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Abstract: This paper presents an advanced model for monitoring losses on a 400 kV over-head trans-
mission line (OHL) that can be used for measured data verification and loss assessment. Technical
losses are unavoidable physical effects of energy transmission and can be reduced to acceptable
levels, with a major share of technical losses on transmission lines being Joule losses. However, at
400 kV voltage levels, the influence of the electrical corona discharge effect and current leakage can
have significant impact on power loss. This is especially visible in poor weather conditions, such as
the appearance of fog, rain and snow. Therefore, loss monitoring is incorporated into exiting business
process to provide transmission system operators (TSO) with the measure of losses and the accurate
characterization of measured data. This paper presents an advanced model for loss characterization
and assessment that uses phasor measurement unit (PMU) measurements and combines them with
end-customer measurements. PMU measurements from the algorithm of differential protection are
used to detect differential currents and angles, and this paper proposes further usage of these data
for determining the corona losses. The collected data are further processed and used to calculate
the amount of corona losses and provide accurate loss assessment and estimation. In each step of
the model, cross verification of the measured and calculated data is performed in order to finally
provide more accurate loss assessment which is incorporated into the current data acquisition and

monitoring systems.

Keywords: transmission line losses; synchrophasor (PMU) measurements; metering data; corona losses

1. Introduction and Motivation

Electricity losses in transmission networks can be divided into technical and non-
technical losses [1]. Technical losses are caused by physical electrical effects, which can be
divided into those originating from transmission line losses and transformer losses [2,3].
Non-technical losses are caused by unregistered and illegal connections, inaccurate mea-
surements, and poor records of measurements, and it is impossible to determine the origin
or the exact measure and location of these losses [4]. For high-voltage transmission net-
works, non-technical losses are negligible. In accordance with this, the dominant loss
share in transmission networks is generated by overhead lines (OHLs). Electricity losses
on transmission lines are caused by the known physical effects of the electricity current
flow and can be divided into Joule losses, losses due to the corona effect and losses on
insulators, with other types of losses being neglected due their insignificant amounts [5].
For the 110 kV voltage level, Joule losses are dominant, while on 220 kV and 400 kV lines,
there is a significant influence of electrical corona discharge and leakage losses. This is
especially visible in bad weather and high precipitation conditions [6]. Additionally, there
is a significant error in loss calculation for OHLs, with low-loading due the equipment’s
limitations in measurement voltage and current values [7]. The main goal of this paper is
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to assess the influence of corona and leakage losses through the development of the loss
estimation model that utilizes phasor measurement unit (PMU) measurements.

There have been attempts to determine the influence of weather conditions on total
losses in the transmission grid, where various methods have been applied [5,7]. All con-
ducted analyses showed similar results, in that the amount of loss can significantly deviate
among different 400 kV OHLs in relation to weather conditions and specific geographical
influences. In some cases, the influence of weather conditions on the losses of 400 kV
OHLs is such that ultimately, the losses caused by weather conditions occupy a dominant
share of the total losses on 400 kV OHLs and can inherently cause significant errors in loss
prediction [8].

The calculation of losses on transmission lines is presented as the difference between
the sent and received power at two ends of the line. The calculation of the power in the
transmission line is performed based on voltage and current measurements, and if the
measurements are accurate, the calculation of losses is as well [7,9,10]. In general, existing
estimation algorithms perform well when the measurements are accurate. However, in
practice, changing the electrical and physical parameters of the transmission lines and the
measurement equipment may contribute to errors in loss calculation. The main reasons for
this stem from, e.g., measurement transformer saturation, non-transmission line synchro-
nized measurements, data conversion errors or communication device malfunctions [7,10].

The conducted analysis adopted the approach of predominantly using statistical
processing of historical measured data for each 400 kV OHL to determine the total loss and
the annual occurrence of loss [10]. All performed analyses were conducted on measured
data from electricity meters (ADVANCE for energy recordings) and SCADA systems (for
various power system parameter recordings), which both represent the main systems in the
management process of the transmission network. Both systems have certain shortcomings
and limitations in determining the total loss and corona-related losses on 400 kV OHLs. Due
to insufficient data from existing measurement systems and unprecise weather condition
logs, it is difficult to exactly determine the types of loss. Therefore, further research on the
availability of measured data was conducted, where measurements from PMU devices
could provide a satisfactory level of accuracy and availability for the purpose of loss
assessment. Measurements taken from PMUs were processed and used to determine
the types of loss on 400 kV OHLs. The main advantage of PMU devices is the usage of
synchronized measurements of current and voltage vectors needed to calculate losses. The
values calculated in this way can be compared with the measurements from the ADVANCE
system and compared to the expected theoretical values. In this way, calculated values are
verified with measurements from various sources and can be used for the further purposes
of determining losses on 400 kV lines with a greater confidence level [7].

This paper presents the technical background of the types of losses on transmission
lines and the expected loss levels on 400 kV OHLs. Regarding the use of several measure-
ment systems that are not standardized, the method of measurement data collection, data
processing, data usage and data verification is presented. This method was performed
according to the source type, and prioritization was conducted according to the accuracy.
The calculation of losses on the 400 kV transmission line and the determination of indi-
vidual components of losses from PMU measurements led to a better understanding of
the types of losses and their amounts, as well as the dependence of losses (amount and
occurrence) on weather conditions. In this way, robustness is achieved, which is very
important, because ultimately, the calculated values will be used for market functions of
loss procurement. To the best of the authors knowledge, this process and the usage of PMU
data for the purpose of loss assessment, as was adopted in this paper, cannot be found in
the state-of-the-art literature, and this presents the main highlight of this paper.

The main goal of the proposed model was to use a large set of metrics from different
data gathering systems, ranking them with regard to their accuracy and reliability for the
purposes of the better calculation of losses in real time. This was performed to develop
a model for 400 kV transmission network loss assessment, with historical monitoring of
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losses for the entire 400 kV transmission network and real time calculation with day-ahead
prediction included.

