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Abstract: This paper compares concentrated and distributed reactive power compensation to improve
the power factor at the point of common connection (PCC) of an industrial electrical system (IES) with
harmonics. The electrical system under study has a low power factor, voltage variation, and harmon-
ics caused by motors operating at low loads and powered by variable-speed drives. The designed
compensation system mitigates harmonics and reduces electrical losses with the shortest payback
period. Four solutions were compared, considering concentrated and distributed compensation with
capacitor banks and harmonic filters. Although the cost of investment in concentrated compensation
is lower than that of distributed compensation, a higher reduction in electrical losses and a lower
payback period are obtained with distributed compensation. Although the lowest payback period
was obtained with distributed compensation with capacitor banks (0.4 years), it is not recommended
in the presence of harmonics because the effects of current harmonics significantly reduce the useful
life of these elements. For this reason, distributed compensation with harmonic filters obtained
a payback period of 0.6 years, and it was proposed as the best solution. These results should be
considered in projects aimed at power factor compensation in IESs with harmonics. The concentrated
compensation of the capacitor bank at the PCC is proposed because of the lower investment cost
and ease of installation. However, the advantages of distributed compensation with harmonic filters
have not been evaluated. An energy efficiency approach is used to analyze the impact of the location
methods of the power factor compensation equipment on the electrical losses of the IES.

Keywords: capacitor bank; concentrated compensation; distributed compensation; power factor;
harmonic filter; payback period; industrial electrical system

1. Introduction

Most industrial electrical systems (IESs) have inductive loads such as electric motors,
ventilation, refrigeration, air conditioning, and fluorescent lighting that reduce the power
factor (PF) [1]. Inductive loads of the IES produce a consumption of active and reactive
power. Active power is converted into useful energy (heat, light, and mechanical energy);
however, reactive power cannot be converted [2].

Low PF in IESs requires a large reactive power transfer from the utility network
to mitigate the problem [3]. It increases the electrical losses in the network and energy
cost, reduces the voltage magnitudes, and impacts reliability and safety [4]. From the
system operator’s perspective, a low PF requires greater capacity in both generation and
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transmission to supply the same amount of active power component due to the increase
in total apparent power caused by inductive loads [5]. From consumers’ perspective, a
low PF creates component oversizing, increases 1ES losses, and generates additional costs
because of penalties [6]. The lower the PF of the system, the more inefficient it is, which
incurs more costs during operation [7]. Therefore, from a conservation energy perspective,
there is always a need to improve PF in industries.

On the other hand, the propagation of loads that generate harmonics in the IES
continues to increase [8]. Power electronic circuits for energy conversion are a fundamental
technology for numerous classical and modern applications, and they represent one of
the critical elements in the electrification of the energy sector [9]. Power electronics is a
technical field focused on the transmission, conversion, control, and delivery of electrical
energy and the provision of power to electronic devices [10]. Currently, more than 70%
of electrical energy is processed by power electronics, and this percentage continues to
increase rapidly [11]. It is estimated that 80% of all generated electrical energy will pass
through power electronics-based converters [12].

AC-AC converters are widely used in industrial applications where an AC load
output voltage with different amplitudes, phases, and frequencies is required [12]. Power
electronics-based converters can be classified according to the type of input and output
power: alternating current to direct current (AC-DC) rectifiers, DC-AC inverters, DC-DC
converters, and AC-AC cycloconverters [13]. The most basic DC-DC converter plays an
essential role in power electronics [14]. Although these devices allow for improved control
and energy efficiency in processes, they constitute nonlinear loads that generate harmonic
distortion [15]. Harmonics produce premature failures and equipment degradation in a
power system, low PF, and unwanted disconnections [16]. Among the equipment that can
be affected by harmonics in an IES are transformers, motors, cables, and load switches [17].
In addition, they can cause overheating of electrical equipment and wiring, malfunction
of sensitive equipment, and reduced efficiency of consumer equipment and generation
sources [18].

To avoid costly installation and additional expansion of capacity, utilities generally
apply a penalty for low PF by charging a demand component (based on kVA) over a period
of time to customers [6]. On the other hand, a low PF means a higher electricity bill for
the same amount of active energy consumption (kW) for an end consumer. Consequently,
savings in power demand and billing can be achieved by improving the PF of a site [19].
To solve these problems, a circuit topology that can improve the PF is essential, especially
with the significant presence of nonlinear loads in the IES [20].

The specialized literature reports several studies that propose the most effective and
economical methods to improve PF. Corrective measures such as on-site synchronous
machines and installing capacitor banks to reduce reactive power locally are analyzed
in [21]. In [22], the correction of PF with large current line switched converters using
variable series capacitors is studied.

Other studies have optimized the capacity and location of capacitors at the lowest
investment cost. They have focused on solving voltage problems and PF. Some of these
studies have implemented heuristic techniques based on artificial intelligence. In [23],
genetic algorithms are used; in [24], a crow search algorithm is utilized; in [25], an ant
colony search algorithm is employed; and in [26], a particle swarm optimization algorithm
is implemented.

Several authors have addressed the impact of reliability on the optimal placement of
PF correction capacitors. In [26-28], researchers focus on improving capacitors in electrical
systems to minimize the power line failure rate after capacitor installation. In [29,30], the
phenomena of transient switching events and their impact on the system are discussed.

