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Abstract: Technological advances have made possible the fault location detection on the
low-voltage distribution network using the fault location determination algorithm (FLDa).
The results obtained by operating this algorithm can be implemented into a system that
schedules the faults toward the electrician teams in charge of the troubleshooting. This
solution, however, only addresses the processing and evaluation of signals based on remote
signaling and does not provide the possibility of automatic interventions. This present
paper investigates and describes the possibilities of automatic interventions on low-voltage
distribution networks. This paper examines the Smart Switchboard concept developed by
the Research Group of Applied Disciplines and Technologies in Energetics.
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1 Introduction

The basic task of electricity supply is to ensure safe and continuous service of the
electrical networks. “The joint fulfillment of the requirements of safety, quality,
and economic efficiency is a task based on compromises that represent the central
issue of system management” [1]. In parallel with increasing consumer demands,
power suppliers have to maintain the quality of their services on an adequate level.
If not, regulatory sanctions would be applicable.
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“Electricity suppliers use several indicators for measuring the quality of electricity
networks. The Hungarian Energy and Public Utility Regulatory Authority are
following two indicators and expects their improvement by Hungarian electricity
suppliers. These two indicators are the System Average Interruption Duration
Index (SAIDI) and the System Average Interruption Frequency Index (SAIFI)” [2,
3]

The System Average Interruption Frequency Index (SAIFI) shows the number of
unscheduled outages for a consumption site in a specific interval (usually yearly),
i.e., “the frequency of unplanned supply interruption per consumer” [4].

The SAIDI network quality indicator is given by:

SAIDI = w [sec] (1)

T

where N; is the number of customers and U; is the annual outage time for location
i, and Ny is the total number of customers served.

In other words,

sum of all customer interruption durations

SAIDI =

(2)

The System Average Interruption Duration Index (SAIDI) shows the average
number of outage minutes per consumer, i.e., “the average duration of unplanned
supply interruptions” [4].

total number of customers served

The SAIFI network quality indicator is given by:

SAIFI =2z
Nt

[sec] 3)
where 4; is the failure rate, N; is the number of customers for location i and Ny is
the total number of customers served. In other words,

total number of customer interruptions

SAIFI =

4
total number of customers served ( )

One of the SAIDI, SAIFI determinants of the network quality indicators is the
number of consumers (N;) affected by the malfunction i. Energy supplier
companies keep records of the number of consumers affected by the failure of a
particular equipment. Due to these records, they are able to produce accurate
accounts about the number of consumers left without service due to a specific
network component failure [5].

Quality indicators are usually calculated per year. Thus, the number of customers
(N1) used in the calculation of indicators is a constant value (number) determined
for a specific year and a specific power supplier at the beginning of the year. This
customary method is necessary in order to eliminate the effects of ongoing
changes during the year and for carrying out uniform and transparent calculations

[6].
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The calculation method of the SAIDI index reflects that one of the most significant
factors of the network quality indicator consists in the time interval of the failure, i
which starts from its detection (security operation or the first consumer report) and
ending with the restoration of the service at the consumption point (this does not
necessarily mean the restoration of the normal functioning) [7].

Hungarian legislation on electricity providers defines short-term network failures
for which the time of interruption and the number of affected consumers are not
included in the calculation of the SAIDI and SAIFI. The short-term network
failures are the consumer interruptions of a maximum duration of 3 minutes in the
following situations:

1. normal operational interruptions not exceeding the restart duration of the
network automatics;

2. inefficient restarts in rigidly earthed networks not leading to consumer
interruptions;

3. efficient functioning of non-UPS switch automatics and of current
transformer switchback automatics. [8]

The SAIDI and SAIFI network quality indices can be influenced differently by the
operational management levels of the medium (MV) and high-voltage (HV)
distribution networks. These effects will be detailed in the following chapters. In
the paper after presenting the possibilities of the MV and HV the authors will then
present the new possibilities that are available on the LV network. The authors
demonstrate the theoretical demonstration of the effectiveness of the solution
developed by the Research Group of Applied Disciplines and Technologies in
Energetics [2, 3, 5, 8, 9, 14].

