tens of MHz.

5. Allthe given formulae provide results not depending on frequency, which does not
correspond at all to real parameters of all bulk materials analysed by the author (coal and
coal charge of Donetsk, Vorkuta and Ekibastuz coal basins; zinc and lead ores; some soils in
Luhansk and Moscow regions, as well as in Krasnodar territory; cereals; potassium and
other salts). Many authors [18-20] also confirm this conclusion.

6. Almost all the given formulae fail to take into account the shape of bulk particles (apart
from 1.7), and package density influence €, and enters the formulae mainly linearly. At

w

the same time, in practice, according to [14], bulk materials & nonlinear dependence on
density takes place.
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7. Influence of bulk material chemical composition is also expressed via g€, , though at high
humidity € dependence on it grows.

8. Dependence of & on humidity is practically linear in all the formulae, though in real bulk
materials it is not quite so.

Convergence of calculated and experimental data in the bulk materials electrical theory
developed in [3] is better. The authors of this theory managed to obtain root-mean-square
deviation of calculated and experimental results of no more than 3—5% for a number of materials
(coal charge for coking, wheat, zinc cake, some ordinary coals and soil types and other materials)
at the humidity of no more than 10-15%. However, at high humidities, especially for soils, zinc
cake and ordinary coals, at the frequencies of units of MHz and less, divergence made scores of
percent and, in some cases, hundreds of percent.

Sometimes, experimental values of & exceeded ¢ values for water, which cannot be explained
by the error of the experiment. Thus, the theory proposed in [3], does not provide satisfactory
explanation either.

3  CONCLUSIONS

Based on the above, it can be stated that existing mathematical models of humid bulk materials
do not reflect the parameters and characteristics of the real material quite adequately. First, they
provide results independent of frequency; they do not take into account the shape of bulk
material particles and the nonlinear character of packing density influence. Consequently, they
need considerable improvement, including the possibility of changing the approaches.
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Abstract

The usage of expert systems simplifies the determination of the technological condition of the genset,
i.e. the fault diagnosis. This results in the optimization of maintenance in technical workshops, which
particularly comes into play in military systems in which a great number of technical resources must
be maintained. The expert system is based on the “Knowledge Base”, obtained by researching and
collecting data from professionals who have years of experience in the maintenance of electric gen-
erators. The Knowledge Base is made to list the most common faults first; then the hypotheses are
associated with a certain probability. The processing of collected information is carried out according
to Bayes’ method, which is based on the classical probability theory. In order to decide upon a failure
happening within the context of certain facts, a calculation of true values is carried out, which will help
in developing an ideal diagnostic program during further research.
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Povzetek

Uporaba ekspertnega sistema za diagnosticiranje napak v generatorskih enotah omogoca
poenostavitev doloditve stanja posamezne enote in morebitno diagnostiko napak. Rezultati
optimizacije vzdrZzevanja v servisnih delavnicah so izredno pomembni v vojaskih sistemih, kjer je
potrebno ohranjati nenehno vecje Stevilo naprav v stanju pripravljenosti. Ekspertni sistem
temelji na podatkovni bazi znanj, ki je pridobljena preko zbiranja podatkov iz vecjega Stevila
opravljenih preizkusov in izkusenj strokovnjakov z vecletnimi izkusnjami s podrocja diagnostike
generatorskih enot. Predlagan ekspertni sistem pri vzdrZzevanju naprav izvede pregled seznama
najpogostejsih napak in samodejno izvede diagnostiko z doloceno verjetnostjo. Obdelava
zbranih podatkov poteka po Bayes-ovi metodi, ki temelji na klasicni teoriji verjetnosti. Za
dolocitev moznosti napake na podlagi zbranih dejstev se izvede izraCun dejanskih vrednosti, kar
omogoca nadgradnjo ekspertnega sistema z nadaljnjimi raziskavami.

1 INTRODUCTION

This paper shows the optimization of the maintenance system of gensets in technical
workshops. It is particularly suitable for use in the armed forces, where a great number of
mobile gensets is present. They are necessary in case of greater damage and failures in the
electrical system, which may occur in the event of natural disasters and war. Therefore, their
reliability and availability are vital, in both civilian and the military structures. Due to that,
regular maintenance is being carried out, which requires certain financial resources. In addition
to such resources, an important issue is also the involvement of specialized staff in the
maintenance process. Since a large amount of resources is involved, every simplification of the
maintenance procedure, as small as it may be, is essential in saving financial resources and
engagement of material, technical and human resources.

In complex systems, such as gensets maintenance processes, the identification of the technical
conditions of equipment is the most time consuming, i.e. fault diagnosis.

To formulate a diagnostic algorithm of the equipment states, a systematic study of the
behaviour in good working condition and during a failure has been carried out. Collecting data
on the failures and their indicators was derived from three key sources:

- technical documentation with the regulations on the quality of the product,

- documents about receiving resources for repair in the past five years, from which the
reasons of arrival can be seen, as well as the methods carried out in order to correct the
deficiencies,

- by conducting research among the employees with years of experience in the
maintenance of gensets.

By consolidating the collected data, a “Knowledge base” has been formed, shown partially in
Table 3. The data were processed according to Bayes' theorem, and true values were obtained,
which will help in further research to develop an ideal program and special instructions for
searching and removing irregularities in the assembled form. This provides a comprehensive
understanding of the resources’ technical condition before dismantling and achieves the
greatest effect in reducing the duration of a repair. In addition to that, the described
procedures enable the determination of the scope and complexity of repair and the necessary
tools, equipment and spare parts in advance.
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2 GENSET MAINTENANCE PROCESS

The maintenance process is a complete series of organizational and technical measures exploits
to establish the functionality of faulty resources, i.e. to repair corrupted technical features after
the resources’ usability has passed or after the appearance of random defects. The
maintenance process consists of a series of different steps connected with the repair,
manufacturing of parts, their control, storage and transport. This process also includes the
development of technical documentation, planning, standardization, the supply of materials,
spare tools and accessories as well as the refinement and development of technological
processes and diagnostic methods, [1].

Due to the large number of technical resources in military systems, methods are continuously
elaborated, which contributes to the optimization of maintenance and the work productivity of
technical workshops. The important point in optimization is the shortening of repair times,
which can be significantly affected by the improvement of technological processes and
diagnostic methods. For now, the greatest effect is achieved by an elaborated principle of
repairing a set (Figure 1), in which expert systems for failure diagnosis can be applied, which
significantly reduces the overall repair time.

| Receipt of the resource for repair |

| Preparation for the repair |

| Diagnostics of the genset it the assembled state |

| Disassembling the genset into components |

o0 50

Fault
<L| Diagnostics of the components |

Reserve of |

the
assembly
in the
repair |

process Correct
4>| Assembling the genset |

| Testing and adjusment |

| Preparation of proper components for assembly|

Figure 1: Schematic of the technological process on the principle of repairing a set

On receipt of the resource for repair, a protocol for the description of the status is made. Next,
the repair and diagnostics are prepared in the assembled state, which represents a complex
problem, especially in complex systems such as gensets. Their complexity lies in that they are
composed of several technically different subsystems: diesel engine, synchronous generator
with excitation, control protection, and connecting and other circuits. This means that for their
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diagnostics the criteria which mark the permissible and impermissible states of each mentioned
subsystems must be known. Therefore, in order to reduce the time to detect faulty parts, it is
necessary to develop an optimal program for fault diagnostic and on the basis of that program
to prepare a summary of special instructions for the search for faulty parts.