These studies focus only on installing the capacitor bank and do not consider the effect
of harmonics. However, when a capacitor bank is installed in the presence of harmonics,
resonance may occur due to the cancellation of the reactive component of the system
impedance [31]. Furthermore, capacitor banks are an easy path to high-frequency current
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under these conditions. Resonance phenomena and low impedance to high-frequency
currents considerably increase current circulation in the capacitor. This causes overheating
and bulging of the coating near the terminals, reducing the useful life of the equipment [32].

Some technologies based on active filters have been developed for harmonic mitigation,
PF enhancement, and voltage regulation [33]. PF correction and harmonic control lead
the way for complete power quality control [34]. Harmonic cancellation is performed by
reverse injection of harmonic currents with appropriate self-canceling load combinations.
The smart impedance concept can be used to overcome the physical limitations of tuned
notch filters. Smart hybrid active filters can improve the PF [35].

In [36], a technical solution is reported for reactive power compensation and harmonic
attenuation in an industrial application. The industry under study has a large nonlinear
load with a nominal power of 2.9 MW and 765V, generating high levels of harmonics
and low PF. As a solution for this case, four specially designed active harmonic filters
connected in parallel are proposed, each with a nominal current of 300 A. Complementary
line reactors and an auto-transformer are also intended to power the active filters at their
nominal voltage.

In [37], the P-Q theory proposed by Akagi is used considering a shunt active power
filter compensation that helps to reduce reactive power generation, harmonics, and load
imbalance. In [38], a series of active power filters based on fixed five- and seven-level
neutral points is studied using a modified instantaneous reactive power control strategy to
compensate for harmonics and all voltage disturbances. In [39], an active power shunt filter
based on PQ theory is studied, considering low-pass filters such as Butterworth, Chebyshev
II, and Elliptic.

Although active filters are proposed as an effective solution to the growing problems
of low PF and harmonics in IESs, they are still expensive and designed to be installed at
the point of common connection (PCC). The filters installed on the PCC improve the PF,
harmonics, and voltage drop at this point, eliminating the penalty of low PF for service
companies. However, this solution is insufficient to optimize energy losses throughout the
IES, as compensation in the PCC has practically no effects on downstream circuits.

In summary, given the problem of low PF in the IES, optimization studies have been
developed at the location of the capacitor bank. However, this solution is insufficient if
the IES presents harmonics. On the other hand, new active filter technologies have been
proposed to improve PF, voltage variation, and harmonic mitigation. However, as they
are solutions designed to be installed in the PCC, they do not guarantee optimization to
improve voltage variation and reduce losses of the entire IES.

Based on these aspects, this research proposes a new study in which four alternative
solutions are evaluated to improve the PF in the PCC of an IES in the presence of harmonics.
The alternatives evaluated are compensation concentrated in the PCC with capacitor banks,
distributed compensation with capacitor banks, compensation concentrated in the PCC
with harmonic filters, and distributed compensation with harmonic filters. The ability to
improve the PF in the PCC according to Colombian regulations, the reduction of losses,
and the mitigation of harmonics with the shortest payback period (PP) are considered as
comparison criteria. The analysis of the studies examined focuses on evaluating proposals
for power factor compensation methods using various technologies. However, these
studies do not address the influence of the locations of these compensators, nor do they
include an energy analysis, nor do they evaluate the presence of harmonics. Based on these
shortcomings, this study proposes the following contributions:

¢  This study compares technical and economic aspects of concentrated and distributed
power factor compensation in IESs.

*  This study considers the mitigation of harmonics in IESs affected by power qual-
ity problems.

*  This evaluation incorporates an energy efficiency approach to analyze the impact on
electrical losses with the location of power factor compensators in an IES.
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2. Materials and Methods

The main technical criterion for this study was that the PF at the PCC should reach
values between 0.9 and 1, according to regulation [6]. In addition, the THDV was less
than 8% at the PCC, according to the standard [40]. The centralized installation of the
capacitor banks and harmonic filters was analyzed at the PCC. However, it also analyzed
the distributed installation of this equipment at load nodes with PF less than 0.9 and THDV
greater than 8%.

The research was carried out in three stages. In the first stage, the main existing
methods for designing reactive power compensation systems in IES were examined. This
stage established the characteristics of the main reactive power and harmonic compensa-
tion methods.

Next, in the second stage, a case study was selected as an IES with low PF, high
incidence of induction motors, and nonlinear loads. The single-line diagram and the IES
load data were obtained. The electrical parameters were measured at different points of
the IES. System measurement data and IES loads were implemented in the NEPLAN®
software version 5.5.3. Subsequently, the main electrical parameters of the IES, such as
PF, voltage variation, and resonance, were examined. Finally, four solutions based on
concentrated and distributed compensation were studied. The IES circuit was configured
with each case in the NEPLAN software, and the load flow, harmonics, and short circuit
results were obtained.

Finally, the best solution to enhance the PF in the PCC of the IES was established in the
third stage. The effect of harmonics and the feasibility of the investment were considered.
In addition, energy losses, cost of the investment (CI), PP, and impact of harmonics were
calculated for each solution. Subsequently, the results of each solution were compared, and
the solution with the shortest PP that considered the effects of harmonics was selected as
the best solution.