2 Breakdown Recovery of High-Voltage
Transmission Networks

“European power systems are constructed hierarchically and can be divided into
three distinct parts: 750, 400, 220, and 120 kV high-voltage transmission networks
(HV), 35, 20, and 11 kV medium-voltage distribution networks (MV) and 0,4 kV
low-voltage distribution networks (LV)” [9, 18]. The construction and operation
of the HV, MV, and LV networks is significantly different from each other
influencing the troubleshooting method.

High-voltage transmission networks are looped. Their theoretical operation
schematics is represented in Figure 1 [10].

-135-



P. Holcsik et al. A Theoretical Approach to The Implementation of Low-Voltage Smart Switch Boards

International 750 kV
coopetation
network ‘éa[/"
Power plant | Power plant
+
&g “@“@
400 kV 400 kV
220 kV
120 kV
220 I(V
120 kv
120 kV
Figure 1

Theoretical schematics of a looped network [10]

The basic feature of the looped network is that there are various connections
operating simultaneously in different directions between the various feeding and
consumer points (Figure 1). The consumers joined to the looped network can be
fed from many sides and through various routes. Hence, the looped network
operates with maximum reliability. Another advantage is that multiple power
routes (connectivity statuses) can be realized granting optimal power supply to the
individual consumers (optimal operational parameters, minimum loss and low
voltage drop) [10].

2.1 The n-1Principle

The looped design of the high voltage transmission network enables the
realization of the n-1 criteria. According to the n-1 principle, the transmission
system is constructed in such a way that the malfunction of element 1 of the
system does not cause any loss at the consumer level (Figure 2).

Figure 2
The identified fault location of the HV operational failure not resulting in an outage [11]

Figure 2 shows the malfunction of a high-voltage network which did not result in
a failure for the consumers. In areas where enhanced safety is required (for
example in the vicinity of a nuclear power station) the compliance with the n-2
criteria must be ensured [1].
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2.2 Fault Recovery IT Support for the High-Voltage

Transmission Network

The breakdown of high-voltage transmission networks can affect up to 100,000
individual consumers. Hence, along with the structural design, many other forms
of assistance collectively named as IT support have been implemented in the
operation of the HV networks.

IT support requires the constant transfer, storage and processing of large- and
mostly real-time data. Online functions supporting the operational system control
can be divided into two groups according to their complexity and use. These are
the SCADA (Supervisory Control and Data Acquisition System) and the EMS
(Energy Management System) functions.

Below are listed some of the typical functions of the SCADA system.

1.

Reception of remote measurements and signals, e.g., real and reactive
performance flows, busbar voltages, frequency measurements, breaker
and disconnector position indicators, gear position of transformer
regulators, etc.

Real time database creation with short refresh times, of usually a couple
of seconds.

Representation, man-machine relation: the cyclically refreshed
information usually appears on screens and on schema tables.

Registering and archiving.

Observing the limit values and gradients, recognizing endangered and
dangerous states.

Topology analysis, inspection of the connection status and of the network
continuity, registering changes, recognizing failures.

Issuing remote commands. The commands of the controlling personnel
and the value settings calculated by the EMS and approved for dispatch
are transmitted through the SCADA tele-mechanics system to the
controlled objects [12].

Some of the typical EMS functions are:

NogaprwhE

automatic generation control (AGC),

load-flow or power flow,

real time sequence,

Model Update (MU),

State Estimation (SE)

Voltage Scheduler (VS), Automatic VVoltage Control (AVC).
Operator Training Simulation (OTS). [12]
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3 Breakdown Recovery of Medium-Voltage
Distribution Networks

The operation of the medium-voltage distribution network is radial. However, the
topology of their design is partially looped. Therefore, on the 10 kV urban cable
network and on the so-called main line sections of the 20 kV and 35 kV overhead
line networks, the electricity supply to consumers can be temporarily ensured
through transfers without the correction of failures [9, 13]. This partially looped
solution can be dubbed as a ringed or a curbed network, according to its design:

[ close breaker
! Power supply L (T) Open breaker Power supply IL

Figure 3
Ringed and curved networks [11]

Figure 3 shows a ringed- and a curved- medium voltage distribution network
structure. The failure frequency on the medium-voltage distribution networks is
higher than on the high-voltage networks. Figure 4 presents a failure of a medium-
voltage distribution board.

