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Abstract

In microgrids (MG) with a high penetration of renewable energy sources (RES)
power converters are used to regulate the produced energy to a single voltage and
frequency reference value across the MG. Adequate incorporation of an LC filter at
the output of power electronic devices allows the attenuation of harmful harmon-
ics that can be introduced to the MGs energy bus. By traditional methods, LC filter
values can be calculated by means of the power rating, switching frequency, cutoff
frequency, and using the bode frequency domain. Nonetheless, in the transition from
a connected to an autonomous MG operation, the calculated LC filter can lead to
high harmonic injection. As a result, a tuning methodology capable of obtaining the
right set of parameters for the LC filter for a transition event can improve the perfor-
mance of the MG. This work optimizes the LC output parameters with respect to the
size of the filter components, the IEEE Std 519-2014, and bandwidth of the filter,
within a bounded region of values subjected to performance conditions such as volt-
age output, and the produced total harmonic distortion (THD) measurements during
the transition from a connected to an autonomous operation. In a case study, genetic
algorithm optimization is used to obtain the LC filter parameters and compared to a
conventional arithmetic methodology to obtain the values of the filter. The optimi-
zation results in a set of values that lead to a higher harmonic attenuation after the
transition rather than a conventional method using the switching frequency as the
main design factor.

Keywords Genetic algorithms - LC filter - THD - Microgrid

P4 Juan R. Lopez
a01334289 @itesm.mx

Escuela de Ingenieria y Ciencias, Tecnologico de Monterrey, Ave. Eugenio Garza Sada 2501,
64849 Monterrey, NL, Mexico

Published online: 11 March 2021 @ Springer


http://orcid.org/0000-0001-8372-1038
http://crossmark.crossref.org/dialog/?doi=10.1007/s12667-021-00432-0&domain=pdf

J.R. Lopez et al.

1 Introduction

As a result of the rapid development of electricity demand, new alternative gen-
eration systems have been incorporated to aid in electrical power production
including renewable energy sources (RES). A microgrid (MG) is a system formed
by a cluster of distributed generation units (DGU) such as alternative or conven-
tional generation agents, energy storage systems (ESS), and loads; these operate
under the command of a centralized or distributed control system typically known
as the microgrid central controller (MGCC). MGs are described as systems capa-
ble of operating collectively and independently from the power grid by cause of
the single point of connection referred to as the point of common coupling (PCC)
[21]. MGs operating independently requires the integration of an MGCC as part
of the system to manage the available assets and foresee the overall reliability of
the system in an autonomous state [10].

It is worth mentioning that, MGs are planned ahead of their implementation,
meaning that the initially installed power capacity is set to cover for any incre-
ment in the power demand for limited time, that is, counting all the possible new
electrical agents that may be introduced to the system as time passes [16]. Geo-
graphical and load-prediction studies are carried out before properly configure
the microgrid central controller which includes the secondary and tertiary con-
trollers. A change in the original network configuration would require an update
on the MGCC initial parameters, directly affecting the operation of the secondary
and tertiary control layers within the MG hierarchical control architecture [30].

MGs with a high penetration number of RES incorporate these alternative gen-
eration units through power converters (PCs) in the form of DGU [13]. PCs are
power electronics switching devices with the objective of regulating the produced
energy to a single voltage and frequency reference value. MGs that include photo-
voltaic (PV) energy generation and ESS resort to voltage source inverters (VSI)
to transform a DC voltage input to a regulated AC voltage output with a nominal
frequency [33]. VSIs are power devices with high energy conversion efficiency.
Nonetheless, by cause of the high switching frequencies the voltage and current
output may contain harmful harmonics especially during transition events when
the MG switches from a connected to an independent operation [22], resulting in
unsafe operating conditions for the connected loads despite the high efficiency
of the PCs. A low-pass filter equipped between the output side of the VSI and
the loads can attenuate the injection of harmful harmonics caused by the high
switching frequencies [4]. Despite that, the equipped low-pass filter can lead to a
short time higher harmonic injection during transitions if its components are not
properly obtained.

To attenuate the harmonic injection, an LC filter is usually connected between
the VSI output and the loads, by this implementation the reduction of the har-
monics generated by the high switching frequencies of the PWM technique and
the nonlinear load characteristics is accomplished in the voltage waveform [18,
32]. When compared to a conventional L filter, the LC filter provides better
attenuation to high-frequency harmonics [24] and exhibits an improved dynamic
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performance. Nevertheless, LCL filters are also a good alternative to L and LC fil-
ters, LCL filters have a better overall performance as reviewed in Ref. [22]. None-
theless, LCL filters increase the complexity of the system, resulting in a more
convoluted model slowing down the design procedure. Thanks to the literature,
the procedure of how to design the filter parameters according to different criteria
is well known [3]. Despite the chosen filter architecture, the IEEE standards on
harmonic voltage distortion for electrical systems IEEE Std 519-1992 and IEEE
Std 519-2014 need to be fulfilled to ensure a proper MG operation with a THD
limit of 5% and limit of 12% THD over a maximum period of 3 s respectively.

