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Abstract: Currently, one of the main focuses of attention in academia is microgrids (MGs) and their
ability to maintain stable, resilient, reliable and high-power quality operations. A crucial
component in MGs is power converters (PC), which facilitate the decentralization of power
generation. This decentralization, however, poses challenges in terms of power quality. This paper
presents a microgrid model based on the IEEE 14-bus distribution system and aims to investigate
the power quality when the MG operates while connected to the conventional power grid. The MG
model has been developed using MATLAB-Simulink®, a specialized tool for electrical engineering
simulations. The results obtained are subjected to rigorous analysis and compared with the
compatibility levels established by the IEEE-519 standard. This approach allows an accurate
assessment of the MGs’ ability to maintain power quality at acceptable levels while interconnected
to the conventional power grid. Finally, this study provides a valuable contribution to the MGs’
field of microgrids by providing a detailed and quantitative assessment of power quality, which
will aid in the design and optimization of MGs’ for effective implementation in real electric power
systems.

Keywords: microgrids; power quality; total harmonic distortion

1. Introduction

With the increase in energy demand, it is necessary to make full use of distributed generation
units (DGUs) because of their numerous advantages, such as the reduction of both energy losses and
greenhouse gas emissions, voltage regulation, maximum load reduction, a greater supply reliability
compared with traditional centralized generations and improvements in power quality [1]. These
DGUs are an important part of the electrical microgrid (MG), which is defined as a set of loads, DGUs
and Energy Storage Systems (ESSs) with clearly defined electrical boundaries that have the capacity
to operate autonomously and independently of the conventional distribution grid, thus ensuring the
continuity of the electricity supply with a high level of reliability and to provide effective support for
the large electrical grid [2-5]. MGs are easily affected by the load, however, mainly if it is unbalanced
or nonlinear loads because of the high penetration of DGUs such as a photovoltaic (PV) system and
wind power, as well as by the devices based on power electronics, which will significantly affect the
power quality of the entire MG and potentially cause the collapse of the MG system itself [6].
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This condition creates voltage issues such as distortion, fluctuations, and variations in a weak
grid [7]. On the other hand, MGs can operate in two operating modes: islanding mode and grid—
connected mode. When operating in islanding mode, the probability of disturbances such as
distortion or voltage unbalance is high because of the impedance levels of the system. For the MG
operating in a mode connected to the electrical grid, the most frequent problems are harmonic
distortion and grid unbalances [8]. These events cause a series of complications, including poor
performance of protection relays, the overheating of motors and transformers, as well as failure of
capacitors that improve power factor [9,10]. Therefore, an important task is to provide a good power
quality to supply both basic and commercial end users [11].

Research on power quality in MGs is not sufficiently addressed in scientific articles since the
vast majority of researchers have focused their studies on large electrical grids [12]. Only a few studies
of MGs are available in the literature; for example, in [13] the authors analyzed the power quality of
a hybrid MG composed of a PV system, battery based ESSs and capacitive loads. The study was
performed using DSS® software. The result of that study concluded that the total harmonic distortion
(THD) values of voltage and current were high when PV system penetration increased in the MG. In
[14], the authors examined the voltage stability limit in a distribution grid based on the IEEE 30-bus
grid model for power flow studies. The design of the MG was performed using MATLAB-Simulink®
software. The study concluded that voltage stability is robust in bus 30, while voltage stability
weakened in bus 26. Power quality problems were analyzed in [15] in a typical MG by considering
different levels of renewable energy penetration (33.3%, 66.6% and 99.9%), as well as different
meteorological conditions. The design of the MG was carried out in MATLAB-Simulink®, and it was
concluded that power quality problems occur with greater severity as renewable penetration
increases. In [16], the authors analyze the power quality problems of an alternating current (AC) MG
composed of a PV system using the PSS-SINCAL® software as a tool for MG modeling. The study
determined the power flow variation and voltage at the local bus under solar disturbance conditions
where the highest voltage THD index was found at the bus where the nonlinear load was connected.
In [17] the authors examined three power quality problems: voltage imbalances, waveform distortion
and voltage THD. Regarding the latter, it was concluded that as solar penetration varies the impact
is greater in the nonlinear load than in the linear loads. In addition, it was determined that the voltage
THD in non-linear loads was above the IEEE-519 standard limit (greater than 50%). In [18], the
authors examined the performance of an AC-MG, through experimental evaluation, to determine the
voltage THD of the MG buses that are within the limit established by IEEE-519. However, the current
THD increased as solar generation decreased because of disturbances caused by shading or cloud
effect. Finally, it was concluded that the current THD never exceeded the 5% limit permissible by the
IEEE-519 standard when solar generation is above 60%.

