
Citation: Rodríguez, V.A.M.;

Villaseñor, N.V.; Solís, J.M.R.; Barbosa,

O.A.G. Impact of Automation on

Enhancing Energy Quality in

Grid-Connected Photovoltaic

Systems. Energies 2023, 16, 6161.

https://doi.org/10.3390/en16176161

Academic Editor: Alon Kuperman

Received: 4 July 2023

Revised: 12 August 2023

Accepted: 14 August 2023

Published: 24 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Impact of Automation on Enhancing Energy Quality in
Grid-Connected Photovoltaic Systems
Virgilio Alfonso Murillo Rodríguez 1,* , Noé Villa Villaseñor 2 , José Manuel Robles Solís 3

and Omar Alejandro Guirette Barbosa 4

1 Postgraduates CIATEQ A.C., San Agustín del Retablo 150, Constituyentes Fovissste,
Santiago de Querétaro 76150, Mexico

2 Advanced Technology Center, CIATEQ A.C., Zapopan 45131, Mexico; noe.villa@ciateq.mx
3 Mechatronics Engineering, Polytechnic University of Zacatecas, Fresnillo 99056, Mexico;

jmrobles@upz.edu.mx
4 Biotechnology Engineering, Polytechnic University of Zacatecas, Fresnillo 99056, Mexico;

omarguirette@upz.edu.mx
* Correspondence: vmurillo@upz.edu.mx; Tel.: +52-(493)93-5-71-06

Abstract: Rapid growth in the integration of new consumers into the electricity sector, particularly
in the industrial sector, has necessitated better control of the electricity supply and of the users’ op-
erating conditions to guarantee an adequate quality of service as well as the unregulated dis-turbances
that have been generated in the electrical network that can cause significant failures, breakdowns
and interruptions, causing considerable expenses and economic losses. This research examines
the characteristics of electrical variations in equipment within a company in the industrial sector,
analyzes the impact generated within the electrical system according to the need for operation in
manufacturing systems, and proposes a new solution through automation of the regulation elements
to maintain an optimal system quality and prevent damage and equipment failures while offering
a cost-effective model. The proposed solution is evaluated through a reliable simulation in ETAP
(Energy Systems Modeling, Analysis and Optimization) software, which emulates the interaction
of control elements and simulates the design of electric flow equipment operation. The results
demonstrate an improvement in system performance in the presence of disturbances when two
automation schemes are applied as well as the exclusive operation of the capacitor bank, which
improves the total system current fluctuations and improves the power factor from 85.83% to 93.42%.
Such a scheme also improves the waveform in the main power system; another improvement result
is when simultaneously operating the voltage and current filter together with the PV system, further
improving the current fluctuations, improving the power factor from 85.83% to 94.81%, achieving
better stability and improving the quality of the waveform in the main power grid.

Keywords: power quality; capacitor bank; voltage and current filter; photovoltaic system

1. Introduction

The term “electric power quality” has gained significant importance due to its close
association with increased productivity and competition within companies. There is a
direct relationship between productivity, efficiency, and power quality [1–3].

Electricity serves as the primary input for productive activities, both in manufacturing
and service sectors worldwide [4]. An efficient and affordable electricity supply enhances
competitiveness and enables companies and industries to offer improved services in the
market. This in turn has a positive impact on economic growth [5]. When products are
of higher quality and can be offered at lower prices, it elevates the competitiveness of
enterprises and industries. Economic factors highlights the need for companies to prioritize
and maintain high standards of electrical power quality service to remain competitive in the
market [6,7]. The growing demand for electricity has resulted in an increase in the number
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of sensitive loads that require high-quality power and improved network performance [8].
Furthermore, the escalating environmental pollution caused by the extensive use of fossil
fuels has become a pressing issue. These challenges can be effectively addressed by
leveraging distributed generation (DG) systems [9]. Among various sources of distributed
generation, photovoltaic (PV) systems offer significant competitive advantages due to their
renewable nature, widespread availability, and environmentally friendly operation [10–12].
PV panels can be practically used in various locations with proper placement [13]. Power
electronic converters serve as the primary interface for connecting PV systems to the
grid [14]. As a consequence, there is a growing necessity to develop techniques and
solutions that upgrade the power quality in industrial environments [15].

The quality of the electrical service is vital for ensuring the optimal performance of
electrical equipment and systems within an industrial environment. According to [16], the
presence of power quality (PQ) disturbances has a detrimental effect on the electrical char-
acteristics of power systems, resulting in diminished performance and reduced lifespans of
connected equipment. According to [17–19], in the current scenario, the proliferation of
power-electronics-based loads is on the rise due to their inherent advantages, such as im-
proved efficiency and compactness [20]. However, these loads have significant drawbacks
as they introduce harmonics and reactive power into the distribution network, thereby
deteriorating the power quality of the grid and leading to increased distribution losses [21].