The use of special instructions for troubleshooting turns random search steps into pre-planned
sequences of actions. It is usually easier to locate defective parts when checkpoints are
determined, which are used to check for permitted values of technical requirements.

The main tasks of diagnostics in the assembled state are:
- check of the working ability,

- identification of faulty circuits,

- determination of the circuits that need no repair.

The diagnostics in the assembled state is carried out according to the appropriate instructions
for each type of genset. The data on irregularities with which the resource is sent and the data
on the time and mode of exploitation help to repair diagnose the fault.

The diagnosis is carried out in a specific order, which ensures the completeness of the expected
checks and excludes the repetition of certain other checks.

A properly conducted diagnostics provides a comprehensive insight into the state of the
resource and enables:

- determination of the scope and complexity of the repair,

- determination of necessary tools, equipment and spare parts,

- determination of employees with certain qualifications (electricians, machinists,
mechanics),

- definition of the time required for the repair.

After the diagnostics and detailed insight into the state of the resource, the disassembling
continues with the next, so far mostly well elaborated step according to the schematic of the
technological process from Figure 1.

3  EXPERT SYSTEM FOR DIAGNOSIS OF THE GENSET STATE

3.1 Knowledge base

The expert system for fault diagnosis is based on a reliable “Knowledge base”, in which the
diagnostic features are shown. These data were obtained by studying the standard and the
manufacturer's technical documentation, [2, 3, 4], workshop production orders from the
previous five years and the implementation of surveys of employees who have years of
experience in the maintenance of gensets. The expert system is designed to ensure the rapid
determination of genset condition (correct, indication of failure-needed maintenance, fault-
needed service). This is an additional tool that connects users and maintenance technicians.
Typically, these are two technical levels and are not at the same location neither under the
same management. The user (a soldier in the described case) with a basic knowledge of
operation during the daily work notes "disturbances" in the work of the genset, which are
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categorized in the group of Easily Detectable Failures (EDF). These are linguistic variables with
distinctly subjective characters; they are shown in Table 1.

Table 1: Example of linguistic variables that describe the group of Easily Detectable Failures with

distinctly subjective character
The engine can't start or has difficulties starting
The engine stops a short time after the start
Low engine performance
Low oil pressure
The engine rotational speed drops fast
The engine overheats
The engine throws out thick black smoke
Low generator voltage idling at nominal speed
The generator produces no voltage
The main circuit breaker can't be turned on
Checking the static frequency characteristics - doesn't fulfil the conditions

Based on the detection of disorders from the EDF group, the overseer Expert System focuses
further procedures toward maintenance technicians, who represent a higher level of technical
knowledge of the genset (a technician in the Repair Institute in the described case). In this
process, linguistic variables that describe disorders categorized in group of Hard Detectable
Failures (HDF) shown in Table 2 and associated probability of failure from the knowledge base
of an expert system have been used.

The importance of resolving the problems of large logistics systems with the use of expert
systems that conventional linguistic variables (shown in Tables 1 and Tables 2) convert into
digital data should be emphasized. This enables the use of software tools for conducting the
control, monitoring and planning of logistics in systems that spatially and hierarchically belong
to different sub-systems of management. The general objective is to improve the management
of the overall system (military systems in the described case).

Table 2: Example of linguistic variables that describe a group of Hard Detectable Failures
without subjective character

Damaged fuel supply pipeline

Corroded or loosened connections on the battery

Discharged battery

Fault on the electric starter

Dirty fuel refining system

Dirty air refining system

Faulty injectors

Lack of oil in the motor

Dirty oil refining system

Faulty oil pump

Rotational speed regulator fault

Low engine compression

Loose contact on the voltage regulator

The generator is demagnetized

Faulty mode selector
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In the Knowledge Base partially shown in Table 3, the most common faults are shown first, then
the hypotheses are associated with a certain probability. The table is just a segment of the
Knowledge Base, which will be further expanded during future research.

Table 3: Knowledge Base with entered fault probabilities
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D: d fuel supply pipeli YEB 09 03 | 055 0.6 0.1 0.8 0.6
p(H1)=0.2 NO 0.2 0.6 0.1 0.5 0.9 0.2 04
Corroded or loosened connections YES 0.7
onthe battery p(H2)=0.05 NO 0.4
Discharged battery YEBS 08
) |pH3)=0.1 NO 02
I&J Faultonthe electric starter YE 09
=) p(H4)=0.005 NO 0.2
=l |Dirtyfuel refining system YB 0.6 09 | 099 0.8 0.1 01 0.8 0.6
< _ELHSH).I NO 05 0.2 | 005 0.3 | 095 | 0.95 0.2 04
w Dirtyairrefiningsystem Y& 0.2 0.1 0.8 0.7 0.6 | 0.95 05
w p(H6)=0.1 NO 08 0.9 0.2 0.4 0.5 0.1 04
- |Faulty injectors YES 0.9 0.2 0.8 0.6 0.9 09 0.6 0.6
0 |p(H7)=0.05 NO | 01 [ 09 | 03 05 | 0.2 | 0a 04 | 04
s Lack of oil in the motor YEB 0.05 0.9 0.1 | 0.99 0.6 | 095
O |p(H8)=0.01 NO 0.9 02 ] 095|001 05 | 005
u|_'l Dirty oil refining system YES 0.95 0.4
W [p(H9)=0.05 NO 0.1 0.7
0O (Faulty oil pump YES 0.99 0.85
p(H10)=0.01 NO 0.05 0.2
E Rotational speed regulator fault YES 06 05 0.7 099 | 0.6 07 099 | 06
< p(H11)=0.1 NO 04 0.6 0.4 0.05 0.5 04 0.1 04
I |Low engine compression YEBS 09 0.1 0.9 08 0.7 0.95 0.7 0.9 06
p(H12)=0.2 NO 0.2 0.9 0.2 0.2 0.4 0.1 03 0.1 04
Loose contact on the voltage regulator | YES 0.9 0.7 0.6 09
p(H13)=0.01 NO 0.1 0.3 0.4 0.1
The generatoris demagnetised YES 0.85
p(H14)=0.2 NO 0.2
Faulty mode selector YEB
p(H15)=0.05 NO

3.2 Bayes' theorem implementation

The processing of collected information is carried out according to Bayes' method, which is
based on the classical probability theory. With the help of the conditional probability, the

“_n “_n

probability of an event “y” is determined; if it is known that the event “x” has occurred. Event

“_n “_n

x" is considered a fact that is easily obtained, whereas “)” represents the probability of the
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state of the genset, i.e. the probability of a certain failure which needs to be defined. This

probability is called “conditional probability”: p(y|x).