This paper is structured as follows: Section 2 describes the main aspects of high
voltage losses, and Sections 3 and 4 describe the way different data sources are used and
combined in the proposed model. Furthermore, Section 5 deals with the influence that
the physical aspects of high-voltage lines have on loss assessment, and Section 6 describes
the importance of PMU measurements. Finally, Section 7 shows the results from the
representative selected time frame. Sections 8 and 9 conclude the paper, describing the
applicability of the proposed model and providing the main conclusions and future work.

2. General Aspects of 400 kV Transmission Line Losses

The transmission of electricity from production (generation) sources to consumers
inevitably causes power losses in all the elements of the electricity grid. As was already
mentioned in the introduction, losses can be divided into technical and non-technical losses,
where the dominant component of losses is technical losses, i.e., losses caused by current
flow that are converted into thermal (heat) energy due to the resistance of the network
elements. Non-technical losses are defined as an energy delivered but not metered or
billed, and mainly occur in the distribution grid and are less impactful on high-voltage
grids. Reducing losses, or at least keeping them at an acceptable level, is important from
the technical, financial, and environmental points of view for all of the TSOs. A typical

/

categorization of power losses is shown in Figure 1 [1].

o

Generation
s ™
Technical losses Non-technical losses
ps <
Variable Fixed Non-metered
> < Hidden losses Theft - Other
Power lines I Transformers public lighting
Final customer

/

Figure 1. Typical categorization of power losses (adopted from [1], 2020, CEER).

Losses can also be classified considering their voltage levels, ownership relationship
and different metering properties. In transmission systems, the dominant form of losses
is technical losses, and they are, to a large extent, proportional to the loading of the
elements. Due to higher voltage levels, it is expected in the transmission network to have
lower currents and lower technical losses compared to losses in the distribution grid. It
is also expected that due to the smaller number of total grid elements in the transmission
grid, a metering point is available on each element of the transmission grid (lines and
transformers), and losses can be determined in real time by direct metering, which is not
the case for distribution systems. Figure 2 shows losses in transmission and distribution
grids and their relative amounts according to different categorizations.
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Figure 2. Components of T&D losses and their shares in total energy losses (adopted from [3], 2017, CPESE).

2.1. General Classification of Losses on Transmission Lines

Losses in the transmission grid can usually be determined by direct measurement.
The most common method for calculating losses in the transmission grid is to calculate the
power difference between the sending and receiving ends of the transmission line. Due to
various technical limitations and economic reasons, the accuracy of measurements from
lower-importance grid elements is not sufficient to determine individual losses. Therefore,
this paper focuses on the most important (high-voltage) lines. Figure 3 shows the shares
of losses in a transmission network. The majority of losses occur on lines, and they are
approximately three to four times greater than losses from transformers.

Trans. Joule losses
o Line losses (=85%)
operator (G2
(TS0) _
losses Corona losses D
(technical) (=15%) Corona losses 220 kV (=15%)

Transformer
losses (=25%)

Figure 3. General classification of losses in the transmission system.

Losses on transmission lines are mainly Joule losses caused by the conductor heating
effect, which is proportional to the square of the current flowing through the conductor.
To reduce long-distance power transmission losses, electricity is transmitted via high (or
extra high)-voltage power lines, which typically range from 110 to 750 kV throughout the
transmission network [1]. In addition to Joule losses on transmission lines, corona losses
(conduction ionizes the air near the conductor) and leakage losses also occur. These losses
are less significant and can be ignored at voltage levels below 230 kV [6,8,9]. However, due
to bad weather conditions, corona and leakage losses can occupy a significant share of the
total losses on 400 kV transmission lines, with the level of these losses being considered as
a function of specific weather conditions.
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2.2. Theoretical Background for Losess Calculation on Transmission Lines

There are several methods for calculating electricity losses from known electrical
parameters in the system or estimating them on an experimental basis from measured data.
The losses on the transmission line can be divided into Joule losses, losses due to the corona
effect and losses from insulators (leakage) [10-12]. Ideally, for easier and faster calculation,
the transmission line can be considered with symmetrical elements and can be presented
as a single-phase element with concentrated parameters.

2.2.1. Joule Losses

Losses on transmission lines are mainly Joule losses (~=85%), as is shown in Figure 3.
The total loss depends directly on the current passing through the conductors, and therefore
the transmission losses can total up to ~2-3% of the total power transmitted depending
on the length of the transmission line. According to Equation (1), the Joule losses are

calculated as follows [5]:
) uz.B 2
P+ (Q1 — 12-106>

V3

2

AP = 3-R-

(MW) 1)

AP—]Joule losses (MW),

P1—Active power on the beginning of the line (MW),
(Q1—Reactive power on the beginning of the line (Mvar),
U;—Voltage on the beginning of the line (kV),
R—Resistance of the line (QQ),

B—Susceptance of the line (uS).

2.2.2. Corona Losses

Corona losses occur when the voltage in conductors of the transmission line is higher
than the critical electrical field value of the surrounding air, or when breakdown of the
dielectric strength of air occurs. Consequently, the air is ionized, and energy losses occur.
The amount of energy loss may vary from each case depending on: (i) line geometry,
(ii) number of conductors, (iii) geographical position (altitude), (iv) atmosphere and weather
conditions, etc. The determination of corona losses is mostly carried out on an experimental
basis, and values are determined by the measured data. According to [9], it is possible to
calculate the loss of the corona depending on the type and geometry of conductors. The
calculation itself (expressed by Equation (2)) is limited by a set of parameters and satisfies
the calculations for frequencies of 50 to 60 Hz [9]:

350 i3

In220-In
Pror = 0.433(Nrﬁ)2-%~& (W/m) 2
o

N—Number of conductors

r—Conductor radius (cm)

B=1+ 07% Peeks factor

GMR—Geometrical mean radius

forN=1>GMR =

forN#1>GMR = VN-r-AN-1

A—Radius of bundle

a—The mean distance of the spatial charge from the center of the bundle

forN=1>a =187

forN#12>a=18y/Nr+4

Py—factor (taken from the diagram showing the power losses as a function of electrical
field [9]).
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2.2.3. Leakage Losses

Losses from insulators of transmission lines are not large during dry weather condi-
tions, especially on newer power lines. On the other hand, on older lines, and in cases
where pollution of the atmosphere along the transmission line corridor is significant, special
attention is needed, because the insulation becomes imperfect and becomes very sensitive
to weather conditions. In these cases, it is necessary to determine the possible amounts of
loss from insulating chains when calculating total losses. Equation (3) allows the calculation
of losses from insulators depending on the weather conditions [13].

u\?np
Fio (\/§> Riso (W/km) )

U—Line voltage;

ny,—Number of insulators per kilometer of line length;

Risp—isolation resistance for a chain of insulator in good weather.