In this study, a literature review was carried out to identify the most effective tech-
niques and solutions for improving the power quality in industrial environments. Ac-
cording to [22,23], the impact of PV generator installations on the power quality in the
distribution network was analyzed [24]. Two distribution network models were considered:
industrial and residential [25]. It was observed that as the number of PV plants installed
increased, the value of harmonic current total demand distortion (TDD) in the distribu-
tion network remained below the TDD current limit recommended by IEEE STD 519-2022.
However, the harmonic current (TDD) value at the short-circuit power (PCC) bus was
found to be even higher [26,27]. Additionally, the average TDD value of conductor current,
specifically the one directly connected to the PV generator bus, is higher as well. The imple-
mentation of a tuned passive filter can improve the total harmonic distortion (THD) [28].

An experimental study on electrical variables was carried out using the methodology
outlined by IEEE STD 519-2022 [29,30]. This analysis was used as a reference when we
compared values for reactive power ranging up to 40% and an apparent power factor
up to 20%. The electric power and power factor (PF) are crucial electrical variables that
impact industrial settings in the calculation of the cost of electricity. Typically, digital
meters or power quality analyzers (PQA) are used. However, different algorithms or
methodologies are applied for calculating electric power, producing significant differences
when comparing the obtained records of each measured variable.

In another investigation mentioned in [31], a comparative study was conducted to
establish the conditions under which computational algorithms based on alternative defi-
nitions of the unbalance factor can be accepted. The study focused on the evaluation of
calculation algorithms based on different unbalance factor definitions [32]. The results
aimed to define compatibility ranges between typical and/or permissible unbalance levels
specified in various standards and assess the performance of power quality measurement
instruments that adopt different definitions of the unbalanced factor. Another research
project presented the design and implementation of a prototype for an outage and voltage
drop recorder. This recorder serves as a low-cost alternative for studying the quality of
the voltage wave in distribution networks [33]. This paper will first address some defi-
nitions related to power quality and will then describe in general terms the design and
construction of the protocol for recording two disturbances of the voltage waveform, in-
terruptions and voltage drops. The equipment consists of a data acquisition system and
a graphical user interface that allows the analysis and specification of voltage levels for
recording disturbances [34].
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2. Materials and Methods
2.1. The Electrical System, General Characteristics

The electrical system is constituted by a set of elements useful for the generation,
transmission, and distribution of electrical energy. It incorporates control, safety, and
protection mechanisms. The characteristics of our company’s electrical system include
two transformers located in the main substation. One transformer is a pole type with a
capacity of 150 kVA and voltages of 13,200 Vac/220 Vac, while the other is a transformer
pedestal type with a capacity of 500 kVA and voltages of 13,200 Vac/440 Vac. To monitor
and analyze the power quality behavior, we focus on the main substation’s 500 kVA section,
which operates at a voltage of 13.2 kV on the power supply side and at a voltage of 440 Vac
on the low power supply.

As an initial step, we conducted an analysis of the load centers, for which measure-
ment devices were already placed. We began by examining the different lines or phases
that integrated the system. Subsequently, we identified the neutral and earth ground con-
nections. Lastly, we proceeded to assess the various devices or machinery connected to the
load centers. It is important to note that within the company, they work with two voltage
levels. Voltage 1 is a three-phase system with four wires, operating at 440 Vac. Voltage 2
is also a three-phase system with four wires but with a voltage of 220 Vac. The inspec-
tion of the load centers will aid us in choosing the most suitable one for conducting the
necessary measurements.

The company MACEP is involved in the analysis of the high-demand medium-voltage
hourly tariff (GDMTH); this tariff will be applicable to services that involve energy alloca-
tion for any purpose, supplied at medium voltage, with a demand equal to or exceeding
100 kW.

The electricity bill was requested to examine the contracted conditions, as well as the
consumption history.

The power factor, with an average of 85.83% (as seen in Figure 1), was also recorded,
indicating that it was below the allowed level established by the Federal Electricity Commis-
sion (CFE L0000-70) [35]. The energy consumption analysis was recorded with an average
reading of 20,440 kWh (as illustrated in Figure 2), aiming to contribute to the improvement
of the energy quality.
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Figure 2. Electricity consumption in the company MACEP.