¥)= PxAY)

p(y| )

If two events are independent, then:
p(x]y)=p(x)

p(y[x)=p)

“_n

(3.1)

(3.2)

(3.3)

According to the definition, the revolution, i.e. probability of the event “x” under the condition

“_n

that “y” has occurred is:

):p(y/\x)

Pixly p(»)

From(1.3) = p(y Ax) = p(x|y)p(»)

Because of the commutativity:

pxAy)=p(x|y)p(»y)

Including (1.6) in (1.1), we obtain the simplest form of Bayes' theorem:

px|»)p(y)

p(ylx)= o)

By expanding the members of the conditional probability, we get Bayes' theorem [5]:

p(x|»)p(y)
p(x| ) p(»)+ p(x |~ y)p(~ ¥)

p(ylx)=

From Bayes' theorem, we obtain the Bayesian method in production systems:

If “x” is true, the conclusion is “y” with the probability “p”.

“_n

With the help of Bayes' theorem, we can conclude the probability of “x”.
By interpreting this theorem with the formula (1.7):

e yof the theorem marks an evidence or a fact>F
e x of the theorem marks a hypothesis >H

p(E | H)p(H)
p(E)

P(E|H)p(H)
P(E|H)p(H)+ p(E |~ H)p(~ H)

p(H|E)=

P(H|E)=

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)

(3.10)

JET 41



Zeljko Hederi¢, Dejan Baresi¢, Venco Corluka JET Vol. 10 (2017)
Issue 1

In order to decide upon the failure happening with certain facts, a calculation of real values is
carried out, as it is elaborated in [6], Chapter 7. For the purposes of determination of correct
failure probabilities series of data were collected.

3.3 Example case

In order to clarify functioning of the Bayes theorem, the implementation into Expert Systems for
fault diagnosis procedures for one common event is presented.

Using genset for the energy supply of sensitive communications equipment requires frequency
control of power supply by using built-in indicators’ frequencies or portable devices for
measuring frequencies. The user (soldier on the ground) noted that the frequency of power
supply is outside the permitted areas: EDF = Checking the static frequency characteristics does
not fulfil the conditions.

Based on that, the user logs in report into Expert System, which in addition to the description of
failure also records the time, date, location of failure, and characteristics of genset (previously
classified information in knowledge base).

»  Case: Checking the static frequency characteristics — does not fulfil the conditions

Expert System based on knowledge base information of probability (Table 3 — shaded row and
column) conduct following calculation:

p(Hs) = p(dirty fuel refining systen) = 0.1 p(ﬁs) =0.9

p(E| Hs) = (thetestof thestaticfrequencycharacteristicsdoesn't fulfil the
conditions| dirty fuel refining system)=0.8

Pp(E| Fs) = p(thetestof thestaticfrequencycharacteristics doesn't fulfil
the conditions| notdirty fuel refining system) = 0.2

p(E) = p(thetestof thestatic frequencycharacteristics doesn't fulfil the conditions)
= p(E | Hs)- p(Hs)+ p(E | Hs)- p(Hs)=0.8-0.1+0.2:0.9 = 0.26

p(H, | E) = p(dirty fuel refining system)if it is obviousthat thetestof the static
frequencycharacteristic doesn't fulfil the conditions)
_P(E|HS) p(H) 08-0.1
p(E) 0.26

=0.30769
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p(Hs | E) = p(dirty fuel refining systemwith the fact thatit fulfils the
P(E|Hs) p(Hs) _(1-0.8)-0.1

staticfrequency characteristics )= —
p(E) 1-0.26

=0.02703

Comparing p(H, | E) and p(H,) yields the following conclusion:

The fact that the test of the static frequency characteristics does not fulfil the conditions
increases the probability of a dirty fuel refining system by approximately 3.1 times.

Table 4 shows the true values for the other cases when the test of the static frequency
characteristics does not fulfil the conditions.

This means, by reading Table 4 and comparing the values to those in Table 3, we can, in addition
to the abovementioned case, conclude the following:

The fact that the test of the static frequency characteristics does not fulfil the conditions
increases the probability:

- of a damaged fuel supply pipeline by 2.5 times,

- of faulty injectors by 1.5 times,

- of arotational speed regulator fault by 5.2 times,

- of alow engine compression by 3.5 times,

- of aloose contact on the voltage regulator by 1.5 times.

The same procedure must be used to treat the easily observable facts mentioned in Table 1
(and in the first row of Table 3). The given results are, after quick and easy processing by a
computer, the foundation for developing an ideal diagnostic programs.

From Table 3 and the presented example case, it is evident that the static calculation checking
the frequency characteristics is not associated with all failures listed in Table 2 (and in the left
column of Table 3). This is consistent with the fact that, for example, failure of the starter has
no effect on the stability of the frequency of the generator power supply.

Some failures have higher and some lower correlation with Easily Detectable Failures, which are
listed in Table 1 (first line in Table 3). For example: checking static voltage characteristics is not
associated with failure of the starter, whether associated with dirty fuel (because at nominal
loads it can lead to instability of diesel engine operation) or the major collapse of genset drive
rotational speed. This directly, to a large extent, affects the characteristics of genset frequency,
and to a small extent, affects the stability of voltage, as shown in Table 3. The data were
confirmed during measurements implemented at genset inspection, [4]. It was determined that
a voltage regulator retains a constant voltage to a certain degree of rotational speed collapse,
but voltage deviation does noticeably occur at higher and faster changes in rotational speed.
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Table 4: Calculation of true values for all cases when the test of the static frequency

characteristics doesn't fulfil the conditions

Checking the static frequency characteristics - doesn't fulfil the conditions
p(H) P(E [ H) p(E |~H)| p(~H)| p(E) [p(H|E) p(H|~E) p(H | E)/p(H)

p(H1)= | 0.200 | 0.800 | 0.200 | 0.800 | 0.320 | 0.500 | 0.059 2.50

p(Hz2)= | 0.050 0.950 | 0.000 0.050

p(Hs)= | 0.100 0.900 | 0.000 0.100

p(Hs)= | 0.010 0.995 | 0.000 0.005

p(Hs)= | 0.100 | 0.800 0.200 | 0.900 | 0.260 | 0.308 0.027 3.10

p(Hs)= | 0.100 0.900 | 0.000 0.100

p(H7)= | 0.050 | 0.600 | 0.400 | 0.950 | 0.410 | 0.073 | 0.034 1.50

p(Hs)= | 0.010 0.990 | 0.000 0.010

p(He)= | 0.050 0.950 | 0.000 0.050

p(H1o)= | 0.010 0.990 | 0.000 0.010

p(H11)= | 0.100 | 0.990 | 0.100 | 0.900 | 0.189 | 0.524 | 0.001 5.20

p(H12)= | 0.200 | 0.900 | 0.100 | 0.800 | 0.260 | 0.692 | 0.027 3.50

p(H13)= | 0.010 | 0.600 | 0.400 | 0.990 | 0.402 | 0.015 | 0.007 1.50

p(H14)= | 0.200 0.800 | 0.000 0.200

p(H1s)= | 0.050 0.950 | 0.000 0.050

4 CONCLUSION

Due to the large number of technical resources in military systems, methods are continuously
elaborated, which contributes to the optimization of maintenance. The greatest effect is
achieved by the principle of repairing a set, for which the failure diagnosis in the assembled
state has a significant role. Therefore, the study of the behaviour of gensets in different states
and the development of a Knowledge Base have begun, in which the hypotheses are associated
with a certain probability.