In summary, most of the research studies available in the literature exhibit particular features
determined by the configuration, topology, and the particular components used. Each study
addresses challenges such as the dynamics and limited capacity of ESSs, the diversity of DGUs,
power converters (PC), and the significant presence of nonlinear phenomena. Some approaches
choose to model each DGU, simplifying the model to a linear and time-invariant system,
characterized by a constant and a gain factor, without considering the dynamics of the grid. Other
studies focus on PC-based DGUs, considering the full dynamic model of the grid instead of the PC,
dividing the MG into three elements: PC, power grid, and loads. The design and modeling of the
MGs proposed in these studies, however, do not consider the dynamic and steady-state behavior of
the DGUs, as well as the imbalance and nonlinearity of the loads and the dynamics of the ESSs. They
also do not face the problem of accidental or scheduled disconnection from the electrical grid, nor the
minimum or maximum demand to which are subject to in their operation. Therefore, the motivation
of this paper focuses on analyzing the most important aspects of the power quality of a 14-bus hybrid
MG based on the original IEEE 14-bus distribution system, which operates in a mode connected to
the electrical grid while considering the dynamics, the characteristics of the DGUs in steady-state,
voltage variations, the nature of the loads, the dynamics of the ESSs, the disconnections of the
electrical grids and the maximum demand scenario. Finally, the results obtained are compared and
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discussed considering the IEEE-519 standard to verify the effectiveness of the proposed model. The
most important contributions of this document are listed below.

A fully detailed 14-bus MG system is designed and modeled, which operates in grid-connected
mode for power quality studies. In this MG, DGUS, such as solar and wind power, as well as balanced
and imbalanced loads that include both linear and nonlinear devices, battery-based ESSs, power
transformers and distribution lines, are considered. In addition, some PCs are considered to which
open-loop control strategies and other closed-loop control strategies have been implemented. It is
worth mentioning that these rectifiers or inverters use pulse width modulation (PWM) techniques of
different carrier frequencies.

This study provides information about the conflicts that arise related to the bidirectionality of
power flows and the insertion of DGUs such as PV systems and wind power. Note that the proposed
MG has a capacity of 4 MW and that 75% of that power is supplied by conventional generation based
on a 3-MW diesel generator. Therefore, the most notable conflicts in this study are as follows: voltage
variations, variations in the power factor (PF) in each bus of the MG and variations in the voltage and
current THD index in each bus of the MG. Therefore, the study and analysis are relevant when
compared with the IEEE-519 standard in this document.

Finally, this work is a starting point for the analysis of many current topics regarding MGs,
optimization techniques, fault diagnosis, system identification and fault-tolerant control, among
others, which will be detailed and expanded in future research.

As follows is how the document is organized. Section 2 addresses the generalities of MGs,
including composition, structure, operation modes, classification and current challenges. Section 3
describes in detail the design and modeling of the proposed hybrid MG for power quality studies.
The hybrid MG model is performed MATLAB-Simulink® software. Section 4, the results obtained
from the hybrid MG operating in the electrical grid-connected mode are analyzed, discussed and
compared with the IEEE-519 standard to verify the effectiveness of the proposed model. Finally,
Section 5 summarizes the most important conclusions of the research.

2. Microgrid generalities

MGs are small-scale electrical power systems (EPSs) composed of DGUs, ESSs, PCs, AC-DC
buses, mixed loads, control units, system monitoring and software interfaces. The technical
complexity involved in modeling and simulation of MG is more complex than a conventional EPS,
even though they are considered small-scale. Consequently, the implementation of models that
facilitate dynamic analysis becomes a crucial element to guarantee the operational stability of future
MGs [5].

2.1. Microgrid architecture

The MGs are comprised of a series of systems and subsystems, as seen in Figure 1. These can
operate in islanding mode, with autonomous power supplies, and in grid—-connected mode, where
all grid set points are assumed. MGs can also be classified by their voltage type (AC, DC and hybrid),
by their number of phases (single-phase or three-phase), by their voltage level (low or medium) and
by their structure (radial or ring), etc.

2.1.1. AC Microgrid (AC-MG)

Figure 2 illustrates the schematic of an AC-MG. In this schema, all DGUs, including ESSs and
loads, are linked to AC buses via a PC. It should be noted that it is possible, however, to connect AC
generators, such as hydro-turbines, diesel and wind generators, directly to the power grid without
using the PC. In contrast, to integrate DGUs such as PV system and battery-based ESSs into the power
grid, a DC-AC PC is required.


https://doi.org/10.20944/preprints202401.1224.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 January 2024 doi:10.20944/preprints202401.1224.v1

4
BESS PV system
'y =™ TMGn
ST -

Wind energy

P e B

S 99//5 T & ‘
// @ T Diesel MG,
/@//‘/f/ p - generator # i

AC load MG2

Figure 1. Typical diagram of an MG.

2.1.2. DC Microgrid (DC-MG)

Most of the generators that are part of a MG generate electricity in DC, which needs to be
transformed into AC to fit the grid system. For this purpose, DC conversion should be performed at
the end of the system, because certain devices require AC power for proper operation. Transforming
the energy of DC/AC/DC into an AC-MG, however, can reduce efficiency and cause energy loss. This
condition can be corrected using high-voltage direct current operation as a reference, since the DC-
MG has been designed with the specific purpose of addressing this situation.
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Figure 2. Typical diagram of an AC-MG.

Figure 3 illustrates the configuration of an DC-MG. In contrast to an AC-MG, the DC-MG
achieves significant energy savings by decreasing the number of PCs in a single process through a
single PC. In [19], it is argued that DC-MGs are more appropriate for residential environments
compared to AC distribution grids, which leads to less power quality issues. One of the main
advantages of the DC-MG is its ability to address certain control problems in the MG, eliminating
the need for synchronization of generators and ensuring that controls depend on the voltage at the
DC bus. Additionally, the primary control is greatly simplified by not requiring reactive power flow
management.
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Figure 3. Typical diagram of an DC-MG.