2.2. The Electrical System Analyzer

The network analyzer Fluke 434-II [36] was connected to the main power supply
board, which provides a voltage of 440 Vac to the load center. In this step, to establish the
connection, the network analyzer was configured beforehand with the specific electrical
characteristics of the company. The network analyzer is equipped with clamps or ampero-
metric probes and alligator-type connectors. To make the connections, the housing of the
load center was first removed. The connection process involved the following steps: firstly,
the ground connection was made, followed by connecting the voltage clamps according
to their designated colors and lines. Then, the amperometric probes were connected, also
following the color and line configurations. Once the connections were made, data record-
ing was initiated using the monitoring feature of the network analyzer. Over a period of
one year, the load was connected to the main power supply board, supplying a voltage of
440 Vac to the load center, and was constantly reviewed. During this period, data were
generated indicating current fluctuations ranging from 24 A to a maximum of 105 A, as
illustrated in Figure 3.
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Figure 3. RMS current change recorded in the control center for a year.
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The load is currently connected to the main power supply board, which provides a
voltage of 440 Vac to the load center. An analysis of the current in the main power board at
440 Vac has been carried out, revealing current fluctuations across the three phases, ranging
from a maximum of 105 A to a minimum of 8 A, as shown in Figure 4. This analysis was
carried out over a three-month period. It is important to mention that phase 1 exhibits
higher current parameters, while phase 3 displays lower current parameters. It is vital to
maintain these fluctuations within optimal values to prevent any significant disruptions in
the electrical system of the plant.

Energies 2023, 15, x FOR PEER REVIEW 5 of 26 
 

 

Figure 3. RMS current change recorded in the control center for a year. 

The load is currently connected to the main power supply board, which provides a 
voltage of 440 Vac to the load center. An analysis of the current in the main power board 
at 440 Vac has been carried out, revealing current fluctuations across the three phases, 
ranging from a maximum of 105 A to a minimum of 8 A, as shown in Figure 4. This anal-
ysis was carried out over a three-month period. It is important to mention that phase 1 
exhibits higher current parameters, while phase 3 displays lower current parameters. It is 
vital to maintain these fluctuations within optimal values to prevent any significant dis-
ruptions in the electrical system of the plant. 

 

Figure 4. Changes in the RMS value of the current recorded in the control center. 

The current fluctuations in the main power supply are shown to range from a maxi-
mum of 72 A to a minimum of 8 A specifically in line 1 (see Figure 4 L1 (A)). These fluc-
tuations display irregularity at certain values and exhibit changes in their characteristics 
over extended periods, particularly when working with equipment that has higher energy 
consumption [37]. Furthermore, the voltage fluctuations in the main power supply have 
also been examined. The analysis reveals variations ranging from 420 Vac to 438 Vac, as 
shown in Figure 5. These voltage fluctuations contribute to a high consumption of electri-
cal energy, which directly affects productivity through increased costs. 

L1
 (A

)

88

72

56

40

24

8

-8

 

L2
 (A

)

88

72

56

40

24

8

-8

 

L3
 (A

)

165

135

105

75

45

15

-15

 

19h18h17h16h15h14h13h12h

N
 (A

)

16.5

13.5

10.5

7.5

4.5

1.5

-1.5

 
L1

(A
) 

L2
(A

) 
L3

(A
) 

N
(A

) 

Time 

Figure 4. Changes in the RMS value of the current recorded in the control center.

The current fluctuations in the main power supply are shown to range from a max-
imum of 72 A to a minimum of 8 A specifically in line 1 (see Figure 4 L1 (A)). These
fluctuations display irregularity at certain values and exhibit changes in their character-
istics over extended periods, particularly when working with equipment that has higher
energy consumption [37]. Furthermore, the voltage fluctuations in the main power supply
have also been examined. The analysis reveals variations ranging from 420 Vac to 438 Vac,
as shown in Figure 5. These voltage fluctuations contribute to a high consumption of
electrical energy, which directly affects productivity through increased costs.
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2.3. The Power System, Statistical Analysis

To find the optimal performance and establish a reference for power quality behavior
based on the current fluctuations mentioned earlier in the electrical system, a statisti-
cal study was conducted using an experimental design with two factors and three vari-
ables. This study focused on analyzing the variations in voltage and currents resulting
from changes in the powers (active, apparent, and reactive) that cause fluctuations, and
an important alteration in the current behavior can be observed (Figure 6) through the
histogram representation.
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The behavior of current fluctuations in a general power supply was examined through
a monitoring scheme using a network analyzer. The results of this analysis are presented
in Figure 7, which reveals residual variations in the current with respect to the average
and values that exceed the allowed limits for controlling the power quality. It is important
to monitor and control the power quality to ensure the safe and efficient operation of
electrical systems. Based on the data presented in Figure 7, additional measures can be
implemented to improve the power quality. These measures may include adjusting voltage
control techniques or installing supplementary filtering equipment.
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According to the data established in Table 1, the analysis of variance (see Table 1) was
performed with the Minitab statistical software [38].

Table 1. Analysis of Variance (ANOVA).

Analysis of Variance of Current, Using Adjusted SS for Tests

Source Degrees of
Freedom

Sum of
SquareSeg.

Adj.Sum
of Square

Adj.Mean
Square F Ratio p Value

Power Active 2 4.00 4.00 2.00 0.16 0.853
Power Reactive 1 4.17 4.17 4.17 0.33 0.571
Power Aparent 1 6.00 6.00 6.00 0.48 0.497

Error 19 237.83 237.83 12.52

Full 23 252.00

Based on the analysis of variance (ANOVA), it can be concluded that higher current
values are presented when inductive loads are operating within the system. This suggests
that current fluctuations occur during periods when most equipment is in operation. In
contrast, fewer fluctuations are generated when capacitors and lighting equipment are
in operation.

