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ABSTRACTS

The reliability of an electrical network depends mainly
on service continuity and the quality of data from
distribution stations. This data contains quantifiable
inaccuracies and measurement errors, which
complicates the detection of anomalies using traditional
methods. This study proposes the application of fuzzy
logic to analyse the energy balance for the years 2019-
2023 for the Kasangulu electrical substation. The
methodology is based on the fuzzification of electrical
quantities (energy delivered to the grid, energy sold,
efficiency) and the development of a fuzzy inference
system in accordance with the Mamdani method. The
results obtained show that fuzzy logic provides a more
effective solution to measurement inaccuracy and
uncertainty, offering more accurate anomaly detection
than conventional deterministic techniques. This
approach is an effective decision-making tool for the
monitoring and predictive maintenance of the
electricity grid in general and Kasangulu in particular.
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1. INTRODUCTION

Electricity is one of the pillars of
economic and social development for a
country or a company (Nadhir, 2014). Its
chain, from production to consumption,
requires strict management to ensure a
continuous supply of electricity and good
quality of service (Nadhir, 2014; Vicente,
2006) as electrical networks are exposed
to various problems such as energy
losses, overloads, or malfunctions related
to the age of the equipment or acts of
intrusion. An electricity grid consists of a
set of infrastructures that enable electrical
energy to be transported from power
plants to consumers (Abdellah, 2016).
These infrastructures are part of electrical
systems (Abdellah, 2016; Belila, et al.,
2022).  These systems
encompass all the chains of production,

electrical

transmission, distribution, and
marketing of electricity (Abdellah, 2016;
Nassour, 2021). The Kasangulu electrical
substation, located in the province of
Kongo Central, is one such infrastructure.
Its role is to supply electrical energy to
consumers in M/B. Unfortunately,
energy consumption data obtained from
the CVS (Sales and Service Center) show
discrepancies in the quantities delivered,
indicating that there are losses
(Granderson, et al., 2016). While technical
losses can be assessed by losses related to
the Joule effect, other causes, such as
intrusions into the network, are difficult
to detect with purely deterministic
approaches that do not take into account
the natural uncertainty of real physical
systems (Gladkikh, 2015). To achieve this,
we will use fuzzy logic, which aims to
model  imprecise and  uncertain
qualitative aspects (Houda & Rahma,
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2020). It should be noted that the
American Lofti Zadeh introduced fuzzy
logic in 1965. It is based on linguistic
variables that mimic human reasoning,
thus
permissive analysis
imprecision (Houda & Rahma 2020;
Bekaddour & Tahour, 2021).

offering a more flexible and
in the face of

The overall objective of this work is to
analyze the balance of electrical energy
recorded from 2019 to 2023, on a monthly
basis at the Kasangulu electrical
substation, in order to evaluate energy
efficiency and losses from the substation,
using fuzzy logic as the method of
analysis. Specific objectives include:

e Collecting and pre-processing data
from the electrical substation;

e Defining linguistic variables and
membership functions;

e Designing a Mamdani Max-Min

inference system;
e Evaluating the model's performance
in detecting abnormal situations.

This work contributes to the
modelling of energy monitoring and
network performance by incorporating
artificial intelligence tools into national
electrical infrastructures.

2. METHOD

The study was conducted at the
Kasangulu electrical substation, and the
analysis is based on energy balances in
order to assess energy losses and the
overall efficiency of the electrical system.
Microsoft Excel will be used to organize,
process, and analyze the station's energy
data. In addition, MATLAB R2021
software will be used to model the fuzzy
system, according to Mamdani's method,
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in order to provide an approach to
dealing with measurement inaccuracy
and uncertainty for decision-making
purposes.

2.1. The electrical network and its
structure

The Inkisi substation, powered by the
Inga dam via power transformers,
supplies this network. It operates at
70/15kV HTB in its primary circuits,
which distribute the available power to
the secondary circuits. The secondary
voltages are then distributed over several
feeders that supply HV/MV consumers
(industries) and HV/LV consumers
(domestic use) (Nadhir, 2014; Pijarski, et

al. 2022; Benchekroun, 2021). The
Kasangulu electrical substation has four
sub-assemblies, namely: the distribution
station, the SGI station, the FCC station,
and the administrative station, all of
which are powered by busbars. It should
be noted that each station has its own
transformer operating alternately, with
the exception of the fifth component,
which is the electricity meter, a device
that quantifies the amount of electrical
energy fed into the grid. This device is
connected to the electrical network and
allows the supplier to record the amount
of energy delivered. The Kasangulu
electrical substation, as well as the four
sub-networks and meters installed in the
electrical network shown in Figures 1-3.

