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Abstract: The technical and economic aspects and the possibility of the mesh network topology
offering many radial configurations lead to the fact that large municipal networks are generally
under radial operation. However, it is very important to analyze the operation and control of the
mesh networks, especially in terms of their safety and durability and in the frame of the smart
grid concept, respectively. The article deals with the analysis of the operation of the dense-mesh
municipal distribution network of E.ON Distribuce a.s. based on the long-term data from power
quality monitors. It also shows a brief view of the current lack of data usability from monitors
installed in distribution networks in the context of smart grid.

Keywords: dense-mesh topology; municipal distribution network; smart grid; power quality monitor;
long-term; operation analysis

1. Introduction

One of the main outcomes resulting from the transition towards new smart grids is expected the
better observability and monitoring of the whole grid [1]. This observability is expected due to the bulk
installation of smart meters, as well as the monitoring of transformer stations, ring main units, etc. [1,2].
Even though there is still lot of concern and research devoted to the processing of such a huge amount
of recorded data [3] and its reliable communication back to distribution system operator database [4,5],
the usefulness of measurement data availability is already obvious [1,2,6–11]. One of the fields that
will benefit from the detailed measurement data availability would be distribution system modelling,
planning, and operation optimization [1,6,7,11–14], which will be more accurate.

A commonly performed task as part of distribution system planning is the calculation of load
flow. Although the solution of a non-linear power flow problem is quite well addressed [15–17], there
is still some effort mainly devoted in computational and time efficiency of this numerically intensive
task [18]. A part of load flow studies is also appropriate the modelling of connected loads, which can
be as with constant impedance, constant current, or constant power, i.e., ZIP load model [19]. Basically,
the historical data are very useful in the case of modelling verification, as well as the mapping of
possible extreme states of the network. Thus, it is expected that the availability of more accurate data
from bulk deployment of measurement will definitely lead to more accurate load models, power flow
studies, load forecasting, prosumers tariffs setting, etc.

However, data processing shows that even the currently applied smart metering (SM) technology
has a number of drawbacks. Current communication technologies have been shown to exhibit
considerable delays and fail to achieve high reliability [4,5,20]. Another quite restricting bottleneck is
the non-unified sorting of data that were measured from individual phases. It cannot be assumed that
all measured data are correctly assigned to reference phases of power system [21].
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The problem of non-unified phase allocation can be addressed by one of the following three
methods. The easiest is by proper documentation of all changes to distribution system connection by
maintenance personnel. Another one, although costly, is by using special per phase signal injection
and receiver devices [22,23] that can match the non-unified phases with reference ones based on
the phase with injected signal. The last method is by post-analysis of measured data and finding
some type of correlation between series of measurement with non-unified phases and reference
measurement [21,24–30].

All of the aforementioned aspects also apply to the case of monitoring of individual MV/LV
distribution transformer stations (DTS), which are equipped with power quality (PQ) monitors
(analyzers with PQM) by distribution system operators (DSO). Thus, this article is focused on
preliminary analysis of bulk measurement of all DTSs in the distribution grid of Brno-stred, that
is expected to be pilot project of transition of this extensive traditional urban distribution network
towards the smart grid. The analysis is focused on finding the usability and suitability of long term
measured data (half year 06/2016–02/2017) from the LV side of all 82 transformers supplying the whole
LV distribution system (DS) of the Brno-stred dense mesh with more than 3800 customers. The analysis
was primarily focused on finding statistically significant operating states that will be used and helpful
for future per phase modelling of this LV network. As the problem with non-unified phases was also
identified during the analysis, it was also addressed in this study. The analysis of DS Brno-stred is also
unique due to the fact that the LV network is operated as a dense mesh urban network to increase
the reliability [12]. As this type of operation might not be so common, not many publications were
published dealing with dense mesh networks. Publications [6,9] state that, due to the transition to
smart grids, the urban dense mesh networks might need more attention to identify their strong and
weak points in the context of changes of these old traditional networks towards bidirectional power
flow grids with a high penetration of renewable sources.

The per phase statistical analysis might be helpful for the estimation of load model parameters
and forecasting future loading. For example, paper [31] used F-statistic to obtain the load model
as a function of voltage and frequency while using data from phasor measurement units. Other
researches [32] presented a simple histograms of three years historical data to analyze the correlation
between power and voltage changes. Another papers [33–35] used significant statistical values, i.e.,
mean, median, standard deviation (SD), percentiles (5, 95, 99 etc.), of historical measured data for the
estimation of load parameters as well as for evaluation of load forecasting. Gaussian mixed model
is also a very powerful statistical approach for the estimation of loads. Its application on historical
data was presented in [36–38]. In [39], the loads were modelled by normal and log normal distribution
function with division for each of seven days within week. As the input to the load modelling the
researchers used usually only summed 3-phase active power values, bulk frequency, phase to phase
voltage, and current. Very few or almost none of the researchers dealt with modelling of reactive
power loading as well as conducting analysis on per phase basis. Thus, the statistical analysis is done
in this paper for the active and reactive power values for each phase separately in the view of dense
mesh network (i.e., analysis for all transformers at the global level and also for most (T47) and the least
(T61) loaded transformers for different time intervals during days).

2. PQ Monitor Measured Data Processing

The main function of the PQ monitor is to record voltage and current in a three-phase system (L1,
L2, L3). The instantaneous values of the voltage and current in regular time intervals might be given
by the sampling rate that is an integer multiple (e.g., 32) of the system frequency/period (Ts = 20 ms).
In the context of monitoring power quality based on [40,41], in a three-phase system the rms values
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of voltage and current for each phase in measuring time interval (Tm = 200 ms) are obtained by the
following equations

Ux,rms =

√√√
1
N

N∑
n=1

u2
x(n), (1)

where Ux,rms is the rms voltage value in the phase x (i.e., 1, 2 or 3), N is the total number of measured
samples, n is a serial number, and ux(n) is the data sequence of the instantaneous phase values of the
sampled voltage waveform.

Ix,rms =

√√√
1
N

N∑
n=1

i2x(n), (2)

where Ix,rms is the rms value of the current and ix(n) is the data sequence of the instantaneous phase
values of the sampled current waveform.

The apparent power for each phase is evaluated from Equations (1) and (2) at a given moment,
being measured over a given time interval (i.e., Tm)

Sx = Ux,rms·Ix,rms (3)

Furthermore, the active power for each phase is defined as

Px =
1
N

N∑
n=1

ux(n)·ix(n) (4)

The measurement of reactive energy, as implemented by the manufacturers, generally varies.
The problem here might also be caused by the varied definition of reactive power. Usually, it is
either the reactive component of power at the fundamental harmonic frequency, which is preferred
by the standards, or it is defined by the sum of all reactive powers at the finite number of harmonic
frequencies, or it can be calculated including the deformation power as

Qx =

√
S2

x − P2
x (5)

These active and reactive powers/energy flows are further sorted as per four quadrants (Q1–Q4)
by [42], with the voltage at the measuring point being taken as the reference vector with zero phase
angle. Reactive energy is always defined in association with active energy. Thus, the reactive energy is
separately defined for each quadrant. Figure 1 shows the power flow quadrants.

Energies 2019, 12, x FOR PEER REVIEW 3 of 26 

 

𝑈୶,୰୫ୱ = ඩ1𝑁෍𝑢௫ଶሺ𝑛ሻே
௡ୀଵ , (1)

where Ux,rms is the rms voltage value in the phase x (i.e., 1, 2 or 3), N is the total number of measured 
samples, n is a serial number, and ux(n) is the data sequence of the instantaneous phase values of the 
sampled voltage waveform. 

𝐼୶,୰୫ୱ = ඩ1𝑁෍𝑖௫ଶሺ𝑛ሻே
௡ୀଵ , (2)

where Ix,rms is the rms value of the current and ix(n) is the data sequence of the instantaneous phase 
values of the sampled current waveform. 

The apparent power for each phase is evaluated from Equations (1) and (2) at a given moment, 
being measured over a given time interval (i.e., Tm) 𝑆୶ = 𝑈୶,୰୫ୱ ∙ 𝐼୶,୰୫ୱ (3)

Furthermore, the active power for each phase is defined as 

𝑃୶ = 1𝑁෍𝑢୶ሺ𝑛ሻ ∙ 𝑖୶ሺ𝑛ሻே
௡ୀଵ  (4)

The measurement of reactive energy, as implemented by the manufacturers, generally varies. 
The problem here might also be caused by the varied definition of reactive power. Usually, it is 
either the reactive component of power at the fundamental harmonic frequency, which is preferred 
by the standards, or it is defined by the sum of all reactive powers at the finite number of harmonic 
frequencies, or it can be calculated including the deformation power as 𝑄୶ = ඥ𝑆௫ଶ − 𝑃௫ଶ (5)

These active and reactive powers/energy flows are further sorted as per four quadrants 
(Q1–Q4) by [42], with the voltage at the measuring point being taken as the reference vector with 
zero phase angle. Reactive energy is always defined in association with active energy. Thus, the 
reactive energy is separately defined for each quadrant. Figure 1 shows the power flow quadrants. 