With the help of Bayes' theorem true values were calculated, used together with certain facts,

to correct the probabilities listed in the Knowledge Base.

The Knowledge Base, containing the elaborated Bayes' theorem and the gathered true values, is
the basis for the continuation of the research and development of ideal diagnostic programs
and special instructions for diagnosing and troubleshooting.
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Abstract

Photovoltaic (PV) systems are, numerically, the most widespread type of power plant that
harvests renewable energy sources for electricity production. This paper investigates the
influence of shading on the electrical characteristics of thin-film PV modules. Two types
of thin-film PV modules are used: amorphous silicon and copper-indium-selenide. The
electrical parameters of PV modules under various cases of shading are measured, analysed,
and presented in tables and charts. A comparison between the electrical characteristics of
crystalline silicon and thin-film PV modules under shading showed that thin-film PV modules
have more consistent electrical parameters. I-V and P-V characteristics of shape of thin-film
PV module are unaffected by shading. The power losses and efficiency of shaded modules
are decreasing in linear relation to the increasing shaded area of a PV module.
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Povzetek

Fotonapetostni sistemi so Stevilcno najbolj razsirjena vrsta elektrarn, ki izkoris¢a obnovljivi vir
energije za proizvodnjo elektricne energije. Clanek obravnava vpliv senéenja na elektri¢ne
lastnosti tankoplastnih fotonapetostnih modulov. Uporabljata se dve vrsti tankoplastnih
fotonapetostnih modulov, in sicer iz amorfnega silicija in bakra-indija selenid. V ¢lanku se tako
merijo in analizirajo elektricni parametri fotonapetostnih modulov v okviru razliénih primerov
sencenje. Rezultati so predstavljeni tabelaricno in graficno. Primerjava med elektricnimi
lastnostmi silicijevih in tankoplastnih fotonapetostnih modulov v skladu s senc¢enjem je pokazala,
da imajo tankoplastnih fotonapetostni moduli bolj dosledne elektricne parametre. Sencenje ne
vpliva na I-U in P-U karakteristike tankoplastnih modulov. Izgube in izplen v primeru sencenja
modula se zmanjsuje linearno glede na vse vecjo sencenje obmocja modula.

1 INTRODUCTION

In the 215 century, humankind has encountered the problem of global warming because the vast
majority of electricity is produced from fossil fuels. According to World Energy Statistics 2016,
published by the International Energy Agency, global energy needs can be satisfied by coal only
until 2088. Oil reserves will be exhausted by 2060 but, even worse, natural gas reserves will be
exhausted by 2053, [1]. Pollution and the climate changes that the usage of fossil fuels are
bringing are even more noticeable. During the 1990s, scientists observed rapid changes of global
temperature and climate changes, [2]. The response to that was the first attempt to tackle the
problems with the Kyoto Protocol, in which world leaders committed their country to reduce gas
emissions into the atmosphere, [3]. In 2007, the European Union responded with the 2020
Climate & energy package in which a set of binding legislation ensures that the EU meets its
climate and energy targets for the year 2020. Three key targets are a 20% cut in greenhouse
emissions from 1990 levels, a 20% improvement in energy efficiency and 20% of EU energy from
renewable energy sources i.e. solar energy, wind power, hydropower, geothermal energy and
bio-energy, [4]. The framework adopted by EU leaders in October 2014 that builds on the 2020
climate & energy package is the 2030 climate & energy framework with key targets of a 40% cut
in greenhouse emission, a 27% improvement in energy efficiency, and 27% of EU energy from
renewables, [5]. The ultimate goal for 2050 is a low-carbon economy in which the EU has cut
greenhouse gas emissions to 80% below 1990 levels, [6]. Photovoltaic systems (PV) are the most
widespread form of harvesting solar energy for electricity production. There are two main types
of solar cell technologies used today: crystalline silicon and thin film photovoltaics. Electrical
characteristics of solar cells are represented with /-V and P-V characteristics. The output of a PV
module depends directly on input energy from the sun and the temperature of a PV module. If
even a small part of irradiated energy is shaded by an object, the output energy of a PV module
is significantly reduced, [7].

In [8], the shading influence on the /-V characteristic of a mono-crystalline PV module was
studied. The results show that power loss depends on the location of the shade on the PV module.
If a shade is placed across all six columns of PV cells, horizontally, power decreases by
approximately 93%. If a shade is placed across 6 cells in one column, vertically, power decreases
by approximately 30%; this does not depend on the number of shaded cells in the same column.
Zulu and Kashweka, [9], conducted an experiment of shading of a monocrystalline PV module in
three steps, 25%, 50% and 75% of the area. Results showed that in the case of 25% of area shaded,
power output was reduced by 75% and efficiency dropped to approximately (2.9%+0.2%). In the
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case of 50% and 75% of the area of module shaded, power output dropped by 90 % and efficiency
dropped to approximately 0.8%10.1%. Sun et al., [10], were studying the influence of wire pole
shading on electrical properties of six polycrystalline PV modules. The results showed that the
power output of modules depends on the number of bypass diodes integrated into the PV
module, the size of the shaded area, and the position of the shadow on the PV module surface.
Dolara et al., [11], studied the influence of different shading scenarios on monocrystalline and
polycrystalline silicon single-cell and whole PV modules. They conducted two shading scenarios
for single-cell, right-to-left and bottom-to-top. For a PV module, three shading scenarios were
examined: horizontal, vertical and diagonal. A decrease of the power output for every case
conducted in this paper does not depend on crystalline technology of which PV modules are
made. In [12], [13], [14], [15] and [16], the effects of partial shading on PV arrays characteristics
and efficiency are investigated. The main goal of the papers was to propose Maximum Power
Point Tracker algorithms, which would extract maximum power from partially shaded PV modules
with deformed P-V characteristics. Bai et al., [17], proposed new physical PV array arrangements
to mitigate partial shading effects. Three new physical arrangements are proposed and compared
with the performance of existing configurations. While, according to [18], the efficiency and
production of thin-film modules is increasing, researchers are neglecting the investigation of this
kind of photovoltaics.

This paper investigates influence of shading on electrical characteristics of thin-film PV modules
unlike other research studies so far, which only examined crystalline silicon technologies of PV
modules.

2 METHODOLOGY

2.1 Measuring method and instruments

Experiments were conducted on two different technologies of thin film PV modules. The first PV
module, named Masdar MPV100-S, uses amorphous silicon technology for electricity production.
The second PV module, named Solar Frontier SF150-S, uses copper-indium-selenide (CIS) alloy for
electricity production. The technical specifications of Masdar MPV100-S are shown in Table 1,
[19, 20].