Losses from insulators at 400 kV voltage-level transmission lines are 3.24 times greater
than the losses at 220 kV, since these losses are proportional to the square of the voltage of
the power line.

2.3. Histroical Analysis of Losses in 400 kV Grid

Croatian TSO (HOPS) operates the 400 kV network in Croatia, which stretches through-
out significantly different geographical routes. Since the 400 kV transmission network
extends across the country with a variety of terrain configurations and with respect to the
network transmission configuration and its impact/role, separate analysis was carried
out for each transmission line based on gathered historical data. Given the characteristic
periods of the year and according to weather conditions, separate analysis was conducted
for the winter and summer periods. For the purposes of calculation and the estimation of
losses, it was necessary to understand the method and quality of the data collected [10].

Table 1 presents the amounts of loss for different weather conditions and conductor
configurations depending on weather conditions [5,14]. Comparisons of corona losses due
to different weather conditions are given in Table 2. Due to bad weather, the amounts of
corona loss can have a significant influence on the total loss.

Table 1. Corona losses due the different weather conditions (adopted from [5], 2018, HRO CIGRE).

Corona Losses (kW/km)
Weather qor}dltlon 220 KV 200 KV
Description
1 2 Conductors per Phase 3 Conductors per Phase
1 Dry 0.2 0.66 0.17
2 Rain - 28.1 7.6
3 Frost on conductor - 34.5 13.5

Table 2. Leakage losses due the different weather conditions (adopted from [13], 2017, Int. ]. Eng. Sci.).

Losses on Insulators (W/insul.)

Weather Condition
220 kV 400 kV
1 Dry 0.1 0.3
2 Light fog 0.15 0.5
3 Snow below 0 °C 0.25 0.8
4 Heavy rain 1 3.2
5 Heavy continuous rain 1.1 3.6
6 Storm 15 49
7 Rain with heavy snow 2.2 7.1
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According to the available research, the expected amounts for loss from insulator
chains are shown in Table 2 [13]. For the observed 400 kV transmission lines in the HOPS
network, the total losses during ice, rain and snow can be increased by 5 MW /100 km
in total. The increase in losses is predominantly caused by corona losses (increase of
4 MW /100 km), while leakage losses contribute 1 MW /100 km [15].

3. Proposed Novel Method for Loss Assessment

The wide area monitoring system (WAMS) installed in the HOPS control center collects
and processes synchrophasor (PMU) data in real time. There are ongoing activities in the
continuous, incremental and gradual upgrading of the existing WAMS with new protection
functions and control algorithms, aiming towards obtaining a wide area monitoring and
protection (WAMPAC) system [15]. One of the implemented functions is line differential
protection based on synchrophasor data. It was proven in practice that the new differential
protection algorithm can be used as an effective tool for the validation of basic protection
performance and as a solid foundation for the development and implementation of backup
line protection [16,17].

The newly developed function of line differential protection was tested during our
study on corona losses on high-voltage transmission lines. It was recognized that a real-
time monitoring system provides the opportunity for gaining direct, continuous and timely
insights into the system status and losses on OHLs. Measurements of current magnitudes
and angles from the line, along with the PMU based differential protection algorithm, on a
400 kV transmission line were used to detect and estimate corona losses. Real-time testing
of this function over the course of several months confirmed the validity of the concept’s
usage for the recognition of corona losses.

3.1. Advanced Protection Functions of the WAMPAC System

The WAM system in HOPS collects synchronized measurements from all 400 kV
high voltage transmission lines. The data are processed in a way that enables advanced
protection functions to work in real time and enables the complete surveillance of faults
or losses on protected lines. Line differential protection is implemented on 400, 220 and
110 kV transmission lines. The algorithm of this line differential protection is based on
synchronized measurement data, comparable with relay protection device functions [18].

Furthermore, it gives insights into the operation of classical relay protection systems
in the control room [19-22]. This also opens up possibilities to design other functions, such
as a control function for corona losses which can be beneficial for the process of planning
and the procurement of losses. The data flow is transferred to the WAMPAC system from
each of phasor measurement unit (PMU) comprising 12 channels, with three phase voltage
and currents measurements, including positive, negative and zero sequence of voltage and
current [12].

3.2. Algorithm for Line Differential Protection

The transmission line protection algorithm is based on the calculation of the differential
current—that is, the vector sum of synchronized current phasors at both ends of the
transmission line. According to Kirchhoff’s law (Equation (4)), the vector sum of all
currents in a closed circuit is equal to zero:

N
Y, k() =0 4
k=1

The simplest configuration of instrument transformers is to place current transformers
at both ends of the transmission line, at all three phases, where the current directions are
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set for the positive orientation of the current vector at both ends toward the transmission
line (Equation (5)). Then, the vectors are ideally opposite in phase and equal:

— —
Lap+ Ipp=0 (5)

where ? A is the vector of the current at phase f at one end and ? Bf is the vector of the
current at phase f at the other end of the transmission line.