 
Figure 1. The power flow quadrants and relevant Object Identification System (OBIS) codes. Figure 1. The power flow quadrants and relevant Object Identification System (OBIS) codes.



Energies 2019, 12, 4342 4 of 25

In general, PQ monitors measure and evaluate a lot of quantities. Thus, the unique marking of
the measured quantities (e.g., aggregated active and reactive powers) is accomplished with the use of
the DLMS standard [43], through Object Identification System (OBIS) codes, which are a part of the
COSEM specifications and some of them are transferred to IEC standards, also see Figure 1.

From the power quality monitoring point of view based on [40], it is also necessary to consider
standard aggregation interval for PQ monitors as N = 10 min. Thus, the time aggregation of the voltage
can be also defined with respecting [41]

Ux,agr =

√√√
1
N

N∑
n=1

U2
x,rms(n) (6)

The aggregated value of the current is determined in the same way.
In the case of the short-term voltage drop event, Equation (1) is applied over measuring time

interval Ts/2 = 10 ms. The obtained Ux,rms/2 for each phase is compared with the limits 90% of the
nominal voltage according to [40]. Thus, it can be considered that the beginning and ending time of
this event are recorded with the maximal inaccuracy 10 ms.

3. Analyzed Distribution Network and Reference Definition

3.1. Dense-Mesh Distribution Network Characteristics

Lots of low voltage (LV) municipal distribution systems in the Czech Republic were formerly
often operated with dense-mesh topology. Figure 2 illustrates the general concept of the municipal
dense-mesh network that was connected to the individual transformers and distribution transformer
stations, respectively.
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Figure 2. Illustration of the connection concept of the municipal low voltage (LV) dense-mesh
distribution system to individual distribution transformation stations and the feeders.

From Figure 2, a high degree of complexity of dense-mesh connections is also visible. Therefore,
distribution systems using this concept are usually only operated under test operation in the Czech
Republic. The test operation is generally required due to a high number of failures, poor automation
of these networks, and their insufficient monitoring. These problems in most cases led to the
reconfiguration of the dense-mesh topology to a radial one. Almost all originally dense-mesh
distribution systems are operated as with radial topology and they do not allow, technically, the
automated reconfiguration back to the dense-mesh ones in general. However, there are still two
distribution systems in the Czech Republic that operated as the dense-mesh. One of them, also the
largest one, is the Brno-stred, which is analyzed in this paper.

The city planning and technical development of the city of Brno are closely connected and they
correspond with its electric energy demands. Thus, the development has direct influence on the
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municipal distribution network structure and it also affects the composition of the connected power
sources. Due to its size, Brno is divided into individual districts, with each having different distribution
network topology, which takes the location of the district into account and also follows its main
infrastructure (e.g., industry, transport, municipal council, hospitals, administrative, financial, and
educational institutions). The Brno-stred district has a LV distribution network with a dense-mesh
topology. Figure 3 shows the complexity of the power supply of this dense-mesh topology by individual
feeders and transformers.
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Figure 3. Detail connection of the 56 distribution transformation stations (grey highlighted) of the
Brno-stred dense-mesh municipal network.

The Brno-stred distribution system (DS) comprises of 82 transformers 22/0.4 kV, each with an
apparent power of 630 kVA with Dyn connection. The total installed power of the transformers is
approximately 51.66 MVA. Transformers are located in 56 DTS and they provide power supply to more
than 3800 customers connected in the LV 0.4 kV dense mesh. The DS supply is provided by eight 22 kV
feeders, marked F1, F2, through to F8. PQ monitors are always installed in the secondary circuit of each
transformer and they both have usual synchronization of the internal time by the oscillator frequency
and synchronization of the internal time through the network voltage frequency. The analyzed data
were anonymized because the municipal distribution network is a part of the critical electricity/energy
infrastructure (e.g., transformers T1–T82 assigned randomly inconsistent with marking established
by DSO, the manufacturer and model of PQ monitors are not mentioned). Table 1 shows numbers of
transformers and DTSs, connected to the feeders F1–F6.

Table 1. Numbers of transformers and distribution transformer stations connected to feeders.

Number of Elements / Feeders F1 F2 F3 F4 F5 F6

Number of T 11 14 13 19 13 10
Number of DTS 8 9 10 13 9 6

The feeders F1 to F6 are connected to a 110/22 kV (40 MVA) substation through the MV cable and
they provide a permanent power supply of the Brno-stred dense-mesh network. Feeders F7 and F8 are
connected in case one of F1–F6 is out of service due to a fault or maintenance.

It is very difficult to depict the technical LV scheme clearly in more detail due to the significant
extensiveness and the complexity of LV dense-mesh topology. Moreover, it is not required for the
initial analysis of power flows at a level of individual transformers. On the other hand, it is necessary
to understand that just dense-mesh topology is very unique and specific one, e.g., see Figure 2, and it
also has a fundamental impact on the power flows. Thus, achieved results are not directly comparable
with the results for radial topology, because there are more complex interdependencies.
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3.2. Input Data and Reference Definition

E.ON Distribuce a.s. provided data from PQ monitors comprising of rms voltage, rms current,
and average powers for each phase measured with 5 min. intervals between 06/2016 and 02/2017. A
three-phase summary value was also recorded in the case of measured powers. The provided data of
the powers are not sorted in the individual record interval/measuring time interval, as is generally
considered in Figure 1 and (1) through (5), but only one summed average active/reactive power value
over all energy quadrants is available in each 5 min. interval (i.e., 5 min. measuring time interval).
Therefore, if there were changes in the direction/character of active/reactive power during this 5 min.
interval, the measured data are distorted by the significant effect of averaging. Generally, it must be
realized that the algorithm itself implemented to measure active/reactive power might essentially
have an impact on the attained results. The installed PQ monitors also consider reactive power to
be a complement of active power to calculate the apparent power as (5). With regard to the power
flow directions (see Figure 1), the data from the installed PQ monitors apply the so-called customer
reference arrow system with a reference direction from the HV system to the LV system, see Figure 4.

Energies 2019, 12, x FOR PEER REVIEW 6 of 26 

 

3.2. Input Data and Reference Definition 

E.ON Distribuce a.s. provided data from PQ monitors comprising of rms voltage, rms current, 
and average powers for each phase measured with 5 min. intervals between 06/2016 and 02/2017. A 
three-phase summary value was also recorded in the case of measured powers. The provided data of 
the powers are not sorted in the individual record interval/measuring time interval, as is generally 
considered in Figure 1 and (1) through (5), but only one summed average active/reactive power 
value over all energy quadrants is available in each 5 min. interval (i.e., 5 min. measuring time 
interval). Therefore, if there were changes in the direction/character of active/reactive power during 
this 5 min. interval, the measured data are distorted by the significant effect of averaging. Generally, 
it must be realized that the algorithm itself implemented to measure active/reactive power might 
essentially have an impact on the attained results. The installed PQ monitors also consider reactive 
power to be a complement of active power to calculate the apparent power as (5). With regard to the 
power flow directions (see Figure 1), the data from the installed PQ monitors apply the so-called 
customer reference arrow system with a reference direction from the HV system to the LV system, 
see Figure 4. 

 
Figure 4. Definition of the reference power flow direction and the location of PQ monitors. 

3.3. Conducted Analysis 

The measurement data from all transformers from the Brno-stred dense mesh was statistically 
analyzed for finding statistically significant operating states. Although, the available measurement 
data was from the period from 06/2016 until 02/2017 for all 82 transformers, it was found out that 
quite comprehensive analysis can be done only for 56 transformers from time period 01/2017 due to 
occurrence of various flaws in the data. The complete data were only available for this 56 
transformers T1–T14, T16–T54, and T60–T62, and only during 01/2017. Complete data represent 288 
records/day/transformer, i.e., 8928 records of 5 min. aggregated values are available for each 
transformer, specifically 6336 records for the weekdays and 2592 records for the weekends. The 
various flaws occurring in the rest of the measurement data made the analysis of them impossible, 
and thus the rest of the data were excluded from the analysis. The possible flaws were as follows: (i) 
incomplete data, (ii) invalid time vector, and (iii) corrupt data file etc. 