2.4. Selection of the Elements

This section describes the design of the present study by analyzing the electrical
characteristics of the system. It aims to explain in detail the calculation for the selection of
control elements such as the capacitor bank, voltage and current filter, and photovoltaic
system. The goal is to analyze the behavior of the electric power flow during the automatic
integration of these elements and assess how they improve the conditions of the electric
system, particularly in mitigating disturbances [39].

2.4.1. Capacitor Bank Selection

Knowing the active power (kW) and the power factor (Cos θ1) of an installation makes
it very simple to determine the reactive power (kVar) of capacitors necessary to increase
the power factor to a new value (Cos θ2). The power factor is a measure of the efficiency or
performance of our electrical system. This indicator measures the energy utilization (the
amount of energy required to transform into work) [40].

Qc = P ∗ (tan 1− tan 2) (1)

where:
Qc Reactive Power
P Active power
tan 1 Current Power Factor Angle
tan 2 Power factor angle to be improved

To determine the capacity of the capacitor bank, the average power factor has been
taken into account, as indicated by the electricity bill (CFE) of the company MACEP. The
recorded power factor is below the nominal allowed value of an 85.83% power factor.
Additionally, the maximum capacity of the active power in the electrical system has been
determined to be 189,442 kW.

Data:
Average power factor: 85.83%.
Desired power factor (nominal according to the standard): 90%.
Active power: 189,442 kW.
Apparent power: 500 kVA.

Cos θ1 = 0.8583; θ = Cos−1 0.8583 = 30.87◦ (2)
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Cos θ2 = 0.9; θ = Cos−1 0.9 = 25.84 ◦ (3)

tan 1 (30.87◦) = 0.577 (4)

tan 2 (25.84◦) = 0.4842 (5)

Qc = P (tan 1− tan 2) (6)

Qc = 189.442 (0.599− 0.4842) (7)

where
Cos θ1 Current Power Factor Angle
Cos θ2 Power factor angle to be improved

Therefore, a three-phase capacitor bank with a rating of 25 kVAr at 440 Vac has been
selected based on the selection.

The load flow simulation of the electrical system was conducted using the Software
for Analysis and Operation of Electrical Power Systems (ETAP) [41]. This software cal-
culates the voltages at each bus and the power factors for different load types as well
as estimates of the current flow for each bus by simulating the flow in each section of
the load (Newton–Raphson and/or Gauss–Seidel [42]). Initially, the load flow began in a
specific area to provide voltage and power values, as well as the operational percentage at
the voltage.

2.4.2. Voltage and Current Filter Selection

One of the most widely used indexes is the total harmonic distortion applicable for
both the current and voltage. This index is defined as the ratio between the r.m.s. value of
the total harmonic components and the r.m.s. value corresponding to the fundamental [43].
For the current waveform, it will be:

THD 1 =

√
∑∞

k=2 Ik2

I1
∗ 100% (8)

Xc =
h2

h2 − 1
∗Xeff (9)

C =
1

2πfXc
(10)

XL =
Xc
h2 (11)

L =
XL

2∗π ∗ f
(12)

Analysis to determine the control system using the voltage-current filter in the electri-
cal system.

VLL = kV base ∗Va.u = 13.2 kV ∗ 1 p.u. = 13.2 kV (13)

Xe f f =
(Vllsist)2

Qe f f
=

(13200)2

25000
= 6.96 Ω (14)

Xc =
h2

h2 − 1
∗ Xe f f =

(10.34)2

10.342 − 1
∗ 6.96 = 79.056 Ω (15)

Data MVA Base = 250 MVA kVbase = 13.2 kV

Zbase =
kVbase2

MVAbase
=

13.22

250
= 0.697Ω (16)
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C =
1

2π f Xc
=

1
2π ∗ 60 ∗ 79.056

= 0.335 µ f (17)

XL =
Xc
h2 =

79.056
10.342 = 0.739 (18)

L =
Xl

2π f
=

0.739
2π ∗ 60

= 1.96mH (19)

R =
XL ∗ h

Q f
=

1.96 ∗ 10.34
20

= 1.013 Ω (20)

XXL =
Xc
h2 =

79.056
10.342 = 0.739 (21)

I f und =

Vllsis√
3

Xc− XL
=

7621
79.056− 0.736

= 97 A (22)

I5 = 25% ∗ I f un = 24.25

I7 = 15% ∗ I f un = 14.55

I11 = 10% ∗ I f un = 9.7

I13 = 5% ∗ I f un = 4.85

Itotal =
√
(972 + 24.252 + 14.552 + 9.72 + 4.852) = 101.62 A (23)

%Current Margin =
Itotal

I f un ∗ 100
=

101.62
97 ∗ 100

= 104.76% (24)

Itotalrms = 104.76% Ifun ≤ 135% Ifun established in the standard.IEEE-519-2022 It is within the norm.

