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EDITORIAL
Journal of Energy special issue: Papers from 47. CIGRE Session, 26. – 31. 
August Paris/France. 

Paris CIGRE Session is the world’s number one global power system event. 
This event attracts members from across the whole CIGRE community 
and is the culmination of the previous two years of the CIGRE knowledge 
programme. The Paris Session is unlike any other conference. It offers an 
in-depth interactive congress, following a rigorous process where, rather 
than being presented, hundreds of papers are collaboratively debated.

At the Paris Session, Authors papers are circulated to delegates and care-
fully analysed in advance by the Study Committee ‘Special Reporters’. Be-
fore the Paris Session, these Special Reporters prepare a series of ques-
tions addressed to the community in order to stimulate contributions.

The ‘Group Discussion Meeting’ of each Study Committee, managed by 
the Special Reporter, allows the selected ‘Contributors’ to present their 
point of view and experience, before an audience of experts. This way the 
collective expertise of the Contributors is harnessed to create new ideas 
that build on what the author presented in their paper under discussion.

New ideas and knowledge are synthesised the following day in what are 
called ‘Daily Reports’. These, along with other Group Discussion Meet-
ing inputs, form the basis of what the CIGRE Study Committees and their 
‘Working Groups’ will focus on in the following two years.

In this special issue, 8 papers were accepted for publication in Journal of 
Energy after additional peer-review process. 

The papers are from SC A1, PS2: Asset Management of Electrical Ma-
chines one paper, from SC A2, PS1: Thermal Characteristics of Power 
Transformers one paper, from SC A3, PS1: Requirements for AC and DC 
Transmission & Distribution Equipment one paper, from SC B3 PS2: Evo-
lution in Substation Management two papers, from SC B5 PS1: Protection 
under System Emergency Conditions one paper and from SC C1 PS3: 
Coordinated Planning between Grid Operators across all Voltage Levels 
two papers.

Authors of these papers are mostly members of the Croatian National 
Committee of CIGRE, so this special edition gives in some way a current 
review of the projects and issues in the Croatian power system, Industry 
and Science community. 

Guest Editor
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University of Zagreb, Croatia
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Application 
of Differential 
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detection of 
AC rotating 
machines as 
part of expert 
monitoring 
systems

SUMMARY
Stator and rotor winding damages in rotating machines are result of electrical, mechanical, and thermal stress. Online magnetic field monitoring via 
permanently installed measuring coils inside air gap is a well-established methodology which enables winding fault detection. The paper deals with a 
new method for detection of stator and rotor winding inter-turn short circuits of synchronous machines and slip rings induction machines, as well as 
rupture of rotor bars and cage ring of induction machines. The method novelty is based on differential measurement of magnetic field by using two 
serial connected measuring coils. They are installed on the places (stator or rotor teeth) in the machine which have, by absolute value, equal magnetic 
vector potential. The distance between the measuring coils is n·p, where p is a pole pitch, and n = 1, 2, 3, 4,... is a multiple of the pole pitch. Measuring 
the coil-induced voltage enables us to detect stator and rotor winding faults, which means that measured voltage is approximately zero without fault 
and increases in the presence of fault. Analysis of the measuring signal allows us to detect and locate fault. With this new method it is possible with 
high sensitivity to determine winding fault, which enables more reliable fault detection. For example, in comparison with the motor current signature 
analysis method (the most widely used method for motor faults detection), this new method gives 200 times higher sensitivity to fault occurrence. 
Also, by using the DMFM method, faults can be detected in the time domain and there is no need for spectral or other complex signal analysis. This 
is very important because the measuring equipment used for machine fault detection can be simple and more economically acceptable. The DMFM 
method enables fault detection for even small machines with small expense in a very effective way. The only downside of the DMFM method is the 
fact that machine should be disassembled in order to install measuring coils. This problem is solved during the machine overhaul or during the manu-
facturing of the machine, when sensors can be easily implemented in the machine. For machines with large air gap, measuring coils can be installed 
without a machine disassembly. For the purpose of the method testing, numerous finite-element (FE) simulations on the 2- and 3-D machine models 
have been carried out to verify the method. Powerful numerical tools generate realistic results with properly selected starting and boundary conditions. 
By FEM models, actual machines with embedded measuring coils where created and simulated. The voltage induced inside the measuring coils is 
calculated for different machine states, load point and with and without a fault (broken rotor bar or inter-turn short circuit). Also, this method was expe-
rimentally validated via series of laboratory tests performed on the real electric machines specially designed for fault study (broken rotor bars, broken 
ring and inter-turn short circuits in a stator and rotor winding). Additionally, this method is applied on more than 20 real machines in industry. Due to 
the large amount of measured data, in this paper, it will be presented only one measurement performed on an induction motor on which we have 

Journal 
of Energy

journal homepage: http://journalofenergy.com/

VOLUME 67 Number 3 | 2018 Special Issue

A. Elez, J. Študir, S. Tvorić, Application of Differential Magnetic Field Measurement (DMFM method) in winding fault detection of AC rotating machines as 
part of expert monitoring systems, Journal of Energy, vol. 67 Number 3 (2018), Special Issue, p. 7–12



4

detected one broken rotor bar. The thickness of the measuring coil designed in the printed circuit board technique is 0.3 mm. The number of turns 
is from 3 to 10. This new method and performed FEM calculations together with the experimental measurements improve fault detection portfolio 
knowledge that can be used in monitoring and diagnostics of rotating machines. Furthermore, this patent-pending method is already implemented in 
three innovative products placed on market (expert monitoring systems), so this method is fully confirmed in practice.

KEYWORDS
finite element, induction machine, inter-turn shorted circuits, rotor bars, rotor cage faults, synchronous generator, magnetic field, measuring coil, 
induced voltage, air gap

INTRODUCTION
Stator and rotor winding damages in rotating machines are result of electri-
cal, mechanical, and thermal stress. Online magnetic field monitoring via 
permanently installed measuring coils inside air gap is a well-established 
methodology which enables winding fault detection [1, 2, 3, 4, 5]. In the 
industry and according to the literature [6, 7, 8, 9], rotor winding faults are 
very common problem. Most commonly used method for detection of bro-
ken rotor bars is method based on current signature analysis (MCSA) [10, 
11, 12, 13, 14, 15, 16, 17].

The novelty of DMFM method is differential measurement of the magnetic 
field in a rotating machine with two serial connected measuring coils, in-
stalled on the places in the machine which have, by absolute value, equal 
magnetic vector potential. The distance between the measuring coils is 
n∙p, where p is a pole pitch, and n=1, 2, 3, 4 … is a multiple of the pole 
pitch. A typical installation of measuring coils is presented in Figure 1. Me-
asuring coils 1 and 2 are installed around stator tooth so that they encom-
pass the whole stator tooth or just part of the tooth.

Figure 1. Principle of typical installation of measuring sensor on stator tooth: pos.1 
measuring coil no. 1, pos. 2 measuring coil no.2.

The measuring coils 1 and 2 are installed on the stator tooth, and this way 
the area through which magnetic field is measured is strictly defined. With 
this type of installation, the area on which a magnetic field is measured is 
equal for both measuring coils, which is crucial for this differential mea-
surement method.

In some cases, measuring coils can encompass only a section of the stator 
tooth for machines with radial ventilation gaps, or two identical measuring 
coils can be installed in the same position on the tooth. The measuring 
coils 1 and 2 are made in PCB technique, as shown in Figure 2 (installation 
on the stator tooth of the induction motor in the real condition).

Figure 2. Measuring coil in PCB technique installed on the stator tooth

The measuring coils 1 and 2 must be installed to such locations in the 
machine that have the same magnetic vector potential by absolute value. 
To meet this requirement and realize the measurement method, it is ne-
cessary to connect the measuring coils 1 and 2 with each other in series 
depending on the parity of the multiple of the pole pitch p.

If an odd multiple of n=1, 3, 5, 7… of the pole pitch p is chosen for the 
distance between the measuring coils, then the measuring coils 1 and 2 
should be connected as shown in Figure 3.

Figure 3. Typical measuring sensor installation if an odd multiple of the pole pitch is 
chosen for the distance between the measuring coils 1 and 2.

 The inner side (pos.1.1 Figure 3) of the coil 1 connects with the inner side 
2.1 of the coil 2. The outer side (pos.1.2 Figure 3) of the coil 1, through 
measuring system (pos.3 Figure 3), connects with the outer side (pos.2.2 
Figure 3) of the coil 2. The measuring coils 1 and 2 connected in series 
according to Figure 3, whose mutual distance is an odd multiple n=1, 3, 5, 
7… of the pole pitch p, will have the same absolute value of a magnetic 
field, but the direction of the magnetic field lines will be different. The me-
asuring coils connected and installed in this way allow mutual subtraction 
of the voltages that are induced in the measuring coils 1 and 2. If an even 
multiple of n=2, 4, 6, 8… of the pole pitch p is chosen for the mutual dis-
tance of the measuring coils, then the measuring coils 1 and 2 should be 
connected as shown in Figure 4. 

Figure 4. Typical measuring sensor installation if an even multiple of the pole pitch is 
chosen for the distance between the measuring coils 1 and 2

The inner side (pos.1.1 Figure 4) of the coil 1 connects with the outer side 
(pos.2.2 Figure 4) of the coil 2. The outer side (pos.1.2 Figure 4) of the coil 
1, through measuring system (pos.3 Figure 4), connects with the inner side 
(pos.2.1 Figure 4) of the coil 2. The measuring coils 1 and 2 connected in 
series according to Figure 4, whose mutual distance is an even multiple n=2, 
4, 6, 8… of the pole pitch p, will have the same absolute value of a magnetic 
field and the same direction of the magnetic field lines. The measuring coils 
connected and installed in this way allow mutual subtraction of the voltages 
that are induced in the measuring coils 1 and 2. The measuring system (pos. 
3 Figure 3 and 4) measures the total voltage U that is induced in two measu-
ring coils 1 and 2, connected in series. In simple application, this method can 
be used in a following way: if the measured voltage U exceeds a predefined 
value, the measuring system can activate an output relay which signals the 
user that a winding fault is present in the machine. Figure 5 shows a simplified 
presentation of the magnetic field line distribution in a four-pole induction 
machine along with possible locations for installation of measuring coils.
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The inner side (pos.1.1 Figure 3) of the coil 1 connects with the inner side 2.1 of the coil 2. The outer 
side (pos.1.2 Figure 3) of the coil 1, through measuring system (pos.3 Figure 3), connects with the 
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chosen for the mutual distance of the measuring coils, then the measuring coils 1 and 2 should be 
connected as shown in Figure 4.  
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Figure 5. Simplified presentation of the magnetic field line distribution along with 
possible locations for magnetic field installation

Positions for installation of measuring coils in a four-pole machine, at a 
mutual distance of multiple pole pitch n·p, where n=1, 2, 3, 4, 5, 6, 7…, 
marked by positions A, B, C and D as presented in Figure 5, have by abso-
lute value equal magnetic potential for one selected time point. However, 
the direction of the magnetic field lines (pos. M Figure 5) on the observed 
positions is not the same, but it differs on the positions A and C in relation 
to positions B and D. If the pole pitch p or odd multiple of pole pitch p is 
chosen as a mutual distance of the measuring coils during their installation 
in the machine, then the measuring coils 1 and 2 should be installed at 
the positions A and B or A and D or C and B or C and D; and connected 
according to Figure 3. If an even multiple pole pitch p is chosen as a mu-
tual distance of the measuring coils during their installation in the machine, 
then the measuring coils 1 and 2 should be installed at the positions A 
and C or B and D and connected according to the Figure 4. In the case 
of a normal machine operation, in the measuring coils 1 and 2 installed in 
the corresponding places in the machine and connected according to the 
Figure 3 or Figure 4, the same voltage will be induced due to the changing 
magnetic field of the machine. Therefore, in the case of a normal machine 
operation (no fault), the total voltage of two measuring coils, connected in 
series, is approximately equal to zero for each selected time during one 
turn of the machine. In case of rotor winding damage, and at the moment 
of the arrival of the damaged rotor winding on one of the measuring coils 
1 and 2, the voltages that are induced in the measuring coils 1 and 2 will 
no longer be equal. Thus, the total voltage of two measuring coils connec-
ted in series will not be equal to zero for any chosen moment during one 
turn of the machine. By measuring the total voltage of two measuring coils 
connected in series during one turn of the machine, one can unambiguo-
usly detect a rotor winding failure in induction and synchronous machines. 
In addition to winding failure detection, the number of rotor winding failures 
can be determined as well. By serial connection of the measuring coils 1 
and 2, the magnetic field present in a machine operating without damage 
is eliminated from the measured value and the measured value depends 
only on the magnetic field caused by rotor winding damage. The method 
for rotor winding damage detection was tested by numerical calculations 
using Finite Element Method (FEM). Furthermore, the laboratory tests con-
firmed the effectiveness of this method through experiments on a synchro-
nous and an induction machine.

FEM ANALYSIS
For the purpose of the method testing numerous two and three-dimen-
sional machine models were created. Powerful numerical tools generate 
realistic results with properly selected starting and boundary conditions. 
By FEM models, actual machines with embedded measuring coils where 
created and simulated. The voltage induced inside the measuring coils is 
calculated for different machine states, load point and with and without a 
fault (rotor bare rupture or inter-coil short circuit). Table 1 presents machine 
operating conditions for which calculations are performed.

Table.1. Machine 
operating 
condition for FEM 
calculations

Figure 6 and Figure 7 present the magnetic field line distribution in the 
cross section of the induction machine with and without broken rotor bars 
acquired by FEM simulations. On Figure 7 machine cross section zone 
where rotor broken bars effect can be noticed is marked by white dashed 
line. Figure 8 presents calculated voltage waveform induced in two mea-
suring coils connected in series and installed around stator tooth without 
fault and with one broken rotor bar.

Figure 6. Presentation of the magnetic field line distribution in the cross section of 
four pole induction machine without broken rotor bars.

Figure 7. Presentation of the magnetic field line distribution in the cross section of 
four pole induction machine with broken rotor bars.

Figure 8. Calculated voltage induced in two measuring coils connected in series:
1 – with one broken rotor bar, 2 – without fault.

By observing the waveform of voltage induced in two measuring coils 
connected in series, presented in the Figure 8, the rotor winding damage 
is easy to detect. The measuring voltage is sensitive only to machine fa-
ults. In the Figure 8, winding damage is marked with voltage peek, which 
is repeated two times during a full turn in the case of one broken rotor 
bar. When the broken rotor bar comes across the measuring coil, one 
voltage peak appears. Therefore, in the measured waveform during one 
machine turn two extremely high voltage peaks will appear. Accordingly, 
the number of such measured peaks of the measured voltage during one 
full machine turn, divided by two, gives the number of broken rotor bars. 
Similar results were calculated for a synchronous machine with inter-coil 
short circuit in excitation winding.

MEASUREMENT RESULTS AND 
APPLICATION
This method is verified experimentally via series of laboratory tests perfor-
med on the real machines specially designed for fault study of broken rotor 
bars, broken ring and inter-coil short circuit in a rotor winding. Additionally, 
this method is applied on more than 20 real machines in industry. Due 
to the large amount of measured data, in this paper we will present only 
one measurement performed on an induction motor on which we have 
detected one broken rotor bar. The rating of the machines where method 
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5, have by absolute value equal magnetic potential for one selected time point. However, the direction 
of the magnetic field lines (pos. M Figure 5) on the observed positions is not the same, but it differs on 
the positions A and C in relation to positions B and D. If the pole pitch τp or odd multiple of pole pitch 
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τp is chosen as a mutual distance of the measuring coils during their installation in the machine, then 
the measuring coils 1 and 2 should be installed at the positions A and B or A and D or C and B or C 
and D; and connected according to Figure 3. If an even multiple pole pitch τp is chosen as a mutual 
distance of the measuring coils during their installation in the machine, then the measuring coils 1 and 
2 should be installed at the positions A and C or B and D and connected according to the Figure 4. In 
the case of a normal machine operation, in the measuring coils 1 and 2 installed in the corresponding 
places in the machine and connected according to the Figure 3 or Figure 4, the same voltage will be 
induced due to the changing magnetic field of the machine. Therefore, in the case of a normal machine 
operation (no fault), the total voltage of two measuring coils, connected in series, is approximately 
equal to zero for each selected time during one turn of the machine. In case of rotor winding damage, 
and at the moment of the arrival of the damaged rotor winding on one of the measuring coils 1 and 2, 
the voltages that are induced in the measuring coils 1 and 2 will no longer be equal. Thus, the total 
voltage of two measuring coils connected in series will not be equal to zero for any chosen moment 
during one turn of the machine. By measuring the total voltage of two measuring coils connected in 
series during one turn of the machine, one can unambiguously detect a rotor winding failure in 
induction and synchronous machines. In addition to winding failure detection, the number of rotor 
winding failures can be determined as well. By serial connection of the measuring coils 1 and 2, the 
magnetic field present in a machine operating without damage is eliminated from the measured value 
and the measured value depends only on the magnetic field caused by rotor winding damage. The 
method for rotor winding damage detection was tested by numerical calculations using Finite Element 
Method (FEM). Furthermore, the laboratory tests confirmed the effectiveness of this method through 
experiments on a synchronous and an induction machine. 
 
FEM ANALYSIS 
 
For the purpose of the method testing numerous two and three-dimensional machine models were 
created. Powerful numerical tools generate realistic results with properly selected starting and 
boundary conditions. By FEM models, actual machines with embedded measuring coils where created 
and simulated. The voltage induced inside the measuring coils is calculated for different machine 
states, load point and with and without a fault (rotor bare rupture or inter-coil short circuit). Table 1 
presents machine operating conditions for which calculations are performed. 
 

Table.1. Machine operating condition for FEM calculations 
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Figure 6 and Figure 7 present the magnetic field line distribution in the cross section of the induction 
machine with and without broken rotor bars acquired by FEM simulations. On Figure 7 machine cross 
section zone where rotor broken bars effect can be noticed is marked by white dashed line. Figure 8 
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presents calculated voltage waveform induced in two measuring coils connected in series and installed 
around stator tooth without fault and with one broken rotor bar. 
 

 
Figure 6. Presentation of the magnetic field line distribution in the cross section of four pole induction 

machine without broken rotor bars. 
 

 
Figure 7. Presentation of the magnetic field line distribution in the cross section of four pole induction 

machine with broken rotor bars. 
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Figure 8. Calculated voltage induced in two measuring coils connected in series: 

1 – with one broken rotor bar, 2 – without fault. 
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presents calculated voltage waveform induced in two measuring coils connected in series and installed 
around stator tooth without fault and with one broken rotor bar. 
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Figure 8. Calculated voltage induced in two measuring coils connected in series: 

1 – with one broken rotor bar, 2 – without fault. 
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presents calculated voltage waveform induced in two measuring coils connected in series and installed 
around stator tooth without fault and with one broken rotor bar. 
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Figure 8. Calculated voltage induced in two measuring coils connected in series: 

1 – with one broken rotor bar, 2 – without fault. 
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as applied are:  15, 65, 725, 800, 1200, 1250 kW. The thickness of the 
measuring coil designed in the PCB technique is 0,3 mm. The number of 
turns is from 3 to 10. From our experience the 1 turn is enough to obtain 
good signals, but our practice is to use 10 turns. 

Figure 9 presents the measured induced voltage at the end of each measu-
ring coil and also on the terminal of series connected coils for normal operati-
on without fault. The voltage waveform is periodic and repeated for each turn 
of the machine, which corresponds to the time of 40 ms, i.e. 4 pole pitches, 
i.e. 4p. It can be seen that the difference voltage for series connected coils 
are less than 0.5 V for healthy machine and the induced voltage waveform 
has the same shape for the measuring coil 1 and for the measuring coil 2.

Figure 9. Voltage induced in coils without fault: a) voltage induced in each 
measuring coil without fault, b) voltage induced in series connected coils terminal

Figure 10 presents the measured induced voltage at the end of each me-
asuring coil and also on the terminal of series connected coils for machine 
with one broken rotor bar. It can be seen that the difference voltage for 
series connected coils are now greater than 1.25 V for machine with one 
broken bar and could be detected.

Figure 10. Voltage induced in coils with one broken bar: a) voltage induced in each 
measuring coil with fault, b) voltage induced in series connected coils terminal

Broken rotor bar detection based on the voltage waveform induced in one 
measuring coil, as presented in Figure 10.a), requires a complex signal proce-
ssing. However, by observing the voltage waveform induced in two measu-
ring coils connected in series, as presented in Figure 10.b), one can conclude 
that a rotor winding damage is easy to detect. The serial connection of two 
measuring coils cancels out a magnetic field present inside the machine wit-
hout fault from the measuring signal. In that way two measuring coils connec-
ted in series measure the magnetic field caused only by rotor broken bar.

From Figure 10 it can be seen that the voltage peaks amplitude, caused by 
rotor broken bar, is between 1 V and 1.25 V. This level of signal is a suffici-
ent for reliable damage detection and there is no need for amplification of 
the measured signal. This method, besides for broken rotor bar detection, 
can be used for determination of the number of the broken bars, but also 
for determination of their mutual positions. From Figure 10 it can be seen 
that the voltage of two measuring coils connected in series, for the rotor 
part without any winding damage, is not equal to zero. This occurs due 
to allowed tolerances in the machine manufacturing and assembly and 
imperfections of measuring coils installation. However, one can clearly see 
the change in the value of the measured voltage in the case of rotor broken 
bar, which is almost 150% for the presented machine. The method has 
been tested for the entire operating range of the machine and it succe-
ssfully detects rotor winding damage in the entire operating range. The 
method has been tested and verified in the case when machine is powered 
from the frequency converter. Voltage oscillation around zero enables in 
combination with a key phasor sensor determination of the fault position. 
Each voltage oscillation represents one rotor bar.

The measuring system connected to measuring coils can be of different 
complexity level. The simplest type, presented in Figure 11, is basically a 
comparator which triggers an output relay when voltage excides the pre-
set value.

Figure 11. a) measuring coil, b) FDSS (Fault Detecting Smart Sensor) enables 
detection of rotor broken bars and inter-coil short circuits in rotor winding

More complex product in which this patent-pending method is implemen-
ted is presented in Figure 12. This product enables fault detection, deter-
mination of number of faults and also fault positions. It can be applied for 
induction machine but also for synchronous hydro and turbo machines. 
Measurement can be permanent through an on-line measurement or 
users can periodically measure in order to locate rotor winding faults.

Figure 12. HG-WFD System (Hydro Generator Winding Fault Detection)

The concept of the EMCM system (Expert Machine Condition Monitoring) 
is presented in Figure 13. This system is specially designed for condition 
monitoring of the induction machines. The Figure 14 shows the web inter-
face of the EMCM system. Through this interface the end user can monitor 
all relevant parameters of the induction motor, such as current, voltage, 
bearing vibrations, speed, temperatures, and especially the condition of 
the squirrel-cage winding. The condition of rotor winding (with or without 
fault) is monitored by application of the DMFM method. On the Figure 15 it 
is showed the measured induced voltage obtained by measuring coil em-
bedded in the air gap of the motor and recorded by EMCM system. From 
the presented expert solutions, it can be seen that the DMFM method is 
fully confirmed in practice and has a significant industrial application in 
condition monitoring of rotating machines in various drives.
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Figure 10. Voltage induced in coils with one broken bar: a) voltage induced in each measuring coil 
with fault, b) voltage induced in series connected coils terminal 

 
Broken rotor bar detection based on the voltage waveform induced in one measuring coil, as presented 
in Figure 10.a), requires a complex signal processing. However, by observing the voltage waveform 
induced in two measuring coils connected in series, as presented in Figure 10.b), one can conclude that 
a rotor winding damage is easy to detect. The serial connection of two measuring coils cancels out a 
magnetic field present inside the machine without fault from the measuring signal. In that way two 
measuring coils connected in series measure the magnetic field caused only by rotor broken bar. 
From Figure 10 it can be seen that the voltage peaks amplitude, caused by rotor broken bar, is between 
1 V and 1.25 V. This level of signal is a sufficient for reliable damage detection and there is no need 
for amplification of the measured signal. This method, besides for broken rotor bar detection, can be 
used for determination of the number of the broken bars, but also for determination of their mutual 
positions. From Figure 10 it can be seen that the voltage of two measuring coils connected in series, 
for the rotor part without any winding damage, is not equal to zero. This occurs due to allowed 
tolerances in the machine manufacturing and assembly and imperfections of measuring coils 
installation. However, one can clearly see the change in the value of the measured voltage in the case 
of rotor broken bar, which is almost 150% for the presented machine. The method has been tested for 
the entire operating range of the machine and it successfully detects rotor winding damage in the entire 
operating range. The method has been tested and verified in the case when machine is powered from 
the frequency converter. Voltage oscillation around zero enables in combination with a key phasor 
sensor determination of the fault position. Each voltage oscillation represents one rotor bar. 
The measuring system connected to measuring coils can be of different complexity level. The simplest 
type, presented in Figure 11, is basically a comparator which triggers an output relay when voltage 
excides the pre-set value. 
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By observing the waveform of voltage induced in two measuring coils connected in series, presented 
in the Figure 8, the rotor winding damage is easy to detect. The measuring voltage is sensitive only to 
machine faults. In the Figure 8, winding damage is marked with voltage peek, which is repeated two 
times during a full turn in the case of one broken rotor bar. When the broken rotor bar comes across 
the measuring coil, one voltage peak appears. Therefore, in the measured waveform during one 
machine turn two extremely high voltage peaks will appear. Accordingly, the number of such 
measured peaks of the measured voltage during one full machine turn, divided by two, gives the 
number of broken rotor bars. Similar results were calculated for a synchronous machine with inter-coil 
short circuit in excitation winding. 
 
 
MEASUREMENT RESULTS AND APPLICATION 
 
This method is verified experimentally via series of laboratory tests performed on the real machines 
specially designed for fault study of broken rotor bars, broken ring and inter-coil short circuit in a rotor 
winding. Additionally, this method is applied on more than 20 real machines in industry. Due to the 
large amount of measured data, in this paper we will present only one measurement performed on an 
induction motor on which we have detected one broken rotor bar. The rating of the machines where 
method as applied are:  15, 65, 725, 800, 1200, 1250 kW. The thickness of the measuring coil 
designed in the PCB technique is 0,3 mm. The number of turns is from 3 to 10. From our experience 
the 1 turn is enough to obtain good signals, but our practice is to use 10 turns.  
 
Figure 9 presents the measured induced voltage at the end of each measuring coil and also on the 
terminal of series connected coils for normal operation without fault. The voltage waveform is 
periodic and repeated for each turn of the machine, which corresponds to the time of 40 ms, i.e. 4 pole 
pitches, i.e. 4τp. It can be seen that the difference voltage for series connected coils are less than 0.5 V 
for healthy machine and the induced voltage waveform has the same shape for the measuring coil 1 
and for the measuring coil 2. 
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Figure 9. Voltage induced in coils without fault: a) voltage induced in each measuring coil without 
fault, b) voltage induced in series connected coils terminal 

 
Figure 10 presents the measured induced voltage at the end of each measuring coil and also on the 
terminal of series connected coils for machine with one broken rotor bar. It can be seen that the 
difference voltage for series connected coils are now greater than 1.25 V for machine with one broken 
bar and could be detected. 
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Figure 11. a) measuring coil, b) FDSS (Fault Detecting Smart Sensor) enables detection of rotor 
broken bars and inter-coil short circuits in rotor winding 

 
More complex product in which this patent-pending method is implemented is presented in Figure 12. 
This product enables fault detection, determination of number of faults and also fault positions. It can 
be applied for induction machine but also for synchronous hydro and turbo machines. Measurement 
can be permanent through an on-line measurement or users can periodically measure in order to locate 
rotor winding faults. 

 
Figure 12. HG-WFD System (Hydro Generator Winding Fault Detection) 

 
The concept of the EMCM system (Expert Machine Condition Monitoring) is presented in Figure 13. 
This system is specially designed for condition monitoring of the induction machines. The Figure 14 
shows the web interface of the EMCM system. Through this interface the end user can monitor all 
relevant parameters of the induction motor, such as current, voltage, bearing vibrations, speed, 
temperatures, and especially the condition of the squirrel-cage winding. The condition of rotor 
winding (with or without fault) is monitored by application of the DMFM method. On the Figure 15 it 
is showed the measured induced voltage obtained by measuring coil embedded in the air gap of the 
motor and recorded by EMCM system. From the presented expert solutions, it can be seen that the 
DMFM method is fully confirmed in practice and has a significant industrial application in condition 
monitoring of rotating machines in various drives. 
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monitoring of rotating machines in various drives. 

  9 
 

  
a)       b) 

Figure 11. a) measuring coil, b) FDSS (Fault Detecting Smart Sensor) enables detection of rotor 
broken bars and inter-coil short circuits in rotor winding 

 
More complex product in which this patent-pending method is implemented is presented in Figure 12. 
This product enables fault detection, determination of number of faults and also fault positions. It can 
be applied for induction machine but also for synchronous hydro and turbo machines. Measurement 
can be permanent through an on-line measurement or users can periodically measure in order to locate 
rotor winding faults. 

 
Figure 12. HG-WFD System (Hydro Generator Winding Fault Detection) 

 
The concept of the EMCM system (Expert Machine Condition Monitoring) is presented in Figure 13. 
This system is specially designed for condition monitoring of the induction machines. The Figure 14 
shows the web interface of the EMCM system. Through this interface the end user can monitor all 
relevant parameters of the induction motor, such as current, voltage, bearing vibrations, speed, 
temperatures, and especially the condition of the squirrel-cage winding. The condition of rotor 
winding (with or without fault) is monitored by application of the DMFM method. On the Figure 15 it 
is showed the measured induced voltage obtained by measuring coil embedded in the air gap of the 
motor and recorded by EMCM system. From the presented expert solutions, it can be seen that the 
DMFM method is fully confirmed in practice and has a significant industrial application in condition 
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A. Elez, J. Študir, S. Tvorić, Application of Differential Magnetic Field Measurement (DMFM method) in winding fault detection of AC rotating machines as 
part of expert monitoring systems, Journal of Energy, vol. 67 Number 3 (2018), Special Issue, p. 3–8



7

Figure 13. Concept of EMCM system

Figure 14. WEB interface of the EMCM system  10 
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Figure 15. The induced voltage signal from measuring coil recorded by EMCM 
system

CONCLUSION
This paper describes a new patent-pending method applicable for rotor 
winding inter-coil short circuit detection of synchronous machines and in-
duction machines with slip rings, as well as rupture of one or more rotor 
bars and cage ring of induction machines. The DMFM method presented 
in this paper enables reliable detection of these faults. The technical no-
velty of this new method is a differential measurement of the magnetic field 
inside the machine. Measurement is performed by two serial connected 
measuring coils, installed on the stator tooth inside a machine air gap. 
Measuring coils must be installed on two stator teeth which, by absolute 
value, have equal magnetic vector potential.

A numerous FEM models have been developed to confirm this method. 
The method is tested for wide range of fault combinations but also for 
different machine operating conditions. Method is confirmed by the exten-
sive laboratory tests on real models for various machine loads and for 
machines operating with and without a frequency converter. Method has 
already implemented on more than 20 machines in the industry and is 
tested and proven. From measuring results, one can conclude that this 
new DMFM method enables much simpler fault detection with significantly 
higher sensitivities.

Furthermore, this new method and performed FEM calculations improves 
fault detection portfolio knowledge that can be used in monitoring and 
diagnostics of rotating machines.
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This paper describes a new patent-pending method applicable for rotor winding inter-coil short circuit 
detection of synchronous machines and induction machines with slip rings, as well as rupture of one or 
more rotor bars and cage ring of induction machines. The DMFM method presented in this paper 
enables reliable detection of these faults. The technical novelty of this new method is a differential 
measurement of the magnetic field inside the machine. Measurement is performed by two serial 
connected measuring coils, installed on the stator tooth inside a machine air gap. Measuring coils must 
be installed on two stator teeth which, by absolute value, have equal magnetic vector potential. 
A numerous FEM models have been developed to confirm this method. The method is tested for wide 
range of fault combinations but also for different machine operating conditions. Method is confirmed 
by the extensive laboratory tests on real models for various machine loads and for machines operating 
with and without a frequency converter. Method has already implemented on more than 20 machines 
in the industry and is tested and proven. From measuring results, one can conclude that this new 
DMFM method enables much simpler fault detection with significantly higher sensitivities. 
Furthermore, this new method and performed FEM calculations improves fault detection portfolio 
knowledge that can be used in monitoring and diagnostics of rotating machines. 
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temperatures 
in power 
transformer 
tank

SUMMARY
Paper presents research of local losses and temperature rise in transformer steel tank. First experimental method based on initial rate of rise of tem-
perature is presented. This is a direct method for determining distribution of losses in transformer structural steel parts. Technique relies on the fact 
that after a body has settled at a steady state temperature and the internal heat source is suddenly removed or applied, the initial rate of temperature 
change at any point is proportional to heat input (loss density) at that point. To test applicability of sensors and instrument for the local loss measure-
ment method, measurement system was tested on conductors (strips) and magnetic steel rings. 