Figure 4
Identified MV failure location causing an outage at a consumer connection point [11]
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3.1 Remote-controlled Switches and Short-Circuit Detectors

The Hungarian power suppliers ELMU-EMASZ installed various remote
signaling and remote controlled devices on the distribution networks in order to
complete the delimitation of the failures and the speeding up of transfers, thus
reducing the consumer disturbance and improving the SAIDI and SAIFI network
quality index values.

Such a device is the remote controlled pole mounted disconnector (RPD) (Figure
5).

Figure 5
Remote controlled pole mounted disconnector on the ELMU-EMASZ network [11]

In addition to remote operation, the remote controlled pole mounted disconnector
(Figure 5) provides information on the short-circuit currents and voltages flowing
through it. Its application enables the automatic disengaging of shorted wires
during the idle time of operation control through turning the pole mounted
disconnector off.

Another device is the remote controlled switchgear on the distribution networks
(RSD). This can ensure the possibility of remote operation by installing ex-post
motors and current converters into the NERi, RM6 and similar devices (Figure 6).

Figure 6
RSD-ized NERI type device on the ELMU-EMASZ network [11]
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Along with the remote signaling and operation devices, other devices with far
lower investment needs are used today on medium voltage distribution networks
enabling exclusively the identification of the failure location. The targeted
positioning of these devices within the networks, e.g., at network junctions (Figure
7), can significantly facilitate and shorten the failure detection time consequently
shortening the malfunction period.

Magnetic field '§ & # $ ‘

Figure 7
LineTroll R400D fault indicator (left: normal functioning, right: ground fault) [11]

According to the operational principle of the fault indicator (Figure 7), the fault
perception of the device is based on the perception of the variation of the
electromagnetic field below the line. This has to be installed 3 m below the middle
line (Figure 7, encircled on the left-side figure).

Another solution for the same task is provided by the reinforced fault indicator
pole (Figure 8):

Figure 8
LineTroll R400D fault indicator installed on a reinforced concrete pole [11]
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4 Developments Trends for Low-Voltage Distribution
Networks

In contrast to, the partially looped topology of the medium-voltage distribution
networks, the radial or tree-like topological characteristics of the low-voltage
distribution networks do not enable the use of such temporary solutions as in the
case of the medium-voltage distribution networks. Due to the high anticipated
costs, such a development is not to be expected for the future, since, according to
its definition, “the radial network consists of main lines fed from the supply point
and their laterals, whose lines are not in contact either with one another or with
line fed from other supply points” [8, 9]. Remote signaling and remote controlled
devices are currently operating on low-voltage distribution networks only on a
pilot basis. The significant number of SAIDI and SAIFI indicators stems precisely
from the failures of low-voltage distribution networks, as given in Table 1.

Table 1
Unplanned consumer disturbance of ELMU-EMASZ Ltd. in 2017

Duration Number of
l_\lumber of of outage affected SAIDI SAIDI SAIFI SAIF
disturbances (minutes) [%6] (minutes) [%]
(hours) consumers
LV individual fault 26 500,0 65 339,6 26 500 0,0 1% 4,0 2%
LV medium fault 9619,0 255127 336 477 0,3 15% 45,0 27%
MV 1783,0 52381 1965 311 18 83% 119,9 1%
HV 1,0 01 35896 0,02 1% 0,1 0%
Sum: 37903,0 96 090,4 2364184 2,2 100% 169,0 1,0

Due to the 15% SAIDI and the 27% SAIFI effect, the implementation of remote
signaling devices on LV networks with lower investment costs is worth
considering.