Both standards highlight the recommended operation and qualifications for har-
monic control in the field of electrical power systems. However, the standard /[EEE
Std 519-1992 clarifies on the consumers’ harmonic voltage distortion limit at the
PCC, this being 5% for general systems and 3% in special applications including
hospitals and airports. This standard recognizes the obligation of the generations
agents to supply the loads with resembling pure sinusoidal voltage waves [5]. On
the other hand, a description and border setting in real-life applications is exposed
in the standard IEEE Std 519-2014 [14], it is stated that the maximum allowed THD
measurement per day should be less than 1.5 times the THD limit of 8.0%, meaning
that a maximum of 12% THD is allowed for periods shorter than 3 s. Overall, the
latter restates the collaborative obligation involving both consumption and genera-
tion agents, to maintain the recommended harmonic limits for voltages and currents
within the electrical power systems [5].

In recent years multiple MG studies have been performed to understand and
improve certain areas of interest in the MG system. A particular area of interest is
the transition between operating modes in the MG, research in this area focuses on
mitigating possible transients introduced to the MG’s energy bus due to transition
events, mainly when shifting from a connected to an autonomous operation [7, 20,
27]. Most of the research dedicated on achieving a seamless transition resort to the
development of control techniques for VSIs in combination with islanding detection
algorithms [9, 12]. Usually, these VSIs are found in a grid-supporting configuration,
this configuration enables the faculty of acting in a connected and independent MG
state for the VSIs.

The performance of these control-based solutions is dependent on the right tun-
ing of the controller’s gains, in most cases, these tasks are not straightforward, where
an erroneous tuning of these controllers gains can lead to a deficiency in the VSIs
controller performance and increment the injected THD to the MG’s energy bus. It
is worth mentioning that the majority of these control techniques incorporate the
dynamics of the LC output filter in their analysis and design. Therefore, the effect of
the transition in the filter performance needs to be analyzed since most of the litera-
ture takes for granted the attenuation of harmonics during and after transition events
with the originally calculated filter parameters.

Several design methodologies have been proposed across the literature, where
most of them contemplate the integration of an VSI with a direct connection to the
utility grid [1, 8, 17]. In Ref. [4], the authors use fuzzy logic to design the output
LC filter of a single-phase inverter, obtaining promising result in the attenuation of
the harmonic content of the output voltage. Although this method is effective, the
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complexity of the fuzzy logic algorithm for a three-phase inverter would result in
a set back for the design procedure. The authors in Ref. [2] propose a design pro-
cedure to meet the IEEE Std. 1547 for harmonic attenuation employing the cutoff
frequency, fundamental frequency, and switching frequency of the inverter as main
design characteristics. The work in Ref. [19] resorts to a genetic algorithm optimiza-
tion procedure to find the optimal values for an LCL filter applied to a three-phase
rectifier, demonstrating that the employed optimization algorithm is suitable for
such a task. Authors in Ref. [11] use particle swarm optimization to find the optimal
setting for an MG in connected an autonomous operation, the optimization prob-
lem for a connected operation includes the LC filter parameters. However, these are
not included in the optimization problem for the autonomous operation, in addition,
transition tests are not presented once the optimized settings for both modes are suc-
cessfully obtained.

The problem is constituted for a time during and after the transition from grid-
connected to an independent mode of operation. Since VSIs with grid-supporting
capabilities are DGUs that can work with and without a direct connection to the
power grid, transitions effects between a connected and the independent state can be
dampened by grid-supporting VSIs [27], mainly because there is no need to change
the VSI control objective from a connected to an independent state of the MG. That
is, for disconnection events grid-supporting VSIs use the same control technique for
either state of the MG [23].

This work presents a different approach in the task of attenuating the injected
THD by a grid-supporting VSI in an MG’s bus during and after a transition event
between connected and an autonomous operation while meeting the IEEE Std
519-1992 and IEEE Std 519-2014 standards on harmonic voltage distortion. This
approach consists of finding an optimized set of LC filter parameters within a
bounded region of values that guarantee a desired performance during and after the
transition event. The optimization process is done using genetic algorithms (GA)
due to its natural selection and classic evolutionary optimization nature, with respect
the size of the filter components, the THD during and after a transition event, and
the bandwidth of the filter since this attribute eliminates the lowest order harmonics
of the output voltage waveform of the VSI.

The proposed optimization of the LC filter, aids in the delivered quality of the
electrical energy by reducing the amount of injected harmonics during and after
the transition event, while maintaining the harmonic injection levels to an allowed
standard in a connected state of the MG. This proposal is referred to as system
independent because it uses local data from the primary control layer to obtain the
optimal LC filter parameters, this is possible because there is no need for a recon-
figuration of the microgrid central controller since there is no linkage between the
primary control layer and the microgrid central controller [31]. In other words, the
filter performance and the used local data employed during the optimization process
are independent of the microgrid central controller. The evaluation of the system is
done in a modified version of the IEEE 13 node test feeder.

The remaining work is structured as follows. Section 2 introduces the used MG
system with the integration of a VSI with grid-supporting capabilities. Section 3
gives an analysis of the filter bandwidth effect over the voltage output in a VSIL
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Section 4 explains the basics of the genetic algorithm optimization procedure used
in this work. Section 5 introduces the selection procedure of values for the bounded
region according to the desired performance. Section 6 describes the case of study,
introducing the constitution of the optimization problem. Section 7 gives the analy-
sis of results and discussion of this work. Section 8 gives the final conclusions of
this paper.