Vc(1) = I f un ∗ Xc = 97 ∗ 79.056 = 7.668 kV (25)

Vc(h) = ∑
h ∗ Ih

5
(26)

Vc(5) =
24.25 ∗ 79.056

5
= 0.3843 kV

Vc(7) =
14.55 ∗ 79.056

7
= 0.164 kV

Vc(11) =
9.7 ∗ 79.056

11
= 0.069 kV

Vc(13) =
4.85 ∗ 79.056

13
= 0.0295 kV

Vc(h) = 0.6455 kV

Vcl.ntotal peak =
√

2 ∗Vc(1) + Vc(h) =
√

2 ∗ (7.688 + 0.6455) = 11.75 kV (27)

Vl.Npeak =
VLL√

3
=

13.2√
3

= 7.62 kV (28)

VL.Npeak sis =
√

2 ∗VL.Nsis =
√

2 ∗ 7.62 = 10.77 kV (29)

Vcl.ntotal peak—peak total voltage
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Vl.Npeak—Maximum voltage

VL.npeak sis -Maximum symmetrical voltage

%Current Voltage =
Vcl − Ntotal peak

VL− Npeak sis ∗ 100
=

11.75
10.77 ∗ 100

= 109.1% (30)

Vtotalrms = 109.1% Vfun ≤ 110% Vfun established in the standard.IEEE-519-2022 It is within the norm.

where:

THD 1 Harmonic distortion Vllsis Supply voltage
Ik Rated current Ifund Fundamental Current
I1 Maximum current R Resistance
Xc Capacitive reactance Itotal Current Total
h Fundamental current Vc(h) Fundamental Voltage
Xeff Effective reactance Vcl ntotal peak Peak total Voltage
C Capacitance Vl.Npeak sis Voltage Peak System
f Frequency Vl. Nsis Nominal Voltage
L Inductance %Current Voltage Current Voltage
VLL Base Voltage
Va.u. Voltage per unit

2.4.3. Photovoltaic System Selection

The design of a photovoltaic system was carried out with the goal of improving the
electric energy consumption [44].

Number o f PV panels =
Ec

Voc ∗ Isc ∗ H.S.P.
(31)

Number rows in series =
Vinv
Vm

(32)

Number o f parallel branches =
Iinv
Im

(33)

Inverter Power = Number o f PV panels ∗ Power o f Panels (34)

where:

Ec Daily energy consumption Vinv Inverter voltage
Voc Open circuit voltage Vm Panel rated voltage
Isc Short circuit current Iinv Inverter current
H.S.P. Peak sun hours Im Panel rated current

This improvement is focused on the performance and operation of the most power-
intensive equipment, which accounts for only 53% of the total consumption. In terms of
general consumption, an average of 26,284 kWh is estimated. Taking into account the
53% estimate, only 13,930 kWh is considered for the design of the photovoltaic system.
Since the tariff of the electrical system is monthly, the calculation for the photovoltaic system
is based on daily consumption. As a result, a total consumption estimate of 464,350 kWh
is obtained.

Number o f PV panels =
Ec

Voc ∗ Isc ∗ H.S.P.
=

464350 Wh
49.8 ∗ 10.36 ∗ 5.4

= 167 panels (35)

Number rows in series =
Vinv
Vm

=
650
49.8

= 13 panels (36)

Number o f parallel branches =
Iinv
Im

175
10.36

= 16.89 branches (37)
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Inverter Power= 167 panels ∗ 515 watts = 86005 watts (38)

Each of the main data are taken into account by integrating them into each block of
the main power supply system connection. These data are obtained from the supplying
company (CFE) and include the following: a power rating of 25 MVA, a supply voltage of
13,200 Vac, positive sequence reactance of 2498 + 3123j, and a delta connection obtained
from the load flow in the system simulation. Additionally, the conduction and protection
elements are integrated, consisting of a copper insulating feeder type BusDuct and a 15 kV
fuse with a nominal current of 10 A. Finally, a 500 kVA main step-down transformer is
used, with a primary power supply of 13,200 Vac and a secondary voltage of 440 Vac. The
impedance settings of the transformer have also been taken into account and included in
the data.

Once the data for the load flow simulation process are provided, the system is run
through to analyze the peak currents at each of the buses that make up the system, starting
from the main protection fuse (Fuse 1) on the high side (13,200 Vac). The display options
for the study of the flow are selected from the display (Display Options); they include
the active power, apparent power, current flow, and combinations of these parameters.
Additionally, the power factor is analyzed in each section (bus) of the system. In this case,
it has been decided to carry out the study with respect to the active power and reactive
power (kW + kVAr) in the main supply section and the maximum load section (bus 9). In
the supply section, a maximum active power of 246.2 + j142 is observed, which represents
the active and reactive power of the system according to the load flow. Considering that
the maximum active power is approximately 255 kW, it indicates an operational percentage
of 97.9% of the total load on bus 4.