In practice, the vector sum of the current phasors will have an amplitude different
than zero, caused by the loss of current due to the line’s resistance, while in the case
of power line failures, there will be a large deviation before the protection is triggered.
Line differential protection is based on the differential current of the transmission line
Equation (6):

- - -
Lyp=Taf+ Ipr#0 (6)

o
where [, is the differential current of one phase of the transmission line. The line
differential protection algorithm (Equation (7)) uses the amplitude of the real component
of the current vector Ipy:

— — -
Ipf=|Tasl = |1 af+ Iyl @)

When the transmission line is energized from one end, the charging current I of the
transmission line is permanently present, which dominates the differential current of the
transmission line (Equation (8)):

—

— -
IAf+IBf+Icf:0 (8)

For the purposes of the algorithm, a simplification was introduced that neglects the
voltage drop on the transmission line, meaning that the voltage on the transmission line
is considered constant. Then, a voltage from one of the ends of the transmission line can
be used in the expression for the charging current of the transmission line. In the server
algorithm, for the leading voltage, a side of the transmission line is selected, where, in the
normal mode, the positive direction of the active power is measured, and the specified
voltage can be used to obtain the impedance of the line shown by Equation (9):

.
Top= Ty = ©)
if=—Ileg=—=

Zf

- -
where Uy is the phase voltage at one end of the transmission line, I ¢ is the phase charging

N
current of capacitive character, and Z is the impedance of the line with the majority of the
capacitive character (Equation (10)), where X, is capacitive reactance—that is, X, < 0:

—
Zs~ X (10)

The amplitude of the differential current caused by the capacitive component is 5-15%
of the amplitude of the rated current of the transmission line—that is, if there is no fault on
the transmission line, then Equation (11) is valid:

Ip, ~ 0.15-1,, (11)

where I, is the rated transmission line current and Ip, is the amplitude of the differential
vector in normal operation.

With a continuous charging current, large false differential currents can occur at higher
loads or external faults, caused by transient saturation of current transformers. To reliably
detect transmission line faults, the threshold for triggering an alarm is therefore defined by
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Differential operating current [x In]

1. section

2. section

a curve that is a function of the sum of the amplitudes of the currents at the ends of the
transmission line.

Given that such loads can cause differences in the measurements at the ends of the
transmission lines, it is necessary to calculate the restrained current Iy, defined as the sum
of the amplitudes at the ends of the transmission lines, Equation (12):

- -
If = [T af| + 115y (12)

It is then possible to define the conditions for the triggering of the line differential
protection depending on the magnitude of the differential current amplitude Ipy, the
magnitude of the restrain current Igs, and their mutual ratio.

The load curve of the transmission line load is typically divided into three sections
according to Figure 4. The first section of the protective device tuning curve is defined
by the minimum limiting value of current which cancels out the influence of the charging
current, Ip,,i,, and the ultimate limiting current of the first section Ir;.

Triggering conditions for line differential protection

Id min

Ip(t) > Ipmm

3. section /

for Ip < Iopast

Slope 2

Ip(t) > Ipmin + (Ir(E) — lenas1)  slopesz

tor Ienasi = Ir < lenasz

Slope 3

End

1

0
1. slope

End

2. slope

In(t) = Ipmin + Uends2 — Ienas1) - slopesy + (Iz(t) — lengsa) - slopess

Restrain current [x In] for Lonass < In

3 4

(a)

(b)

Figure 4. Line differential protection functions based on synchrophasor data: (a) operating characteristic for line differential

protection; (b) conditions for triggering the functions with the differential and restrained current ratio.

The usual value of Ip,,;, is 30% of the rated current, which suppresses the sum of
the two amplitudes of the previously mentioned transmission line charging current by a
maximum of 15%.

In the second section of the curve, a linear dependence on the magnitude of the
limiting current (Equation (13)), slopesp, is added to the limiting current Ip;;,.

Al
slopesy = TZJOO% (13)

The third section has a slightly higher slope in practice, as shown in Figure 4a. The
conditions required for triggering the protection in the WAMPAC module for the whole
characteristic are shown in Figure 4b.

Losses on OHLs are calculated as the difference between the sent and received power
at two end of a line. When the total losses are known, the calculation of Joule losses is
performed. The calculation of Joule losses is conducted based on the range of temperatures
that are measured or, in the case of unavailability, selected from historical measurements.
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From these calculated values, Pcyon, is expressed as the difference between total losses and
Joule losses, as shown in Equation (14).

pP= P]oule + Pcorona (14)

Corona losses are represented by the current ?d ¢, where ?d ¢ is the differential current
on one phase of the transmission line. When a corona occurs, the differential current is
unchanged, but the differential current angle changes slightly on the transmission line, and
so corona is presented as an additional differential current with a different angle, and is
expressed in Equation (15) as a function of the angle.

Pcorona = f(ang(Tdf)) (15)

>
Vectors of the current and voltage and their relationship are shown on Figure 5. I 4 is

5
the vector of the current at phase f at one end, and I p is the vector of the current at phase
f at the other end of the transmission line. As wasn mentioned prev10usly, the differential

current is expressed as the difference between the I Af current and the I Bf current.

UBf + UAf
2 iT N -
> UBf// UBf_UAf
trBf >
-
UA)F
92,7°

Figure 5. Vectors of the current and voltage phasors on OHLs.

3.3. Corona Conditions on 400 kV Line Recorded by Line Differential Protection Using
PMU Meassurements

During the conducted analysis of corona losses, many different operational conditions
were investigated, and data from systems applications in the control room were analyzed.
The conclusion was that PMU data can provide an excellent source of measurements, and
these data are synchronized and available in real time.

In the first stage of this analysis, 10 min values of harmonics were obtained and
detailed analysis of waveforms was conducted. It was concluded that their correlation
with the total corona losses is very low.

Consequently, the second stage of the analysis extended to the datasets that included
changes in differential currents on both ends of transmission lines, which were calculated
using PMUs. Small adjustments needed to be made to the logging function, and it was
extended to also monitor the angle of the differential current and compare it with the
average voltage value at both line ends. In the ideal case, this angle should be close to 90°,
as shown on Figure 6. This characteristic was found to be appropriate for use as an input
for the loss calculation model, since it has a direct dependency and high correlation with
the occurrence of the increase in corona losses.

The correlation between corona losses and the values of the angle of the differential
current is expressed in all moments when deviation from the default angle of 90° is present.
Figure 6 presents conditions on two 400 kV lines for the differential current with the
magnitude and angle.
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Compared to good weather conditions, heavy rain was recorded for the transmission
line corridor of Konjsko-Velebit-Melina. For that particular day, it can be seen that the
differential current angle value reaches 92°, which strongly indicates a high increase in
corona losses. In this case, the differential current angle reaches values of 94° (purple
circled area on Figure 6) in the period of heavy rain and large corona losses in the observed
transmission line corridor (Figure 7). The correlation of the current angle value with the
total corona losses is significant and can be used to determine the number and time of
corona occurrences.