Second part of experimental work consisted of investigations on model for tank local overheating. The model consisted of excitation windings that 
were sources of magnetic field. Existence of three separate windings gave the possibility to change value and position of magnetic field source inside 
the tank. Local losses in the tank were evaluated by proposed method of initial rate of rise of temperature. Heat-run tests were made on the model 
and local temperatures on the tank were measured. Measured local losses and local temperatures were used for determining local heat transfer co-
efficients on tank – oil interface. It was concluded that heat transfer coefficients can be presented as function of heat flux from tank to oil.

Finally, temperatures in transformer tank were calculated by finite element method. Losses calculated by electromagnetic calculation represented 
heat sources in thermal numerical model. Heat transfer equations were solved in solid domain (tank) while cooling conditions were defined by heat 
transfer coefficients checked experimentally. Calculated temperatures were compared to measured temperatures and gave good agreement.

KEYWORDS
Power transformer - coupled calculation - local overheating - heat transfer coefficient

INTRODUCTION
When testing power transformers, total value of stray losses in steel 
structural parts can be challenging to determine. Stray losses represent 
only a smaller part of total losses in transformers. Furthermore, if stray 
losses are concentrated in small areas that are not properly cooled, local 
overheating can arise, causing transformer operation failure. Experimental 
research of this whole coupled electromagnetic-thermal behavior is very 
hard to make on a real transformer unit.

In order to verify and improve the parameters to be used in simulations a 
detailed research on local overheating in transformer steel parts on expe-
rimental models has been conducted. First part of the research was focu-
sed on stray magnetic field losses solely. Such work on losses in magnetic 
material has been elaborated in many papers [1], [2]. It consisted of expe-
rimental work and calculation in numerical tools that can be used for more 
complex geometries.

Second part was oriented on a geometry that is similar to configuration 
of power transformer tank - configuration most often submitted to local 
overheating in power transformer and easily detected by measurement 
with thermal IR cameras in test bays. Experiments were done in laboratory 
using the method developed in first part of research. In the end numerical 

tools were used to calculate temperature and compare calculated and me-
asured temperature values. This made all stages of numerical modeling of 
real power transformers checked on an experiment.

LOCAL LOSS MEASUREMENT
A possibility for determining local loss in constructional steel parts is to 
measure transient temperature-time curve and determine its initial slope. 
Example of determining the initial slope of a heated body is shown in Fi-
gure 1.

Figure 1. 
Principle of 
determining 
initial slope 
of a heating 
curve
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The curve shown in Figure 1 can be mathematically expressed by heat diffusion equation  
 

𝑝𝑝 = 𝑐𝑐𝑐𝑐 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 + 𝑞𝑞                                                                    (1) 
  
where p is generated heat (power loss), Θ body temperature, c thermal capacitance, ρ mass density and 
q heat dissipated to surrounding regions. Surrounding regions to which heat dissipates are cold metal 
bodies (where generated heat is much lower than at the measurement point) and surrounding fluids 
(which cool the heated body by convection or radiation). Dissipated heat highly depends on 
temperature differences between the measurement point and surrounding regions. As temperatures of 
heated bodies grow dissipated heat from measurement points become higher and cause the initial 
straight line to turn into an exponential curve. So, if initial conditions consider all metal parts and the 
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The curve shown in Figure 1 can be mathematically expressed by heat 
diffusion equation 

where p is generated heat (power loss),  body temperature, c thermal ca-
pacitance,  mass density and q heat dissipated to surrounding regions. 
Surrounding regions to which heat dissipates are cold metal bodies (where 
generated heat is much lower than at the measurement point) and sur-
rounding fluids (which cool the heated body by convection or radiation). 
Dissipated heat highly depends on temperature differences between the 
measurement point and surrounding regions. As temperatures of heated 
bodies grow dissipated heat from measurement points become higher 
and cause the initial straight line to turn into an exponential curve. So, if 
initial conditions consider all metal parts and the surrounding fluid at equal 
temperatures, for t = 0 it can be stated q = 0, and expression (1) can be 
written as

Therefore, heat loss at any point can be obtained by multiplying the initial 
rate of temperature rise, mass density and thermal capacitance of mate-
rial under test. However, it is important to determine initial section where 
temperature-time curve can be considered as a straight line because of 
negligible heat dissipation. This will highly depend on how non-uniform 
power losses are in the body observed. 

The first step when making a measurement system for local loss measure-
ment method is to choose sensors for temperature measurements. The 
probes should be robust and have good thermal connection with the me-
asurement point. Another important requirement is to be able to measure 
temperature instantly. Thus, sensors should have negligible heat capacity 
as recommended in [3]. To meet all of these requirements thermocouples 
were made from 0,08 mm thick constantan and copper wires. When wor-
king with AC power sources it is obligatory to twist the two wires together, 
so that AC pick-up in inductive loops of sensor leads is minimized. 

The measurement junction was placed and fixed on a point where losses 
are to be measured, while the reference junction was inserted in a water 
bath at a stable and known temperature. The main disadvantage of ther-
mocouples is that they have relatively weak signal. For example, copper-
constantan (T-type) thermocouples have sensitivity of about 43 μV/°C. In 
order to detect temperature changes of 0,001 °C, a so-called nanovoltme-
ter with resolution of 1 nV was used. In order to test applicability of chosen 
sensors and instrument for the loss measurement method, measurement 
system was first tested on aluminium and copper strips. Thermocouple 
measurement junction was fixed in the middle of 1000 mm long copper 
and aluminium strips, as shown in Figure 2. Circuit breaker was used to 
apply a DC voltage source suddenly to the strips, while resistors were 
used to change current in the circuit.

Figure 2. Measurement of losses on copper and aluminium strips

Initial rate of temperature rise was calculated from the temperature change 
in Δt = 1 s after the voltage source was applied. From measured tempera-
ture rise and expression (2) value of local losses in W/m3 were evaluated. 

Specific heat capacity of copper was 385 J/kgK and of aluminium 890 
J/kgK. Mass density of copper was 8940 kg/m3 and of aluminium 2700 
kg/m3. At the same time current and voltage of tested conductors were 
measured. Total losses of conductors were evaluated by wattmeter and 
compared with results from the local loss measurement method in Table I.

Table I – Measured losses in copper and aluminium conductors

Conductor Current, 
A

Measured 
initial slo-
pe, °C/s

Total 
losses, W

Ratio (1)/
(2)

Tempera-
ture-time 
method 
(1)

Wattme-
ter (2)

Cu 1,0 x 15 mm2 81,5 0,143 6,64 6,83 0,97
Cu 5,6 x 4,0 mm2 98,3 0,098 6,80 6,80 1,00
Al 2,0 x 15 mm2 80,8 0,088 5,71 5,51 1,04

Results from both measurement methods showed good agreement. 
Experiment has confirmed the suitability of thermocouples as sensors and 
nanovoltmeter as instrument for local power loss measurement.

Here it should be emphasized that losses that were measured were distri-
buted uniformly inside the heated object (copper/aluminium conductors). 
This is not the case when losses are caused by eddy currents in thick 
magnetic materials. Due to small skin depth (from 1 to 3 mm) of magnetic 
steel parts, losses are localized in a thin layer at surface of a magnetic part. 
Cold metal interior cools the surface layer, making value of the dissipated 
heat from equation (1) substantial.

EXPERIMENTAL RINGS
When heat sources are non-uniform, errors in measured losses will occur if 
the temperature rise being measured is not completed before appreciable 
heat diffuses to or from other parts of different temperatures. The errors in 
these cases can be estimated by experimental and numerical analysis of 
heat transfer on a simple geometry.

An experimental ring made of magnetic steel wound throughout its cir-
cumference with a copper conductor was considered as a model for 
evaluating possible measurement errors. Configuration is shown in Figure 
3. Inner ring diameter Di was 325 mm, outer diameter Do 385 mm and 
thickness b 8 mm. Coil wound around the ring was excited by a sinusoi-
dal current source of frequency 50 Hz. Magnetic permeability of magnetic 
steel was modeled as a single-valued B-H curve as in [4], while electrical 
conductivity was 6,56x106 S/m (value at 20 °C).

Figure 3. Experimental ring a) 3D view and b) 2D model with dimension description
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Table I – Measured losses in copper and aluminium conductors 

Conductor Current, 
A 

Measured 
initial slope, 

°C/s 

Total losses, W Ratio 
(1)/(2) Temperature-time 

method (1) Wattmeter (2) 

Cu 1,0 x 15 mm2 81,5 0,143 6,64 6,83 0,97 
Cu 5,6 x 4,0 mm2 98,3 0,098 6,80 6,80 1,00 
Al 2,0 x 15 mm2 80,8 0,088 5,71 5,51 1,04 

 
Results from both measurement methods showed good agreement. Experiment has confirmed the 
suitability of thermocouples as sensors and nanovoltmeter as instrument for local power loss 
measurement. 
Here it should be emphasized that losses that were measured were distributed uniformly inside the 
heated object (copper/aluminium conductors). This is not the case when losses are caused by eddy 
currents in thick magnetic materials. Due to small skin depth (from 1 to 3 mm) of magnetic steel parts, 
losses are localized in a thin layer at surface of a magnetic part. Cold metal interior cools the surface 
layer, making value of the dissipated heat from equation (1) substantial. 
 

3. EXPERIMENTAL RINGS 
When heat sources are non-uniform, errors in measured losses will occur if the temperature rise being 
measured is not completed before appreciable heat diffuses to or from other parts of different 
temperatures. The errors in these cases can be estimated by experimental and numerical analysis of 
heat transfer on a simple geometry. 
An experimental ring made of magnetic steel wound throughout its circumference with a copper 
conductor was considered as a model for evaluating possible measurement errors. Configuration is 
shown in Figure 3. Inner ring diameter Di was 325 mm, outer diameter Do 385 mm and thickness b 8 
mm. Coil wound around the ring was excited by a sinusoidal current source of frequency 50 Hz. 
Magnetic permeability of magnetic steel was modeled as a single-valued B-H curve as in [4], while 
electrical conductivity was 6,56x106 S/m (value at 20 °C). 
 

 
Figure 3. Experimental ring a) 3D view and b) 2D model with dimension description 

 
Generally, depending on amount of magnetic flux penetrating into steel ring, loss distribution along 
skin depth varies. For 50 Hz sinusoidal source and stated material properties most of the losses are 
concentrated in 1 to 3 mm surface layer of steel [1]. Due to the fact that losses are not distributed 
uniformly along steel ring depth, problems in application of proposed local loss measurement method 
can occur. 
Measurement results obtained by the method of initial rate of rise of temperature and wattmeter were 
compared to calculation results by numerical tool MagNet. Figure 4. shows comparison of total losses 
(W) and local surface losses (W/m2) to calculated losses obtained by nonlinear electromagnetic 
calculation. 
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Generally, depending on amount of magnetic flux penetrating into steel 
ring, loss distribution along skin depth varies. For 50 Hz sinusoidal source 
and stated material properties most of the losses are concentrated in 1 to 
3 mm surface layer of steel [1]. Due to the fact that losses are not distribu-
ted uniformly along steel ring depth, problems in application of proposed 
local loss measurement method can occur.

Measurement results obtained by the method of initial rate of rise of tem-
perature and wattmeter were compared to calculation results by numeri-
cal tool MagNet. Figure 4. shows comparison of total losses (W) and local 
surface losses (W/m2) to calculated losses obtained by nonlinear electro-
magnetic calculation.

Figure 4. Comparison of loss measurement methods and calculation

It can be stated that nonlinear electromagnetic calculation by FEM can be 
used for estimation of local and total losses in nonlinear magnetic materi-
al. If only local surface losses are examined, difference of calculated and 
measured values on magnetic steel ring can be less than 3%. This leads to 
a conclusion of applicability of proposed local loss measurement method. 
Although losses are distributed non-uniformly along magnetic steel depth, 
surface local losses (W/m2) can be determined with high precision. 

MODEL FOR TANK LOCAL 
OVERHEATING
 In order to investigate high local loss densities and consequent tempe-
rature rises a simple one phase experimental model was created. Steel 
tank was made of magnetic (carbon) steel, except one wider side that was 
made from nonmagnetic steel. For regulation of applied magnetic field 
model had three windings inside the tank that were concentric with sepa-
rated leads. Magnetic flux would close through steel tank in such way that 
it would be highly localized and therefore could create temperature rises 
critical from perspective of power transformer operation. Also, a cooling 
system for the model was designed in such way that oil temperature inside 
the tank could be controlled and maintained at usual oil temperature in a 
power transformer. Experimental model is shown in Figure 5. Details of 
windings in experimental model are shown in Figure 6.

In order to determine local losses and temperatures on tank wall, ther-
mocouples were installed on tank wall. Thermocouples on tank wall are 
shown in Figure 7. Such experimental model is used as a benchmark mo-
del for coupled electromagnetic-thermal numerical analysis.

Figure 5. Experimental model for tank local overheating

Figure 6. Windings used in experimental model

Figure 7. Thermocouples fixed on tank surface

COUPLED ELECTROMAGNETIC-
THERMAL MODELING IN FEM
Numerical calculation of losses in transformer steel tank is done in 
Infolytica’s finite element software MagNet using the so-called time-har-
monic solver. MagNet uses the edge element version of T-Ω method to 
solve Maxwell’s equations and calculate losses in transformer metal parts. 
Calculation was performed at a single frequency (50 Hz) in complex doma-
in with fields represented as phasors. Principles of the method are descri-
bed in paper by Webb [5]. For the plate made from magnetic steel surface 
impedance boundary condition was used. No mesh was generated inside 
the plate, but the ratio of the tangential components of electric field Et and 
magnetic field Ht was equal to the value of the surface impedance:

where  is electric conductivity of magnetic steel and  skin depth:

where f is the frequency and μ magnetic permeability of magnetic steel. 
For calculation of losses in nonmagnetic steel (one wider side of the tank) 
mesh was generated and calculated by expression

For calculation of losses in magnetic steel electrical conductivity  was 
4,5x106 S/m, while for nonmagnetic steel 1,3x106 S/m (values for 75 
°C). Nonlinear B-H curve was used for modeling magnetic permeability 
of magnetic steel. Nonlinearities in the MagNet models were handled by 
the Newton-Raphson linearization method. Although it was not theoreti-
cally correct to use nonlinear materials with phasor calculation, time-har-
monic solvers could take into account saturation effects approximately. 
After losses were calculated, it was possible to conduct a temperature 
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5. COUPLED ELECTROMAGNETIC-THERMAL MODELING IN FEM 
Numerical calculation of losses in transformer steel tank is done in Infolytica's finite element software 
MagNet using the so-called time-harmonic solver. MagNet uses the edge element version of T-Ω 
method to solve Maxwell's equations and calculate losses in transformer metal parts. Calculation was 
performed at a single frequency (50 Hz) in complex domain with fields represented as phasors. 
Principles of the method are described in paper by Webb [5]. For the plate made from magnetic steel 
surface impedance boundary condition was used. No mesh was generated inside the plate, but the ratio 
of the tangential components of electric field Et and magnetic field Ht was equal to the value of the 
surface impedance: 
 

𝑍𝑍 = 𝐸𝐸𝑡𝑡
𝐻𝐻𝑡𝑡

= 1 + 𝑗𝑗
𝛿𝛿𝛿𝛿                                                                 (3) 

 
where σ is electric conductivity of magnetic steel and δ skin depth: 
 

𝛿𝛿 = 1
√𝜋𝜋𝜋𝜋µ𝛿𝛿

                                                                     (4) 

 
where f is the frequency and μ magnetic permeability of magnetic steel. For calculation of losses in 
nonmagnetic steel (one wider side of the tank) mesh was generated and calculated by expression 
 

𝑝𝑝 = ∫ 𝐽𝐽2
𝛿𝛿 𝑑𝑑𝑑𝑑

𝑉𝑉
                                                                   (5) 

 
For calculation of losses in magnetic steel electrical conductivity σ was 4,5x106 S/m, while for 
nonmagnetic steel 1,3x106 S/m (values for 75 °C). Nonlinear B-H curve was used for modeling 
magnetic permeability of magnetic steel. Nonlinearities in the MagNet models were handled by the 
Newton-Raphson linearization method. Although it was not theoretically correct to use nonlinear 
materials with phasor calculation, time-harmonic solvers could take into account saturation effects 
approximately. After losses were calculated, it was possible to conduct a temperature (heat transfer) 
FEM calculation. Local losses in the tank represented heat source in the heat transfer equation that was 
solved by Infolytica ThermNet software 
 

−∇ ∙ (𝑘𝑘∇𝜃𝜃) = 𝑝𝑝                                                            (6) 
 
where k is thermal conductivity, θ temperature, and p power loss density. Value of thermal 
conductivity for magnetic steel was 40 W/mK and for nonmagnetic steel 20 W/mK. Cooling of metal 
parts was defined as a boundary condition on a surface in contact with the coolant (air/oil) 
 

−𝛼𝛼(𝜃𝜃 − 𝜃𝜃𝑎𝑎) = 𝑘𝑘 𝜕𝜕𝜃𝜃𝜕𝜕𝜕𝜕                                                     (7) 
 
where α is the heat transfer coefficient and θa ambient temperature. In short it can be stated that 
thermal computation was a conduction problem where convection was taken into accounted via heat 
transfer coefficients. In case of air-tank interface, heat transfer coefficient was given constant value 10 
W/m2K. However, dependence of heat transfer coefficients on heat flux is usually modeled using 
expression from literature. Such dependence is proposed in [6].  
In this paper, availability of local losses and temperatures gave an opportunity to experimentally 
determine heat transfer coefficients and check such empirical expressions. 
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(heat transfer) FEM calculation. Local losses in the tank represented heat 
source in the heat transfer equation that was solved by Infolytica ThermNet 
software

where k is thermal conductivity,  temperature, and p power loss den-
sity. Value of thermal conductivity for magnetic steel was 40 W/mK and 
for nonmagnetic steel 20 W/mK. Cooling of metal parts was defined as a 
boundary condition on a surface in contact with the coolant (air/oil)

where  is the heat transfer coefficient and a ambient temperature. In 
short it can be stated that thermal computation was a conduction problem 
where convection was taken into accounted via heat transfer coefficients. 
In case of air-tank interface, heat transfer coefficient was given constant 
value 10 W/m2K. However, dependence of heat transfer coefficients on 
heat flux is usually modeled using expression from literature. Such depen-
dence is proposed in [6]. 

In this paper, availability of local losses and temperatures gave an opportu-
nity to experimentally determine heat transfer coefficients and check such 
empirical expressions.

EVALUATION OF HEAT TRANSFER 
COEFFICIENTS
Heat transfer coefficient is defined as heat flux at fluid-soil boundary divi-
ded with temperature rise of solid above fluid:

Temperatures rise can be measured with thermocouples while heat flux q 
is more complicated to determine. With the initial rate of temperature rise 
method local losses were determined according to Figure 8:

Figure 8. Heat transfer in steel wall at measurement point

Heat flux qoil is only one part of generated heat (losses) p at measurement 
point. Therefore in order to evaluate local heat transfer coefficients from 
measured local losses it is important to check impact of local conditions 
and parameters at measurement location. In thermal stagnation there are 
high differences in tank temperatures where local overheating is taking 
place. To take into account this local heat transfer to surroundings (qx, qy, 
qair), numerical model of tank was made. By calculating temperatures for 
different loss and  values, family of curves for determination of local heat 
transfer coefficients was created. Such curve family is shown in Figure 9.

Figure 9. Family of curves for determination of heat transfer coefficients from 
measured losses p and temperature rise Δ

Heat transfer coefficients for measured cases of local losses and tempera-
tures on nonmagnetic and magnetic steel tank were determined. Obtained 
heat transfer coefficient values were compared to analytical expression 
according to literature [6]. Comparison is shown in Figure 10.

Figure 10. Comparison of experimentally determined heat transfer coefficients to 
empirical expressions

Differences were up to 15 %. It is important to note that heat transfer 
coefficients do not depend on steel type – magnetic or nonmagnetic. 
Experimental analysis on the benchmark model has shown that it is ju-
stified to use empirical expressions as in [6] for modeling of heat transfer 
coefficients.

TEMPERATURE MEASUREMENT VS 
CALCULATION
A - EXPERIMENTAL MODEL

Described modeling approach is used for calculation of losses on the 
experimental model. Figure 11. gives the comparison. All three windings of 
the model were connected in series and supplied with 250 A. This created 
high local losses in the middle of the tank causing high local temperatures. 
Temperature measurements with IR camera FLIR 460 were performed and 
compared to calculation. Emissivity for measurements with IR camera was 
set to 0.95. Difference between calculated and measured temperatures on 
magnetic side of the tank are not higher than 3 K.
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6. EVALUATION OF HEAT TRANSFER COEFFICIENTS 
Heat transfer coefficient is defined as heat flux at fluid-soil boundary divided with temperature rise of 
solid above fluid: 
 

𝛼𝛼 = 𝑞𝑞𝑜𝑜𝑜𝑜𝑜𝑜
∆𝜃𝜃                                                           (8) 

 
Temperatures rise can be measured with thermocouples while heat flux q is more complicated to 
determine. With the initial rate of temperature rise method local losses were determined according to 
Figure 8: 
 

𝑃𝑃 = ∯𝑞𝑞𝑞𝑞𝑞𝑞
∆𝑉𝑉

                                                    (9) 

 

 
Figure 8. Heat transfer in steel wall at measurement point 

 
Heat flux qoil is only one part of generated heat (losses) p at measurement point. Therefore in order to 
evaluate local heat transfer coefficients from measured local losses it is important to check impact of 
local conditions and parameters at measurement location. In thermal stagnation there are high 
differences in tank temperatures where local overheating is taking place. To take into account this 
local heat transfer to surroundings (qx, qy, qair), numerical model of tank was made. By calculating 
temperatures for different loss and α values, family of curves for determination of local heat transfer 
coefficients was created. Such curve family is shown in Figure 9. 
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Figure 9. Family of curves for determination of heat transfer coefficients from measured losses p 

and temperature rise Δθ 

 
Heat transfer coefficients for measured cases of local losses and temperatures on nonmagnetic and 
magnetic steel tank were determined. Obtained heat transfer coefficient values were compared to 
analytical expression according to literature [6]. Comparison is shown in Figure 10. 
 

 
Figure 10. Comparison of experimentally determined heat transfer coefficients to empirical 

expressions 

 
Differences were up to 15 %. It is important to note that heat transfer coefficients do not depend on 
steel type – magnetic or nonmagnetic. Experimental analysis on the benchmark model has shown that 
it is justified to use empirical expressions as in [6] for modeling of heat transfer coefficients. 
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Figure 11. Comparison of measured and calculated temperatures on experimental 
model

B - 280 MVA THREE PHASE TRANSFORMER

Modeling approach is also checked on a real three-phase transformer. On 
a 280 MVA three phase transformer unit measurement of tank temperatu-
res were made during heat run test. Phase current on LV side was 5,2 kA. 
Both winding and LV leads were modeled. Including leads in a transformer 
model made the model very demanding as the number of elements incre-
ase and computational time increases drastically. In this paper tank was 
modeled without additional details what made calculation results not fully 
accurate but comparable to a real transformer. It should be pointed out 
that tank magnetic shield on tank wall were also considered in this case. In 
Figure 12. measured temperatures by IR camera in the test bay are shown 
and compared to calculation. Temperature distribution fits very well with 
the measurements. Hotspots on tank are located correctly. Calculated 
hotspot value is 102 °C while measured 103 °C.

Figure 12. Comparison of measured and calculated temperatures on three-phase 
transformer

CONCLUSION
Reliable measurement for verification of numerical software is very hard to 
make on real transformer units. In case of stray losses it is not easy to extract 
measured stray losses from total losses. In order to have reliable loss measure-
ments and consequent temperature rises on configurations such as transfor-
mer tank, it is easier to make investigations on an experimental model. Local 
losses were measured using special method based on initial rate of rise of 
temperature. Method was tested on simple configurations (models) before it 
was successfully employed on a configuration of transformer steel tank. Using 
such technique tank local losses and temperature rises were measured on an 
experimental model and heat transfer coefficients were determined. 

Heat transfer coefficients were used in coupled electromagnetic-thermal 
numerical model. Numerical calculation of experimental model and real 
three phase transformer showed good agreement with measurements. 
Therefore presented research in the paper has give a reliable modeling 
method for tank temperature determination.
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7. TEMPERATURE MEASUREMENT VS CALCULATION 

A - EXPERIMENTAL MODEL 
Described modeling approach is used for calculation of losses on the experimental model. Figure 11. 
gives the comparison. All three windings of the model were connected in series and supplied with 250 
A. This created high local losses in the middle of the tank causing high local temperatures. 
Temperature measurements with IR camera FLIR 460 were performed and compared to calculation. 
Emissivity for measurements with IR camera was set to 0.95. Difference between calculated and 
measured temperatures on magnetic side of the tank are not higher than 3 K. 
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by IR camera in the test bay are shown and compared to calculation. Temperature distribution fits very 
well with the measurements. Hotspots on tank are located correctly. Calculated hotspot value is 102 
°C while measured 103 °C. 
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SUMMARY
Internal arc testing of metal-enclosed, SF6 gas insulated switchgear (GIS) is defined by IEC 62271-203 and is not a part of mandatory type tests. 
However, due to the increasing demands on the safety of personnel, more often the implementation of this test is required in the tender documen-
tation. According to IEC, the duration of the electric arc is related to the performance of the protective system determined by the first and second 
stage of protection. For the rated short-circuit current equal or higher than 40 kA, during the first stage of protection (0.1 s), no external effects on 
enclosure other than the operation of pressure relief device is permitted. During the second stage of protection (≤0.3 s) no fragmentation is permitted, 
but burn-through is acceptable. The test should be carried out on the GIS compartment with the smallest volume at nominal gas pressure. Since a 
newly developed GIS 145 kV is designed as a three-phase encapsulated, arc initiation is achieved by short connecting of all three phase conductors 
in the vicinity of a partition by means of a thin metal wire. This ensures that two electric arcs burn simultaneously commutating between the phases, 
so the possibility of enclosure burn-through in this type of GIS is minimized. In order to prevent the release of SF6 gas in the atmosphere during the 
testing, a test enclosure should be placed in a protective gastight enclosure filled with air or more often SF6 gas at pressure of 0.1 MPa. This test 
object configuration significantly complicates the pressure rise calculation and increases the testing cost. In order to prevent enclosure fragmentation, 
the pressure difference between the test enclosure and the protective enclosure during the test should always be less than the bursting pressure of 
test enclosure. Also, the protective enclosure should be designed to withstand the maximum pressure rise that may occur after pressure relief device 
opens. In order to assess the likelihood of passing the upcoming type test for newly developed GIS, a computer program for calculation of pressure 
and temperature in the test enclosure and protective enclosure was developed. The mathematical model is based on the paper of the working group 
CIGRE A3.24, published in 2014. The basic model shown in the paper is enhanced by the real properties of the SF6 gas/plasma, evaporation of the 
electrode material and the insulator ablation. The contribution of exothermic/endothermic reactions between the gas and the electrode material on the 
pressure and temperature rise was also considered. At the same time, the measurements of pressure rise in GIS enclosure and protective enclosure 
were carried out in Končar High Power Laboratory. The experiments performed on a copper and aluminum electrodes in SF6 gas confirmed signifi-
cantly higher contribution of aluminum electrodes to the pressure and temperature rise compared to the copper electrodes. The computer program 
is verified by measurement results.

KEYWORDS
GIS, internal arc test, protective enclosure, pressure rise, test enclosure

INTRODUCTION
Internal arc testing of metal-enclosed, gas insulated switchgear (GIS) 145 
kV is defined by IEC standard [1] and is not a part of mandatory type tests. 
However, due to the increasing demands on the safety of personnel, more 
often the implementation of this test is required in the tender documen-
tation. According to IEC, the duration of the electric arc is related to the 
performance of the protective system determined by the first stage (main) 
and second stage (back-up) protection. For the rated short circuit current 
equal or greater than 40 kA, the recommended current duration is 0.1 s for 
the first protection stage and less than or equal to 0.3 s for the second pro-
tection stage (Table I). The criteria for a successful test are that there is no 
external effect other than the operation of pressure relief devices in the first 
0.1 s of current duration and that there is no fragmentation of enclosure 
after 0.3 s of current duration, burn-through is acceptable.

Table I Recommended arc duration and the criteria for passing the test according 
to [1]

Rated 
short-circuit 
current

Protecti-
on stage

Dura-
tion of 
current

Performance criteria

<40 kA 
r.m.s.

1 0.2 s
No external effect other than the 
operation of suitable pressure relief 
devices

2 ≤0.5 s No fragmentation (burn-through is 
acceptable)

³40 kA 
r.m.s.

1 0.1 s
No external effect other than the 
operation of suitable pressure relief 
devices

2 ≤0.3 s No fragmentation (burn-through is 
acceptable)

D. Gorenc, K. Flegar, I. Lončar, E. Plavec, Simulation and Measurement of Pressure Rise in GIS 145 kV due to Internal Arcing, Journal of Energy, vol. 67 
Number 3 (2018), Special Issue, p. 14–19
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The compartment of GIS which appear to have the least likelihood of with-
standing the pressure and temperature rise in the event of arcing shall be 
selected for test. In practice, this means the compartment with the small-
est volume. The testing is performed at nominal SF6 gas pressure in the 
test enclosure. The specified standard allows the test results obtained in a 
single compartment to be used in calculating and proving the resistance of 
other gas compartments on internal arc.

PHYSICAL PROCESSES IN GIS 
COMPARTMENT DUE TO INTERNAL ARC
When the arc burns between the phase conductors, evaporation of the 
electrode material occur. The specific energy of evaporation for various 
electrode materials are given in Table II [2], they include the energy requi-
red for heating to the melting temperature, melting, heating to the evapo-
ration temperature and evaporation. The evaporated electrode material is 
mixed with SF6 gas in arc compartment and the chemical reactions occur. 
In the exothermic chemical reaction between evaporated aluminum and 
SF6 gas (or oxygen) more heat is generated than it is required for evapo-
ration of the same amount of aluminum (Table II). On the other hand, in 
the reaction between the evaporated copper and the oxygen, less heat is 
developed than it is required for copper evaporation, because of that the 
reaction is endothermic. The data for the reaction between evaporated 
copper and SF6 gas were not found in the references.

If the arc burns in the vicinity of bushing plate, ablation or evaporation 
of the insulation material occurs. The bushing plates are mainly made of 
epoxy resin and glass-based fillers. It is assumed that methane gas (CH4) 
is the only gaseous product of bushing plate ablation [3]. If the gas tempe-
rature in the arc compartment is sufficiently high, gas degradation occurs 
and at the highest temperatures plasma formation occurs. Between the 
products of gas degradation and evaporated electrode material chemi-
cal reactions and formation of new products occur. This also leads to the 
change in thermodynamic properties of gas/plasma. Assuming the local 
thermodynamic equilibrium (all gas/plasma particles are at the same tem-
perature), thermodynamic properties of gas/plasma are the functions of 
temperature, pressure and mass concentration of individual reactants.