Figure 8 shows the one-line diagram elaborated in the simulation software that inte-
grates the connection of the supplying company (CFE) to the main substation. The diagram
consists of a fuse blade interconnected in bus 1 (main bus), passing through a wiring
duct of the 13,200 Vac voltage line to the general step-down transformer of 13,200 Vac to
440 Vac with a power of 0.5 MVA. This connection is connected to a main load center for
the distribution of circuits that integrates the electrical system.

The simulation of the load flow in the electrical system calculates the voltages in
each of the buses and the different power factors in each derivation according to the type
of connected load, and it also provides an estimate of the current flow for each bus by
simulating the flow in each section of the load. First, the starting area of the load flow is
selected to determine the voltage and power values, as well as the percentage of operation
at the voltage levels, as shown in Figure 9.

The study of the current flow and power factor has been carried out by analyzing the
results in the main supply (Fuse 1, 13,200 Vca). The analysis shows a maximum current of
12.5 A and a power factor of 76.52%. The power factor value is considered to be very low
according to the control, as it should be up to 90%. Additionally, in bus 4, the current is
measured to be 374.3 A with a power factor of 74.56%.

The proposal is to develop a control system using contactors and relays; the objective is
to provide an intelligent and cost-effective control by monitoring the electrical parameters
of the voltage and current. The system will respond to changes caused by the consumption
of different connected loads. To achieve this, a control algorithm is developed to activate
the necessary elements and regulate variations and potential issues that may arise from
fluctuations in load operation, specifically regulating the power factor. The control method
also aims to integrate the sizing of a photovoltaic system, which should contribute to the
regulation of the elements with higher energy consumption. Figure 10 shows this concept.
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In order to design the control system and considering the operating conditions as
shown in Table 2, which includes equipment that generates disturbances in power quality
such as a low power factor, voltage and current fluctuations, and power consumption,
control elements such as the capacitor bank, voltage and current filter, and photovoltaic
system are connected according to the design of the control system on bus 4 (0.44 kV main
bus). These elements are integrated into the main bus (bus 4), which corresponds to the
connection bus of all the equipment with respect to the current flow in the bypass bus of
the control elements with a current of 424.3 A and 8.52% as well as the flow in each case for
the capacitor bank of 330.8 A and −11.6%, 30.6 A and −59.66% for the flow of the voltage
and current filter current, and finally, the flow in the photovoltaic system with a current of
116 A generation and 80% contribution to the system (Figure 11).
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Within this proposal, it has been considered to integrate the operating conditions
of the equipment through the interlocking of contactors and relays (CR5 capacitor bank,
CR7 voltage and current filter, CR8 photovoltaic system, connected to bus 4) for control,
conditioned to operate according to the specific requirements of the MACEP’s operation,
as shown in Table 2.

Table 2. Equipment operating and start-up conditions.

Nomenclature Equipment Power
(W/H.P.)

Control Diagram

a b c d e f g

CR5/CAP3 CR7/HF3 CR8/PVA3 CR5-CR7/
CAP3-HF3

CR5-CR8/
CAP3-PVA3

CR7-CR8/
HF3-PVA3

CR5-CR7-CR8/
CAP3-HF3-PVA3

Mtr1 Mallacriba 1 372.5/0.5 X
Mtr4 Mallacriba 2 372.5/0.5 X
Mtr2 Straightenera 1 8940/12 X X

Mtr3 Straightening
machine 2 8940/12 X

Mtr5 Bending machine 7450/10 X X
Mtr6 Compressor 7450/10 X X
Mtr7 Heavy Drag 7450_/10 X
Mtr8 Light Drag 22,350/30 X X X X
Mtr9 Straightening 2235/3 X
Mtr10 Rolling machine 3725/5 X
Mtr11 Slitter 3725/5 X X
Mtr12 Drawing machine 1 18,625/25 X X X X
Mtr13 Drawing machine 2 14,900/20 X X X
Mtr14 Drawing machine 3 11,175/15 X X
Mtr15 Drawing machine 4 18,625/25 X X X X X
Mtr16 Drawing machine 5 14,900/20 X X X
Mtr17 Drawing machine 6 22,350/30 X X X X X
Mtr18 pump 3750/5 X
Mtr19 Geared motor 7450/10 X
Mtr20 Mallacriba 3 2235/3 X
Mtr21 Mallacriba 4 2235/3 X
Mtr22 Mallacriba 5 186.5/0.25 X

3. Results and Discussion

According to the analysis of the results, we can conclude that implementing the control
system in the automation by means of the work combinations, through the combination of
various elements, leads to improved performance in terms of current–voltage fluctuations
and a higher power factor compared to the main transformer. The voltage and current filter
(HF3), along with the integration of the photovoltaic system (PVA3), demonstrates better
power quality conditions both on the high side of the transformer T1 and on the low side
at bus 4.