This is an example of the strong correlation between the monitored parameters, the
differential current angle and the corona losses estimated from metering device systems.
This refers to the occurrence of the corona, which greatly coincides with the deviation of
the measured differential current angle from the normal operational conditions. These
normal operation conditions assume the angles to be close to 90 degrees. Similarly, for the
400 kV line Melina-Velebit, there is an angle value deviation of 2° due to the occurrence
of corona losses, compared to usual operating conditions under good weather conditions.
Furthermore, this is strongly correlated with the occurrence of rainfall, and this aspect of
the described model is further discussed in Section 7.
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Figure 6. Differential current angles of the Melina-Velebit and Velebit-Konjsko 400 kV lines during a period of 24 h on 20

May 2020.
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Figure 7. Estimated values of corona losses for 400 kV lines and correlations with the differential current angle during a
period of 24 h on 20 May 2020.
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4. Proposed Model for Collection and Processing of Data and Calculation of Losses

To establish a model for loss calculation, basic technical features and mathematical
models need to be developed. The main segments of the proposed model include the data
collection required for loss calculation functions:

measured load on the OHL;

historical data on the OHL;

comparison of estimated and measured data;

monitoring of the element efficiency of the network;

weather conditions measurements;

historical data for each line separately;

analysis of measured data and statistical error and detection of measurement errors;
measured and calculated/estimated data on lines from historical data depending on
weather conditions.

All of the abovementioned functions allow for the better and more accurate prediction
of losses. The proposed process of calculating losses is an iterative process that uses existing
measured primary data from electricity meters and PMU devices and compares them with
historical data. A more detailed description of the process and proposed model is given in
the following chapter.

4.1. Data Collecting Functions of the Proposed Model

The existing system for the collection of the measured data in the transmission net-
work comes from various devices that are connected to current and voltage instrument
transformers. The systems that measure and collect electrical data and their main features
are listed below.

4.1.1. Electricity Billing Meter Data (ADVANCE)

Electricity meters are connected in two ways to the existing metering systems. The
older meters are connected to the data logger (FAG) via pulse inputs or via communication.
New electricity meters can communicate directly with the server. The basic functions
of the software system are the collection, validation, storage and processing of metering
data for billing purposes and other operational processes. Their monitoring functions
provide the possibility to detect disturbances in the collection and registration of billing
measurement data.

4.1.2. PMU Device Data

PMU devices are connected to voltage-measuring transformers (secondary winding for
measuring) and to current-measuring transformers (secondary winding for measuring or
protection). The block scheme of the WAM system that gathers PMU measurements in the
Croatian transmission network is presented in Figure 8. Measured data from transmission
lines are sampled at a frequency of 20 ms. Real-time data are collected (with the delay
being a few tens of milliseconds) and are stored in the central database. In this way, the
data can be used for advanced applications in the processing of losses, which is especially
interesting for internal 400 kV transmission lines, because they are all covered with PMU
devices at both ends of the OHL.
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Figure 8. Block scheme of Croatian 400 kV transmission network with the marked PMU measurements.

4.1.3. SCADA System Data

Power measurements are integrated at the SCADA system level to calculate energy
measurements for the required secondary source in the reports. The measurements of the
mentioned physical quantities in this are, as a rule, less accurate and reliable than energy
measurements from electricity meters. For SCADA measurements, the core of measuring
transformers is an accuracy class of 0.5. The accuracy of the measurement depends on the
type and age of equipment of remote monitoring and control equipment, as well as on the
set dead zones and the refresh parameter [23,24].

4.1.4. Power Quality Monitoring Systems Data

Power quality monitoring systems are designed based on digital devices that allow
measurements of required electrical values such as voltage (phase and line), current by
phases, frequency, power factor, higher harmonics, active and reactive power and energy.
The devices enable the recording and analysis of waveforms and transients, harmonics
analysis, display of phasor diagram, voltage and current imbalance, etc., which are all
useful inputs for designing the model of loss calculation [25].

4.2. Losses Calcuation Function of the Proposed Model

All measurements of electrical values of the transmission network are taken from cur-
rent and voltage measuring transformers and collected in the existing system. Measuring
devices are connected to measuring transformers, with the aim being to measure, calculate
and store the main electrical values. For the purposes of determining electricity losses, due
to the characteristics (speed of response and arrival of metering data, and the accuracy of
the data itself) of existing measuring systems, electricity meters and phasor measurement
units (PMU) are predominantly used.

To assess the losses on 400 kV OHLs, several models for calculating losses were
developed with regard to the possibility of data collection and processing them. Figure 9
shows the modelled steps for calculating and comparing the calculated losses. In the
first step, input data from various operating and measurement systems are taken. From
day-ahead congestion forecasts (DACEF), the calculated values of currents, voltages and
power flow are taken for each transmission line. In addition to these data, measurements
from the PMU devices are taken as the primary source, and data from meters and SCADA
are taken as a secondary source. Additionally, weather forecasts and measured weather
data conditions are taken, which include temperatures, type and amount of precipitation
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and humidity. The calculation of losses for each transmission line is performed based on
the collected data. The first step in the calculation of the losses on OHLs is performed based
on the values from DACEF calculation. For each OHL, the ohmic resistance of the conductor
is taken as Ry °C (ohmic resistance at 20 °C). During the ongoing day (24 h), losses are
monitored through the existing measurement systems (measured data from electricity
meter and PMUs). In cases when weather conditions change, and accordingly weather
forecasts predict significant changes in temperature, rain, snow, etc., the replanning of
losses is conducted for each 400 kV OHL. Through the performed calculation, deviations
of flows and losses along transmission lines can be easily noticed. Changes in power flow
in the transmission network in most cases come as a direct consequence of a change in the
production/generation schedule, unplanned exchanges with neighboring TSOs, or as a
consequence of the new topology of the network. Due to the change in power flows, a
change in losses is to a smaller extent related to planned losses. In conditions with heavy
snow and ice, a significant level of loss can occur in the transmission network, especially
at 400 kV. The planning of additional losses is performed within the day using the most
recent weather forecasts. The final results are the values of the initial/static day-ahead
loss calculation, on-line loss measurement values and loss projections for the period until
the end of the day (24 h period) including the assessment of the type of losses, namely
corona losses. The described algorithm can be used in the daily routines of the TSO for the
purposes of planning and replanning losses (adjusting the initial plans). In this way, the
existing loss planning and purchase process is improved, better accuracy of loss planning is
achieved, and the financial cost required to cover losses on the intraday market is reduced.
Furthermore, data collected in this way can be used in the process of understanding losses
on transmission lines, especially at the 400 kV voltage level.