2 Structure of MG with VSI

To test the impact of the transition from a connected to autonomous operation in
the LC output filter of a VSI fed MG, this work makes use of the IEEE 13 node test
feeder. This particular system consists of 10 lines connecting 13 buses, with a radial
distribution network configuration, the system includes a generation unit, and differ-
ent linear and nonlinear load configurations consisting of A and Y types in constant
PQ, impedance, and current behavior; within the system the loads have voltage and
power unbalances and one transformer in a Y=Y configuration is included.

For practical purpose, the nominal RMS voltage is defined as balanced across the
three-phase system for the different loads in the IEEE 13 node test feeder model, a
breaker is added in the 650 node acting as the PCC between the utility grid and the
MG, a VSI is added in the 650 node to feed the loads after the grid disconnection.
The overall system specifications are brought down by a factor of 0.1 to feed the sys-
tem with a single DGU with a 10 KW rating without major voltage sags. According
to Ref. [15], an output voltage of 240 V has been used for small photo-voltaic—based
generation microgrids, hence, the nominal voltage is then scaled to 240 VRMS with
an operating frequency of 60 Hz. Figure 1 illustrates the system configuration used
in this work.

The power grid is simulated by a constant three-phase generator in the Y
grounded configuration, the simulated power grid feeds the system with a balanced
three-phase line to line voltages in a swing generation type.

The integration of VSI in MG is a widely studied subject as reviewed in the liter-
ature, according to Ref. [23], three different control schemes for a VSI can be imple-
mented in the MG system. Grid-supporting mode allows a VSI to operate in both
modes of operation, acting as a grid-feeding unit in a connected state and switching
to a grid-forming unit in autonomous operation of the MG.

The implemented VSI is set to operate under a grid-supporting control scheme.
The grid-support control architecture includes three different control layers with
different control objectives, all control layers in the grid-supporting architecture
use local voltage, current, and power system measurements to compute the control
signal output. However, the three control strategies are gain-dependent, where pro-
portional integral (PI) controllers can be found in the external voltage and internal
current control loops. Since the correct tuning of the gains is not the objective of
this work, the different gains for the PI controllers are tuned by the trial and error
method. The VSI is fed by a constant DC source, later, SVPWM is used and con-
trolled to give the switching signals to the VSI in order to meet the desired voltage
reference. The attenuation of the high order harmonics resulting from the switching
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Fig. 1 Modified IEEE 13 node
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signals is performed by the LC output filter implementation. The basic structure of
the installed VSI is shown in Fig. 2.

3 LC filter analysis

When working with VSI one of the main concerns is frequency regulation and pure
sinusoidal voltage and current waveform at the output side of the PC. The harmonic
distortion of the output voltages of a VSI depends on the parameters of the LC filter.
By traditional methods, the attenuation of the VSI switching frequencies depends on
the cutoff frequency of the filter, a smaller cutoff frequency results in a greater volt-
age ripple attenuation. In relation, the bandwidth of the filter has a similar impact on
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Fig.2 VSI structure with LC filter implementation

@ Springer



VSI LC filter optimized by a genetic algorithm from connected...

the voltage ripple attenuation. A high LC filter bandwidth can result in lower attenu-
ation. Figure 3a shows the effect of different LC filter bandwidths applied to the
three-phase voltage output of a VSI, this effect is also studied in [29].

The voltage signals in Fig. 3a go through different LC filters with different band-
widths, Fig. 3b illustrates the effect of different filters applied to the voltage signals
A, B, C, and D. The smaller bandwidth results in a better attenuation of the voltage
ripple. However, a small bandwidth can have negative effects on the overall voltage
output signal of the VSI, by over attenuating the voltage signal and causing a slower
VSI response to any disturbance.

4 Genetic algorithms optimization

A large number of areas in the engineering field have benefited from the advantages
of applying optimization algorithms. Genetic algorithms are one of the most widely
used tools since it first appeared in 1970 [26]. GA is classified as an evolutionary
optimization tool, this algorithm works under the dynamic principles of natural
selection where only the fittest individuals in a population are chosen to continue in
the iterative process of the algorithm as possible solutions [6].

GA works to find a minimum or maximum solution to an objective function by
manipulating the initial population. Each element of the population is evaluated con-
cerning the established objective function, acquiring a score for it, at the end of the
iteration only the inhabitants with the best scores are chosen as parents to create
children, children are then created to contain characteristics of their parents. Fig-
ure 4 shows the functioning of these operations and the iterative evaluation process
of GA optimization.