The best solution was selected based on compliance with the main technical criterion
(i.e., PF at the PCC between 0.9 and 1). This solution must also ensure harmonic mitigation
and loss reduction, with the lowest PP, without affecting the life of the compensation
equipment due to the resonance effect.

Figure 1 shows the methodology applied in the research and its steps. The methodol-
ogy comprises five sequential steps ranging from the IES characterization to the definition
of the best solution scenario. Each step is described below with its components.

© Obtain the one-line diagram.
Characterization of * Measure the electrical parameters and calculate power losses.
o |.z L * |dentify nodes with voltage variation, low power factor, and
the initial IES harmonics.
* Concentrated reactive power compensation with capacitor banks.
Dimensioning the  Distributed reactive power compensation with capacitor banks.
solutions * Concentrated reactive power compensation with harmonic filters.
* Distributed reactive power compensation with harmonic filters.
a * |dentify nodes with voltage variation, low power factor and
Technical ; ’
harmonics.
evaluat'o_" of the  Calculate power losses.
solutions * Compare the results of each scenarios with the initial scenario.
Eco"_omlcal * Calculate economic losses due to electrical losses.
evaluation of the * Calculate the cost of solutions.
solutions
Selection of the * Calculate the paybagk period o_f each solution. )
best solution ® Select the best solution according to the payback period.

Figure 1. Methodology for reactive power compensation in an IES.
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2.1. Characterization of the IES

The reactive power compensation system was designed to avoid resonance problems
and voltage variations in an IES with a predominant use of electric motors and variable
speed drives. This IES has also installed new production lines to increase electrical loads.
Figure 2 shows the single-line diagram of the IES implemented in NEPLAN software.The di-
agram highlights the nodes analyzed for concentrated compensation and filtering, marked
with a yellow block representing the respective devices. Likewise, the nodes evaluated for
distributed compensation and filtering are identified, indicated by a blue block symbolizing
the corresponding compensators and filters.

Bus 34.5kV
Transformer 1 [J Concentrated compensation
34.5kV/ 0.44 kV O Distributed compensation
s
4L
T NPcC i
N2-2 N2-3

T + N3-1
ll ;3+ v ;3+
[ Transformer 2
N1-2 [N1-3 Ll N3 044KV 10.22 kV
T a5 N3-1-1
N2-1-1 v }’+

s

5 01T T

TH LB

Figure 2. Single-line diagram of the IES implemented in the NEPLAN software.

N1 -

N1-4-1

e

The IES has 21 nodes that connect the transformers and loads or act as links to other
nodes in the network. An 8000-kVA transformer of 34.5/0.44 kV in the PCC supplies
the entire IES at 440 V. The system has a 500-kVA transformer of 0.44/0.22 kV to supply
administrative loads at 220V.

Active power, reactive power, and current harmonics were measured at each node
with a network analyzer for a week according to the NTC 5001 standard [41]. Considering
that the daily behavior of the industry is almost constant and with slight variation in
loading conditions, the average value was used.

Load flow, short circuit, and harmonic analyses were performed to characterize the
system in the NEPLAN software. The variables of the system were calculated according to
the following considerations:

1. The voltage variation is calculated with the NEPLAN software.

2. Theload factor is calculated as the ratio between the measured power and the nominal
power of the transformer in the PCC.

3. The PFis calculated with the NEPLAN software.

4. The total harmonic distortion of voltage (THDV) is calculated with the NEPLAN
software.

5. The electrical losses due to harmonics are calculated as the difference between the
total and the fundamental power.
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6.  The resonance frequency is calculated as in Equation (1) [42]. The term F, is the
harmonic of the resonance frequency, S is the apparent short-circuit power obtained,
and Q. is the reactive power of the capacitor bank.

SCC
E=o )

7. The electrical losses are calculated as the difference between the power in the PCC
and the power of the loads. The difference corresponds to the power dissipated in the
lines [43,44].

8.  The total losses are calculated as the sum of harmonic losses and electrical losses.

In the IES analysis, voltage variation, low PF, harmonics, and solution evaluation were
carried out with the NEPLAN software. For this, the single-line diagram presented in
Figure 2 was implemented with the nominal data of the transformers and lines and the
measured powers and harmonics of the loads. Table 1 shows the characteristics of the
nodes and the loads in the IES.

Table 1. Characteristics of the nodes and loads in the IES.

Node Type P (kW) Q (kVAr)
N PCC Transformer 1 5507 4470
N1 Link - -
N1-1 Load 82 58
N1-2 Load 67 46
N1-3 Load 481 310
N1-4 Link - -
N1-4-1 Load 124 86
N1-4-2 Load 933 663
N2 Link - -
N2-1 Link - -
N2-1-1 Load 317 248
N2-1-2 Load 249 176
N2-2 Load 560 410
N2-3 Load 740 490
N3 Link - -
N3-1 Transformer 2 - -
N3-1-1 Load 142 98
N3-2 Load 482 354
N3-3 Load 253 190
N3-4 Load 472 325
N3-5 Load 355 258

The voltage variation indicator was used to identify undervoltage or overvoltage
problems. In NEPLAN software, this indicator is determined as the percentage ratio
of the voltage at the node over the nominal voltage of the IES [45]. The nodes with
voltage variation problems present values lower than 92% and higher than 105%. These
values are considered according to the limits established by the NTC 1340 standard [46]
for low-voltage urban customers. Nodes with low PF have values less than 0.9. These
values are considered according to CREG Resolution 015 of 2018 [6]. The nodes with
harmonic problems are those with THDV values greater than 8%, according to the IEEE
519 standard [40].