Table 1: Masdar MPV100-S and Solar Frontier SF150-S technical specifications

Parameter Unit Masdar MPV100-S Solar Frontier SF150-S
Nominal peak power (B ) w 100 150
Nominal voltage (Vypp ) % 75 81.5
Nominal current () A 1.34 1.85
Open circuit voltage (VOC) \Y 96 108
Short-circuit current (/g ) A 1.56 2.2
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Efficiency (77) % 7 12.2
Temperature coefficient of A, %/°C -0.2 -0.31
Temperature coefficient of V. %/°C -03 -0.3
Temperature coefficient of /g %/°C 0.1 0.01

Dimensions (length x width x thickness) mm 1300x1100x7 1257%977%35
Weight kg 29.5 20

The measuring instruments used for the experiments were a Metrix PX110 Powermeter, a
Peaktech 3320 DMM, and a Seaward SOLAR Survey 200. The Metrix PX 110 Powermeter is a
digital power meter and it is used for measuring the voltage, current and output power of a PV
module. The electrical circuit used for measuring the /-V characteristics of the PV modules is
shown in Figure 1.

dM |

&

Figure 1: |-V characteristic measuring electrical circuit

A Peaktech 3320 DMM Digital multimeter is used for measuring short-circuit current and open-
circuit voltage of the PV modules while a Seaward SOLAR Survey 200 instrument is used for
measuring the solar irradiance in W/m?2.

2.2 Shading simulation

The simulated shading profile is divided into 11 steps from the bottom of the module to the top.
The first step of the shading profile spreads from the first 10 cm from the bottom edge of the PV
module across its whole width. Each next step adds another 10 cm in the height of the module.
The final and 11" step shades 110 cm of the module from the bottom edge to the top, leaving
only small part of unshaded area, which depends on the height of the PV module. Measurement
of the /-V characteristic for each PV module and for every shading case was done according to the
electrical schematic shown in Figure 1. The first /-V characteristic measuring was done for an
unshaded area of a PV module. After that, eleven /-V characteristics for each PV module are
measured for each shading case. At the same time as the /-V characteristic is measured, the
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irradiance level was measured. An example of the 1%, 2" and 11'" steps of the shading profile is
presented in Figure 2.

15t o

11th

Figure 2: First, second and 11" steps of the shading profile

3 RESULTS

3.1 Masdar MPV100-S

I-V and P-V characteristics for unshaded and 11 steps of shading profile for a Masdar MPV100-S
amorphous silicon PV module are given in Figure 3 and Figure 4. The results reveal that /-V and P-
V characteristic’s shape does not depend on shading of PV module surface unlike mono- and poly-
crystalline silicon PV modules. The P-V characteristics given in Figure 4 have only one maximum,
regardless of shading case.

14 MASDAR MPV100-S /-V CHARACTERISTICS
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Figure 3: I-V characteristics for unshaded and 11 shading cases of Masdar MPV100-S PV module
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Figure 4: P-V characteristics for unshaded and 11 shading cases of Masdar MPV100-S PV
module

The processed results for the Masdar MPV100-S PV module for unshaded and 11 cases of shading
profile are given in Table 2. The results displayed in Table 2 show that the fill factor F of the I-V
characteristic does not change in a significant way, regardless of the shading case, which confirms
that its shape is not significantly affected.

Table 2: Results for Masdar MPV100-S PV module

Shading S.hadow :fh:\(/ier::;zlae 2‘;2:‘;;23";3 Output power Fill factor F
case height [cm] % module P, [W] loss P.[W] [%]
No shade 0 0 79.5 0 70.95
1 10 7.69 722 7.3 71.06
2 20 15.38 66.2 13.3 71.02
3 30 23.08 60.5 19.0 71.13
an 40 30.77 53.9 25.6 716
5 50 38.46 47.8 317 71.52
6" 60 46.15 42.9 36.6 71.67
7™ 70 53.85 33.2 46.3 71.66
an 80 61.54 276 51.9 72.05
o 90 69.23 21.9 576 72.43
10" 100 76.92 17.4 62.1 71.85
1 110 84.61 116 67.9 72
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Figure 5 shows the relation of the Masdar MPV100-S PV module efficiency and shaded area of PV
module surface. The curve shows that the efficiency of the PV module is linearly declining with
the increase of the shaded area. Small deviations from the linear relation of the sizes are caused
by measuring instrument error.
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Figure 5: Efficiency of Masdar MPV100-S PV module in relation with shaded area

Output power and output power losses of the Masdar MPV100-S PV module in relation with the
shaded area is given in Figure 6. Curves presented in the chart are showing that output power
and output power losses of the PV module are inversely proportional and in linear relation to the
increasing shaded area of a PV module. Small deviations from the linear relation are caused by
measuring instrument error.
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Figure 6: Output power and output power losses of Masdar MPV100-S in relation with shaded
area
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3.2 Solar Frontier SF150-S

Figure 7 and Figure 8 show /-V and P-V characteristics for unshaded and 11 steps of the shading
profile for the CIS PV module Solar Frontier SF150-S. The results in Figure 7 and Figure 8 show
that the shape of /-V and P-V characteristics are not influenced by the shading case of the PV
module. The P-V characteristics given in Figure 8 have only one maximum regardless of the
shading case

2 SOLAR FRONTIER SF150-S /-V
CHARACTERISTICS
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Figure 7: |-V characteristics for unshaded and 11 shading cases of Masdar Solar Frontier SF150-S
module
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Figure 8: P-V characteristics for unshaded and 11 shading cases of Masdar Solar Frontier SF150-
S module
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The processed results for Solar Frontier SF150-S PV module for unshaded and 11 cases of shading
profile are given in Table 3. As in the former case, fill factor F is showing that shape of the I-V
characteristic is not significantly affected by the shading.

Table 3: Results for Solar Frontier SF150-S PV module
Shaded area Output power

Shading S.hadow of PV module of shaded PV Output power Fill factor F
case height [cm] (%] module P, [W] loss P.[W] [%]
No shade 0 0 120.9 0 70.11
1= 10 7.96 112.4 8.5 70.76
2 20 15.91 104.2 16.7 68.73
3 30 23.87 95.9 25.0 70.57
4an 40 31.82 84.9 36.0 72.06
5 50 39.78 71.2 49.7 70.79
6" 60 47.73 63.0 57.9 73.23
™ 70 55.69 53.0 67.9 72.8
8" 80 63.64 47.9 73.0 69.04
E 90 71.56 31.9 89.0 70.18
10" 100 79.55 23.9 97.0 69.5
1 110 87.51 16.0 104.9 72.43

The relation of Solar Frontier SF150-S PV module efficiency and the shaded area of the PV module
surface is shown in Figure 9. The curve shows that efficiency of the PV module is declining linearly
with the increase of the shaded area. Small deviations from the linear relation of the sizes are
caused by measuring instrument error.
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Figure 9: Efficiency of Solar Frontier SF150-S module in relation with shaded area

Figure 10 shows output power and output power losses of Solar Frontier SF150-S module in
relation with the shaded area. Curves plotted in the chart are showing that output power and
output power losses of the PV module are inversely proportional and in linear relation to the
increasing shaded area of a PV module. Small deviations from the linear relation are caused by
measuring instrument error.
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Figure 10: Output power and output power losses of Solar Frontier SF150-S in relation with
shaded area