Table II Specific energy of evaporation, chemical reactions and generated specific 
heat for various electrode materials and surrounding gas

Electro-
de 
material

Specific 
energy 
of eva-
poration 
[MJ/kg]

Molar 
mass 
[g/mol]

Exothermic/endothermic 
reactions

Specific 
genera-
ted heat 
[MJ/kg]

Al 13.73 26.98
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3. MATHEMATICAL MODEL 
 

The basic layout for calculation of pressure and temperature rise in GIS enclosure and 
protective enclosure is shown in Fig. 1 [3]. The GIS test compartment is represented by arc 
compartment, and the protective enclosure with exhaust compartment. Between the arc and exhaust 
compartment there is a bursting disc which opens at predefined pressure. Although there can also exist 
bursting disc between the exhaust compartment and installation room/environment, its function is 
solely for safety, i.e. under normal conditions during the testing no opening is expected. 
 

 
Fig. 1 Basic layout and variables used in calculation [3] 
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method was used to integrate ordinary differential equations. The total phenomenon duration is 
divided into a series of short intervals t in which calculation of temperature and mass change of gas 
are performed, and at the end of each interval the new values of temperature, pressure and mass of gas 
in the enclosures are calculated. The described computer program was made in Matlab. 
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enclosure with exhaust compartment. Between the arc and exhaust com-
partment there is a bursting disc which opens at predefined pressure. 
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tment and installation room/environment, its function is solely for safety, 
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Several computer programs have been made for calculation of pressure 
and temperature rise due to internal arcing inside the test compartment 
and protective enclosure. Mathematical models are based on the report of 
the working group A3.24 CIGRE [3]. This paper presents two models: the 
basic model with constant properties of gas already shown in [3] and en-
hanced model with real gas/plasma properties which considers evapora-
tion of electrodes material, ablation of an insulators and the contribution of 
exothermic/endothermic reactions to pressure and temperature rise. Both 
models assume the uniformly distribution of temperature, pressure and 
other gas parameters in the arc compartment and exhaust compartment, 
respectively. Along with known initial conditions, the Euler’s method was 
used to integrate ordinary differential equations. The total phenomenon 
duration is divided into a series of short intervals ∆t in which calculation 
of temperature and mass change of gas are performed, and at the end 
of each interval the new values of temperature, pressure and mass of gas 
in the enclosures are calculated. The described computer program was 
made in Matlab.

The basic model with constant gas properties
The equations for pressure and temperature rise in arc and exhaust com-
partments are based on the assumption of ideal gas, meaning that the 
thermodynamic properties of gas, Cp, Cv, Rs and k, are constant and taken 
at gas temperature of 300 K and a pressure of 0.1 MPa (Table III). Since 
in reality the thermodynamic properties of gas/plasma change with the 
temperature, pressure and mass concentration of individual reactants, this 
model is applicable for SF6 gas temperature up to 2000 K and air tempera-
ture up to 6000 K. The model does not consider the evaporation of electro-
de material neither the ablation of an insulation material. The contribution 
of exothermic/endothermic reaction to the temperature and pressure rise 
is considered by “artificial” increase of kp factor, which shows how much 
electrical energy is consumed to heat the gas. According to [3], for copper 
electrodes, the value of kp factor is between 0.5 and 0.7, while the value for 
aluminum electrodes can be significantly higher than 1 (up to 1.6).

Table III Thermodynamic properties of air and SF6 gas at T=300 K and p=0.1 MPa 
[3]

Thermodynamic properties 
of gas

Label Air SF6 Measure-
ment unit

Specific heat capacity at 
constant volume

Cv 716 608 J/(kgK)

Specific heat capacity at 
constant pressure

Cp 1005 665 J/(kgK)

Heat capacity ratio k 1.403 1.0936 -
Specific gas constant Rs 287 56.9 J/(kgK)

The temperature change in the arc compartment, in interval ∆t, is calcu-
lated according to:
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with following notations: 
Q1 – the portion of electric energy used to heat the gas, including the exothermic reaction between 
the evaporated electrode material and gas, 
Cp – specific heat capacity at constant pressure [Jkg-1K-1], 
Cv – specific heat capacity at constant volume [Jkg-1K-1], 
m1 – mass of the gas [kg], 
m12 – mass flow from the arc compartment into the exhaust compartment after the opening of the 
bursting disc [kg]. 
 
The portion of electric arc energy used to heat the gas in this model also considers the energy of 
exothermic/endothermic reaction between the gas and evaporated electrode material. It is calculated 
using the following equation: 
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Where kp is the heat transfer coefficient and Pel is the electrical arc power. 
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Where  is the heat capacity ratio and    is the volume of the arc compartment. 
After opening of bursting disc, the mass flow from the arc compartment, in interval   , is calculated 
according to: 
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with following notations: 
12 – discharge coefficient (considering the contraction of gas flow through an opening), 
A12 – bursting disc opening cross-section area [m2], 
12 – gas density within the opening [kg/m3], 
w12 – gas velocity within the opening [m/s]. 
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The portion of electric arc energy used to heat the gas in this model also considers the energy of 
exothermic/endothermic reaction between the gas and evaporated electrode material. It is calculated 
using the following equation: 
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Where kp is the heat transfer coefficient and Pel is the electrical arc power. 
 
The temperature of gas T1 in the arc compartment after time t is obtained by summing up all the 
changes of temperature T1. The gas pressure in arc compartment after time t is calculated from the 
equation of the ideal gas state: 
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Where  is the heat capacity ratio and    is the volume of the arc compartment. 
After opening of bursting disc, the mass flow from the arc compartment, in interval   , is calculated 
according to: 
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with following notations: 
12 – discharge coefficient (considering the contraction of gas flow through an opening), 
A12 – bursting disc opening cross-section area [m2], 
12 – gas density within the opening [kg/m3], 
w12 – gas velocity within the opening [m/s]. 

Where kp is the heat transfer coefficient and Pel is the electrical arc power.

The temperature of gas T1 in the arc compartment after time t is obtained 
by summing up all the changes of temperature ∆T1. The gas pressure in 
arc compartment after time t is calculated from the equation of the ideal 
gas state:
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Table II Specific energy of evaporation, chemical reactions and generated specific heat for various 
electrode materials and surrounding gas 

Electrode 
material 

Specific 
energy of 

evaporation 
[MJ/kg] 

Molar 
mass 

[g/mol] 

 
Exothermic/endothermic reactions 

Specific 
generated heat 

[MJ/kg] 

Al 13.73 26.98 
kJSFAlFSFAl 850

2
3

2
3

436   31.5 

kJOAlOAl 837
2
1

4
3

322   31 

Cu 6.18 63.54 kJOCuOCu 75
2
1

4
1

22   1.2 

Fe 8.04 55.85 kJFeOOFe 250
2
1

2   4.5 

 
 
3. MATHEMATICAL MODEL 
 

The basic layout for calculation of pressure and temperature rise in GIS enclosure and 
protective enclosure is shown in Fig. 1 [3]. The GIS test compartment is represented by arc 
compartment, and the protective enclosure with exhaust compartment. Between the arc and exhaust 
compartment there is a bursting disc which opens at predefined pressure. Although there can also exist 
bursting disc between the exhaust compartment and installation room/environment, its function is 
solely for safety, i.e. under normal conditions during the testing no opening is expected. 
 

 
Fig. 1 Basic layout and variables used in calculation [3] 

 
Several computer programs have been made for calculation of pressure and temperature rise 

due to internal arcing inside the test compartment and protective enclosure. Mathematical models are 
based on the report of the working group A3.24 CIGRE [3]. This paper presents two models: the basic 
model with constant properties of gas already shown in [3] and enhanced model with real gas/plasma 
properties which considers evaporation of electrodes material, ablation of an insulators and the 
contribution of exothermic/endothermic reactions to pressure and temperature rise. Both models 
assume the uniformly distribution of temperature, pressure and other gas parameters in the arc 
compartment and exhaust compartment, respectively. Along with known initial conditions, the Euler’s 
method was used to integrate ordinary differential equations. The total phenomenon duration is 
divided into a series of short intervals t in which calculation of temperature and mass change of gas 
are performed, and at the end of each interval the new values of temperature, pressure and mass of gas 
in the enclosures are calculated. The described computer program was made in Matlab. 
 
3.1. The basic model with constant gas properties 
 

The equations for pressure and temperature rise in arc and exhaust compartments are based on 
the assumption of ideal gas, meaning that the thermodynamic properties of gas, Cp, Cv, Rs and , are 

D. Gorenc, K. Flegar, I. Lončar, E. Plavec, Simulation and Measurement of Pressure Rise in GIS 145 kV due to Internal Arcing, Journal of Energy, vol. 67 
Number 3 (2018), Special Issue, p. 14–19
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constant and taken at gas temperature of 300 K and a pressure of 0.1 MPa (Table III). Since in reality 
the thermodynamic properties of gas/plasma change with the temperature, pressure and mass 
concentration of individual reactants, this model is applicable for SF6 gas temperature up to 2000 K 
and air temperature up to 6000 K. The model does not consider the evaporation of electrode material 
neither the ablation of an insulation material. The contribution of exothermic/endothermic reaction to 
the temperature and pressure rise is considered by “artificial” increase of kp factor, which shows how 
much electrical energy is consumed to heat the gas. According to [3], for copper electrodes, the value 
of kp factor is between 0.5 and 0.7, while the value for aluminum electrodes can be significantly higher 
than 1 (up to 1.6). 
 

Table III Thermodynamic properties of air and SF6 gas at T=300 K and p=0.1 MPa [3] 

Thermodynamic properties of gas Label Air SF6 
Measurement 

unit 
Specific heat capacity at constant volume Cv 716 608 J/(kgK) 
Specific heat capacity at constant pressure Cp 1005 665 J/(kgK) 
Heat capacity ratio  1.403 1.0936 - 
Specific gas constant Rs 287 56.9 J/(kgK) 

 
The temperature change in the arc compartment, in interval t, is calculated according to: 
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with following notations: 
Q1 – the portion of electric energy used to heat the gas, including the exothermic reaction between 
the evaporated electrode material and gas, 
Cp – specific heat capacity at constant pressure [Jkg-1K-1], 
Cv – specific heat capacity at constant volume [Jkg-1K-1], 
m1 – mass of the gas [kg], 
m12 – mass flow from the arc compartment into the exhaust compartment after the opening of the 
bursting disc [kg]. 
 
The portion of electric arc energy used to heat the gas in this model also considers the energy of 
exothermic/endothermic reaction between the gas and evaporated electrode material. It is calculated 
using the following equation: 
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Where kp is the heat transfer coefficient and Pel is the electrical arc power. 
 
The temperature of gas T1 in the arc compartment after time t is obtained by summing up all the 
changes of temperature T1. The gas pressure in arc compartment after time t is calculated from the 
equation of the ideal gas state: 
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Where  is the heat capacity ratio and    is the volume of the arc compartment. 
After opening of bursting disc, the mass flow from the arc compartment, in interval   , is calculated 
according to: 
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with following notations: 
12 – discharge coefficient (considering the contraction of gas flow through an opening), 
A12 – bursting disc opening cross-section area [m2], 
12 – gas density within the opening [kg/m3], 
w12 – gas velocity within the opening [m/s]. 

Where k is the heat capacity ratio and  is the volume of the arc 
compartment.

After opening of bursting disc, the mass flow from the arc compartment, in 
interval , is calculated according to:
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with following notations: 
Q1 – the portion of electric energy used to heat the gas, including the exothermic reaction between 
the evaporated electrode material and gas, 
Cp – specific heat capacity at constant pressure [Jkg-1K-1], 
Cv – specific heat capacity at constant volume [Jkg-1K-1], 
m1 – mass of the gas [kg], 
m12 – mass flow from the arc compartment into the exhaust compartment after the opening of the 
bursting disc [kg]. 
 
The portion of electric arc energy used to heat the gas in this model also considers the energy of 
exothermic/endothermic reaction between the gas and evaporated electrode material. It is calculated 
using the following equation: 
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Where kp is the heat transfer coefficient and Pel is the electrical arc power. 
 
The temperature of gas T1 in the arc compartment after time t is obtained by summing up all the 
changes of temperature T1. The gas pressure in arc compartment after time t is calculated from the 
equation of the ideal gas state: 
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Where  is the heat capacity ratio and    is the volume of the arc compartment. 
After opening of bursting disc, the mass flow from the arc compartment, in interval   , is calculated 
according to: 
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with following notations: 
12 – discharge coefficient (considering the contraction of gas flow through an opening), 
A12 – bursting disc opening cross-section area [m2], 
12 – gas density within the opening [kg/m3], 
w12 – gas velocity within the opening [m/s]. 

with following notations:

12 – discharge coefficient (considering the contraction of gas flow through 
an opening),

A12 – bursting disc opening cross-section area [m2],

12 – gas density within the opening [kg/m3],

w12 – gas velocity within the opening [m/s].

The total mass flow (kg) from the arc compartment after time t is calculated 
by summing up all the changes  while the remaining gas mass in arc com-
partment is calculated by subtraction of the total mass flow from the initial 
mass. The temperature change in the exhaust compartment after opening 
of the bursting disc is calculated using the following equation:
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The total mass flow (kg) from the arc compartment after time t is calculated by summing up all the 
changes      while the remaining gas mass in arc compartment is calculated by subtraction of the 
total mass flow from the initial mass. The temperature change in the exhaust compartment after 
opening of the bursting disc is calculated using the following equation: 
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Where    is the gas mass and      is the gas mass flow from the exhaust compartment into the 
environment. 
 
3.2. The enhanced model with real gas/plasma properties, evaporation, ablation and 

exothermic reaction 
 

The equations for temperature and pressure rise in the arc and exhaust compartment are 
derived with the assumption of ideal gas. The model is considering the real properties of gas/plasma 
which, in this case, consist of SF6 gas and evaporated electrode material. For this purpose, tables with 
thermodynamic properties of gas/plasma for pure SF6 and mixtures of SF6 and evaporated copper at 
concentrations of 10%, 20%, 30%, 50% and 100% were prepared. The same was made for the mixture 
of SF6 and evaporated aluminum. The influence of evaporated methane CH4 on the thermodynamic 
properties of mixture is neglected due to low expected concentration. The temperature range in the 
tables is between 300 K and 10000 K, the pressure range is between 0.1 MPa and 10 MPa. The tables 
were prepared using the software named “Chemical Equilibrium with Applications” (CEA) [4]. For 
illustration, Fig. 2 shows Cp for the pure SF6 gas and also for the mixture of SF6 and evaporated Cu 
and Al, respectively. The curves are illustrated at pressure value of 1 MPa. The enhanced model is 
applicable for the temperatures up to 10000 K. 
 

  

 
Fig. 2 Cp for pure SF6 gas and mixture of SF6 gas and evaporated Cu/Al at pressure of 1 MPa 

 
The mass of evaporated electrode material, in interval   , is calculated using the following equation: 
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Where       is the evaporation factor which shows the portion of electric arc energy consumed on the 
electrode evaporation and       is the specific energy required for evaporation of electrode material 
(Table II). 
The mass of evaporated insulation material from the bushing plate in interval    is calculated using 
equation: 
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Where  is the gas mass and  is the gas mass flow from the exhaust com-
partment into the environment.

The enhanced model with real gas/plasma 
properties, evaporation, ablation and exothermic 
reaction
The equations for temperature and pressure rise in the arc and exhaust 
compartment are derived with the assumption of ideal gas. The model is 
considering the real properties of gas/plasma which, in this case, consist 
of SF6 gas and evaporated electrode material. For this purpose, tables with 
thermodynamic properties of gas/plasma for pure SF6 and mixtures of SF6 
and evaporated copper at concentrations of 10%, 20%, 30%, 50% and 
100% were prepared. The same was made for the mixture of SF6 and 
evaporated aluminum. The influence of evaporated methane CH4 on the 
thermodynamic properties of mixture is neglected due to low expected 
concentration. The temperature range in the tables is between 300 K and 
10000 K, the pressure range is between 0.1 MPa and 10 MPa. The ta-
bles were prepared using the software named “Chemical Equilibrium with 
Applications” (CEA) [4]. For illustration, Fig. 2 shows Cp for the pure SF6 
gas and also for the mixture of SF6 and evaporated Cu and Al, respectively. 
The curves are illustrated at pressure value of 1 MPa. The enhanced model 
is applicable for the temperatures up to 10000 K.

Fig. 2 Cp for pure SF6 gas and mixture of SF6 gas and evaporated Cu/Al at pressure 
of 1 MPa

The mass of evaporated electrode material, in interval , is calculated using 
the following equation:
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Where kevap is the evaporation factor which shows the portion of electric arc 
energy consumed on the electrode evaporation and  is the specific energy 
required for evaporation of electrode material (Table II).

The mass of evaporated insulation material from the bushing plate in inter-
val  is calculated using equation:
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The total mass flow (kg) from the arc compartment after time t is calculated by summing up all the 
changes      while the remaining gas mass in arc compartment is calculated by subtraction of the 
total mass flow from the initial mass. The temperature change in the exhaust compartment after 
opening of the bursting disc is calculated using the following equation: 
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Where       is the evaporation factor which shows the portion of electric arc energy consumed on the 
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Where Wex  is the ablation factor which shows the portion of electric arc 
energy consumed on the ablation of insulation material and  is the specific 
energy required for ablation of insulation material.

Evaporation factor and ablation factor depend on material and they are 
determined experimentally i.e. by measuring the mass of evaporated ma-
terial and electric arc energy, both of them are less than 1. The contribution 
of exothermic/endothermic reaction between the gas and the electrodes 
material on the temperature rise considers the additional energy source in 
arc compartment:
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Where      is the ablation factor which shows the portion of electric arc energy consumed on the 
ablation of insulation material and      is the specific energy required for ablation of insulation 
material. 

Evaporation factor and ablation factor depend on material and they are determined 
experimentally i.e. by measuring the mass of evaporated material and electric arc energy, both of them 
are less than 1. The contribution of exothermic/endothermic reaction between the gas and the 
electrodes material on the temperature rise considers the additional energy source in arc compartment: 
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Where     is the specific generated heat of exothermic/endothermic reaction [J/kg] (Table II). 
 
If       and      are known and the contribution of exothermic/endothermic reaction is calculated 
according to (8), then the factor    in this model cannot be greater than 1 as it was the case in the 
basic model with the constant gas properties. Namely, the sum of               should be equal 
to 1 and it represents the law of conservation of energy, if the losses are neglected. The evaporated 
electrode material and the evaporated insulation material represent the heat source or heat sink when 
mixing with the gas. Therefore the temperature change in arc compartment is calculated according to: 
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with the following notations: 
h1 – specific enthalpy of gas/plasma in arc compartment [J/kg], 
u1 – specific internal energy of gas/plasma in arc compartment [J/kg], 
uevap – specific internal energy of the evaporated electrode material [J/kg], 
Tevap – evaporation temperature of electrode material [K], 
uabl – specific internal energy of the evaporated insulation material [J/kg], 
Tabl – ablation temperature of the insulation material [K]. 
 

Neglecting the chemical reactions between the gas from the arc compartment and the gas in 
exhaust compartment, the temperature change in exhaust compartment, in the interval   , is calculated 
using the equation: 
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Where    is the specific enthalpy of the gas in exhaust compartment [J/kg] and    is the specific 
internal energy of the gas in exhaust compartment [J/kg]. 
 
 
4. INTERNAL ARC DEVELOPMENT TESTS 
 
4.1. Test model 
 
 For the purpose of verifying the mathematical model, two configurations of the test model 
were designed and tested (Fig. 3). A total of 4 tests were performed. In the first two tests the arc has 
been initiated between the electrodes with the round cross-section (Fig. 4a) using the test configuration 
illustrated in Fig. 3a. In the first test the copper electrodes were used, while in the second they were 
replaced with the aluminum electrodes. Since the voltage source in the test laboratory was limited to 
about 600 V, the initial spacing between the electrodes, on which the arc was initiated, was only 3-4 
mm. The initial SF6 gas pressure in the test compartment was 0.6 MPa, while the pressure in the 
protective enclosure was 0.1 MPa. The volume of the test compartment is 0.3 m3, while the volume of 
the protective enclosure is 2.4 m3. The disc bursting pressure is 0.9 MPa ±5%, and the cross-section 
area is 0.009 m2. During the test, arc voltage and current, the pressure in test compartment and 

Where  is the specific generated heat of exothermic/endothermic reaction 
[J/kg] (Table II).

If kevap and  are known and the contribution of exothermic/endothermic 
reaction is calculated according to (8), then the factor  in this model cannot 
be greater than 1 as it was the case in the basic model with the constant 
gas properties. Namely, the sum of  should be equal to 1 and it represents 
the law of conservation of energy, if the losses are neglected. The evapora-
ted electrode material and the evaporated insulation material represent the 
heat source or heat sink when mixing with the gas. Therefore the tempera-
ture change in arc compartment is calculated according to:
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electrodes material on the temperature rise considers the additional energy source in arc compartment: 
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with the following notations: 
h1 – specific enthalpy of gas/plasma in arc compartment [J/kg], 
u1 – specific internal energy of gas/plasma in arc compartment [J/kg], 
uevap – specific internal energy of the evaporated electrode material [J/kg], 
Tevap – evaporation temperature of electrode material [K], 
uabl – specific internal energy of the evaporated insulation material [J/kg], 
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The total mass flow (kg) from the arc compartment after time t is calculated by summing up all the 
changes      while the remaining gas mass in arc compartment is calculated by subtraction of the 
total mass flow from the initial mass. The temperature change in the exhaust compartment after 
opening of the bursting disc is calculated using the following equation: 
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Where    is the gas mass and      is the gas mass flow from the exhaust compartment into the 
environment. 
 
3.2. The enhanced model with real gas/plasma properties, evaporation, ablation and 

exothermic reaction 
 

The equations for temperature and pressure rise in the arc and exhaust compartment are 
derived with the assumption of ideal gas. The model is considering the real properties of gas/plasma 
which, in this case, consist of SF6 gas and evaporated electrode material. For this purpose, tables with 
thermodynamic properties of gas/plasma for pure SF6 and mixtures of SF6 and evaporated copper at 
concentrations of 10%, 20%, 30%, 50% and 100% were prepared. The same was made for the mixture 
of SF6 and evaporated aluminum. The influence of evaporated methane CH4 on the thermodynamic 
properties of mixture is neglected due to low expected concentration. The temperature range in the 
tables is between 300 K and 10000 K, the pressure range is between 0.1 MPa and 10 MPa. The tables 
were prepared using the software named “Chemical Equilibrium with Applications” (CEA) [4]. For 
illustration, Fig. 2 shows Cp for the pure SF6 gas and also for the mixture of SF6 and evaporated Cu 
and Al, respectively. The curves are illustrated at pressure value of 1 MPa. The enhanced model is 
applicable for the temperatures up to 10000 K. 
 

  

 
Fig. 2 Cp for pure SF6 gas and mixture of SF6 gas and evaporated Cu/Al at pressure of 1 MPa 
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uabl – specific internal energy of the evaporated insulation material [J/kg],

Tabl – ablation temperature of the insulation material [K].

Neglecting the chemical reactions between the gas from the arc compar-
tment and the gas in exhaust compartment, the temperature change in 
exhaust compartment, in the interval , is calculated using the equation:

  6 
 

Where      is the ablation factor which shows the portion of electric arc energy consumed on the 
ablation of insulation material and      is the specific energy required for ablation of insulation 
material. 
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are less than 1. The contribution of exothermic/endothermic reaction between the gas and the 
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Where    is the specific enthalpy of the gas in exhaust compartment [J/kg] and    is the specific 
internal energy of the gas in exhaust compartment [J/kg]. 
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 For the purpose of verifying the mathematical model, two configurations of the test model 
were designed and tested (Fig. 3). A total of 4 tests were performed. In the first two tests the arc has 
been initiated between the electrodes with the round cross-section (Fig. 4a) using the test configuration 
illustrated in Fig. 3a. In the first test the copper electrodes were used, while in the second they were 
replaced with the aluminum electrodes. Since the voltage source in the test laboratory was limited to 
about 600 V, the initial spacing between the electrodes, on which the arc was initiated, was only 3-4 
mm. The initial SF6 gas pressure in the test compartment was 0.6 MPa, while the pressure in the 
protective enclosure was 0.1 MPa. The volume of the test compartment is 0.3 m3, while the volume of 
the protective enclosure is 2.4 m3. The disc bursting pressure is 0.9 MPa ±5%, and the cross-section 
area is 0.009 m2. During the test, arc voltage and current, the pressure in test compartment and 

Where h2 is the specific enthalpy of the gas in exhaust compartment [J/kg] 
and  is the specific internal energy of the gas in exhaust compartment [J/
kg].

INTERNAL ARC DEVELOPMENT TESTS

Test model
For the purpose of verifying the mathematical model, two configurations 
of the test model were designed and tested (Fig. 3). A total of 4 tests were 
performed. In the first two tests the arc has been initiated between the 
electrodes with the round cross-section (Fig. 4a) using the test configura-
tion illustrated in Fig. 3a. In the first test the copper electrodes were used, 
while in the second they were replaced with the aluminum electrodes. Sin-
ce the voltage source in the test laboratory was limited to about 600 V, the 
initial spacing between the electrodes, on which the arc was initiated, was 
only 3-4 mm. The initial SF6 gas pressure in the test compartment was 0.6 
MPa, while the pressure in the protective enclosure was 0.1 MPa. The vo-
lume of the test compartment is 0.3 m3, while the volume of the protective 
enclosure is 2.4 m3. The disc bursting pressure is 0.9 MPa ±5%, and the 
cross-section area is 0.009 m2. During the test, arc voltage and current, the 
pressure in test compartment and protective enclosure, were measured. 
After the test, electrode material erosion was measured. The erosion of 
insulation material (in the tests no. 3 and 4) could not be accurately mea-
sured due to relatively large weight of the bushing plate compared to the 
amount of eroded insulation material, and also because of the fact that at 
the same time the erosion of cast copper electrodes in the bushing plate 
occurred. After the test, based on the measurements of the arc voltage 
and current, the electrical power and total arc energy were calculated.

Fig. 3 The 
cross-section 
of the test 
configurations 
for 
development 
testing on 
internal 
arc (1. test 
compartment, 
2. protective 
enclosure, 3. 
bushing plate, 
4. conductors, 
5. changeable 
electrodes, 6. 
bursting disc, 
7. electric arc, 
8. pressure 
sensors)

Fig. 4 
Electrodes 
for single-
phase fault 
a) and 
three-phase 
fault b)

Fig. 5 Internal arc development testing in Končar – High Power Laboratory

Test results
The test results are shown in Table IV and figure 6.

Table IV Test results

Test no. 1 2 3 4
Test configuration Figure 3a) Figure 3b)
Electrode material Cu Al Cu Al
Arc fault type Single-phase Three-phase
Arc current [kA] 40 40 40 40
Arc duration [s] 0.36 0.114 0.42 0.37
Electric arc energy 
[MJ]

1.42 0.52 2.6 2.95

Max. pressure rise 
in test compartment 
[MPa]

0.35 0.32 0.4 0.85

Max. pressure rise 
in protective enclo-
sure [MPa]

- 0.15 0.15 0.3

Bursting disc ope-
ning time [s]

0.65 0.6 0.38 0.18

Electrodes material 
erosion [g]

347.5 34.5 773.5 505.5
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protective enclosure, were measured. After the test, electrode material erosion was measured. The 
erosion of insulation material (in the tests no. 3 and 4) could not be accurately measured due to 
relatively large weight of the bushing plate compared to the amount of eroded insulation material, and 
also because of the fact that at the same time the erosion of cast copper electrodes in the bushing plate 
occurred. After the test, based on the measurements of the arc voltage and current, the electrical power 
and total arc energy were calculated. 
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Fig. 6 Measured pressure in the test compartment

By analyzing the pressure curves in the tests no. 1 and 2, it can be seen 
that the maximum pressure rise is almost the same for copper and alu-
minum electrodes although the electric arc energy was 2.7 times smaller 
in the test with aluminum electrodes. The pressure gradient is also signi-
ficantly higher in the test with aluminum electrodes. The bursting disc in 
both tests operated long after the arc was extinguished, which can be 
explained by the fact that for equalizing of the temperature, and thus the 
gas pressure, throughout the test compartment take some time.

In the tests no. 3 and 4, for approximately the same amount of electric 
arc energy, the double increase in pressure rise was obtained in test with 
aluminum electrodes. Although the bursting disc operated, the pressure 
continued to increase until the arc was extinguished. This is especially 
emphasized in the test no. 4 with aluminum electrodes.

The equalization of the pressure in the test compartment and protective 
enclosure after the arc is extinguished and the disc opened, will take less 
in the tests with higher maximum pressure (and higher maximum tempe-
rature) due to higher speed of sound at higher temperatures. Except in 
test no. 2, in all other tests, a significant erosion of the electrodes occu-
rred. Erosion is partly a consequence of melting and partly of evaporation 
of electrode material. Due to the erosion of the electrodes, the distance 
between the electrodes increases, which increases the arc voltage. At the 
moment when the arc voltage value approaches to the maximum sour-
ce voltage, the arc is extinguished. It should be noted that in the case of 
type test, due to greater distance between the electrodes, it is possible to 
expect up to ten times greater electric arc energy than it was achieved on 
the development test.

VERIFICATION OF THE MATHEMATICAL 
MODEL WITH THE TEST RESULTS
As it is shown in [3], verification of the mathematical model comes down 
to determination of the heat transfer factor  and discharge coefficient  for 
which a good correlation between the measured and calculated pressure 
P1 in the test compartment is obtained (Fig. 7). Unlike [3], where the basic 
model with constant gas properties was used to verify the results of the 
calculation, an improved model with real gas/plasma properties is used 

in this paper. By changing the factor  in the calculation, the increase rate 
of pressure is adjusted, and by changing the discharge coefficient the 
downstream of pressure curve after the disc bursting. Since the erosion 
of electrodes is simultaneously the result of melting and evaporation of 
the material, it was not possible to determine the evaporation factors of 
electrode material or ablation factors of insulation material from the results 
of the tests. Therefore, in this case, the factor  also includes the contribu-
tion of the exothermic/endothermic reaction to the pressure rise and the 
factors  and  are set to zero.

Fig. 7 Verification of the mathematical model with the test results
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4.2. Test results 
 
The test results are shown in Table IV and figure 6. 
 

Table IV Test results 
Test no. 1 2 3 4 

Test configuration Figure 3a) Figure 3b) 
Electrode material Cu Al Cu Al 

Arc fault type Single-phase Three-phase 
Arc current [kA] 40 40 40 40 
Arc duration [s] 0.36 0.114 0.42 0.37 

Electric arc energy [MJ] 1.42 0.52 2.6 2.95 
Max. pressure rise in test compartment 

[MPa] 
0.35 0.32 0.4 0.85 

Max. pressure rise in protective 
enclosure [MPa] 

- 0.15 0.15 0.3 

Bursting disc opening time [s] 0.65 0.6 0.38 0.18 
Electrodes material erosion [g] 347.5 34.5 773.5 505.5 
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5. VERIFICATION OF THE MATHEMATICAL MODEL WITH THE TEST 
RESULTS 

 
 As it is shown in [3], verification of the mathematical model comes down to determination of 
the heat transfer factor    and discharge coefficient     for which a good correlation between the 
measured and calculated pressure P1 in the test compartment is obtained (Fig. 7). Unlike [3], where 
the basic model with constant gas properties was used to verify the results of the calculation, an 
improved model with real gas/plasma properties is used in this paper. By changing the factor    in the 
calculation, the increase rate of pressure is adjusted, and by changing the discharge coefficient the 
downstream of pressure curve after the disc bursting. Since the erosion of electrodes is simultaneously 
the result of melting and evaporation of the material, it was not possible to determine the evaporation 
factors of electrode material or ablation factors of insulation material from the results of the tests. 
Therefore, in this case, the factor    also includes the contribution of the exothermic/endothermic 
reaction to the pressure rise and the factors       and      are set to zero. 
 

  
a) Test no. 1: kp=0.9 b) Test no. 2: kp=2.35, 12=0.7 

  
c) Test no. 3: kp=0.9, 12=0.7 d) Test no. 4: kp=2.3, 12=0.7 

 
Fig. 7 Verification of the mathematical model with the test results 

 
For the electric arc on the copper electrodes (tests no. 1 and 3), a very good correlation of the 

calculation results with the measurement results for the factor    of 0.9 is achieved. On the other hand, 
for the electric arc on the aluminum electrodes (tests no. 2 and 4), the    factors are 2.3 and 2.35 
respectively. The discharge coefficient in test no. 1 was not possible to determine, since the 
downstream pressure curve, after the bursting disc operated, was not recorded to the end. In other 
tests, a good correlation of the calculation results with the measurement results was achieved for the 
discharge coefficient of 0.7. 
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For the electric arc on the copper electrodes (tests no. 1 and 3), a very 
good correlation of the calculation results with the measurement results 
for the factor  of 0.9 is achieved. On the other hand, for the electric arc on 
the aluminum electrodes (tests no. 2 and 4), the  factors are 2.3 and 2.35 
respectively. The discharge coefficient in test no. 1 was not possible to 
determine, since the downstream pressure curve, after the bursting disc 
operated, was not recorded to the end. In other tests, a good correlation of 
the calculation results with the measurement results was achieved for the 
discharge coefficient of 0.7.