Table 2 shows the PF, voltage variation, and THDV of each node under the initial
condition (IC). This table shows that the IES under study has low PF, with values lower
than 0.9 in all nodes, including the PCC. There are voltage variation values lower than
0.92 in seven nodes, and all nodes present harmonic problems with THDV values greater
than 8%. Low PF is due to electric motors operating at low load, low voltage is due to line
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overloading, and variable speed drives cause harmonics.Based on these results, distributed
PF compensation and harmonic mitigation at all nodes were evaluated.

Table 2. PF, voltage variation, and THDV in the IC.

Node PF V (%) THDYV (%)
N PCC 0.78 95.9 10.0
N1 - - -
N1-1 0.82 93.8 10.1
N1-2 0.82 94.1 10.1
N1-3 0.84 93.1 10.1
N1-4 - - -
N1-4-1 0.82 92.9 10.0
N1-4-2 0.82 88.5 10.0
N2 - - -
N2-1 - - -
N2-1-1 0.79 90.8 9.9
N2-1-2 0.82 90.5 9.9
N2-2 0.81 90.5 10.0
N2-3 0.83 91.0 10.1
N3 - - -
N3-1 - - -
N3-1-1 0.82 92.6 10.1
N3-2 0.81 93.5 10.0
N3-3 0.80 93.2 10.0
N3-4 0.82 88.3 9.9
N3-5 0.81 89.0 9.9

Table 3 shows the line losses, harmonic losses, and total electrical losses. The results
in Table 2 and the losses in Table 3 are used to evaluate the impact of the proposed
improvement solutions.

Table 3. Line losses, harmonic losses, and total losses.

Line Losses Harmonic Losses Total Losses Cost per Losses
(kW) (kW) (kW) (USD)
249.5 11.1 260.6 53.31

2.2. Dimension of the Solutions

Based on the problems of low PF, voltage variation, and harmonics identified in the
IES, the following solutions were evaluated:

*  Solution 1 (S1): concentrated reactive power compensation with capacitor banks.
*  Solution 2 (S2): distributed reactive power compensation with capacitor banks.
*  Solution 3 (S3): concentrated reactive power compensation with harmonic filters.
*  Solution 4 (54): distributed reactive power compensation with harmonic filters.

The main objective of these solutions is to ensure that the PF in the PCC complies with
the provisions of CREG Resolution 015 of 2018 [6], with the PF between 0.9 and 1.

The capacitor banks proposed as an improvement solution were conventional and
installed in parallel in the PCC and the load nodes. The dimension of the capacitor banks
was calculated from Equation (2) [47]. In this equation, the term Q. is the capacity of the
capacitor bank (kVARc), P is the power demanded at the point of analysis (kW), PF; is the
actual PF (p.u), and PF; is the desired PF specified as 0.9 (p.u).

Q¢ = P(Tan cos *PF, — Tan cos 'PF;) )

The harmonics present in the IES were mainly of the 5th order. Therefore, tuned
passive filters or pass band filters were sized. These filters were installed in parallel in the
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PCC and at the distribution nodes. This type of harmonic filter comprises series circuits
of a capacitor, an inductance, and a low-value resistance calculated with Equation (3) [48].
The term x. is the capacitive reactance ((2), V;; is the nominal voltage (V), n is the order of
the harmonics to eliminate, and Q) is the reactive power to compensate (kVAr).

_ VnZnZ
Qi(n?—1)

The capacitance can be calculated from x. as expressed in Equation (4) [49]. In this
equation, C is the capacitance (F), and f is the main frequency (Hz).

®)

Xc

1
27 fxc

Now, the term x; is the inductive reactance represented in ohms (Q2), calculated as
defined in Equation (5).

4)

Xc
Xy = 72 ()
Considering the previous term x;, the inductance can be calculated as in Equation (6) [49].
The term L is the inductance in Henries (H).

_
- 2nf

The resistance is calculated as expressed in Equation (7). The term R is the resistance
in (3, and Q is the filter quality factor that can be selected between 20 and 50 [48].

(6)

nx;
Q

It is important to note that the harmonic filters’ capacitors allowed not only harmonics
filtering but also the correcting of the PF [50]. Subsequently, based on these calculations,
the capacitor banks and harmonic filters were selected from a manufacturer catalog. The
closest or higher values were chosen because manufacturers do not always have devices
with the same values as those calculated.

R= @)

2.3. Evaluation of Solutions

A technical evaluation was carried out for each solution based on the following aspects:

1. Verify that in the PCC, the PF complies with the provisions of CREG resolution 015 of
2018 [6].

2. Quantify the number of nodes (PCC and distribution) with PF outside the range
established in CREG resolution 015 of 2018 [6].

3. Quantify the number of nodes (PCC and distribution) with voltage outside the range
established by the NTC 1340 standard [46].

4. Quantify the number of nodes (PCC and distribution) with harmonics outside the
range established by the IEEE 519 standard [40].