In the conducted statistical analysis, the following analyses were conducted, as described in 
Sections 4.1–4.4: 

- Total three-phase and non-unified single phase active and reactive power loading of all 56 
transformers during 01/2017. 

- Non-unified phase voltage magnitudes and limits of all 56 transformers during 01/2017. 
- The power loading of transformer with minimum T61 and maximum T47 power loading was 

further analyzed in more detail without unified phases for shorter time periods during different 
part of the weeks. In the analyses, the power loading of both transformers were analyzed with 
the help of statistical percentiles, minimum, maximum, mean, and standard deviation values. 

- The unification of phase measurement of all transformers. 

For the unification were used recorded voltage events by PQ monitors. By default, the PQ 
monitor enables the recording of the voltage events (i.e., the short-term voltage drop in any phase) 

Figure 4. Definition of the reference power flow direction and the location of PQ monitors.

3.3. Conducted Analysis

The measurement data from all transformers from the Brno-stred dense mesh was statistically
analyzed for finding statistically significant operating states. Although, the available measurement
data was from the period from 06/2016 until 02/2017 for all 82 transformers, it was found out that quite
comprehensive analysis can be done only for 56 transformers from time period 01/2017 due to occurrence
of various flaws in the data. The complete data were only available for this 56 transformers T1–T14,
T16–T54, and T60–T62, and only during 01/2017. Complete data represent 288 records/day/transformer,
i.e., 8928 records of 5 min. aggregated values are available for each transformer, specifically 6336
records for the weekdays and 2592 records for the weekends. The various flaws occurring in the rest
of the measurement data made the analysis of them impossible, and thus the rest of the data were
excluded from the analysis. The possible flaws were as follows: (i) incomplete data, (ii) invalid time
vector, and (iii) corrupt data file etc.

In the conducted statistical analysis, the following analyses were conducted, as described in
Sections 4.1–4.4:

- Total three-phase and non-unified single phase active and reactive power loading of all 56
transformers during 01/2017.

- Non-unified phase voltage magnitudes and limits of all 56 transformers during 01/2017.
- The power loading of transformer with minimum T61 and maximum T47 power loading was

further analyzed in more detail without unified phases for shorter time periods during different
part of the weeks. In the analyses, the power loading of both transformers were analyzed with
the help of statistical percentiles, minimum, maximum, mean, and standard deviation values.

- The unification of phase measurement of all transformers.
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For the unification were used recorded voltage events by PQ monitors. By default, the PQ monitor
enables the recording of the voltage events (i.e., the short-term voltage drop in any phase) based
on [40]. With regard to the voltage, nine short-term voltage drops (two times in three phases, seven
times in two phases) were recorded through PQ monitors for T1–T62 in the period 06/2016–02/2017.
The short-term voltage drop records include the initial drop time, drop duration, and the minimum
effective voltage and current values in each phase.

4. Results

4.1. Power Loading-Over All Transformers

The basic criterion that was applied by E.ON Distribuce a.s. on the dense-mesh network while it
is under operation consists in keeping the loads of the individual transformers within exactly defined
limits. Meeting the criterion then leads to ensuring the correct and reliable functioning of the network
as a whole. This basic criterion results from the design of the complex topology and size of the network,
as well as the fact that it was not possible in the past to implement extensive and efficient (“smart”)
monitoring of this network. The criterion is mainly based on the ability to ensure a certain extent of
autonomous reliability of the network. Autonomous reliability consists in ensuring uninterrupted
dense-mesh network operation, even if several transformers fail. The network concept ensures the
ability of unaffected transformers to take over the load of the faulted transformers. The DSO requires
an operating load of the individual transformers of about 25% in a steady state, or for the maximum
power load to ideally not exceed 50% of the transformer rated power, for the proper functioning of the
network as a whole.

Thus, the fulfilment of this criterion is assessed in the first part of the analysis, where maximum
and minimum power loading of each of 56 transformers (i.e., T1–T14, T16–T54, and T60–T62) was
identified. This analysis was only conducted for time period of 01/2017, where complete date for
all 56 transformers were available (Section 3.3). The power loads were determined as the sum of
the power loads of the individual phases. Figure 5 illustrates the reached maximum power load of
individual transformers.
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Figure 5 shows that the maximum power load of approximately 311 kVA (more than 49% Sn) is
reached by transformer T47. A total of 32 transformers have the maximum power load below 25% Sn

and 23 transformers are in the range (25–40%) Sn. The operating criterion of this DS can be considered
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to be fulfilled, as the maximums are not higher than 50% Sn based on analyzed 5 min. data. However,
it should be noted that the DSO does not exactly specify the technical requirements for performing
the measurement based on which fulfillment of the criterion should be verified. Figure 6 shows the
minimum power load to illustrate the opposite extreme loading of individual transformers.
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The minimum power load of approx. 24 kVA (i.e., approx. 3.8% Sn) is recorded for transformer
T61. The values indicate that most transformers do not exceed the level of 50 kVA (approx. 8% Sn).

As the results above provide only a basic picture of the possible extreme operating conditions,
the information needs to be understood in the context of averaging over the used 5 min. aggregation
interval and further averaged over the three phases as only one value. Therefore, the analysis also
includes the statistical evaluation of the magnitudes, together with power flow direction (see also
reference direction in Figure 1) of the active and reactive powers in the secondary circuit of each
transformer. Figure 6 shows the development of the measured cumulative frequencies of the active
and the reactive powers of all analyzed transformers. The single-phase power load data were mixed
together for all three phases and Figure 7 depicts cumulative frequencies over all three phases without
distinction between separate phases to obtain the cumulative frequencies (single phase data are
depicted, not summed powers for all three phases). For a better understanding of the occurrence of the
active and the reactive power, it also shows the values separately for the Weekdays and the Weekend,
and it is generally proceeded 3 × 8928 records/month/transformer.

Figure 7 shows that only the consumed active power, approximately 5–84 kW, was realized on
transformers and the supplied active power was not realized (for the monitored period 01/2017).
Approximately 75% of all active powers ranged up to 40 kW on Weekdays and up to 28 kW during
Weekends. From the reactive power point of view, the consumption of approximately (0–71) kvar and
the supply of approximately (−18–0) kvar were both realized. It also applies to the reactive power
values that the ratio of values for the supplied and consumed reactive power is 40/60 for the Weekdays
and 50/50 for the Weekend. Approx. 80% of all values of the supplied reactive power ranged from
−18 kvar to −9 kvar (on the Weekdays and on the Weekend) and 90% of all values of the consumed
reactive power ranged from 0 kvar to 20 kvar (on the Weekdays) and to approximately 10 kvar (on
the Weekend).



Energies 2019, 12, 4342 9 of 25
Energies 2019, 12, x FOR PEER REVIEW 9 of 26 

 

 
Figure 7. Comparison of the cumulative frequencies of the single-phase active and reactive power of 
56 transformers-Weekdays vs. Weekend, 01/2017. 

Figure 7 shows that only the consumed active power, approximately 5–84 kW, was realized on 
transformers and the supplied active power was not realized (for the monitored period 01/2017). 
Approximately 75% of all active powers ranged up to 40 kW on Weekdays and up to 28 kW during 
Weekends. From the reactive power point of view, the consumption of approximately (0–71) kvar 
and the supply of approximately (−18–0) kvar were both realized. It also applies to the reactive 
power values that the ratio of values for the supplied and consumed reactive power is 40/60 for the 
Weekdays and 50/50 for the Weekend. Approx. 80% of all values of the supplied reactive power 
ranged from −18 kvar to −9 kvar (on the Weekdays and on the Weekend) and 90% of all values of the 
consumed reactive power ranged from 0 kvar to 20 kvar (on the Weekdays) and to approximately 10 
kvar (on the Weekend). 

Although there were clearly identified the specific directions of the active and reactive 
power/energy flows at LV (i.e., consumption vs. supply), it is necessary to point out that all of the 
installed transformers (i.e., T1–T82) have Dyn connection, and thus the directions need not to 
explicitly correspond to the power flow directions at HV. With regard to the dense-mesh topology, 
theoretically plausible explanations for the single-phase supply of the active power may be e.g., (i) 
the unique configuration and non-symmetrical load character with a significant effect on the size 
and voltage angle of individual transformers, (ii) failure states on 22 kV side and blowing of one HV 
fuse, and (iii) operating condition while considering the existence of an unsuitable configuration, 
where power also flows over this dense-mesh network rather than through the HV network. 