CONCLUSION
In order to assess the GIS enclosure resistance on the internal arc at the 
upcoming type test, a program for the calculation of the pressure and tem-
perature rise in the test compartment and protective enclosure due to an 
internal arc was developed. The basic model with constant gas properties 
shown in the A3.24 working group report was enhanced by the real gas/
plasma properties, evaporation of electrodes material and ablation of in-
sulation material. The contribution of the exothermic/endothermic reaction 
to the pressure and temperature rise was also taken into account. Unlike 
the basic model with constant gas properties applicable to the SF6 gas 
temperature of 2000 K, the enhanced model is applicable to the tempera-
ture of 10000 K. The mathematical model is verified on the basis of the 
results of the GIS enclosure development test on internal arc. Satisfactory 
accuracy has been achieved in determining the maximum pressure and 
gradient of pressure rise in the test compartment and protective enclosure.

The tests performed on the copper and aluminum electrodes in SF6 gas 
confirmed a significantly higher contribution of aluminum electrodes to the 
pressure and temperature rise in GIS enclosure (), compared to copper 
electrodes (). It can be concluded that for the same electric arc energy, in 
the case of aluminum electrodes, SF6 gas receives up to 2.5 times more 
heat than it is the case with the copper electrodes. Higher values of the  
factor in regards to the references can be explained by applying a math-
ematical model with the real gas properties. Namely, the increase of the 
gas temperature results in an increase in the specific heat capacity and 
the gas can absorb more heat with a lower temperature rise and pressure, 
respectively. In the model with the constant gas properties, which is mostly 
used in the references for the verification of calculation results with the 
measurement results, this effect is not considered.

For discharge coefficient  the pressure drop curves have been calculated 
after the disc bursting and arc extinguishing and they are well matched 
with measured curves, indicating that gas flow through the opening and 
the pressure rise are well modeled.

However, the evaporation factor for electrode material could not be de-
termined from the test results because the erosion of the electrodes is 
simultaneously the result of melting and evaporation of material. The abla-
tion factor also was not possible to determine from the test results since 
it was not possible to precisely measure the erosion of insulation material 
from the bushing plate. Nevertheless, a computer program based on the 
presented mathematical model can be used to calculate the pressure and 
temperature rise in the test compartment and protective enclosure during 
the preparation of the test object for type test on internal arc.
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SUMMARY
For Utilities, each substation is regarded as an asset. Managing of assets is one of domains of Asset Management including Life Cycle Costing (LCC) 
as a decision-making criterion. However, LCC as a decision-making criterion should be applied on an entire substation taking into account all of the 
potential cost influences for the purpose of achieving of an effective substation management. Asset management as a decision-making process 
should be observed within a larger context and should be more focused on risk management, as all real decisions include an element of risk due to 
present uncertainties.

Two promising avenues are explored in regards to more comprehensive and rigorous up-front planning through usage of Information Technology 
(IT). While up-front planning falls under the domain of Lean philosophy, Building Information Modeling (BIM) falls under the category of agile decision-
support tools. Utilization of both is explored from a perspective of design-uncertainties under both product and process design. 

Standard specifications and standard designs are another form of applied Lean Philosophy that reduces design-uncertainty and variability. Howe-
ver, a range of technical solutions stemming out of the standardization can be quite wide. Customization involves specification and design of new / 
innovative designs with wide range of technical solutions as well. Due to external pressures focused on shortening of the project delivery time, there 
is a need for a faster project time throughput. This is reflected in the form of a requirement for more rapid engineering decision-making and faster 
decision cycles.

Streamlining of a decision-making process related to the engineering is all about engineers’ awareness of the situation from the project level perspec-
tive coupled with utilization of decision-support tools for creation and reuse of knowledge. Plan – Do – Study – Orient (PDSO) cycle is a decision-
making model that supports creation and reusability of knowledge along with providing an explanation in regards to the time dimension relating to 
decision-making, and as such is presented in this paper.

The rigid busbar system design is an iterative process influenced by many factors, defined either as design variables or design constraints. As rigid 
busbars are gaining more popularity for both greenfield and brownfield investments, the rigid busbar system design is explored from a perspective of 
decision-making streamlining. The case of the rigid busbar system design of El Chaparral project in El Salvador is given.
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INTRODUCTION
As forecasted in [1], the demand for electricity is expected to increase by 
more than two-thirds between 2011 and 2035. Utilities are already under 
pressure to extend the useful life of aging assets beyond their original 
expected life time [2]. As reported by [2], improvements regarding cost, 
time and quality during the project delivery are required, thus leaving space 
for improvements for making right decisions and to deliver projects more 
efficiently across an array of asset types.

For Utilities, each substation is regarded as an asset. Managing of assets is 
a domain of Asset Management with Life Cycle Costing (LCC) as a decisi-
on-making criterion [3]. Doing so, the main goal is to minimize the total cost 
of a substation [4]. However, LCC as a decision-making criterion should be 
applied on an entire substation taking into account all of the potential cost 
influences, as opposed to its often application on substations individual 
components, with the purpose to achieve an effective substation manage-
ment [5]. These additional cost influences are related to land costs [5] [6], 
but also to costs for the balance of the plant as well, representing steel 
structures, concrete elements, transport and installation, among all others 
[6]. Engineering should also be included as a cost into   the system and 
equipment cost [6]. The same relates to renewal costs [7]. The following 
figure represents a LCC basic structure for high voltage (HV) substations.

Figure 1. Prime levels of the basic structure of the LCC assessment for HV 
substations [6]

Asset management, in general, as a decision-making process should be 
observed within a larger context and should be more focused on risk ma-
nagement [8]. According to [9], risk management is defined as “a decision-
making to balance risk and risk mitigation”. 

All real decisions include an element of risk as all decisions are usually 
made under uncertainty [10]. Uncertainty in engineering can be classifi-
ed either as content-uncertainty (incompleteness, imprecision and vagu-
eness) or as context-uncertainty (unreliability, invalidity and instability) in 
regards to information quality [11]. In order to make rational decisions, 
information needs to be full, current and reliable [12]. Apart from advising 
improvements in decision making, improvement of the information flow is 
also advised. An effective information flow represents a basis for an effec-
tive decision-making [13]. Two defined promising avenues are, according 
to [14], the introduction of more comprehensive and rigorous up-front 
planning, and enhancement of Information Technology (IT) capabilities. 

Section 2 of this paper represents a literature review section in which 
following topic are covered:

•	 Design-uncertainties from a process design perspective;

•	 Design-uncertainties from a product design perspective;

•	 Pursuing optimization through utilization of decision-support tools;

•	 Decision-making models from the lens of agility, and;

•	 Rigid busbar design process, variables and constraints.

Inside section 3, a recapitulation of the literature review section is presen-
ted before defining research questions as a part of the problem statement. 
Section 4 relates to the presentation of up-front Building Information Mo-
deling (BIM) utilization as a solution of a problem. A busbar system design 
example from the recent project El Chaparral in El Salvador is given and 
described inside Section 5 of this paper, before setting forth a discussion 
relating to the busbar design example from a perspective of utilization of 
up-front BIM engineering inside Section 6. A conclusion is presented in-
side Section 7 relating to streamlining of decision-making process for the 
rigid busbar system design. Such a conclusion can be generalized and 
applied to other parts of power substations as well. Last sections of this 
paper are related to the presentation of recommendations and acknowled-
gements before outlining references.

LITERATURE REVIEW

DESIGN UNCERTAINTIES FROM PROCESS 
PERSPECTIVE
As decision-making is an integral part of any design process [9], uncerta-
inty in the design process is referred to as design-uncertainty [15], which 
will, if not addressed, ultimately lead to engineering reworks and project 
delays [16]. According to [17], a general view is that uncertainty is the 
highest at the beginning and then it is reducing during time with generation 
of relevant information that is made available. Resolving of uncertainties 
early in the project is highly advised [16]. In general, dealing with uncer-
tainties is labeled as “Lean” [18]. Lean can be defined as an early project 
planning process for elimination of all non-value added work which is re-
garded as waste [19]. Delays, waiting, and misused resources are just a 
few types of waste [20], and all of these can be translated directly to engi-
neering. Lean Project Delivery System (LPDS) is a framework comprising 
five traditional project phases as triads linked in such a manner to enable 
cross-functional teams to be involved early in planning and design [21], 
and is depicted on Figure 2.

Figure 2. Triads of the Lean Project Delivery System (LPDS) [22]

Utilization of Concurrent Engineering (CE) is advised for dealing with engi-
neering reworks and uncertainty [16]. According to [20], CE is a systematic 
approach where integrated teams consider more relevant information at 
the right time for decision-making [19]. 

Lean design phase is critical due to the following tools and techniques:

•	 Involve downstream players in upstream decisions, to participate in 
key decisions [23];

•	 Share incomplete information for each level of decision making [23], 
thus enabling CE;

•	 Selecting alternatives at the last responsible moment, thus reducing 
negative design iterations as an example of waste reduction [23], 
providing more time for exploring alternatives [22];

•	 Shifting early design decisions to a point where they can be made in 
the most efficient manner [23];

•	 Consider the influence of installation, logistics, procurement, detailed 
engineering, maintenance, and commissioning on design [23];

•	 Reduce batch sizes of information between project participants, thus 
speeding up design process allowing dividing of decision-making 
into several segments [23], thus enabling CE;

all for the purpose of designing the final product under the Design for X 
(DFX) concept, where X marks an ability downstream in the supply chain 
[23], to achieve a time compression.

Early identification of suppliers and their involvement gives rise to the con-
cept of the Design for Procurability, as designs are to be made with the 
procurement in mind [23], as the procurement of materials / equipment 
impacts the detail engineering [24], and it is a critical element for the pro-
ject success [25]. The design for Constructability [23], focuses on the 
ease of installation [24], but also on transportability [26]. The supply chain 
should be involved in the design, construction and in definition of client’s 
requirements.

Figure 3. depicts interrelationships among project requirements and it puts client’s 
requirements with identified requirements stemming out from the supply chain and 
construction into perspective.
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Lean design phase is critical due to the following tools and techniques: 
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process allowing dividing of decision-making into several segments [23], thus enabling CE; 
all for the purpose of designing the final product under the Design for X (DFX) concept, where X 
marks an ability downstream in the supply chain [23], to achieve a time compression.
Early identification of suppliers and their involvement gives rise to the concept of the Design for 
Procurability, as designs are to be made with the procurement in mind [23], as the procurement of 
materials / equipment impacts the detail engineering [24], and it is a critical element for the project 
success [25]. The design for Constructability [23], focuses on the ease of installation [24], but also on 
transportability [26]. The supply chain should be involved in the design, construction and in definition 
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Figure 3. Interrelationships among project requirements [27]

According to Figure 3., the designer needs to translate the “voice of the 
client” defined inside client requirements successfully into the “voice of 
the designer” that is aligned with project requirements [27]. In essence, 
decisions are to be made on what exactly represents client’s requirements 
(seen as a problem), and the representation of those requirements in desi-
gn terms (seen as the solution) [27]. 

Less experienced clients tend to provide unclear and ambiguous requi-
rements as input information in the design process [27], increasing desi-
gn-uncertainty. Satisfaction of all project requirements according to Lean 
principles becomes a daunting task that requires, according to [19], a high 
level of engineering effort that is between two to three times higher com-
pared to the traditional non-lean project delivery.

A higher level of required engineering up-front effort in the design process 
is depicted on Figure 4. as a curve No. 4. The ratio of a higher engineering 
effort can be extrapolated between curve No. 4 and curve No. 3 during the 
detailed design stage, as it closely resembles to the ratio between 2:1 and 
3:1 as stated earlier.

Figure 4. MacLeamy’s curve, as adapted from [28]

DESIGN UNCERTAINTIES FROM PRODUCT 
VARIABILITY PERSPECTIVE
According to Figure 2., the Lean Design comprises both, the process de-
sign and the product design. While the process design determines how to 
produce, the product design determines what is to be produced [23]. Uti-
lities tend to standardize, practicing utilization of standardized specificati-
ons and standardized designs [29]. According to [30], standardization is 
one of the methods of the applied Lean Philosophy that reduces variability. 
In simple words, the Lean Design is about design standardization reducing 
variability of potential design solutions, generally enabling reductions in 
time and cost [30]. However, standardization itself does not guarantee any 
significant reduction in variability of possible technical solutions, as accor-
ding to [31]; the range of possible technical solutions can be wide even 
with standard technical specifications, advising the generation of more 
thorough and precise specifications even for minor requirements.

Customization is opposite to standardization [30]. In general, and accor-
ding to [32], Pareto’s principle or 80-20 rule can be applied on substations, 

as “at least 80% of substation projects can use predefined standardized 
designs while 20% or fewer will require some form of customization”. Cu-
stomized designs are referred to as being innovative designs representing 
tomorrow standards [29]. 

The decision process is translation of inputs (requirements and constra-
ints) into an output (decisions) [9]. To correlate with Figure 3., all project 
requirements are treated as inputs into the decision process for the desi-
gner as additional constraints, while client’s requirements are treated as 
requirements. Figure 5. is given for that purpose to illustrate the design 
decision process.

Figure 5. Design decision process in the context of variability [9]

Variation may exist in the form of information fed as an input, but primary 
variations are stemming out of the design and environmental / manufactu-
ring variations [9]. While design variations can be controlled by affecting 
design parameters, environmental / manufacturing variations cannot be 
controlled, as these are based on factory product ranges [9], and they are 
represented as standard material / equipment properties. 

That results in variations around the mean acceptable performance of the 
design intent [9], and usually involves several acceptable potential product 
solutions as alternatives [10]. These are designer’s preferences that single 
out one alternative among the others [10], and seek out the best design as 
a solution following the rule of optimization [10]. 

PURSUING OPTIMIZATION WITH DECISION-
SUPPORT TOOLS
The iterative design process is an example where making of structure de-
cisions is required which is custom to engineering, as a route between the 
current and a desirable future state comprising multiple nodes of which 
each node has multiple options to be chosen [33]. According to [34], en-
gineers have been lately forced to make decisions with incomplete sets 
of information due to time constraints, and rapid decision-making under 
these conditions represents one of the most difficult tasks for engineers. 
Calculations are an integral part of the design process for various selecti-
ons and verifications [35], and engineers preferred to make them only once 
[36]. Although important decisions need to be made early and they need 
to be made firmly [24], sometimes decisions are to be made just-in-time 
(JIT) [37].

In general, the quality of decisions can be improved by utilization of com-
puter-based tools, such as knowledge-based systems (KBS) [9]. KBSs are 
categorized as decision-support tools [27]. Benefits include a support for 
key decisions to be made earlier along with an exploration of alternative 
solutions faster thus streamlining the design process [38]. Streamlining of 
the design process is also achieved through automation of various engi-
neering calculations ensuring efficiency and accuracy [39].

Three-dimensional (3D) models also enable exploration of alternatives for 
preparation of more effective designs [40], but also enable reduction in 
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Figure 3. depicts interrelationships among project requirements and it puts client’s requirements with 
identified requirements stemming out from the supply chain and construction into perspective. 
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According to Figure 3., the designer needs to translate the “voice of the client” defined inside client 
requirements successfully into the “voice of the designer” that is aligned with project requirements 
[27]. In essence, decisions are to be made on what exactly represents client’s requirements (seen as a 
problem), and the representation of those requirements in design terms (seen as the solution) [27].  
Less experienced clients tend to provide unclear and ambiguous requirements as input information in 
the design process [27], increasing design-uncertainty. Satisfaction of all project requirements 
according to Lean principles becomes a daunting task that requires, according to [19], a high level of 
engineering effort that is between two to three times higher compared to the traditional non-lean 
project delivery. 
A higher level of required engineering up-front effort in the design process is depicted on Figure 4. as 
a curve No. 4. The ratio of a higher engineering effort can be extrapolated between curve No. 4 and 
curve No. 3 during the detailed design stage, as it closely resembles to the ratio between 2:1 and 3:1 as 
stated earlier. 

Figure 4. MacLeamy’s curve, as adapted from [28] 

2.2 DESIGN UNCERTAINTIES FROM PRODUCT VARIABILITY 
PERSPECTIVE 

According to Figure 2., the Lean Design comprises both, the process design and the product design. 
While the process design determines how to produce, the product design determines what is to be 
produced [23]. Utilities tend to standardize, practicing utilization of standardized specifications and 
standardized designs [29]. According to [30], standardization is one of the methods of the applied 
Lean Philosophy that reduces variability. In simple words, the Lean Design is about design 
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standardization reducing variability of potential design solutions, generally enabling reductions in time 
and cost [30]. However, standardization itself does not guarantee any significant reduction in 
variability of possible technical solutions, as according to [31]; the range of possible technical 
solutions can be wide even with standard technical specifications, advising the generation of more 
thorough and precise specifications even for minor requirements. 
Customization is opposite to standardization [30]. In general, and according to [32], Pareto’s principle 
or 80-20 rule can be applied on substations, as “at least 80% of substation projects can use predefined 
standardized designs while 20% or fewer will require some form of customization”. Customized 
designs are referred to as being innovative designs representing tomorrow standards [29].  
The decision process is translation of inputs (requirements and constraints) into an output (decisions) 
[9]. To correlate with Figure 3., all project requirements are treated as inputs into the decision process 
for the designer as additional constraints, while client’s requirements are treated as requirements. 
Figure 5. is given for that purpose to illustrate the design decision process. 

Figure 5. Design decision process in the context of variability [9] 
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engineering man-hours and thus a faster throughput of projects [41]. Fa-
ster throughput of projects is enabled due to the design automation but is 
also due to rapid evaluation of design alternatives [42]. 3D models are also 
being referred to as knowledge repositories supporting standardization 
[43], under which the equipment is grouped into blocks [44], thus further 
enhancing reusability of same knowledge. In order to benefit from the 3D 
approach, the process of creating both standardized designs for re-usage 
and unique designs based on advanced 3D modelling techniques must 
be automated [42]. Generally, reusing previously captured solutions is a 
base for “delta engineering” which allows execution of processes starting 
from specifications up to delivery of final documentation, reducing times 
of engineering tasks through central project database [45]. According to 
[46], the substation model in 3D can embrace all aspects of the substation 
project lifecycle, and as such is depicted inside Figure 6.

Figure 6. Lifecycle of a substation in a 3D environment with image of El Chaparral 
station

Building Information Modeling (BIM) is seen as a bridge between decision-
support tools as engineering calculations and standardized designs in 3D, 
with data bases in the background [47]. 

BIM as “Building Information Modeling is the development and use of a 
computer software model to simulate the construction and operation of a 
facility. The resulting model, a Building Information Model, is a data-rich, 
object-oriented, intelligent and parametric digital representation of the faci-
lity, from which views and data appropriate to various users’ needs can be 
extracted and analyzed to generate information that can be used to make 
decisions and improve the process of delivering the facility” [48]. BIM as a 
Building Information Model is being referred to as a “shared knowledge re-
source for information about a facility forming a reliable basis for decisions 
during its lifecycle from inception onwards” [49].

From a project perspective, BIM stands to enable better decision-making 
shifting the effort to determine critical cost factors early in the design pro-
cess [50], as depicted inside Figure 4. as a curve No. 4 compared to a 
traditional workflow given as curve No. 3. That means that decisions will 
be made faster and earlier in the process, as making specifications of ma-
terials and brand selection can start earlier as opposed to the traditional 
way to identify suppliers and conducting a pre-selection of brands later 
on [51]. BIM models comprise “smart” objects containing project-relevant 
information, among others, calculations [52]. Substation specific calcula-
tions can be integrated with 3D substation model, as depicted on Figu-
re 7. Such an approach of having integrated calculations allows analysis 
and optimization of the design continuously during the entire design and 
planning phase [50], [53]. 

Figure 7. Concept of Efficient BIM Engineering – Integrated Calculations [53]

In general, if performed by a computer, calculations and recalculations are 
conducted more quickly, allowing further exploration of alternatives [36], 
and the decision-making is improved through simulations and analyses 
[54]. BIM therefore could also stand for as a lean framework enabling con-
current engineering, driving agility, and increased accuracy of estimations, 
designs and calculations with 3D representation defined as a key for en-

gineering decision-making during the entire lifecycle [55]. Decisions are 
often made, however, without considering of the effects on the project 
level [56]. 

DECISION-MAKING MODELS THROUGH THE 
LENS OF AGILITY
Agility is defined as “the ability of a system to thrive in an uncertain and 
unpredictable evolving environment; deploying effective response …” [57]. 
The effective response is related to the decision-making and the decision-
implementation [58] due to the constantly increasing demand for faster 
decision cycles [59].

While Simon’s model of problem solving is considered to be suitable for 
engineering problems, it does not include time as an attribute [60], which 
as a tempo or the decision cycle time is a unique feature of Boyd’s Obser-
ve – Orient – Decide – Act (OODA) decision making model [61]. 

Faster cycle times in OODA loop are instrumental for perception of the 
concept of agility [62]. OODA loop is a single-agent model [63], and as 
such it is fully aligned with the argument that decisions are always made 
by individuals and individuals alone [10]. OODA loop is depicted as a cycle 
at the top of Figure 8.

Figure 8. Linked OODA loop and PDSO cycle based on [63] with correction based 
on [64]

Steps of OODA are described as follows [63]:

•	 Observe step observe current environment and data / information 
gathered from both external and internal sources;

•	 Orient step enable orientation to current situation based on informati-
on fed, past experiences and analysis / synthesis for creation of new 
knowledge and allowing knowledge to be reused;

•	 Decide step develops hypotheses in order to identify and derive one 
solution over others, thus representing an identification of a course 
of action; and

•	 Act step allows testing of hypothesis by acting on a decision previo-
usly made [61].

Main focus of OODA loop is put on the Orient step [61]. It is impacted by 
employees’ keen understanding of the “big picture” [62], or by keeping 
a broad perspective [63]. It is a “mental thing” [64], shaping observation, 
decision and action [62]. 

Knowledge management is one cornerstone of agility [37]. OODA loop lacks 
planning stage and ability to store / recall data [61]. Remedy is achieved by 
linking OODA loop with Plan – Do – Study – Orient (PDSO) cycle, thus ena-
bling decision-making cycling for knowledge creation inside OODA loop 
to be combined with knowledge storage / retrieval within PDSO cycle [63]. 
PDSO cycle is depicted as a cycle at the bottom of Figure 8.

According to [63], from engineering standpoint, PDSA / PDSO cycling can 
be described as:

•	 Plan step for project scoping and developing a project plan along 
with reusing explicit knowledge from previous projects by means of 
project documentation;

•	 Do step deals with implementation of project plan along with reusing 
both explicit and tacit knowledge from previous projects;

•	 Study step enables assessment and reflection onto what has occu-
rred in the project and deals with lessons learnt;

•	 Act step deals with decision whether to reuse previous knowledge on 
new project or to abandon it.
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In general, if performed by a computer, calculations and recalculations are conducted more quickly, 
allowing further exploration of alternatives [36], and the decision-making is improved through 
simulations and analyses [54]. BIM therefore could also stand for as a lean framework enabling 
concurrent engineering, driving agility, and increased accuracy of estimations, designs and 
calculations with 3D representation defined as a key for engineering decision-making during the entire 
lifecycle [55]. Decisions are often made, however, without considering of the effects on the project 
level [56].  

2.4 DECISION-MAKING MODELS THROUGH THE LENS OF AGILITY 

Agility is defined as “the ability of a system to thrive in an uncertain and unpredictable evolving 
environment; deploying effective response …” [57]. The effective response is related to the decision-
making and the decision-implementation [58] due to the constantly increasing demand for faster 
decision cycles [59]. 
While Simon’s model of problem solving is considered to be suitable for engineering problems, it does 
not include time as an attribute [60], which as a tempo or the decision cycle time is a unique feature of 
Boyd’s Observe – Orient – Decide – Act (OODA) decision making model [61].  
Faster cycle times in OODA loop are instrumental for perception of the concept of agility [62]. OODA 
loop is a single-agent model [63], and as such it is fully aligned with the argument that decisions are 
always made by individuals and individuals alone [10]. OODA loop is depicted as a cycle at the top of 
Figure 8. 

Figure 8. Linked OODA loop and PDSO cycle based on [63] with correction based on [64] 
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• Observe step observe current environment and data / information gathered from both external 
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representing an identification of a course of action; and 
• Act step allows testing of hypothesis by acting on a decision previously made [61]. 

Main focus of OODA loop is put on the Orient step [61]. It is impacted by employees’ keen 
understanding of the “big picture” [62], or by keeping a broad perspective [63]. It is a “mental thing” 
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Act step also represent a link to Observe step of OODA loop for the purpo-
se of orientation whether or not to reuse previous project knowledge, thus 
PDSA cycle is renamed as PDSO cycle [63].

According to [63], PDSO cycle from a perspective of the project level and 
the project knowledge:

•	 Starts with Orient step toward Plan step where specific knowledge 
is carried

•	 Knowledge reuse occurs at Plan steps by means of reusing pro-
ject documentation, from earlier projects thus representing explicit 
knowledge;

•	 Knowledge reuse occurs at Do step from previous projects on both 
explicit and tacit level, including lessons learnt;

•	 Study steps deals with reflecting and assessing what has occurred 
in the project;

•	 PDS steps are related to knowledge flow during project completion 
or stage completion;

•	 Knowledge flows from Orient step of PDSO cycle to Observe step 
of OODA loop.

Operated within OODA loop, information is processed into knowledge 
(knowledge created) and reused, saving rework [63]. Decisions as such 
are a commitment to action, but not action itself [61].

Action can flow from two directions, namely from Decide and from Orient 
through Implicit Guidance and Control (IG&C) link [64]. Later on, one ena-
bles more rapid flow as the Decide step if skipped [64], as opposed to the 
flow form Decide which is required when one is unsure about the course 
of the action or when there is no plausible action that can be inferred via 
IG&C link [62].

As a rapid execution of OODA loop is essential for the overall project 
success [62], this can be achieved in two ways, either using IG&C link and 
skipping the Decide stage, or speeding up the Decide stage, but for both 
keeping our observation better matched to the reality is a key prerequisite 
for both ways [64].

According to [64], different ways of executing OODA loop deal with:

•	 Usage of existing repertoire of actions directly through IG&C link 
when faced with low levels of uncertainty, and

•	 Creating new repertoire of actions through the Decide stage em-
ploying a circular process through the feedback of unfolding interac-
tion with environment.

Standardization is seen as a method for creation of repertoires of action 
from perspectives of both OODA loop and Lean philosophy [64]. A succe-
ssful organization is described as one being able to employ the existing 
repertoire, create a new repertoire through circular OODA loop, and upda-
te orientations [64].

Figure 8. presents such linked OODA and PDSO cycles based on [63] with 
deleted input into the Decision from the Implicit Guidance & Control as 
non-existent according to [64]. 

A prime example of an Agile enterprise is an Agile Utility. Such an Utility 
is able to:

•	 Streamline the design process and automate it [66], [67];

•	 Standardize the process [68];

•	 Design in parallel [69], thus employing Concurrent Engineering;

•	 Define and employ standardized designs for each voltage level [67], 
[68], thus developing standard layouts [66] and applying it [67], [68];

•	 Utilize IT [66] through utilizing automated design tools [68] based on 
3D models [66];

•	 Employ designs for procurability and designs for constructability [66] 
and final solution optimization [68];

•	 Always looking for more innovative ways to deliver future projects 
under seemingly impossible time restraints [69];

•	 Reuse existing standardized designs as a jumpstart for each new 
project also involving customized configurations [67];

•	 Form alliances with vendors thus enabling shorter lead-times [66] and 
cost reductions [68].

According to [57], Agile principles can be incorporated into Lean princi-
ples without a compromise. While Lean principles ultimately come down 
to optimize the project and not its piece [30], and to ensure that once made 

decisions would never are to be revisited [64], Agile principles ultimately 
induce the speed and thus, faster response times. 

RIGID BUSBAR DESIGN PROCESS, 
VARIABLES AND CONSTRAINTS
In general, the rigid buswork design process involves selection of the mini-
mum bus size required for ampacity, insulators, hardware, electrical clea-
rance, and determining the short-circuit fault current [70].

Figure 9. Flowchart for the rigid buswork design process based on [71]

The flowchart of the horizontal rigid busbar design process is given in Fi-
gure 9, with a made assumption that the maximum span length is not 
limited by the aeolian vibration. According to [72], the procedure for rigid 
bus design is the following : (1) material and size selection based current-
carrying requirements, (2) determine bus centerline-to-centerline spacing, 
(3) calculate the maximum short-circuit force for bus to withstand, (4) de-
termine the total bus conductor loading including environmental factors, 
(5) calculate the maximum bus span / support spacing, (6) calculate the 
maximum vertical deflection, (7) determine the minimum required support 
insulator cantilever strength, (8) provide thermal expansions for conduc-
tors, (9) adequately position bus couplers / fittings, and (10) verify the pre-
sence of aeolian vibration.

To illustrate a relationship between design variables and environmental / 
manufacturing variables to constraints, Figure 10 is given representing an 
interaction of design variables and constraints.

Figure 10. Interaction of design variables and constraints for the rigid buswork 
selection [71]

Inside the first row of design variables, span and phase spacing are cle-
arly design controllable variables, while the conductor outer radius and 
conductor thickness are an example of environmental / manufacturing 
variables, which can be theoretically regarded as uncontrollable if unpro-
curable, due to the availability of materials that changes from a country to 

8 

• Always looking for more innovative ways to deliver future projects under seemingly 
impossible time restraints [69]; 

• Reuse existing standardized designs as a jumpstart for each new project also involving 
customized configurations [67]; 

• Form alliances with vendors thus enabling shorter lead-times [66] and cost reductions [68]. 
According to [57], Agile principles can be incorporated into Lean principles without a compromise. 
While Lean principles ultimately come down to optimize the project and not its piece [30], and to 
ensure that once made decisions would never are to be revisited [64], Agile principles ultimately 
induce the speed and thus, faster response times.  

2.5 RIGID BUSBAR DESIGN PROCESS, VARIABLES AND CONSTRAINTS 

In general, the rigid buswork design process involves selection of the minimum bus size required for 
ampacity, insulators, hardware, electrical clearance, and determining the short-circuit fault current 
[70]. 

Figure 9. Flowchart for the rigid buswork design process based on [71] 
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The flowchart of the horizontal rigid busbar design process is given in Figure 9, with a made 
assumption that the maximum span length is not limited by the aeolian vibration. According to [72], 
the procedure for rigid bus design is the following : (1) material and size selection based current-
carrying requirements, (2) determine bus centerline-to-centerline spacing, (3) calculate the maximum 
short-circuit force for bus to withstand, (4) determine the total bus conductor loading including 
environmental factors, (5) calculate the maximum bus span / support spacing, (6) calculate the 
maximum vertical deflection, (7) determine the minimum required support insulator cantilever 
strength, (8) provide thermal expansions for conductors, (9) adequately position bus couplers / fittings, 
and (10) verify the presence of aeolian vibration. 
To illustrate a relationship between design variables and environmental / manufacturing variables to 
constraints, Figure 10 is given representing an interaction of design variables and constraints. 