Fig. 2. The four electrical sub-networks of Kasangulu.
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Fig. 3. The meters for these three sub-networks in Kasangulu.

2.2. Structure of the
distribution network

The Kasangulu
network comprises three substations.

distribution

Kasangulu Figure 4 shows the diagram of the

electrical structure of the Kasangulu
substation.
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Fig. 4. The Kasangulu distribution network (source: CVS Kasangulu).

2.3. Description of the data

Our research was conducted at the
Kasangulu electrical substation, whose
geographical coordinates, latitude - 4.71°
and longitude 15.29°, were obtained from
the substation during the preparation of
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monthly technical reports. An ETM
(Electricity =~ Transmission = Manager)
administers the network, and one of their
responsibilities is to monitor in real time
whether the energy fed into the network
corresponds to the desired consumption
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(Benchekroun, 2021). These data concern
energy fed into the MV /LV network over
the period from January 2019 to
December 2023. The energy injected is
used for electrification and has enabled
consumption to be estimated using the

energy balance. The data wused to

establish this includes the number of
substations, the operating time of each
substation, the average supply time, the
total number of connections, the number
of outages, and new connections. This
data is listed in the energy balance in
Table 1.

Table 1. Electricity balance for September 2023.

ITEM | CABIN 1,(A) | P,(A) | COS PHI | E; (kWh)
1 ADMINISTRATIVE [ 9093 [1251 | 0.9 314,142.31
2 C.CTFO1 683 730 0.9 183,312.46
3 C.CTFO1I 578 | 655 0.9 164,478.98
4 SHELL 909.3 |1058 |0.9 265,677.57
5 BUNKETE 909.3 1059 |0.9 265,928.62
TOTAL ENERGY DELIVERED TO THE NETWORK (kWH) | 1,820,893
TOTAL ENERGY SOLD (kWh) 643,797
YIELD IN % 35.3

Legends: In(A): Nominal intensity,
PA(A): Peak reached, El(kWh): Energy
delivered. We know that the electrical
energy delivered by an electrical network
is calculated using the following formula:

1)

Where E¢ (kWh): Energy consumed; P;
(kW): Power injected and t (h): Operating
time. By definition, energy consumption
efficiency is:

EC= Pi*

Ey
W= X 100% ()
From the conservation of energy
(Hecht, 2013), losses are described by the
relationship,

Eq =E —E, (3)

Table 2 shows El (kWh): energy
delivered to the grid and Ev (kWh):
energy sold. Table 3 shows Re: efficiency
expressed as a percentage, and Ed (kWh):
energy dissipated.

Table 2. Electrical energy balance for the 2019-2023 financial year [CVS

Kasangulu].
Month E,(kWh) E,(kWh) Financial year
1 1,604,018 1,052,710 2019
2 1,591,801 1,045,094 2019
3 1,324,734 1,066,437 2019
4 1,704,607 1,081,488 2019
5 1,613,775 838,526 2019
6 1,689,264 1,130,344 2019
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Table 2 (Continued). Electrical energy balance for the 2019-2023 financial year

[CVS Kasangulul].

Month E,(kWh) E,(kWh) Financial year
7 1,604,018 1,052,710 2019
8 1,781,269 1,183,554 2019
9 1,591,820 967,954 2019

10 1,648,781 1,085,266 2019
11 1,549,910 627,099 2019
12 1,531,490 619,518 2019
1 1,661,829 1,503,351 2020
2 1,655,680 1,120,293 2020
3 1,716,158 1,010,463 2020
4 1,644,054 975,609 2020
5 1,661,829 1,503,351 2020
6 1,648,781 1,085,266 2020
7 1,591,801 1,045,095 2020
8 1,678,319 1,060,899 2020
9 1,385,071 1,003,199 2020
10 1,716,158 1,010,463 2020
11 1,820,893 643,797 2020
12 1,678,319 1,060,899 2020
1 1,216,336 831,706 2021
2 1,668,380 1,023,043 2021
3 1,549,910 627,099 2021
4 1,617,115 794,177 2021
5 1,538,559 747,934 2021
6 1,578,667 1,034,903 2021
7 1,657,590 1,083,297 2021
8 1,705,573 1,110,729 2021
9 1,618,116 1,102,063 2021
10 1,563,512 1,014,525 2021
11 1,641,362 1,099,645 2021
12 1,717,325 1,039,396 2021
1 1,667,563 1,153,124 2022
2 1,667,563 1,153,124 2022
3 1,324,734 1,066,437 2022
4 1,704,607 1,081,488 2022
5 1,613,775 838,526 2022
6 1,689,264 1,130,344 2022
7 1,604,018 1,052,710 2022
8 1,781,269 1,183,554 2022
9 1,591,820 967,954 2022
10 1,643,500 1,158,718 2022
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[CVS Kasangulul].