Generally, Figure 7 entails the loss of information regarding the possible concurrence of 
consumption and supply at the level of individual phases of all transformers, because the unified 
connection of phase measurement does not exist there. 

4.2. Voltage Magnitude Distribution Analysis 

The kind of complementary analysis that was carried out in this paper is voltage tolerance 
analysis. The measurement data were evaluated for compliance with voltage tolerance limits of 
+10% and −15% Un for 100% of time [40] for ‘all’ 56 transformers in the Brno-stred dense mesh. The 
non-unified phase measurement might not be a problem here, as this information regarding voltage 
compliance can still be found in the available data. Figure 8 shows the histograms of the individual 
rms phase voltages of 56 transformers without considering the unification of their phase 
measurements. (i.e., the single-phase histogram was constructed over voltage measurement data 

Figure 7. Comparison of the cumulative frequencies of the single-phase active and reactive power of
56 transformers-Weekdays vs. Weekend, 01/2017.

Although there were clearly identified the specific directions of the active and reactive power/energy
flows at LV (i.e., consumption vs. supply), it is necessary to point out that all of the installed transformers
(i.e., T1–T82) have Dyn connection, and thus the directions need not to explicitly correspond to
the power flow directions at HV. With regard to the dense-mesh topology, theoretically plausible
explanations for the single-phase supply of the active power may be e.g., (i) the unique configuration
and non-symmetrical load character with a significant effect on the size and voltage angle of individual
transformers, (ii) failure states on 22 kV side and blowing of one HV fuse, and (iii) operating condition
while considering the existence of an unsuitable configuration, where power also flows over this
dense-mesh network rather than through the HV network.

Generally, Figure 7 entails the loss of information regarding the possible concurrence of
consumption and supply at the level of individual phases of all transformers, because the unified
connection of phase measurement does not exist there.

4.2. Voltage Magnitude Distribution Analysis

The kind of complementary analysis that was carried out in this paper is voltage tolerance analysis.
The measurement data were evaluated for compliance with voltage tolerance limits of +10% and
−15% Un for 100% of time [40] for ‘all’ 56 transformers in the Brno-stred dense mesh. The non-unified
phase measurement might not be a problem here, as this information regarding voltage compliance
can still be found in the available data. Figure 8 shows the histograms of the individual rms phase
voltages of 56 transformers without considering the unification of their phase measurements. (i.e., the
single-phase histogram was constructed over voltage measurement data from denoted phase one from
all transformers together, etc.). The histogram data samples are divided into 50 bins.

The analysis is performed over samples of the individual phase voltages of all transformers,
which amounts to 1,064,448 samples for the Weekdays (i.e., 6336 records/phase/transformer/month)
and 435,456 samples for weekends (i.e., 2592 records/phase/transformer/month). The values show
that all rms voltage values are within the required voltage tolerance [40] during the Weekdays and
Weekend. Although the voltage tolerance should be assessed on 10 min. aggregation interval, the
eventual reaggregation of 5 min. samples to average 10 min. values would only smoothen the voltage
waveform and thus the voltage tolerance would be still met. The problem of non-unified phases
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between different measurements might lead to problems in identifying which particular phase is
voltage tolerance compliant or non-compliant.
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4.3. Transformers with the Maximal T47 and Minimal Power Load T61

Although the unified measurement is not resolved, it is relevant to carry out the partial analysis of
individual transformers per each individual phase for 01/2017. A detailed picture can thus be obtained
while using percentiles (PCTL) of the occurrence frequencies of power values during the day. In the
context of the information above, the article further provides a detailed assessment of the active and
reactive power through percentiles/histograms, in particular it presents individual assessments for T47
and T61 differentiating the Weekdays vs. the Weekend.

4.3.1. T47 and T61 Not Sorted Active and Reactive Power to Quadrants

Firstly, Figure 9 shows an overview of the development of the relative frequencies of three-phase
apparent power for T47 (with maximum power load) and at T61 (with minimum power load).Energies 2019, 12, x FOR PEER REVIEW 11 of 26 
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The histograms show that, for T47, all of the values ranged from 33–49% Sn, approximately 90%
of all values were then below 46% of the nominal apparent transformer power. For T61, approximately
70% of all values were below 12% of the nominal apparent power of the transformer and the maximum
power did not exceeded 20%. In general, if different energy flows/powers (consumption vs. supply)
are simultaneously realized per individual phases, the average three-phase value is unsuitable and it
entails a loss of information and lower energy/power is obtained. Thus, Tables 2 and 3 quantify the
corresponding percentiles for Figures 10 and 11, which present an overall comparison of cumulative
frequencies of the active and reactive power per phase for T47 and T61.
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Table 2. Percentiles of the single-phase active and reactive power for T47 during the Weekdays and the
Weekend-01/2017.

Parts of the Week PCTL
P1AvgT47 P2AvgT47 P3AvgT47 Q1AvgT47 Q2AvgT47 Q3AvgT47

(kW) (kW) (kW) (kvar) (kvar) (kvar)

Weekend
50th 53.45 52.4 50.15 58.55 60.31 62.25
90th 61.44 60.61 57.61 61.8 62.38 64.52

Weekdays 50th 63.6 63.2 60.45 61.05 62.33 64.94
90th 76.68 74.37 73.74 63.93 64.74 67.75

Table 3. Percentiles of the single-phase active and reactive power for T61 during the Weekdays and the
Weekend-01/2017.

Parts of the Week PCTL
P1AvgT61 P2AvgT61 P3AvgT61 Q1AvgT61 Q2AvgT61 Q3AvgT61

(kW) (kW) (kW) (kvar) (kvar) (kvar)

Weekend
50th 16.23 18.55 17.38 −2.19 2.15 −2.3
90th 22.91 25.3 24.29 2.36 3.22 2.14

Weekdays 50th 24.56 26.64 25.93 3.22 3.58 2.51
90th 34.33 36.39 36.1 4.98 5.61 4.24

The results in Table 2 prove following:

• in terms of the active power, phase L1 had the highest load and phase L3 the lowest, both during
the Weekend and on the Weekdays. On average, the load on the Weekdays was approximately
20% higher than during the Weekend (for 90th PTCL);

• in terms of reactive power, phase L3 had the highest load and phase L1 the lowest, both during
the Weekend and on the Weekdays. On average, the loading on the Weekdays was approximately
4% higher than during the Weekend (for 90th PTCL); and,

• the comparison of percentiles in individual phases indicates that the power distribution in the
individual phases is relatively even, with 90th and 50th PTCLs differing in individual phases
by only about 3–4 kW, for both the analyzed Weekdays and Weekend periods (i.e., for example
the difference for the 90th PTCL on the Weekdays-the largest L1 ~61.44 kW, and the smallest L3
57.61 kW difference of about 4 kW). As for reactive power, the difference was similar in size to the
active power of about 3–4 kvar. The reactive power was comparable in size to the active power.

The results in Table 3 prove the following:

• in terms of the consumed active power, phase L2 had the highest load and phase L1 the lowest, both
during the Weekdays and the Weekend. On average, the load on the Weekdays was approximately
32% higher than during the Weekend (for 90th PTCL); and,

• if the transformer provides the consumption as well as the supply of the reactive power in the
monitored period and the analyzed data are not divided according to the power character (i.e., the
data series cumulates all of the consumed/supplied reactive powers), and then the evaluation of
the reached reactive power through percentiles is not representative.

In general, the results in Table 3 also confirm that, in order to do the basic statistical evaluation
of the transformer that provides the consumption of the active power and at the same time the
consumption or the supply of the reactive power, it is firstly appropriate to sort the data based on the
character of the reactive power.

4.3.2. T47 and T61 Sorted Active and Reactive Powers to Quadrants and Their Statistical Values

Sorting is separately performed for each phase in the context of quadrants Q1 and Q4, as in
Figure 1. Thus, the following Table 4 provides this sorting by presenting a percentage of the numbers
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of single-phase reactive power records, with both the differentiation between the Weekdays vs.
Weekend and the distribution considering four time-periods during the day A (22:00:00–03:59:59), B
(4:00:00–07:59:59), C (08:00:00–15:59:59), and D (16:00:00–21:59:59).

Table 4. Percentages of the numbers of single-phase reactive power records for T61 sorted by–consumed
Q (Q > 0), supplied Q (Q < 0), no Q (Q = 0), red text highlights dominant one per phase.