Figure 10. Interaction of design variables and constraints for the rigid buswork selection [71] 
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• A change in one or in all existing design variables, due to upgrading among others [7], [76]; 
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All in all, both standardized and customized designs for the rigid busbar selection require undertaking 
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a country [73]. Two bottom rows inside Figure 10 represent constraints 
for the rigid buswork selection. In the isolation, each of constraints can be 
easily satisfied [36]. However, the selection of the design variable to satisfy 
one constraint will not necessarily satisfy other constraints, thus making 
the rigid buswork design as an iterative process [71], involving excessive 
calculations [74]. Minimum electrical and structural requirements are usu-
ally defined inside company standards [75], and thus they have an anchor 
in the practice of standardized designs. Standardization can also be re-
flected into environmental / manufacturing design variables such as the 
conductor outer radius and its wall thickness being design controllable 
variables if indeed such materials are procurable, thus further reducing va-
riability on the input side of the design decision process. Customization 
can be manifested inside Figure 10. as:

An addition of new types of constraints such as physical site constraint 
[71], and due to upgrading [76] among others;

•	 Harsher existing types of constraints such as the deflection limit due 
to aesthetics [77], due to capacity increase [7], and / or due to the 
new substation location among others;

•	 A change in one or in all existing design variables, due to upgrading 
among others [7], [76];

•	 or it can encompass a new rigid buswork concept such as the A-
frame arrangement whose calculations are not covered by relevant 
standards [78].

All in all, both standardized and customized designs for the rigid busbar 
selection require undertaking of several design iterations before an optimi-
zed technical solution can be identified as the best option. 

PROSPECTIVES FOR STREAMLINING OF AN 
ENGINEERING DECISION-MAKING PROCESS
Reviewing the literature in the previous section, the following has become 
evident:

•	 Lean design stage should produce designs that are construction and 
procurement-driven;

•	 Design-uncertainties should be dealt up-front for both standardized 
and customized designs;

•	 Optimization should be pursued for both product and process design 
having the project level in mind;

•	 Design and decision-making processes are complementary and they 
can be streamlined with BIM;

•	 BIM is a decision-support tool enabling both Lean and Agile princi-
ples to design;

•	 Agile enterprises utilize IG&C link inside PDSO cycle for deploying 
existing repertoires of the action based on a range of standardized 
designs reducing the decision cycle time, while all other companies 
have to create new repertoires of the action before being able to uti-
lize such an IG&C link;

•	 Orientation step is the critical step inside the decision-making 
process;

•	 Rigid bus system design is a typical example of an iterative process.

The concept model presented on Figure 11 takes into account require-
ments to include procurability and constructability up-front in the design 
process, before undertaking a quest for optimization of the functional de-
sign. Once optimized and conforming to all project requirements, the func-
tional design is confirmed before its components are ready to be procured 
and henceforth installed / constructed.

Figure 11. Upgraded concept of Efficient BIM Engineering – Integrated Calculations 
with timely input regarding procurability / constructability fed up-front

Giving a timely input to design engineers up-front, the following is argued:

•	 Variation in manufacturing variables is reduced through an early iden-
tification of suppliers (perspective of procurability);

•	 Variation in design controllable variables is reduced through an early 
incorporation of principles of constructability (which may or may not 
be grounded into principles of standardization);

•	 Reduction in variation in both manufacturing and design controllable 
variables reduces the total number of technical solutions (design al-
ternatives) of the acceptable performance;

•	 The reduced total number of design alternatives with acceptable per-
formance makes the identification of a best solution easier among 
the rest based on designer’s preferences.

Having integrated calculations incorporated into BIM, the following is 
argued:

•	 Time required to single out the best solution is reduced;

•	 Time required to verify the best solution is reduced;

•	 Time required to verify any solution is reduced.

While integrated calculations with BIM contribute to agility through spee-
ding up of the verification process by automation and to the selection of 
an optimized solution from the perspective of the design, lean principles 
contribute to the time reduction through a filtration of numerous design al-
ternatives by focusing on best suited ones when observed from the project 
level. A question can be asked regarding possible differences in cycling 
within a PDSO cycle between an Agile enterprise and other enterprises. 

Would such differences be grounded in the standardization and custo-
mization? And if they are, how these differences are manifested from a 
perspective of a decision-making process? What stages of the decision-
making process contribute to the final streamlining of a decision-making 
process? Subsequently, how does this relate to the rigid busbar system 
design process and from the context of BIM? Answers to these questions 
shall be put forward by observing modus operandi of an Agile Utility as 
presented inside section 2.4 of this paper, in contrast to the usability test 
performed on the rigid busbar system design falling under the category of 
a customized design from the company’s perspective.

TUBULAR BUSBAR SYSTEM DESIGN 
EXAMPLE FROM EL CHAPARRAL 
PROJECT
The Company ongoing project consists of a 115 kV switching station, El 
Chaparral, as a greenfield investment and of a 115 kV substation, 15 de 
Septiembre, as a brownfield investment, both in El Salvador. Both stations 
are of breaker-and-a-half arrangement. 

Some of client’s initial design requirements relating to the busbar system 
of El Chaparral station were ambiguous in regards to:

•	 Basic Insulation Level (BIL) between 550 kV and 650 kV, representing 
a parallel requirement for both highest voltage for equipment of 123 
kV and 145 kV respectively;

•	 Aluminum rigid tube properties as Standard Pipe Size (SPS) 3.5 inch 
was stated but with no other defined requirements relating to its 
schedule type (outer radius and wall thickness), nor related to alloy 
type.
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Form a perspective of refurbishment of existing station, 15 de Septiem-
bre, not directly related to the busbar system, following ambiguities were 
related to:

•	 A new rigid tube to be installed between two existing 115 kV dis-
connectors required a rigid tube SPS 2.5 inch, schedule 40 of alloy 
6063-T6 type, while electrical DC resistance @ 20°C parameter sta-
ted was referring to a SPS 3 inch, schedule 80, alloy 6061-T6 tube;

•	 No initial requirements for post insulators were stated. However, as 
existing steel gantries were initially dimensioned as not being able to 
receive additional gravitational loads of line traps, each new line trap 
had to be installed on pedestal and supported with additional steel 
adapter installed between tops of two post insulators. The existing 
rigid tube goes between these two post insulators slightly beneath 
the bottom of such a steel adapter while satisfying the minimal pha-
se-to-ground voltage clearance towards the top of the steel support 
supporting this entire assembly. This solution is depicted in Figure 
12. b).

The rigid buswork system at El Chaparral switching station supports cu-
rrently two diameters and it is depicted in Figure 12.a).

Figure 12. (a) Isometric view of the rigid tubular buswork system, (b) Tubular rigid 
conductor installed between two disconnectors and going in-between two post 
insulators for line trap installation

Other atypical client’s requirement were related to:

•	 Standardization of equipment / materials between both stations;

•	 Steel structure designs to follow the foundation design, as foundati-
ons were previously designed by one of Client’s subcontractor.

Project requirements were related mostly to procurability of rigid tube 

conductors according to ANSI H35.2 standard, as suppliers failed to pro-
vide exact specifications especially regarding the value of electrical DC 
resistance @ 20°C parameter. Encountered engineering challenges were 
related to:

•	 Inability to timely define procurability of tubular conductors early in 
the design stage;

•	 Designing both stations in parallel with definition regarding the insta-
llation of line traps and eventual usage of post insulators still lagging 
behind the design of the buswork system;

•	 First time dealing with IEEE 605-2008 standard, as all calculations 
were conducted manually;

•	 Resolution of the requirement stating BIL 650 kV over 550 kV, thus 
influencing the buswork system as the tube conductor centerline-to-
ground height has increased;

•	 Downstream steel support engineering required timely inputs for their 
part of engineering in order to fit in to the previously locked solution 
for the foundation design.

All of these requirements had put a great deal of pressure on the electrical 
design engineer (representing up-stream engineering) to make timely de-
cisions in a short period of time whilst limited information of high levels of 
uncertainty at engineers’ disposal. Upstream engineering thus had to be 
conducted by observing multiple “what-if” scenarios involving calculations 
and analyses as a part of the multi-iterative design process, before relevant 
information could be passed downstream.

During upstream engineering decisions were made by following Lean prin-
ciples of optimizing the project and not its piece, and by ensuring decisi-
ons once made are never revisited again from the upstream engineering 
standpoint:

•	 Type TR-289 post insulators were specified instead of type TR-286 
at both stations, as requirement for BIL 650 kV ultimately prevailed 
over BIL 550 kV, 

•	 Type TR-288 post insulators were discarded as a solution due a les-
ser cantilever strength when compared to type TR-286, as type TR-
286 post insulators were a strict tender requirement;

•	 Upgraded version of type TR-289 post insulators were specified 
with regards to greater permissible tensile, torsion and compression 
forces;

•	 All rigid tubular conductors were defined as SPS 3.5 inch, schedule 
40, alloy type 6063-T6 over alloy type 6061-T6 due to better volume 
electrical conductivity at 20°C percent IACS;

•	 Volume electrical conductivity at 20°C percent IACS for alloy type 
6063-T6 inside calculations was fixed at the typical value of 53 as 
according to IEEE 605-2008, rather than applying allowed value of 55 
to be utilized, as allowed by NEMA standard [74]; 

•	 Damping rope due to Aeolian vibration was specified on an entire 
span length, instead on only its two thirds, and of type procurable 
falling into weight range advised by IEEE 605-2008;

•	 Clamps / fittings with current links were specified supporting busbar 
expandability through single spans, therefore concept of continuous 
busbars was not followed.

In essence, these decisions made aimed at worst case scenario due to 
weights and forces transferred onto steel structures, in order to pass 
downstream batches of information relevant for the steel structure design, 
all for the purpose of both minimizing number of iterations both upstream 
and downstream, but also for streamlining downstream engineering pro-
cess. However, even though design variables of span length and phase-
to-phase distance (initially already supporting a value of 2.44 meters based 
on BIL 650 kV as according to [79], [80]) were locked, that still has not 
relieved design requirement to satisfy all constraints as indicated inside Fi-
gure 10., thus requiring exploration of several alternatives including calcu-
lations before turning to the validation of selection for both equipment and 
materials inside the buswork system. Conducting these calculations and 
generation of subsequent drawings manually proved to be an undertaking 
wasting engineering resources. Solution for streamlining both the design 
process and decision-making process has been sought in the meantime 
by the company, and by following current industry trends, company has 
acquired “primtech” solution for the smart substation design which was 
later utilized on entire HV equipment on a station including verification of 
results on busbar conductor selection as well. “Primtech’s” integrated cal-
culations were conducted according to IEC 60865-1 in which the accuracy 
of calculations has been previously already established. Obtained results 
confirmed that our designs according to IEEE 605-2008 were on the safe 
side of the calculation. The most important is that calculations were per-
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BIM? Answers to these questions shall be put forward by observing modus operandi of an Agile 
Utility as presented inside section 2.4 of this paper, in contrast to the usability test performed on the 
rigid busbar system design falling under the category of a customized design from the company’s 
perspective. 

4. TUBULAR BUSBAR SYSTEM DESIGN EXAMPLE FROM EL CHAPARRAL 
PROJECT 

The Company ongoing project consists of a 115 kV switching station, El Chaparral, as a greenfield 
investment and of a 115 kV substation, 15 de Septiembre, as a brownfield investment, both in El 
Salvador. Both stations are of breaker-and-a-half arrangement.  
Some of client’s initial design requirements relating to the busbar system of El Chaparral station were 
ambiguous in regards to: 

• Basic Insulation Level (BIL) between 550 kV and 650 kV, representing a parallel requirement 
for both highest voltage for equipment of 123 kV and 145 kV respectively; 

• Aluminum rigid tube properties as Standard Pipe Size (SPS) 3.5 inch was stated but with no 
other defined requirements relating to its schedule type (outer radius and wall thickness), nor 
related to alloy type. 

Form a perspective of refurbishment of existing station, 15 de Septiembre, not directly related to the 
busbar system, following ambiguities were related to: 

• A new rigid tube to be installed between two existing 115 kV disconnectors required a rigid 
tube SPS 2.5 inch, schedule 40 of alloy 6063-T6 type, while electrical DC resistance @ 20°C 
parameter stated was referring to a SPS 3 inch, schedule 80, alloy 6061-T6 tube; 

• No initial requirements for post insulators were stated. However, as existing steel gantries 
were initially dimensioned as not being able to receive additional gravitational loads of line 
traps, each new line trap had to be installed on pedestal and supported with additional steel 
adapter installed between tops of two post insulators. The existing rigid tube goes between 
these two post insulators slightly beneath the bottom of such a steel adapter while satisfying 
the minimal phase-to-ground voltage clearance towards the top of the steel support supporting 
this entire assembly. This solution is depicted in Figure 12. b). 

The rigid buswork system at El Chaparral switching station supports currently two diameters and it is 
depicted in Figure 12.a). 

Figure 12. (a) Isometric view of the rigid tubular buswork system, (b) Tubular rigid conductor 
installed between two disconnectors and going in-between two post insulators for line trap installation 

Other atypical client’s requirement were related to: 
• Standardization of equipment / materials between both stations; 
• Steel structure designs to follow the foundation design, as foundations were previously 

designed by one of Client’s subcontractor. 
Project requirements were related mostly to procurability of rigid tube conductors according to ANSI 
H35.2 standard, as suppliers failed to provide exact specifications especially regarding the value of 
electrical DC resistance @ 20°C parameter. Encountered engineering challenges were related to: 
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formed much faster as being automated, thus enabling a faster selection 
of the best / optimal solution.

DISCUSSION
Drawing on the problem statement brought forward inside Section 3, 
example of the modus operandi of an Agile Utility defined in Section 2.4, 
and on the described usability test set forth in Section 4 of this paper, this 
section presents a discussion about relevant questions asked in Section 3 
from a perspective of a PDSO cycle. 

Agile Utilities are able to use existing repertoires of action skipping the De-
cide stage through standardized layouts, answering the question whether 
the current design is the best solution or not. This path is given with blue 
color inside the Figure 13. All non-Agile enterprises and Agile Utilities dea-
ling with innovative / customized designs must follow an entire sequence 
from Observe to Act marked with red arrows. In all cases, Act step cannot 
be skipped as it is related to undertaking of analysis / calculations as a 
prerequisite for a solution capture and justification.

New repertoires of action are created by cycling within a bigger loop 
between Observe step and Act step through feedback #2 with possibi-
lity of several iterations to be conducted by cycling through smaller loop 
between Observe and Decide through feedback #1. Once new repertoire 
is defined as the best solution under required conditions and it is verified 
through running analysis / calculations, such a solution is saved as a 3D 
BIM model for future knowledge reuse. Saving a solution as a 3D model 
applies also to each new reused standardized solution stemming from 
IG&C link. 

Figure 13. presents a new conceptual model of a PDSO cycle based on 
the depicted one in Figure 8.

Figure 13. PDSO cycle with indicated differences between an Agile and non-Agile 
enterprise in respect to the design process based on utilization of BIM models, as 
adapted from Figure 8.

The Orient step is based on five triads of LPDS. The Lean Design is impac-
ted by the Lean Supply through procurability, and by the Lean Assembly 
through constructability. These influences are marked with green arrows 
inside the Orient step. Same can be applied to the Project Definition step 
of LPDS as indicated with orange arrows. The Orient step as such, and if 
based on LPDS, enables pro-active search for waste reduction possibiliti-
es during the Observe step. The Observe step enables a correlation of de-
sign requirements and constraints with project requirements. While design 
requirements and constraints are fed from the Orient step of PDSO cycle 
through Unfolding Circumstances, the input enabling constant correlation 
with project level is fed through External Information input into Observe. 

As Figure 13. is defined from a design engineer’s perspective, the External 
information input is a direct correlation to project management through 

which up-front project related information is being fed. Elements marked 
with the green color belong to both paths of the repertoire definition / 
usage.

Streamlining of a decision-making process is conducted through all steps 
of OODA loop combined with a 3D BIM model as a heart of a PDSO cycle: 
the Observe step through utilization of the Lean principles, and for the De-
cide and Act steps through agility due to integrated calculations. The pre-
requisite for both is a 3D BIM model as a knowledge repository.

CONCLUSION
During Plan, Do and Study steps of a PDSO cycle, knowledge from pre-
vious project flows into the new project, meaning that design variables 
and constraints relevant for buswork design are taken from previous pro-
jects as relevant ones during the first iteration. Up-front input must be 
given from project management level regarding availability of materials / 
equipment that impact final buswork design. Procurability and constructa-
bility concepts must be taken into an account during the design stage. 
This reduces the total number of alternative solutions, thus faster and 
more accurate identification of a best optimal solution from a project level 
is supported. Reduction in number of iterations reduces the number of 
engineering man-hours required. Through usage of software with integra-
ted calculations, verification of design solutions is conducted much faster 
and more accurate. Streamlined design process has a direct impact on 
streamlining of an engineering decision-making process. Streamlined and 
more accurate information flow is a key for streamlining the engineering 
decision-making process.

RECOMMENDATIONS
Future papers leaning on this topic could relate to the decision-making for 
the design of other switchgear parts inside the power substation. Also, fu-
ture papers could relate to an extension of 3D modeling with BIM in regar-
ds to the construction sequencing through utilization of four-dimensional 
(4D) BIM models (3D space + time), and / or utilization of five-dimensional 
(5D) BIM models involving 3D space + time + cost as additional dimensi-
ons, thus examining the engineering decision-making process from both 
levels of overall project optimization and design solution optimization.
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this paper, this section presents a discussion about relevant questions asked in Section 3 from a 
perspective of a PDSO cycle.  
Agile Utilities are able to use existing repertoires of action skipping the Decide stage through 
standardized layouts, answering the question whether the current design is the best solution or not. 
This path is given with blue color inside the Figure 13. All non-Agile enterprises and Agile Utilities 
dealing with innovative / customized designs must follow an entire sequence from Observe to Act 
marked with red arrows. In all cases, Act step cannot be skipped as it is related to undertaking of 
analysis / calculations as a prerequisite for a solution capture and justification. 
New repertoires of action are created by cycling within a bigger loop between Observe step and Act 
step through feedback #2 with possibility of several iterations to be conducted by cycling through 
smaller loop between Observe and Decide through feedback #1. Once new repertoire is defined as the 
best solution under required conditions and it is verified through running analysis / calculations, such a 
solution is saved as a 3D BIM model for future knowledge reuse. Saving a solution as a 3D model 
applies also to each new reused standardized solution stemming from IG&C link.  
Figure 13. presents a new conceptual model of a PDSO cycle based on the depicted one in Figure 8. 

Figure 13. PDSO cycle with indicated differences between an Agile and non-Agile enterprise in 
respect to the design process based on utilization of BIM models, as adapted from Figure 8. 

The Orient step is based on five triads of LPDS. The Lean Design is impacted by the Lean Supply 
through procurability, and by the Lean Assembly through constructability. These influences are 
marked with green arrows inside the Orient step. Same can be applied to the Project Definition step of 
LPDS as indicated with orange arrows. The Orient step as such, and if based on LPDS, enables pro-
active search for waste reduction possibilities during the Observe step. The Observe step enables a 
correlation of design requirements and constraints with project requirements. While design 
requirements and constraints are fed from the Orient step of PDSO cycle through Unfolding 
Circumstances, the input enabling constant correlation with project level is fed through External 
Information input into Observe.  
As Figure 13. is defined from a design engineer’s perspective, the External information input is a 
direct correlation to project management through which up-front project related information is being 
fed. Elements marked with the green color belong to both paths of the repertoire definition / usage. 
Streamlining of a decision-making process is conducted through all steps of OODA loop combined 
with a 3D BIM model as a heart of a PDSO cycle: the Observe step through utilization of the Lean 
principles, and for the Decide and Act steps through agility due to integrated calculations. The 
prerequisite for both is a 3D BIM model as a knowledge repository. 
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SUMMARY
Classic approach to preventive maintenance of equipment in power system substations was based on periodical maintenance according to regulati-
ons and best practices recommended by vendors. SCADA system in HOPS is used primary for real-time monitoring and control of the equipment in 
substations. Real time data available in SCADA databases contain useful information for substation maintenance optimization based on operational 
conditions. Malfunctions and failures in the substations are monitored via SCADA system. Analyses of these data can be used to evaluate maintenan-
ce strategy and plan the reconstructions and replacement of the equipment.

This article presents current maintenance management approach in HOPS, which is the only transmission system operator in Croatia, and possible 
improvements in efficiency of equipment maintenance using SCADA data. Prerequisite for the analyses of these kinds of data is standardization and 
unification of information names and structures. HOPS put a lot of effort in standardization of SCADA data during last refurbishment of control centers. 
Use of SCADA data for analysis drives the need for standardization and vice versa.

Examples of statistical analyses of the SCADA data are done on multiple levels. High level analyses is used to provide the global overview of the 
real time data. It can point to suspicious information that require detailed analyses. The signals that appear often in the list can indicate that there is 
a problem in the primary equipment, monitoring system or alarm configuration. Low level analyses can be done on target information important for 
equipment maintenance. In this paper some low level analyses are presented for switching equipment, transformer lifetime, equipment in operation, 
and tap changer operation. An analysis is made for number of switching operations for breakers and disconnectors in different operational conditions. 
Preventive maintenance should be done based on number of switching in normal operations and even more often for breakers that are often interrup-
ting fault current. SCADA data can be used for availability of the equipment and duration of failures thus providing valuable information to managers. 
An analysis on RTU communication availability is shown.
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INTRODUCTION
Transmission System Operator Company (HOPS) has two major criteria for 
defining company efficiency, technical and economic criteria. New smart 
grid and information-based applications can be suitable to create, trace 
and analyze those criteria [1][2]. Maintenance management for substation 
equipment is crucial one in accomplishing both technical and economic 
efficiency criteria. Former periodic maintenance process can be enhanced 
towards more preventive and condition based maintenance. To make this 
shift possible it is important to collect and correlate data from substations 
and direct consequence of this process is gathering of substantial amount 
of data in control center [3].

Main role of control centers is monitoring and control the power system 
but beside that, modern centers should have new additional roles and one 
of these roles will be smart grid platform for maintenance functionality in 
TSO. To achieve that, station SCADA systems gather as much data as po-
ssible from each piece of substation equipment and then that data is being 
forwarded into control centers’ SCADA systems. Almost all acquired data 
is stored in central utility data warehouse at TSO. Smart grid applications 
should process those data in centers for maintenance purposes assisting 
preventive and conditions based management for substations equipment 
maintenances.

DATA POINTS AVAILABLE IN CONTROL 
CENTRE SCADA SYSTEM
HOPS is only transmission system operator in Croatia and is responsible 
for operation, maintenance and construction of entire high voltage tran-
smission network (400kV, 220kV and 110kV) as presented in figure 1. Peak 
load of Croatian power system network is 3 GW. Production installed ca-
pacity is 4.5 GW. Transmission network is controlled remotely through mo-
dern SCADA system. All internal transmission substations and numerous 
substation in neighboring TSOs are connected to that system

Figure 1. Detail schemes of Croatian transmission network with substations and 
power plants.

Station computers and RTUs in transmission object collect all local in-
formation and transfer most of it to the SCADA in control center. HOPS 
SCADA aggregate all information in database. General data in SCADA is 
as follow:

•	 185 substations and power plant switchyards on 110, 220 and 400 
kV voltage level,

•	 84.000 indications,

•	 9000 measurements.

SCADA in control center is a fundamental application and it is a source 
for many others. One of important applications is Energy Management 
System (EMS). Some general data that described the size of HOPS EMS 

model is presented in Table 1.

Table 1. Size of the EMS model.

Region Stati-
on

Sub-
net

Bay Gene-
rator

Tran-
sfor-
mer

Line Load Capa-
citor

Reac-
tor

OSIJEK 25 75 420 3 56 52 50 3 1

RIJEKA 45 123 818 14 106 73 90

SPLIT 55 174 1198 41 121 90 86

ZAGREB 60 182 955 28 169 112 145 3 1

Total 185 554 3391 86 452 327 371 6 2
HOPS has been created from four companies that are now four regions 
within HOPS. Besides historical differences, there are other big differences 
between regions:

•	 Geographically differences (lowland, seaside region, mountain regi-
on, islands),

•	 Very different climate,

•	 Different structure of generation and load,

•	 Some specifics in operations rules, control and protection equipment.

Each of the transmission region is operated by its own regional control 
center. Therefore, data in SCADA databases are different. Some of the re-
gional centers took more generalized approach where they send grouped 
data from substation indicating that there is an error on particular part of 
the equipment, while other regional centers send detailed data describing 
the type of the error. This can be shown on example of breaker failure indi-
cation. In some regional control centers there is only a group signal named 
“Breaker failure” while in other regional control centers individual signals 
like “Loss of SF6” can be found.

Table 2 presents an average number of indication and measurement per 
equipment in database. Individual number of indications differs based on 
age of equipment in substations. Newer substations have significantly lar-
ger number of information in database.

Table 2. Average number of indications and measurements per equipment.

Voltage Generator Capacitor Reactor Bus Transformer Line
0-110 kV 5,8 17,0 1,1 0,2 9,1
110 kV 3,0 20,0 86,0 0,4 53,6 95,2
220 kV 1,9 0,5 60,6 50,0
400 kV 3,2 4,7 0,6 28,2 31,1
Total 4,5 18,5 3,8 0,3 45,9 74,7

SCADA database contains real time information for the following 
equipment:

•	 Operational data for primary equipment (active and reactive power 
measurements, current and voltage, switching status, transformer 
regulating control operation, etc.),

•	 Protection relay operation data,

•	 Primary and secondary equipment failures and warnings,

•	 Communication information (RTUs, switches, SCADA).

EMS system is integrated in SCADA system and contains data on power 
system equipment operating limits. In addition, EMS uses network model 
builder for calculating current topological state of the network.

CURRENT PROCESS FOR PLANNING 
OF MAINTENANCE AND STATISTICS
ISOHOPS is programming system created in 1993 and last updated in 
2011. The main purpose of the system is asset management and main-
tenance planning based on the HOPS’ “Maintenance Rule Book” for the 
transmission network. It consists of two parts: technical database and 
maintenance rules. Technical database lists, categorizes and describes all 
equipment in HOPS’ ownership. Maintenance rules proscribe schedules, 
type of work, authorization and accountability.

Independently another program system “Operating Events Statistics” 
(OES) monitors the availability of transmission network units over a one-
year period. Flowchart for generating OES and collecting data with Yearly 
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1. INTRODUCTION
Transmission System Operator Company (HOPS) has two major criteria for defining company 
efficiency, technical and economic criteria. New smart grid and information-based applications can be 
suitable to create, trace and analyze those criteria [1][2]. Maintenance management for substation
equipment is crucial one in accomplishing both technical and economic efficiency criteria. Former 
periodic maintenance process can be enhanced towards more preventive and condition based 
maintenance. To make this shift possible it is important to collect and correlate data from substations
and direct consequence of this process is gathering of substantial amount of data in control center [3].

Main role of control centers is monitoring and control the power system but beside that, modern 
centers should have new additional roles and one of these roles will be smart grid platform for 
maintenance functionality in TSO. To achieve that, station SCADA systems gather as much data as
possible from each piece of substation equipment and then that data is being forwarded into control 
centers’ SCADA systems. Almost all acquired data is stored in central utility data warehouse at TSO. 
Smart grid applications should process those data in centers for maintenance purposes assisting 
preventive and conditions based management for substations equipment maintenances.

2. DATA POINTS AVAILABLE IN CONTROL CENTRE SCADA SYSTEM
HOPS is only transmission system operator in Croatia and is responsible for operation, maintenance 
and construction of entire high voltage transmission network (400kV, 220kV and 110kV) as presented 
in figure 1. Peak load of Croatian power system network is 3 GW. Production installed capacity is 4.5 
GW. Transmission network is controlled remotely through modern SCADA system. All internal 
transmission substations and numerous substation in neighboring TSOs are connected to that system

Figure 1. Detail schemes of Croatian transmission network with substations and power plants.

Station computers and RTUs in transmission object collect all local information and transfer most of it
to the SCADA in control center. HOPS SCADA aggregate all information in database. General data in 
SCADA is as follow:

• 185 substations and power plant switchyards on 110, 220 and 400 kV voltage level,

• 84.000 indications,

• 9000 measurements.
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report, which result, is presented on figure 3. Operator in Control Center 
manually input data in application DOR (Daily Operating Report). Expert for 
operational analysis validates and checks data and after they are automa-
tically transferred to program and database for OES.

Figure 2. Basic flow chart for creating Operating events statistic (OES) from Daily 
operating report (DOR). 

Figure 3. Details of yearly forced outages for Yearly report in period of 2012-2016.

Data collected is used to create a yearly report that consists of equipment 
statistics e.g. total number of transformers, transmission lines length, for-
ced and planned outages of equipment broken down by various criteria. 
One of the indicators of company maintenance and business efficiency 
that derives from the “Operating Events Statistics” is in figure 3, and shows 
the number of forced outages for one year. The x-axis lists time intervals 
(up to 10 minutes, over 10 minutes to 1 hour etc.) On axis y forced outages 
are broken down by years.

Present-day approach to planning of maintenance results from compli-
ance with existing regulation and internal maintenance procedures. Apart 
from reports on problems found during scheduled maintenance, there is 
no correlation with actual failure rate.

“Operating Events Statistics” is useful tool for analyzing key performance 
indicators but since it is compiled as an official yearly report, its use is limi-
ted because of lateness of the report and inflexibility of analysis.

Idea is to move more towards conditions based maintenance utilizing 
data collected in SCADA system in control center. Preventive mainte-
nance, which relies on periodic maintenance work on equipment, can be 
improved with a new way of using SCADA data. First step is a work to 
have internal standardization of data point naming in company. Second 
step is analyses of alarms, events and measurements to create proactive 
maintenance.

NEW PROCESS FOR ADVANCED 
EQUIPMENT MANAGEMENT

Standardization of data points naming
A great challenge for HOPS has been the standardization of data points 
in SCADA database. Standardization has been done with utmost dedica-
tion and precision especially considering that both primary and secondary 
equipment in substations are diverse across regions and across time of 
installation. This affected naming, classification and grouping of signals in 
station SCADA, and consequently in control center.

Unification began in 2012 with refurbishment of SCADA systems in control 
centers. Figure 4 shows the number of indications per unique name for 
each area. Total number of indications per unique name is 14. The result 
of unifying effort is a catalog of unified process information that has decre-
ased from 6500 unique names to 1500 names recommended for use in 
185 stations. That corresponds to around 50 indications per unique name.

Catalog contains many information on each individual processing signal, 
and point name is a key to get all properties for this signal. Figure 5 shows 
hierarchical structure, classification and location of indication. For each 
type of equipment like relay protection, breaker, disconnector transfor-
mer, measurement, process information, auxiliary systems there are po-
int classes (trip, alarm, failure, control etc.). This classification and unique 
information is good base for operational system analyses. The catalogue 
contains information of processing of signal, states of signals, place of 
delivery etc. Also suggested are the addresses according to IEC61850 for 
SIPROTEC 5 generations. For others types of IED it needs to be further 
defined [4].

Figure 4. Number of indications per unique name before work on unification. 
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system is asset management and maintenance planning based on the HOPS’ “Maintenance Rule 
Book” for the transmission network. It consists of two parts: technical database and maintenance rules. 
Technical database lists, categorizes and describes all equipment in HOPS’ ownership. Maintenance 
rules proscribe schedules, type of work, authorization and accountability.

Independently another program system “Operating Events Statistics” (OES) monitors the availability 
of transmission network units over a one-year period. Flowchart for generating OES and collecting 
data with Yearly report, which result, is presented on figure 3. Operator in Control Center manually 
input data in application DOR (Daily Operating Report). Expert for operational analysis validates and 
checks data and after they are automatically transferred to program and database for OES.
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maintenance, there is no correlation with actual failure rate.

“Operating Events Statistics” is useful tool for analyzing key performance indicators but since it is 
compiled as an official yearly report, its use is limited because of lateness of the report and 
inflexibility of analysis.

Idea is to move more towards conditions based maintenance utilizing data collected in SCADA system 
in control center. Preventive maintenance, which relies on periodic maintenance work on equipment,
can be improved with a new way of using SCADA data. First step is a work to have internal 
standardization of data point naming in company. Second step is analyses of alarms, events and 
measurements to create proactive maintenance.
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4. NEW PROCESS FOR ADVANCED EQUIPMENT MANAGEMENT

4.1. Standardization of data points naming
A great challenge for HOPS has been the standardization of data points in SCADA database.
Standardization has been done with utmost dedication and precision especially considering that both 
primary and secondary equipment in substations are diverse across regions and across time of 
installation. This affected naming, classification and grouping of signals in station SCADA, and 
consequently in control center.