Input data

P, U, I - forecast from DACF

ON - LINE measurements for OHL (PMU)
Weather forecast and measurements for OHL
Static parameters for OHL

v

Computation and prediction of losses

Execute computation from static curve and prediction
Execute computation from measurements
Prediction of losses

v
Static On - line Prediction
losses losses of losses

Figure 9. Flow chart of the model for calculating on-line and prediction of losses.

5. Model of 400 kV OHLs for Loss Assessment
5.1. Croatian 400 kV Transmission Grid Main Chacteristics

The Croatian 400 kV transmission network is not entangled within the Croatian
territory, but extends from the eastern substation (SS) SS Ernestionovo to the central part
(SS Zerjavinec and SS Tumbri), to the west (SS Melina) and south (Velebit and Konjsko).
The reason for this wide reach is that the Croatian 400 kV transmission system was built
as the backbone of the transmission system of the previous country, Yugoslavia, with the
focus being on strong interconnections with transmission systems in the area to BIH and
Serbia, and due to the geographical characteristics of the Croatian territory. The Croatian
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400 kV transmission grid is shown on Figure 10, where the three main 400 kV lines that are
the focus of this model’s development can be observed.
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Figure 10. Croatian transmission grid.

Most of the 400 kV transmission lines are 30 years old and older. The first of the 400 kV
transmission lines, including lines in the Konjsko-Velebi-Melina corridor, were designed
and built on steel lattice poles with a “Y” head shape. For the conductors, aluminum
of a nominal cross section of 490/65 Al/S mm? was chosen, with two conductors in a
bundle per phase (3 x 2 x 490/65 mm? Al/Steel). Insulation chains composed of glass-
capped insulator cells with an installation height of 170 mm were used for the insulation
of the transmission line. Since the physical characteristics of the OHL play an important
role in corona losses due to different electrical field gradients between the lines caused
by the different physical layout and design of its components, the main types of poles
and conductors that are observed are depicted in Figure 11 [15]. The Croatian 400 kV
transmission grid extends across the country, with a variety of terrain configurations and
with similar tower configurations and conductor configurations in each corridor. Therefore,
it is possible to perform the analysis of the impact/role of geographical terrain and altitude
on each transmission line based on the historical data.
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Figure 11. Main technical characteristics of 400 kV lines.

5.2. Losses Calculation in Existing Metering Systems

Losses are calculated on multiple levels to achieve better accuracy and robustness
in the system in its daily operation. Losses are calculated separately for the whole 400
kV transmission grid and for each 400 kV OHL individually. The system is designed to
recognize the status of measurements, amounts and sources of data. With this approach, it
is possible to perform further analysis to assess the types of losses and the occurrence of
an increase in losses due to, for example, corona, within a daily/weekly /monthly period.
Figure 12 shows the losses on an hourly basis for a month-long period (May 2020) for the
observed 400 kV transmission grid. The same analysis is performed for total losses and
corona losses for each 400 kV OHL separately, and detailed analysis will be provided later
(Section 6).

Figure 12. Total losses (kWh) on an hourly basis for the observed 400 kV transmission grid (heat map) for a 30-day period
and for each hour of the day.

To better understand the levels of losses and their interdependence on load flows and
weather conditions, it is necessary to make a comparison between on-line measured data
and historical measurements. Figure 13 shows the load flow (blue line), measured on-line
losses (red line) and estimated losses (green for summer and purple for winter periods). A
good match between on-line losses and estimated losses can be observed most of the time,
except on 20 May 2020 in the morning hours, which is discussed in Figure 6. This provides
further motivation for this work and for the further development of improved models for
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Flow [MW)

loss estimation, since, for that and similar periods, it is necessary to perform additional
analysis to obtain a better understanding of the causes of these increases in losses.

Losses [MW)

—Flow ——Measured losses ——Est_summer losses —Est_winter losses

Figure 13. Actual load flow, measured losses, and estimation of losses on an hourly basis for the observed 400 kV OHL.

5.3. Loss Calculation with PMU Measurements

To successfully determine individual types of losses on each transmission line, PMU
measurement data were utilized. The measurement data were collected with identical
PMUs on both sides of the OHL. An angle measurement error of 0.01%, a current measure-
ment error of 0.03% and a maximum relative voltage measurement error of 0.02% were
accounted for.

Existing programs and applications for monitoring components and losses on trans-
mission lines from PMU measurements are very sensitive to the quality of voltage and
current measurements, i.e., the amount of error that the measured quantities contain. Most
of these errors come from the measured transformers, while for system errors, it is possible
to perform an estimate based on the calculated results [10,11]. In Figure 14, the differences
in power flow measurement taken from ADVANC and PMU measurement on both sides
of the OHL can be seen. The main cause of the shown difference is the different methods
of measurement from the PMUs and the ADVANC system. A detailed analysis of the
uncertainty of the calculated measured values is also taken into account.
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Figure 14. Comparison of power flow measurements and difference between ADVANC and PMU measurements in SS

Velebit and SS Konjsko.



Energies 2021, 14, 5562 18 of 25

It can be seen from Figure 15 that measurements from the PMU and the ADVANC
system are related to the measured values. From the PMU and ADVANC measurements,
losses are calculated as the difference in flows between the substations at both ends of
the line. What can be noticed is a negative amount of loss from ADVANC measurements,
which can be explained because the measurements are not synchronized and errors from
measurement transformers are unavoidable.