Month E;(kWh) E,(kWh) Financial year
11 1,549,910 627,099 2022
12 1,216,336 831,706 2022

1 1,655,680 1,120,293 2023
2 1,385,071 1,003,199 2023
3 1,238,298 747,333 2023
4 1,386,656 736,592 2023
5 1,531,409 619,518 2023
6 1,350,483 764,288 2023
7 1,350,483 764,288 2023
8 1,643,500 1,158,718 2023
9 1,820,893 643,797 2023
10 1,644,054 975,608 2023
11 1,678,319 1,060,899 2023
12 1,829,893 643,797 2023

Table 3. Electrical energy balance for the 2019-2023 financial year.

Month R (%) E ;(kWh) Financial year
1 65.6295628 551,308 2019
2 65.6548149 546,707 2019
3 80.5019725 258,297 2019
4 63.4450052 623,119 2019
5 51.9605273 775,249 2019
6 66.9134013 558,920 2019
7 65.6295628 551,308 2019
8 66.4444281 597,715 2019
9 60.8080059 623,866 2019

10 65.8223257 563,515 2019
11 40.4603493 922,811 2019
12 40.4519676 911,972 2019
1 90.4636180 158,478 2020
2 67.6636186 535,387 2020
3 58.8793689 705,695 2020
4 59.3416640 668,445 2020
5 90.4636180 158,478 2020
6 65.8223257 563,515 2020
7 65.6548777 546,706 2020
8 63.2119996 617,420 2020
9 72.4294278 381,872 2020
10 58.8793689 705,695 2020
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Table 3 (Continued). Electrical energy balance for the 2019-2023 financial year.

Month R, (%) E ;(kWh) Financial year
11 35.3561137 1,177,096 2020
12 63.2120034 617,420 2020

1 68.3779811 384,630 2021
2 61.3195435 645,337 2021
3 40.4603493 922,811 2021
4 49.1107311 822,938 2021
5 48.6126304 790,625 2021
6 65.5554971 543,764 2021
7 65.3537364 574,293 2021
8 65.1235098 594,844 2021
9 68.1077871 516,053 2021
10 64.8875736 548,987 2021
11 66.9958851 541,717 2021
12 60.5241291 677,929 2021
1 69.1502510 514,439 2022
2 69.1502510 514,439 2022
3 80.5019725 258,297 2022
4 63.4450052 623,119 2022
5 51.9605273 775,249 2022
6 66.9134013 558,920 2022
7 65.6295628 551,308 2022
8 66.4444281 597,715 2022
9 60.8080059 623,866 2022
10 70.5030727 484,782 2022
11 40.4603493 922,811 2022
12 68.3779811 384,630 2022
1 67.6636186 535,387 2023
2 72.4294278 381,872 2023
3 60.3516278 490,965 2023
4 53.1200240 650,064 2023
5 40.4541072 911,891 2023
6 56.5936780 586,195 2023
7 56.5936780 586,195 2023
8 70.5030727 484,782 2023
9 35.3561137 1,177,096 2023
10 59.3416031 668,446 2023
11 63.2119996 617,420 2023
12 35.1822210 1,186,096 2023
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3. RESULTS AND DISCUSSION shows the energy sold, and the red

histogram shows the energy sold yield.
Figures 5-9 show the histograms of

the energy balance for the Kasangulu Based on this analysis, the company
substation from 2019 to 2023. The blue Will be able to better understand the
histogram shows the energy delivered to actual behaviour of its electrical energy
the electricity grid, the yellow histogram balance.

Energy balance for fiscal year 2019

Jan Feb Mar Apr May  Jun Jul Aug Nov Dec

Sept Oct
M Delivered to the grid (kWh) Sold (kwh)  ELoss (kWH)

ENERGY

u

Fig. 5. Analysis of the behaviour of the electrical energy balance for the 2019
financial year.