Unification began in 2012 with refurbishment of SCADA systems in control centers. Figure 4 shows 
the number of indications per unique name for each area. Total number of indications per unique name 
is 14. The result of unifying effort is a catalog of unified process information that has decreased from 
6500 unique names to 1500 names recommended for use in 185 stations. That corresponds to around
50 indications per unique name.

Catalog contains many information on each individual processing signal, and point name is a key to 
get all properties for this signal. Figure 5 shows hierarchical structure, classification and location of 
indication. For each type of equipment like relay protection, breaker, disconnector transformer, 
measurement, process information, auxiliary systems there are point classes (trip, alarm, failure, 
control etc.). This classification and unique information is good base for operational system analyses. 
The catalogue contains information of processing of signal, states of signals, place of delivery etc. 
Also suggested are the addresses according to IEC61850 for SIPROTEC 5 generations. For others 
types of IED it needs to be further defined [4].

Area name

NCC_Supervision 42 8 5,3
NCC_Command 8 7 1,1
NCC 3979 164 24,3
RCC OSIJEK 12935 1557 8,3
RCC RIJEKA 19178 1507 12,7
RCC SPLIT 22929 2443 9,4
RCC ZAGREB 23054 2628 8,8
Training 6 3 2,0
Total 82131 5885 14,0
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...
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Figure 4. Number of indications per unique name 
before work on unification.

Figure 5. An example of indication classification and 
location.

Standardized SCADA database can be used for improvements in maintenance process and for 
monitoring of Key Performance Index (KPI). SCADA database comprise important information on 
operational state of equipment in substations, diverse malfunctions in power system elements and 
power system information (alarms, events, measurements, etc.). When smart analytics are applied on 
raw SCADA data, a lot of useful information can be found and used for improving overall reliability 
of the system and at the same time optimizing maintenance costs.

4.2. Analyses of number of events per signal and per type of signal
Figure 6 contrasts number of data points in the database with number of events for name/type of 
indication. Ideal case would be that each bay has the same names/types of indications, which would 
make comparison and analysis trivial. Figure 6 in lower right corner lists a number of indication 
names/types that have small number of data points in database but large number of events associated 
with them. There is continuous work on decreasing these kind of data. 

Total number of indications in SCADA system is close to 90.000. In operational use, there are more 
than 5.500 different names/types. Those large number of signal names/types have historical causes. So 
for the all refurbishment process and new substations “Catalog of unified process information” is used 
to implement all signals in station computer and SCADA.

Analysis and reporting work is rather complex and to be effective it is essential to have standardized 
signal names. Process of standardization is important for itself but is also needed to be carried out for 
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to implement all signals in station computer and SCADA.

Analysis and reporting work is rather complex and to be effective it is essential to have standardized 
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Standardized SCADA database can be used for improvements in ma-
intenance process and for monitoring of Key Performance Index (KPI). 
SCADA database comprise important information on operational state of 
equipment in substations, diverse malfunctions in power system elements 
and power system information (alarms, events, measurements, etc.). 
When smart analytics are applied on raw SCADA data, a lot of useful infor-
mation can be found and used for improving overall reliability of the system 
and at the same time optimizing maintenance costs.

Analyses of number of events per signal and per 
type of signal
Figure 6 contrasts number of data points in the database with number of 
events for name/type of indication. Ideal case would be that each bay has 
the same names/types of indications, which would make comparison and 
analysis trivial. Figure 6 in lower right corner lists a number of indication 
names/types that have small number of data points in database but large 
number of events associated with them. There is continuous work on de-
creasing these kind of data. 

Total number of indications in SCADA system is close to 90.000. In ope-
rational use, there are more than 5.500 different names/types. Those large 
number of signal names/types have historical causes. So for the all refur-
bishment process and new substations “Catalog of unified process infor-
mation” is used to implement all signals in station computer and SCADA. 

Analysis and reporting work is rather complex and to be effective it is 
essential to have standardized signal names. Process of standardizati-
on is important for itself but is also needed to be carried out for better 
equipment maintenance management. Without standardization it is impo-
ssible to implement advanced management application based on SCADA 
data in control center.

Figure 6. Number of data points in database vs number of events for name/type of 
indication. 

Figure 7. Flow chart for extended new process for maintenance based on SCADA 
data

New Process for Maintenance
New process for maintenance relies on SCADA data to adapt planned 
maintenance schedule to respond to operational state of equipment. De-
cision on time interval for maintenance schedule is created after analysis 
of certain groups of data. The flow chart of this decision is on the right side 
of figure 7.

ANALYZING ALARMS AND EVENTS 
Application deployed at HOPS gathers data from SCADA and correlates it 
with information from catalog of process information to create analysis and 
reports for various time periods. Analysis and reports are used for various 
purposes and one of them is maintenance management. 

Monitoring the operation of switching devices in 
network
SCADA system monitors 6278 switches in the internal network of HOPS. 
These switches are not operated with equal frequency. Figure 8 shows a 
number of switching operations for individual switches, grouped by type of 
switch (circuit breaker, disconnector and grounder switch), during a period 
of six months. It is indicative that there are 6278 switches monitored and 
only 2500 had at least one operation during that time period.

 Figure 8. Switching operations for 2500 switches that had at least one switching 
operation during the period of six months.

Switching operations are one of components of evaluating the condition of 
the switch. Using the switching operations it is possible to plan proactive 
maintenance schedules for individual switches. 

Breaker Interrupting Fault Current
Data points are mostly contained in bays that can be topologically assi-
gned to equipment. It is possible to correlate equipment in operation with 
data coming from data points. For identification of breaker interrupting fa-
ult current, it is necessary to determine if protected equipment was in ope-
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Figure 8. Switching operations for 2500 switches that had at least one switching operation during the period of
six months.

Switching operations are one of components of evaluating the condition of the switch. Using the 
switching operations it is possible to plan proactive maintenance schedules for individual switches.
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ration prior to the outage and if they were, a trip protection signal needs 
also to be associated with breaker interruption.

Figure 9. Number of circuit breaker interrupting fault current during period of two 
months.

Figure 9 shows daily number of breaker interrupting fault current per region 
for two months. When planning proactive maintenance breakers that in-
terrupted fault current should be checked and appropriate service actions 
should be performed. Additionally the number of circuit breaker interrup-
ting operational current should be added multiplied by factor determined 
by supplier of the breaker. Cumulative number of fault current interrupted 
by breaker is calculated. 

RTU communication
SCADA alarms and events can be also used to trace the efficiency of ma-
intenance and availability of certain part of system. Figure 10 presents an 
analysis of communication loss alarm that is active in cases when there is 
no communication to RTU-s, figure on the left shows the number of times 
communication with RTU was lost, and figure on the right shows the dura-
tion of the loss of communication.

Figure 10. Unavailability of communication to RTUs, number of communication loss 
event (left), duration of communication loss (right).

Data available in SCADA systems are not sufficient to determine the cause 
of communication unavailability. Further detail analyses could be done if 
SCADA data are combined with telecommunication monitoring and asset 
management systems that can account for planned outages.

ANALYZING MEASUREMENT VALUES
Transmission system control centers are primarily focused to ensure se-
cure operation and control of a power system. SCADA systems provide 
continuous supervision of the whole network in real time but not all of this 
information is stored permanently in an archive. For measurement data 
this means that it is processed, downsampled and then put in permanent 
storage according to TSO rules. Minimum time resolution is 2 seconds for 
crucial data and 10 seconds for non-crucial data. Data is downsampled in 
other resolutions as well: 1 minute, 15 minute, 1 hour, and 1 day. Different 
time resolutions are used for different purposes.

This paper does not focus on usual analysis of measurements like calcu-
lation of total and peak load and generation of an area, which are usually 
done for purposes of accounting and reporting. In addition to old way of 
using measurement data, here is a proposition to use measurement data 
for asset management and maintenance planning.

Transformer Measurement Data
Power transformer unit in transmission network is a crucial and expen-
sive element, often unique and hard to replace. All of these are reasons 
that careful attention must be provided for a transformer during its lifeti-
me. For this purpose transformer monitoring systems are widely used [5]. 
Transformer monitoring system are often custom made for specific power 
transformer and have complex specifications and design [6] [7]. Status 
and key performance indicators are tracked using three major sources of 
data: current or temperature monitoring [8], overvoltage monitoring and 
gas analyses. For gas analysis and monitoring of overvoltage inside win-
dings there needs to be specialty equipment inside tank, but current and 
temperature is often available at SCADA as a normal measurement. The 
task of monitoring and calculating KPIs of transformers can be shifted to 
a SCADA system in control center. Almost all of the transformers at tran-
smission system level and at power plants have measurements of at least 
power or current so they can be monitored, which is very valuable for asset 
management of the whole transformer fleet. Monitoring using current or 
power can be extended with other measurements, like oil and winding 
temperature [9], number of operating hours (days) in a year, number of 
tap changer operations. An example of information that can be gathered 
is shown in figure 11. These data can be used for calculating ageing rate 
of each transformer [10].

Figure 11. Temperature on left y-axis and power in percentage of rated power on 
right y-axis for two distribution transformers 110/35 kV in the same substation.

On figure 11 charts from two transformers situated in the same station are 
shown. It can be seen that the transformers are not working in parallel, 
only one is in operation at a time. Older transformer does not have winding 
temperature measurement but only oil temperature (left).

Hours in Operation
For operation and asset management, it is important to know the hours in 
operation for each equipment. Number of hours in operation can be cal-
culated using energized state or using active power measurement when 
it is greater than zero. Working hours for transmission equipment during 
period of 60 winter days is presented in figure 12. In transformer stations, 
there are usually more than one transformer, and in normal operation only 
one is energized, which is the reason a lot of transformers have been in 
operation for less than 100% of the time. Most of the time lines are in 
operation, which is reflected in very few lines out of service. Shunts are not 
needed during this time, and none of them were in operation during period 
in consideration.
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5.2. Breaker Interrupting Fault Current
Data points are mostly contained in bays that can be topologically assigned to equipment. It is possible 
to correlate equipment in operation with data coming from data points. For identification of breaker 
interrupting fault current, it is necessary to determine if protected equipment was in operation prior to 
the outage and if they were, a trip protection signal needs also to be associated with breaker 
interruption.
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telecommunication monitoring and asset management systems that can account for planned outages.
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6. ANALYZING MEASUREMENT VALUES
Transmission system control centers are primarily focused to ensure secure operation and control of a 
power system. SCADA systems provide continuous supervision of the whole network in real time but 
not all of this information is stored permanently in an archive. For measurement data this means that it 
is processed, downsampled and then put in permanent storage according to TSO rules. Minimum time 
resolution is 2 seconds for crucial data and 10 seconds for non-crucial data. Data is downsampled in 
other resolutions as well: 1 minute, 15 minute, 1 hour, and 1 day. Different time resolutions are used 
for different purposes.

This paper does not focus on usual analysis of measurements like calculation of total and peak load 
and generation of an area, which are usually done for purposes of accounting and reporting. In 
addition to old way of using measurement data, here is a proposition to use measurement data for asset 
management and maintenance planning.

6.1. Transformer Measurement Data
Power transformer unit in transmission network is a crucial and expensive element, often unique and 
hard to replace. All of these are reasons that careful attention must be provided for a transformer 
during its lifetime. For this purpose transformer monitoring systems are widely used [5]. Transformer 
monitoring system are often custom made for specific power transformer and have complex 
specifications and design [6] [7]. Status and key performance indicators are tracked using three major 
sources of data: current or temperature monitoring [8], overvoltage monitoring and gas analyses. For 
gas analysis and monitoring of overvoltage inside windings there needs to be specialty equipment 
inside tank, but current and temperature is often available at SCADA as a normal measurement. The 
task of monitoring and calculating KPIs of transformers can be shifted to a SCADA system in control 
center. Almost all of the transformers at transmission system level and at power plants have 
measurements of at least power or current so they can be monitored, which is very valuable for asset 
management of the whole transformer fleet. Monitoring using current or power can be extended with 
other measurements, like oil and winding temperature [9], number of operating hours (days) in a year, 
number of tap changer operations. An example of information that can be gathered is shown in figure 
11. These data can be used for calculating ageing rate of each transformer [10].

Figure 11. Temperature on left y-axis and power in percentage of rated power on right y-axis for two distribution 
transformers 110/35 kV in the same substation.

On figure 11 charts from two transformers situated in the same station are shown. It can be seen that 
the transformers are not working in parallel, only one is in operation at a time. Older transformer does 
not have winding temperature measurement but only oil temperature (left).

6.2. Hours in Operation
For operation and asset management, it is important to know the hours in operation for each 
equipment. Number of hours in operation can be calculated using energized state or using active 
power measurement when it is greater than zero. Working hours for transmission equipment during 
period of 60 winter days is presented in figure 12. In transformer stations, there are usually more than 
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Figure 12. Percentage of hours not in operation of the total period considered.

Off and on load tap changer operations
Statistics on change of tap positions should be recorded and analyzed 
because statistically more than third of transformers between 100 kV and 
200 kV had failures on tap changing equipment [11]. This also allows for 
modification of maintenance procedures and optimal transformer mainte-
nance schedule.

Figure 13. Number of tap changer operations during first 8 months of year 2016 per 
transformer (281 transformer units).

Using Figure 13, transformers can be classified into three groups. Just a 
small number of 110/x kV transformers have more than 4 tap changing 
actions per day (observed in 228 days) which are caused by lack of voltage 
controllers on some 400/110 kV and 220/110 kV transformers. This figure 
should indicate where increased maintenance of tap changers is required.

CONCLUSION
Croatian TSO set up its SCADA system to collect wide range of signals 
from substation equipment. This is used for the main task for SCADA 
system of TSO, which is the control of transmission network. Great amo-
unt of data in SCADA databases can be used for development of new 
processes and functions.

New technologies and standardization of SCADA data enables optimized 
and smarter approach to preventive and proactive maintenance, which 
is based on actual conditions of equipment by using real time informati-
on. Identifying anomalies in SCADA data can find single or series of faulty 
equipment. Making statistical reports and KPIs is important for measure of 
maintenance efforts. Goal is to improve the preventive based maintenance 
process and start using condition based maintenance and proactive ma-
intenance. In first phase creating various reports from those data will be 
a starting point towards upgrading the maintenance rulebook. Analyses 
of SCADA data can be used to follow the efficiency of measures taken to 
improve systems or processes. EMS data combined with SCADA data 
can be used to extract valuable information on operating conditions of the 
equipment that can be used to determine if preventive maintenance is ne-
cessary or already scheduled maintenance can be postponed without big 
risks. 

Crucial step of the project is standardization and unification of data points 
of the SCADA database in “Catalog of unified process information”. Whole 
process of data engineering in bay, station computer, and SCADA system 
have to strictly follow those rules if advanced data analytics is to have 
good results. Quality of description of data points is directly correlated to 
the quality of conclusions made by analysis of the SCADA data. On the 
other hand use of SCADA data raises the quality of information on data po-
ints so it is important that cleaning of data points is done at the same time 
as use of SCADA data for analysis. Catalog should be a living documents 
requiring continuous work on updating the Catalog. 

Next phase and continuous work should be updating the maintenance 
rulebook with proactive and condition maintenance, with mechanisms in 
place to have continuous monitoring of the effect of new and old rules 
on maintenance. Another piece of work is defining the Key performance 
indices for equipment data. Study has to be done in order to determine the 
proper values for those indices.
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one transformer, and in normal operation only one is energized, which is the reason a lot of 
transformers have been in operation for less than 100% of the time. Most of the time lines are in 
operation, which is reflected in very few lines out of service. Shunts are not needed during this time, 
and none of them were in operation during period in consideration.
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SUMMARY
Angle stability appears in many forms in transmission network. There are small active power oscillations which do not endanger the normal operations 
whereas medium and large oscillations have implications on normal operations. These latter kinds of oscillations in some cases develop in out of step 
condition, which is dangerous disturbance with serious impact on transmission network and generating units.

Transmission network operator’s challenges and obligations are to treat in the right manner angle stability issues in their network. Controlling and 
protecting network needs to be done in efficient way in order to disconnect disturbance quickly and prevent abnormal network operation without 
exporting disturbance in surrounding networks.

Synchrophasor measurements in control centre offer a platform, which responds in a new way on angle stability in transmission network. Those me-
asurements which are collected in phasor data concentrators, which is a part of Wide Area Monitoring will be used for creating out of step protection. 
This is the first step to extended system to Wide Area Monitoring Protecting And Control (WAMPAC).

Paper gives progress of such project in Croatian Transmission Network Operator (HOPS). Firstly, there will be stated motives for development of 
new out of step protection based on synchrophasor measurements. Some feasibility aspect elaborated with emphasis on communications latency. 
Furthermore, designed Matlab model for transmission network and protection with small portions of simulations results and analyses presented in 
paper reveal potential of proposed solutions. This new protection is based on using voltage angles values from phasor data stream in phasor data 
concentrator. 

KEYWORDS
Angle stability protection – WAMPAC system – Active power oscillations – Out of step protection – Transmission lines protection – Synchrophasor 
data – Control centre applications – Matlab model.

INTRODUCTION
Transmission system operator is obliged to constantly maintain angle sta-
bility. Deterioration of angle stability caused by disturbances manifests in 
oscillation of active power and if left unchecked out of step condition could 
develop [1]. Angle instability appears in time frames variating from very 
short (few seconds) to medium ones (few minutes). Synchrophasor based 
applications which run in control centres give TSOs new way of effectively 
handling and treating those disturbances [2]. Angle stability protection ba-
sed on synchrophasor data can have alarming and protection functiona-
lity. Base for that functionality will be voltage and current synchrophasors 
data stream collected in control centres.

Methods for active power oscillations monitoring 
and protection
Both standard well known and new methods are available as a response 
to active power oscillations and some of them are already in use while oth-
ers are only in research phase. A list of basic features of different technical 
solutions for advanced protection systems is presented in Table 1. Each 
method has mentioned main issues for usage like a real time protection 
application.
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Table 1. Basic features of out of step protection methods.

Method Line 
End 

Meas-
ure-
ment

Wide 
Area 

Meas-
urement

Inde-
pendent 

from 
setting 

process 1

Real 
time 

applica-
tion

Remarks

Imped-
ance 

based
✓ ✕ ✕ ✓

Source imped-
ances depend-
ent, Study work 

phase 
Resist-
ance 

based
✓ ✕ ✕ ✓ Study work 

phase

Voltage 
based ✓ ✕ ✕ ✓

Source imped-
ances depend-
ent, Study work 

phase
Swing 

voltage/
Speed 
accel-
eration 
criterion 
based

✓ ✕ ✕ ✓

Voltage on 
source depend-
ent, study work 
phase, system 

reduction (2 
machines) 

approximation

Genera-
tor angle 
based

✓ ✕ ✓ ✓

Availabil-
ity of generator 
measurements, 
communication 
requirements

WAM-
PAC 

system
✓ ✓ ✓ ✓ Communication 

requirements

Equal 
area 

based
✓ ✕ ✕ ✕

Inertia values (H) 
for generators 

and parts of the 
system needed, 
system reduc-

tion, study work 
phase

Energy 
function 
based

✓ ✕ ✕ ✕ Study work 
phase

Neural 
network 
based

✓ ✕ ✕ ✕ Study work 
phase

Fuzzy 
logic/
clus-
tering 
based

✓ ✕ ✕ ✕ Study work 
phase

1 Protection setting process is sensitive to network configurations.  

WAMPAC systems are critically dependent on the communication 
equipment and potential delays. Preliminary evaluation focused on exe-
cution time for such algorithms shows that communications infrastructure 
time has an acceptable time delay in range of 50 ms and the delay time on 
server machines in control centres (<10 ms) is not a limitation for protec-
tion reactions. This means that the transfer of developed applications in a 
simulations environment to the real technical world is possible and will be 
the focus of future work.

Angle stability monitored with voltage angle data
Advanced transmission operation control in real time can be realized by 
angle voltage monitoring and by that manner the angle stability in 400 kV 
transmission grid in real time is monitored. Two machine model with pha-
sor representation on both ends (sending and receiving) in transmission 
grid has been developed, Figure 1. Line loading P is defined with equation 
(1) where Line is line reactance, sending end voltage is US and receiving end 
voltage is UR. Angle between two phasor is .

Loading in this two machine model depends on angle  and voltage ends 
US and UR. Theoretically maximum line load will be at angle =90°.

Figure 1. Two machine 
model and corresponding 
phasors (left) and angle 
monitoring between two 
buses with sending us and 
receiving ur bus voltage 
angle (right).

Angle difference values can be used to trace the behaviour of the tran-
smission network. Any values deviation is noticed and appropriate con-
trol action (manual or automatic) or protection action can be launched. 
Figure 1 presents possible trajectory for angle difference obtained from 
calculations and in real time for a time span of a few hours. The Figure 
1 illustratively shows different events that start at a different moment (t1, 
t2 and t3), have different duration and are of different severance. Angle 
difference deviations are presented with dashed lines. It is presumed 
that during disturbances appropriate control or protection action has 
been activated thus angle values return to levels before disturbances.

FEASIBILITY ASPECT FOR USING 
SYNCHROPHASOR MEASUREMENT
Croatian transmission system operator (HOPS) has operating WAM sys-
tem [3] in control centre (CC) where PMUs completely cover the vital part 
of transmission network, Figure 2, [4].

Figure 2. PMUs installation in 400 and 220 kV Croatian transmission network (left) and 
table with time delay values through communication infrastructure for PMUs data 
package (right).
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1. INTRODUCTION
Transmission system operator is obliged to constantly maintain angle stability. Deterioration of angle 
stability caused by disturbances manifests in oscillation of active power and if left unchecked out of 
step condition could develop [1]. Angle instability appears in time frames variating from very short 
(few seconds) to medium ones (few minutes). Synchrophasor based applications which run in control 
centres give TSOs new way of effectively handling and treating those disturbances [2]. Angle stability 
protection based on synchrophasor data can have alarming and protection functionality. Base for that 
functionality will be voltage and current synchrophasors data stream collected in control centres.

1.1 Methods for active power oscillations monitoring and protection

Both standard well known and new methods are available as a response to active power oscillations 
and some of them are already in use while others are only in research phase. A list of basic features of 
different technical solutions for advanced protection systems is presented in Table 1. Each method has
mentioned main issues for usage like a real time protection application.

Table 1. Basic features of out of step protection methods.
Method Line End 

Measurement
Wide Area 

Measurement
Independent from 
setting process 1

Real time 
application

Remarks

Impedance based ✓ ✕ ✕ ✓ Source impedances dependent, 
Study work phase 

Resistance based ✓ ✕ ✕ ✓ Study work phase

Voltage based ✓ ✕ ✕ ✓ Source impedances dependent, 
Study work phase

Swing voltage/Speed 
acceleration criterion 

based
✓ ✕ ✕ ✓

Voltage on source dependent, 
study work phase, system

reduction (2 machines) 
approximation

Generator angle based ✓ ✕ ✓ ✓
Availability of generator 

measurements, communication 
requirements

WAMPAC system ✓ ✓ ✓ ✓ Communication requirements

Equal area based ✓ ✕ ✕ ✕

Inertia values (H) for 
generators and parts of the 

system needed, system 
reduction, study work phase

Energy function 
based ✓ ✕ ✕ ✕ Study work phase

Neural network based ✓ ✕ ✕ ✕ Study work phase
Fuzzy logic/clustering 

based ✓ ✕ ✕ ✕ Study work phase
1 Protection setting process is sensitive to network configurations.
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infrastructure time has an acceptable time delay in range of 50 ms and the delay time on server 
machines in control centres (<10 ms) is not a limitation for protection reactions. This means that the 
transfer of developed applications in a simulations environment to the real technical world is possible
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model with phasor representation on both ends (sending and receiving) in transmission grid has been 
developed, Figure 1. Line loading P is defined with equation (1) where Line is line reactance, sending 
end voltage is US and receiving end voltage is UR. Angle between two phasor is φ.

ϕsin⋅
⋅

=
line

RS
X

UUP (1)

2

Loading in this two machine model depends on angle φ and voltage ends US and UR. Theoretically 
maximum line load will be at angle φ=90°.

RS

P

ES ER
XS Xline XR

UR

S R

I

ERES

US
XlineXS XR

φ

degree

80

180

0

20

40

60

100

120

140

160 Out of step conditions
Automatic control actions

Time domain – few seconds

Voltage angle difference 
Planned trajectory from
Security analyses N-1

t1 t2ϕUR

 Real time Δ ϕ 

1 2 3 4 5 6 7 hour
-20

-40

 Small disturbance
Manual control actions

Time domain – few minutes

ϕUS

Large active power oscillations
Manual and automatic control actions 

Time domain – minute

t3
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deviations are presented with dashed lines. It is presumed that during disturbances appropriate control or 
protection action has been activated thus angle values return to levels before disturbances.
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Currently whole of internal 400 kV and most of 200 kV network has PMUs. 
PMU data collected from those devices is sufficient to get a good insight to 
neighboring states transmission networks and also in lower voltage trans-
mission network (110 kV), [5].

Delay times [6] for particular connections are presented in Table 2. Those 
delays are fitted very well within project calculated values and are accept-
able for use in wide area protection function based on synchrophasor data.

Statistical values for package delay tDEL (4) were established for each PMU 
locations in WAM system. Table 3 has values of PMU package delays 
along with information about PMU type and type of communication link.

Table 3. Time delays recorded by PDC application.

No. Substation tDEL average 
(ms)

PMU 
type Link type

1. Žerjavinec line Tumbri 6,0 A SDH (64k/bit/s - 2Mbit/s)
2. Melina line Velebit 10,0 A SDH (64k/bit/s - 2Mbit/s)
3. Ernestinovo line Žerjavinec 9,6 A SDH (64k/bit/s - 2Mbit/s)
4. Konjsko line Velebit 10,6 A SDH (64k/bit/s - 2Mbit/s)
5. Žerjavinec line Ernestinovo 8,5 A SDH (64k/bit/s - 2Mbit/s)
6. Tumbri line Melina 7,0 A SDH (64k/bit/s - 2Mbit/s)
7. Konjsko line Brinje 10,6 A SDH (64k/bit/s - 2Mbit/s)
8. Melina line Tumbri 9,9 A SDH (64k/bit/s - 2Mbit/s)
9. Brinje line Konjsko 9,4 A SDH (64k/bit/s - 2Mbit/s)
10. Brinje line Mraclin 9,3 A SDH (64k/bit/s - 2Mbit/s)
11. Mraclin line Brinje 5,3 A SDH (64k/bit/s - 2Mbit/s)
12. Velebit line Melina 7,8 A SDH (64k/bit/s - 2Mbit/s)
13. Velebit line Konjsko 7,7 A SDH (64k/bit/s - 2Mbit/s)

14. Pehlin line Divača 20,8 B WAN (10Mbit/s 
–Ethernet)

15. Melina line Divača 21,6 B SDH (64k/bit/s - 2Mbit/s)
16. Peruća Generator 2 23,6 B SDH (64k/bit/s - 2Mbit/s)
17. Peruća Generator 1 24,1 B SDH (64k/bit/s - 2Mbit/s)

18. Tumbri line Krško 1 22,3 B WAN (10Mbit/s 
–Ethernet)

19. Control Centre PMU 1 19,3 B LAN
20. Control Centre PMU 2 19,3 B LAN

PMU packages were received by PDC algorithm with average delay within 
18 to 21 ms. Additional time needed to execute triggering algorithm can 
be neglected.

In a system where reaction time needs to be measured in milliseconds and 
consequences can be severe the analyses of whole communication chain 
from substation to WAMPAC system and back is very important. As a pre-
requisite for successful functioning of the proposed advanced protection 
algorithm testing of time delay issues in communications infrastructure 
was conducted. The principal flow chart for possible WAMPAC protec-
tion function operations is presented on Figure 3. It can be seen that it is a 
rather complex flow chart with dedicated equipment and communications 
paths and devices covering the whole path from the transmission line to 
the WAMPAC system.

On the flow chart the upper expected time delay in all three segments 
of the communication chain is presented. The real time measurements 
conducted on a real transmission system (Croatian transmission power 
system) show much smaller time delays (Tables 2 and 3). Time delays 
measured were done separately for different communication infrastructure 
on a TSOs Synchronous Digital Hierarchy (SDH) optical network with LAN 
and WAN configurations. The measured values presented in table (Table 
2) include both main and reserve paths with distance from substation to 
control center of up to 300 km. Results for those measurements are pre-
sented in Table 2, for substations in 400 and 220 kV high voltage network.

This means that in practice with current infrastructure it is feasible to have 
advanced functions because of acceptable time delays. Consequently, the 
advanced angle instability protection is possible to implement in real trans-
mission networks since the communications infrastructure offers reliable 
path with affordable time delays.

Figure 3. Principal flow chart for out-of-step protection in WAMPAC system in 
transmission network substations (left) and basic flow chart for designing and tuning 
Matlab model with protection function setting in WAMPAC system (right).

The whole process for implementing the new out of step protection functi-
on is presented in phases on the right side of Figure 3. Matlab model and 
its simulations possibilities were used for study work and analyses to gain 
parameters for settings of protection functions in WAMPAC [7], [8].

MODEL FOR TRANSMISSION 
NETWORK AND PROTECTION
In order to accomplish the steps required for transitioning from the cu-
rrently operational WAM system installed in the control centre towards 
a full capability WAMPAC system, a simulation environment of detailed 
model of Croatian 400 kV network with PMU devices installed on all lines, 
Figure 4, was developed in Matlab. At this stage, only positive sequence 
values were used. The model fulfils the following requirements:

•	 Three phase transmission network model,

•	 Implementation of power flow functionality with basic and interme-
diate characteristics,

•	 Adaptation of a simulations time domain in milliseconds,

•	 Simulation of line single and three phase short circuit faults,

•	 Capability for creation of different system disturbances, power swing 
and out of step,

•	 Designing the system protection function for out of step and monito-
ring capability for power swing in transmission network,

•	 Designing the scope of line back up protection functions, line diffe-
rential, distance, overcurrent, voltage and others.

Figure 4. Matlab simulation environment with Croatian 400 kV transmission network 
model and central system protection in WAMPAC system in Control center.
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Figure 3. Principal flow chart for out-of-step protection in WAMPAC system in transmission network 
substations (left) and basic flow chart for designing and tuning Matlab model with protection function setting in 

WAMPAC system (right).

The whole process for implementing the new out of step protection function is presented in phases on
the right side of Figure 3. Matlab model and its simulations possibilities were used for study work and 
analyses to gain parameters for settings of protection functions in WAMPAC [7], [8].

3. MODEL FOR TRANSMISSION NETWORK AND PROTECTION
In order to accomplish the steps required for transitioning from the currently operational WAM system 
installed in the control centre towards a full capability WAMPAC system, a simulation environment of
detailed model of Croatian 400 kV network with PMU devices installed on all lines, Figure 4, was 
developed in Matlab. At this stage, only positive sequence values were used. The model fulfils the 
following requirements:

• Three phase transmission network model,
• Implementation of power flow functionality with basic and intermediate 

characteristics,
• Adaptation of a simulations time domain in milliseconds,
• Simulation of line single and three phase short circuit faults,
• Capability for creation of different system disturbances, power swing and out of step,
• Designing the system protection function for out of step and monitoring capability for 

power swing in transmission network,
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• Designing the scope of line back up protection functions, line differential, distance,
overcurrent, voltage and others.

Figure 4. Matlab simulation environment with Croatian 400 kV transmission network model and central system
protection in WAMPAC system in Control center.

Each 400 kV line in the model has its own three-phase voltage and current measurement module,
which is a source for other monitoring and protection functions as shown in the block diagram, Figure
5. These protection functions are designed to be sensitive and capable of alarming and issuing 
triggering commands in a case of a complex disturbance in transmission network. Aforementioned 
disturbances are active power oscillations and out-of-step conditions. In addition, some of these 
functionalities will be used as an additional criterion in a decision process inside the protection model.
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Figure 5. Developed Matlab model block diagram for line protection and monitoring functions.