The basic structure of the GA is divided into operations such as selection, cross-
over, mutation, and evaluation [28]. The selection processes separate the fit indi-
viduals from the unfit ones as the former represents a potential solution due to their

% 500
? 0 Bode Diagram
0 0005 001 0015 0D2 0025 003 0035 004 0045 008
Time {seconds) | D C B A

Bandwidin =4 8108

0005 01 0015 002 0035 003 0035 004 0045 005 -1 Banwiih = 4 9104 |
Time {seconds) 180 Bancwidih = 4 9163

Bancwidth = 431.18 |
= anor T T T T T T Y
- St . |
S

Woltage [V]
-
Magnitude (dB)

0 0005 001 0015 002 0025 003 0035 004 G5 0DS §\
Time {$econds) T
]
o £
= 4007 T B tast
i%‘?n’n-
o , a— —
0 0005 @01 05 002 0425 003 0035 004 045 005 o 1 10 ’ o 1
Offaet=0 Time {secands) Frequency (rad/s)
(a) (b)

Fig. 3 Bandwidth effect over an VSI three-phase voltage output
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initial scores according to the established objective function, the selected individuals
are then copied into children generations by the properties of crossover and muta-
tion. The crossover operation takes the similarities of the best fit values from the par-
ents in previous generations and creates a new population of children with common
characteristics [26], at the same time, the mutation operation helps the optimization
process to avoid falling in a local minimum or maximum value, this is achieved by
changing one factor of a generated children according to certain probability [28].

5 Proposed bounded LC filter tuning procedure

Given the possible methods to obtain the LC filter values and the need for the sys-
tem characteristics in the LC filter design, another approach is suggested where the
system characteristics are not essential to obtain the values of the LC filter. Moreo-
ver, this new approach focuses on a desired design response of the VSI voltage out-
put during and after a transition event. The system is tested through an extended
number of LC filter parameters where the attenuation of the harmonics can be evalu-
ated. The tests are exhorted to search for such a correlation of values that meet the
IEEE STD 519-1992 on harmonic limits for a THD average bellow 5% and maintain
a voltage within the +5%. All the performed tests evaluate the attenuation perfor-
mance by computing the THD during and after the transition event occurs through

Eq. (1).

2.5V

n=. n_rms

THD = ——— 1)
Vfund_rms

where V, ., is the measured n = 8 harmonic voltage component and Vj,,; ,,,, is the

measured fundamental frequency RMS voltage. The bounded region is dictated by
the constraints in Eqgs. (2) and (3) highlighting the filter parameters that meet the
desired constraints to form a bounded region of values as shown in Fig. 5.

0% < THD < 5% 2

0.95 X Vpps £V, £ 1.05 X Vigyys % 3)
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Fig.5 Correlation of filter parameters and the THD output by the VSI after disconnection

Figure 5 shows two sets of colored points, the points colored in green represent the
combination of inductance and capacitance required by the LC output filer to meet the
IEEE Std 519-1992 on harmonic distortion, while the points highlighted in red rep-
resent the filter parameters that guarantee a voltage delivery level within the allowed
+5%V. The Z axis shows the THD average measurement at the PCC after the tran-
sition event occurs with the tested combination value for the LC filter. An optimiza-
tion process using Genetic Algorithms is later implemented over the bounded region
formed by the set of points that satisfy the system constraints on harmonic distortion
and maximum voltage deviation of + 5%, this optimization region is shown in Fig. 6.
All simulations are carried out using MATLAB Simulink and the simulation parameters
are listed in Table 1.
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Fig. 6 Optimization region for LC filter parameters after disconnection

Table 1 Simulation parameters

Parameter Value

Sample time 20 ps

Solver ode4 runge kutta
Matlab version 2020a

Clock rate 2.8 GHz

6 Microgrid transition case study

As a case study, the LC filter parameters are tested in the proposed MG system
described in Sect. 2. Consisting of a modified version of the IEEE 13 node test
feeder to test the disconnection effect over the VSI's LC filter performance.

The MGs LC filter values were obtained through two different approaches. The fist
approach sorts to a design procedure proposed in Ref. [2], this design methodology is
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selected due to the fulfillment of the IEEE Std 519-1992 on harmonic distortion, the
obtained LC filter can be calculated according to the set of Egs. (4) and (5)

@ - — @

)

The equations used to obtain the LC filer are dependent on system variables such
as maximum load, fundamental frequency, cutoff frequency, and resort to a design
coefficient that depends on the switching frequency and the maximum ripple cur-
rent, RLm, f1, fr, and a respectively. Table 2 shows the system parameters used for
the calculation of the LC filter.

6.1 Optimization problem formulation

Calculating a set of LC filter parameters able to output the desired THD at the instant
of the transition is an unfeasible mathematical task. Therefore, an optimization meth-
odology over a series of system tests is required to guarantee the filter performance in
such conditions. The second approach optimizes according to a bounded region of LC
filter values shown in Fig. 6 to obtain the LC filter values that satisfy the tuning con-
straints using GA optimization. For a connected and autonomous operation of the MG,
the problem constraints are as follows.

0% <THD,, < 5% 6)
0% <THD, < 12% @)
Lf,., SLLLf, . (8)
Conin <C < G (C))
where Lf,;, and Lf,, . correspond to the minimum and maximum possible value for

the filter inductor, and Cf,,;,, and Cf,,,, the values that restrain the possible capaci-

tor values. THD,, is the average measured THD in the voltage output signal after

Table2 System parameters for

LC filter calculation N Value
Vout 240 VRMS
fs 3 KHz
fl 60 Hz
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the transition, THD, is the THD measured at the instant of the transition event, this
constraint is set according to the standard /IEEE Std 519-2014 which states that a
maximum of 12% THD is allowed over a maximum period of 3 s [14].