Parts of
the Week

Time
Interval

Number of
Records

Q1AvgT61 Q2AvgT61 Q3AvgT61
>0 <0 =0 >0 <0 =0 >0 <0 =0
(%) (%) (%) (%) (%) (%) (%) (%) (%)

Weekend

A 648 18.7 79.9 1.4 84.7 15.1 0.2 8 91.4 0.6
B 432 33.8 64.6 1.6 77.8 21.1 1.2 33.1 65.5 1.4
C 864 13.3 86.5 0.2 35.3 64.1 0.6 7.4 92.5 0.1
D 648 54.5 44.6 0.9 91 8.5 0.5 45.1 53.7 1.2

Weekdays

A 1584 5.4 94.1 0.4 40.9 58.3 0.8 0.9 98.9 0.2
B 1056 55.3 44.4 0.3 89 9.8 1.1 45.8 53.6 0.6
C 2112 100 0 0 100 0 0 99.1 0.7 0.1
D 1584 75.4 24.2 0.4 99.9 0.1 0 63.8 35.6 0.6

The sorting for T47 is irrelevant, because there is no change of the character of the reactive power
(i.e., only Q consumption, 100% of the records fulfill condition Q > 0), therefore there are the results for
T61 in Table 4, and these show:

• during the Weekend/A and Weekend/B, the number of records corresponding to the supplied
reactive power predominates in phases L1 and L3, and the consumed reactive power predominates
in phase L2;

• during the Weekend/D and Weekdays/B the number of records of the consumed reactive power
significantly predominates in L2, while in L1 and L2 the balance of represented samples is leveled;

• during the Weekend/C and Weekdays/A the number of records of the supplied reactive power
predominates in all phases; and,

• significant and predominating reactive power character (the consumption or the supply) is
identifiable per phase for each specific time intervals during the day in individual parts of the
week, e.g., solely the supplied reactive power is identified for T61 during the Weekdays/C period
in phases L1 and L2, and it is also almost 100% in phase L3. A similar and also strong dependence
is also observed in the Weekdays/D.

The data also generally include the values that stand for zero reactive power (see Table 4). However,
these were not considered further in the statistical evaluation due to their percentage being insignificant.

The following Tables 5–7 present a summary statistical analysis by the percentiles. Specifically,
for T61, Tables 6 and 7 present the percentile results performed on the sorted samples according to
Table 4. The data were initially sorted according to the character of the reactive power into two groups
for consumed Q (quadrant Q1) and supplied Q (quadrant Q4) to determine the percentiles. In this
sorting, the corresponding active power samples P were also sorted for the corresponding Q samples.
Over such sorted data, the percentiles were subsequently set separately for the active power (for given
character of the reactive power) and for the reactive power.
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Table 5. Percentiles of the single-phase active power and reactive power at the time of the reactive
power consumption for T47-01/2017.

Parts of the Week Time
Interval

PCTL
P1AvgT47 P2AvgT47 P3AvgT47 Q1AvgT47 Q2AvgT47 Q3AvgT47

(kW) (kW) (kW) (kvar) (kvar) (kvar)

Weekend

A

5th 46.70 47.35 43.60 56.85 59.02 60.38
25th 48.41 49.09 45.45 57.76 59.94 61.24
50th 50.09 50.76 47.01 58.41 60.59 62.06
75th 51.96 52.43 48.95 59.38 61.37 63.10
90th 54.41 54.98 50.99 60.61 62.13 64.22

B

5th 45.05 44.45 42.15 55.61 57.42 58.94
25th 46.29 45.62 43.42 56.33 58.62 59.91
50th 47.36 46.50 44.34 56.93 59.25 60.72
75th 48.30 47.33 45.50 57.65 59.82 61.40

B

90th 49.27 48.15 46.60 58.16 60.31 62.14

C

5th 46.70 45.56 44.82 55.60 58.15 60.20
25th 52.03 49.86 49.09 57.30 59.23 61.61
50th 57.09 54.65 53.34 58.63 60.15 62.35
75th 60.31 59.34 56.53 59.80 61.01 63.20

C

90th 62.66 61.21 59.15 60.94 61.74 64.11

D

5th 50.06 48.84 47.27 56.16 58.39 60.84
25th 56.15 55.41 52.74 59.08 60.24 62.46
50th 58.13 57.47 54.41 60.64 61.47 63.63
75th 60.26 59.99 56.45 62.10 62.40 64.59

D

90th 62.86 61.77 58.43 63.34 63.13 65.76

Weekdays

A

5th 44.75 45.19 41.94 55.52 58.56 59.33
25th 46.56 47.21 44.05 56.81 59.63 60.39
50th 48.10 49.19 45.93 57.62 60.35 61.32
75th 51.73 52.94 49.46 58.78 61.18 62.87
90th 54.94 55.76 52.43 60.19 61.94 64.03

B

5th 44.88 44.93 42.26 54.82 57.69 58.49
25th 46.57 46.27 43.57 55.61 58.64 59.69
50th 49.66 48.89 47.77 56.48 59.29 60.55
75th 55.02 54.12 53.17 57.49 60.30 62.28

B

90th 58.87 56.93 55.98 58.58 61.33 63.44

C

5th 65.63 63.86 63.18 59.46 61.62 64.34
25th 72.97 70.86 70.27 61.39 62.91 65.85
50th 75.00 72.80 72.26 62.46 63.73 66.71
75th 76.99 74.62 74.05 63.46 64.54 67.56

C

90th 78.76 76.19 75.59 64.25 65.22 68.22

D

5th 58.54 59.23 55.70 59.94 61.16 63.24
25th 62.83 62.96 59.44 61.74 62.36 64.99
50th 67.07 66.08 63.41 62.77 63.32 65.98
75th 71.48 70.24 68.56 63.69 64.20 66.94

D

90th 73.74 72.29 70.89 64.63 65.06 68.11
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Table 6. Percentiles of the single-phase active power and reactive power at the time of the reactive
power consumption for T61-01/2017.

Parts of the Week Time
Interval

PCTL
P1AvgT61 P2AvgT61 P3AvgT61 Q1AvgT61 Q2AvgT61 Q3AvgT61

(kW) (kW) (kW) (kvar) (kvar) (kvar)

Weekend

A

5th 13.84 13.79 15.34 1.89 1.83 1.79
25th 14.94 14.99 16.08 2.00 2.16 1.88
50th 15.93 16.04 17.72 2.09 2.53 1.96
75th 16.80 17.55 18.79 2.19 2.91 2.06
90th 18.00 18.93 19.84 2.26 3.22 2.13

B

5th 12.47 15.59 14.35 1.64 1.61 1.53
25th 13.25 16.57 15.39 1.74 1.82 1.68
50th 13.99 17.25 15.96 1.81 2.18 1.79
75th 15.02 17.95 16.61 1.89 2.75 1.90

B

90th 15.44 18.75 17.07 2.00 3.16 2.00

C

5th 19.18 19.77 21.12 1.91 1.88 1.84
25th 20.74 21.84 22.64 2.04 2.06 1.97
50th 22.14 23.14 24.31 2.18 2.19 2.05
75th 23.67 24.63 25.06 2.41 2.37 2.38

C

90th 24.93 25.82 25.82 2.55 2.55 2.69

D

5th 18.94 19.38 22.00 2.08 2.06 1.95
25th 21.63 21.57 23.48 2.26 2.39 2.15
50th 23.14 23.54 24.59 2.45 2.76 2.31
75th 24.19 26.16 25.86 2.77 3.37 2.50

D

90th 25.05 27.54 26.87 3.10 3.96 2.79

Weekdays

A

5th 15.55 13.96 16.89 1.97 1.92 1.95
25th 17.30 16.13 18.61 2.10 2.10 2.04
50th 18.63 18.35 19.29 2.26 2.28 2.13
75th 19.92 20.64 23.02 2.40 2.54 2.24
90th 20.68 22.00 23.65 2.55 2.97 2.42

B

5th 14.44 16.33 16.91 1.81 1.61 1.78
25th 18.29 17.44 19.86 2.84 1.82 2.09
50th 20.60 21.38 22.11 3.58 2.86 2.55
75th 23.17 25.00 24.16 4.07 3.56 3.13

B

90th 25.11 26.43 25.53 4.60 3.96 3.53

C

5th 27.59 28.27 27.08 3.54 3.58 2.84
25th 31.63 33.22 32.97 4.11 4.30 3.34
50th 33.08 34.93 34.73 4.50 4.80 3.69
75th 34.39 36.19 35.93 4.91 5.27 4.08

C

90th 35.39 37.41 37.16 5.32 5.72 4.45

D

5th 22.34 23.01 24.79 2.36 2.47 2.22
25th 25.13 25.56 30.15 2.65 3.09 2.84
50th 30.20 29.95 33.78 3.65 4.09 3.65
75th 32.74 35.05 35.56 4.42 5.47 4.25

D

90th 34.00 36.44 36.70 5.07 6.21 4.75
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Table 7. Percentiles of the single-phase active power and reactive power at the time of the reactive
power supply for T61-01/2017.