On the other hand, many modern devices operate with DC and lack power electronics that can
generate harmonic distortion. Therefore, the conversion stages in the DC-MG is reduced, as the AC
conversion stage is omitted [20,21]. In conclusion, the performance of a DC-MG is more efficient than
an AC-MG, as it does not require phase and frequency management.

2.1.3. AC-DC or Hybrid Microgrid

A hybrid MG involves the interconnection of AC and DC grids through multidirectional PCs.
This method has the potential to reduce the conversion steps (DC/AC/DC and AC/DC/AC) in
individual DC or AC MGs, which would decrease the incidence of power quality issues. In these
hybrid microgrids, DC DGUs and loads are linked to the DC grid, while the AC DGUs and loads are
linked to the AC grid. The ESSs can be connected to either MG. Figure 4 shows the characteristic
scheme of a hybrid MG [22,23].

In these MGs, to meet the needs of power generation and loads, can operate in the grid-
connected mode to supply or consuming power from a conventional grid. During grid—connected
operation, the MG operates efficiently to ensure a reliable delivery of power to the critical load. In
disturbance situations, it is necessary for the MG to disconnect from the power grid and operate in
islanding mode. It is essential to properly control the transient, which occurs during the change of
operation mode, to prevent damage to the MG devices. Therefore, power quality issues need more
research in this case [24].

2.2. Microgrid operation modes

In relation to operation modes, the MG can be linked to the power grid through one or more
points of common coupling (PCCs), or islanding mode operation is possible for it. Operational
requirements differ in each situation, and there are also variations in control and stability
specifications.

2.2.1. Islanding mode operation of the Microgrid

The islanding mode of MG operation is a condition in which a part of the distribution grid is
supplied by one or several DGUs when the main grid is disconnected and isolated from the system.


https://doi.org/10.20944/preprints202401.1224.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 January 2024 doi:10.20944/preprints202401.1224.v1

i Electrical grid
PV system
-
==
2 |
3 =1° g =18 g
— A& =5 A o
A s | S ! 9)
=\ 2% |[=\|zZZ _
o 0O o 0O o —
) ) 2 0l g
DC bus ‘ ' ‘ ' \ s
| I 2
= S
— | Bidirectional g
~ converter
(]
>
Q 25
% ] 53
(€]
< AC load T B
. o
Diesel generator /|
L iWind energy

Figure 4. Typical diagram of an DC-AC or hybrid MG.

The “controlled island” mode feature represents a substantial improvement in EPS reliability.
Furthermore, dis-connection can generate multiple complications related to power quality, in
systems with high DGUs integration. There-fore, to maximize the advantages of DGUs, it is
recommended to select MG operation in "intentional island" mode. According to the IEEE 1547
standard one of the standard’s tasks for the future consideration of the smart grid is the
implementation of intentional islands. For the successful execution of this mode, it is essential for the
system to promptly identify grid disconnection as soon as it occurs, so an efficient island detection
algorithm is required. By operating in islanding mode, MGs must maintain a constant balance
between generation and demand. In this context, information acquisition systems play a crucial role
in achieving optimal operation. Another point that must be considered in this type of MG operation
is the disconnection from and subsequent reconnection to the electrical grid, for synchronization
reasons. The PCC must provide the facilities so that the MG can connect to the grid when necessary.
Table 1 shows the limits of the synchronization parameters according to the IEEE-1547 standard.

Table 1. Synchronization parameters to reconnect the MG to the electrical grid.

Power of the DGUs  Frequency difference Voltage difference (AV, Angles difference

(MVA) (Af, %) %) (AD,°)

0.0-0.5 0.3 10 20
>05-15 0.2 5 15
>15-10 0.1 3 10

Similarly, during islanding mode operation, the system ground must meet the safety
requirements and maintaining impedances at acceptable levels. These considerations are established
in the IEEE-1547 standard.

2.2.2. Grid—connected mode operation of the Microgrid

This operation mode of the MG is activated every time the fault in the electrical grid is
eliminated. Before switching to grid-connected mode, the MG voltage is resynchronized with the
mains voltage before closing the switch. MG, in turn, seeks to satisfy most of the demand, supervising
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both the charging and discharging of the ESSs. In this way, the electrical grid acts as a balance node,
absorbing or delivering energy variations. Additionally, the connection point acts as a reference
source for voltage and frequency, making it easier to maintain these parameters within the MG. In
this scenario, it is not imperative that all of the energy required by the loads be generated exclusively
by the MGs” DGUs, since any mismatch between generation and consumption can be compensated
by the energy flowing through the PCC. Depending on whether the generation is higher or lower
than the energy demanded by the loads, the MG could be viewed as a smaller-scale generator or as a
load.

This operational approach has the advantage that the control system is designed to reduce
energy costs for associated consumers. Likewise, it optimizes the use of local generation when it is
economically efficient, reducing dependence on the electrical grid. Figure 5 shows an MG in both
operation modes.
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Figure 5. Operation modes of a hybrid MG.