On the other hand, when analyzing the automation of the other elements in general,
disturbances in both the power factor and the voltage–current are presented.

3.1. Simulation 1 of 7: The Automation Scheme Energizing Only the Capacitor Bank

As shown in Figure 12a,b, when only the capacitor bank (CAP 3) is energized (Figure 12a),
the current in the supply bus on the primary side of the main transformer T1 (13,200 Vac) is
12.9 A with a power factor of −93.42%. On the low side of the transformer T1, the current
is 386.8 A with a power factor of −92.17%.
The final characteristics in terms of the waveform formation are regular, as shown in
Figure 12b below. When waveforms deviate from a sinusoidal waveform, they con-
tain harmonics, so the waveforms in the simulation part clearly show that they have
higher harmonics.
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Figure 12. Results of the automation operating the capacitor bank. (a) Electrical Diagram; (b) Spectrum.

3.2. Simulation 2 of 7: Energizing Only the Voltage and Current Filter

Energizing only the voltage and current filter (Figure 13a), we can observe a current
on the high side of transformer T1 of 12.6 A and a power factor of 90.06%. Similarly, on
the low side of transformer T1, we recorded data with a current of 377.9 A and a power
factor of 91.1%. The final characteristics in terms of the waveform formation are irregular,
as shown in Figure 13b. The waveforms of the simulation part clearly show that they have
higher harmonics.
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Figure 13. Results of the automation operating the capacitor bank. (a) Electrical Diagram; (b) Spectrum.

3.3. Simulation 3 of 7: Energizing Only the Photovoltaic System

According to the control system, when the conditions for energizing the photovoltaic
system are met, the results show a current on the high side of transformer T1 of 8.4 A and
a power factor of 89.94%. On the low side of transformer T1, the data registered show a
current of 252.4 A and a power factor of 90.63%. The formation of the final waveform is
irregular, as shown in Figure 14b. The waveforms of the simulation part clearly show that
they have higher harmonics.
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Figure 14. Results of the automation operating the photovoltaic system. (a) Electrical Diagram
(b) Spectrum.

3.4. Simulation 4 of 7: Energizing the Capacitor Bank Together with the Voltage and Current Filter

The data recorded in the simulation, connecting the capacitor bank (CAP3) with the
voltage and current filter (HF3) (see Figure 15a), show that on the high side of the main
transformer T1, the current is 13.8 A and the power factor is −90.03%. On the low side
of the transformer T1, the recorded data show a current of 413.2 A and a power factor
of −90.56%, indicating a higher inductive load. The formation of the final waveform is
regular, as shown in Figure 15b below. The waveforms of the simulation part clearly show
that they have higher harmonics.
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Figure 15. Results of the automation operating the capacitor bank (CAP3) together with the voltage
and current filter (HF3). (a) Electrical Diagram (b) Spectrum.

3.5. Simulation 5 of 7: Energizing the Capacitor Bank Together with the Photovoltaic System

In the system control simulation, both the capacitor bank (CAP3) and the photovoltaic
system (PVA3) are energized simultaneously to analyze the behavior of the main variables,
as shown in Figure 16a. The data recorded from this simulation were taken into account,
showing that on the high side of the main transformer T1, the current is 11.5 A with a
power factor of −77.65%; and on bus 4, the recorded data show a current of 344.2 A with
a power factor of −75.87%. The formation of the final waveform is regular, as depicted
in Figure 16b. The waveforms of the simulation part clearly show that they have higher
harmonics.
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Figure 16. Results of the automation operating the capacitor bank (CAP3) together with the photo-
voltaic system. (a) Electrical Diagram (b) Spectrum.

3.6. Simulation 6 of 7: Energizing the Voltage and Current Filter Together with the Photovoltaic

In the system, by energizing the voltage and current filter control systems along with
the PV system simultaneously, as depicted in Figure 17a, we can obtain the following data
for the current and power factor: on the high side of transformer T1, the current is 8.7 A
with a power factor of 94.21%, and on bus 4, the current is 259.7 A with a power factor
of 94.81%. The formation of the final waveform is regular, as shown in Figure 17b. The
waveforms of the simulation part clearly show that they have higher harmonics.
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Figure 17. Results of the automation operating the voltage and current filter together with the
photovoltaic system. (a) Electrical Diagram (b) Spectrum.