In the present paper we examine the automatic intervention possibilities as a
further development of the LV distribution network operation. The basic idea
stems from the application of this technology in Hungary since the 1980’s for the
fast and efficient handling of the temporary short-circuits in MV networks.

4.1 The Reclose Function

“When the reclose function is activated, the circuit breaker recloses after a
previously specified time period following the defense action. If the defense
continues to detect the short-circuit, the circuit breaker opens again. Following
this and after another pre-set time period, the automatics will close the contacts of
the circuit breaker again. The automatics seek to switch back two times (two
cycles). The final release is activated if the short-circuit persists. Nowadays,
reclose technology is already in use for MV networks. Its working principle and
the pre-set time periods for MV networks are shown in Figure 9.
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0.3sec 3sec

Figure 9
Working principle and pre-set time periods of the reclose function in case of MV networks

The implementation of the reclose function into the LV network will optimize the
work of the electricians (they do not have to spend any more time going out to
detect the faults in the network) and minimize the length of the LV power outages
caused by short-circuits” [13].

4.2 Reclose Function on the LV Network

On LV networks, short-circuits are usually caused by external factors (e.g., tree
branch touching the line, rain-related flashover, heavy wind, etc.) or by temporary
overloads. Usually, the electrician sent to the location to resolve the outage only
needs to change the fuse in phase 1, 2 or 3, depending on the number of phases
affected by the event. In this case, no further mechanical or electrical interventions
are required. The development of the reclose function of the Smart Switchboard
for LV distribution networks enables the reduction of temporary short-circuits to
failures causing at most 3 minutes of consumer outage.

The steps of the intervention are shown on the flow chart in Figure 10.

POWER OUTAGE

consthaR oTKE I
TOWER OUTAGE

== ==

Figure 10

Flow chart of the current LV troubleshooting process [5]
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Figure 10 presents the current method of troubleshooting from the occurrence of
the fault until the restoring of the normal operation.

4.3 From the Smart Sensor to the SSB

Currently, the fault localization on the LV distribution networks is done manually
[5]. The lack of an automated practice for fault localization on the LV distribution
network is due to the lack of a failure detecting device on the LV residential
consumer network. Nevertheless, for the sake of automation, researchers and
suppliers have developed new plans and pilot programs [9]. Intelligent
consumption meters and low-voltage distribution boards equipped with smart
sensors (Smart Switch Board — SSB) are opening new perspectives and enabling
modern solutions for the localization of the LV network malfunctions.

4.3.1 The Smart Sensors and the FLDa

The data of the smart sensors [9] installed on the LV distribution networks — from
intelligent consumption meters to smart functions built into the distribution board
— created the possibility for the development of an algorithm for the fault
localization. The algorithm is capable of localizing the eventual faults. It was
introduced into the scientific discourse as the fault location determination
algorithm (FLDa). Running the algorithm gives a one-line fault message
containing the individual 1D of the defective device, its address (coordinates), and
the percentage of the determination accuracy for the identified failure. The results
of the algorithm can be used as input to the current fault scheduling dispatcher
system (i.e. the LV fault-sheet scheduling system — the LFS) [9].

4.3.2  The Concept of the Smart Switchboard

“The Smart Switchboard (SSB) concept stands for a remote controlled LV
switchboard which uses a circuit breaker for the dismantling of the short-circuit
current. The detection of the short-circuit current is carried out by using detection
equipment together with a corresponding measurement analysis system. It is
suitable for remote switch-on (circuit breaker activation) which, if necessary, can
be turned to clogging mode. It contains the possibility of visible interruption point
and earthing functions as well.

The visible interruption point and the earthing functions are required for ensuring
the life, health and safety protection during maintenance, reconstruction, etc.
works. The remote monitoring functions could actively or passively monitor the
current, the voltage and the performance of the LV system. The implementation of
an automatic recloser, a so-called reclose function into the SSB is also possible”
[14].
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We have used the 2014 and 2015 data of ELMU-EMASZ Ltd. for the efficiency
analysis of the SSB system, i.e., for determining the actual SAIFI and SAIDI
savings. The results were published in our previous articles [5].