5. Calculation of harmonic losses in the lines and total electrical losses in the IES.

6.  Economic evaluation of solutions.

For the economic evaluation of the solutions, the PP was calculated with Equation (8).
The term PP refers to the number of years required to recover the original investment
(years), Cl is the cost of the investment (USD), and AES is the annual energy savings due to
electricity (USD/year).
CI

PP = AES (8)

The Cls in S1 and S2 correspond to the costs of the capacitor banks, while the Cls in S3
and 54 were obtained from the costs of the harmonic filters.
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The AES due to electricity savings were calculated as in Equation (9). The term CE is
the cost of electricity considered at 0.2 USD/kWHh, Eloss; are the energy losses in the IC of
the IES in (kWh/year), and Elosss are the energy losses of each solution in (kWh/year).

AES = CE(Eloss; — Elosss) )

2.4. Comparison and Best Solution

After the technical and economic evaluation of each solution, the best option was
selected. The best solution was the one that had the shortest recovery period and guaranteed
that the PF in the PCC complied with CREG resolution 015 of 2018 [6].

3. Results and Analysis

The results of the technical and economic evaluations of the four power factor com-
pensation solutions are presented in this section.

3.1. Solution 1

Solution 1 (S1) refers to the concentrated reactive power compensation with capacitor
banks. Table 4 shows the data of the capacitor bank, costs, the apparent short-circuit power
(Sce), and the harmonic corresponding to the resonance frequency (F,). The dimension
of the bank was obtained using Equation (2), the manufacturer’s availability, and the
verification that the PF in the PCC was between 0.9 and 1 [6]. With the selected capacitor
bank, a second-order resonance harmonic was obtained. Although this is an even harmonic
that is uncommon in the IES, attention must be paid, as it is of low order (less than 10).

Table 4. S1 in PCC.

Node Type Capacitor Bank (kVAr) Cost (USD) Sce (kVA) F,
N PCC Transformer 1 1700 36,056 10,061 2

Table 5 shows the active power, reactive power, PF, voltage variation, and THDV for
each node of the IES when applying S1. This table shows that only the PF in the PCC
improved considering the solution based on concentrated compensation with the capacitor
bank. At the same time, the voltage variation problems were eliminated in four nodes and
the problem was maintained in three nodes. However, a reduction of harmonics can be
observed in all nodes as a result of the filtering carried out by the PCC capacitor bank. In
this last aspect, it must be considered that although a capacitor bank can filter harmonics
because of its low impedance at high frequency; it is not sized for this purpose. Therefore,
it can overheat due to an increased harmonic current, causing the coating to bulge near the
terminals and reducing its useful life [51].

Table 6 presents the line losses, harmonic losses, and total losses for this solution.

Table 6 shows a reduction in electrical losses of 21.4 kW (electrical losses in the input
data minus electrical losses with this solution) relative to the IC. With this solution, the
concentrated capacitor bank solved three problems:

1.  Improve the PF in the PCC.
2. Reduction of harmonics.
3. Reduction of electrical losses.

The drawback of the solution is that current harmonics cause a reduction in the useful
life of the installation.
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Table 5. Active power, reactive power, PF, voltage variation, and THDV for each node of the IES

when applying S1.
Node Type P (kW) Q (kVAr) PF V (%) THDV (%)
N PCC Transformer 1 5495.9 2548.7 0.91 97.7 1.7
N1-1 Load 82 58 0.82 95.7 14
N1-2 Load 67 46 0.82 95.9 15
N1-3 Load 481 310 0.84 94.9 1.4
N1-4-1 Load 124 86 0.82 94.8 14
N1-4-2 Load 933 663 0.82 90.4 1.1
N2-1-1 Load 317 248 0.79 92.7 1.3
N2-1-2 Load 249 176 0.82 92.4 1.3
N2-2 Load 560 410 0.81 92.4 1.2
N2-3 Load 740 490 0.83 92.9 1.1
N3-1-1 Load 142 98 0.82 94.5 1.2
N3-2 Load 482 354 0.81 95.4 1.2
N3-3 Load 253 190 0.80 95.1 1.5
N3-4 Load 472 325 0.82 90.3 1.3
N3-5 Load 355 258 0.81 91.0 1.4

Table 6. Line losses, harmonic losses, and total losses for S1.

Line Losses

(kW)

Harmonic Losses

(kW)

Total Losses

(kW)

Cost of Losses

(USD)

238.9

0.3

239.2

48.94

3.2. Solution 2

Solution 2 (S2) refers to distributed reactive power compensation with capacitor
banks (52). Table 7 shows the data on the capacitive reactive power of the capacitor bank
distributed in the nodes with low PF. In addition, it shows the cost, the apparent short-
circuit power, and the harmonics corresponding to the resonance frequency. The availability
of the manufacturer and the requirement that the PCC be between 0.9 and 1 were also
considered [6].

Table 7 shows that in nodes N1-4-2, N2-1-1, N2-2, N2-3, N3-4, and N3-5, the harmonics
that generate resonance were of low order. Therefore, the occurrence of resonance was

likely associated with damage to the capacitor banks and the electrical system [52].

Table 7. S2: Distributed capacitor bank.