The objective function is defined as a weighted sum of the three design param-
eters for the filter. The geometrical area formed by the capacitor and the inductor
values in the XY plane of Fig. 6 is considered as the main design criteria since the
size of the components matter in final physical system implementation and are a
crucial factor to minimize the system cost [25]. The formed geometrical area can
be easily defined as Eq. (10).

Area=LxC (10)

The second design parameter being the THD produced during and after the transi-
tion event. To meet the standards [EEE Std 519-2014 and IEEE Std 519-1992 the
system’s THD is evaluated using Eq. (1) up to the 8th harmonic. Since the latter is
already guaranteed by the bounded region of values shown in Fig. 6 it’s emphasis is
reduced in the optimization problem, hence, the variable TDH, has a greater weight
in the final objective function.

The third design parameter is the bandwidth of the filter. As demonstrated in
Sect. 3, the voltage ripple attenuation due to high switching frequencies of the
VSI depends on the bandwidth of the implemented LC filer, thus, one of the opti-
mization objectives is to minimize the bandwidth by the given LC filter with-
out compromising the overall component size of the filter and the disturbance
response of the VSI. Each bounded filter parameter is evaluated in the frequency
domain by following the second-order transfer function (11), and finding the
bandwidth (BW) at the —3 dB points.

1

G(s) = ——
= IerT1

(1)
The final objective function is then formulated as the weighted sum of the three
design constraints and formulated in Eq. (12).

F

objective

= min(k,Area + k,(0.2 X THD,, + 0.8 X THD,) + k;BW) (12)

where ki, k,, and k; represent the weights empirically assigned and fixed to each
design constraint, the value of 0.7 is assigned to the coefficient k; which has a
greater impact in the optimization process for an overall cost reduction [25], while
0.2 and 0.1 are chosen for the k, and k; variables. The GA optimization procedure is
carried out with a population vector size of 25 with a uniform mutation vector equal
to 0.01. The constraint and function tolerance are declared as 1 x 107, The result of
the bounded GA optimization procedures and the obtained LC values through con-
ventional design methodology calculations are listed in Table 3.

To validate the optimization results for the filter during a transition event in
the modified IEEE 13 node test feeder described in Sect. 2, a comparison between
the calculated values is done in a disconnection scenario. All tests and simula-
tions are performed using MATLAB Simulink software in discrete time-space. The
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Table 3 LC filter values in

different approaches Component Calculated GA optimization
L 0.0108 H 0.0131H
C 0.158 uF 50.506 uF

simulation is fixed to a 20 us step size with ode4 (Runge-Kutta) as the selected
solver for the simulation, simulation time is set to 5 s.

The MG voltage and frequency are measured at the PCC node, with a transition
event programmed at 0.12 s within the simulation time, the RMS line to neutral volt-
ages are set to 240 VRMS for each phase with an equal 120° phase angle between
each line. The transition is event is programmed to disconnect the three phases
simultaneously, hence, entering in autonomous operation.

The VSI is connected to a constant DC source of 600V, the control creates the
switching signals to the IGBT based PC using SVPWM, the switching frequency is
selected for a medium power standard to a 3 KHz value according to the IEEE Std
519-1992.

7 Results and discussion

The optimization process evolved over the bounded area of values shown in Figs. 6
and 7. Finding the local minimum value within the problem constraints in 31 gener-
ations of the optimization algorithm. Overall, a total employed time in the GA opti-
mization procedure is 4.28 s, the optimization sample time is obtained as 0.002835
ms. The CPU usage is defined as CPU%=—mploved time__ o 10 resulting in

Optimization sample time
1.21%. The evolution plot of each filter component is obtained, showing the opti-

mized values for each individual.

The first optimization criteria design is shown in Fig. 8, where the geometric area
formed by the obtained filter parameters by the GA optimization process is high-
lighted. The illustrated area represents the filter parameters that best attenuate the
injected THD and deliver a small bandwidth without compromising the size of the
filter components.

Figure 9 shows the two different frequency characteristics, each represents the
calculated and the optimized filters in the frequency domain. The calculated LC
filter shows a bandwidth equal to 3.77 x 10*rad/s, whereas, the LC parameters
obtained trough the genetic algorithm optimization process displays a smaller band-
width equal to 1.9 X 103 rad/s. The optimization results in the minimization of the
bandwidth, leading to a greater THD mitigation in the voltage output of the VSI as
shown in Figs. 11 and 12.

As discussed a transition event can lead to high harmonic injection. Figure 10
illustrates the measured voltage output THD per phase of the VSI before, dur-
ing, and after the transition occurs at 0.12 s during the simulation time. Results
in Fig. 10a show the filter performance of the calculated LC filter using conven-
tional methods, showing that the filter meets the IEEE Std 519-2014 of a limit of
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Fig.7 GA optimization fitness evolution

12% THD over a maximum of 3 s in the voltage output of the VSI. However, the
conventional method fails in the fulfillment of the standards IEEE Std 519-1992
by maintaining a THD above 5% after the transition. In the case of the optimized
LC filter values, illustrated in Fig. 10b, show a greater THD injection of 1.14%
during the transition in the C phase of the VSI, differently, phases A and B dis-
play a better transition behavior in the maximum THD injection per phase with
—4.1% and —2.03% respectively to their associated values with the calculated LC
filter.