Losses on 400 kV OHL Velebit - Konjsko
3,5

2.5

15

Losses [MWh/h|

0,5

-0,5
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
—Losses (ADVANC) ——Losses (PMU) Time (h)

Figure 15. Comparison of total losses on the 400 kV OHL Velebit-Konjsko from ADVANC and PMU measurements.

5.4. Wheather Forecast Input for Losess Planing

HOPS installed meteorological stations on all important transmission lines, substations
and regional centers. Metrological data are collected locally and sent to the central system
for further processing. As a result, HOPS produces tailored weather forecasts based on the
Global Forecast System (GFS) model performed on WREF servers, and maintains an archive
of measured and predicted quantities. A more detailed view of meteorological stations and
the configuration of the meteorological system is shown in Figure 16.

Metea
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Figure 16. Meteorological stations in Croatia and the configuration of the meteorological system.

6. Assessment of Losses from Metering and PMU Devices on 400 kV Lines

The terrain configurations of 400 kV transmission line routes are different, as was
discussed earlier, and therefore detailed terrain analysis was conducted. To understand
the impact and role of terrain on overall losses and corona losses, separate analysis was
carried out for each transmission line individually, including analysis based on historically
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measured data. Given the characteristic periods of the year and according to the weather
conditions, separate analysis was conducted for the winter and summer periods. Figure 17
shows specific losses per 100 km for 400 kV lines in the Konjsko-Velebit-Melina-Tumbri-
Zerjavinec-Ernestinovo corridor for both the winter and summer periods. For two 400
kV OHLs (OHL Tumbri-Melina and OHL Melina-Velebit), there is a significant increase
in losses compared to the other 400 kV OHLs (OHL Ernestinovo-Zerjavinec and OHL
Velebit-Konjsko). The main reason for this is the influence of altitude and geographical
position, since both mentioned OHLs stretch through mountainous regions.

— 400 kV OHL ERN - ZER — 400 kV OHL TUM - MEL
— 400 kV OHL MEL - VEL — 400 kV OHL VEL - KON] Estimation losses
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Figure 17. Losses on 400 kV OHLs for periods based on historical measurements with ohm losses
expressed with orange line for: (a) the winter period; and (b) the summer period.

To determine corona losses, the representation of results on a monthly, weekly and
daily basis was developed. Based on data from Figure 11, the 4th week in May 2020 was
selected. Figure 18 shows the curves for the measured losses (red line), estimated losses
(dashed green line for summer) and load flow (dotted blue line) for the observed 400 kV
OHL. Estimated values are taken from historical measurements shown in Figure 16. For
the majority of hours, the matching values between measured losses and expected losses
can be observed, but on the beginning of the 20 May 2020, the spike for the measured
losses is noticeable. The daily analysis for this selected day shows that from 01:00 h to
08:00 h, the measured losses are greater than expected losses. The main reason for this is the
influence of corona losses and leakage losses in the total losses, which were not predicted
correctly. To improve this aspect of loss assessment, the proposed model connects the
geographical position of the OHL, the weather’s influence and the description of physical
loss phenomena. Detailed observations and analysis on the levels of losses are presented
in the next section.



Energies 2021, 14, 5562

20 of 25

Flow [MW]

600

500

400

300

200

100

Losses [MW)]

5 6 7 1 9 0 11 12 13 14 15 16 17 18 189 20 21 22 23 A4

—Flow —Measured losses Est_summer losses Time (h)

Figure 18. Losses on a 400 kV transmission grid showing the occurrence of corona losses for a daily period for 20 May 2020.
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7. Measurement Results

The proposed methodology described in this paper aims to predict the type and level
of losses on the 400 kV OHL based on weather forecasts, measured losses using PMU
data and historical analysis. This section describes each segment of the methodology and
determines the influence of each on the total realized loss amounts. As a demonstrative
case study, a specific day (20 May 2020) was chosen.

7.1. Forecast and Measurement of Rain

From the mentioned integrated weather prediction services (Section 5.4), the forecast
for 20 May 2020 was selected. At the end of 18 May 2020, the weather forecast for each
meteorological station on the corridor of each 400 OHL is taken and the amount of rain is
then calculated for 20 May 2020. The calculation of weather forecasts is performed 72 h
in advance, and is conducted every 6 h. This means that the first forecast that covers the
selected period was performed on 18 May 2020.

Each meteorological station represents one segment of the 400 kV OHL and, based on
the weather forecast, the total rainfall is calculated for each 400 kV OHL

To gain a better understanding of the correlation between the occurrence of corona
losses and the amount of rain per OHL, Figure 19 shows the total amount of measured rain
for each 400 kV OHL for 20 May 2020. To better understand the influence of precipitation
on corona losses, it is necessary to know the exact amount of precipitation that is forecasted,
and that is measured at each meteorological station.

~, -
\"-—-.____-__ —— __'_'/--‘-\I-‘____
4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (h)
——400 kV OHL MEL-VEL =400 kV OHL MEL-TUM 400 kV OHL ZER-ERN 400 kV OHL VEL-KON)J

Figure 19. Measured rainfall for each 400 kV OHL on the selected day—20 May 2020.
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Corona losses [MWh/h]

7.2. Prediction of Losses and Measurement on 400 kV

The prediction of losses is performed on a day-ahead basis in accordance with planned
consumption, planned production and planned exchange. In this process, there are two
dominant factors that currently affect the estimation of losses: (i) unscheduled power flow
caused by unplanned production from renewable energy sources and (ii) cross-border flows
and the influence of changing weather conditions. Uncertainty stemming from renewable
energy production and cross-border flow has a lower influence on losses. On the other
hand, the influence of the weather is much more influential, and changes in losses caused
by it can be tracked efficiently, which is demonstrated by the proposed loss assessment
model. Based on rainfall projections that were taken from the installed meteorological
stations for each 400 kV OHL, corona projection is calculated as a function of the angle
of the differential current from historical achievements and is presented as a red line in
Figure 20. In the same figure, the total rainfall projection from the installed meteorological
stations is presented as a dotted red line. The difference between the projection of the
corona and rainfall can be explained as a result of the nature of the appearance of corona in
the rain. When the maximum value of the corona is reached, an additional increase in the
amount of rain does not lead to additional corona losses.
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Figure 20. Comparison of the corona prediction values and measured corona values for the observed 400 kV OHL on 20

May 2020.