Node Type Capacitor Bank (kVAr) Cost (USD) Sce (kVA) E
N1-1 Load 25 851.12 7.179 17
N1-2 Load 25 851.12 8.173 18
N1-3 Load 25 851.12 8.173 18
N1-4-1 Load 25 851.12 7.199 17
N1-4-2 Load 500 11,611.53 7.004 4
N2-1-1 Load 100 2560.16 6.343 8
N2-1-2 Load 50 2207.21 6.030 11
N2-2 Load 150 4588.34 7.029 7
N2-3 Load 150 4588.34 7.289 7
N3-1-1 Load 18 490.31 4.406 16
N3-2 Load 18 490.31 9.035 22
N3-3 Load 18 490.31 7.370 20
N3-4 Load 500 11,611.53 6.062 3
N3-5 Load 500 11,611.53 5.731 3

Table 8 shows the active power, reactive power, PF, voltage variation, and THDV for

each node of the IES when applying S2.
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Table 8 shows that distributed compensation with a capacitor bank improved PF in
the PCC, while voltage variation problems were eliminated at all nodes. On the other hand,
the reduction of harmonics can also be observed in all nodes due to the filtering carried out
by the PCC capacitor bank. In this solution, as in the previous one, it must be considered
that, although a capacitor bank can also filter harmonics, it can overheat and reduce its
useful life since it is not sized for this purpose [51].

Table 8. Active power, reactive power, PF, voltage variation, and THDV for each node of the IES

when applying S2.
Node Type P (kW) Q (kVAr)  PF V (%) THDV (%)
N PCC Transformer 1  5435.4 2219 0.93 98.0 0.9
N1-1 Load 82 58 0.90 96.5 0.8
N1-2 Load 67 46 0.93 96.7 0.8
N1-3 Load 481 310 0.86 95.7 0.7
N1-4-1 Load 124 86 0.86 95.7 0.8
N1-4-2 Load 933 663 0.95 93.1 1.0
N2-1-1 Load 317 248 0.88 94.0 15
N2-1-2 Load 249 176 0.87 93.6 0.7
N2-2 Load 560 410 0.88 93.6 0.7
N2-3 Load 740 490 0.89 94.0 0.6
N3-1-1 Load 142 98 0.87 95.7 0.7
N3-2 Load 482 354 0.82 96.4 0.7
N3-3 Load 253 190 0.82 96.2 1.0
N3-4 Load 472 325 1.00 93.3 15
N3-5 Load 355 258 0.96 94.0 15

Table 9 presents the line losses, harmonic losses, and total losses for this solution.

Table 9. Line losses, harmonic losses and total losses for S2.

Line Losses Harmonic Losses Total Losses Cost of Losses
(kW) (kW) (kW) (USD)
178.4 0.1 178.5 36.52

Table 9 shows a loss reduction of 82.1 kW (losses in input data minus losses with this
solution) relative to the IC. With this solution, the capacitor banks solved four problems:

e Improvement of the PF in the PCC.

*  Elimination of voltage variation problems throughout the circuit.
¢ Reduction of harmonics.

*  Reduction in electrical losses.

The drawback of the solution is that current harmonics reduce the useful life of the
capacitor bank [51].

3.3. Solution 3

Solution 3 (S3) refers to the concentrated reactive power compensation with harmonic
filters. Table 10 shows the capacitive reactive power, cost, capacitance, inductance, and
resistance of the harmonic filter bank concentrated in the PCC. The quality factor of the
selected filter was 50. The dimension of the bank was obtained from the calculations of
Equations (2)—(7), the availability of the manufacturer, verifying that the PF in the PCC was
between 0.9 and 1 [6] and the THDYV in the PCC was less than 8% [40].

Table 10 shows that for the same capacitance, the price of the harmonic filter was higher
than the capacitor bank because the filters had, in addition to the capacitors, inductances,
resistors, and other components with higher thermal capacity [48].
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Table 10. S2: Harmonic filter concentrated in the PCC.

Filter Cost
Node Type (KVAD) (USD) c L(mH) R
NPCC Transformer1 1700 55,044.70 23.621 0.0119  0.0004

Table 11 shows the active power, reactive power, PF, voltage variation, and THDV for
each node of the IES when applying S3.

Table 11. Active power, reactive power, PF, voltage variation, and THDV for each node of the IES

when applying S3.
Node Type P (kW) Q (kVAr)  PF V (%) THDV (%)
NPCC Transformer 1 ~ 5496.2 2617.2 0.90 97.7 1.5
N1-1 Load 82 58 0.82 95.6 1.3
N1-2 Load 67 46 0.82 95.8 1.3
N1-3 Load 481 310 0.84 94.9 12
N1-4-1 Load 124 86 0.82 94.7 12
N1-4-2 Load 933 663 0.82 90.4 0.9
N2-1-1 Load 317 248 0.79 92.6 12
N2-1-2 Load 249 176 0.82 924 1.1
N2-2 Load 560 410 0.81 92.3 11
N2-3 Load 740 490 0.83 92.8 1.0
N3-1-1 Load 142 98 0.82 94.4 1.0
N3-2 Load 482 354 0.81 95.3 11
N3-3 Load 253 190 0.80 95.0 13
N3-4 Load 472 325 0.82 90.2 12
N3-5 Load 355 258 0.81 90.9 12

Table 11 shows that considering the solution of concentrated compensation with the
harmonic filter, only the PF in the PCC was improved. In addition, the low voltage was
maintained in three nodes. On the other hand, a greater reduction in harmonics can be
observed in all nodes due to the harmonic filter function.

Table 12 presents the results of line losses, harmonic losses, and total losses for S3.