Energy balance for fiscal year 2020

Jan Feb Mar Apr May Jun Jul A t Nov Dec

ug Sept Oc
M Delivered to the grid (kWh) Sold (kwWh) = Loss (kWH)

ENERGY

Fig. 6. Analysis of the behaviour of the electrical energy balance for the 2020
financial year.
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Energy balance for fiscal year 2021

Feb M

ar  Apr  May Jun Aug Sept Oct Nov

ENERGY

M Delivered to the grid (kWh) Sold (kwWh) B Loss (kWH)

Fig. 7. Analysis of the behavior of the electrical energy balance for the 2021
financial year.

Energy balance for fiscal year 2022

Feb M

ar  Apr May Jun Aug Sept Oct Nov Dec

ENERGY

B Delivered to the grid (kwh) Sold (kwh) B Loss (kWH)

Fig. 8. Analysis of the behavior of the e lectrical energy balance for the 2022
financial year.

Energy balance for fiscal year 2023

lan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

ENERGY

B Delivered to the grid (kwh) Sold (kwh) B Loss (kWH)

Fig. 9. Behavior of the electrical energy balance for the 2023 financial year.
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4. Fuzzy Modelling

The fuzzy logic
develop a control method inspired by
human reasoning, offering an innovative
and adaptable solution for contemporary
electrical networks. To do this, it will
apply linguistic rules to analyse the

measured currents and determine

approach will

whether there is a loss. When faced with
losses, the system will respond
appropriately.  The logic
electrical networks

tuzzy
methodology for
involves four key phases: data collection
and pre-processing, fuzzification of input

variables into fuzzy values, development
of a fuzzy inference system, and finally
defuzzification of the results obtained.
The data collected are: Energy delivered
to the grid (kWh) and Energy sold (kWh).
Each of the above-mentioned input
variables was then transformed into a
linguistic variable using an appropriate
membership function. The Max-Min
inference system uses the IF-THEN rule
to reduce the level of anomalies.
Defuzzification uses the center of gravity
method to convert imprecise values into
anomaly scores (30-100%) shown in
Figures 10 and 11.

4. Fuzzy Logic Designer: Fuzzy_Inference System
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Fig. 10. Fuzzy logic designer of fuzzy inference system.
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Fig. 11. Rule of fuzzy inference system.
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Figure 12 illustrates the analysis
resulting from the fuzzy inference system
applied to the energy balances of the
Kasangulu electrical substation. It shows
that the relationship between energy
delivered, energy sold, and efficiency is
not linear. The results reveal that the
energy delivered amounts to
1.352x106kWh, while the energy sold
reaches 7.597x105kWh. The fuzzy system
operates with nine established rules that
it activates  simultaneously, thus
demonstrating the complexity of the

electrical network's operation. The
weighted combination of these rules
leads to an efficiency of 58.3%. Thus, the
grid shows rather low performance,
indicating that less of the energy injected
is sold. This is associated with an
estimated energy loss of 7.7 x 106kWh,
revealing a significant gap between the

energy delivered and the energy sold.

4| Surface Viewer: Fuzzy_Inference_System

File Edit View Options
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 Wesh Points: | qg
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|| Plot points:; 104 | | Help |

Ready

Fig. 12. Surface view of fuzzy inference system.

Figure 12 illustrates a positive
relationship between energy sold and
efficiency; the faster sales are made after
delivery, the

reflecting good performance. On the

higher the efficiency,
other hand, a gap between these two
parameters leads to a significant drop in
efficiency, reflecting the actual energy
losses measured. From a scientific point
of view, this interface validates that the
behavior of the network is strongly
influenced by the imbalance between
delivery and marketing
(commercialization). The fuzzy inference
system has succeeded in describing this
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relationship by capturing areas of
uncertainty and variability in the data
that conventional linear models were

unable to reproduce.
5. CONCLUSION

This study shows that the energy
performance of the Kasangulu substation
is poor, with an estimated efficiency of
approximately 58.3%. This figure is the
result of a significant imbalance between
energy delivered and energy sold,
leading to substantial losses estimated at
7.7x105 kWh. Thus, the fuzzy approach
adopted in the analysis at facilitated the
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modelling of the actual behaviour of the
Kasangulu electrical system, despite
uncertainties, inaccuracies, and nonlinear
variations in measurements; it has made
it possible to identify critical areas where
efficiency is declining; to assess the
impact of each variable on overall
efficiency; and to propose a decision-
making framework that helps network
managers understand how to improve
distribution. The results indicate that
controlling technical and commercial
losses is essential to optimizing energy
efficiency.

We therefore propose that efficiency
be increased primarily by raising the rate
of energy actually sold. This requires the
implementation of technical measures to
minimize line and administrative losses
in order to optimize billing and combat
fraud. The fuzzy interference system has
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