Parts of the Week Time
Interval

PCTL
P1AvgT61 P2AvgT61 P3AvgT61 Q1AvgT61 Q2AvgT61 Q3AvgT61

(kW) (kW) (kW) (kvar) (kvar) (kvar)

Weekend

A

5th 11.81 13.35 12.88 −3.28 −2.53 −4.30
25th 13.14 14.82 14.33 −2.60 −2.32 −2.78
50th 13.98 15.61 15.36 −2.25 −2.12 −2.33
75th 14.90 16.30 16.64 −2.06 −1.99 −2.09
90th 15.86 17.17 18.18 −1.97 −1.90 −1.95

B

5th 12.35 14.85 13.31 −2.47 −2.04 −2.58
25th 12.96 15.50 14.96 −2.20 −1.89 −2.28
50th 13.48 16.21 15.56 −2.04 −1.78 −2.07
75th 14.19 16.75 16.06 −1.88 −1.67 −1.85

B

90th 14.90 17.70 16.55 −1.78 −1.61 −1.69

C

5th 11.91 13.00 12.35 −3.65 −2.91 −3.68
25th 14.96 15.42 15.67 −3.08 −2.45 −3.27
50th 18.18 18.41 19.01 −2.76 −2.24 −2.91
75th 20.68 20.49 22.23 −2.44 −2.09 −2.45

C

90th 22.11 22.72 23.62 −2.21 −1.96 −2.17

D

5th 13.76 14.40 14.47 −3.40 −2.39 −4.26
25th 16.80 15.57 17.99 −2.71 −2.29 −3.18
50th 18.15 16.58 20.06 −2.43 −2.17 −2.48
75th 19.77 18.72 21.54 −2.25 −2.09 −2.27

D

90th 20.86 19.15 22.71 −2.11 −1.95 −2.12

Weekdays

A

5th 10.74 12.30 11.80 −3.49 −2.39 −4.54
25th 11.88 13.25 13.31 −3.08 −2.20 −4.10
50th 12.91 13.99 14.65 −2.78 −2.07 −3.55
75th 15.30 14.92 16.70 −2.44 −1.97 −2.88
90th 17.51 16.31 18.98 −2.24 −1.86 −2.41

B

5th 11.93 12.98 14.03 −2.66 −2.20 −3.57
25th 13.39 15.37 15.47 −2.21 −1.94 −2.43
50th 13.99 16.34 16.21 −2.02 −1.78 −2.17
75th 14.56 16.71 17.04 −1.88 −1.66 −1.99

B

90th 15.22 16.98 18.09 −1.79 −1.52 −1.83

C

5th 0.00 0.00 23.09 0.00 0.00 −3.12
25th 0.00 0.00 25.08 0.00 0.00 −2.86
50th 0.00 0.00 26.50 0.00 0.00 −2.60
75th 0.00 0.00 28.07 0.00 0.00 −2.57

C

90th 0.00 0.00 32.20 0.00 0.00 −2.52

D

5th 19.74 23.14 21.35 −2.77 −2.37 −2.82
25th 21.47 23.14 23.51 −2.59 −2.37 −2.57
50th 22.71 23.14 24.85 −2.49 −2.37 −2.42
75th 23.82 23.14 26.10 −2.38 −2.37 −2.29

D

90th 24.70 23.14 26.90 −2.27 −2.37 −2.19

For transformer T47, based on the comparison of 90th PTCL results from Table 2 (only the summary
Weekdays and Weekend percentiles are considered) and Table 5 (considers both the summary percentiles
and the individual time intervals A, B, C, D during day) can be observed with following dependencies:

• the summary Weekend PCTLs of the single-phase active and reactive power achieved are
comparable to those achieved during the Weekend/C and Weekend/D with differences of
approximately 1–3%;

• a similar dependence is also observed at the summary Weekdays PCTLs vs. Weekdays/C and
Weekdays/D, although these differ by approximately 1–4%;

• for other time intervals A and B it is possible to observed more significant differences against the
summary PCTLs

# the summary Weekend PCTLs of the active power are approx. 10% higher than those for
the Weekend/A, for the reactive power they are approx. 1–2% higher,
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# the summary Weekend PCTLs of the active power are approx. 20% higher than those for
the Weekend/B, for the reactive power they are approx. 4–5% higher,

# the summary Weekdays PCTLs of the active power are approx. 25–29% higher than those
for the Weekdays/A, for the reactive power they are approx. 5% higher, and

# the summary Weekdays PCTLs of the active power are approx. 24% higher than those for
the Weekdays/B, for the reactive power they are approx. 5–8% higher.

Finding the interdependencies for T61 is very complicated, not only for the confrontation summary
percentiles (in Table 3) with the results in Tables 6 and 7, but also generally from the individual percentiles
in case of the change of the character of reactive power flow. Thus, it would first be necessary to define
the specific purpose for which the analysis is to be prioritized (e.g., reactive power flows, voltage
magnitude, unbalance, etc.) and it should be performed over the phase unified data of all transformers.
On the other hand, the search for basic interdependencies can also be done while using other statistical
indicators. Therefore, the following part of the analysis evaluates the values of the maximal and
minimal power, the mean and the standard deviation in more detail over the sorted data. Tables 8–10
show the obtained results.

Table 8. Statistical results for T47 at the time of the reactive power consumption including the
highlighted total maximal and minimal powers and the highest absolute mean values per phase.

Parts of the Week Time
Interval

Quantity P1AvgT47 P2AvgT47 P3AvgT47 Q1AvgT47 Q2AvgT47 Q3AvgT47
(kW) (kW) (kW) (kvar) (kvar) (kvar)

Weekend

A

Max 60.89 58.75 54.31 63.13 63.97 66.04
Min 44.79 45.68 41.77 55.67 57.63 59.56

Mean 50.54 51.02 47.34 58.68 60.67 62.26
SD 2.93 2.59 2.53 1.41 1.08 1.33

B

Max 54.48 50.09 49.66 59.39 61.24 63.49
Min 43.99 42.65 41.46 54.52 56.55 58.15

Mean 47.39 46.51 44.51 56.98 59.17 60.69
B

SD 1.59 1.26 1.59 0.90 0.92 1.08

C

Max 67.22 63.91 62.63 63.58 64.59 66.40
Min 42.97 42.17 42.68 54.85 57.00 59.03

Mean 56.16 54.36 52.94 58.60 60.14 62.38
C

SD 5.38 5.37 4.75 1.79 1.24 1.27

D

Max 68.30 65.14 61.80 65.84 64.71 67.95
Min 48.13 47.07 45.45 54.99 57.51 59.68

Mean 57.96 57.17 54.17 60.48 61.25 63.55
D

SD 4.00 3.92 3.33 2.28 1.54 1.60

Weekdays

A

Max 61.75 60.63 57.70 63.44 63.70 66.24
Min 43.22 43.25 40.32 53.92 56.91 58.07

Mean 49.26 50.10 46.85 57.90 60.42 61.63
SD 3.73 3.73 3.68 1.65 1.14 1.64

B

Max 64.31 61.97 62.69 61.27 64.29 66.74
Min 43.94 43.54 40.92 53.60 56.43 57.35

Mean 51.09 50.20 48.56 56.66 59.54 60.98
B

SD 5.18 4.48 5.24 1.36 1.32 1.77

C

Max 83.12 80.15 79.53 67.63 67.38 70.21
Min 58.61 57.61 56.73 56.77 59.36 61.91

Mean 74.45 72.20 71.63 62.35 63.71 66.64
C

SD 3.94 3.75 3.72 1.58 1.21 1.28

D

Max 80.01 77.56 75.99 67.23 68.40 70.97
Min 53.80 54.65 52.00 58.22 59.89 61.61

Mean 67.05 66.44 63.86 62.71 63.30 65.99
D

SD 5.24 4.51 5.26 1.51 1.32 1.58
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Table 9. Statistical results for T61 at the time of the reactive power consumption, including the
highlighted total maximal and minimal powers and the highest absolute mean values per phase.