56 JET



Influence of Shading on |-V Characteristics of Thin-film PV Modules

4 CONCLUSION

This paper studied the influence of shading on electrical characteristics of thin-film PV modules
(amorphous silicon and copper-indium-selenide). The influence on the electrical characteristics
of the PV modules is measured, analysed and shown in charts and tables. The first difference in
the electrical characteristics of crystalline silicon is visible from the shape of the -V and P-V curves
in a case of shading. The shape of the /-V characteristic of thin-film PV modules is unaffected
unlike crystalline silicon PV modules, which are drastically deformed. The P-V curves of thin-film
PV modules have only one maximum, regardless of shading case, unlike crystalline silicon PV
modules, which could have a greater number of maximums depending on the number of bypass
diodes and position and configuration of solar-cells. Thin-film PV modules can be observed as a
single-cell electric generator but crystalline silicon PV modules cannot. They are a set of PV cells
connected in series-parallel formation, with a certain number of bypass diodes integrated
between them to reduce power losses, depending on the manufacturer. Therefore, if only a
single-cell is shaded, its change of electrical characteristics affects the entire PV module. Power
losses and efficiency of the thin-film modules are in a linear relation to the shaded area of the PV
modules. Since the production price of thin-film photovoltaics is lower than crystalline silicon and
the efficiency and production of PV modules is constantly increasing, PV systems based on thin-
film photovoltaics are more likely to experience growth in newly installed PV systems.
Furthermore, PV systems based on thin-film photovoltaics are more suitable for urban areas in
which shading by buildings, utility poles, tree branches, and leaves is a much more common
phenomenon than it is in rural areas.
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Abstract

This paper deals with practical details of grounding system testing procedures in high-voltage
substations. First, the low voltage U-I test method and the relevant legislation are presented. Next,
the problems with practical implementation of the method and interpretation of the legislative
are extensively described. At the end, the critical overview of the presented method considering
possible influence on the decision-making process is given.

Povzetek

Clanek predstavlja prakticne podrobnosti sistema testiranja ozemljitve v visokonapetostnih
podpostajah. Na zacetku je predstavljena nizkonapetostna U-l testna metoda in pripadajoca
zakonodaja. V nadaljevanju je podrobno opisana problematika prakticne implementacije metode
in interpretacije zakonodaje. V zakljucku je podan kriticen pregled predstavljene metode z ozirom
na mozne vplive na postopek sprejemanja koncne odlocitve.
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1 INTRODUCTION

The main challenge in modern power systems is to supply sufficient electricity at any place and
at any time needed. Behind this lies a complex power system that has to fulfil that task. In parallel
with increasing electricity demand, the power system is developed and over time requires an
increasing amount of knowledge and effort spent in proper development and maintenance.

The grounding system is one of the main components of the electric power system and is essential
for its safe and reliable operation. Therefore, particular attention is given to its maintenance.
Legislation (regulations and recommendations) are the basic guidelines for which maintenance is
performed properly, and it is necessary to have correct and complete regulations for
maintenance.

The paper presents some implementation problems of the ordinance on technical requirements
for power system substations with nominal AC voltage above 1 kV on measuring voltage
conditions in high voltage substations. Maintaining the grounding is especially indicated as an
integral part of substation maintenance process, and a critical review of the measurement results
obtained in accordance with these regulations is presented.

2 GROUNDING IN HIGH-VOLTAGE SUBSTATIONS

2.1 Grounding definitions

Grounding is defined as the totality of all equipment and measures for grounding, while “to
ground” means to connect electrically conductive parts with the earth through the grounding
system, [1], which is an important part of every power system. Three basic types of grounding are
defined:

e Protective grounding

Grounding conductive parts that are not active parts, in order to protect people from electrical
shock. Protective grounding means that electrically connected conductive metal parts are
connected to the ground. It needs to ensure carrying away of unwanted currents (as a result of a
malfunction in the electrical system, the failure on the consumer side, static charge, signal
interference, switching surge, etc.), with the shortest and fastest route to the ground.

e Operational grounding

The grounding point of the active circuit, which is necessary for the proper operation of
equipment and facilities. This implies a transformer or generator star-point grounding, directly or
indirectly in order to achieve the desired network configuration.

e Lightning grounding

Grounding for carrying away lightning current into the ground requires a safe way for removing
unwanted charges and currents that result from atmospheric discharges (lightning).

In this paper, only the high voltage (HV) electrical power stations are considered, so it is important
to emphasize that different types of grounding in these facilities are not used separately but for
all purposes is used one combined, grounding system.
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2.2 The design of grounding in HV substations

Grounding systems are metal parts buried into the ground in order to establish a galvanic
connection of the grounded part to the ground, [2]. Grounding is part of the overall grounding
system that is directly deposited into the soil, [3]. The basic requirement for grounding is that its
cross-section is big enough so it could take away high fault current in a short time. The material
of which grounding is built must have good electrical conductivity and must not corrode under
the conditions that are present in the soil. The most commonly used materials are copper and
galvanized iron strips, primarily because of their good conductivity and corrosion resistance.
Aluminium is sometimes used for parts of grounding systems that are above ground, but the
regulations in most states prohibit such material for grounding because of the possibility of
accelerated corrosion. The oxide layer formed as a corrosion product is not conductive, so it can
reduce the effectiveness of the grounding. Grounding can be made in various shapes such as
vertical rods, plates or horizontal mesh grounding. In HV stations, mesh grounding is used that is
of the same order of magnitude as power station where it is placed, [4].

[m] building
"
120
— grounding
41— mesh
S0
|
a0 &
ta— fence
30 - - -
gate
0
in a0 an 120
[m]

Figure 1: The principal scheme of the grounding mesh in relation to the substation fence

Figure 1 shows the position of the grounding mesh in relation to the substation fence. In order to
present the order of magnitude of the substation (100 x 100 m and more), the grounding scheme
was put into a coordinate system with pointed axes in meters. Particular attention needs to be
paid to the choice of materials of which the grounding will be made. Because of the above-
mentioned properties, the most common choice for building the grounding mesh is galvanized
iron bar, while copper cable has been used in recent years. When designing the grounding, certain
requirements should be met. The designer must project the grounding to meet all the
requirements in an optimal way (the technical achievement of objectives at minimum cost).

Therefore, to achieve optimal costs it must be buried at the optimal depth, which means the
following:

a) It must be buried deep enough to avoid the influence of atmospheric conditions on the
ground surface. This provides an optimum conductivity of the surrounding ground during
the whole year. If it would not be fulfilled it could happen that the soil freezes as a result
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of cold temperatures, reducing its conductivity and thus directly increasing the
propagation resistance of grounding. The same effect occurs when reducing or increasing
the humidity of the soil.

b) It must be buried deep enough to achieve the optimum potential of the soil over the
grounding. By increasing the depth of burial, the potential of the soil surface above the
grounding decreases. Metal parts in the substation are connected to the grounding, which
means that they achieve its voltage potential. After increasing the depth of burial, the soil
surface potential decreases and the potential difference between ground and the metal
masses is increasing. This increases the touch potential. The latter problem is particularly
emphasized in substation fences where humans being are directly exposed to the touch
potential. This is solved by forming potential around a fence.