2.3. Technical aspects of electrical microgrids

This section details the technical aspects related to the integration of MGs to the EPS

2.3.1. Power and voltage unbalanced

When the MG transitions from grid—connected mode to islanding mode, it generates a power
unbalance and voltage fluctuations. This could also occur because to the slow dynamic response and
low inertia of DGUs. A common occurrence in MGs is voltage unbalance. Voltage Unbalance Factor
(VUF) evaluates the unbalance magnitude in the system [25]. This scenario could lead to detrimental
effects on power electronics and MG devices, as they will experience higher losses and be less stable
under unbalanced conditions. Consequently, it is crucial to limit the VUF by applying coherent
criteria established in the grid codes, with the purpose of ensuring a stable balanced and reliable
integration of MG [25,26].

2.3.2. System stability

Challenges to EPS stability arise because to the diverse operational characteristics of MGs and
DGUs. The reasons main of the stability problems are listed below:
¢  Decreased inertia of the system, resulting in frequency and angular instability
e  Low voltage stability due to more limited power distribution; and
e  Lower frequency fluctuations due to a change in the proportion of power sharing.
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An improvement in system stability can be achieved by decentralizing supply and maintaining
an appropriate demand for the supply relationship [27].

2.3.3. Harmonic distortion

The power quality importance in MGs, both in their operation in islanding mode and grid-
connected mode, lies in the presence of non-linear and unbalanced loads, which represent a
considerable part of the system. These loads cause problems such as harmonic distortion, unbalances
and voltage variations in grids with limited capacity [7]. Likewise, high impedances in the system
generate harmonic distortion and voltage unbalance, added to the problems in load distribution
caused by the variability of DGUs, such as PV systems, wind turbines and fuel cells.

Additionally, harmonic distortion threatens the power grid's ability to operate reliably and
consistently if certain precautions are not taken. As a result, the safety of ESSs is compromised since
they are more sensitive to harmonic distortion [28], so the use of active and/or passive filters will help
eliminate and/or attenuate harmonics of any order (preferably higher order) [29].

Most EPSs have some capacity to tolerate harmonic distortion. Its increase, however, will
undoubtedly cause line loss, over-heating, communication failures and activation of the protection
switch [30]. Therefore, MGs must minimize the harmonic distortion problem in accordance with
current grid standards and codes [31,32]. According to the IEEE-519 standard or IEC standards, the
THDs, both voltage (THD,) or current (THD;) must be kept below 5%. The THD is an indicator,
essential to quantify the harmonic content of a voltage or current signal, which is based on the
relationship between two magnitudes and the effective value of the harmonic residue compared to
the fundamental component.

2.3.3.1. Harmonic distortion in microgrids in grid-connected mode

In this operation mode, the most frequent problem is harmonic distortion [10] [33]. Many grid
standards and codes impose new regulations on the integration of DGUs against the high current
and voltage THD ratings, as well as overvoltage (HVRT, high voltage ride through) and the ability
to withstand voltage sags (LVRT, low voltage ride through). These regulations require MGs to
maintain acceptable levels of THD, LVRT and HVRT. If not, the MGs will have to be disconnected
from the power grid [34]. Table 2 lists the main power quality issues in MGs operating in grid—
connected mode.

Table 2. Main power quality issues in MGs operating in grid—connected mode.

Power quality issue PV WT Hydro Biomass Diesel
Voltage sags X 4 4 4 v
Voltage swells X 4 X X v
Voltage unbalances v X X 4 X
THD v v v X X
Interruptions v v X v X

2.3.3.1. Harmonic distortion in microgrids in islanding mode

The interaction between loads, DGUs and ESSs during MG transition states can adversely affect
power quality when the MG operate in islanding mode, which reduces the value of MG impedances,
generating notable voltage variations and a greater probability of generating high rates of harmonic
distortion [35]. Harmonic distortion remains a prominent challenge in terms of power quality in MGs,
even during islanding mode operation. This problem not only involves the harmonics of the
fundamental frequency, but also involves the presence of inter-harmonics, sub-harmonics and
supra—harmonics. To address this problem, control strategies are implemented to reduce the THD
index in MGs. Furthermore, voltage deviations are another problem present in islanding mode
operation and occur as a consequence of the increase in harmonic voltage distortion derived from
resonances at low frequencies [36].
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3. Model Description Proposed

This section presents a detailed description of the MG model proposed in this research; see
Figure 6. The model was developed in the specialized software MATLAB-Simulink® that strives to
provide a tool for the scientific community to better understand the dynamics of MG, as well as its
general performances under different operating conditions.
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Figure 6. AC-DC or Hybrid MG modes operation.

The MG model is comprised of the three sections:

1. AC-MG s the orange dotted area that operates at two voltage levels: 220 V and 13.8 kV through
distribution lines. This MG is composed of a 725-kW PV system, a 3-MW diesel generator, a 750-
kW wind turbine and a battery-based ESS (BESS_1). In addition, it has a variety of linear, non—
linear, balanced and unbalanced loads, etc. It is worth mentioning that this MG operates at a
frequency of 60 Hz.

2.  DC-MG is the green dotted area where a DC bus comprising BESS_2 is located, as well as 10.5-
kW PV system. This MG is connected to the AC-MG through two bidirectional, parallel PCs,
which can exchange active and reactive power through the transformers.

3. Finally, at bus 13, the AC-MG is connected to the electrical grid, which is a Thévenin equivalent
of 69 kV, 100 MV A and an X/R ratio of 10.

Below, the components considered in the proposed hybrid MG model in Figure 6 are described
in detail.