Parts of the Week Time
Interval

Quantity P1AvgT61 P2AvgT61 P3AvgT61 Q1AvgT61 Q2AvgT61 Q3AvgT61
(kW) (kW) (kW) (kvar) (kvar) (kvar)

Weekend

A

Max 19.52 23.56 21.94 2.52 4.63 2.21
Min 13.53 12.65 15.04 1.78 1.53 1.76

Mean 15.98 16.38 17.68 2.10 2.57 1.97
SD 1.38 1.88 1.75 0.14 0.51 0.12

B

Max 16.27 20.52 18.18 2.37 3.74 2.30
Min 12.11 12.37 13.59 1.55 1.39 1.45

Mean 14.12 17.26 15.94 1.82 2.31 1.80
SD 1.02 1.13 0.88 0.13 0.57 0.17

C

Max 26.67 27.87 28.04 3.11 3.45 3.31
Min 18.09 17.27 20.74 1.82 1.74 1.75

Mean 22.24 23.12 24.01 2.25 2.23 2.18
SD 1.91 2.01 1.70 0.27 0.25 0.34

D

Max 27.61 30.17 28.29 3.93 4.91 3.47
Min 16.95 16.70 18.12 1.85 1.87 1.58

Mean 22.82 23.78 24.61 2.55 2.93 2.35
SD 2.00 2.82 1.76 0.38 0.69 0.29

Weekdays

A

Max 21.51 25.02 24.02 3.05 4.70 2.44
Min 14.73 12.59 16.87 1.87 1.66 1.95

Mean 18.58 18.31 20.40 2.27 2.40 2.16
SD 1.63 2.78 2.49 0.23 0.47 0.15

B

Max 28.41 29.26 31.06 5.67 5.17 5.63
Min 13.42 13.51 15.84 1.58 1.41 1.55

Mean 20.66 21.32 22.02 3.45 2.77 2.66
B

SD 3.40 3.93 2.85 0.92 0.93 0.67

C

Max 38.21 41.54 39.78 6.55 7.81 5.84
Min 7.61 8.21 7.86 1.68 1.08 1.54

Mean 32.69 34.40 34.04 4.53 4.80 3.73
C

SD 2.57 2.86 3.10 0.63 0.74 0.56

D

Max 36.87 39.72 39.61 6.77 7.90 5.83
Min 18.89 20.37 21.94 2.10 1.99 1.84

Mean 29.21 30.20 32.57 3.66 4.29 3.59
D

SD 4.14 5.00 3.97 1.03 1.36 0.89

The results in Table 8 show that T47 has the maximal consumed active and reactive power
during the Weekdays approx. 15–17 kW and 2–3 kvar higher than during the Weekend. Furthermore,
transformer T47 reaches approximately the same average values of the minimal consumed active and
reactive power during the Weekdays and the Weekend.

The results in Table 9 show that the maximal consumed active and reactive power for transformer
T61 during the Weekdays is approx. 11 kW and 2.5–3 kvar higher than during the Weekend. The
minimal consumed active power during the Weekdays is approx. 4–6 kW lower than during the
Weekend and the minimal consumed reactive power is similar for the Weekdays and Weekend.

The results in Table 10 show that the maximal consumed active power for transformer T61 has
differences of approx. 3–6 kW and this transformer reaches similar values of the maximal supplied
reactive power during the Weekdays and Weekend. This similarity is also observed for the minimal
consumed active and supplied reactive power, respectively.



Energies 2019, 12, 4342 19 of 25

Table 10. Statistical results for T61 at the time of the reactive power supply including the highlighted
total maximal and minimal powers and the highest absolute mean values per phase.

Parts of the Week Time
Interval

Quantity P1AvgT61 P2AvgT61 P3AvgT61 Q1AvgT61 Q2AvgT61 Q3AvgT61
(kW) (kW) (kW) (kvar) (kvar) (kvar)

Weekend

A

Max 19.03 18.35 21.97 −1.74 −1.74 −1.71
Min 10.17 12.91 12.05 −3.82 −2.76 −5.07

Mean 14.08 15.56 15.62 −2.38 −2.16 −2.61
SD 1.45 1.26 1.88 0.43 0.22 0.75

B

Max 16.01 18.58 17.44 −1.51 −1.49 −1.49
Min 10.34 14.19 11.31 −2.71 −2.42 −3.22

Mean 13.60 16.26 15.42 −2.06 −1.79 −2.08
B

SD 0.91 0.95 1.02 0.23 0.16 0.30

C

Max 24.45 24.53 26.30 −1.81 −1.63 −1.70
Min 10.12 11.63 9.52 −4.19 −3.53 −4.15

Mean 17.73 18.10 18.75 −2.79 −2.30 −2.88
C

SD 3.39 3.25 3.85 0.47 0.31 0.51

D

Max 24.59 20.83 26.39 −1.90 −1.81 −1.71
Min 12.45 14.13 13.05 −3.69 −2.57 −4.70

Mean 18.12 16.98 19.68 −2.53 −2.18 −2.77
D

SD 2.25 1.80 2.67 0.41 0.16 0.70

Weekdays

A

Max 21.11 20.32 23.91 −1.87 −1.56 −1.91
Min 9.60 11.40 10.26 −3.98 −2.72 −5.19

Mean 13.68 14.22 15.17 −2.78 −2.08 −3.48
SD 2.39 1.41 2.54 0.42 0.18 0.72

B

Max 17.30 17.92 20.12 −1.48 −1.36 −1.50
Min 10.03 12.22 11.28 −3.69 −2.44 −4.90

Mean 13.95 15.80 16.26 −2.08 −1.80 −2.29
B

SD 1.08 1.38 1.42 0.31 0.22 0.53

C

Max 0.00 0.00 32.37 0.00 0.00 −2.42
Min 0.00 0.00 22.88 0.00 0.00 −3.13

Mean 0.00 0.00 27.18 0.00 0.00 −2.71
C

SD 0.00 0.00 2.96 0.00 0.00 0.21

D

Max 27.41 23.14 28.98 −2.07 −2.37 −1.84
Min 17.78 23.14 18.61 −2.98 −2.37 −3.73

Mean 22.62 23.14 24.73 −2.49 −2.37 −2.45
D

SD 1.69 0.00 1.82 0.16 0.00 0.22

The general conclusions can be drawn when comparing the results of Tables 8–10:

• the highest mean values for T47 are usually achieved in the Weekdays/C. The minimal differences
of approx. 11% are in the comparison with the Weekdays/D, for other interval the differences are
roughly 30–35%;

• the highest mean values achieved for T47 during the Weekend are in the Weekend/D but differences
with other Weekend intervals are under 18% for the active power and under 6% the reactive power;

• the mean values of the active power for T47 are approx. 14–25% higher in the intervals Weekdays/C
and Weekdays/D than those for Weekend/C and Weekend/D, for the reactive power they are
similar in all intervals and the most of differences are lower than 6%; and,

• similar dependencies can be found for T61 as for T47, when the values are usually higher during the
Weekdays than during the Weekend. Specifically, the active power values during the Weekdays are
usually 11–33% higher than those during the Weekend and the reactive power differs in the range
1–54%. Although high percentage differences between corresponding intervals were achieved,
it should be noted that, in terms of absolute values, these are comparable to differences for the
transformer T47 when these are not higher than 5% and 1% of the nominal power of transformer,
e.g., for the active power (10.5 kW/per phase) and the reactive power (2.5 kvar/per phase).

4.4. Unification of Phase Allocation

The authors have demonstrated earlier in [21] the use of the phase identification method on the
experimental one-year worth of voltage data from smart meters that were installed in DS with radial



Energies 2019, 12, 4342 20 of 25

topology. However, the sensitivity of this method is highly dependable on the amount of long-term
data and it is better suited for radial topology of distribution network. Therefore, in the case of DS
Brno-stred with an extensive dense-mesh topology, a different post processing approach of phase
identification from the one that was published in [21] was used. The approach is basically based on the
use of recorded voltage events/drops by PQ monitors for T1–T62. Table 11 quantifies these voltage
drops in the transformer T1, which is considered as a reference one from the phase identification point
of view.

Table 11. Short-term voltage drops in the reference transformer T1-06/2016–02/2017.