The prerequisite for loss projection calculation is the forecasting of weather conditions,
mainly temperature and precipitation, for each region and geographical segment of the
OHL corridor. After receiving the forecast data and the amount of precipitation for each
meteorological station, analysis is performed to estimate the total amount of precipitation
for each 400 kV OHL on an hourly basis for the selected day, 20 May 2020. Based on the
total amount of precipitation for each 400 kV OHL, the regression method is conducted
based on historically measured loss data, and for each 400 kV OHL, the estimation of
corona is performed. In Figure 20, the estimation of the corona losses for the observed 400
kV OHL and comparison of the measured corona is presented. The difference in some
hours is a direct consequence of differences between the forecasted and measured rainfall
for 20 May 2020.

7.3. Comparing Losses with Weather Measurments

As was mentioned in Section 7.1, at each meteorological station in the corridor of
each 400 kV OHL, a forecast is taken and compared with the measured amount of rain
for a selected day of 20 May 2020. Based on this, a weather forecast for each 400 kV OHL
was made.
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From PMU measurements, it can be concluded that the level of corona losses that
occurs on the selected day is significant, and can be presented as a difference between
the measured total losses and the calculated ohmic losses. In Figure 21, the blue line
represents the power flow for the observed 400 kV OHL, and correspondingly, the gray line
represents the estimated losses. The orange line represents the measured losses throughout
the day, and when the orange line is above the gray line, it can be concluded that there
are additional losses compared to the estimated losses. The difference that occurs in
the process of forecasting losses and especially corona losses is due to the uncertainty
of weather forecasts. There is also uncertainty associated with measurements and the
synchronization of all measurements, which has a significantly smaller influence.
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Figure 21. Measured losses and classification of losses for the 400 kV OHL on the chosen day, 20 May 2020.

8. Applicability of Proposed Loses Assessment Model and Results

In the process of the day-ahead loss planning, several analyses are conducted with
the focus of establishing reasons for the deviation of measured losses from the planned
losses. It can be observed that two dominant reasons for the deviation from planning
losses are present. The most significant reason is unplanned power flows, and the second
reason is the impact of weather conditions. The conducted analyses show that most of
the losses due to bad weather occur on 400 kV OHL because of the occurrence of corona
and leakage losses. Initial attempts at determining corona losses used the approach of
processing statistical historically measured data separately for each 400 kV transmission
line to determine the levels of losses for each transmission line. All performed analyses
utilized the measurement data from electricity meters and SCADA systems. Although
both systems represent important systems in the transmission network’s operation, there
are certain shortcomings and limitations in the process of determining the losses on an
hourly basis. Therefore, further research on the availability of measured quantities was
started, and measurements from PMU devices were selected for additional measurements.
The research presented in this paper has successfully shown that it is possible to use the
measured values from PMU for a more detailed assessment of losses on 400 kV lines. The
calculated values in this way are verified with measurements from other sources and are
used for the purposes of determining losses at 400 kV.

The analysis showed that there are certain challenges in the collection of measurement
data and their application in current and future business processes. It was noticed that at
lower power flows, there is a larger error between the PMU measurement and the electricity
meter measurements. The conducted analysis of the collected data showed that there is a
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higher scattering for the electricity meters, and the main cause for this was a large constant
voltage (400 kW) and unsynchronized measurements. Currently, the procedure of planning
and procuring losses is based on market principles and the time interval for trading is 1 h.
In the near future, it is expected that the 15 min time interval for trading will be accepted,
and the procurement of losses will be carried out on a 15 min time interval. In that case,
the forecasting of losses will be more challenging due to the higher sensitivity to changing
weather conditions and the higher frequency of measurement intervals.

Considering the mentioned challenges, the proposed assessment model for the deter-
mination of losses can improve the existing process of planning and procuring losses. The
main advantage of the proposed procedure is the high level of possible integration into ex-
isting systems and the verification of existing billing measurements alongside the potential
to reduce the costs in the loss procurement process caused by differences in predictions. The
monitored and recorded conditions of the 400 kV transmission network and the measured
losses for each transmission line are used in the creation of plans for the daily operation
and development of the more efficient transmission network day-ahead planning.

9. Conclusions

The presented model for monitoring losses on 400 kV transmission lines represents
an improvement to the process of determining Joule and corona losses on high-voltage
transmission lines. From the available measurements and available input data, the pre-
diction of losses can be made for each OHL considering predicted power flows. Using
a similar methodology, the prediction of corona losses is performed based on weather
forecasts. As already mentioned, the existing metering systems had certain limitations in
the process of determining losses based on metering data, and so the use of metering data
from PMU devices on 400 kV OHL was evaluated. In the first step, it was necessary to
examine the possibilities of obtaining PMU data. A comparison of the measurement data
for all operating conditions was made, and the analysis concluded that the measurements
largely coincided with the measurements from the existing systems. By using Croatian TSO
proprietary meteorological stations installed throughout the transmission network, it was
possible to monitor weather conditions and obtain weather forecasts for each 400 OHL. This
meteorological system was used as a source of historical weather data and as a forecasting
tool for day-ahead plans. Combining the PMU data and weather conditions data led to
the idea and realization of the model for the online assessment and forecasting of losses
on the 400 kV network. With the developed model, it is possible to directly determine the
total losses and additional losses caused by changes in weather and loading conditions.
The results of the loss assessment model have significant importance, and can be used for
the purpose of planning and procuring losses, leading to reduced costs of intraday market
trading. Furthermore, the ability to manage electricity losses in the transmission system
has practical significance, since they are an important technical and economic indicator
of transmission system management, i.e., the lower the losses, the better the efficiency of
transmission lines and the transmission network, and the proposed model contributes to
this goal.
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