Figure 11 shows how the calculated LC filter fails in attenuating the high
switching harmonics after the transition. The voltage ripple is increased and
present due to the loss of connection to the grid. The calculated filter through
the switching frequency leads to an increment in the injected THD measured up
to the 8th harmonic going from a THD = 0.003% to an average of THD = 8.3%
between the three phases of the VSI.

On the other hand, Fig. 12 illustrates the performance of the LC filter obtained
trough the bounded optimization process during a transition event, the GA opti-
mized LC filter meets the IEEE Std 519-1992 and IEEE Std 519-2014 standards
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on the maximum allowed harmonic distortion, attenuating the high switching har-
monics even after the disconnection. The average THD generated up to the 8th
harmonic due to the loss of connection to the grid results in a 1.6003% increment,
going from a THD = 0.003% to an average per phase of THD = 1.6033%.

In Both cases, the maximum 12% THD set by the IEEE Std 519-2014 is not
exceeded. In the case of the calculated LC filter, the voltage distortion is greater
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Fig. 10 Measured THD in voltage output signal per phase during simulation
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Fig. 12 Bounded GA optimized LC filter performance after transition

when compared to the generated by the optimized LC filter, particularly the transi-
tion event leads evade the 5% THD limit. The optimized LC filter leads to a better
VSI performance in transition events from a connected to autonomous operation.
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The transition can be improved by the right tuning of the grid-supporting control-
lers of the VSI. Overall, the GA optimized LC filter has a better performance in the
attenuation of harmonics in the voltage after the transition event occurs, leading to
better power delivery.

8 Conclusions

The computation of the LC filter parameters using a genetic algorithm optimiza-
tion over a bounded region of values that meet the desired VSI response in a transi-
tion from a connected to autonomous MG operation has been presented as a novel
alternative to conventional switching frequency-based methodologies. Unlike other
methodologies, this proposal works on system measurements and does not need the
system parameters to compute the LC filter values, therefore, it can be used in any
particular system. The optimization procedure was designed to meet the IEEE Std
519-1992 and IEEE Std 519-2014 standards on harmonic distortion being below 5%
and with a maximum of 12% during a period of 3 s respectively. The propose opti-
mization process utilized a total of CPU% of 1.21. A comparison to a calculated LC
filter using the switching frequency the main design parameter is done and tested
in a modified version of the IEEE 13 node test feeder. The performance of the GA
optimized filter results in greater attenuation of the injected THD after the transi-
tion event and an improved transition behavior in the MG delivered voltage when
compared to a conventional design method. The filter component size, bandwidth of
the low-pass filter, and the injected THD are part of the optimization objective func-
tion and minimized leading to a greater attenuation of high order harmonics, and
improving output voltage signal of the VSI during and after the transition between a
connected to autonomous operation of the MG.

Acknowledgements This research is a product of the Project 266632 “Laboratorio Binacional para la
Gestion Inteligente de la Sustentabilidad Energética y la Formacién Tecnoldgica” (“Bi-National Labora-
tory on Smart Sustainable Energy Management and Technology Training”), funded by the CONACYT
(Consejo Nacional de Ciencia y Tecnologia) SENER (Secretaria de Energia) Fund for Energy Sustain-
ability (Agreement S0019201401).

Data availability Data available on request from the authors.
Code availability Matlab and Simulink costume code

Declarations

Conflict of interest The authors declare that they have no conflict of interest.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is
not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission

@ Springer



J.R. Lopez et al.

directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licen
ses/by/4.0/.

References

10.

11.

13.

14.

15.

16.

19.

Ahmed, K., Finney, S., Williams, B.: Passive filter design for three-phase inverter interfacing in
distributed generation. In: 2007 Compatibility in power electronics, pp. 1-9. IEEE, Gdansk, Poland
(2007). https://doi.org/10.1109/CPE.2007.4296511

Ale Ahmd, A.: A new design procedure for output LC filter of single phase inverters. In: Interna-
tional conference on power electronics and intelligent transportation system (2010)

Byoungwoo, R., Jaesik, K., Jacho, C., Changho, C.: Design and analysis of output filter for 3-phase
UPS inverter. In: Proceedings of the power conversion conference-Osaka 2002 (Cat. No.02TH8579),
vol. 3, pp. 941-946. IEEE, Osaka, Japan (2002). https://doi.org/10.1109/PCC.2002.998095

Cheng, C.H.: Design of output filter for inverters using fuzzy logic. Expert Syst. Appl. 38(7), 8639—
8647 (2011). https://doi.org/10.1016/j.eswa.2011.01.069

Cheng, J.: Compliances, updates, solutions and case studies. Informative Lecture. Schneider Elec-
tric, p. 50 (2014)

Cruz, P.P.: Inteligencia Artificial. Con Aplicaciones a la Ingenieria. Alfaomega (2011)