Number of the Events
U1T1/Un U2T1/Un U3T1/Un Affected Phases Status(−) (−) (−)

1 0.878 0.884 0.883 L1-L2-L3 not used
2 0.992 0.759 0.775 L2-L3 used for L1
3 0.995 0.753 0.754 L2-L3 used for L1
4 0.701 0.671 1.016 L1-L2 used for L3
5 0.876 1.014 0.876 L1-L3 used for L2
6 0.725 0.733 0.989 L1-L2 used for L3
7 1.001 0.754 0.683 L2-L3 used for L1
8 0.844 1.002 0.820 L1-L3 used for L2
9 0.878 0.885 0.882 L1-L2-L3 not used

Generally, the short-term voltage drop records include the initial drop time, drop duration, and
the minimum effective voltage and current values in each phase. Table 11 shows the three-phase
voltage drops that occurred twice and the two-phase voltage drops that occurred seven times. If the
short-term voltage drops in one (L1, L2 or L3) or two phases (L1-L2, L1-L3, or L2-L3) are available, it
is theoretically possible to use them to unify the measurement phases with reference one in a whole
monitored system. In the case of a single-phase voltage drop, this significant drop can also be observed
in each one specific phase of transformers. On the other hand, in the case of two-phase voltage drop,
the object of observation is the phase without voltage drop. Thus, Table 12 brings the results of the
phase identification with the reference T1 while using the mentioned two-phase voltage drop events
(i.e., events 2–8 in Table 11) that were recorded by individual PQ monitors.

The results indicate good usability of the short-voltage drop events for the phase
identification/unification of the measurement, when the phases were assigned to transformers T1–T59.
However, in the case of three transformers (T2, T3, and T42), a reverse phase sequence was assigned.
The rest of transformers was assigned a correct phase sequence. The phases of transformers T60–T62
remained unidentified because at the time of the voltage events recorded at T1, the PQ monitors at these
transformers have not been installed yet. The results also show the ability to identify the individual
phases of the measurement in 100% of the cases when PQ monitors recorded the short-voltage drop
events. Specifically, 37 transformers have the same phase measurement position as the reference one.
However, it is necessary to verify the results by comparing them with the actual PQ monitors HW
connection directly at DTS. As this verification has not been done yet, this article further presents only
a detailed analysis over the non-unified data.
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Table 12. Results of the phases identification of the measurement–reference T1.

TR No. Identificated Phases Status TR No. Identificated Phases Status

1 L1 L2 L3 reference 32 L1 L2 L3 correct
2 L3 L2 L1 reverse 33 L1 L2 L3 correct
3 L3 L2 L1 reverse 34 L2 L1 L3 correct
4 L3 L1 L2 correct 35 L2 L3 L1 correct
5 L1 L2 L3 correct 36 L1 L2 L3 correct
6 L1 L2 L3 correct 37 L1 L2 L3 correct
7 L1 L2 L3 correct 38 L2 L3 L1 correct
8 L1 L2 L3 correct 39 L1 L2 L3 correct
9 L3 L1 L2 correct 40 L3 L1 L2 correct
10 L2 L1 L3 correct 41 L1 L2 L3 correct
11 L1 L3 L2 correct 42 L3 L2 L1 reverse
12 L1 L2 L3 correct 43 L1 L2 L3 correct
13 L3 L1 L2 correct 44 L1 L2 L3 correct
14 L1 L2 L3 correct 45 L1 L2 L3 correct
15 L1 L2 L3 correct 46 L3 L1 L2 correct
16 L1 L2 L3 correct 47 L1 L2 L3 correct
17 L1 L2 L3 correct 48 L1 L2 L3 correct
18 L1 L2 L3 correct 49 L1 L2 L3 correct
19 L2 L3 L1 correct 50 L1 L2 L3 correct
20 L2 L1 L3 correct 51 L1 L2 L3 correct
21 L2 L3 L1 correct 52 L2 L3 L1 correct
22 L1 L2 L3 correct 53 L1 L2 L3 correct
23 L2 L1 L3 correct 54 L1 L2 L3 correct
24 L2 L3 L1 correct 55 L1 L2 L3 correct
25 L1 L2 L3 correct 56 L1 L2 L3 correct
26 L2 L3 L1 correct 57 L1 L2 L3 correct
27 L1 L2 L3 correct 58 L1 L2 L3 correct
28 L3 L1 L2 correct 59 L1 L2 L3 correct
29 L1 L2 L3 correct 60 NaN NaN NaN unidentified
30 L2 L1 L3 correct 61 NaN NaN NaN unidentified
31 L1 L2 L3 correct 62 NaN NaN NaN unidentified

5. Discussion and Conclusions

The mathematical modeling of a distribution system requires both detailed technical
parameterization of individual network elements and the quantification of the power flows over the
time. Especially in the case of a complex dense-mesh topology, detailed mapping of LV customer
behavior is needed for the purpose of the model verification and its credibility. Even though the
following conclusions are mainly the beneficial inputs for this specific model, from the global point of
view, it also contributes to finding the interdependencies of power flows over time in more detail.

From the analysis of all transformers the results show:

• the higher power load is achieved on the Weekdays than on the Weekend, specifically 75% of all
single-phase active powers range up to 40 kW on the Weekdays and 28 kW on the Weekend;

• the ratio of the supplied and the consumed reactive power is 40/60 on the Weekdays and 50/50 on
the Weekend;

• the transformers with a higher power load do not show the changes of the reactive power character.
Specifically, there is only the consumed reactive power and no supplied one; and,

• in general, for the transformers with a low power load the supplied reactive power is inversely
proportional to the consumed active power.

In the case of the analyses of limit states based on detailed results for the transformer with the
maximal power load (T47) and the minimal power load (T61), the following can be observed.
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For T47 with maximal power load and with no change of the reactive power character the
results show:

• it operates 35% of time with tan phi < 1 (on the Weekdays). It also operates 100% of time with tan
phi > 1 at the level of phase L2 and L3, and it operates at L1 with tan phi > 1 approx. for 95% of
time (on the Weekend);

• the active and reactive power during the Weekdays is approximately 20% and 4% higher than
during the Weekend;

• the active and reactive powers in the individual phases are relatively even;
• in more detail, these summary weekdays and weekend power flows are comparable to those that

were achieved during time interval C (08:00:00–15:59:59) and D (16:00:00–21:59:59) with differences
of approximately 1–3% for the Weekdays and approximately 1–4% for the Weekend at the same
parts of the week; and,

• the summary power flows are higher than during interval A (22:00:00–03:59:59) and B
(4:00:00–07:59:59). Specifically, for the active and reactive power up to 29% and 8% during
the Weekdays and 10% and 5% during the Weekend.

For T61 with minimal power load and with the change of the reactive power character the
results shown:

• it always operates with tan phi < 1 at the level of individual phases, when the minimum active
power is not less than the maximum reactive power value in a given interval;

• over the Weekend it has an approx. twofold increase in frequencies of the supplied reactive power
in individual phases than during the Weekdays; and,

• the active power during the Weekdays is usually 11–33% higher than during the Weekend and for
the reactive power the differences are in range 1–54%, but in terms of the absolute values these are
comparable to differences for the transformer T47.

Furthermore, a novel approach that is presented in this article is the demonstration of the phase
unification within the measurements of the short-term voltage drops that were recorded by PQ monitors
instead of the most often used process demanding HW or SW techniques. Unlike these techniques,
the shown approach is not both computationally demanding, because no complex evaluation of the
continuous voltage trends are observed and also financially demanding because it used installed PQ
monitors and no additional HW is required to be installed within the distribution system. Although the
results show the ability to identify phases in 100% of the cases, this approach has still to be verified via
DSO in the real distribution system and, as a result of the application of the short-term voltage drops,
there is also a risk that no voltage events will generally occur. The analysis of statistically sufficient
sample of data (at least 1 year) is also necessary in order to relevantly assess the DS behaviour based
on long-term measured values from DTS.

Moreover, the results show that it is not necessary to assess the voltage magnitudes while using
the measuring over the unified phase data. On the other hand, the unified data can provide better
information in which particular phase the voltage tolerance is compliant/non-compliant, thus the
complex dependences can be generally observed in the context of a whole distribution system.

The results also have a practical contribution directly to the DSO. The main operating criterion of
the analyzed municipal distribution system has not been complexly evaluated prior to the installation
of PQ monitors. Thus, the results confirm the fulfilment of the established criterion and the power
load of all transformers is below the required upper limit of 50% of Sn. It should be noted that the
power load has always to be calculated from the rms/trms voltage and current values. Unlike other
incorrect approaches, this takes the influence of the process of data aggregation and the change of the
reactive power character in the measurement interval into account as well.
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