“By carrying out the study of the efficiency, the research group determined the
number of costumers for which it is worth upgrading the existing equipment. A
cumulative efficiency function has been developed. This function shows the
SAIDI improvement which could be achieved when changing some of the fuses to
SSB’s.

For example, in case N=105 customers:

Nmax
Cumulative utility = > (N, -U;) (5)

N=105

where N is the number of customers in the LV network behind the fuse, Ny is the
maximum number of customers behind a fuse, N; is the number of customers
affected by the power outage i, U; is the duration of the power outage i”” [5].

The cumulative efficiency function is given in Figure 11.

Year
2014
s 2015

Efficiency
3 &

n
=

100 200
CustomerNr

Figure 11
Efficiency in observations 2014/2015 [5]

The curve from Figure 11 regarding the measured data in year 2015 has been
determined using regression analysis. To solve this problem the authors used the
built-in polyfit function of the MATLAB software (fit type: poly34). The
regression model was developed by using the 3rd order polynomial regression
according to which:

CU(N) = 74.526 — 0.8611 - N + 0.003317 - N — 0.000004095 - N3 (6)

Hence, the present paper contains the theoretical approach for the previously
published practical efficiency calculations.
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4.4 The LV Fault-Sheet Scheduling System

The decisions of the dispatchers operating the low-voltage distribution network
and the fault address allocations are supported by IT systems. These software are
based on the LV fault-sheet scheduling system (LFS). The LFS is not an IT
software but a system describing the processes of receipt, processing and
allocation of the faults.

Power suppliers take notice of the outages of the residential electricity supply
network from the fault reports of the consumers. Phone calls are registered at the
error reporting center (TeleCentrum — TC). These registered fault addresses and
the related information is received by the dispatchers through the IT system. The
dispatchers allocate the reparation of faults to the trouble shooting electrician
teams on the basis of the received information and taking into account the
professional experience of the team members. [9]

The implementation of smart sensors with FLDa and LFS can significantly
accelerate the complete lead time of the LV fault management systems [9, 19].
This solution, in this specific form, deals exclusively with the processing of
signals based on the remote signaling and does not take into account the
possibility of remote and automatic intervention. The expected investment costs of
these devices are elevated. Hence, their system integration can be taken into
account only after a significant quality improvement of the networks [20, 21, 22].

5 Implementation of the SSB in the LFS System
The LFS system supplemented with the SSB system processes is shown in Fig. 12.

According to Figure 12, the process is started by T and p external excitations. The
external excitation p might be any external factor influencing the number and the
professional composition of the teams of electricians involved in the repair of the
breakdowns. It can also consist in the expiry of the shifts or in the beginning of
new shifts and standby periods as well as in tasks from new work management
responsibilities, in capacity requirements from higher plant management levels, in
human factors (e.g., sickness, electrician’s vehicle breakdown), etc.

Excitation T might be any event resulting in LV malfunctions causing more than
one consumer outage, e.g. network overload, external influences, fallen trees,
flashover, etc.

For new t excitations, the fault is currently still transmitted to the work
management systems by the telecentre that is expected to be replaced by the smart
sensors [9]. The task of the work management system is to compile the 1 x m sized
H matrix, extended with the k parameters on the basis of the incoming
information.
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Implementation of the SSB in the LFS system

The k parameter, of which m are associated to the specific fault, might be the
geographical location of the error (e.g., GPS coordinated), its priority or the
number of affected consumers. The selection of these k parameters for setting up
the system was based on the requirement of the faulty addresses to be allocated to
the electrician trouble shooting teams at the optimal location and in possession of
all the necessary tools, professional exams, etc. E.g., the H matrix transposition of
the A™ incoming fault at t location in the graph structure of the network (the
transposition is for the purposes of transparent representation):
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ﬁ}ris the illustration of the matrix. Its content structure is given by the users, in
our case the power supplier’s decision. The values of the line in the ﬁ{r matrix:

city
postcode
address
substation
name of the MV line
transformer ID
ﬁ}r = | LV circuit ID/ bus customers (8)
number of the customers
type of the customers
network type
priority
north latitude GPS coordinate
Least longitude GPS coordinatel