Das, D., Gurrala, G., Shenoy, U.J.: Transition between grid-connected mode and islanded mode in
VSI-fed microgrids. Sadhana 42(8), 1239-1250 (2017). https://doi.org/10.1007/s12046-017-0659-z

Elsaharty, M.A.: Passive L and LCL filter design method for grid-connected inverters. In: 2014
IEEE Innovative smart grid technologies - Asia (ISGT ASIA), pp. 13-18. IEEE, Kuala Lumpur,
Malaysia (2014). https://doi.org/10.1109/ISGT-Asia.2014.6873756

Gao, F., Iravani, M.: A control strategy for a distributed generation unit in grid-connected and
autonomous modes of operation. IEEE Trans. Power Deliv. 23(2), 850-859 (2008). https://doi.
org/10.1109/TPWRD.2007.915950

Guerrero, J.M., Vasquez, J.C., Matas, J., de Vicuna, L.G., Castilla, M.: Hierarchical control of
droop-controlled AC and DC microgrids-A general approach toward standardization. IEEE Trans.
Ind. Electron. 58(1), 158-172 (2011). https://doi.org/10.1109/TIE.2010.2066534

Hassan, M.A., Abido, M.A.: Optimal design of microgrids in autonomous and grid-connected
modes using particle swarm optimization. IEEE Trans. Power Electron. 26(3), 755-769 (2011).
https://doi.org/10.1109/TPEL.2010.2100101

Hoke, A.F., Nelson, A., Chakraborty, S., Bell, F., McCarty, M.: An islanding detection test platform
for multi-inverter islands using power HIL. IEEE Trans. Ind. Electron. 65(10), 7944-7953 (2018).
https://doi.org/10.1109/TIE.2018.2801855

Hosseini, S.A., Abyaneh, H.A., Sadeghi, S.H.H., Razavi, F., Nasiri, A.: An overview of microgrid
protection methods and the factors involved. Renew. Sustain. Energy Rev. 64, 174-186 (2016). https
://doi.org/10.1016/j.rser.2016.05.089

IEEE Standards Association: IEEE STD 519-2014. Recommended practice and requirements for
harmonic control in electric power systems. IEEE Power and Energy Society, p. 29 (2014)

Johns, G.: IEEE 1547 and small photovoltaic— based generation case studies. Informative Lec-
ture, TVA Kentucky, p 17 (2013)

Khodaei, A., Bahramirad, S., Shahidehpour, M.: Microgrid planning under uncertainty. IEEE Trans.
Power Syst. 30(5), 2417-2425 (2015). https://doi.org/10.1109/TPWRS.2014.2361094

Kim, H.S., Sul, S.K.: A novel filter design for output LC filters of PWM inverters. J. Power Elec-
tron. 11(1), 74-81 (2011). https://doi.org/10.6113/JPE.2011.11.1.074

Kim, J., Choi, J., Hong, H.: Output LC filter design of voltage source inverter considering the per-
formance of controller. In: PowerCon 2000. 2000 international conference on power system technol-
ogy. Proceedings (Cat. No.OOEX409), vol. 3, pp. 1659-1664. IEEE, Perth, WA, Australia (2000).
https://doi.org/10.1109/ICPST.2000.898225

Liserre, M., Dell’Aquila, A., Blaabjerg, F.: Genetic algorithm-based design of the active damping
for an LCL-filter three-phase active rectifier. IEEE Trans. Power Electron. 19(1), 76-86 (2004).
https://doi.org/10.1109/TPEL.2003.820540

Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1109/CPE.2007.4296511
https://doi.org/10.1109/PCC.2002.998095
https://doi.org/10.1016/j.eswa.2011.01.069
https://doi.org/10.1007/s12046-017-0659-z
https://doi.org/10.1109/ISGT-Asia.2014.6873756
https://doi.org/10.1109/TPWRD.2007.915950
https://doi.org/10.1109/TPWRD.2007.915950
https://doi.org/10.1109/TIE.2010.2066534
https://doi.org/10.1109/TPEL.2010.2100101
https://doi.org/10.1109/TIE.2018.2801855
https://doi.org/10.1016/j.rser.2016.05.089
https://doi.org/10.1016/j.rser.2016.05.089
https://doi.org/10.1109/TPWRS.2014.2361094
https://doi.org/10.6113/JPE.2011.11.1.074
https://doi.org/10.1109/ICPST.2000.898225
https://doi.org/10.1109/TPEL.2003.820540

VSI LC filter optimized by a genetic algorithm from connected...

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

31.

32.

33.