In order to satisfy all these demands, it is experientially concluded that the optimum depth of
grounding burial is at about 0.8 m.

2.3 Important parameters for the assessment of grounding system
validity

The consequences of increasing the soil potential are touch and step potentials, and the
potentials transferred through a cable bushing towards the next substations, [5].

Step potential is a part of the grounding potential, due to the ground fault, that can be bridged
by a step of 1-m length, assuming that current is flowing through the human body from one foot
to another. When a person stays with both feet on different potentials, the difference of potential
is the step potential where current flows from one foot to another. This voltage depends on the
gradient of the potential along the distance from the grounding. If the potential gradient is higher,
the person will bridge a larger potential difference.

Touch potential is a part of the grounding potential, due to the ground fault, which can be bridged
with the assumption that the current is flowing through the human body from hands to feet
(horizontal distance from the accessible portion is 1 m). In that case, the human is at such a
distance from that the grounded metal surfaces can be reached; the two points that are at
different potentials are bridged. One is a grounded metal mass that is at the potential of
grounding, while the other is soil that is at a lower potential. This potential difference is the touch
potential. It depends on the potential gradient in a way that the decrease of potential with
distance from the grounding touch potential increases. However, when moving away from the
grounding, it is no longer meaningful to talk about the touch potential because then the metal
surfaces are out of reach. If, after installing the main (mesh) grounding, sufficiently low touch
potential is not achieved (according to the regulations), additional grounding for forming the
potential is needed as described above.

In order to keep the touch voltage and the step voltage in permitted levels, the suitable
arrangement of grounding systems and potential forming is used, [6].

Transferring the potential from substations through the buried metal installations in remote
areas remains a problem that arises in the case of earth faults. Due to the flow of current from
the grounding network to the ground, the potential of the ground is rising. Equipotential lines
(lines of the same potential) follow a form of grounding in its vicinity, while with increasing
distance tend to assume the shape of a sphere. If other metal objects are present near the
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grounding network or attached to it, there is a distortion of equipotential lines. This means that
the potential near a metal object is no longer declining in the funnel shape of the potential around
the grounding system, but decreases more slowly or keeps a constant value. One such example
is shown in Figure 2.

Figure 2: Potential funnel in the direction of cable exit

The figure clearly shows the funnel-shaped potentials around the substation and equipotential
lines. However, around the cable bushings comes the distortion of equipotential lines in terms of
the slower decline of potential which can lead to transmission of this potential in remote areas
and in adjacent substations. That would not be expected if the potential would be falling into the
funnel shape around the entire substation.

The dangerous consequences of transferring the potentials are:

a)  the risk of touch potential for the people who come into contact with the transferred
potential,

b)  thermal overload of metal cable shield due to increased currents,

c) electrical insulation overexertion.

2.4 Testing method

Reliable and correct operation and safety of personnel and equipment are the basic requirements
of the existing technical regulations on substations in the case of earth faults. Theoretical
considerations and calculations are not enough to predict and describe all phenomena on
grounding in fault conditions. Therefore, after the construction of the substation, as well as
periodically during its operation, the measurements on grounding are performed. After
construction, the measurements are performed to examine the validity of the project and
performance of grounding in order to physically verify the designed parameters. During the
exploitation, measurements are performed periodically to determine the changes in grounding.
Measurement of voltage conditions is performed using a low-voltage (U-1) method, which
involves measuring the potential of the grounding and the transferred potential, equipotential
lines recording and measurement of touch and step potentials. The principle of the low-voltage
measurement method lies in the fact that the application of AC voltage, whose frequency is
approximately equal to the frequency of the system, between the grounding system and distant
grounding, results in the current /. Hence, the measurable potential occurs on the grounding. The
measured values of the potential and touch and step voltages are then proportionally
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recalculated to the maximum current that can flow through the grounding of the object due to
the primary single-pole short circuit.

transformer

3504 kV

N.N.(0 4 kV) auxiliary cable
90 mm 2

1
i?lb tested grounding

Figure 1: The principal scheme of grounding measurements using U-I method

The results obtained and recalculated to the highest single-pole short-circuit current represent
voltage conditions on grounding that would appear in case of single-pole earth faults in the
substation or on the transmission line and serve as a basis for further decisions on the condition
of the substation and possible corrective action to the grounding, [7].

3  THE APPLICATION OF EXISTING LEGISLATION ON
GROUNDING SYSTEM MAINTENANCE IN HV STATIONS

In November 2010, “Ordinance on technical requirements for power system substations with
nominal AC voltage above 1 kV” (NN 105/2010)[8] became valid, replacing “Regulations on
technical standards for power system substations with nominal voltage above 1000 V” (Official
Gazette of SFRY, no. 4 / 74 and 13/78, article 53 of the Law on Standardization -"Official Gazette
no. 55/96 and Article 39, paragraph 1 of the Law on Technical Requirements for Products and
Conformity Assessment - Official Gazette, no. 20/ 10) [9]. In accordance with amendments to the
legislation, the method of measurement is adjusted. The new regulation regarding the voltage
conditions on the grounding refers to International standard EN 50522 accepted as Croatian
Standard HRN EN 50522:2010, [1]. With this act, the recommendations contained in the Croatian
standard become obligatory.
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Furthermore, some of the details and problems of application of the legislation on maintenance
of grounding are described, as well as suggestions for improving future versions of the legislation.

3.1 Details of applying legislation in terms of maintaining the grounding
in HV substations

Measurements of voltage conditions on grounding in high-voltage substations are performed,
aiming to define the statement about the acceptability of voltage conditions at the moment of
the ground fault, i.e. about the safety of people and property at the substation and its vicinity. In
the case of death of people and property damage, the question of responsibility could be stated.
Furthermore, the question of to what level of detail the legislation defines the procedure for
testing the grounding and determining the key parameters for safety raises. Therefore, this
section deals with the question of how much freedom the legislation leaves to measurement
procedure and what consequences it can have on the final statement about the acceptability of
voltage conditions.

The valid standard for grounding in HV substations recommends the U-I method, following simple
guidelines; however, that is all written based on a principled understanding of the method.
Details of the implementation of a measurement procedure are the result of logical reasoning
and assumptions of the measurer, so in the case of an investigation of the possible occurrence of
hazards at the station or its vicinity, despite the acceptable measurement results, measurements
could become unreliable.

Furthermore, the more details that are not completely regulated by law are considered. Finally,
possible consequences of incorrect assumptions on final decision considering acceptability of
voltage conditions are assessed.

3.1.1 Time limits for testing grounding

Testing of the grounding is performed after the construction of substations within which is the
grounding as well as periodically during normal operation. After applying the “new” regulations,
time limits for testing voltage conditions at the grounding was reduced from 5 to 4 years (Article
71, paragraph 1). However, a misunderstanding arises, when reading Article 67 Paragraph 4,
which states the following, [8]:

(4) Maintenance of substations that has been performed or is performing in accordance
with regulations applicable earlier must be such that, during the substation lifetime, the
technical characteristics of the substation are preserved and that they meet the
requirements of the building design regulations and are in accordance with which the
substation is made.