If the specific fault affecting the location t is of a transitional character (for further
details, see Chapter 4.2), i.e.,

1, if ﬁzr is temporary faults

atmz = {O, if ﬁzr is not temporary faults @)
and there is an SSB at the specific t fault location, i.e.,
§@) =1 (10)
where
§00 _ { 1, if the node A has SSB 1)

0,if the node A.nothas SSB

and
Katm, - S*0 =m, (12)

where 7, represents a variable that can take only the value O or 1.

In case of m, = 1, the SSB becomes operational and attempts to eliminate the
fault. If it succeeds in doing so, then it sends a report to the plant management. If
the fault remains in spite of the operation, then k,;,,, = 0, where 7, = 0.
In case of T, = 0, ﬁ,17|k is incorporated into the § ranking process. The process
will introduce the fault address into a z x k sized ﬁr|k1 Burg matrix on the basis of
the evaluation of the k parameters. [17] The S values could stand for:

1. Danger of death and risk of accidents

B2: High priority address (e.g., hospital)

F3: Malfunction affecting a high number of customers

pA4: Malfunction affecting a low number of customers

5: Malfunction affecting a single customer
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Hence, all faulty addresses received in the system that cannot be eliminated with
the SSB, enters into a A, | matrix.
k, Bn+g

Electricians currently on shift or on call form the matrix §y|k P The faulty
' PXx

addresses of the system with the highest (numerically lowest) granking, along
with the k parameters associated with the addresses, will be the first to enter into
the faulty address scheduling algorithm (LFS,). The result of running the LFS; is
entered into the E, matrix.

However, the E, results matrix contains not necessarily all the faults. It might
happen that there will be k parameter needs that can be fulfilled only if one of the
electrician teams has completed the fault correction at a given address. E.g., it is
possible that there are three fault addresses where climbing the pole is needed, but
there is only one electrician with the required authorization to perform this task.
These addresses, for which the k parameter need cannot be immediately fulfilled,
will be put into a waiting state (of course, these can also be de-scheduled on the
basis of individual decisions).

In addition to the addresses forced into the waiting state the electricians who did

not receive any address (§1|k 8 )as well as the addresses with the lowest g
»Px+1

rankings (ﬁr|k s )will remain in the system. The LFS, will complete its run
»Pn+1 _
with this input data and its result will be entered in the E, matrix.

This will go on for z cycles. z is reached when there is no more address left in the
system. Then, the process will be put in standby mode until the next external
excitation.

In the present case, the external excitation might be an electrician team becoming

available or a new fault report. If a new external excitation occurs, the process

restarts. That is to say, the LFS, completes its run in the case of any HT| K B or
»Pn+g

§1| change, thus also facilitating the shortening of the entire system runtime.
X

kB

The final step of the fault correction administered by the SSB and completed by
the electricians is the reporting to the plant management centers.

The flow chart in Figure 13 shows with green color the processes rendered
superfluous in the fault elimination by the installation of the SSB and by the
activation of its reclose function at the temporary fault location.

An additional advantage to the benefit of decoupling consists in the fact that, if the
function is activated on the MV network with the parameters set on an empirical
basis, then the complete run-time of the system will be less than 3 minutes; i.e.
they will be considered as short-term disturbances and will not be taken into
account in the SAIDI and SAIFI calculations (see Chapter 1).
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Figure 13
The effect of the SSB reclose function on the handling of temporary faults

Conclusions

This paper presented the smart switchboard devices and the theoretical advantages
of their use in the LV distribution networks. This objective was derived from the
existing technological developments and theoretical approaches. We have shown
that the application of new results makes possible to be improve the network
security on the network level through shortening the processes running time in
case of faults due to temporary malfunctions.
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