Ochs, D.S., Mirafzal, B., Sotoodeh, P.: A method of seamless transitions between grid-tied and
stand-alone modes of operation for utility-interactive three-phase inverters. IEEE Trans. Ind. Appl.
50(3), 1934-1941 (2014). https://doi.org/10.1109/TIA.2013.2282761

Olivares, D.E., Mehrizi-Sani, A., Etemadi, A.H., Canizares, C.A., Iravani, R., Kazerani, M.,
Hajimiragha, A.H., Gomis-Bellmunt, O., Saeedifard, M., Palma-Behnke, R., Jimenez-Estevez, G.A.,
Hatziargyriou, N.D.: Trends in microgrid control. IEEE Trans. Smart Grid 5(4), 1905-1919 (2014).
https://doi.org/10.1109/TSG.2013.2295514

Pastor, M., Dudrik, J.: Design of output LCL filter for 15-level cascade inverter. Electron. Electr.
Eng. (2013). https://doi.org/10.5755/j01.eee.19.8.5394

Rocabert, J., Luna, A., Blaabjerg, F., Rodrf\guez, P.: Control of power converters in AC microgrids.
IEEE Trans. Power Electron. 27(11), 4734-4749 (2012). https://doi.org/10.1109/TPEL.2012.21993
34

Sen, S., Yenduri, K., Sensarma, P.: Step-by-step design and control of LCL filter based three phase
grid-connected inverter. In: 2014 IEEE international conference on industrial technology (ICIT), pp.
503-508. IEEE, Busan, South Korea (2014). https://doi.org/10.1109/ICIT.2014.6894991

Sou, W.K., Choi, W.H., Chao, C.W., Lam, C.S., Gong, C., Wong, C.K., Wong, M.C.: A deadbeat
current controller of LC-hybrid active power filter for power quality improvement. IEEE J. Emerg.
Sel. Top. Power Electron. 8(4), 3891-3905 (2020). https://doi.org/10.1109/JESTPE.2019.2936397
Srinivas, M., Patnaik, L.: Genetic algorithms: a survey. Computer 27(6), 17-26 (1994). https://doi.
org/10.1109/2.294849

Talapur, G.G., Suryawanshi, H.M., Xu, L., Shitole, A.B.: A reliable microgrid with seamless transi-
tion between grid connected and islanded mode for residential community with enhanced power
quality. IEEE Trans. Ind. Appl. 54(5), 5246-5255 (2018). https://doi.org/10.1109/TIA.2018.28084
82

Tang, K., Man, K., Kwong, S., He, Q.: Genetic algorithms and their applications. IEEE Signal Pro-
cess. Mag. 13(6), 22-37 (1996). https://doi.org/10.1109/79.543973

Turner, R., Walton, S., Duke, R.: Stability and bandwidth implications of digitally controlled grid-
connected parallel inverters. IEEE Trans. Ind. Electron. 57(11), 3685-3694 (2010). https://doi.
org/10.1109/TIE.2010.2041741

Vasquez, J., Guerrero, J., Miret, J., Castilla, M., Garcia de Vicuna, L.: Hierarchical control of
intelligent microgrids. IEEE Ind. Electron. Mag. 4(4), 23-29 (2010). https://doi.org/10.1109/
MIE.2010.938720

Vergara, P.P., Lopez, J.C., Rey, .M., da Silva, L.C.P., Rider, M.J.: Energy management in micro-
grids. In: Zambroni de Souza, A.C., Castilla, M. (eds.) Microgrids design and implementation, pp.
195-216. Springer International Publishing, Cham (2019). https://doi.org/10.1007/978-3-319-98687
-6

Wang, T., Ye, Z., Sinha, G., Yuan, X.: Output filter design for a grid-interconnected three-phase
inverter. In: IEEE 34th annual conference on power electronics specialist, 2003. PESC *03., vol. 2,
pp. 779-784. IEEE, Acapulco, Mexico (2003). https://doi.org/10.1109/PESC.2003.1218154

Wang, X., Guerrero, J.M., Blaabjerg, F., Chen, Z.: A review of power electronics based microgrids.
J. Power Electron. 12(1), 181-192 (2012). https://doi.org/10.6113/JPE.2012.12.1.181

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

@ Springer


https://doi.org/10.1109/TIA.2013.2282761
https://doi.org/10.1109/TSG.2013.2295514
https://doi.org/10.5755/j01.eee.19.8.5394
https://doi.org/10.1109/TPEL.2012.2199334
https://doi.org/10.1109/TPEL.2012.2199334
https://doi.org/10.1109/ICIT.2014.6894991
https://doi.org/10.1109/JESTPE.2019.2936397
https://doi.org/10.1109/2.294849
https://doi.org/10.1109/2.294849
https://doi.org/10.1109/TIA.2018.2808482
https://doi.org/10.1109/TIA.2018.2808482
https://doi.org/10.1109/79.543973
https://doi.org/10.1109/TIE.2010.2041741
https://doi.org/10.1109/TIE.2010.2041741
https://doi.org/10.1109/MIE.2010.938720
https://doi.org/10.1109/MIE.2010.938720
https://doi.org/10.1007/978-3-319-98687-6
https://doi.org/10.1007/978-3-319-98687-6
https://doi.org/10.1109/PESC.2003.1218154
https://doi.org/10.6113/JPE.2012.12.1.181

	VSI LC filter optimized by a genetic algorithm from connected to island microgrid operation
	Abstract
	1 Introduction
	2 Structure of MG with VSI
	3 LC filter analysis
	4 Genetic algorithms optimization
	5 Proposed bounded LC filter tuning procedure
	6 Microgrid transition case study
	6.1 Optimization problem formulation

	7 Results and discussion
	8 Conclusions
	Acknowledgements 
	References