3.1. Photovoltaic system (PV)

A PV system is one of the distributed renewable energy resources considered in the MG. This
model includes two PVs that operate with a total irradiance of G=1000 W /m? and a temperature of
25°C. PV, system is connected to bus 6 and has more than 1,750 panels that develop a nominal power
of 725 kW, while the PV, is connected to bus 2 in the DC-MG and has 42 panels, which develop a
nominal power of 10.5 kW. Table 3 shows the main parameters of the PVs, which are used by
MATLAB-Simulink® to characterize the performance of the solar panels.
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Table 3. PVs parameters.

PV 1 mpp Pinax Voc Vmpp I
1 8.6 A 250 W 374V 307V 8.6 A
2 57 A 414.8 W 853V 73V 6.1 A

Ijpp= maximum power point current; Pq,= maximum power; v,.= open circuit voltage; V,,,= voltage at

maximum power point; I..=short-circuit current.

Both PV systems need DC interfaces whit the PC. The PV; system operates with a voltage-
controlled step-up DC-DC PC which has a 6,000 uF capacitor operating at 300 Vp.. Additionally, a
closed-loop pulse width modulation (PWM) control strategy is used at 5 kHz. The PV, system works
with an open-loop sine PWM inverter is used for the PV, system. The modulation index, m , is 1
when the voltage drops from 480 Vp. to 250 V.

3.2. Permant Magnet Synchronous Generator (PMSG) based Wind Turbine

In medium and low voltage MGs, variable speed wind turbines are used: mainly type IV wind
turbines, which are also known as permanent magnet synchronous generators (PMSG) [37]. In this
instance, the PCs play an important role by decoupling the electric generator from the grid to which
it is interconnected. This model includes a 750-kW PMSG wind turbine at 575 V connected to bus 4.
Table 4 shows the main parameters of the PMSG, used by MATLAB-Simulink® to characterize the
performance of the electric generator.

Table 4. PMSG-based wind turbine parameters.

Parameter Value
Power (B,) 750 kW
Torque (T,) 318 kNxm
Voltage (V) 575V
Current (I) 676 A

Frequency (f) 60 Hz

Pole Pairs 26

Speed 22.5 rpm
Stator resistance 6.5 mQ
Rotor resistance 0.76 mf
Inductance stator 3.85 mH
Rotor inductance 1.12mH
Flow magnetic 8.53 Wb
DC Capacitance 0.16 F
DC voltage 1,220V

Like PV systems, the wind turbine needs an AC-AC PC (cycloconverter), which adjusts the
parameters of the generator to those of the electrical grid. The voltage and frequency of the wind
turbine can be controlled using PWM control schemes for the PC and learning systems for the
maximum power point tracker (MPPT).

3.3. Battery—based energy storage system (BESS)

The ESS is a fundamental part within the MG since it allows the grid to become more flexible in
the event of contingency or in the transition to islanding mode through a battery bank that is used to
store and supply energy during the charging process and download. PbA, Ni-Fe, Ni-Cd, Ni-MH and
Li—ion batteries are the principal types of battery-based ESSs for MG applications. These last two are
the ones used in this study because they offer potential advantages, such as being environmentally
friendly, providing a life cycle equi-valent to that of lead-acid batteries and increasing in their
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capacity (between 25 and 40 %). As for the Li-ion battery, it has the highest energy density but is very
expensive [11].

The BESS, operates on the DC bus, which consists of a Li-ion battery with a nominal capacity
of 800 Ah and nominal voltage of 120 Vj¢. On the other hand, BESS; is conected to bus 1, which
consists of three Ni-MH batteries with a nominal voltage of 650 Vpc and an individual nominal
capacity of 1.5 Ah. The batteries are connected in parallel to an inverter (cascade topology), which in
turn increases the nominal voltage from 650 Vp. to 900 V.. Battery parameters are time varying and
depend on the state of charge.

3.4. DC-AC power converters

The PV, system is interconnected to the 13.8 kV AC system through an inverter that reduces the
voltage from 480 Vpe to 250 V,.. The inverter is modeled using a three-level PWM controlled
insolated-gate bipolar transistor (IGBT) bridge. Operating with a closed loop control strategy and a
PWM carrier signal of 2 kHz.

Additionally, the BESS, is interfaced with the 220 V system with an inverter that increases the
nominal voltage from 650 Vp. to 900 V. This inverter is modeled using a multilevel topology,
which, according to the literature, is considered the most efficient and reliable topology because it
considers power losses, THD and total efficiency Additionally, it uses an open-loop sinusoidal PWM
(SPWM) technique with a carrier frequency of 2.5 kHz. It is worth mentioning that the inverter
generates, on the AC inverter side, a modulation index equal to 1.2.

3.5. Power transformers

For this study, eight power transformers are considered. One of them is a substation transformer
(T1), with a transformation ratio 69-kV/13.8-kV, A-Y, and an equivalent series impedance of 1.5% on
its MVA base. This transformer connects the MG distribution system to the 69-kV subtransmission
system. T2 and T3 transformers are used to convert from 13.8 kV of industrial or commercial use to
220 V residential use. On the other hand, the PV (T4), wind turbine (T5), BESS; (T6) and diesel
generator (T7) are used to interface with the MG inverters. Table 2 shows the parameters of the
transformers.