Table 12. Line losses, harmonic losses, and total losses when applying S3.

Line Losses Harmonic Losses Total Losses Cost per Losses
(kW) (kW) (kW) (USD)
239.2 0.2 239.4 48.96

Table 12 shows a reduction in losses of 21.2 kW (losses in input data minus losses
with this solution) relative to the IC. With this solution, the concentrated capacitor bank
corrected three problems:

. Improvement of the PF in the PCC.
. Reduction of harmonics.
e  Reduction in electrical losses.

In this case, there is no risk of overheating, unlike with the capacitor bank [51].

3.4. Solution 4

Solution 4 (54) refers to the distributed reactive power compensation with harmonic
filters. Table 13 shows the capacitive reactive power, cost, capacitance, inductance, and
resistance of the distributed harmonic filter bank in nodes. The quality factor of the
selected filter was 50. The dimension of the bank was obtained from the calculations of



Electricity 2024, 5

654

Equations (2)—(7), the availability of the manufacturer, checking that the PF in the PCC was
between 0.9 and 1 [6], and the THDYV in the PCC was less than 8% [40].

Table 13. S4: Distributed harmonic filter.

Node Type Filter Cost Capacitance Inductance Resistance
(kVAY) (USD) (uF) (mH) (@)
N1-1 Load 25 1389.54 358 0.7862 0.02964
N1-2 Load 25 1389.54 356 0.7895 0.02977
N1-3 Load 25 1389.54 364 0.7736 0.02916
N1-4-1 Load 25 1389.54 364 0.7736 0.02916
N1-4-2 Load 500 16,451.31 7770 0.0362 0.00137
N2-1-1 Load 100 3778.96 1514 0.1859 0.00701
N2-1-2 Load 50 3285.31 763 0.3689 0.01391
N2-2 Load 150 6615.70 2289 0.1230 0.00464
N2-3 Load 150 6615.70 2268 0.1241 0.00468
N3-1-1 Load 18 883.89 1048 0.2685 0.01012
N3-2 Load 18 883.89 258 1.0893 0.04107
N3-3 Load 18 883.89 260 1.0831 0.04083
N3-4 Load 500 16,451.31 7751 0.0363 0.00137
N3-5 Load 500 16,451.31 7626 0.0369 0.00139

Table 13 shows that harmonic filters cost more than capacitor banks of the same
capacity because they have more components and greater thermal capacity. Table 14 shows
the active power, reactive power, PF, voltage variation, and THDV for each node of the IES

when applying S4.
Table 14. Active power, reactive power, PF, voltage variation, and THDV for each node of the IES
when applying S4.
Node Type P (kW) Q (kVAr) PF V (%) THDV (%)
N PCC Transformer 1  5444.5 2213.3 0.93 99.8 0.1
N1-1 Load 82.1 58 0.93 98.3 0.1
N1-2 Load 67.1 46 0.96 98.5 0.1
N1-3 Load 481.1 310 0.86 97.5 0.1
N1-4-1 Load 124.1 86 0.90 97.6 0.1
N1-4-2 Load 935 663 0.98 95.0 0.0
N2-1-1 Load 317.4 248 0.90 105 0.0
N2-1-2 Load 249.2 176 0.89 99.8 0.0
N2-2 Load 560.6 410 0.90 96.6 0.0
N2-3 Load 740.6 490 091 97.0 0.0
N3-1-1 Load 142.1 98 0.87 97.5 0.1
N3-2 Load 482.1 354 0.82 98.2 0.0
N3-3 Load 253.1 190 0.83 98.0 0.1
N3-4 Load 474 325 0.95 95.2 0.0
N3-5 Load 357 258 0.84 95.9 0.0

Table 14 shows that distributed compensation with harmonic filter improved the PF in
the PCC and eliminated voltage variation and harmonic problems in all nodes with the
most significant reduction in THDV due to the harmonic filtering. In contrast, Table 15

presents the line losses, harmonic losses, and total losses for S4.

Table 15. Line losses, harmonic losses, and total losses for S4.

Line Losses
(kW)

Harmonic Losses

(kW)

Total Losses

(kW)

Cost of Losses

(USD)

179.0

0.0

179.0

36.60
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Table 15 shows a loss reduction of 81.6 kW (losses in input data minus losses with this

solution) relative to the IC. With this solution, the harmonic filters solved four problems:

3.5.

Improvement of the PF in the PCC.

Elimination of voltage variation problems throughout the circuit.
Reduction of harmonics.

Reduction in electrical losses.

In this case, the device is not affected by harmonic overheating, as in S2 [51].

Comparison

Next, the technical-economic comparison of the solutions is performed. Figure 3

shows the PF, voltage variation, and harmonics for each node of the IES in the IC. In
addition, the figure shows each solution with their respective limits according to CREG 015
of 2018 [6], NTC 1340 [46], and IEEE 519 [40].
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Figure 3. Values of (a) PF, (b) voltage variation, and (¢) THDV for all conditions.

Figure 3 shows that in the IC, all nodes presented low power factors, seven nodes
low voltages, and five nodes high harmonics. With S1 and S3 (concentrated), only the PF
in the PCC improved, and in three nodes (N1-4-2, N3-4, and N3-5), the low voltage was
maintained. With S2 and S4 (distributed), the PF was improved in six and nine nodes,
respectively, while voltage variation problems were eliminated in all nodes. Harmonics,
for their part, were mitigated when considering the four solutions (51, S2, S3, and S4), with
54 as the solution with the greatest reduction.