Line back up functions will be used as remedial criteria for system protection function for out of step 
disturbance or some power swing disturbance [6].
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Each 400 kV line in the model has its own three-phase voltage and current 
measurement module, which is a source for other monitoring and protec-
tion functions as shown in the block diagram, Figure 5. These protection 
functions are designed to be sensitive and capable of alarming and issuing 
triggering commands in a case of a complex disturbance in transmission 
network. Aforementioned disturbances are active power oscillations and 
out-of-step conditions. In addition, some of these functionalities will be 
used as an additional criterion in a decision process inside the protection 
model.

Figure 5. Developed Matlab model block diagram for line protection and monitoring 
functions.

Line back up functions will be used as remedial criteria for system protec-
tion function for out of step disturbance or some power swing disturbance 
[6].

SIMULATIONS RESULTS FROM 
MATLAB PLATFORM

Local oscillations in hydro power plant – real 
case
The oscillations originated from the hydro power plant Zakucac con-
nected to 110 kV voltage level and propagated to 400 kV transmission 
network. WAM system recorded the oscillations generated by the gen-
eration units on the 400 kV transmission lines as shown on Figure 6. 
Highest oscillations were detected on the lines, which are closest to the 
source of the oscillations; in this case, the 400 kV lines Konjsko-Velebit 
(yellow line) and Melina-Velebit (blue line). Oscillations from 50 to 70 MW 
were detected on the 400 kV transmission line with oscillation frequency 
around 1 Hz (result from Prony analyses reveals frequency fo = 0.96 Hz 
and damping factor =0.057). The damping factor has a positive value, 
which indicates existence of an undamped oscillation.

Figure 6. Active power oscillations recorded with WAM system in control center for 
three 400 kV lines (left). Simulated results in Matlab model (right).

The model was tuned to be able to simulate this particular disturbance 
which started in the mentioned power plant. The goal was to check if 
the impedance trajectory during this disturbance enters into any of the 
relay protection distance zones and power swing polygon. The results of 
these analyses in the R/X plane are presented on Figure 7. The imped-
ance characteristic with the highest impedance setting is used for the 
power swing function. This particular polygon is the first one which is 
expected to be reached by the impedance trajectory.

  

Figure 7. Line 400 kV Velebit-Konjsko, with line relay protection characteristic and 
impedance trajectory in R/X plane. Situation in Velebit station for line to Konjsko 
(left). Situation in Konjsko station for line to Velebit (right). Stations have different 
types of line distance relay.

Large active power oscillations in R/X plane 
- simulations
In this chapter two hypothetical characteristic cases will be presented 
which cannot be compared with real situation because such disturbances 
do not exist in archives thus simulations scenarios were run on verified 
model.

On the same lines were induced large active power oscillations in one case 
and in another out of step conditions. Results of those simulations were 
presented for station Velebit, Figure 8. In the first case impedance trajec-
tory will not enter in relay characteristic and there will be no protection ac-
tivation. Whereas for second case trajectory passed through characteristic 
and activate some protection functions.

Figure 8. Line 400 kV Velebit-Konjsko, with line relay protection characteristic and 
impedance trajectory in R/X plane. Situation in Velebit station for line to Konjsko 
with large active power oscillations (left) and for an out of step conditions (right).

Study work mainly focused on all large active power oscillations. Special 
part of this work was analysing values for conditions when out of step 
develops from large oscillations. Those simulations gave a lot of insightful 
data because in real transmission network such events rarely happen.

Out of step conditions with angle protection 
operations - simulations
Every internal 400 kV line is observed with two PMUs allowing us to study 
and trace angle Δ values from which we derive some key performance 
indexes, Figure 9.

Figure 9. Simplified two machine equivalent on a transmission network line 
equipped with PMU devices which send phasor data packages to WAMPAC 
system (left) and proposal for angle difference key performance index on 
transmission line (right).

Table 4 shows four KPI categories for angle Δ values which can be used 
for monitoring the situation on each of transmission lines. Values above 
Δ=20° are used as a setting parameter in synchrochek functions on tran-
smission lines. Values for inducing the out of step conditions in model are 
in Table 5.
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• Designing the scope of line back up protection functions, line differential, distance,
overcurrent, voltage and others.

Figure 4. Matlab simulation environment with Croatian 400 kV transmission network model and central system
protection in WAMPAC system in Control center.

Each 400 kV line in the model has its own three-phase voltage and current measurement module,
which is a source for other monitoring and protection functions as shown in the block diagram, Figure
5. These protection functions are designed to be sensitive and capable of alarming and issuing 
triggering commands in a case of a complex disturbance in transmission network. Aforementioned 
disturbances are active power oscillations and out-of-step conditions. In addition, some of these 
functionalities will be used as an additional criterion in a decision process inside the protection model.
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Figure 5. Developed Matlab model block diagram for line protection and monitoring functions.

Line back up functions will be used as remedial criteria for system protection function for out of step 
disturbance or some power swing disturbance [6].
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4. SIMULATIONS RESULTS FROM MATLAB PLATFORM

4.1 Local oscillations in hydro power plant – real case

The oscillations originated from the hydro power plant Zakucac connected to 110 kV voltage level and 
propagated to 400 kV transmission network. WAM system recorded the oscillations generated by the 
generation units on the 400 kV transmission lines as shown on Figure 6. Highest oscillations were 
detected on the lines, which are closest to the source of the oscillations; in this case, the 400 kV lines 
Konjsko-Velebit (yellow line) and Melina-Velebit (blue line). Oscillations from 50 to 70 MW were 
detected on the 400 kV transmission line with oscillation frequency around 1 Hz (result from Prony 
analyses reveals frequency fo = 0.96 Hz and damping factor ξ=0.057). The damping factor has a positive 
value, which indicates existence of an undamped oscillation.

Figure 6. Active power oscillations recorded with WAM system in control center for three 400 kV lines (left). 
Simulated results in Matlab model (right).

The model was tuned to be able to simulate this particular disturbance which started in the mentioned 
power plant. The goal was to check if the impedance trajectory during this disturbance enters into any of 
the relay protection distance zones and power swing polygon. The results of these analyses in the R/X 
plane are presented on Figure 7. The impedance characteristic with the highest impedance setting is used 
for the power swing function. This particular polygon is the first one which is expected to be reached by 
the impedance trajectory.

Figure 7. Line 400 kV Velebit-Konjsko, with line relay protection characteristic and impedance trajectory in 
R/X plane. Situation in Velebit station for line to Konjsko (left). Situation in Konjsko station for line to Velebit 

(right). Stations have different types of line distance relay.

4.2 Large active power oscillations in R/X plane - simulations

In this chapter two hypothetical characteristic cases will be presented which cannot be compared with 
real situation because such disturbances do not exist in archives thus simulations scenarios were run 
on verified model.
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On the same lines were induced large active power oscillations in one case and in another out of step 
conditions. Results of those simulations were presented for station Velebit, Figure 8. In the first case 
impedance trajectory will not enter in relay characteristic and there will be no protection activation. 
Whereas for second case trajectory passed through characteristic and activate some protection 
functions.

Figure 8. Line 400 kV Velebit-Konjsko, with line relay protection characteristic and impedance trajectory in 
R/X plane. Situation in Velebit station for line to Konjsko with large active power oscillations (left) and for an 

out of step conditions (right).

Study work mainly focused on all large active power oscillations. Special part of this work was 
analysing values for conditions when out of step develops from large oscillations. Those simulations 
gave a lot of insightful data because in real transmission network such events rarely happen.

4.3 Out of step conditions with angle protection operations - simulations

Every internal 400 kV line is observed with two PMUs allowing us to study and trace angle Δφ values 
from which we derive some key performance indexes, Figure 9.
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Table 4. Angle difference KPI.

Classification Indicator Angle difference
Acceptable ■ Δφ ≤ 3°
Manageable ■ 3° < Δφ ≤ 10°

Over-demanding ■ 10° < Δφ ≤ 20°
Unacceptable ■ Δφ > 20°

Figure 9. Simplified two machine equivalent on a transmission network line equipped with PMU devices which 
send phasor data packages to WAMPAC system (left) and proposal for angle difference key performance index 

on transmission line (right).

Table 4 shows four KPI categories for angle Δφ values which can be used for monitoring the situation 
on each of transmission lines. Values above Δφ=20° are used as a setting parameter in synchrochek 
functions on transmission lines. Values for inducing the out of step conditions in model are in Table 5.

Table 5. Simulation scenarios for out-of-step condition in Matlab model.

Disturbance origin Disturbance characteristic Network characteristic near disturbance origin

Konjsko Δf = 0.5 Hz, f = 0.2 Hz Weak and radial type network, Oscillations on one 
transmission tie-line

Melina Δf = 0.5 Hz, f = 0.2 Hz Weak and radial type network, Oscillations on one 
transmission tie-line

Ernestinovo Δf = 0.6 Hz, f = 0.2 Hz Well connected network, Oscillations on four transmission 
tie-lines

Zerjavinec Δf = 0.6 Hz, f = 0.2 Hz Well connected network, Oscillations on two transmission 
tie-lines, One internal transmission line disconnected 
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Table 5. Simulation scenarios for out-of-step condition in Matlab model.

Disturbance 
origin

Disturbance 
characteristic

Network characteristic near distur-
bance origin

Konjsko Δf = 0.5 Hz, f = 0.2 Hz Weak and radial type network, Oscillations 
on one transmission tie-line

Melina Δf = 0.5 Hz, f = 0.2 Hz Weak and radial type network, Oscillations 
on one transmission tie-line

Ernestinovo Δf = 0.6 Hz, f = 0.2 Hz Well connected network, Oscillations on 
four transmission tie-lines

Zerjavinec Δf = 0.6 Hz, f = 0.2 Hz
Well connected network, Oscillations on 
two transmission tie-lines, One internal 
transmission line disconnected 

As seen values for Δf (amplitude of modulation) are slightly different in 
some parts of transmission network based on different characteristics of 
network part. Proposed protection technique which used Δ is demon-
strated for two lines in model. In addition, differential line protection is used 
as remedial criteria. Right graph from Matlab presents a situation when 
protection actions are inhibited while left when protection functions ope-
rated and circuit breakers were triped by out of step condition, Figure 10.

Figure 10. Active power oscillations on two 400 kV lines with voltage angle differ-
ence Δ and protection operations. On line Zerjavinec-Tumbri there is an out-of-step 
(OOS) condition and on line Tumbri-Melina there is a power swing condition (left). De-
tail presenting protection activations when protection setting is reached and tripped 
the Zerjavinec-Tumbri line while Tumbri-Melina remained in operation (right).

Line Zerjavinec-Tumbri is disconnected but oscillations on Zerjavinec side 
induced by simulation still exist because measuring module in model is 
placed between bus and breaker. Line affected only with stable swing, 
Tumbri-Melina (green line) after removing the disturbance returns in stable 
operation. Confirmations that breaker opened on line Zerjavinec-Tumbri is 
graph for current on those lines, Figure 11.

Figure 11. Remedial line protection criteria. Zerjavinec-Tumbri and Tumbri-Melina 
currents from both line ends with differential current protection (ΔI). Out-of-step has 
developed on Zerjavinec-Tumbri line and on Tumbri-Melina line only stable power 
swing was present (left). Zerjavinec-Tumbri and Tumbri-Melina transmission line cur-
rent with protection operations (right).

Both graph present currents from each side with associated line differenti-
al currents [9]. After opening breakers Tumbri-Melina side of transmission 
network remains in stable operations with normal operating currents. With 
this proposed remedial criteria we can clearly and undoubtedly say that 
there are no short circuit fault on lines therefor reason for high current and 
power flow are oscillations somewhere in transmission network. This cri-
terion can be considered as signal for out of step protection in WAMPAC 
system to be fully on standby and prepared for operation.

CONCLUSIONS
Proposed technique for detection and protection will be centralized in con-
trol centres and have different approach from traditional line relay protecti-
on system for transmission lines.

Centralized protection applications use appropriated algorithm for fast and 
selective actions ensuring protection of transmission network from any 
kind of active power oscillations. 

Algorithm uses voltage angle values from both transmission line ends. Al-
gorithm effortlessly and smoothly covers whole range of possible active 
power oscillations in transmission network. With such applications in con-
trol centres, scarce information about wider transmission networks can 
be gathered too, not only lines with PMU devices. Besides monitoring any 
oscillations in transmission network, circuit breaker operations and short 
circuit faults can also be perfectly traced.

Current phasors are also available and are used for realisation of additio-
nal functionality such as a set of line protection and monitoring functions. 
Protection function based on phasor data are almost the same like traditi-
onal ones. Using them, some processes of supervising for traditional line 
protections can be developed. Alarms and events from those phasor data 
based protection will be forwarded to SCADA system. In the next phase of 
project real line back up protection is to be realized.

Crucial groundwork for having this particular protection solution is commu-
nication infrastructure across whole high voltage transmission network. 
This infrastructure must be reliable enough and redundant if we want to 
run protection functionality through them, which our TSO Company has.
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SUMMARY
The ultimate goal in today’s electricity business in Europe is market integration on pan-European level that will introduce transparency and competiti-
on between market players, incentives to clean energy development, as well as high quality of supply to the end-customers. To achieve these goals, 
in South-East Europe (SEE) there are number of barriers and uncertainties, one of which is linked with the possible new undersea HVDC connections 
between SEE and Italy.

With the support of the United States Agency for International Development (USAID) and coordination of the United States Energy Association 
(USEA), within the framework of the Southeast Europe Transmission System Planning Project (SECI), a detailed analysis has been accomplished on 
the impact of one or more undersea HVDC cables between Italy and SEE on power system operation and electricity market development [1]. Spe-
cial emphasis to this analysis is given by the fact that SECI has been one of the longest running projects in the region. It started in 2001 with active 
participation of all regional TSOs, including continuous updating of power system and electricity market models and its harmonization of constant 
changes in power system planning. It is of utmost importance in the environment of constant changes of national power system development plans 
and needed further steps for full market opening and integration in the region. 

SEE power systems and market1 were modelled using the most relevant power system and market simulation and optimization softwares. Both 
system and market comprehensive models have been verified by all SEE TSOs. 

Study analyses were divided in two parts: 1) market analysis and 2) network analysis. The market study investigated expected generation pattern, 
power exchanges and wholesale prices in SEE, taking into account regional market synergy, the new links with Italy, and high level of RES integration. 
Bulgaria and Romania are currently the main exporters in SEE. Significant power exchanges in the North-South/Southeast direction are related to the 
fact that the GR, MK, ME, HR and AL are mainly importing, plus the influence of Italy importing over new potential HVDC cable(s). Network analysis 
dealt with power flows, network bottlenecks and voltage profiles in given market scenarios.

Finally, the results of this comprehensive market simulation comprised of the following:
•	 Countries electricity balance (production, consumption and exchanges)
•	 Electricity prices for each country 
•	 Cross-border power exchanges (MWh/h) for each border in the region on hourly basis 
•	 HVDC link loadings (MWh/h) for each HVDC submarine cable on hourly basis
•	 Location and frequency of market congestions in SEE (NTCs full between areas with price difference)

All those analyses have been performed in two different transmission network development scenarios: 

•	 Base case scenario: with planned HVDC ME-IT
•	 Alternative scenario: with planned HVDC ME-IT, and HVDC HR-IT, and HVDC AL-IT
In this way one of the most important uncertainties (new HVDC links SEE – Italy) for future power system and market operation in SEE, have been 
evaluated both in technical and market sense, using the most relevant inputs and model.

KEYWORDS
South East Europe, HVDC submarine links, Italy, electricity market 

1  Albania (AL), Bosnia and Herzegovina (BA), Bulgaria (BG), Greece (GR), Croatia (HR), Hungary (HU), Kosovo (KS), Montenegro (ME), Macedonia (MK), Romania (RO), Serbia (RS), Slovenia (SI).
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INTRODUCTION
The case of new HVDC links between SEE (net exporter) and Italy (net 
importer) is relatively unique since we have two parallel uncertainties 
behind these large infrastructure investments that could change current 
electricity market positions: 1) strong development of SEE regional mar-
ket and uncertain development of new generation portfolio and 2) strong 
development of generation (primarily RES) in Italy and potential change 
of existing country (importing) balance. The main target of this study was 
to evaluate impact of new HVDC links SEE – Italy on the future, expected 
electricity market and network in the region. The project has been divided 
in two phases: 

1) preparation of common electricity market and power system model 
2) detailed market and network analyses 

In the first phase, relevant input data were collected, clarified and verified. 
It lasted for almost a year. The second phase aimed to assess perspecti-
ve electricity market and system behavior in SEE considering influence of 
generation development involving RES, markets integration and the su-
bsequent transmission investments. 

SOUTH EAST EUROPEAN ELECTRICITY 
MARKET AND POWER SYSTEM MODEL 
The primary source of model input data has been provided by all regio-
nal TSOs, which is of utmost importance due to all market and network 
planning uncertainties [2]. For the remaining unavailable data, other verifi-
ed and publicly available official data (e.g. ENTSO-E Pan European Market 
Modelling Database [3]) have been used along with internal documents 
and estimates. To perform market analysis SEE power systems have 
been modelled with electricity market simulation and optimization softwa-
re PLEXOS, while for the network analyses PSS/E software platform was 
used. Starting with the data collected from the TSOs, the following mo-
delling approach has been adopted for each country:

•	 Albania, Bosnia and Herzegovina, Bulgaria, Croatia, Kosovo, Mace-
donia, Montenegro, Romania and Serbia are modelled on plant-by-
plant level of details,

•	 Greece, Hungary and Slovenia are aggregated per technology clu-
sters (thermal by fuel type, hydro by type, RES by technology),

•	 Italy, Turkey and Central Europe region are modelled as external spot 
markets where the market clearing price series is insensitive to fluctu-
ations of prices in SEE, constrained by transmission capacity. 

Target year for these analyses was set to 2030 and the simulations have 
been carried out on hourly basis. Annual electricity demand was modeled 
on hourly basis. The generation cost function was also modeled, together 
with constraints of generation dispatch (must-run units, weather conditi-
ons, etc.). Market and grid models maintained compatible to run iteratively.     

Considering the size of simulated system and the amount of collected 
data, each national market has been modelled as a single equivalent node 
to which all generators within the country were connected to. Nodes were 
connected by virtual transmission lines with maximum capacity equal to 
the nominal transfer capacities between the two countries.

Market model consists of 580 generating units in 12 SEE countries. It refers 
to 153 thermal power plants (TPPs), 6 nuclear power plants (NPPs), 124 
storage hydro power plants (HPPs), 53 run-of-river (RoR) HPPs. Accordin-
gly, this is the most detailed electricity market model in the region, verified 
by all TSOs. In addition, for each country one equivalent wind and one 
equivalent solar power plants have been modelled. Three external markets 
representing Italy, Turkey and Central Europe have also been modelled 
using simulated hourly price time series. This market model contains 28 
cross-border lines and 4 submarine HVDC cables.

On the other side, regional power system model consists of more than 5500 
nodes, 2000 power plants, 2200 generators, 9000 lines and 2800 transfor-
mers. It is the most detailed SEE power system model ever prepared.

ELECTRICITY MARKET AND NETWORK 
DEVELOPMENT SCENARIOS 
Impact of new regional candidate connections towards Italy was assessed 
by analyzing three scenarios, as shown on the following Figure:

1) Reference Case scenario: with existing HVDC Greece-Italy

2) Base Case scenario: with existing HVDC Greece-Italy and HVDC Mon-
tenegro-Italy (under construction) 

3) Alternative Case scenario: with existing HVDC Greece-Italy, HVDC 
Montenegro-Italy (under construction), HVDC Croatia-Italy and HVDC 
Albania-Italy

Figure 1: Illustration of analyzed scenarios

Reference Case scenario was created for comparison of the Base and Al-
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sults are compared in terms of yearly electricity generation, average who-
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Important aspect of the market analysis lies in CO2 emission prices that 
have also been included in the optimization objective function. Assumption 
on CO2 emission prices is taken from ENTSOe Ten Year Network Deve-
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RESULTS 
Regional wholesale prices are determined by marginal cost of generation 
and price on the external markets. These prices are comparable to actual 
market prices (due to input data and assumptions on fuel costs, generation 
cost curves, generation investments and demand increase, etc.). In SEE regi-
on wholesale electricity prices are mainly harmonized, with certain variations 
(for example in Greece). It assumes practically fully integrated SEE electricity 
market although several network congestions are still existing in the region.

Study results show that average market price in SEE is increased by 
1.60 €/MWh in the Base Case and 3.75 €/MWh in the Alternative Case 
compared to results of the Reference Case, as shown on the following Fi-
gure. Thus, it can be concluded that additional HVDC links to Italy increase 
wholesale prices in SEE region up to 10%, but they also increase electricity 
generation and revenues.
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increased by 1.53 TWh compared to Reference Case, while in Alternative 
Case by 3.51 TWh. Certain increase of electricity generation can be also 
expected in Bulgaria, Romania and Serbia.

Table 1: Comparison of electricity generation in SEE region on country basis

Yearly 
generation 

(TWh)
AL BA BG GR HR HU KS ME MK RO RS SI TOTAL

Reference Case 10.75 15.59 50.99 51.11 15.06 40.04 12.07 4.57 10.42 88.44 35.18 14.31 348.53

Base Case 10.74 17.11 51.30 50.99 15.24 39.93 12.07 4.57 10.66 88.85 36.10 14.31 351.88

Change (TWh) -0.01 1.53 0.32 -0.11 0.18 -0.11 0.00 0.00 0.24 0.41 0.92 0.00 3.35

Change (%) -0.12 9.79 0.62 -0.22 1.18 -0.27 0.00 -0.01 2.33 0.46 2.61 0.01 0.96

Alternative Case 10.79 19.09 51.61 51.89 15.52 40.21 12.06 4.66 11.04 89.36 36.95 14.32 357.50

Change (TWh) 0.04 3.51 0.62 0.78 0.45 0.17 -0.01 0.10 0.62 0.92 1.77 0.01 8.98

Change (%) 0.36 22.50 1.22 1.53 3.02 0.43 -0.11 2.09 5.99 1.04 5.03 0.04 2.58

As expected, additional HVDC cables in the Base and Alternative Case 
increase net interchange to Italy. Italy is a net importer and in the Base 
Case scenario Italy imports 5,214 GWh more than in Reference Case, whi-
le in the Alternative 12,652 GWh more than in the Reference Case. With 
new HVDC link SEE region will become a stronger net exporter in the Base 
and Alternative Case. In the Base Case net interchange of SEE region is 
3,284 GWh higher than in Reference Case, while in the Alternative Case it 
is 8,753 GWh higher than in the Reference Case.

Effect of CO2 emission prices has been evaluated in additional set of sce-
narios without carbon cost. In all scenarios without carbon cost, electricity 
generation is expectedly increased. In the Base Case total SEE generation 
is 14.49 TWh higher, in the Alternative Case 14.52 TWh higher than in the 
main set of scenarios with Carbon Costs included. In scenarios with no 
carbon cost, the cost of generation is lower and thus market prices in SEE 
are lower. Average wholesale price in SEE region in scenarios without car-
bon cost is 5.60 €/MWh lower in the Base Case and 3.84 €/MWh lower in 
Alternative Case, which is quite significant. Based on the market analyses, 
the main findings of the network analysis are given as follows.

ELECTRICITY NETWORK ANALYSES 
RESULTS 
The analyses have shown that for some countries level of power exchan-
ges presumed in initial SECI RTSM development model are different than 
the ones obtained from the Market Analyses in this study, i.e.:

•	 For Albania, Montenegro, Serbia and Slovenia, market analysis has 
shown these countries are importers rather than exporters, as it is 
initially individually expected

•	 For Greece and Macedonia, market analysis has shown these co-
untries are exporters rather than importers, as it is initially presumed

•	 For other countries considered, initially planned exports or im-
ports are in line with Market Analysis results, just with different total 
amounts

This brings us to the first conclusion: planned generation investments in all 
regional countries in given timeframe will significantly change individually 
expected country balances. Because of different exchange levels, load 
flow patterns will also be different. When compared to initial SECI RTSM 
2030 Winter Peak model, main expected differences in power exchanges 
are the following:

•	 Flows from Hungary to Croatia are increased from 850 MW in the 
Base Case, to 1150 MW in the Alternative Case

•	 Flows from Romania to Serbia are increased from 600 MW in the 
Base Case to 1150 MW in the Alternative Case

•	 Flows from Greece to Albania are increased from 600 MW in the 
Base Case to 800 MW in the Alternative Case

•	 Flows from Bosnia and Herzegovina towards Croatia are decreased 
by 500 MW in the Base Case and increased by 500 MW in the Alter-
native Case.

•	 Flows in all analyzed regimes are in direction from Bosnia and Her-
zegovina to Montenegro, while it is opposite in SECI RTSM model

•	 Flows in all analyzed regimes are in direction from Greece to Mace-
donia, while it is opposite in SECI RTSM model

Finally, the biggest cross-border flow differences between SECI RTSM 
model and models based on market studies are shown on the following 
Figure.

Figure 3: The biggest cross-border flow differences between SECI RTSM model 
and models based on market studies

For all above mentioned scenarios and characteristic regimes, load flow 
calculation, voltage profile assessment and (n-1) contingency analysis 
were carried out. Also, for significant planned projects in the region, TOOT 
analysis was additionally conducted, with the aim of evaluating their in-
fluence on overall security of the transmission network in SEE region, in 
market coupled conditions. TOOT (Take Out One at the Time) method 
consists of excluding grid element projects from the forecasted network 
structure on a one–by–one basis and to evaluate the load flows over the 
lines with and without the examined network reinforcement (a new line, a 
new substation, a new PST etc). 

For all Base Case regimes, it was generally concluded that market cou-
pling in SEE region introduced changes in load flow patterns. Changes 
in power flows in transmission networks of the SEE region will not lead 
to the network overloading if all network elements are available. In such 
network topology conditions, voltage levels will also be within allowed li-
mits for Highest Consumption and Highest RES penetration regimes. For 
Lowest Consumption regime, the voltages are out of allowed limits and 
additional reactive compensation measures will need to be implemented 
to decrease high voltages.

Market simulations for Base Case scenarios have shown big congestions, 
with program flows reaching NTC values for many hours. Grid analyses 
have shown that, in terms of (n-1) security criteria assessment, Highest 
RES penetration regime was identified as the most critical one for the Base 
Case scenario. In this regime, outage of 400 kV OHL Portile de Fier (RO) 
– Resita (RO) causes overloading of 400 kV OHL Djerdap (RS) – Portile 
de Fier (RO). For other two regimes, Highest Consumption and Lowest 
Consumption, transmission networks in SEE region satisfy (n-1) security 
criteria.
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Sensitivity analysis has been conducted for several planned projects by 
applying TOOT methodology. The results are as follows:

•	 Project 400 kV OHL Pancevo (RS) – Resita (RO) has shown signifi-
cant influence on (n-1) security criteria, in Highest Consumption and 
Highest RES penetration regimes

•	 Project 400 kV OHL Banja Luka (BA) – Lika (HR) has shown small 
influence on (n-1) security criteria, in all analyzed regimes

•	 Project 400 kV OHL Bitola (MK) – Elbasan (AL) has shown small influ-
ence on (n-1) security criteria, in all analyzed regimes

•	 Project new 400 kV interconnections RS-BA-ME has shown small 
influence on (n-1) security criteria, in all analyzed regimes

On the other side, for all Alternative Case regimes, it was generally conclu-
ded that market coupling in SEE region also introduces changes in load 
flow patterns. Changes in power flows in transmission networks of the 
SEE region did not lead to overloadings if all network elements are in ope-
ration. Under these conditions, voltage levels were in permitted ranges for 
Highest Consumption and Highest RES penetration regimes. For Lowest 
Consumption regime again, additional reactive compensation measures 
will need to be implemented to decrease unacceptable high voltages.

In terms of (n-1) security criteria assessment, Highest Consumption regime 
was identified as the most critical one for Alternative Case scenario. In this 
regime, outage of 400 kV OHL Konjsko (HR) – Mostar (BA) and outage of 
220 kV Konjsko (HR) – Zakucac (HR) are causing overloading of 220 kV 
OHL Zakucac (HR) – Jablanica (BA). For other two regimes, Highest RES 
penetration and Lowest Consumption, transmission networks in SEE regi-
on satisfy (n-1) security criteria.

Reported congestion on Croatia-BiH border in Highest Consumption regi-
me, is a strong signal that in order to introduce estimated or higher levels 
of NTCs for target year between these two countries, additional network 
reinforcement has to be implemented to enhance electricity trade and to 
support higher social welfare (lower overall price). Sensitivity analysis con-
ducted for several projects with TOOT methodology has shown that:

•	 Project 400 kV OHL Pancevo (RS) – Resita (RO) has shown signifi-
cant influence on (n-1) security criteria, in all analyzed regimes

•	 Project 400 kV OHL Banja Luka (BA) – Lika (HR) has shown less influ-
ence on (n-1) security criteria, in all analyzed regimes

•	 Project 400 kV OHL Bitola (MK) – Elbasan (AL) has shown influence 
on (n-1) security criteria in Highest Consumption regime

•	 Project new 400 kV interconnections RS-BA-ME has shown influen-
ce on (n-1) security criteria in Lowest Consumption regime    

It should be pointed out that Base Case models are more comparable to 
SECI RTSM initial model, than Alternative Case model, because in Alterna-
tive Case models four HVDC links are in operation while in SECI RTSM and 
Base Case models, only two of them are in operation. Nevertheless, mar-
ket based models show significant differences in load flow patterns when 
compared to model based on individual information from each TSO’s Nati-
onal Development Plan. Main reasons of such differences are in first place:

•	 market integration

•	 different initial assumption of countries balances

•	 different RES production profile

CONCLUSIONS 
Within this USAID/USEA project the most detailed South East European 
electricity market model has been developed and verified by all regional 
TSOs. In addition to the previously developed power system model (SECI), 
this study used the most relevant and detailed inputs for evaluation of lar-
ge infrastructure investments on the regional network and market deve-
lopment. The study has shown that market based results gave very diffe-
rent generation footprint in the region when compared to predictions of 
individual TSOs. Main reasons for such differences is in additional market 
coupling introduced different country balances, different generation sche-
dules than the ones based on individual TSO experience and higher RES 
penetration per country.

After comprehensive electricity market study resulting wholesale prices 
are comparable to actual market prices. In SEE wholesale electricity pri-
ces are mainly harmonized, which presents practically fully integrated SEE 
electricity market although network congestions are still present in the 
region. Average market price in SEE region is increased by 1.60 €/MWh 
in the Base Case and 3.75 €/MWh in the Alternative Case compared to 
results of the Reference Case. It can be concluded that additional HVDC 
links to Italy increase wholesale prices in SEE region for up to 10%.

Total generation in SEE region is increased by 3.35 TWh (0.96%) in the 
Base Case and 8.98 TWh (2.58%) in the Alternative Case, compared to the 
Reference Case scenario. In the Base Case net interchange of SEE region 
is 3,284 GWh higher than in Reference, while in the Alternative Case it is 
8,753 GWh higher than in the Reference Case scenario.

Dominant power exchange directions can be perceived through power 
transfer values and the occurrence of congestions. Total transfer sums up 
the absolute values of total yearly import and export, and Serbia has the 
highest total transfer in all scenarios, but transfer decreases in Base and 
Alternative Case compared to Reference Case. When looking at the power 
flow in just one direction, generally, in both Base and Alternative Case the 
highest power transit in SEE region can be expected from Romania and 
Bulgaria to the neighboring countries. 

In terms of cross-border flows, significant congestions can be noticed in 
both Base and Alternative Case. In the Base Case congestions occur es-
pecially on the BG-GR, AL-GR, SI-IT borders and HVDC cable ME-IT, but 
only in one direction – to Greece and to Italy. Congestions can be also ob-
served on CE-HU and CE-SI borders, in the direction from Central Europe. 
In Alternative Case total cross-border congestions are even higher than in 
Base Case scenario, but are more evenly distributed. Congestions mostly 
occur on CE-SI and CE-HU link in the direction from Central Europe, and 
on the BG-GR border in the direction to Greece, as in the Base Case. In 
Alternative Case congestions on RO-RS border can be also observed, in 
the direction from Romania to Serbia. Occurrence of congestions on these 
borders is a market signal for increasing cross-border capacity.