Table 5. Transformer parameters.

Transformer P,,, (MVA) Relationship voltage (kV) (AV/BV) R, (pu) X, (pu)

T1 100 Yg 69/13.8 D1 0.015 0.015
T2 1.5 Y 13.8/0.22' Y 0.03 0.03
T3 1.5 Y 13.8/0.22Y 0.03 0.03
T4 1 Yg 13.8/0.25 D1 0.0012 0.03
T5 1 Yg 13.8/0.25 D1 0.0012 0.03
T6 0.5 D10.9/0.22 Y 0.003 0.06
T7 3.5 Yg 13.8/2.4 D1 0.015 0.015

Poom = Rated power; R, = Short circuit resistance and X, = short circuit reactance.

3.6. Loads

The electrical load is an important element in the design of an EPS since it is considered an
unpredictable parameter. In this study, a maximum demand scenario is considered (the highest peak
of all powers in a certain period) with different types of loads, as listed in Table 6, which summarizes
the information of the loads connected to the system. It is worth mentioning that balanced and
unbalanced linear loads are modeled as constant impedances and that some contain single-phase
components that could damage the symmetry of the system voltage and current.

In a distribution system with three-phase currents, the load currents should ideally be equal in
magnitude in all three phases of the grid. In the case of an unbalance, however, overloads and heating
may occur in power conductors, the activation of protection and the circulation of currents through
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the electrical grid’s neutral. The percentage of unbalan-ced loads is defined as the percentage value
that indicates the maximum deviation of the current in a phase with respect to the average load
current. Reducing the value of the unbalance index through different load balancing methods implies
reducing losses.

Table 6. Parameters of the different types of loads.

Bus Voltage Load type kVA PF % Off
2 LV Unbalanced 40 0.9 13
3 LV Unbalanced 30 0.85 12.6
4 LV Linear 15 0.9 -
9 MV Non-linear 320 1 -
10 MV Linear 800 0.8 -
11 MV Linear 400 0.8 -
12 MV Linear 800 0.8 -
14 MV Linear 1600 0.8 -
DC DC DC load 2 1 -

PF =Power factor; LV = Low voltage; MV = Medium voltage.

3.6.1. Non-linear loads

In this model, an electric arc furnace located in bus 9 is considered a nonlinear load (see Figure
6). Electric arc furnaces can result in significant disturbance levels for MG applications. Electric arc
furnace consists of a crucible or steel plate body lined with refractory material containing scrap and
three graphite electrodes supported by a mobile support, allowing them to be lowered or raised
according to the output of the control system. The different phases of electric arc furnaces operation
(start-up, smelting and refining) have a different impact in terms of the THD of voltage and current.

Basically, a three-phase electric arc furnace can be represented as a variable resistor. Table 7
summarizes the electric arc furnace parameters, which is fed directly from the 13.8-kV distribution
grid.

Table 7. Non-linear load parameters.

Capacitor Rated voltage Resistance phi (°)
10 uF 18,500 Vp 1,084 O —-30

3.7. Distribution lines

In this model, two distribution levels are considered: medium and low AC voltage, which are
typical values for applications in MGs. A 1/0 bare copper conductor was selected for the 13.8-kV
primary grid. The resistance, reactance and impedance of the line are 0.394 2/km, 0.1168 2/km and
0.411 2/km, respectively. A 4/0 copper TW cable was selected for the 220 V secondary grid. The
resistance, reactance and impedance of the line are 0.198 2/km, 0.1089 2/km and 0.227 Q2/km,
respectively. Table 8 shows the line sections used in detail.

4. Analysis and Simulation of Hybrid Microgrid

A hybrid MG connected to the electrical grid for power quality studies is considered as a case
study. Figure 7 shows the total daily demand curve of the proposed MG, which is obtained from the
sum of the hourly demands of each load of the proposed model and mostly considers industrial and
commercial loads. The loads were modeled as constant impedances, so a slight difference between
the nominal power of the load and the actual power consumed can be determined. It is important to
note that the period of maximum demand is at 11:00 a.m., which coincides with the peak of solar
radiation and, therefore, with the maximum generation capacity of the PVs. This peak demand
during this time is caused by the integration of industrial load curves with residential load curves.
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Table 8. Distribution lines parameters.

Line Comes out Enters R(Q) X (Q) Distance
1 LV1 LV2 0.0297 0.016335 0.15 km
2 LV1 LV5 0.0396 0.02178 0.2 km
3 LV2 LV5 0.0297 0.016335 0.15 km
4 LV2 LV4 0.0792 0.04356 0.4 km
5 LV4 LV5 0.0792 0.04356 0.4 km
6 LV2 LV3 0.0792 0.04356 0.4 km
7 LV3 LvV4 0.0198 0.01089 0.1 km
8 MV 7 MV 9 0.788 0.2336 2 km
9 MV 6 MV 11 2,364 0.7008 6 km
10 MV 6 MV 12 2,364 0.7008 6 km
11 MV 6 MV 13 1,182 0.3504 3 km
12 MV 10 MV 11 2,364 0.7008 6 km
13 MV 13 MV 14 1,182 0.3504 3 km
14 MV 9 MV 14 0.788 0.2336 2 km

4.1. Voltage profile analysis

One of the power quality indicators for distribution systems designs that the voltage supplied
to users must be within certain permitted limits according to the standards imposed by the regulation
and control bodies. In Mexico, the regulation dictates that the voltage intervals allowed in the
distribution grid for voltages greater than 1 kV and less than 60 kV do not differ from the nominal
voltage by +5%.
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Figure 7. Electrical energy demand curve.