3.7. Simulation 7 of 7: Energizing the Three Elements: Capacitor Bank, Photovoltaic System,
Voltage and Current Filter

Once the three control elements (as shown in Figure 18a) were energized, current
and power factor readings were taken. On the high side of transformer T1, the current
was measured at 12.5 A with a power factor of −76.52%. Similarly, on the low side of
transformer T1, the recorded data showed a current of 374.3 A and a power factor of
−74.56% (as depicted in Figure 18b). The formation of the final waveform was regular. The
waveforms of the simulation part clearly show that they have higher harmonics.
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Figure 18. Results of the automation operating the voltage and current filter together with the
photovoltaic system. (a) Electrical Diagram (b) Spectrum.

Once the case studies shown above were developed, a table (Table 3) was created to
integrate the results for each case. The table demonstrates that better results are obtained
when the automation is integrated by energizing only the capacitor bank (CAP3). Addi-
tionally, better control is achieved in the electrical system when the photovoltaic system is
energized together with the voltage and current filter.
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Table 3. Current and power factor results under the simulation conditions.

Equipment
Current (A) Power Factor (%) Waveform Characteristics

Transformer T1
High Side

Transformer
Low Side (Bus 4)

Transformer T1
High Side

Transformer
Low Side (Bus 4)

Transformer T1
High Side

Transformer
Low Side (Bus 4)

Capacitor bank (CAP3) 12.9 386.8 −93.42 −92.17 Regular Good
Voltage-current filter (HF3) 12.6 377.9 90.06 91.1 Bad Bad

Photovoltaic System
Arrangement (PVA3) 8.4 252.4 89.94 90.63 Regular Bad

Capacitor bank (CAP3) and
Voltage-current filter (HF3) 12.5 374.3 −76.52 −74.56 Regular Good

Capacitor bank (CAP3) and
Photovoltaic Array (PVA3) 11.5 344.2 −77.65 −75.87 Regular Good

Photovoltaic system array
(PVA3) and Voltage-current

filter (HF3)
8.7 259.7 94.21 94.81 Bad Good

Photovoltaic system array
(PVA3) and Voltage-current
filter (HF3) and Capacitor

Bank (CAP3)

12.5 373.3 −76.52 −74.56 Regular Regular

4. Conclusions

According to the analysis developed in the simulation of the electrical system inte-
grating the power quality control with the automation of the equipment, with respect to
the simulation and following the load flow for each case, the following observations have
been generated:

1. When operating only the capacitor bank, the power factor improved to 93.42%. This
improvement in the power factor also led to better control over the characteristics of
current fluctuations.

2. When both control systems operate, the photovoltaic system together with the voltage
and current filter improves the power factor to 94.21%, reducing voltage and current
fluctuations, resulting in a more stable waveform on bus 4.

3. One of the significant contributions of the analysis lies in the interaction of the control
scheme. An important improvement, compared to other research contributions, is
achieved by energizing the voltage control and current filter systems simultaneously
withthe photovoltaic system. This integrated approach leads to notable results, such
as a current of 8.7 A and a power factor of 94.21% on the high side of transformer T1
and a current of 259.7 A and a power factor of 94.81% on bus 4. The formation of the
final waveform is regular, indicating that this operational scheme is one of the most
effective contributions to the system’s control.

Once the automation of the control devices is developed, it is observed that the
interaction of the control systems produces improvements in the power system disturbances
including the following:

1. Current variations outside the specified range in the system have a significant impact
on the disturbances in the electrical system.

2. Constant voltage variations in values can lead to significant disturbances and failures
in the system.

3. Power factor levels may be below the allowed limits due to insufficient power com-
pensation in the operation of the equipment.

4. The integration of photovoltaic systems with inverters introduces harmonics into the
electrical system.

The disadvantages in the development of the automation scheme that can be men-
tioned are:

1. Integrating power quality control elements into the electrical system of an industrial
plant is challenging.
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2. These elements include a capacitor bank, a voltage and current filter and a photovoltaic
system to interface with the grid, which results in an extra cost for the company.

3. Carrying out the installation and adaptation of the equipment in the electrical system
as well as the development of tests is resource intensive.

The innovation developed in this research is that, through the simulation of electrical
systems that integrate photovoltaic systems to the grid as well as the automation of the
control elements, we can realize the operating conditions for the power quality in order to
identify areas of opportunity for improvement in the electrical system and to implement
corrective actions. By identifying improvement actions, we can reduce energy consumption
costs as well as optimize equipment operation and improve maintenance. The analysis
of the literature focused on other improvement topics such as the internal optimization
of voltage and current filters, improvement of grid-connected inverters of photovoltaic
systems, and real-time monitoring of the system.
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Glossary and Abbreviations

Cos υ power factor
Qc capacitor bank
Xc capacitive reactance
C capacitor
L inductor
Vinv Inveter voltage
Im current module
Vm voltage module
Etap Model, analysis and optimization of energy system
MACEP Mesh and armex of Aguascalientes S.A. de C.V.

CFE
Federal Electricity Commission a public company with a social character that provides
electric power in Mexico.

GDMTH High Demand Medium Voltage Hourly
IEEE Institute of Electrical and Electronics Engineers
PCC short-circuit power
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