Effect of CO2 emissions prices has also been evaluated. In all scenarios 
w/o Carbon Cost electricity generation is expectedly increased. In the 
Base Case total SEE region generation is 14.49 TWh higher and in Alter-
native Case 14.52 TWh higher than in main set of scenarios that include 
Carbon Costs. Since these scenarios do not include Carbon Cost, cost of 
generation is lower and thus market prices in SEE region are lower. Wit-
hout Carbon Costs average wholesale price in SEE region is 5.60 €/MWh 
lower in the Base Case and 3.84 €/MWh in Alternative Case than in the 
main set of scenarios with Carbon Costs. 

For the network analyses, it can generally be concluded that market co-
upling in SEE region introduces changes in existing load flow patterns. 
Changes in power flows in SEE transmission networks will lead to network 
overloading in the cases when all network elements are in operation. Un-
der these network topology conditions voltage levels will be within per-
mitted ranges for Highest Consumption and Highest RES penetration re-
gimes. For Lowest Consumption regime network node voltages are out of 
acceptable limits.  

In terms of (n-1) security criteria assessment, Highest RES penetration re-
gime is identified as the most critical one for the Base Case scenario. In 
this regime, outage of 400 kV OHL Portile de Fier (RO) – Resita (RO) causes 
overloading of 400 kV OHL Djerdap (RS) – Portile de Fier (RO). For other 
two regimes, Highest Consumption and Lowest Consumption, transmissi-
on networks in SEE region satisfy (n-1) security criteria.

Highest Consumption regime is identified as the most critical one for (n-
1) criteria in the Alternative Case scenario. In this regime, outage of 400 
kV OHL Konjsko (HR) – Mostar (BA) and outage of 220 kV Konjsko (HR) 
– Zakucac (KR) are causing overloading of 220 kV OHL Zakucac (HR) – 
Jablanica (BA)

One of the findings was related to the voltage profiles in the region, in par-
ticular for the minimum system loading regime. The whole region is facing 
this issue for a longer time frame due to significant changes of the load 
pattern (heavy industry collapsed, larger share of households and servi-
ces etc.). Therefore, detailed reactive power compensation studies in the 
region are necessary to resolve this issue on the regional level. It is one of 
the preconditions for sustainable and operationally safe integration of large 
network investments analyzed in this study.
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SUMMARY
The paper presents an example of coordinated transmission and distribution network planning based on analyses conducted as part of the study on 
long term distribution network development plan for islands of Cres and Lošinj in Croatia. The observed area of two large and several smaller islands 
is supplied with electricity by one long radial 110 kV TSO owned line and parallel radial 35 kV DSO owned line. Due to transmission capacity of 35 kV 
line limited to 40% of the area peak demand, which is highly conditioned by tourism, the (N-1) criteria is not complied with in case of unavailability of 
110 kV line during the two-month period in summer high season. Construction of the second 110 kV line as a common solution is extremely costly, 
due to necessity of laying down several kilometres of submarine cables. The paper provides the cost benefit analyses of this basic scenario and other 
possible alternative scenarios, including also investments in DSO network, to determine the most cost-effective solution. Due to the values of the 
demands and networks lengths, the presented example is close to a worst case scenario concerning the reliability of supply requirement, requesting 
thus some atypical distribution network analyses, elements and even conducted field tests of operation. The results clearly show that coordination of 
TSO and DSO planning is beneficiary concerning efficiency of investments in the networks. However, further analyses are recommended presuming 
contribution to satisfying the (N-1) criteria by use of non-traditional (“non-network” or “third party”) solutions.
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(N-1) criteria, TSO/DSO alternatives and cooperation, high-temperature low-sag conductors, CBA

INTRODUCTION
Islands of Cres and Lošinj as well as Silba and several surrounding small 
islands are supplied with electricity by one 110 kV TSO owned and opera-
ted line and one 35 kV DSO owned and operated line from TS 110/20/35 
kV Krk, which is well connected with the main transmission network. As 
shown in Figure 1, electricity distribution on islands of Cres and Lošinj is 
provided from five TS 35/20 kV (Cres, Hrasta, Osor, Lošinj 1 and Lošinj 2) 
and one TS 35/0,4 kV. Considering also TS 35/10 kV Silba, which supplies 

several distant smaller islands, it sums up to a total distance of about 110 
km, or about 120 km of basically radial 35 kV overhead or cable lines. The 
corresponding transmission network supplying this area consists of just 
one radial 65 km long 110 kV line and TS 110/35 kV Lošinj, leaving the area 
with peak load of 24,8 MW without (N-1) criteria backup supply in case of 
unavailability of 110 kV line, except for limited capacity of up to 10 MVA 
through 20/35 kV 8 MVA transformer in TS 110/20/35 kV Krk and old Cu 
3x50 mm2 overhead lines along the islands of Cres and Lošinj.
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Figure 1: Transmission and distribution network for supplying the islands of Cres 
and Lošinj

Several alternatives for backup power supply according to (N-1) criteria in 
case of unavailability of 110 kV line Krk-Lošinj were analysed. The second 
110 kV line to TS 110/35 kV Lošinj, as a traditional and technically favoura-
ble solution, requires laying down several kilometres of submarine cables, 
which is extremely costly, especially considering that demand of islands 
of Cres and Lošinj is highly conditioned by tourism and thus without bac-
kup supply according to (N-1) criteria only during one to two months in 
summer high season. Therefore, alternative solutions have been examined 
considering 35 kV distribution network, but the value and the location of 
most of the load in Lošinj area, about 70 km from TS 110/20/35 kV Krk as 
supplying point for 35 kV network, asked for atypical distribution network 
elements, such as of high-temperature low-sag conductors, three winding 
transformers 110/20/35 kV and long 35 kV submarine cables. Additionally, 
to deal with extreme voltage drops along 35 kV network, voltage regulation 
with two 110/35 kV transformers (in TS 110/35 kV Lošinj) operating in seri-
es (35/110 kV and 110/35 kV) is analysed and even examined in practice. 
Finally, for the case of long term unavailability of 110 kV submarine cable 
Krk – Cres, an emergency action plan for 110 kV overhead line connecting 
to 35 kV network is prepared.

ALTERNATIVES FOR 110 kV AND 
35 kV NETWORK DEVELOPMENT 
CONCERNING (N-1) CRITERIA
Load flow calculations in case of peak load and unavailability of 110 kV 
line Krk-Lošinj are performed to determine backup power capacities of 
different alternatives for 110 kV and 35 kV network development, but also 
as a part of the process of detailed design of reconstructions of overhead 
35 kV lines and assessment of the costs. One of important features of the 
study [1] is performing the load flow calculations for high loads inherent to 
(N-1) condition with the values of conductors resistances at temperatures 
of up to 120 °C, according to each line design parameters calculated ba-
sed on IEEE Std. 738-2006. 

The analyses were performed for the peak demand of the area of islands 
of Cres and Lošinj (with Silba) of 24,8 MW in 2016 and predicted increa-
se to 34,3 MW in the observed 20-year period. Considering the existing 
network, the (N-1) criteria is: (1) complied with during the entire observed 
period in cases of unavailability of a single 35/10(20) kV transformer or 35 
kV line, (2) complied with for the peak demand of 32,5 MW (16 years in 
the future) in case of unavailability of a 110/35 kV transformer, and (3) not 
complied with in the most severe case which is unavailability of 110 kV 
line Krk – Lošinj – the backup supply is in the current distribution network 
available only for 10 MW of peak demand, limited by the 20/35 kV 8 MVA 
transformer in TS 110/20/35 kV Krk,

Analyses of 110 kV and 35 kV network development alternatives aimed at 
satisfying (N-1) criteria were based on the following assumptions:

•	 Load flow calculations for cases of unavailability of single transfor-
mers 110/SN and 35/10(20) kV as well as 35 kV lines conducted with 
commonly used parameters for 20 °C

•	 Load flow calculations in case of unavailability of 110 kV line Krk 
– Lošinj:

— Conductor resistance modified to design temperatures of 
up to 90 °C for cables and 120 °C for overhead lines (depen-
ding on the loading)

— Due to very high active power losses (10% do 15%), as 
well as voltage drops and reactive power flows, transmissi-
on capacities (in MW) of the lines and transformers are up to 
20% lower than nominal values. 

— Criteria for determination of backup supply limit at 35 kV 
network [2]:

Allowed overload of transformers1 up to 20%.

Allowed voltage drop at 35 kV busbars in TS 35/20 kV up to 
15%2. The analysed methods for voltage regulation: (1) use of 
voltage regulation 2x10x1,5% in TS 110/35 kV Lošinj (sectio-
nalised 35 kV busbars and transformers in series: 35/110 kV 
and 110/35 kV), (2) use of capacitor banks (limited effects due 
to high voltage drops and consequently even higher required 
reactive power), and (3) use of autotransformers at 35 kV level. 

•	 All network development alternatives assume replacement of 
TR 20/35 kV 8 MVA Krk with new transformer of minimal nominal 
rating of 20 MVA3.

•	 Concerning the reconstruction of the 35 kV lines Cres – Hrasta – Osor 
– Lošinj (total length of 42,5 km), three scenarios are analysed: repla-
cement of the existing Cu 3x50 type conductors with the same new 
lines, conductors of ZTACIR 3x79 type or ACCC 3x115 type.

The following investments in 110 kV and 35 kV network have been 
analysed:

Base scenario: no investments in network development (reconstruction of 
overhead 35 kV line Cres – Lošinj with the same Cu 3x50 type conductors);

0. Reference scenario: 35 kV submarine cable Novalja – Silba (24 km), 
reconstruction of overhead 35 kV line Cres – Lošinj with ACCC 3x115 type 
conductors and 2 x TR 110/20/35 kV 40/20/20 MVA (Krk and Novalja);

1. Alternative 1: reconstruction of overhead 35 kV line Cres – Lošinj with 
ACCC 3x115 type conductors and selection of one sub-alternative for 
transformer in TS 110/20/35 kV Krk:

1  Overload of overhead lines is not considered, because the observed cases include extreme 
power flows lasting several hours in summer evenings, with high probability of high ambient 
temperature and absence of wind.

2  There are no 35 kV customers in 35 kV distribution network in this area.
3  Precondition for use of recently completed new submarine 35 kV cable Krk – Cres and recon-

structed overhead line (with ZTACIR 3x79 type conductors). Selection of a transformer has 
been subject of the analyses.
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1. TR 20/35 kV 20 MVA,
2. TR 110/20(35) kV 20 MVA,
3. TR 110/20(35) kV 20 MVA and existing TS 20/35 kV 8 MVA, or
4. TR 110/20/35 kV 40/20/20 MVA;

2. Alternative 2: parallel 110 kV overhead line Krk – Cres operating at 35 kV, 
reconstruction of overhead 35 kV line Cres – Lošinj with ACCC 3x115 
type conductors and TR 110/20/35 kV 40/20/20 MVA Krk;

3. Alternative 3: 110 kV line Krk – Cres, reconstruction of overhead 35 kV 
line Cres – Lošinj with ACCC 3x115 type conductors and TS 110/35/20 
kV Cres constructed as:

1. simple single-transformer substation with TR 110/20/35 kV 
40/20/20 MVA transported from TS 110/20/35 kV Krk, or
2. standard two-transformer substation;  

4. Alternative 4: TS 110/20/35 kV Cres with TR 110/20/35 kV 40/20/20 
MVA transported from TS  110/20/35 kV Krk and reconstruction of 
overhead 35 kV line Cres – Lošinj with ACCC 3x115 type conductors; 
depending on size of substation and rated power of TR 110/20/35 kV 
there are four sub-alternatives:

1. simple single-transformer TS 110/20/35 kV Cres with TR 
110/20/35 kV 40/20/20 MVA,
2. standard two-transformer TS 110/20/35 kV Cres with TR 
110/20/35 kV 40/20/20 MVA,
3. simple single-transformer TS 110/20/35 kV Cres with TR 
110/35/20 kV 40/40/20 MVA, or
4. standard two-transformer TS 110/20/35 kV Cres with TR 
110/35/20 kV 40/40/20 MVA;

5. Alternative 5: second 110 kV line Krk – Lošinj and reconstruction of over-
head 35 kV line Cres – Lošinj with ACCC 3x115 type conductors;

6. Alternative 6: second 110 kV line Krk – Lošinj, reconstruction of overhe-
ad 35 kV line Cres – Lošinj with ACCC 3x115 type conductors and TS 
110/35/20 kV Cres in one of two sub-alternatives:

1. simple single-transformer substation with TR 110/20/35 kV 
40/20/20 MVA, or 
2. standard two-transformer substation.  

Overview of analysed investment alternatives in 110 kV and 35 kV network 
to satisfy (N-1) criteria is shown in Figure 2 and in more details in Table 1. 
The results are sorted in increasing order of available backup supply for 
demand rising from 24,8 MW to 34,3 MW in 20 years. 

Figure 2: The demand of the islands of Cres and Lošinj (with Silba) up to which (N-1) 
criteria is complied with for different investment alternatives of 110 kV and 35 kV 
networks development 

A specific scenario is analysed for the case of long term4 unavailability of 
110 kV submarine cable Krk – Cres. The emergency action plan assumes 
(1) connecting of 110 kV overhead line to the new 35 kV submarine cable 
and (2) use of 35 kV overhead line with the old 35 kV submarine cable5, 
enabling thus double 35 kV line Krk – Lošinj. Due to transmission capacity 
limit of the old 35 kV submarine cable of 9,7 MVA and high voltage drops, 
(N-1) criteria is complied with up to the 25,8 MW of demand of islands of 
Cres and Lošinj (with Silba), regardless of the types of conductors of 35 kV 
lines (Cu 3x50, ZTACIR 3x79 or ACCC 3x115).

1. The conclusions of the analysis aimed to satisfy (N-1) criteria are the 
following:

2. For full (N-1) criteria up to the existing load at least one more 35 kV 
line Krk – Cres is needed.

3. For full (N-1) criteria until the end of the observed 20-year period one 
more line is needed to Lošinj area (at 110 kV or cable line at 35 kV).

4. For full (N-1) criteria for longer period at 35 kV (DSO only investment) 
requires reconstruction of overhead 35 kV line Cres – Lošinj with 
ACCC 3x115 type conductors and new submarine 35 kV cable No-
valja - Silba.

5. Alternative to 35 kV cable Novalja – Silba is construction of second 
110 kV line to TS 110/35 kV Lošinj.

6. Concerning reconstruction of 35 kV overhead lines and supply from 
TS 110/20/35 kV Krk (and Novalja), ZTACIR 3x79 type conductors 
are only marginally better than Cu 3x50 type ones.

7. TS 110/20/35 kV Cres is required concerning (N-1) criteria in case 
of the demand of islands of Cres and Lošinj (with Silba) larger than 
40 MW, with condition that backup supply of TS 110/35 kV Lošinj is 
provided at 110 kV level (i.e. another 110 kV line constructed). In that 
case simple single-transformer TS 110/20/35 kV Cres 40/20/20 MVA 
is sufficient.  

8. Considering transmission capacity of 35 kV network and operating 
flexibility, optimal transformer for TS 110/20/35 kV Krk (and Novalja) 
is TR 110/20/35 kV 40/20/20 MVA.

4  Up to several weeks, including time needed for special equipment to arrive on site.
5  This solution includes the assumption that the existing old submarine 110 kV oil cable is taken 

out of the sea after the new cable is laid down.
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overhead 35 kV line Cres – Lošinj with ACCC 3x115 type conductors and new submarine 35 kV 
cable Novalja - Silba. 

4) Alternative to 35 kV cable Novalja – Silba is construction of second 110 kV line to TS 110/35 kV 
Lošinj. 

5) Concerning reconstruction of 35 kV overhead lines and supply from TS 110/20/35 kV Krk (and 
Novalja), ZTACIR 3x79 type conductors are only marginally better than Cu 3x50 type ones. 

6) TS 110/20/35 kV Cres is required concerning (N-1) criteria in case of the demand of islands of 
Cres and Lošinj (with Silba) larger than 40 MW, with condition that backup supply of TS 110/35 
kV Lošinj is provided at 110 kV level (i.e. another 110 kV line constructed). In that case simple 
single-transformer TS 110/20/35 kV Cres 40/20/20 MVA is sufficient.   

7) Considering transmission capacity of 35 kV network and operating flexibility, optimal transformer 
for TS 110/20/35 kV Krk (and Novalja) is TR 110/20/35 kV 40/20/20 MVA. 

                                                 
4 Up to several weeks, including time needed for special equipment to arrive on site. 
5 This solution includes the assumption that the existing old submarine 110 kV oil cable is taken out of the sea 
after the new cable is laid down. 

V. Komen, A. Antonic, T. Baricevic, M. Skok, T. Dolenc, Coordinated TSO and DSO network development plan on the islands of Cres and Lošinj, Journal 
of Energy, vol. 67 Number 3 (2018), Special Issue, p. 45–50



48

COST BENEFIT ANALYSIS OF 
ALTERNATIVES FOR 110 kV AND 
35 kV NETWORK DEVELOPMENT 
CONCERNING (N-1) CRITERIA
Overview of the results of backup supply determination for different inves-
tments in 110 kV and 35 kV network development concerning (N-1) criteria 
in case of unavailability of 110 kV line Krk – Lošinj is provided in Table 1. 
For each alternative the list of main investments is provided, including total 
nominal costs for DSO and TSO.

Table 1: Overview of alternatives of 110 kV and 35 kV network development 
concerning costs of investments and demand up to which (N-1) criteria is complied 
with

The observed nominal costs for DSO and TSO are shown in Figure 3. 
They include evaluation of the existing TR 20/35 kV 8 MVA and TR 110/20 
kV 20 MVA in TS 110/20/35 kV Krk, while for the second transformer in 
TS 110/35/20 kV Cres using of an old one is assumed (at no costs). For 
all alternatives except »No investments in development« reconstruction 
of overhead 35 kV line Cres – Lošinj with ACCC 3x115 type conductors 
is assumed, as the only feasible short term solution. The comparison of 
costs shows that all investments that require laying down new submarine 
110 kV cable Krk – Cres are more than twice as expensive as other ob-
served alternatives. Therefore, the study [3] relied predominately on the 
investments in 35 kV network, including reconstruction of overhead 35 kV 
line Cres – Lošinj with ACCC 3x115 type conductors, new submarine 35 
kV cable Novalja – Silba and two new TR 110/20/35 kV 40/20/20 MVA (Krk 
and Novalja), as the reference scenario. 

Figure 3: DSO and TSO costs for different investment alternatives of 110 kV and 35 
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Table 1: Overview of alternatives of 110 kV and 35 kV network development concerning costs of 
investments and demand up to which (N-1) criteria is complied with 

Alternative Main investments 
Investment 

(€) 
DSO 
TSO 

Demand of islands of Cres and 
Lošinj (with Silba) up to which (N-
1) criteria is complied with (MW) 

Cu 3x50 ZTACIR 
3x79 

ACCC 
3x115 

1.063.000 1.148.000 1.275.000 

No investments No investments in development 255.000 
600.000 10,5     

Alternative 1 

1 TR 20/35 kV 20 MVA 404.000 
600.000 12 16 17,5 

2 TR 110/20(35) kV 20 MVA 401.000 
600.000 12 16,5 18 

3 TR 110/20(35) kV 20 MVA 
and existing TR 20/35 kV 8 MVA 

452.000 
600.000 12 16,5 18 

4 TR 110/20/35 kV 40/20/20 MVA 486.000 
600.000 12 16,5 18 

Alternative 4 

1 TR 110/20/35 kV 40/20/20 MVA 
Simple TS 110/35/20 kV Cres 

2.219.000 
1.600.000 21 21 21 

2 TR 110/20/35 kV 40/20/20 MVA 
TS 110/35/20 kV Cres 

3.319.000 
2.900.000 21 21 21 

3 TR 110/35/20 kV 40/40/20 MVA 
Simple TS 110/35/20 kV Cres 

2.284.000 
1.600.000 22,3 23 23 

4 TR 110/35/20 kV 40/40/20 MVA 
TS 110/35/20 kV Cres 

3.384.000 
2.900.000 22,3 23 23 

Alternative 2 
TR 110/20/35 kV 40/20/20 MVA 
110 kV line Krk – TS 35/20 kV Cres  
(operating at 35 kV) 

486.000 
2.170.000 16,6 20,1 23,8 

Alternative 3 

1 
TR 110/20/35 kV 40/20/20 MVA 
110 kV line Krk - TS 110/20/35 kV Cres 
Simple TS 110/20/35 kV Cres 

2.219.000 
13.480.000 22,3 25,1 29,8 

2 
TR 110/20/35 kV 40/20/20 MVA 
110 kV line Krk - TS 110/35/20 kV Cres 
TS 110/20/35 kV Cres 

3.319.000 
14.780.000 22,3 25,1 40 

Reference plan: 
(N-1) at 35 kV 

Submarine 35 kV cable Novalja - Silba 
2 x TR 110/20/35 kV 40/20/20 MVA  
(Krk and Novalja) 

5.871.000 
600.000 34 38,5 40 

Alternative 5 TR 110/20/35 kV 40/20/20 MVA 
110 kV line Krk - Lošinj 

486.000 
17.630.000 34 38,5 40 

Alternative 6 

1 
TR 110/20/35 kV 40/20/20 MVA 
110 kV line Krk - Lošinj 
Simple TS 110/20/35 kV Cres 

1.786.000 
18.630.000 44,3 47,1 51,8 

2 
TR 110/20/35 kV 40/20/20 MVA 
110 kV line Krk - Lošinj 
TS 110/20/35 kV Cres 

2.886.000 
19.930.000 44,3 47,1 62 
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kV network development on islands of Cres and Lošinj (with Silba)

For the selection of optimal alternative of network development besides 
investment costs also operational costs of energy losses and energy not 
supplied during the observed 20-year period have to be considered. The 
common method of comparison of total discounted costs of depreciation, 
losses and energy not supplied has been applied [4]. 

Evaluation of losses and energy not supplied is conducted based on 
one-year SCADA hourly load data of all transformers in 110 kV and 35 kV 
network, considering also the predicted increase of demand up to 38% in 
the observed 20-year period. The following input parameters have been 
applied: (1) price of power losses dependent on load 97 €/kW, (2) price of 
power losses non-dependent on load 410 €/kW, (3) off-season (October-
May) price of energy not supplied 2,5 €/kWh, (4) high-season (June-Sep-
tember) price of energy not supplied 5 €/kWh, (5) price of power not suppli-
ed 0,75 €/kW, (6) peak load duration for energy not supplied evaluation 
2.828 h, (7) duration of losses dependent on load 1.084 h and (8) discount 
rate 8%. Assuming overall (including low voltage network) 40% share of 
energy losses non-dependent on load, the equivalent price of energy lo-
sses used in economic evaluation is 72 €/kWh. The prices of energy not 
supplied are derived based on income and energy consumption related 
to (1) tourism and (2) all other activities. The equivalent price of energy not 
supplied is 3,6 €/kWh.

The energy not supplied was evaluated separately for overhead 110 kV 
line and submarine 110 kV cable Krk-Cres, which, although unlikely, could 
require an extremely long time to repair (several weeks). For the overhead 
line backup supply capacities for different alternatives as shown in Table 1 
have been considered. For the submarine cable higher of the same values 
or the value for emergency operation of 110 kV line at 35 kV level (25,8 
MW) have been considered. For the overhead line the total yearly unavaila-
bility of 4 h is conservatively assumed based on the past unavailability data 
for all 110 kV lines in Croatian Primorje region. For the submarine cable a 
very radical model of unavailability during high-season weeks with proba-
bility of 5% has been assumed. However, considering the backup power 
supply of at least 25,8 MW in emergency operation, the contribution of the 
submarine cable to the total energy not supplied is much lower than the 
contribution of the overhead line. 

The result of economic justification of reconstruction of overhead 35 kV line 
Cres – Lošinj with ACCC 3x115 type conductors instead of Cu 3x50 type 
ones is shown in Figure 4. Nominal investment cost is 20% higher and dis-
counted depreciated cost is 12% higher. However, with discounted costs 
of losses 1,4% lower and discounted costs of energy not supplied 64% 
lower, the total discounted costs of investments and operation are 10% 
lower. Considering the same discount rate of 8%, use of ACCC 3x115 
type conductors is economically justified with nominal investment costs 
up to 75% higher than using Cu 3x50 type conductors. 

Figure 4: DSO and TSO costs of different investment alternatives of 110 kV and 35 

kV networks development on islands of Cres and Lošinj (with Silba)

Figure 5 shows discounted investment and operation costs for observed 

alternatives of 110 kV and 35 kV network development on islands of Cres and Lošinj 
with ACCC 3x115 type conductors applied. 

The following conclusions summarize the findings of the conducted tech-
nical and economic evaluation:

Optimal investment complied with (N-1) criteria up to 18 MW of backup 
supply includes TR 110/20/35 kV 40/20/20 MVA Krk and reconstruction of 
overhead 35 kV line Cres – Lošinj with ACCC 3x115 type conductors (Al-
ternative 1). The total nominal investment is 2.361.000 €, with DSO share 
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weeks). For the overhead line backup supply capacities for different alternatives as shown in Table 1 
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have been considered. For the submarine cable higher of the same values or the value for emergency 
operation of 110 kV line at 35 kV level (25,8 MW) have been considered. For the overhead line the 
total yearly unavailability of 4 h is conservatively assumed based on the past unavailability data for all 
110 kV lines in Croatian Primorje region. For the submarine cable a very radical model of 
unavailability during high-season weeks with probability of 5% has been assumed. However, 
considering the backup power supply of at least 25,8 MW in emergency operation, the contribution of 
the submarine cable to the total energy not supplied is much lower than the contribution of the 
overhead line.  
 
The result of economic justification of reconstruction of overhead 35 kV line Cres – Lošinj with 
ACCC 3x115 type conductors instead of Cu 3x50 type ones is shown in Figure 4. Nominal investment 
cost is 20% higher and discounted depreciated cost is 12% higher. However, with discounted costs of 
losses 1,4% lower and discounted costs of energy not supplied 64% lower, the total discounted costs 
of investments and operation are 10% lower. Considering the same discount rate of 8%, use of 
ACCC 3x115 type conductors is economically justified with nominal investment costs up to 75% 
higher than using Cu 3x50 type conductors.  
 

 
Figure 4: DSO and TSO costs of different investment alternatives of 110 kV and 35 kV networks 

development on islands of Cres and Lošinj (with Silba) 
 
Figure 5 shows discounted investment and operation costs for observed alternatives of 110 kV and 
35 kV network development on islands of Cres and Lošinj with ACCC 3x115 type conductors applied.  
 
The following conclusions summarize the findings of the conducted technical and economic 
evaluation: 
1) Optimal investment complied with (N-1) criteria up to 18 MW of backup supply includes 

TR 110/20/35 kV 40/20/20 MVA Krk and reconstruction of overhead 35 kV line Cres – Lošinj 
with ACCC 3x115 type conductors (Alternative 1). The total nominal investment is 2.361.000 €, 
with DSO share of 1.761.000 €, and TSO share of 600.000 €. 

2) Optimal long-term investment complied with (N-1) criteria up to 40 MW of backup supply 
includes 2xTR 110/20/35 kV 40/20/20 MVA (Krk and Novalja), submarine 35 kV cable Novalja - 
Silba (24 km) and reconstruction of overhead 35 kV line Cres – Lošinj with ACCC 3x115 type 
conductors (Reference scenario). The total nominal investment is 7.746.000 €, with DSO share of 
7.146.000 €, and TSO share of 600.000 €. 

3) Additional alternative with costs in between the above values, complied with (N-1) criteria up to 
23,8 MW of backup supply, includes TR 110/20/35 kV 40/20/20 MVA Krk, parallel 110 kV 
overhead line Krk – Cres operating at 35 kV and reconstruction of overhead 35 kV line Cres – 
Lošinj with ACCC 3x115 type conductors (Alternative 2). The total nominal investment is 
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3.931.000 €, with DSO share of 1.761.000 €, and TSO share of 2.170.000 €. However, this is only 
a temporary solution, assuming use of old submarine 110 kV oil cable (subject to evaluation of the 
risk to environment) or old submarine 35 kV cable with limited transmission capacity of 
9,7 MVA. 

 

 
Figure 5: Comparison of discounted investment and operation costs for observed 110 kV and 35 kV 

network development alternatives on islands of Cres and Lošinj 
 
CONCLUSION 
 
The paper presents an example of coordinated transmission and distribution network planning based 
on analyses conducted as part of the study on long term distribution network development plan for 
islands of Cres and Lošinj in Croatia. Considering all conducted analyses, optimal network 
development aimed to satisfy (N-1) criteria in 110 kV and 35 kV network envisages backup supply of 
islands of Cres and Lošinj (with Silba) through two new transformers 110/20/35 kV 40/20/20 MVA 
(Krk and Novalja), 24 km of new submarine 35 cable Novalja – Silba and reconstruction of overhead 
35 kV line Cres – Lošinj with ACCC 3x115 type conductors. This investments provide similar 
reliability of supply as would a second 110 kV line, but at 2,5 times lower nominal investment costs or 
2 times lower discounted investment and operation costs. The provided results clearly show that 
coordination of TSO and DSO planning is beneficiary concerning efficiency of investments in both 
networks. In case the legal obligation of the investment to satisfy (N-1) criteria is at one network 
operator and investing by the other network operator provides significant reduction of costs, the 
network operators could decide to request from the regulator special treatment of the investment, if 
needed. However, they should in any case prove that also “non-network” (or “third party”) solutions 
have been considered as alternatives contributing to addressing the issue of satisfying (N-1) criteria. 
Further work on the network development alternatives in this region will focus on such analyses. 

V. Komen, A. Antonic, T. Baricevic, M. Skok, T. Dolenc, Coordinated TSO and DSO network development plan on the islands of Cres and Lošinj, Journal 
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of 1.761.000 €, and TSO share of 600.000 €.

Optimal long-term investment complied with (N-1) criteria up to 40 MW 
of backup supply includes 2xTR 110/20/35 kV 40/20/20 MVA (Krk and 
Novalja), submarine 35 kV cable Novalja - Silba (24 km) and reconstruction 
of overhead 35 kV line Cres – Lošinj with ACCC 3x115 type conductors 
(Reference scenario). The total nominal investment is 7.746.000 €, with 
DSO share of 7.146.000 €, and TSO share of 600.000 €.

Additional alternative with costs in between the above values, complied 
with (N-1) criteria up to 23,8 MW of backup supply, includes TR 110/20/35 
kV 40/20/20 MVA Krk, parallel 110 kV overhead line Krk – Cres operating at 
35 kV and reconstruction of overhead 35 kV line Cres – Lošinj with ACCC 
3x115 type conductors (Alternative 2). The total nominal investment is 
3.931.000 €, with DSO share of 1.761.000 €, and TSO share of 2.170.000 
€. However, this is only a temporary solution, assuming use of old subma-
rine 110 kV oil cable (subject to evaluation of the risk to environment) or 
old submarine 35 kV cable with limited transmission capacity of 9,7 MVA.

Figure 5: Comparison of discounted investment and operation costs for observed 
110 kV and 35 kV network development alternatives on islands of Cres and Lošinj

CONCLUSION
The paper presents an example of coordinated transmission and distribu-
tion network planning based on analyses conducted as part of the study 
on long term distribution network development plan for islands of Cres 
and Lošinj in Croatia. Considering all conducted analyses, optimal network 
development aimed to satisfy (N-1) criteria in 110 kV and 35 kV network 
envisages backup supply of islands of Cres and Lošinj (with Silba) through 
two new transformers 110/20/35 kV 40/20/20 MVA (Krk and Novalja), 24 
km of new submarine 35 cable Novalja – Silba and reconstruction of over-
head 35 kV line Cres – Lošinj with ACCC 3x115 type conductors. This 
investments provide similar reliability of supply as would a second 110 
kV line, but at 2,5 times lower nominal investment costs or 2 times lower 
discounted investment and operation costs. The provided results clearly 
show that coordination of TSO and DSO planning is beneficiary concern-
ing efficiency of investments in both networks. In case the legal obligation 
of the investment to satisfy (N-1) criteria is at one network operator and 
investing by the other network operator provides significant reduction of 
costs, the network operators could decide to request from the regulator 
special treatment of the investment, if needed. However, they should in 
any case prove that also “non-network” (or “third party”) solutions have 
been considered as alternatives contributing to addressing the issue of 
satisfying (N-1) criteria. Further work on the network development alterna-
tives in this region will focus on such analyses.
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