Figure 8 shows the voltage profile of the proposed MG, where a voltage drops in each of the
sections of the system. This is because the system has unbalanced loads as a result of the single-phase
load components. Although the voltage profile is within admissible operating parameters, there are
still significant voltage sags in the LV grid (220 V) in buses 2, 3 and 10. This result allows future
studies based on the search of solutions to improve the voltage profile.

4.2. Power factor (PF)

The quality of AC to DC conversion is measured by certain performance parameters. Within
these parameters is the PF, which measures the ratio of power used by the electrical loads and the
power provided by the DGUs and/or conventional grid. In other words, the PF represents how much
the power delivered by the DGU is consumed by the electrical loads, with a low PF indicating that
there are harmonic components in the line currents. Figure 9 shows the PF for each bus of the
proposed MG.

doi:10.20944/preprints202401.1224.v1
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Figure 9. PF in each of the buses.

This Figure shows that the PF in buses 2, 9 and 13 is almost equal to 1. This is because in bus 2
there is only one contribution of active power from the DC-MG, while the almost unitary PF in bus
9 it is because the measurement was made directly in the bus where the electric arc furnace is
connected. On the contrary, it is observed that there is a great deterioration of the PF in buses 5 and
14, respectively, because they are power transfer buses, and, in both cases, they transfer more reactive
than active power. This phenomenon is due to the loss of an active power contribution from the PV
systems that occurs at night when there is no solar radiation. It should be noted that one of the main
consequences of presenting a low PF lies in the generation of harmonic component, which causes
malfunctions in the electrical grid’s equipment in the electrical grid, such as transformers, switches
and control systems, in addition to voltage fluctuations, noise and electrical disturbances such as
transients. Finally, it is important to highlight that this analysis shows the conflict that may exist if a
PF variable occurs when compensating for an EPS with only the contribution of active power. If only
active power is injected, the PF seen by the electrical grid deteriorates, which leads to the need to
compensate a system with more criteria and where the joint compensation of active and reactive
power is considered.

4.3. Total Harmonic Distortion (THD)

To estimate the harmonic content contained in a waveform, the THD indicator is used. This
parameter characterizes the quality of the signal or, alternatively, determines how close its waveform
is to a purely sinusoidal one. It can be applied to both voltages and currents.
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4.3.1. Voltage THD

The voltage THD is defined as the relationship between the effective value of the total harmonic
components and the effective value of the fundamental component. This indicator is used in high,
medium and low voltage systems. To evaluate harmonic voltages there are two ways: i) individually,

relating its relative amplitude V) to the fundamental component of the effective voltage, "V(", and
ii) globally by calculating the voltage THD using the following expression:

)

where "V ;" is the effective value of the fundamental voltage wave and "V "is the effective value of

the harmonic k. The recommended limit values for voltage harmonics are reflected in Table 9.

Table 9. Voltage distortion limits.

Bus voltage at PCC Distortion harmonic THD, (%)
Less than 69 kV 3.0 5.0

69 kV up to 161 kV 1.5 2.5

Greater than 161 kV 1.0 1.5

Figure 10 shows the voltage THD index for each of the system buses. The THD at each bus is
calculated as shown in (2).

201

——Phase a

151

THDV (%)

i : i : i : i : i i : i

Bus2 Bus4 Bus6 Bus8 Bus10 Bus12 Bus14

Figure 10. Voltage THD in each of the buses of the proposed MG.

As seen in the figure, the voltage THD fails to comply with the allowable voltage distortion limit
of 5% according to the IEEE-519 standard; see Table 9. This is due to the insertion of large nonlinear
loads (electric arc furnace) and the participation of large variable DGUs such as the wind turbine,
which has a notable impact on the behavior of the MG. Figures 11-14 show the three-phase waveform
of the voltages as well as each of the buses.

4.3.2. Current THD

THD is one of the problems that affects power quality especially in distribution systems. THD
applied to a current signal uses values of harmonic currents, as well as the fundamental harmonic.
Furthermore, it can take percentage values of a few units and even exceed 100%, as happens with
switched-mode power supplies. To obtain this value, eq. (3) is used:
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®)

where "I" is the effective value of the fundamental current wave and "I;" is the effective value of
the harmonic k. Table 10 lists the maximum limits expressed in % of the THD; for different voltage
levels in distribution systems. Figure 15 shows the current THD index for each of the system buses.
The THD at each bus is calculated as shown in (3). As seen in Figure 15, many harmonic current

signals are generated in the bus where the nonlinear load (electric arc furnace) is connected.
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Figure 11. Three-phase voltage at bus 4.
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Figure 12. Phase “a” voltage at bus 4.

The same procedure is carried out for the voltages on buses 7 and 9, respectively, which are
shown in Figures 13 and 14.
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Figure 13. Phase “a” voltage at bus 7.
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Figure 14. Phase “a” voltage at bus 9.
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Table 10. Maximum limits (%) of odd harmonic current distortion for distribution system (120 V up

to 69 kV).