Another aspect that could be observed is that with S2, in node N3-4, the PF reached the
value of 1, which is the upper limit established by CREG 015 of 2018 [6]. This is presented
for the following reasons [52,53]:

1.  Permanently connected fixed capacitor banks.
2. Automatic capacitor banks with measurement in a single phase, the phase with the
highest consumption.

With 54, an overvoltage of 105% was reached at node N2-1-1, which is the upper limit
value established by NTC 1340 [46]. As in the previous case, this can be explained by the
use of fixed capacitor banks.

Concerning the parameters of PF, voltage variation, and harmonics, it can be concluded
that the best solutions were offered by distributed compensation with a bank of capacitors
and filters. It is observed that improving all the parameters of the nodes is a difficult task to
perform. In addition, some nodes presented an increase in PF and overvoltages as a result
of possible overcompensation.

Figure 4 graphically summarizes the number of nodes outside the limits established
by CREG 015 of 2018 [6], NTC 1340 [46], and IEEE 519 [40] under the IC and for each
solution (51-54).

Figure 5 shows the line losses, harmonic losses, total losses, and loss reduction corre-
sponding to the IC and each solution (51-54).

Figure 5 shows that distributed compensation (52 and S4) results in the most significant
reduction in loss relative to the IC. For S2, the losses are reduced by 32%, while for 54, they
are reduced by 31%. The loss reduction with distributed compensation is also 3.8 times
greater than with concentrated compensation (51 and S3).

In the solutions with distributed compensation (S2 and S4), a more significant num-
ber of nodes was also obtained where the PF and voltage variation improved regarding
concentrated compensation (S1 and S3). This shows a direct correspondence among loss
reduction, PF improvement, and voltage variation at the nodes.

Figure 6 shows the CI, PP, and AES.
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When comparing the CIs of S1 and S2 and the CIs of S3 and S4, it can be observed
that the cost of distributed compensation is greater than the concentrated compensation for
the capacitor bank and the harmonic filters, respectively. However, comparing these same
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solutions with distributed compensation, greater savings are obtained in billing for energy
consumption than with concentrated compensation. Taking the same comparisons as
references, the PP of the investment in solutions with distributed compensation is observed
to be shorter than with concentrated compensation. This is because, in solutions with
distributed compensation, AES predominates over the CI.

When comparing the distributed compensation solutions of capacitor banks (S2) about
harmonic filters (54), it can be seen that with S2, the CI is lower and the AES are greater.
Therefore, the PP is shorter than that of S4. From these results, it could be assumed that S2
is the best solution of the four options. However, considering the technical criterion that in
an electrical system with harmonics, the useful life of the capacitor banks is significantly
reduced due to the overheating produced by current harmonics, it is suggested not to select
the solution with a distributed capacitor bank (52) but with distributed harmonic filters
(54). 54 has the advantage of a short PP of less than eight months.

Table 16 summarizes the technical-economic criteria that allowed us to select 54 as
the best solution to improve PF in the PCC of the IES under study. It shows that 54
meets all technical requirements and also presents a short PP that is favorable to company
decision-making.

Table 16. Summary of the economic and technical criteria in each solution.

Elimination of Reduction of

Solution PF Improvement Voltage Variation Reduction in Electrical Reduction in Useful PP
orutio in the PCC Problems in All Harmonics ectriea Life for Harmonics
Losses
Nodes
S1 X X X X 1.2
S2 X X X X X 0.4
S3 X X X 1.8
S4 X X X X 0.6

4. Conclusions

In this study, solutions were evaluated to improve PF in IES. Some problems were
faced, such as low PF, low voltage, and harmonics. Two compensation approaches were
compared: concentrated and distributed, using capacitor banks and harmonic filters.

The following conclusions are obtained from the results and analysis:

¢ The results show that distributed compensation is more effective in improving PF,
reducing voltage variation, and mitigating harmonics in the PCC and IES nodes.
Although the initial investment in concentrated compensation was lower, the savings
from energy losses in distributed compensation resulted in a better PP.

*  Theseresults demonstrate that, for the analysis of a technical solution to an engineering
problem, consultants” expertise is required because sometimes technical and economic
evaluations alone are not always sufficient, but comprehensive analyses must be
carried out, such as the case presented.

¢ Implementing capacitor banks or harmonic filters reduced harmonics throughout the
IES. However, the capacitor banks showed a reduction in their useful life due to over-
heating caused by current harmonics. Selecting the optimal solution considered both
technical and financial aspects, resulting in the preference for distributed harmonic
filters due to their effectiveness and lower impact on the useful life of the devices.

*  Despite the common practice of concentrated compensation of capacitor banks in the
PCC due to its low initial cost and easy installation, it was concluded that this is not
the most viable solution, especially in environments with increasing nonlinear loads
that affect the useful life of the capacitor banks and provide negligible improvements
in the PF and the voltage variation in the IES nodes.

e Exploring technologies based on active filters that can be installed at different points in
the IES circuit, not only at the PCC, is recommended. In addition, the need to continue
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research on electrical power quality problems in IESs is emphasized, as studies focus
on distribution and power systems.
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