Does this mean that the new regulations do not apply to existing substations rather than the
maintenance of such facilities are carried out in accordance with the old regulations?
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3.1.2 The impact of weather conditions

Weather conditions can have a significant impact on the measurement results, especially on
touch and step potentials. It is clear that changes in humidity and specific soil resistance change
test results, however, the question is how great this change is [10, 11]. If the change is small
compared to the measurement results, the measurement could be performed under any weather
conditions (dry soil, moist soil, etc.). However, what if this change is not negligible? The law does
not define the impact of weather conditions on the measurement results and therefore does not
determine or recommend the conditions under which the measurement must be or should be
performed.

3.1.3 The influence of the measurement equipment

The impact of measurement equipment is also not negligible. The law does not prescribe which
way current is to be injected into the electrical measuring circuit. This is done using a substation
distribution transformer that connects via cable to a transmission line. The test current is 50-100
A. For this current cable with copper conductor cross section 16 mm? would be sufficient. With
long-term measurement cable heating could be caused, so test current would be reduced. This
would result in different test currents during a single measurement. That would hinder the
process of recalculation of measured results on the actual short-circuits. It is obvious that it is
necessary here to use a larger cable cross-section (e.g. 90 mm?). The question is how much
changing the test current is allowed during the measurement. The law does not prescribe
anything about that so the question remains open.

3.1.4 The amount of test current and duration of measurement

In relation to the preceding paragraph, the question is raised about the amount of test current
and duration of the measurements. Croatian standards state that test current shall be such that
the measured values (potential of grounding, touch, and step potentials) at the test current must
be greater than the disturbance voltage. However, how much greater is not stated. It is stated
only that it is generally achieved with a test current of 50 A. The question is how to achieve that
current. Measures to achieve a sufficient amount of test current are not defined in the
regulations. It is not advisable to use excessive current that can dry out the soil over long-term
measurements. The question is how long the optimal duration of the measurements is and what
the optimal test current is.

3.1.5 Location of test current injection in tested grounding

When closing the current measuring circuit, it is necessary to specify the location of the injection
of test current in tested grounding. The question is on which location is it allowed to do so. The
law does not prescribe anything about it, so it can be concluded that it is possible anywhere, e.g.
on a substation fence. The most commonly chosen location is where a short circuit can
realistically occur. Once the connection to the arbitrarily chosen point is set, the question arises
of whether at that point good connection with a grounding in the soil is made. If not, the results
of measurements could be completely wrong. The logical solution is to inject current in many
places, but that would extend the duration of the measurements. Whether to measure in several
locations and how the law does not specify, so the question remains open.
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3.1.6 Measuring the potential of the grounding

The grounding potential is measured between the grounding and distance soil. The question that
arises here is when an area can be called distant soil and how far is that and how to determine it.
An order of magnitude of distance and how it is determined, however, have no legal basis but is
determined based on years of experience. The material from which the probe is made is also not
determined. Chemical reactions of the soil and the probe could lead to the creation of additional
potential, which would undermine the results of measured potential.

3.1.7 Reduction factor of protection rope

For the calculation of current through the grounding, which is relevant for further calculation, a
reduction factor of the protection rope is considered. The question is how to determine the exact
reduction factor. The Croatian standard recommends a method for calculating on the basis of
self-impedance of phase conductor and protection rope. The self-impedance of the phase line
depends mostly on the average distance between the phase conductors and protection rope from
which it is obvious that the calculation of the reduction factors will not give exact but only
approximate values. The procedure for measuring the reduction factors are not determined or
recommended. Therefore, the influence of protective rope is taken into account only
approximately and the exact impact, because of ignorance of the exact reduction factors, remains
unclear.

3.1.8 Drawing a grid for recording equipotential lines

When generating ancillary measure documentation for the purpose of recording the
equipotential lines, it is necessary to make a grid over the area around the substation in order to
locate the points for measuring the potential. The question is how much that grid must be dense
or how many measuring points should be placed on the substation surface. Therefore, the
optimal number of measuring points and the way they are distributed throughout the substation
are not determined or recommended, so it remains the arbitrary decision of the measurer. Is it
even necessary to measure the potential and record equipotential lines and whether there would
be other ways to determine dangerous touch and step potentials? The legislation says nothing
on this, so these questions remain open.

3.1.9 Determination of measurement points to measure touch and step voltage

After determining equipotential lines, it is necessary to locate points of abrupt change in potential
and to identify those points as possible sites of dangerous touch and step potentials. The question
that arises is at which point sudden changes in potential is enough so that they can represent a
possibly dangerous place. Furthermore, it is unclear whether it is permissible to measure touch
and step potentials in the places of the maximum potential gradient, and if they are within
acceptable limits to conclude that touch and step potentials at other locations in the substations
and outside it are within the allowable limits. The question is what precision is needed in the
gradient analysis. The precision of gradient analysis increases proportionally to the number of
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points where the potential is measured. The Croatian standard does not state anything about
choosing locations for performing measurements of touch and step potentials.

3.1.10 Transferring the potential to the surrounding objects

As a part of high voltage grounding testing, the transferred potential in the surrounding objects
is also measured. Regulations applicable to low-voltage systems prescribe the dependence curve
of touch potential in low voltage systems on the total switch-off time in case there is a risk of the
transferred potential, but does not define the allowed amount of grounding potential in that
substation. Croatian standards do not prescribe the exact values of permitted transferred
potential. In many publications, the allowed amount of the transferred potential in the buildings
are up to 50 V; however, there is no firm foundation for that amount.

3.1.11 Interpretation of Regulations

The terms of the ordinance are left to the subjective interpretation of the reader, and it is,
therefore, necessary, in order to use it correctly, to appoint a person or institution to be
responsible for their interpretation.

4 CONCLUSION

After a review of the details of the measurements procedure, the conclusion is that the measurer
has great freedom and the ability to influence the results. A number of these influences and
subjective decisions can significantly alter the results of measurements. Thus, the question is
what if one would have to ensure the reproducibility of the measurement results, i.e. if the
significant precision has to be achieved (closeness of results of repeated measurements) but with
changes of influential factors (measurer, measuring equipment, weather, time interval).
Comparing the two different measurers and their measurement procedures, all the details of the
measurement procedure that are left to subjective decision-making (not prescribed by
legislation) could be different. It is highly possible that the results of measurements are different.
Hence, the question is which measurement procedure is correct and whether the results of these
measurements are credible at all.

The following point becomes very serious because the results are the basis for deciding on the
admissibility of voltage conditions under which commissioning of substations will be granted. In
the case of misinterpretation of test results and endangering people and property, all the
freedom that the legislation has allowed to the measurer becomes a disadvantage because a
subjective decision, i.e. one without legal basis, cannot provide a firm foundation to confirm the
credibility of measurement results.

It is necessary to direct a significant amount of knowledge and resources in scientific and technical
research in this area in order to resolve at least some of the above-mentioned problems.
Implementation of these solutions in the legislation is essential to achieve significant progress in
terms of the reliability of power systems and, most importantly, in terms of safety of people and
property.
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