]
% n <11 11< n <17 17< n <23 35<n THD

d

<20 4.0 2.0 1.5 0.6 5%
20<50 7.0 35 25 1.0 8 %
50<100 10.0 45 40 15 12 %
100<1,000 12.0 5.5 5.0 2.0 15 %
>1,000 15.0 7.0 6.0 25 20 %

I..= Short circuit current; I;= Demand current.
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Figure 15. Current THD in each of the buses of the proposed MG.

This is due to the random variations in the length of the electric arc furnace, which generates
random variations in the system current and thus voltage variations proportional to the impedance
of the system upstream of the electric arc furnace.

Additionally, the emission of harmonic currents in the system buses measured during the start-
up and scrap melting periods is high. To reduce this problem, some method of reactive power
compensation or the installation of capacitor banks is recommended. Another alternative would be
to raise the short-circuit power in the PCC from 100 to 110 MVA, which is only feasible if it is powered
from the next higher voltage level: in this case 13.8 kV. The selection of any of the solutions is based
on the project economics and its technical feasibility. If the emission of harmonic current problem is
not attended to in time, other types of consequences could arise such as the overheating of the neutral
wire in the three-phase system, the voltage difference in the secondary winding of the distribution
transformer and, therefore, the increase in the copper loss and heat loss in electrical equipment, which
are problems that follow the excessive harmonic distortion produced in a system of these
characteristics.

Figure 16 show the three-phase currents at bus 4 and Figures 17-19 show the single-phase
current waveforms of the most vulnerable buses according to Figure 15.
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Figure 19. Current at bus 9.

Finally, Table 11 lists the most significant harmonic components of the currents shown in Figures
17-19. It is important to note that not only harmonic components are generated in the voltage and
current but also inter-harmonic components, which are injected by the PCs because of their two
different frequencies of direct connections with the electrical grid.

5. Conclusion

In this study, a model of a 4-MW hybrid MG was proposed for power quality studies where
DGUs such as solar and wind were considered with an injection of 25% and the participation of a
conventional generation system with a 75% injection. In addition, linear and non-linear, balanced
and unbalanced loads were considered, as well as two battery based ESSs. The proposed MG operates
in grid—connected mode. The proposed hybrid MG model was simulated in MATLAB-Simulink®,
and the results were validated with the compatibility levels of the IEEE-519 standard. The most
important conclusions of this study are listed below.
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1. The power quality issues in MGs in this study are due to three reasons: i) micro-sources (because
of the unstable production of DGUs such as PV systems and wind turbines), ii) those caused by
the power electronics adopted in the MG and iii) those caused by different types of load and the

increase in reactive power demands thereof.

2. The current harmonic distortion that was mainly caused by the involvement of power electronics
and different types of load causes an increase in voltage harmonics, which has a great impact on
reliability and system operational efficiency. Although, in the authors’ opinions, greater
importance should be given to the analysis of the current THD than to the analysis of the voltage
THD, especially for the PV connected to the grid and operating with variable irradiance.

Table 11. Harmonic currents components at buses 4, 7 and 9.

Bus Sequence Magnitude (%) Angle () Frequency (Hz)

0 10.25 148.2 180
- 5.62 152.2 300
+ 2.50 —65.6 420
0 4.86 45.3 540
- 4.18 47.3 663.2
+ 8.17 —24.9 780

4 - 6.33 64.4 840
+ 7.40 97.1 1145.2
- 7.07 -37.9 1200
+ 9.66 40.1 1320.3
0 6.55 -93.1 1440
- 4.06 250.3 1562.9
+ 3.08 —110.4 1620
- 18.54 11.1 300
+ 7.49 121.6 420
0 6.42 -29.4 540
- 6.05 206.3 673.2
+ 4.94 222.9 784.6
- 3.71 —255.7 840

7 + 3.0 125 961.3
- 6.26 —245.9 1020
+ 6.44 -57.6 1140
0 2.83 27.0 1260
- 4.18 —168.1 1382.6
+ 494 183.0 1500
0 4.15 246 1620
- 84.98 27.0 300
+ 54.09 144.5 420
0 19.23 =771 540
- 38.67 -191.9 693
+ 6.43 85.8 781

9 - 7.05 163.1 856.3
+ 427 —-151.9 960
- 14.06 48.7 1022.4
+ 11.8 —234.8 1320
0 19.57 54.0 1440
- 15.87 21.2 1579
+ 9.47 —237.9 1684.5
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3. The harmonic currents produced because of nonlinear loads have waveforms that are not
sinusoidal because of the additional superimposed waveforms, which produce multiple
frequencies in addition to the sine wave at a fundamental frequency. Current distortions in each
of the system buses are responsible for voltage distortions. Therefore, it is suggested to continue
this study considering the application of an inter-harmonic and sub-harmonic analysis.

4. The magnitude of the THD varies with the number of non-linear loads integrated into the MG,
which, if the THD is high, will then produce an effect on the system devices, including
transformers, capacitors and electrical rotating machines. Additionally, the unbalanced load
directly affects the stability of the system, which can damage the MG power electronic
equipment.

5. Finally, as future work it is suggested to implement the three-dimensional space vector PWM
technique, as long as the degree of load unbalance is slight, or a robust dis-tributed voltage
control strategy to suppress the unbalanced load and also the specific harmonic components
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